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The conference on Cryocrystals and Quantum Crystals, CC 2002, was a continuation of a series
of conferences started in 1995 in Almaty, Kazakstan by Prof. Andrei Drobyschev. The

original intent of the conference was to provide a platform for scientists from the former Soviet
Union and the countries of Eastern Europe to meet and exchange information with their

Western colleagues, and, in particular, to make it possible for the younger investigators to become
acquainted directly with the most recent research and results in their respective fields from
elsewhere in the world. With nearly a hundred participants, the conference was a resounding
success, and it was therefore decided to organize a second, similar conference two years

later, this time chaired by Prof. Andrzei dswski in Polanica-Zdroj, Poland. @003 American

Institute of Physics.[DOI: 10.1063/1.1614171

The scientists present there voiced their preference fointo history, one can easily find a time when there was no
holding a third conference in 1999 in Germany, and sug-Munich at all, while Freising already existed as a prosperous
gested that, in particular, Munich or the surrounding Bavarbishop’s seat and an important commercial crossroads. The
ian region, with their central location and easy accessibilityMarienkirche church adjoining the conference site and lo-
from east or west, would provide a suitable venue. Severeated on a hill called Domberg, and another church, Stephan-
funding difficulties, however, made it impossible to hold the skirche on the nearby Weihenstephaner hill, had both been
conference as planned, but fortunately Prof.odeski once  built already by the beginning of the 8th Century. Freising at
again came to the rescue and was able to obtain sufficierthat time also boasted the only bridge over the river Isar in
funding to organize the conference for 2000, again in Polandthis area, and was an important crossroads long before Mu-
only this time in the attractive Karkonosze Mountains region,nich was ever first mentioned or appears on any map.
in Szklarska Poremba. Only several hundred years later, an insignificant Bene-

For the next conference of the series, CC 2002, we fidictine monastery was built some twenty miles south of Fre-
nally managed to obtain some funding from the Germarising. The monks living there and the Duke of Bavaria
funding agency, Deutsche Forschungsgemeinschaft, so thaeiewed with some displeasure the generous income which
with additional support from the Fonds der Chemischen InFreising and its bishop collected from the numerous business
dustrie as well as some funds from several industrial spontravelers moving along the important east—west salt road and
sors we could go ahead. Let me note that when | say we, ¢rossing the bridge in Freising. In 1158, the monks and the
am adhering to the practice common in the academic worldDuke, who was perhaps appropriately called Henry the Lion,
where if a professor says we did this or that, (oe she  decided on a three-step plan to remedy this situation. First
actually means that his students and coworkers did it. Thishey constructed their own bridge near their monastery. Then
fully applies in the present case, and | would at this point likethey burned down the bridge in Freising. In the third, and
to express my gratitude to my coworkers who took care ofperhaps most important step, they had the whole procedure
most of the difficult and time-consuming tasks and choresanctioned by the Emperor, Henry Barbarossa, and in fact the
necessarily involved in organizing a conference. day this happened, June 14, 1158, is considered the date of

At this point, we would like to express our gratitude to a the founding of Munich. Considering the methods employed
number of our colleagues and friends invited as participantén founding the place, one might even come to the conclu-
or speakers at the conference, who have, in view of the vergion that holding the Cryocrystal meeting in Freising rather
tight financial situation, agreed to come on their own moneythan Munich was the wiser choice.
without any support from the conference organizers. | am In addition to now being distinguished for hosting this
also very pleased to acknowledge the help of the two orgaconference dealing with low-temperature solids, Freising is
nizers of the previous conferences of this series, who proalso well known in the area of liquids. Besides its long his-
vided me with the lists and addresses of former participantdpry and ancient churches, Freising also boasts presumably
agreed to participate in the CC 2002 conference, and werthe oldest continuously operating brewery, the Weihen-
always generous with their help and advice. Finally, our sinstephaner Kloster Brauerai, which got its license to brew
cere thanks go also to the members of the organizing conbeer in 1040, long before Munich came into existence. Ini-
mittee and the international advisory committee for their astially, the brewery belonged to the monastery, but since beer
sistance, advice, and countless helpful suggestions. in Bavaria is a rather precious commodity, the worldly au-

The Conference was held in the Kardinalyidoer-Haus  thorities did not particularly like seeing all the profits go to
in Freising. Several of my colleagues have asked me, why othe Church and its monks. In the 19th Century the brewery
Earth did we organize it in some small dump they had nevewas therefore “secularized,” as a sign at its entrance proudly
heard of, rather than in Munich. Actually, if one looks back states, and is now operated by the state for the enjoyment of
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all, as many participants of the conference who visited thesented were presentations dealing with quantum solids, con-
adjoining Biergarten may have experienced themselves. densed systems in which the amplitudes of the zero-point
However, the major reason for organizing the conferencenotions are not negligible compared with the interatomic
obviously was science, rather than just enjoyment of the redistances and quantum effects become increasingly impor-
laxed Bavarian lifestyle, and this is the topic to which wetant; in particular, the isotopes of hydrogen and helium fall
would now briefly like to turn. into this category. Besides three-dimensional solids, a ses-
In all more than one hundred scientists from at leastion was included dealing mainly with surfaces, monolayers,
sixteen different countries took part in the conference, preand two-dimensional systems. One session dealt with the
senting more than thirty oral presentations as well as numethermodynamics of low-temperature systems, and new to
ous posters in the evening poster sessions. this conference were presentations dealing with fast dynam-
True to the original goals of the conferences, nearly halics on the femtosecond time scale, as well as several studies
of the participants came from countries of the former Sovief biological systems at low temperature, including, among
Union and Eastern Europe, with young scientists and gradusther topics, relaxation of proteins at ultralow temperatures.
ate students being strongly represented. Obviously, the most important ingredient of any confer-
In view of these goals, the decision was also made ta@nce is its participants, and the main factor deciding the suc-
publish the proceedings of CC 2002 kizika Nizkikh Tem- cess of a conference is the quality of the science presented
peratur (Low Temperature Physigsa journal based in there. | personally found most of the presentations at the
Kharkov, Ukraine, rather than in a Western commercial jour-conference excellent, and in my opinion the CC 2002 was
nal as had been done for the previous conferences of thieom that point of view a resounding success. We are there-
series. fore deeply indebted to all of the participants, whether au-
In spite of the name, which would suggest a relativelythors of oral presentations, session chairmen, contributors to
narrow, tightly focused conference, its topical coverage, as ithe poster sessions, or just those taking part in the ample
the previous conferences of the series, was relatively broadliscussions. We sincerely hope that everyone had an enjoy-
Strongly represented again were studies of spectroscopy amdble time in Freising and are looking forward to seeing you
dynamics of cryocrystals and low-temperature matrices. Asll at the next conference, presumably in the year 2004.
in the previous conferences, a number of talks also dealt with
the interesting topic of the spectroscopy and behavior of con- Vladimir E. Bondybey
densed systems at ultrahigh pressures. Also strongly repre- Elena V. Savchenko
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At low pressures the ortho-para conversion inahd D, is a slow process governed by the

magnetic dipole interaction of the nuclear magnetic moments, phonons being the main energy sink.
As the pressure is raised to a few GPa and the Debye temperature increases substantially,

the conversion energy finds itself in an area where phonon states are depleted and conversion slows
down. The recent Raman and NMR experiments showed that the conversion rate in H

after an initial slowdown predicted by theory, increases immensely. As to selidHe conversion

rates have apparently not yet been directly measured under pressure. In order to explain the
anomaly observed in 4§ we have suggested a new conversion mechanism, in which the basic
conversion-producing interaction only initiates conversion, whereas the energy is removed

by rotational excitations via the stronger electric quadrupole—quadrupole interaction. Estimated
conversion rates are in good qualitative agreement with available experimental

observations. Here we extend the theory to solid aking into account the differences between

H, and D, in the molecular and solid-state parameters. The new libron-mediated channel is
predicted to result in conversion rates foy Dnder pressure that are an order of magnitude larger
than atP=0. © 2003 American Institute of Physic§DOI: 10.1063/1.1614172

1. INTRODUCTION With the advent of the modern diamond anvil cell tech-

The requirements of quantum mechanics for a homo_niqugs, pressure has .become an instrument that is a-ble-to
nuclear hydrogen species {§HD,, T,) rigidly link the rota-  drastically change the interplay between different energies in
tional momentumJ and the total nuclear spih of the  Many physical phenomena, one of which is conversion in the
molecule!3~? The states with evem values have eved  hydrogens. The conversion rate in solid ifcreases slightly
values and vice versa. The states with the parity of the larged¥ith pressure, reaches a maximum, then goes d@srpre-
possiblel value are called ortho while the states with thedicted by the low-pressure conversion thedy But as the
other parity are para. Thus in,Hhe states witH =1 (and,  Pressure is raised abowe2.5 GPa the conversion rate unex-
hence, oddJ) are para; in B the states with =2 (and, Pectedly curves upwartsee Fig. 1, reaching values a few
hence, withl =0 too and with eved) are ortho, while those orders of magnitude higher than those observed at moderate
with 1 =1 (and oddJ) are para. Since the energy difference pressuresgsee the detailed discussion and relevant references
between thel=1 andJ=0 rotational levels is about 170 K in Ref. §. This conversion enhancement in pressurized H
for H, and 85 K for B, only these two states are actually was first studied in sufficient detail by Raman scatte@rmgj
occupied in the solid phase at low temperatures. Transitionien by NMR? indirectly it has been corroborated by Raman
between states of different parity or 1), termed ortho-para  scattering in the Ar(k), stoichiometric compound.
conversion, are strictly forbidden in a single molecule. The  Three factors control the conversion process. The first is
presence of magnetic fields produced by other molecules réhe interaction that initiates a conversion event. The second
sults in observable conversion rates. At low pressures ani$ the agent that carries away the conversion en&gye-
low temperatures the conversion process has a low probabileased during this event. The third is the pathway by which
ity, especially in solid deuteriurtfor conversion rates in j1  the energy goes from the kinetic rotational form to that de-
and D, at ambient pressure see Ref). ZThe main termined by the energy sink excitations.
conversion-promoting mechanism both ip BEind D, is the The shape of the density of phonon states does not suffer
magnetic dipole interactiorHss between nonzero nuclear crucial changesunder pressure; the width of the phonon
spins of twoJ=1 molecules, one of which goes from the energy distribution expands very fast with compression; the
J=1 to theJ=0 state, dissipating the energy into one or twoenergy E. (to be dissipated into phononslecreases with
phonons. compression. Due to the combination of these facts, even at
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TABLE I. The molecular and nuclear parameters of the deuterium and hy-
,,,,,,, 100% Pa3 drogen moleculesy,=5.05038(36)X 10~ 2* erg/G is the nuclear magneton;
300 75% hcp the Q unit for quadrupole moment times electron charge is 1.3449
X10" % c.g.s. e.s.u.
£ s  Hemley et al. (1998)
) o Pravica and Silvera (1998) Property (units) Do Hy
%—200‘ w Gin pp) 0.8574073 [17] 2.79245(2) [18)
c ot / J Gnpy) | 0.44288(52) (191 | 0.88291(7)* [20]
o
® * oN 107%7em™2) 2.738(16) [22] -
g 1001 Q (Q units) 0.48529 [23] 0.47702 23]
8 E[[, 9 - EQ =1 m™h 59.7804 [24] 118.495 [25)
D. . E(J =2) (em™h) 179.065 [24] 354.39 {25]
0 e = : ; *Consistency of the relationship,,(J=2)~2u,,(J=1) was shown by
1 2 3 4 5 6 7 Ramsey! 0 "
E=plp,

FIG. 1. Measured conversion rates ip ¥ersus density. The points are from

Refs. 6(l) and 7(0J). Rate data for low and moderate pressures are no ; _
shown. The curves are semi-quantitative evaluatfofts 100% and 75% tpresent(Sec. 3 the current underStandlng of the reasons be

ortho fractions. hind the pressure-related conversion acceleration,ingé¢c-
tion 4 deals with a qualitative evaluation of the conversion
rates in solid B at high pressures for a few of the most

) ] ) ) promising mechanisms.
relatively moderate pressures the valueEgffinds itself in

an energy domain where the density of phonon states is ex-
tremely low, rendering the conversion less and less probable.
Therefore, all else equal, phonons cannot be the agent f&r MOLECULAR PARAMETERS AND INTERACTIONS

ﬁﬁi'g'i?é;frt?‘c;\;aég;t?‘(;scotgvﬁ) rg‘Lo?ofnS%rr%yea;t?g:] tg;)e;?ures. In Table | we compile the values of the quantities that
excitation. The most obvious candidate is rotational excita® relevant to the conversion ir,tnd b
’ There are three basic interactions that can change the

trlolnf' dQl;::] SIm?Aethcovsédteirarllt;clfﬁsshc:xr;haft rgirfsju(;i-h parity of the total nuclear spin of a,lor H, molecule that is
elaled changes € rotational spec 0 c %% undergo conversiott:

para t} crystals open up the possibility of dissipating the (A) Interaction of the magnetic nuclear moment of the

conversion energy into the rotational energy bath. Below we . . .
. 9y . energy . thosen molecule with the nonzero nuclear spin of a neighbor
discuss the new conversion mechanism in some detail.

At low pressures, the conversion mechanisms in solid D molecule. . .

are knownt! The ar’nbient—condition conversion rates are ® !nteracnon Of. the same ghosen nuclear magnetic mo-
; . ment with the effective magnetic moment of the 1 state

known to high accuracy at low temperatures in the s@fd :
Ref. 2 and the calculated conversion constdht8are in of a proper ne|ghbor. .
good agreement with experiment. Although a certain conver- (C) Interaction of the nuclear electrical quaer_Jpole mo-
sion enhancement in pressurize.q vas reported by Cui ment .Of _the chos_en molecul@onzero forl=1) with the
ot al,’® apparently no systematic conversion rate measure?lecmc f|e_Id gradient due to the qu_adrupole moment of the
men;c's have been made in, @t elevated pressures J=1 rotatlo_nal state .Of a proper neighbor.

The authors know only of one Raman scattéring mea- Interacuon (A). 'S qperanve not .only_ vyhen the
surement that can give an estimate of the conversionkate conversion-promoting neighbor has- 1.' e, is in theJ
. . : =1 state(case A} but also wherl =2, i.e., when the pro-
in solid D, at a pressure of 17 GPA.The corresponding

evaluation, using the known relationshipnodified for moter is in a state witld=0 (case AJ. The former interac-
' 9 . tionsrim : DZ.’ tion (A1) is a direct analog of the corresponding interaction
and assuming an exponential variation of kel fraction in

time (see subsequent Sectiongives K~8x 102 h-1 in H,, whereas the latteA2) is inherent only in . Both

which is substantially faster than at zero pressife=56.6 terms can be written in the same form:
%107 h™1).%® The main aim of this work is to show that
considerations similar to those for dense &te applicable Hes=—4\6u? 2 ({S,8S,:}2-Coln,e )R, S,
for the conversion in Dat high pressures and that a conver- so'=*1 (1)
sion acceleration should be expected at sufficiently high
pressures. The theoretical predictions for conversion rates in  Here u the nuclear magnetic moment of the deuteron
solid D, at high pressures should stimulate further experi{proton; R,, =Ry+ (d/2)(W' ¢’ —wo)=R,,N,, ; Rp is
mental study. the radius vector between the two molecular centerand

In the next Section we analyze the deuterium moleculaw’ refer to the respective deuterofmrotons in the primed
parameters and the interactions relevant to the issue of coand unprimed molecules, respective8y; is the nuclear spin
version in solid B at high densitiegcomparing them with  operator of deuterofproton o; d is the interatomic distance
those in solid H) with an eye toward ascertaining the mostin the molecule;w and w’ are the unit vectors along the
efficient mechanisms operative at high pressures. We themspective molecular axe$A®B}y and (Ay-By) denote,
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respectively, the direct and scalar prodéttsf two irreduc-
ible tensorgin the latter case, of the same rank
Interaction(B) is another direct analog of the respective
interaction in solid H, with the difference that the effective
value of u,. in D is appreciably larger than inHsee Table

).

Interaction (C) can be represented by the following
Hamiltonian:

Hq=31706QQu ({Cal($)® Co(W')}a- Cam))R>. Jo=1 %=0 Vo =0
ﬁ:‘ ]
) A
HereQ is the quadrupole moment of the deuterium mol- pocr)non
ecule in theJ=1 state;Qy is the nuclear quadrupole mo- libron

ment of the deuteror};=R;n; is the distance between deu-
teron i in the chosen molecule and the center of theFIG. 2. Vertices for the directstandardl pathway and a pathway with an

Conver5|on_promot|ng para nelghbor, the other notation is a@termediate state. For standard Chanf‘e'mer diagral')] 'Hss Starts con-
in Eq (1) version and produces sink excitations. In channels with intermediate states,

. . . . . . ‘Hs only starts conversion whereas excitations are created through the stron-
Since the orientational interactions play an importantyer EQQ interaction.

role at high pressures, the above two Hamiltonians should be
complemented by the electric quadrupole—quadrupole

(EQQ interaction energy ) ) )
orientationalrotationa) degrees of freedom. There are a few

problems to be solved for a successful implementation of
that idea:(i) the particular conversion chann@nergy path,
type of conversion event, sink excitationsi) the shape of
the rotational energy spectrum in such a highly random sys-
tem as an orientationally disordered ortho-para mixture; and
(iii ) the compression-induced variation of the said spectrum.
The path mainly responsible for this acceleratfos as
follows (Fig. 2). The HamiltoniarH starts conversion, pro-

_ducing a nonequilibrium intermediate state, from which the
system goes to equilibrium through the stronger EQQ inter-
action and emits a rotational excitation. This path becomes
efficient only at a sufficiently high pressute.

Proceeding from the available experimental evidence,

35 2 -5
Heqo= ?(GQ) %: ({Ca(w) @ Ca(w)) }4- Ca(nj)R;; >,

()
wherei andj enumerate lattice sites occupied by 1 mol-
ecules.

The macroscopic equations for tlle=1 fractionx are
different for the two hydrogen isotopes under consideration
In H,, both operative conversion-promoting interactions re
sult in a second-order reaction equation

dx_

Kx? for hydrogen, (4

dt

where the conversion parametercan depend on compres-
sion and, generally, or. At low pressureskK is virtually a

we argué?’ that, given a large enough=1 concentration,
the rotational spectrum of a mixed crystal basically re-
sembles that of an orientationally ordered state: a low-energy
maximum containing local ground states and a maximum at

;:ons_tanKo,_%nq 1E/>?—(4}2 hasl thDe SﬂUtLOJni(oleIré%Tg ortho higher energies that corresponds to local but collectivized
raction att=0): 1x=Kqt. In D,, bothJ=1 andJ=0 con- ¢, iteq rotational states.

tribute to the conversion probability as promoters, so that the Evolution of the rotational spectrum with compression is

respective equation for thi=1 fraction is schematically represented in Fig. 3. Because of the normal-
ization employed the plot is valid both for,tr D,. Though
being directly applicable to a 100%= 1 orientationally or-
dered solid, the reasoning of the preceding paragraph makes
the plot qualitatively valid for sufficiently higd=1 concen-
At zero pressure the values kfandk’ are very close, SO rations even in the disordered state. A very important feature
that, effectively, Eq(5) yields an exponential-decay depen- is the pressure-related decrease in the conversion energy due
dencex(t) = exp(—ky. to the growing strength of the negative molecular-field offset.
Calculation of the conversion rate at high pressure in
analytical form is impossible; using semi-quantitative
evaluations® we obtained resultéhe curves in Fig. LLthat
We briefly summarize the main causes that lead to thare consistent with the experimental findings. It was later
dramatic acceleration of conversion in solid &t high pres-  showr? that other channels, though bringing about consider-
sures. As was shown above, phonons cease to be an efficiaatile changegmostly at moderate pressuyedo not contrib-
sink of conversion energy at comparatively moderate presdte appreciably to the pressure-related conversion enhance-
sures. The main idea for a consistent explanation of thenent. The new theory predicts a few effects, some of which
pressure-related conversion enhancement was to considiémd confirmation in the available experimental results. Un-

—kx?—k’'x(1—x) for deuterium. (5)

dt

3. CONVERSION IN SOLID H, AT HIGH PRESSURE



706 Low Temp. Phys. 29 (9-10), September—October 2003 M. A. Strzhemechny and R. J. Hemley

4. CONVERSION IN SOLID D, AT HIGH PRESSURE

Turning now to the efficiency of various conversion
channels in solid deuterium at high pressures, we can make
use of some of the formulas derived for the case ofRef.

5) by allowing for the differences in the molecular param-
eters. All of the standard channelse., those without an

: : intermediate stajeare phonon-assisted and are therefore in-
4 : efficient at high pressures.

i : The idea of the intermediate state with subsequent par-
ticipation of the EQQ interaction is productive for,as
well. Without going into detailed calculations for channels
with intermediate state, which will be published elsewhere,
we give a quantitative description of what can be expected
for conversion rates in compressed.Onteraction ALl(cf.
Sec. 2 will yield the same result as for Hout only for the
conversion parametdsr in Eqg. (5), viz. (cf. Ref. 10,

E/B
ps)

converting
J =1 molecule

- th '1 £13/8
_——excited J = K _ 5
molecule AL [Ec(€)]? Jo(2) ©®
0 I2 ;1- '6 8 10

/3 Here £=plpg is the crystal density ratio reduced to tRe
r/ =0 value;E, is the conversion energy as a functionédsee

_ _ Fig. 3), and go(e) is the density of rotationallibronlike)
FIG. 3. Energy schemeapplicable both for B and Dy) for conversion  giates The contribution of interaction A2 to the conversion
transitions involvingJ=1 andJ=2 excitations with varying EQQ interac- k' is similar i \Vtical f Eq6). |
tion. TheJ=2 roton (arrow R is too energetic to take up the conversion Paramet.e IS simi a.‘r m. analytical form to Eq(6). nte_rac-
energy. The energy floor is the state in which the chosen molecule haion B gives a contribution td of the same form as in Eq.
converted and all othef=1 molecules are in their local rotational ground (6). Finally, interaction C also contributes kobut, originat-

states. During conversion the chosen molecule starts from a state with tt“a]g from the energy with a different dependence on the sepa-
energy to be releasgdolid down-pointing arrow Another ortho molecule

can now be excited to the libron bafshaded regionto take up the energy ratlor? R [compare Eq_s('l) and(2)], has a different form as a
(shown as a broken up-pointing arrow. IAt a critical I" value (large circlg function of compressio:
the energy span of the excited molecule is wide enough to accommodate the

entire conversion energy.
519/3

Ko W@o(s)- (7)

like at low pressures, the conversion rdfeshould be a As was mentioned above, at zero pressure the conskants
strong function of the running=1 fractionx. Analysis of  andk’ are virtually the same, that ika; + kg +Kke~kp, . As
the x versus time curvé$ for sufficiently high pressures the pressure is increased to the level at which the channels
shows (Fig. 4 that, indeed, the conversion rate decreasesvith intermediate state become efficient, this match will be
considerably in timgor with decreasing =1 fraction. lifted and the time dependence of the 1 concentration will
cease to be exponential.
As was explained above, Fig. 3 is plotted in reduced
variables such that it is valid both for,tand D,. However,

2.8 when replotted in absolute value3=1 energies, pressures,
compressionsit will look different for the two isotopes. It
should also be noted that Fig. 3 is rigorously applicable only
for pureJ=1 solids; lower values ox necessitate recalcu-
lation, for example, of the position of the critical poifihe
solid circle in Fig. 3 at which rotational excitations come
into play. The quantities we need for rescaling to absolute
values are the volume dependence of the Debye freqé&ncy
and the equation of stat@&OS. Fortunately, at high pres-
sures the equations of state fop ldnd D, are almost the
same?® the differences are appreciable only at rather low

1,% ] 07 0-3 0-4 o5 pressures. The corresponding estimations give the following

: : : : : critical pressure values. For pure pada=(1) deuterium the
J =1 fraction indirect channel will become efficient at a pressure of 1.5
FIG. 4. The conversion rat& in H, as a function of the runnind=1 GPa and Ce_‘ase to operate around 4.8 GPa; for ndﬁﬂ%
fraction for a pressure of 47.7 GPa, as reconstructed from Raman scatterif¢@/d deuterium these two pressure values are 14 GPa and 32
measurementsThe drop inK is more than twofold. GPa. We note that the working range for normal éxtends

24

2.0

1.6

Conversion rate, arb. units/h
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The electronic energy bands in structures whose primitive cell contains up to four molecules are
studied with full optimization of the structures on the basis of GGA and LDA band

calculations. Above 250 GPa, the eventual optimal structure obtained by the GGA or the LDA
calculation isCmca which is a layered structure with the molecular bonds lying in

planes and which has a metallic band structure with no band gaps. The metallic property of the
band structure remains unchanged even if the molecular bonds in the planeCQiihe

are inclined so that the atoms in the molecule lie out of the plane. The electronic bands of the
Cmecastructure and those of some other candidate structures are discussed in the light

of recent experimental results. Effects of the occupation of electronic states on the predicted
optimal structures are also studied. ZD03 American Institute of Physics.
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1. INTRODUCTION increasing pressure. No jump of the frequency nor change of
We slope has been observed, which means no drastic changes

Recent experimental studies of compressed hydroge :
have revealed nonmetallic behavior at pressures higher thacﬁ the structure. If the structure changes at all, it should be

~300 GPa-2 They report the possibility of metallization by accompanied by a very small change of the vibron frequency.

the closure of the direct electronic band gaps at even highe he secopd_ point |s.that the experlmeqt reveals the features
characteristic of a direct band gap, which means the top of

pressures. The result contradicts many theoretical studi .
based on first-principles band calculations, which predict th(?%?1e valence band and the pottom Of. the. conduction band are
ocated at the same place in the Brillouin zone.

closure of indirect band gaps at lower pressures in energeti- . . .
Jgap b g Earlier experimental papers have reported the vibron fre-

cally favorable structure’,” and call into question the abil- . . )
ity of band calculations to predict the structures of com-guencies and optical prqpertles at pressures over 2.50 GPa
pressed hydrogen and have presented estimates of the pressure of direct-gap
In spite of the well-known shortcoming of the band cal- closure based on the optical ddthThe recent optical mea-
surements show the pressures and the character of the optical

culation based on the local density approximatihDA) or absorption more clearly. These new results impose important
its modification with the gradient correctiq®GA), that is, P y- : P P
restrictions on the structures of solid hydrogen above the

underestimation of the electronic band gaps, recent ﬁrStheII-known 150 GPa transition. Bearing these points in
principles band calculations have achieved much success In. X . ' 9 he
ind, we examine again some of the structures which have

predicting the structures and properties of solids at ambie ) -
as well as at high pressures. In the study of compresstgl&een studied theoretically so far.
hydrogen it is not yet clear whether this shortcoming might
hamper the prediction of the structures and mislead one into
false structures, since there is a lack of experimental data. CALCULATIONS AND RESULTS
available on the structure above 100 GPa. ) _

In order to check this point at some levels, we have The structures which can be transformed continuously
carried out some preliminary calculations and re-examine@mong them are th&ca2,, Cme2,, Cmca and Pbca
the structures which have been predicted to be most probabf@mily, which is shown in Fig. 1. Starting from one of these
at high pressures, paying attention to the occupation of thatructures, the others are obtained by a con'tlnuogs change of
electronic bands by the electrons. We perform full optimiza-th& molecular centers and the molecular orientation.
tion of the structures above 250 GPa in the GGA and the At pressures lower than 200 GPa, the candidates for the
LDA and study the changes of the electronic bands for strucMOSt probable structure a@mc2; and Pca2,, with hcp
tures which appear in the course of the optimization. Wenolecular centers, or slight modifications of théf’_n.
compare the results with a new type of calculatioich is However, according to theoretical calculatiorsthe

expected to overcome the shortcoming and discuss the barffuture becomes unstable at pressures higher than about 200
structures in the light of very recent optical measureménts. GPa. Those calculations were done using methods based on

the LDA or the GGA, which have the shortcoming of under-
estimating the band gaps, resulting in the closure of indirect
band gaps at around 200 GPa. Optimization of the structure
The results of the optical experimérimpose new re- is a delicate problem, and the shortcoming might mislead us
strictions on the structures from 150 GPa to at least 320 GPanto false optimal structures because of the false occupation
The first important point to be mentioned is that the soften-of the states by the electrons whose energy is in the vicinity
ing of the vibron frequency seems to occur continuously withof the Fermi level. To investigate the effect of the electron

2. NEW RESTRICTIONS IMPOSED ON THE STRUCTURES

1063-777X/2003/29(9-10)/3/$24.00 708 © 2003 American Institute of Physics
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occurs when the indirect band gaps disappear. Starting from
some arrangements of the atomic positions, we then per-
formed full optimization of the structures. As a starting ar-
rangement we take theca2; structure with an orthorhom-

bic unit cell containing 4 molecules. We set the molecular
centers at ideal hcp lattice sites and at several points between
that of the ideal hcp site and the molecular center of the
Pbcastructure(see Fig. 1 The optimization was been done

at constant volumes, at=1.40, 1.35, 1.30, and 1.25, which
correspond to pressures of around 200, 270, 330, and 430
GPa, respectively. The pressures are estimated from the vol-
ume dependence of the total energy obtained in our calcula-
tions. The LDA calculations show smoother convergence
than the GGA ones, which include a calculation of the den-
sity gradient. In the optimization of the structures, some runs

FIG. 1. ThePca2,;, Cma2,, Pbca andCmcastructures. Arrows show did not converge to any mea_'ninngI St_ruc,:tur,es' This is prob-
the directions of molecular axes whose direction cosines witiz tes are ~ ably due to some problems in the optimization codes.
positive. These structures can be transformed into one another by a continu-  All of the structures to which the calculations converged
ous change of the molecular centers and orientations. and which were obtained as optimal ones in our runs are of
the Cmcatype forr,<1.35. We note here that the compres-
sion seems to be nearly isotropic above 200 GPa (

occupation, we performed the calculations with restrictions >
on the electron occupation. =1.40). Although the molecular centers move from the ideal

We carried out band calculations using the plane—wavémp sites to that of th€mca the orthorhombic unit cell is

basis functions with an energy cutoff of 40 hartree and a;:r?mp:?SS/Ed :{stcr)]troplfhall); Atbt_hel ?t{ghedst densrtg/,: 1b.25t’ 3%
pseudo-potential for the ionic potential. Throughout our cal- € ratioc/a of the orthorhomoic fatlice decreased about 57

culations, we used the packaged codes ABMNIANd andb/a (the distance between laygnsicreased about 3%,
1 with the molecular bonds tilted about 76° from theaxes

PHI98PP? : i

and with a bond length of 1.4}. They did not show any
3.1. Preliminary calculations under restricted molecular dissociation at the densities studied. These results
and unrestricted electronic occupation are same as those obtained from the usual calculations with

To study the effect of the false occupation on the optimaln© restriction of the band occupation for both the GGA and

structures, we performed following preliminary calculations. LDA.
First we show an example in which the restricted electron
occupation and the unrestricted one give different conclu4. CHANGES OF THE ELECTRONIC BAND STRUCTURE
sions in the comparison of total energies.

We compare the energies of tkianc2, and thePca2,
structures with molecular centers fixed at the hcp sites an
with c¢/a fixed at the ideal hcp valugsee Fig. 1L We used a

We study then the changes in the electronic band struc-
tures for those structures studied in the optimization process.
heCme2; structure is also a layered structure with molecu-

unit cell containing 4 molecules for both structures. In theIar bonds 'y.'f‘g in the planes. THem, space group hOIdS.
for any position of the molecular center between the hcp site

first calculation, we performed the usual calculations in
. . . and the molecular center of t@mca structure. When the
which the electrons occupy the states with energies lower C . ) _
olecular bond is inclined in a certain way in t@mc2,

than the Fer_ml energy. And in thg second one, we reStr'CteLg:ructure and two atoms of the molecule lie off the plane, the
the occupation of the electronic states to the lowest

. : . . structure become$ca2,. For the extreme case of the
branches at eadk point, which simulates the insulator type Pca2, structure in which the molecular center is moved to
of the electronic occupation of the bands. Uprte=1.25, L

which corresponds to a pressure around 430 GPa, the Iowetsr}at of theCmcastructure, the space group becorfisc a
To compare the band structures we take a nonprimitive

4 branches of the electronic energy states indinec2, and unit cell containing 4 molecules for all structures studied. All

Pca2, structures seem to be well separated from the 5th
. ) o . of the structures except for tt@mcahave a band structure
branch. Here ¢ is the density parameter, which is defined as. .
. ) . . in which the lowest 4 branches are well separated from

the radius, in units of the Bohr radius, of a sphere whos

. %igher ones up to the highest densitiess 1.25. The indi-
volume is equal to the volume per electron. .
: . ._rect band gaps, however, close at much lower densities. The
Comparing the energies of these two structures, we find

thatCmc2, is of lower energy tha ca2, in the case of the gaps becomes wider when the molecules in@mec, are
) ; : tilted toward thePca2; structure.
first calculation. On the other hand, in the case of the second : .
calculation Pca2. becomes lower For Cmca the b.and structure is completely different
' 1 ’ from the others, having no band gaps. The lowest 4 branch

touches the higher ones at some points onXhé, andc
lines. The nature of the touching is line-typerigure 2

Above example shows the possibility that the false oc-shows the band structure f@mca with the nonprimitive
cupation of the electronic states might affect the optimalunit cell. Even when the molecular bonds are tilted towards
structures at each pressure. The change of the occupatidime Pbca structure, the metallic band character still remains

3.2. Full optimization of the structures
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30 ableCmcastructure is ruled out, there will remain two pos-

25 W a W sibilities. One is that there are some other structures which
20 we have overlooked in our study. An example is a structure
> 15 of larger unit cell* The second possibility is the case that all
® 10 of the present GGA and LDA based calculations fail to pre-
- 5 dict energetically favorable structures of compressed hydro-
5 0 gen. In that case, the structure might remain one which is
S -5 close to theCme2, or Pca2, structure up to at least 320
-10 GPa. The possibility of the second case has been reported
-15 recently in a new type of calculatibrwhich is designed to
_20F overcome the shortcoming of the GGA and the LDA, al-
r v T X T though the optimization of the structures has not been carried
out by that type of calculations owing mainly to the demands
30 "o on machine resources.
251 \/ b We mention here the low-lying librational and phonon
20t modes observed in Raman experiméitshe Pca2; struc-
15} ture has 9 optical phonons and 8 librational modes which are
3 10 Raman active, th&€mc2; structure has 3 optical phonons
= 5F and 4 such librational modes, while tiamcastructure has
5 0 only 4 librational modes with no Raman active optical
S _s5} phonons.
-10k Finally, we mention that the metallization, which is pre-
15} dicted to occur at-450 GPa by extrapolation of the absorp-
_o0F tion edge to higher pressure, might happen at some lower
T Y X T pressures where the metallization is due to the closure of
indirect band gap®.
FIG. 2. The electronic band structures for thenca(a) and thePbca (b) We have studied the optimal structures and the electronic

structures atg=1.25. To compare the changes in the energy bands, we usegandS in those energetically favorable structures. The new

a nonprimitive unit cell containing 4 molecules for tiiamca structure, . .

whose primitive cell contains 2 molecules. result; of the 0pt|c_al measurements have raised new prob-
lems in the theoretical study of compressed hydrogen.
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A statistical method is used to calculate thermodynamic properties of Ar, Kr an@s&earic

and isochoric heat capacity, bulk modulus, thermal expansion coefficient, interatomic

distances, Gmeisen parametgrand good agreement with experimental values is observed. It is
shown that at high temperature, slightly above the melting point of the rare gas crystals, an
instability of the crystalline state occurs. As the temperature approaches this instability, the isobaric
heat capacity and the thermal expansion coefficient show strong increases similar to the
experimentally observed anomalies. ZD03 American Institute of Physics.
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L. INTRODUCTION u(ry)) = Alexp —2a(r;; —Ro)) — 2 expl — a(r;; — Ro)) 1,
(1

Many thermodynamic quantities of solids show some
peculiar features at high temperature just before meItingWhererij=|Ri—Rj+qi—qj| is the distance between atoms,
Usually this behavior is attributed to effects from both vibra-andA, «, andR, are the potential parameters. The values for
tional anharmonicity and thermal defedtsacanciesoccur- these parameters listed in Table | were determined
ring in an appreciable concentration in rare gas crystalgreviously in such a way that the internal energy, the lattice
(RGC3 in this temperature rangeA phenomenological ap- parameter, and the bulk modulus of the RGS at zero tempera-
proach taking into account anharmonic contributions to thdure and zero pressure fitted the observed values within the
crystal free enerdygives good agreement between the ob-framework of the statistical modéIThe determination of the
served and calculated values for many thermodynamic progotal free energy of the crystals starts from the Gibbs—
erties of the rare gas crystaland some fcc metalCu, Ag,  Bogoliubov functional, which in the present case includes a
Au).2 However, the role of vacancies and the distinctive featerm for the cubic anharmonicity of the atomic vibrations,
tures of the anharmonic contributions to the thermodynamicd F5(7,c), determined in second-order perturbation theory:
of these substances are not yet well understood. These prob- _ _
lems are not easily handled in the framework of self- Fr=Fot(U=Uo)+AFs(7.0) @
consistent phonofSCP theory?*~® widely used for numeri- Whereby

cal investigation of crystal thermodynamics. In the present Fo cA

study we therefore evaluate the thermodynamic characteris- NA 72 J Inf 2 sinl‘(z—Toi(K)))dK 3

tics of both perfect RGCs and RGCs with vacancies within J T

the framework of a statistical theory for crystalshereby a  and

crystal is represented as an ordered ensemble of particles U A A

whose spatial distributions are described by a binary distri- =9 _ C_E ;(K)cot C_Z,.(K) dK (4)
i i i i NA 4 45 J 27 )

bution function. Recently this method has been applied suc- i

cessfully for investigating the equations of state and thermog o the free energy and the average potential energy of a

dynamic properties of rare-gas solids under pres%lné:‘.ec. harmonic crystal, respectively. The integration(® and (4)
2 the main results of this statistical thebare outlined, and

the internal energy, the heat capacities, the bulk modulus, the
Gruneisen parameter, and the thermal expansion are calcu- ol ; o8
lated for perfect crystals of Ar, Kr, and Xe with contributions TABLE 1. Morse potential parameters for RGCS.

from anharmonicity. In Sec. 3 the vacancy contribution to the o, A A4, K R, A A
thermodynamic behavior of the RGC is added. = '

Ne 2.05 52.98 3.04 0.4357

2. STATISTICAL THEORY OF SIMPLE PERFECT CRYSTALS Ar 1.62 170.76 3.71 0.1360
The effective nearest-neighbor interaction energy for at: Kr 1.52 249.08 3.97 0.0767
oms located at the sitd® andR; in a crystal is reasonably Xe 1.38 332.04 432 0.0457

approximated by the Morse potential

1063-777X/2003/29(9-10)/5/$24.00 711 © 2003 American Institute of Physics
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runs over the unit cell volume of the reciprocal lattice, &d 1.45
represents reduced components of the wave vector, varying 1 a0k
from 0 to 17 :
The average potential energy of the interatomic interac- 1.35
tion is calculated by the use of a binary distribution functions
for the atomic displacemerftand is given within the present o 1:30
. . [$) F
approximation by 105
(V) a(g) q({) [
=l —2b+ — —b+ 1.20
(u) AN - & 2b v 2exg —b 2| [
(5) 1.15
whereby 0] 0.1 0.2 0.3 0.4 0.5
T
y*(T): EE j »(K)tan %Z)-(K) e--(K)ZdK FIG. 1. Normalized temperature dependence of the guasi-elastic bond pa-
A4 J 27 ! ! rameters of Ar, Kr and Xe at ambient pressure.

(6)
is a parameter representing both thermal and quantum broad-

ening of the atomic motion around the lattice sites, tionally simpler than the SCP approach and gives a number
of results that are not easily obtained within the SCP model.
eij(K)2 Equations(3)—(8) allow calculation of the equilibrium
values for the crystal free ener@®) and forb, andc, at any
(7)  temperature. Results calculated for the RGS by this proce-
) o ] _dure are illustrated in Figs. 1-6.
is a parameter taking into account correlations between dis- Figure 1 shows the effect of the reduced temperature on
placements of neighboring atoms, ag€t) is a correlation  he quasi-elastic bond parametgrfor Ar, Kr, and Xe at zero
factor, which represents the contribution of the interatomicpressure. The differences @y for different crystals at low
correlation to the energy of the interatomic interactions. O”Qemperature are primarily caused by differences in the de
may noticé thatq(¢) changes only slowly with temperature, goer parameters for these elements. At a critical temperature
from go~187 atT=0K to q~2 at high temperature, where . (jose to the melting temperature, the minimum of the
it coincides with the value for completely uncorrelated ¢rystq] free energy with respect to the quasi-elastic bond pa-
atomic states. Tha;(K) are the reduced frequencies deter- 5 meterc disappears due to an increase in the anharmonicity
mined by the dynamical matrix of the harmonic crystal, i.e.,4f the atomic vibrations. These temperatures are illustrated in
they depend only on the lattice structure and are related tg,o Figs. 2—6, respectively, as the upper ends of the calcu-
the real phonon frequency by lated curves for the temperature dependences of the inter-
atomic distanceR(T), the heat capacitie€p andC,,, the
bulk modulusK, and the Graeisen parametergg for Ar,
Kr, and Xe at zero pressure. One may notice that the tem-
perature dependence of the effective quasi-elastic bond pa-

A
{(r)=- /\072 f '(uj(K)tanr{;—TZoj(K)

x cog 27K R)dK

AA
wl'(K):C_

=y (K). ®

In terms of these variables, the crystal free endi@jyde-

pends only on two parameters:
I) the reduced temperature=T/A and
II) the de Boer parameter

rameter increases rapidly as the temperature approaches the
instability point 7.. This manifests itself also in a strong
nonlinear increase op and of the thermal expansion coef-

ficient @y and the Groeisen parameteyg near the melting

A= ha ©) point (Figs. 2, 4, and 6
JMA In the limits of low (r<<cyA) and high ¢>cyA) tem-

peratures one can obtain simple analytical expressions for
(2)—(7).” For a better understanding of the peculiarities in the
high-temperature behavior of the RGCs and the related solid
(10) state instability, let us consider the classical limit-G0) in

the expression for the free ener):

which represents the strength of quantum effedsi¢ the
atomic masp The normalized lattice expansion

b(7)=a(R(7)—Ry),

depends on the parametersand R, of the interatomic po-

tential and on the temperature-dependent nearest-neighbor

distanceR. The dimensionless quasi-elastic bond parameter g -
—==+37log +6

-
ﬁ AN 3 - EX[<—2b+Ez)
| B
=V 2 (11 a
3

cA

T T
-2 ex;{—b-&- - ex;{—2b+ )
includes an effective force constaf for nearest-neighbor 4c? c® c?
atoms, and minimization of the crystal free ene(@yresults 1 12
in temperature-dependent equilibrium values Ioand c, - Zexp{ —b+ P) 7. (12

denotedb, and cy. This variational approach is computa-
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1.4 ~ Theory — A 0.8}
1 A
1ol Experiment [11] o 0.6l
>
1.0F O 0.4r
2
L 0.2r
O& 0.8
06r 0 20 40 60 80
0.4 B T) K
0.2r FIG. 3. Calculatednormalized isochoric heat capacity for Ar at ambient
) , L a pressure.
0 20 40 60 80
T.K The value of the critical temperature, is determined by
cubic anharmonicity:
1.501 Theory _— .
Experiment ® [12] . 1 15
[ ] ~S—_—
1.95F * Te (1+9a5/16)° (15
L ]
I Lot o2 The internal energy and the isobaric heat capacity of the
QLOO 22 crystal at zero pressure and high temperatute ¢;A) are
& iven (in normalized form b
O 75t Kr g ( m by
7_2
L E~—-6+37+—, (16)
0.50 403
0.251 b Cp T 7 a7
| 1 ! ! L 1 3 Zcé 4chg\ 1_ T/ Tc .
0 20 40 60 80 100 120
For the bulk modulu¥ ; and the thermal volume expan-
T,.K . . )
- sion coefficientwy at 7>cyA one obtains
' Theory — 7
1.50- Experiment ® [13] Aatexp — —
Experiment © [14] . 4v2 2¢3
1.25¢ . S5 T773  (aRy+by)
© 1.00
3 9 exr( - 7) T
o 2¢g
0.75 x| 1- (18)
2cg 1+7exr{ T ) ’
5 52
0.50 o2 2¢5) ¢o
0.25 and
4
1 i 1 1 1 ! 9 T
0 25 50 75 100 125 150 175 (19)
T,K

N~ 2 1+
4C2A(aRy+by) ;
2C(2)TC 1-—
T

FIG. 2. Temperature dependence of thermalized isobaric heat capacity c

C, for Ar, Kr, and Xe at ambient pressure and experimental data points from

the literature.

Minor contributions from terms=a5 72 are neglected in Egs.
(17)—(19), which obviously represent very well the qualita-
tive behavior of the RGCs at high temperature. The relations

The last term in(12) takes into account the contribution (13—(19) show th.at the m_ain internal parameter gqveming
due to the cubic anharmonicity in the atomic vibrations atth® thermodynamic behavior of a simple crystal at high tem-

high temperature £=cyA), with az~1.5 for crystals with

an fcc lattice.

Minimization of (12) with respect toc andb gives the

equilibrium valuesy andcy:

o\ 12

Co~ l+\/1—7_— , (13
C

b 37

0~ 22

(14

perature is the effective quasi-elastic bond paramgjér),
which depends parametrically on the reduced critical tem-
peraturer; also. From the linear relation between the sound
velocitiesu;, and the quasi-elastic bond parameter

ujk

[
CO(T)_ m Kij(T)'

with the coefficients¢;, depending on the polarizatignand
on thek vectors of the sound waves, one obtains for the
commonly usedacousti¢ Debye temperature

1/2

(20
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FIG. 4. Calculated temperature dependence of the nearest-neighbor distanegs. 5. Calculated temperature dependence of the isothermal bulk modulus
in solid Ar and Xe at ambient pressure and in solid Kr at zero pressure, angy. ay (a), Kr (b), and Xe at ambient pressure)( and experimental data
points from the literaturéRef. number in square brackgts

experimental data points from the literatuiRef. number in square brack-

ets.

perature dependence of(7) also includes anharmonic con-
tributions, which are not included in the commonly used

Op=(6V27) (1) > AACy(7) (2D quasiharmonic Debye approach.

whereby( Kjk>%0.677 for the fcc lattice. This direct relation 3. CONTRIBUTIONS OF VACANCIES TO THE
between the(acousti¢ Debye temperature and the quasi- THERMODYNAMIC PROPERTIES

elastic bond parameter indicates that the temperature and I . .
P P Vacancy contributions to thermodynamic properties of

volume dependence can be used in the determina- . . . . roor
b @ho(7) crystals are determined primarily by their equilibrium con-

tion of all the thermodynamic properties of these crystals in .
: centrations
the same way as the Debye temperature in the commonly

applied Debye model, although in the present case the tem- n,=exp(—g,/T), (22
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whereK$ is the bulk modulus of a perfect crystal. The pres-

292} sure dependence of the number of vacancies is determined
by the enthalpy of vacancy formatidn,=¢,+ Pv, . In this
2 90+ case the effective bulk modulus of the crystal with defects
can be written as
D288t KO
Kp=——g——. (26
a“v, 0
2.86 1+ —"neKs
2.84r An estimate of the contributions i26) shows that the de-
0.10 : O' 20 : 0‘ 30 : 0L40 : 0.50 nominator is close to 1 at any temperature, i.e., contributions
' ) . ' ) from vacancies to the bulk modulus of the RGCs are very

small and can be safely neglected.

In the literaturé® similar conclusions can be found with
respect to the thermodynamic contribution of the vacancies
in the case of copper.

This research was supported in parts by an award from
whereg,=h,—Ts, is the excess Gibbs energy associatedhe Deutscher Akademischer Austauschdie(i3®AD) to
with the vacancies, and,=¢,+ Pv, ands, are the corre- A.LK.
sponding enthalpy and entropy, respectively.

The broken bonds result in local deformations around
the vacant sites and in changes of the quasi-elastic bond P& i1 akaras @imp.kiev.ua
rameters for the surrounding atoms. The total contribution to ' pev.
th?4Gibbs energy of vacancy formation is then represented———
by

FIG. 6. Calculated temperature dependence of the thermale@en pa-
rameter for Ar at ambient pressure.
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PHYSICS IN QUANTUM CRYSTALS

Equilibrium helium film in the thick-film limit
J. Klier, F. Schletterer, and P. Leiderer
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V. Shikin*

Institute of Solid State Physics of the Russian Academy of Sciences, Chernogolovka 142432,
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There are still some open questions about how the thickness of a liquid or solid quantum film,
such as liquid helium or solid hydrogen, develops in certain limits. One of these is the
thick-film limit, i.e., the crossover from the thick film to the bulk. We have performed
measurements in this range using the surface plasmon resonance technique and an evaporated Ag
film deposited on a glass substrate. The thickness of the adsorbed helium film is varied by
changing the distande of the bulk reservoir to the surface of the substrate. In the limiting case
whenh—0 the film thickness approaches about 100 nm, following the van der Waals law

in the retarded regime. The film thickness and its dependendeismletermined precisely and
modeled theoretically. The behavior of the equilibrium film thickness is discussed in

detail. The agreement between theory and experiment is very goo2008 American Institute

of Physics. [DOI: 10.1063/1.1614175

INTRODUCTION There are some alternative interpretations to the van der

) o Waals dependence df(h). One of them can be formulated
The thickness of a liquid film grown under complete g the meniscus problem. It is well known that the vertical
wetting conditions on a horizontal substrate is an 'mportangubstrate walls can lift some amount of the liquid above the
parameter for many areas of condensed matter physics, espgyik evel due to the competition between the Laplace force
cially for surface science studies. This film thickness, under, gravity? a scenario known as suspended films. The same
th.ermodynamic equilibrium condition@.e., in coexistence mechanism could, in principle, be responsible for the cre-
with its saturated vapor pressiyrés very dependent on the  4iion of a macroscopically thick liquid film whem—0 with-

distance of the bulk liquid level to the surface of the sub-g ;i the participation of van der Waals foraege Figs. 3 and
strate; see Fig. 1. The existing description of thick adsorbeg,

films'? generally deals with van der Waals forces. Inthe case |, aqdition to the theoretical discussion we have per-
when retardation plays a role the dependence of the filnfymeq precise measurements of the thickness of a liquid

thicknessd is helium film on a silver substrate using the surface plasmon
dech™ V4, oY)
However, the singularity in definitiofil) whenh—0 is not T
physical, i.e.d would go to infinity although the bulk level a. k N
is just at the height of the substraiee Fig. 2 This shows 0 N
that this limiting case has to be described more accurately; R
see below.
- F ~1/4

thin liquid film\ +1h SN -

|d
A —

bstrat
log h

FIG. 2. The dependence d{h) in the van der Waals approximatigquali-
FIG. 1. The thicknesd of a thin liquid film completely wetting a horizontal tatively), considering Egs(4) and (5) on a semilog scale. The dashed line
substrate and being in coexistence with its saturated vapor pressure, i.e., iindicates the behavior af(h) if it is described only by Eq(1). The inset
the presence of bulk liquid. The distance between the substrate and the builkustrates the limiting case whemn=0, and so the thickness of the adsorbed
liquid level ish. film is dy.

bulk liquid
level

1063-777X/2003/29(9-10)/4/$24.00 716 © 2003 American Institute of Physics
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techniquée®. The experimental dependencedgh) for h—0 thin He-film corrugation tops ()
follows the corrected van der Waals scenario. \ ,._b_.l ‘ T L .
25{----- EEEE i S o
THEORETICAL DESCRIPTION a / /
1. First we will consider the general van der Waals sce- thick He-film
nario for the behavior ofi(h). If the substrate on which a
helium film is adsorbed is perfedte., ideally flaj, then the " bulk liquid heliuri
definition of the thicknesd of this film in the van der Waals
approximation is given by FIG. 4. A schematic sketch of a corrugated surface where, due to the me-
niscus effect, a suspended thick liquid helium film can be formed. The
Ky symbols are explained in the text.
—| =d—h. (2
d
Herek,, is the van der Waals constant including retardation. . _ . o
For the definition oh see Fig. 1. Typical values &, are of 3. However, if the solid substrate is not flavhich is
the order of 10%cm®* (Ref. 5. usually the casethen there is another channel for a substrate
Under the condition$i>0 the solution of Eq(2) with ~ d(h) dependence. This arises also from the meniscus effect.
respect tad is possible provideth<d. So we get Now we will formulate this dependence for a corrugated per-
4 4 turbation of the surface of the solid substrate; see Fig. 4. In
d=h+|-2]  for h>|-Y (3  this case we have
h/’ h
. . . . S(h) a -
At the special poinh=0, i.e., when the bulk level is at the (d(h))= Tb+ de(h), (7)
height of the substrate, we have a a
Ky |4 where
(d_o> =dg, or dy=k¥5. (4) )
. . S=26ub— 5[IR—b(R— 8
For the bulk helium level below the substrate, i.e., when 0 2[ (R=4o)] ®
h<0, we get

and
Ky ?
| ==h, for h<0, () o fe, T [ P 200
= + 340 {o=R- - ()—ﬁ-
9

The predicted behavior odi(h) in the van der Waals ap- )
proximation is presented in Fig. 2. ~
2. The lift of the thin liquid film by the bulk meniscus is Hered(h) represents the van der Waals contributiod d,

estimated using the geometry shown in Fig. 3. from Eq. (5).
The calculations, as in Ref. 3, show that Under the conditiorR(h)>b the valueS(h) from Eg.
o (8) is insennsitive tch, and so the dependendéh) can be

Rmenic=a(1—sin®)¥2 with a2= pé”. (6)  presented as

Here p is the liquid density,g is the acceleration due to (d(h))zdcoﬁa(h)i

gravity, oy, is the liquid helium surface tension, aads the atb’
capillary length. It becomes evident that for the limiting case 25.b
0O — /2 one ha$o,is<a. Therefore, lifting of the liquid by with dgg= —, (10)
the meniscus in the case of an ideal wetted horizontal sub- atb
strate is ineffective. with the asymptotic behavior af(h) as
SRE
thin liquid film —| =8,+d(0) for h—0, (11)
1 d(0) ]
r 14
menis kW I
= =h for h>d(0)+ &,. (12
bulk liquid leve! Ld(h)]

substrate
/// One can see that the meniscus effg@t) in (d(h)) can
be dominant if§,>d,, whered, is from Eqg.(4). It can also
FIG. 3. Atilted substrate, with tilt angl®, which is partially immersed in  be sensitive tdn if the Laplace radiu®k(h) is comparable to
bulk liquid. The upper part of the substrate, i.e., for0, is covered by a  the corrugation parametbr In the opposite limit, Eq(lO),

thin liquid film. However, just above the valle=0 the liquid film is lifted : i _
by the meniscus forming between the substrate wall and the bulk quuiaﬂ_]e presence of rothneSS of the solid subs € pre

level. The heightienisUP to which the film is governed by the meniscus, is C|Se|yf a solid corrugationleads to a shift of the film thick-
described by Eq(6). ness in the dependenc¢e(h)).
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FIG. 5. Sketch of the experimental cell. An incoming light beam from a 70
monochromatic source L is reflected from a mirror S towards the face of a 0'0 0'1 0'2 0'3 0:1_ 05
glass prism G. From there the reflected light is detected by a sensitive i ’ ) ’ )
photodiode P. The adsorbed helium is measured on top of a thin, 40-nm- G h, cm

thick Ag film evaporated onto the glass prism. The bulk helium Iémet ) ) ) .

shown is measured via a cylindrical capacitor C standing vertically inside FIG. 6. The thicknessl of the adsorbed helium film as a function of the

the cell. Temperature equilibrium is checked both by a thermometevarying bulk helium leveh. Hereh is already very small and so the de-

mounted on the prism surface and via the vapor pressure measured withRgndence ofi follows theh™** law (solid line) for h=0.06 cm; see text.

high-resolution pressure gauge outside the cryostat. For smaller values oh, i.e.,h<<0.1 cm, the film thickness deviates from
this law.

EXPERIMENTAL VERIFICATION that d.o, =49 nm, and sdif we assume thaa~b) we get

In order to check the above predictions for the limiting $0=dco=49 NM. _ . .
case wherh—0 we have performed preliminary measure- We interpret this observation as being due to the circum-
ments of the thickness of a growifigle film. As the experi-  Stance that the surface must be very rough but without
mental technique we used a surface plasit&® resonance Gaussian peaks, and so there is bulk condensation between
setup which allows for a resolution of the helium film thick- S0Me roughness peaks which adds to the measured film
ness of about 1 A; see Ref. 4. The surface plasmons afbickness. That our surface was indeed quite rough was seen
excited at the interface between a thin quench-condensed Af the measured SP resonance curves, which showed a large
film deposited on a glass prism and the adsorbed helium filfiesonance width, much wider than for an ideal smooth Ag
by means of a monochromatic light source; see Fig. 5. Thélm. However, once the adsorbed helium film is thicker than
light beam is reflected at the prism, and the reflected light i$h€ height of the roughness peaks its influence is screened,

measured with a very sensitive photodioder a more de- and so a further growth in film thickness should show the
tailed description of such a setup see Ref. Bnder reso- ideal behavior, seen in the data for~0. The influence of

nance conditions, i.e., when the angle of incidence correSubstrate roughness in the film thickness of adsorbed films
sponds to the surface plasmon resonance angle, little or n#ill beé investigated and presented elsewhere. _
light is detected. By maintaining this resonance conditon Whenh drops pelow 0.1 cm the measured data deviate
with the aid of a feedback loop, the thickness of the adsorbeffom the above law; see Fig. 6. Eventually the film thickness
helium film can be measured. levels off at around 100 nm; see Fig. 7. Using Etl) and

The thickness of the helium film is determined as func-
tion of the bulk helium level. This bulk level is changed in

small steps by slowly condensing in helium gas from a 100
known volume. It turns out that the relaxation times to

achieve a stable bulk level is of the order of hours. The i
experiment is performed at 1.4 K, i.e., when the helium is

superfluid. The height of the bulk level is measured with a 90

cylindrical capacitofsee Fig. 5, which gives a resolution of

about 50um. This height measurement is cross-checked by

the total volume of gas added to the cell and a precise check

of the cell volume and the inside geometry after the experi-

ment. 80
In Fig. 6 we show the growth of the helium film starting

from a bulk level of )h=0.5 cm below the surface of the .

substrate. At this point the thicknedsof the helium film is 0.01 0.1

about 73 nm. As the bulk level is raised the film thickness () h, cm

grows, showing sh~** dependence as described by Egs.

(10)_(12)_ Within these results we can fit our experimental FIG. 7. The same data points dfplotted againsh as in Fig. 6, however

e : : now on a semilog scale. The deviation from the expetted* behavior
data. When flttlng the data in the interval 0.1 tm—)h (solid line) for small values oh is clearly seen. The thickness of the helium

<_0-3 cm, using Eq(10), the agreement i_S quite good, S€e fjjm approaches a final value of around 100 nm. This is the predicted be-
Fig. 7, and the parametel,, can be obtained. It turns out havior shown in Fig. 2 and described by E¢$. and (5).

A fims NM
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ky~6.4x10"7 cm* one getsa(o)mloz nm. From Eq. roughness on adsorbed quantum films is also under investi-
(10) we get d(0)=d,+0.51(0)=100 nm, which corre- gation, both theoretically and experimentally.

sponds well to the experimental value for 0. This work was supported by the DFG-Schwerpunkt
“Wetting and Structure Formation at Interfaces” under Kl
CONCLUSIONS 1186/1.

We have investigated the growing of an adsorbed liquid,
film d on a substrate as function of the distafceetween  E-mail: shikin@issp.ac.ru
the bulk liquid level and the substrate surface, which is—
above the bulk level. The calculations of the thickness of
such a film are given for the thick-film limit, i.e., when 1y B G. casimir and D. Polder, Phys. R&3, 360 (1948.
h—0 and under retardation conditions, on ideal smooth sur-?L. W. Bruch, M. W. Cole, and E. Zaremb&hysical Adsorption: Forces
faces. These predictions are confirmed by measurements of g&nd PhenomenClarendon Press, Oxford997, and references therein.
liquid helium film adsorbed to a silver surface. Both the L. D. Landau and E. M. LifshitzHydrodynamics Akademie Verlag,
a asork Ace. Berlin (1991).
thickness of the helium film and the change in the bulk he-4p_Reinelt, J. Klier, and P. Leiderer, J. Low Temp. Phi&S, 805(1998.
lium level are measured with high resolution in the range °E. Y. Andrei, Phys. Rev. Let52, 1449(1984.
70 nm<d<100 nm for 0.5 cri=(—)h>0. Experiments to 5V. lov, J. Klier, and P. Leiderer, J. Low Temp. Phy26, 367 (2002.
Study the crossover from Fhe retardgd to the non-retardeghis article was published in English in the original Russian journal. Repro-
regime are currently running. The influence of substrateiuced here with stylistic changes by AIP.
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Translational—-rotational interaction in the dynamics and thermodynamics of a 2D
atomic crystal with a molecular impurity

T. N. Antsygina, M. |. Poltavskaya, and K. A. Chishko*

B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences
of Ukraine, 47 Lenin Ave., Kharkov 61103, Ukraine
Fiz. Nizk. Temp.29, 961-966(September—October 2003

The interaction between the rotational degrees of freedom of a diatomic molecular impurity and
the phonon excitations of a two-dimensional atomic matrix commensurate with a substrate

is investigated theoretically. It is shown that the translational—rotational interaction changes the
form of the rotational kinetic energy operator as compared to the corresponding expression

for a free rotator, and also renormalizes the parameters of the crystal field without altering in its
initial form. The contribution of the impurity rotational degrees of freedom to the low-
temperature heat capacity for a dilute solution of diatomic molecules in an atomic two-
dimensional matrix is calculated. The possibility of experimental observation of the predicted
effects is discussed. @003 American Institute of Physic§DOI: 10.1063/1.1614176

1. INTRODUCTION Assuming that the displacemeatof the impurity center

. : | ¢ dif of inertia from its equilibrium position is small in compari-
Two-dimensional2D) cryocrystals on substrates of dif- <5, it the distances to the nearest neighbors both in the

ferent kinds are of great theoretical and experimental intere%\yer Ry, and in the substrat&®,, and taking into account
due to the wide variety of physical phenomeiira thermo- the smallness ofd/R, (i=1,2), we can write the total
dynamics, excitation spectra, and magnejishey demon- Hamiltonian of the system as

strate. For 2D monoatomic crystals containing molecular im-
purities the interaction between rotational degrees of H=_— BA g+ Hpnt Het Hing, (1)
freedom and matrix phonon excitations, the so-called
translational—rotational interactiofTRI),* is an important where the first term is the kinetic energy of the impurity
factor controlling the dynamics of the impurity molecules. molecule,B=#%2/(2l) is the rotational constant of the mol-
Since an impurity in a 2D solution moves in a low-symmetry ecule,| =Md? is its moment of inertiaA 4 , is the angular
potential, its dynamics appears to be substantially more conpart of the Laplaciang and ¢ are the azimuthal and polar
plex than that in a 3D systefiThis can appreciably affect all angles specifying the orientation of the molecular axis.
physical characteristics, in particular, the low-temperature  The HamiltonianH , of the phonon subsystem has the
heat capacity, and also can lead to some effects not found iiorm
the 3D case. Theoretically, the problem of the TRI in 2D
]
2 (eV 1ey’)7TV7T:! ’

cryosolutions has not been sufficiently studied. 1 |7TV|2
Y Y phZEE ( + in
V,V'

&

The aim of the present paper is to investigate theoreti- H ”
cally the effect of the phonon excitations on the rotational
dynamics of a diatomic impurity in a 2D close-packed n
atomic matrix and on the impurity heat capacity at low tem- 2MN
peratures.

&

wheree, and (), are the unit polarization vectors and fre-

quencies, respectively, of the phonon excitions of a pure
2 HAMILTONIAN monolayer,v=(k,«), k is a two-dimensional wave vector,

a=1,t,z; |,t specify the longitudinal and transverse modes

Let us consider a diatomic homonuclear substitutionalpolarized in the layer planén-plane modes andz is the

impurity with massM and internuclear distanced2n a two-  index for the mode polarized normal to the layeut-of-
dimensional close-packed monoatomic matthe coordina- plane modg &, are coefficients in a series expansiorupin
tion number in the layer,=6) placed on a rigid substrate. the unit polarization vectorg,,7,=—i%dld¢,, m is the
The matrix and the substrate structures are supposed to Ieass of a matrix atomg=(m—M)/m is the mass defect,
commensurate, so that a monolayer atom hasmearest andN is the number of sites in the layer. For a pure crystal in
neighbors in the substrate. The substrate forms either a triathe commensurate regime all the phonon spectrum branches
gular (z,=3) or honeycombZ,=6) lattice. For definiteness have gaps: equal ta for the in-plane modes and tb, for
we assume that the impurity is located at the origin,@&  the out-of-plane mode withh ,>A. As a rule, thez mode is
axis is chosen normal to the layer and is directed from theractically dispersionlesSExplicit forms of (), for the sys-
substrate, and th® X andOY axes are oriented in the matrix tem under consideration can be found in Refs. 3 and 4.
plane. We restrict consideration to the case of an isotopic  With an accuracy tod/R;)* the crystal fieldH. has the
impurity. form

1063-777X/2003/29(9-10)/5/$24.00 720 © 2003 American Institute of Physics
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2

2, L 4 2 2
wj+ E[lez + A223szywz(wy— 3wy)].

2
Here w= (sin#cose, sindsing, cosé), Aj; is the Kro-
necker delta,

Hc

> zM—zy(1-b?)

GOZ d2{
i=1,2,

x[3M2+d2(5b2—2)P2]},

d* 5
Gﬁ;LEZZiPﬁ 522(1_b2)(1_7b2)|32},

=

404
GZZTZZbS\/l_ b2P2,

M—A+d2R d [1dA
=M g id_Ri ﬁﬁy
o 1o d (o d A

i_§ id_Ri id_RiR_i4,
n_g 4 [V

" TdR R dR )’

the parameteb is equal toR;/(vV3R,) and R;/(3R,) for

substrates with triangular and honeycomb lattices, respec-
tively; V; are atom-atom potentials describing interactions

between the impurity and matrix atomis<1) and between
the impurity and substrate atomis<2).
The first two terms in(2) are determined by both the
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, d A
id_RiR_iz,

Ai

’Ci:R Ei,

Ki=
& andA are unit vectors directed to the nearest neighbors in
the layer and in the substrate.

3. IMPURITY DYNAMICS

Let us consider the effect of interaction between the ro-
tational degrees of freedom of the impurity and the matrix
phonon excitations on the character of the molecule motion.
To do this we use the functional integration metfdfithin
an insignificant normalizing factor the partition functid@rof
the system under study has the following form:

z- [ pla(nIDiwr exp(sin), 5)

whereS is the total action

mIT
S= d7L(7), I-:I—ph""I—rot""—int""—ca
0

m .
Lph:_EEV |: gv 2+lez gl/

5
LinctLe=—(HinetHo),

7is the imaginary time, and the Boltzmann constiagit 1.
The dots denote differentiation with respectto
After integration over the phonon variables, the partition

2 & Lok
N; (eV1ev’)§V§,,/ ’

2

ow

ar

=—|§(02+¢25in2 6),

rot—

matrix and the substrate, whereas the last term with a lowdHnction (5 takes the form of the produd@=ZyZ,. The

symmetry(of group Sg) is associated only with the crysta
field of the substrate. The analysis Gf; shows that the

substrate field makes the impurity lie in the layer, while the

matrix field tends to orient it perpendicular to the substrate o
gare, asa rule, low-energy, and, hence, specific effects caused

Thus, the equilibrium position of the impurity is determine
by a competition between the two factors.

The interaction between the phonon subsystem and t
rotational degrees of freedom of the impurity is described b
the following Hamiltoniart®

2

2N

HereQ, z;=w,Wz—A ,4/3 is the dimensionless quadru-
pole moment of the impurity molecule,

I*f=s*fv(k)el+2h*(k)e’,

> (f*¢,+cc), f,=I'%Q,z+C,. (3

14

int— —

1
C,=3[s" (k) +5n7(k) Je],

sV k) =K, 6°6P8” explik- 6Ry)
S5

+1C2, AYAPAY, (4)
A

he(k) =Ky, 8*explik- 6Ry)+ Ky, AC,
) A

| factorZ,, is the phonon partition function of the 2D crystal,

andZ; corresponds to the rotational motion of the molecule
with regard to the influence of the phonon subsystem on it.
For real systems rotational levels of a molecular impurity

by rotational excitations make themselves evident at ex-

hgemely low temperatures. Besides, due to the presence of an

ysotopic impurity, localw,,. and quasi-local frequencies ap-
pear in the phonon spectruinFor the light impurity ¢
>0) the local levels lie above the top edge of the continuous
spectrum, whereas for the heavy impurit/<(0) these lev-
els are situated below its bottom edge, i.e., in the gap. Our
interest here is in the temperature ralgef A, i wy.

Within the present approximation the TRI gives rise to
additional terms of orderd/R;)* in the crystal field:

H—H.=H.+AH,,

AH.= d* > If.° 6
T 2mN< Q2 ©
and also in the kinetic energy operator:
Hio— H rot= Hrott AH ot
(1o F.)?2 |1« fel
AHmFﬁ[NEV or a0

To analyze Eqs(6) and (7) it is necessary to calculate
sums(4) over the nearest neighbors in the layer. For lattices
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with large enough coordination numbers, an effective way obscillating field, where after averaging over oscillations the

calculation is to replace the summation by integration ove
the unit circle®>* Such a replacement is quite justified since
the correctiong6), (7) are integral characteristigebtained
by summation ovek in the Brillouin zone.

depth of the initial potential well effectively decreases.

The situation is rather different for the kinetic energy.
The TRI results in a substantial change in the fornHgf;.
After appropriate transformations the effective kinetic energy

The interaction between the impurity rotational degreeg7) can be represented as a generalized quadratic form of the
of freedom and phonons does not modify the general form ongular velocity components; with coefficients dependent

the crystal field(2), but renormalizes its coefficients:
Gi—Gi=G;+AG;, AG;=AGF+AG?>, i=0,1,2,

where the indicesd and S specify contributions caused
mainly by the impurity interaction with the matrix atoms and
substrate atoms, respectively:

244
AGL=— 61 (A;+3B,+Cy),
244
AGE=— (A +By),
244
AGG=——[(2Kg—K3Az, 95"~ KoKy5”'],
z3d*
AGY=—[(4KG—K3A,, 9s{" ~ Kis, ],
244
zd
AGS=— = KoKos!".
Here
1 ai
N o
5 _LE (a—ag)®  (ar+az)?
meNT [ o aim P
1 3a,— aq)
Cn= 2 BT = (Kt 2601 (kRy),
I

a;=(K1+4K1)J1(KRy),

a3=K1J3(kR;), Ko=+v1—b%(b%K,+2k,),
b3
Ki=v1—-b?[(3b2—2)K,—4k,], Ke=% Kz,

oy 1
LOU2N A

S(m)__z

sz’

on the molecular orientation:
AH(OIZE(AIJ_WJ_+AIZWZ+A22,3AIijWin)!

®

The additivesAl, , to the impurity moment of intertia are

W= (W, ,Wy,0).

Al ,=AIT +AIT,,

4

Al-=722—B,w?,
1L 1m 2V

d4
L_,2 2
AIZ—zl—m AWy,

Zz 4
Alf=—§l<Kow +4,, Kowd),

2

z5d*
AlG=——[K3L (1=3w5) +KiLwe],
where
L= e(s)?

Besides, for substrates with a triangular lattiee= 3) there
are also terms iri8) which are nondiagonal with respect to
WiWw;, with

244 2WyW,  2W,W,  2W, Wy
2 . 2 .2
Aljj=— . £ KoK, | 2WyW, 2WyW, Wy — Wy
2 2
2W, Wy Wy — Wy 0

By virtue of the positive definiteness of fori@), the
coefficientsAl, ,>0. As a result, the TRI leads to an in-
crease in the impurity principal moments of inertia, that is,
the molecule becomes effectively heavier.

We have calculated the renormalized parameters for a
number of atomic—molecular systems, using for both the
impurity—matrix and impurity—substrate interactions the
Lennard-Jones model with the parameters corresponding to
the gaseous phad@lt was found that at real values dfR;

whereJ,(x) is the Bessel function. By symmetry reasoningthe maximal relative change in the moment of inertia is
the impurity interaction with the neighbors in the layer re-about 30%, and the renormalization of the crystal field am-
sults only in a renormalization of the coefficieldg andG;  plitude may be as much as 50—-60%. Certainly, the estima-
in (2). It can be shown that for short-range potentials thetions are quite rough because the Lennard-Jones potential is
vaIuesAG(L, andAG& are negative, whereakaGg is positive.  known to be extremely sensitive to the choice of its param-

The contributions to the crystal field both from the eters, and the real values of these parameters for a 2D system
monolayer and from the substrate decrease in amplitude dumn differ significantly from those in the gaseous phase.
to the TRI. Such a result is physically quite clear. The rota-Nevertheless, it is clear that the properties of the system
tional motion is mainly affected by high-frequency phononsunder consideration can be substantially affected by the TRI,
creating maximal deformations in the first coordinationso that the renormalization effects due to the TRI should be
sphere around the impurity. The situation considered is closproperly taken into account when discussing physical phe-
to the known problem on the motion of a particle in a rapidlynomena in real systems.
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4. ROTATIONAL HEAT CAPACITY that from the rotational degrees of freedom. Thus the main

Now we consider the rotational heat capacity of a dilutef:OntrIbUtlon o the free energy and heat capacity from the

solution of diatomic molecules in a 2D atomic matrix. We impurity subsystem consists of two terms of the fofé)

: - with frequencieswy, and w,,., which are determined as the
restrict ourselves to the case of strong binding, when th?wo least roots of the equatidR(w) = 0. Namely
. w = . 1

molecules make small librations near their equilibrium posi-
tions normal to the layer plane. The impurity contribution to 3= w3[1-af(wo, we)]—as,”
the free energyper impurity moleculg from the rotational > )

degrees of freedom and the molecular in-plane translational ~ ®loc™ wiod 1+af(wg, w1,

motion has the form 1 2 (2
S(L )+ wlocsi )

hooo(= ho P(w,d) f(@o, wioe) = ——7— 75—
AF=—lim | do cothﬁ arcta R(w) | loc ™0
T5-070 If the spacing between the frequencigs, andw, is large in
Here comparison with the TRI intensitg<(wp.— ®3)?, the ex-

B s 2 5 o citations under consideration can be classified as librational
P(w,0)=2wd1-ep(w)(20°~wp)]— u(w)[e0 (o and local excitations with renormalized frequencies. In the
—wd)+al, opposite case, whea= (w2~ »3)?, “mixing” of the fre-
quencies occurs, and, as a result, molecular librations and
R(w)=(w?— w%)[l—ewzp(w)]—ap(w), local oscillations are no longer well-defined eigenstates.
The situation is more complicated when the librational
p(0)+ip(w)= i 2 : 21 — frequency lie inside the continuous phonon spectrqm near its
2N ka=1t (0 +i6)°— Q5 (K) bottom (wy>A).> Sincew <A for a heavy impurity, the
contribution to the thermodynamic functions from the local
excitations prevails over the contribution from the rotational
degrees of freedom. Thus the solutions with light impurities
(e>0) are of main interest here. In this case the rotational

wq is the libratoinal frequency of the rotator with unnormal-
ized parameters(in the absence of TRI and a
=275d*K3B/(m#) is a parameter describing the TRI inten-

sity. )
For most real systems the librational frequensy is free energy can be written as
small as compared to the top edfk,., of the continuous 2T [ Qmax (o Yo
spectrum of the pure 2D crystal, so thag is either in the AF= . L dwIn2 sin 2T m, (10

gap (wo<A) or in the continuous spectrum near its bottom.

On the other hand, the smaller the valuawsgfand the lower Where yo=—au(wo)/(2@,) is the Lorentzian peak half-

the temperature, the easier it is to extract the rotational patidth and@, is the same as in Ed9). It should be noted

from the total heat capacity, which also contains contributhat the validity of Eq.(10) is restricted to the condition

tions from translational excitatiorifom both the continuous @o—A> 7, (i.e., wg is not too close to the bottom of the

spectrum and the local and quasi-local statefereafter we — continuous spectrumTaking into account smallness ¢4,

consider the case of small,. the rotational heat capacity can be represented approximately
We start withwoy<A. For a light impurity €>0) the in the form (9). Thus the rotational heat capacity at low

local and quasilocal translational levels are closétq,,, temperatures has an exponential form:

and their influence on the low-temperature thermodynamics hdo) 2 h Do

is negligible. Thus the main contribution to the thermody- AC=2<? exp{ - ?) (11

namic functions is from the rotational degrees of freedom.

The rotational free energy and the heat capagigr particle  unlike three-dimensional systems, where a power-type de-

have the form: pendence obtairfsSuch a result is due to the gap in the

" phonon spectrum of a 2D monoatomic crystal commensurate

AF o =2T In(2 sinhﬂ), with the substrat&*? In this connection we recall that the
2T matrix heat capacity is also of exponential forrt:

hg fiag)| ? AA fiA
_ el
AC 2( >T sinh >T ) , 9) Cph“TeXF<_7 ,
wi=wil-af,]—as”, but its temperature dependence idffers from Bd) in the

pre-exponential factor. This circumstance can be useful when
extracting the rotational part from a measured total heat ca-
pacity, particularly ifwy andA are close in magnitude.

wherewy is the librational frequency renormalized due to the

TRI. The result(9) corresponds to the heat capacity of a

two-dimensional Einstein oscillator with the frequeridy.

As it should, renormalization of the parameters of the rotator
. . 5. CONCLUSION

motion leads to an effective decreaseawgfand, hence, to an

increase of the relative contribution from the rotational de-  The most pronounced effect resulting from the interac-

grees of freedom to the low-temperature heat capacity.  tion between translational and rotational degrees of freedom
In the case of a heavy impuritye €0) the local level consists in the radical change of the inertial properties of the

falls within the gap @,,.<A), and the contribution from impurity molecule. This manifests itself in the change in the

wjoc to the thermodynamic functions can be comparable tdorm of the rotational kinetic energy operator as compared to
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the corresponding expression for the free rotator. The inertitheoretical standpoint, the systems with heavy impurities are
tensor components become functions of molecular orientamore complicated for experimental research due to the prob-
tion, and the molecule, in terms of rotational motion, trans-lem of correct separation of the contributions from the local
forms into a “parametric rotor” whose effective kinetic en- and rotational excitations.
ergy is represented as a generalized quadratic form of the
angular velocity compongnts with a symmetry correspondingc_. ... chishko@ilt kharkov.ua
to the external crystal field. For example, if the substrate
atoms form a honeycomb structure, then within the present—
approximation the te.nsor of iner'tia rgmains diagona!, whiIelR M. Lynden-Bel and K. H. Michel, Rev. Mod. Phy8, 721(1954
for substrates with triangular lattices it has also off-diagonal.;" Antsygina and V. A. Slusarev, Teor. Mat, Fiz7, 234 (1988 (in
components. Russiai.

The TRI also results in a renormalization of the crystal T. N. Antsygina, I. I. Poltavsky, M. I. Poltavskaya, and K. A. Chishko, Fiz.
field parameters. However, although the corresponding cor- Nizk- Temp.28, 621 (2002 [Low Temp. Phys28, 442(2002].

- : :
rections are rather large, the potential form determined by theI’zg '1A5”(t23ggg] a K. A. Chishko, and I. 1. Poltavsky, J. Low Temp. Phys.

symmetry of the system remains unchanged. 5T. N. Antsygina, K. A. Chishko, and V. A. Slusarev, Phys. ReG33548
We would like to note that the dynamics of a diatomic _(1997. . . _
impurity in a 2D monoatomic matrix on a substrate is more T. N. Antsygina, M. |. Poltavskaya, and K. A. Chishko, Phys. Solid State
complicated than in a 3D matrix of cubic symmetry/In- 44, 1268(2002.
p . Yy - . ’R. P. Feynman and A. R. HibbQuantum Mechanics and Path Integrals
deed, due to the high symmetry of the surroundings in 3D McGraw-Hill, New York (1965.
systems, TRI leads only to an increase in the molecular mo~I. M. Lifshits and A. M. Kosevich, Rep. Prog. Phy29, 217 (1966.

; ; ; ; inati _ 9L. D. Landau and E. M. LifshitzMechanics 2nd ed., Pergamon Press,
ment of inertia without changing the form of the kinetic en Oxford (1969, Nauka, Moscow1965.
ergy operator.

‘ . ) ) 0y G. Manzhelii and Yu. A. FreimafEds), Physics of CryocrystaJAIP
In view of possible experiments on the rotational heat Press, New York1996.

capacity of 2D solid solutions of diatomic molecules in “Yté- Kagan agd g(logggalskih- Eksp. Teor. Fiz45, 819(1963 [Sov.

; ; ys. JETPL8, 562 (1964].
monoatomic matrices on commensurate substrates, the 21@3’. G. Dash, Fiz. Nizk. Templ, 839 (1975 [Low Temp. Phys., 401
solutions with light impurities are expected to be preferable, (1975,
because at low temperatures the contribution from the rota-
tional degrees of freedom dominates over the contributiorthis article was published in English in the original Russian journal. Repro-
from the local translational excitations. Being richer from theduced here with stylistic changes by AIP.
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Conductivity of a 2D electron crystal over liquid helium in the region of coupled
electron—ripplon resonances

V. Syvokon* and Y. Kovdrya
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of Ukraine, 47 Lenin Ave., Kharkov 61103, Ukraine
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The spectrum of the coupled electron—ripplon oscillations of a 2D electron crystal over liquid
helium is studies as a function of the holding electric field at a temperature much lower

than the temperature of melting. An analysis of the spectrum near the main res@dha#iowed
finding both the real and imaginary components of the crystal conductivity. The imaginary

part of the conductivity is shown to be in good agreement with theoretical estimates. At the same
time, additional theoretical and experimental studies are necessary to clear up the possible
reasons for energy losses in the electron crystal2@3 American Institute of Physics.

[DOI: 10.1063/1.1614177

The ordered electron system over the liquid helium  For the measurements an experimental cell of Corbino
surface—the electron or Wigner cryst@C)—is of interest geometry was employed. It consisted of a horizontally placed
from two interconnected aspects: first, in relation to the in-plane capacitor with plates of 2.7 cm diameter and gap of 0.2
teraction of the 2D solid with the surface of liquid helium cm. The helium surface with the electrons over it was placed
and the properties of the helium surface, and, second, iapproximately in the middle of the gap. The cell was ad-
relation to the properties of the 2D solid itself, including the justed atT~1.5 K so as to obtain a uniform thickness of the
features of 2D crystal melting. helium layer above the bottom capacitor plate. The accuracy

As a result of crystallization the coupled electron— of the adjustment was better than 2th. The positive elec-
ripplon oscillations which are due to the interaction betweertric potential was applied to the bottom plate to form the
plasma modes of the electron system and capillary waves cdrolding field. The upper capacitor plate consisted of ring
be excited in the EG? Many aspects of the coupled oscilla- measuring electrodes. The ac voltage was applied to the in-
tions are well studied. The resonance frequencies of sucput (exciting electrode. The voltage caused an ac electric
oscillations, calculated within the self-consistent thebry, field in the electron layer plane and electron density varia-
agree rather well with the experimental datd@he reso- tions. The variations spread out along the layer and induced
nances in EC are a reliable tool for studing the surface propa current in the output electrode. The relation between the
erties of liquid helium. The method of resonances in EC wawoltage at the input electrode and current in the output elec-
employed to measure of the surface tension coefficients itrode reflects the propertigsomplex conductivityo) of the
SHe—*He mixtures’ electron layer. To estimate from the output—input relation

However, important features of the interaction of the ECthe solution of Maxwell's equations for the cell was used.
with the helium surface have not been adequately studied. Ifithe solution, the experimental cell, and the measurement
particular, it is not very clear what process is responsible foprocedure were described in detail in Ref. 9.
the energy losses in the EC. The movement of the EC along The experiment started from the placing of electrons on
the helium surface was studied theoretically for unifdand  the helium surface af~1.5 K until complete screening of
nonunifornd electric fields along the surfagkeading fields.  the holding potential was reached. After that the cell was
The energy loss of from the EC was supposed to be a resutboled down toT =83 mK. During the cooling the crystal-
of attenuation of the capillary waves. It follows from the lization in the electron layer was observed, and the crystalli-
experimental dafa on the attenuation of the coupled zation temperature was used to determine the electron den-
electron—ripplon oscillations that the losses are at least tweity.
order of magnitude higher than the result predicted by the A voltage with an amplitude of 1 mV and a frequency in
capillary wave attenuation in a comparable frequency rangehe range 1-20 MHz was applied to the input electrode, and

The aim of present work is study the attenuation of thethe current induced in the output electrode was measured. In
coupled oscillations in the EC. Measurements are performethe range 1-20 MHz the resonance features in the EC were
at various values of the holding electric field, which is one ofobserved. The value chosen for the exciting amplitude, 1 mV,
the essential parameters of the electron—surface interactionias a compromise between the necessity of having a suitable
An electron crystal with a surface density of 6.4 signal- to-noise ratio and of remaining in the linear measure-
X 10° cm™? (the melting at temperatur&=0.56 K) was ment mode in which there is no dependence of the EC prop-
studied at a temperature of 83 mK. The holding field waserties on the input signal. The frequency and relative ampli-
varied from E, =640 V/cm, corresponding to complete tude of main resonancé0,1) were measured at input
screening of the holding potential by the surface electrons, tamplitudes of 0.3, 0.5, 1, and 2 mV and led to the conclusion
E, =1180 V/cm. that the 1 mV amplitude corresponds rather to the linear

1063-777X/2003/29(9-10)/3/$24.00 725 © 2003 American Institute of Physics
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FIG. 1. Amplitude @) and phase shiftl) of the response of an electron
crystal with a surface density of 6«10 ®cm 2 at temperatureT FIG. 2. Holding-field dependences of the inverse conductivity of the elec-
=83 mK versus the frequency of the ac exciting voltage for values of thetron crystal measured at the resonance frequency: imaginary agnd

holding fieldE, , V/cm: 1150(1); 1000(2); 850 (3); 705(4); 590(5). The  real part p). The solid line panea corresponds to the theofgee text
triangles correspond to the calculated frequencies of the resonant modes
(0,1, (0,2, (0,3.

expressions reflecting relation between measured values of

mode border, although there was no noticeable differenc&1 and Gz in the expression for th_e_ output currehtand
between the frequencies and relative amplitude of(€h®) componeﬁnlts of the |nver§$ conductivity of the electron layer
mode at the 0.3, 0.5, and 1 mV signal levels. X1=Reagi and x,=1m o -

The primary experimental data are shown in Fig. 1. Fig- 3= (G, +iwG,)Vye'*", (1)
ure la illustrates the frequency dependence of the induced
current amplitude at the various holding fields. Hefre WhereVy is the exciting voltage amplitude.
= w/27. On the vertical axis the voltage on the input resis- ~ Components of the inverse conductivity of the electron
tance of the measuring circuit pre-amplifier is plotted. Figurdayer x; and x, can be calculated not only frorfies and
1b shows the phase shift between the input and output sigA fres Put from any pair of linearly independent functions of
nals. As one can see in Figa,Ithe response of the cell to the x1 andx, which are capable of being measured.
exciting signal has the main resonance and a few less pro- In this paper for the calculation gf; andx, we used the
nounced resonances. It is also seen thd aincreases, the amplitude and phase shift of the induced current at a fixed
resonances other than the main are Suppressed_ The mod@gﬂuency. The most convenient for the calculations are the
(0,2), (0,2), and (0,3 calculated according to he theBrare measurements at the resonance frequency because of the
shown as triangles. The experimental frequencies of th&ighest signal-to-noise ratio and suppressed influence of er-
mode(0,1) are in good accordance with the theoretical onedors, especially systematic errors of measurement. However,
at all E, . There is good enough accordance for the modéhe probability of nonlinear processes in the EC is present at
(0,2 at E, =1060 V andE, =1180 V. The distinctive fea- the resonance because the leading electric field can reach
tures at frequencies around 8—11 MHz at the lovigstan  high values. The problem of the influence of the leading
be interpreted as the modé2) and (0,3 shifted noticeably fields needs a special analysis and is not discussed in the
to the lower frequency range. Probably such a shift could b@resent report.
a result of nonlinearities in the EC response. One can express the relation betwegnand x, and the

The experimental values of the frequentys and the ~components oZ; calculated in Ref. 6:
width Af ¢ of the resonancé),l) allow one to calculate the
real and imaginary parts af, using the solution of Max- Xl:m_“;

Mo
; _ ! ImZ;, x,=——ReZ,. ®l
well's equations for the cel.The solution consists of two ne ne
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Although the experimental conditions and the theoreticafects in the EC can play an essential role in energy losses in

model are not the same, the theory is rather general and the crystal. In this connection additional studies of the influ-

supposed to reflect adequately the main features of our exence of the leading field on the processes in ECs over liquid

periment. Without rewriting the complete expressidat us  helium are highly desirable.

note that at low enough frequencies <€ w;,, wherew; is We would like to thank V. Dotsenko for help in the ex-

the lowest capillary wave moglave have R&;~C; and periments.

Im Z,~C,y/w, whereC, is the electron—ripplon interaction

coefficient, which depends on the electron density, temperdE-mail: sivokon@ilt.kharkov.ua

ture, holding electric field, etc., andis the capillary wave

attenuation coefficient. It is clear thgt/w~ReZ; and x4

~ImZ;. In Figure 2 the holding field dependencesygfl 1C. C. Grimes and G. Adams, Phys. Rev. Ld&, 795 (1979.

and y; are shown. The solid line in Figads the theoretical Z(D- S-gFisher, B. I. Galperin, and P. M. Platzman, Phys. Rev. 4&it798
i ; : 1979.

prediction for the dependence. The theoretical calculations, "ory, o2 and v B. shikin, Fiz. Nizk. Temyg, 913 (1983 [Sov.

do not contain any flttlng or sca!e coefficient and lead t0 @ ;| ow Temp. Phys9, 471 (1983)].

good consistency with the experiment. 4V. E. Sivokon, V. V. Dotsenko, Yu. Z. Kovdrya, and V. N. Grigor'ev, Fiz.
The real part of the inverse conductivify; increases S(NBileg- T(_%”mpb,ﬁz 1%207(139%2[“1);\’5{?;“8% Phys22, 845(1996].
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which capillary wave attenuation was considered as the mairyPhys.7. 338(1983]. ~ o
hanism for dissipation. The reason for the high dissipa- V. V. Dotsenko, V. E. Sivokon, Yu. Z. Kovdrya, and V. N. Grigor’ev, Fiz.
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The change of the resonance spectrum with increasingGrigor'ev, Fiz. Nizk. Temp.22, 715(1996 [Low Temp. Phys22, 549

E, probably(Fig. 1a) reflects the appearance of nonlinearity (19961

in the crystal response to the leading field, and it is quiternis article was published in English in the original Russian journal. Repro-
possible that the interaction of ripplons with structural de-duced here with stylistic changes by AIP.
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Influence of the concentration of H ,—D, mixtures on their triple-point dewetting
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Triple-point dewetting of pure gases like hydrogen and deuterium on solid substrates is a well-
known phenomenon. This property persists even for the mixed system afi¢HD, .

There exists an effective triple-point temperat@if&™ , between thél; of pure H and that of

pure D,, which depends on the species concentrations. We present new investigations for

a wide range of KD, concentrations measured under different thermodynamic conditions. This
allows us to map ouT{™ as function of concentration, which can be different in the

melting or solidifying direction. Furthermore, it turns out that the time the system needs to reach
an equilibrium state can be very long and depends on concentration. This is not observed

for the pure H and D, systems. Sometimes the relaxation times are so extremely long that
significant hysteresis occurs during ramping of the temperature, even if this is done very

slowly on a scale of hours. This behavior can be understood on the basis of mixing and demixing
processes. Possible differences in the species concentrations in the gas, liquid, and especially
solid phase of the system are discussed. A preliminary phase diagram of-ti&, H

system is established. @003 American Institute of Physic§DOI: 10.1063/1.1614178

1. INTRODUCTION will be different for H, and D,. Regarding substrate rough-
. _ . ness our experiments are in a range where the difference
Wetting of solid substrates exposed to a gas in thermopetween the two isotopeén their pure forn is negligible.

dynamic equilibrium is an ubiquitous phenomenon with both\e discuss how the concentration of Brodifies the effec-
fundamental aspecté and important applications> Micro-  tjye triple point of the two-component system.

scopically the wetting of a substrate by a liquid film is
caused by a strong substrate—patrticle attraction mediated t%yEXPERlMENTAL PROCEDURE

van der Waals forces. At present an almost complete micro=

scopic understanding of wetting on a well-defined solid sub-  All the experiments presented here were performed by
strate is availabl&?® The main prediction of all these stud- utilizing surface plasmon spectroscopy, which allows one to
ies, for given thermodynamic parameters such as temperatutietermine the layer thickness of an adsorbed medium with
and pressure, is that the thickness of the liquid film is a
function of the substrate—particle and interparticle interac-
tions. In other words, if the van der Waals force between
substrate—adsorbate becomes stronger than the interparticle
interaction, then complete wetting of the substrate, i.e., di-

Gold

verging of the thickness of the liquid layer at the coexistence Bimorph+
line is expected. Dewetting will occur if the attraction is ¥ stepping
weak. In the latter case the growing of the liquid film will motor

become energetically unfavorable, and dewetting will take
place by forming droplets on a very thia few atomic lay-

ers liquid film on the substrate. In the solid phase, however,
even in the case of strong substrate—adsorbate interaction
dewetting occurs due to the lateral stress induced by sub-

........

strate roughness® This leads to theT; dewetting as ob- -t 3L ;-,?,‘g‘,‘,f,'gr \
served in our systems. SMP 2 AED \

In this work, we have investigated the wetting— v v
dewetting of both pure and binary system of &#hd D, on a Resonance Resonance Detector
gold substrate. The use of,[s the impurity component in angle width

an H—-D, dilute m!Xtur_e was motlv_ated by bOFh its similar FIG. 1. Experimental setup: Surface plasmon resonance is enhanced at the
structure to H and its different physical properties fromyH interface of a gold substrate and an adsorbed medium. The angle of the
Moreover, B is a slightly weaker wetting agent in the solid incident light is modulated by means of a bimorph. Via a lock-in amplifier

phase than I2-|(Ref. 9 and has a relatively small zero-point the intensity signal is coupled back to a stepping motor control(SMCU)
so that the angle of minimum intensitye., resonangds maintained. From

motion (qegligiblg in comparison with §{ Ref. 10. There- ¢ shift in angle relative to the bare gold surface the thickness of an ad-
fore the interaction between molecules and substrate atongsrbed film can be determined.

1063-777X/2003/29(9-10)/4/$24.00 728 © 2003 American Institute of Physics
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high resolution(up to a few tenths of a monolayerThe

substrate in our measurements was a gold @smnm thick L5 T woninguansiton /- 7 13 Mot
evaporated onto the base of a glass prism. The experimental 440 )
setup is shown in Fig. 1; more details can be found in Ref.

11. However, the signal processing was improved in com- )

parison to the previous experiments, and it therefore resulted -

in more-precise measurements giving results with improved T f Gooma et
accuracy. The system was fully computer controlled, so that 50 '° Tk '® g g vensh
parameters like the temperature, for example, could be swept - - }:{ gg?r'g;gg
up and down in time very slowly in small steps. This was s e - @ﬁmg
done several times to check for reproducibility of the mea- ——3d 3«3?23%
sured data. The height and width of the ramping steps, as 0 I T T T
will be discussed in the results, were chosen, firstly, accord- 10 12 14 16 18 20

ing to the normal relaxation of the system under investiga- T K

tion and, Secondly, to fulfill the equilibrium thermodynamic FIG. 3. The dynamics of an equimolar mixture of+D, is shown by
conditions during the experiment. monitoring the film thicknesd over temperature. The temperature scans are
done three times. The big hysteresis during the first cooling and warming is
attributed to incomplete mixing. The inset shows the associated vapor pres-
3. RESULTS sure curves.

Presented here are the results of wetting—dewetting mea-
surements of both pureHand D, as well as mixtures of For the 10%-doped he d i d
both isotopes. As typical examples for the mixed systems we or the o-doped system, the dewettiegoling an

discuss 10% and 50% JDsamples(these numbers are the wetting (warming temperatures are 14.30 and 14.65 K, re-
spectively. For the 50%-doped system the dewetting and

: d/yetting temperatures are 16.75 and 17.30 K, respectively. In
therm of H, was taken at 16 K, the temperature was raised t(g)rder to examine the genuineness of the hysteresis, another
50% mixture of H—D, was prepared, but this time at room

19 K, an adsorption isotherm of;0vas followed in order to Th fer the ad ion isoth f the mi
reach a certain concentration ratio. Afterwards, a ramping ofemperature. Thereafter the adsorption isotherm of the mix-

the temperature in the range of 10 to 20 K was done. The f[ure was taken at 20 K. Furthermore three gomplete cycles,
dewetting of pure K and D, and the effective triple-point "ek'/ cqollngdfrom 2? Kdto_ 10 Kfaznd _retgrn with steps of 25
wetting—dewetting of the mixture of them are plotted in Fig. K/Min and a resolved time of 2 min between two succes-

2. It is observed that for each mixed system the cooling an lve Ste‘?s’ were dqne. Figure 3 summarizes the results. A
warming curves reveal a large hysteresis, which is not foun ysteresis of essentially the same width exists even when the

for the pure H and D, temperature runs. The hysteresis is measgrements are done ,at lower ramping SPeedS' e.g., 10
found to be solid and stable. mK/min. We should mention that during the first scan the

The triple-point temperatures for pure, Hind D, are hystere&s appeared in a more pronounced way, as shown in

13.85 and 18.55 K, respectively. These temperatures, whicﬁ'g' 3.

indicate the onset of dewetting, show no significant hyster- In the inset of Fig. 3 the associated vapor pressure
esis within an accuracy of 50 mK. curves are plotted. It shows that the slope of each curve

levels off somewhere in the middle of the curve and rises
again. The effective triple points of wetting and dewetting
occur exactly at the point of the lower kink for both the
cooling and warming curves. In order to understand this be-

150 ——pure H, «
--o--mix.1, cooling x x w
-+-mix.1, warming L3 w
| --2--mix. 2,cooling © .’f 0

-o--MiXx. 2,warming_< <
= pure D, QW
100 5 <t <f isoconcentrations
ot 200F = mix. 1, cooling
- i J— » Mix.1,warming
© VWY v mix. 2, cooling .
s+ Mix.2,warming .~
o a7
8 .
50 E 100
o
(0]
10 12 14 16 18 20
T,K
FIG. 2. The dewetting curveéilm thicknessd against temperaturef pure 14 l 16 . . 18
H, (), pure D, (>>), and on coolindV) and warmingA) of a 10%-doped T. K

mixture (mix. 1), and cooling(C]) and warming(O) of a 50%-doped mix-

ture (mix. 2). For pure systems the cooling and warming curves trace theFIG. 4. The corresponding vapor pressure curves of Fig. 2. The solid lines
same path. Arrows show the positions together with the values of the wetare calculated vapor pressure curig. (1)) for different concentrations of
ting transition, i.e., the effectivés. D,. Pure H and D, pressure curves are also plotted.
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havior, in Fig. 4 we have redrawn the supplementary vapor . T.00) T3, D,
pressure curves of Fig. 2. The solid curves lying between the i transition line T
vapor pressure curves of pure Eind D, are calculated pres- 18 18
sure curves of kD, binary systems with different concen- 7
trations of B, derived from the partial pressure law i
X 16 —H16 .

Piotal(T) = Cp,Pp,(T) + (1~ Cp,) Py, (T), (1) i -
whereCp, is the D, concentration in the mixture aritp,_(T) T;=A+Bcp + Ccd ]
and PHZ(T) are the pressure of Hand D, at the given tem- T 14 2 - 14
peratureT, respectively. Having obtained these values, one 3. Hy T T T
can calculate the total pressure of the mixture under the as- 0 20 40 60 80 100
sumption that the concentrations of the species remain con- Cp,, liquid

stant in the solid, liquid, and gas phases. It is known that this
condition does not hold even for an ideal binary mixture, an
the data plotted in Fig. 4 illustrate this deviation. with A=13.83(which is theT, of H,), B=6.366x 10"2, andC=—1.646

The data demonstrate that the concentration pimthe  x 1074
liquid phase increases as the temperature rises and vice
versa. Furthermore, the size of the hysteresis and the devia-
tions from the predicted standard curves depend on the cosummary, in Fig. 6 the effective triple points of all the inves-
centration of the B phase in the mixture. The size of the tigations are plotted against the, Doncentration in the lig-
hysteresis is largest for concentrations around 50% and dHid phase. The curve fitted to the data shows that the behav-
minishes with increasing fraction of either species. ior of the wetting—dewetting temperature against the liquid

Using Eqg.(1), one can extract the Dconcentration in ~ concentration of B is not linear.(It should be pointed out
the liquid phase from the measured vapor pressure curves iat the effectiveT; values on both heating and cooling,
the pure H and D, and their mixture. Thus we have TEP and TEOY | lie on this curve.

The observed behavior can be interpreted by taking into
account the temperature-dependent differences in concentra-
tion in the gaseous, liquid, and solid phases inside the sample
cell. Let us consider, e.g., a mixture with a nominal én-
whereP,,,(T) is the vapor pressure of the mixture at a givencentration of 50%:)iWhen we start at &igh temperature at
temperature. Figure 5 displays the evolution of thedon-  gas-liquid coexistence, a thick liquid wetting film will be
centration in the liquid phase of the two previously intro- present on the substrate, as is observed in our measurement.
duced sets of mixturetsee Figs. 2 and)4 The solid line, As the temperature is lowered and tiiguidus curve of the
which is extended between the triple-point temperatures ofixture is reachedat~17 K in this cas&), a solid will start
the pure H and D,, is a fit to the transition line obtained to form at the bottom of the sample cell, with a concentration
from Fig. 6. The small dips in the curves, near 13.85 K,distinctly higher than 50%given by thesoliduscurve at that
occur precisely at the position of tHE; of pure H,. The  temperaturg As T is decreased further, the,@oncentration
concentration of Bin the liquid phase increases gradually asin the remaining liquid—both at the bottom of the cell, and
the temperature rises and vice versa. The noticeable effect @ the surface where we measure the film thickness—drops,
a steep increas@lecreasgof the D, concentration along the until eventually all of the bulk liquid has crystallized. At that
transition line during warmingcooling of the system. In  point (T§***") the drop in film thickness, characteristic b

dewetting, starts to take place) For a run starting at bow
temperature, on the other hand, the bulk solid has—due to

IG. 6. The experimental data on the effective triple points of all the inves-
igated mixtures and for purejtand D,. The solid curve is a fit to the data,

Prix(T) = Priy(T)

Co.= B (TP (™)

)

80F 5 mix . cooing homogenization at>12 K (Ref. 12—a homogeneous con-
[ 4 mix.1, warming centration of about 50% throughout the whole sample. Upon
o mix. 2, cooling " . . . L . .
L _°_Mmix- 2, warming increasingT the first bulk liquid will appear in the cell when
60 T, of H, the solidus curve is met~15.5 K in this case However,
o [ l s only at higher temperature will the thickness of our film,
© a0l when in coexistence with bulk liquid of the right concentra-

tion, have reached its “complete wetting value” of about 100
A, identifying T5(up). SinceT{" and T{™™ do not coin-

cide, due to the paths in the phase diagram as described, a
hysteresis results, as is in fact observed.

4. CONCLUSIONS

T, K

B _ o o In summary we have shown that mixtures of the simple
FIG. 5. The rising(falling) of the D, concentration in the liquid phasd. 3 ger Waals adsorbates of hydrogen isotopes are well
(2)) during warming(cooling) for the two mixtures, as presented in Fig. 2. . . L . . .
Along the transition line the rise is rather steep, which in turn is a sign ofSUited for investigations of the wetting bghawo_r of binary
wetting (dewetting when warming(cooling. systems. In pure fand D, the adsorbed films display the
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Helium adsorbed on carbon nanotube bundles: one-dimensional and /or two-
dimensional solids?

T. Wilson and O. E. Vilches*
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Heat capacity measurements“fe adsorbed on closed-end single-wall carbon nanotube bundles
in the temperature range 1.5KI'<6 K are reported. Heats of adsorptiQy, calculated

from isotherms measured on the same calorimeter cell are included. We co@gléatures

with features of the helium heat capacity. We discuss possible interpretations of the

current data. ©2003 American Institute of Physic§DOI: 10.1063/1.1614179

Single-layer helium films physisorbed on exfoliated total. In Ref. 39 though, théHe excess heat capacity at an
graphite have been studied in great detail, both experimerestimated 80% of monolayer completion was fitted by an
tally and theoretically, for a long tim&.> These films pro- expression of the fornCe,,=aT+ BT2. In our measure-
vided, for the first time, realizations of several phases oiments, performed over a wide range“dyfe coverages, we
matter in reduced dimensionality: two-dimension@D)  find heat capacities with the same temperature dependence,
gases and fluid%;® commensuratéCS®!® and incommen-  put with « and 8 being coverage dependent.
surate(ICS) solids!*"**as well as the phase transitions be- A theoretical study ofHe by Miller and Krostchec¥
tween them as a function of temperature and coverage. using density functional theory predicts that at temperatures

A new carbon material discovered in the last decade i$hoveT=0 K the 1D*He is a gas/fluid, a result in agreement
carbon nanotube¥:** In the form of bundles or ropes, they with expectations that in 1D there is no liquid—vapor critical
have a rather large surface area per gram of material, whicpoint at finite temperature. Ak=0 K these authors find co-
makes them suitable for physisorption studies using someaxistence between a very low-density liquithear density
what conventional techniques. Although many types of cara =0.036 A1) and a zero-density gas. Compression of this
bon nanotubes exist, considerable theoretfical and some  liquid leads to solidification at about~0.2 A~?. Studies by

experimentd®**work has been done on the adsorption of Gordillo et al?* and Staret al’” on 1D*He deposited on the
many rare gas atoms and simple molecules deposited Qjrooves of nanotube bundles support these results. Those
closed-end single-wall carbon nanotu88WNT) bundles.  studies, though, used smoothed potentials with no atomic
The attraction of the SWNT bundles is that on the interstitialstructure for the nanotubes. Including the atomic structure of
channels between three nanotubes and on the grooves hfie nanotubes may lead to the formation of novel commen-
tween two nanotubes on the outside surface of a bundlgurate structure¥. A unique structure found for adsorption
one-dimensional1D) chains of atoms/molecules can be ad-of heavier rare gases on SWNT bundles is a “three-line
sorbed. These chains may be in the form of 1D gases anghase,” predicted theoreticalligee review by Calbét al )

fluids if mobile'”**?®?"and perhaps may exist as commen-and deduced from Ar adsorption experiments by Talapatra
surate and/or incommensurate sofid&urther adsorption on  gnd Migone3.3 This phase is formed after filling of the out-

the outside surface of the bundles should lead to their coatingide grooves with 1D lines of atoms. The most favorable
with a monolayer that physically resembles adsorption omext place to add atoms is by forming three lines of atoms
graphite, perhaps with different properties due to the curvaanchored at the grooves. Completion of the three-line phase
ture of the graphene surfaces, finite size, and confinemerhould occur at a total coverage of about three times the
between grooves of the bundieA crossover from 1D to 2D amount of helium needed to form one compact line on the
or 3D properties is then possible, given that one can stagjrooves.
with 1D chains that eventually, as a function of coverage  Our experiments have searched for the 1D gas/fluid
and/or temperature, interact with each other in 2D and 3[Dphase, the three-line phase, and the eventual crossover to 2D
space. adsorption on a graphitelike surfadéhe exterior of the

In this article we report on initial studies of the heat bundles between the grooyesn the following paragraphs
capacity of*He on SWNT bundles as a function of tempera-we describe our experimental methods, the results obtained,
ture and volume of gas adsorbémbveragg these measure- and how the results relate to expectations.
ments are complemented by a few volumetric adsorption iso-  The adsorption/heat capacity cell used in these measure-
therms on the same bundles. Two previous somewhahents was made by pressing 100 mg of HiPco™ nanotube
indirect measurements of the heat capacitfrtd on SWNT  bundle4® between two very thin-wall copper foils, soldering
bundles have appeard®°In both cases, the prime intent of the edges, and adding a 1/16iameter thin-wall stainless
the measurement was to obtain the heat capacity of the nansteel capillary to serve as support, thermal link, and gas dos-
tubes;*He was used as an exchange gas to cool the bundlésg line.
and/or the calorimeter and inner parts of the cryostat. The The cell was connected to a room-temperature gas dos-
“nuisance” “He heat capacity had to be subtracted from theing system. The cell was thermally connected via the fill line

1063-777X/2003/29(9-10)/4/$24.00 732 © 2003 American Institute of Physics
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to a brass plate, which in turn was thermally connected to a
pumped liquid*He evaporator. The temperature of the inter-
mediate plate could be regulated between 1.1 and 16 K; a
brass shield thermally attached to the brass plate served to
isolate the adsorption/heat-capacity cell from the 4.2 K walls
of the vacuum can. The cell had a thermometer and heater
attached to opposite sides.

We started every set of measurements by pumping our
adsorption cell at room temperature to the 1T0orr range.
For adsorption isotherm measurements we kept the cell at the
desired constant temperature; for each point we dosed he-
lium in and waited for pressure equilibration, sometimes
many hours. For the heat-capacity measurements we dosed
He at a temperature high enough that the equilibrium vapor 1 2 3 4
pressure was in the 18 Torr range for annealing purposes. T, K
we L.jsed the ac calorlmet_ry r.nethOd' After a frequency/FIG. 2. Total measured heat capacity between 1.2 and 4 K: empty@ell
amplitude scan of th&, oscillations, we chose to work at 5, .. STRO), 6.3 cc STP ¢), 15.8 cc STRY), 31.1 cc STRO). The
the highest possible frequency, which was 1 Hz. We wereolid line is the fit to the background used for obtaining the heat capacity of
extremely careful to keep the pressure in the cell to less thathe fims.
10 Torr while doing the isotherms to prevent blowing it into
the vacuum can. For essentially all but one heat-capacity ) o )
measurement the pressure in the cell while doing the caloriQst Was approximately 240 K. This difference, in part, may
metric measurements was always below 4Torr, the Ccome from different pumping times of the sample cells be-

smallest pressure we can measure, and no desorption hd@te the experimentcleaning higher-binding sites before the
capacity was observed. experiments but it may be entirely due to the different char-

same general features as the ones we obtained in an extdh€ fraction of gas adsorbed before reaching the graphitelike
sive study using other SWNT bundles made in Montpellier2dsorption plateau is also largéreferred to coating the
France'’ the calculated isosteric heats,Qq/Kg bundlgs with a fgll monolayeffor this cell than for the one

= —9(In P)/J(LIT), at very low coverages appear to be sub-used in the previous \_N0fk- _
stantially higher than in our earlier work; compare Figs. 1a For the Calorlmetn(_: measurements we measured first the
and 1b. In particular, the extrapolated zero-cover@ggks empty cell heat c_apacny and assumed it to be constant. We
for this sample is about 400 K or more, Fig. 1a, while for thethen addedoccasionally removedtontrolled amounts of he-

Montpellier SWNT bundles we used in Ref. 36 the highest“um to (from) the cell and measured it again. The film heat
capacity is the difference between each measurement and a

polynomial fit to the background. Results for the total heat

capacity for the empty celfitted solid line and for the cell
0 a« 2008 b plus four films are shown in Fig. 2. The difference heat ca-
o) ',u pacity for three of these films plus three other films is shown
% o, in Fig. 3a. Although we have measured several more cover-

=) 100 % ages than shown, the ones of Fig. 3a are representative of the

i % -,m_%\- different regions of theQq/kg versus amount of gas ad-
- 0 5 7 sorbed graph, Fig. 1a. The film .at_31.1 cc STI_D in Fig. 2
O’a 200k q:\:d:‘:‘q:b clearly demonstrates desorption in its exponential tempera-
ture dependence, confirmed by the measurable increasing va-
Qy on pla?a.r Cp 0000000 o6 por pressure. It is not inclyded in the discussion. N
100k ) We begin our discussion of the results by emphasizing
graphite that none of the measured specific heats is constant with
temperature, not even at the lowest coverage we have mea-
sured(about 0.75 cc STP The scatter in the film heat ca-
pacity at lower coverages is very high; improvements will
require a modification of our experimental setup. Thus we do
FIG. 1. a) Isosteric heat of adsorption &fle on HiPco™ SWNT bundle¥, not find a 1D(at the lowest coverager 2D (when graphi-
obtained from four isotherms on the heat-capacity cefatl4 and 16 K {g|ike adsorption startsalmost ideal gas regime as observed

(0<Vy<7ccSTP) and 9 and 11 K (8 cc SR/ 4<11 cc STP).b) . . : .
Isosteric heat of adsorption 8He on Montpellier SWNT bundle¥, from for both helium Isotopes on graph|(éD) over the lower

extensive set of adsorption isotherms between 2.1 and 14 K, as reported #€NSity half of the first adsorbed layer. On the contrary, all
Ref. 36. Note the agreement in the isosteric heats between both SWNihe heat capacities measured increase steadily with tempera-
Samples at the gl’aphltellke plateau, but the differences at low coverages boﬂ]re' albeit with some Slgnlflcant variations in their tempera_

in Qg /kg and in the volume adsorbed compared to that needed for comple;, i
tion of the plateau. Full monolayer coverage of the bundles, though, is no{ure dependence. Furthermore, all the measured heat capaci

achieved until about 1.6 cc STP im and about 24 cc STRfrom heat €S appear to k?e too small for what one would expect for 1D
capacity in a. or 2D solids with Debye temperatures comparable to those

C, mJ/K

400

Qg on planar graphite

300

0 5 10 15 20
Volume adsorbed, cc STP
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0.5[0 4 P bundlest®33*The maximum capacity of this phase is reached

: - * then, for our cell, at 9 to 10 cc STP. The increase we observe

04 Foit *, in Qg at~4 cc STP could be associated with the latent heat

' 3 /’ °,°b§° of condensation of this phase. On a third adsorption stage,
<% oV the space between the three-lines begins to be filled. This is

03 o 0 15 0 v adsorption on a bare, graphitelike curved surface, but in nar-
'g Volume adsorbed i row strips between the anchored three lines of atoms. These

- R ooo"p A A strips could be rather long compared to their width. Simple
©02 o % X and oo geometric estimates using the density of helium on graphite

A °o° h i .
°°WAAAAAOOO indicate that up to 4 or 5 compressed lines'idé could be

o1r :w asl uunnunﬂﬂuuuu formed at full density in spaces between adjacent grooves on

I nnunnunﬂnn the “flat” facets of bundles, and that 7 to 9 compressed lines

oL ‘f"“ . ) . ) . could be formed on “corner tubes” between facets of the

1 2 3 4 bundles. It is remarkable that for 37-nanotube ideal bundles

T, K (they have 18 outside groovethe total additive coverages

_ measured in lines of atoms, for the 1D groove phase, three-
g_'g"c i’sa%;g‘;‘t gf"fii'té;’gf)’agi_(giid/ss;/;/{'\‘v;bfg‘_g'ii: gchg)sl(fza line phase, and graphitelike adsorption will be in the ratio
20.1 cc STR*). b) The total heat capacity versus volume adsorbed at 2 k. 18:54:138 at completion of the solid monolayer on a SWNT
Note the two well-separated regimes, below and above 9 to 10 cc STHundle, or 39% of adsorbed atoms would be in the three-
corresponding to features @ /kg in Fig. la. lines-per-groove phase. Looking at Fig. 1a and the heat ca-
pacity measurements, we judge that completion of a first
s o ] _ _ layer of atoms in our cell occurs at about 24 cc STP. If
for "He in 2D or 3D for similar interatomic spacings. This completion of the three-line phase is at 10 cc STP, experi-
may be due to a portion of the SWNT bundles not being i“mentally the number of atoms in that phase is 42% of a
good thermal contact with the outside wall of the calorimetermonmayer, remarkably close to the geometric estimate with
cell, although it could be due too to some intrinsic propertyp,q absorption on interstitial channels.
of this new type of helium films. In conclusion, we have measured adsorption isotherms
The very high binding energy at very low coverage ang the heat capacity dHe adsorbed on SWNT bundles
(Qsi/kg=450 K atVoq¢=0) likely leads to very localized sing the same cell for both measurements. We have been
atoms and possibly very small specific heats. With moderatgpe to correlate features of the isosteric heat with those of
increases in coverage the heat capacity increases rapidly, CQfe neat capacity. We have not found a 1D or 2D gas phase
related with the rapid decrease@y/kg . Figure 3b shows a  formed by the adsorbed atoms, but rather we observe a tem-
heat capacity isothernt & K for this set of data. By about 3 perature dependence of the heat capacity that can be fitted to
cc STP adsorbed the growth in heat capacity slows dowryp, expression of the fort~aT+ BT2, with both coeffi-
This slowing down corresponds to the slight riseQg in  cients being coverage dependent. We are continuing our ex-
Fig. 1a. By about 9 to 10 cc STP adsorbed the heat capacityariments to obtain a complete description of the evolution
suddenly starts to rise again. This feature corresponds Vel this 1D/2D system.
well with starting adsorption on a surface wiy; compa- This research was supported by the USA NSF, Grants
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sumed in Ref. 39, cannot be made. For the lowest 2D solid
density melting occurs af =1 K; the melting temperature .
increases rather uniformly with increasing coverage. At tem-
peratures above melting the specific heat becomes constafnt———
and near 0.8z per atom, a signal of a compressed 2D almost1 . _ _
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We discuss orientational ordering in monolayers of solid hydrogen in view of recent
experimental findings in NMR studies of (orthe)(para) _.-hydrogen mixtures on a boron

nitride substrate. Analysis of the temperature—concentration behavior for the observed NMR
frequency splitting is given on the basis of a two-dimensiodat {).—(J=0),_-rotor

model with the quadrupolar coupling constdig=(0.50+0.03) K and the crystalline field
amplitudeV,=(0.70+0.10) K derived from experiment. The two distinct pararotational
short-range ordered structures are described in terms of the local alignment and orientation of the
polar principal axis and are shown to be due to the interplay between the positive and

negative crystalline fields. It is shown that the local structures observed below the 2D site-
percolation threshola,=0.72 are rather different from the ferromagnetic-type para—rotational
ordering suggested earlier by Harris and Berlinsky. 2@03 American Institute of

Physics.[DOI: 10.1063/1.1614181

1. INTRODUCTION 2. MICROSCOPIC DESCRIPTION

. o Description of the orientational degrees of freedom of
Careful studies at Iowztemperatures of the thick f'lmsthe site-disordered ortho—para-hydrogen system with pure
(from 2 to 12 monolayei5* and monolayefs’ of ortho—  glectrostatic quadrupole—quadrupdEQQ) intermolecular
para hydrogen on boron nitridBN) substrates revealed new interactions has been discussed extensively within the con-
short-range frozen structures at low orthg-¢pncentrations. text of the 3D QG problerfi®128|n general, the thermody-
Besides the analog of the knofvt® quadrupolar glaséQG) namic rotational states of a given ortho molecule located at a
phase that emergei monolayers below the concentration sitei are characterized by a second-rank local tensor that has
c,=0.72, which is apparently close to the site-percolationonly five independent components: the three principal local
threshold* in the honeycomb lattice, uncommon pararota-2xes (given by vectorL;), and the alignmento;{(1
tional (PR phases, denoted PR-A and PR-B, have beer3J%/2))r and the eccentriCitYIi:<J§i_J§i>T defined with
discovered:® They are demarcated by a crossover temperarespect to thel; axes.(Here J,; stands for the angular-
ture T(®P(c) at which the NMR frequency splitting passes Operator rotational moment of a given ortho-molecule
through zerdsee 2D diagram in Fig.)1Distinct from of the located at sitei, and(....)r refers to a thermodynamic aver-
Pa3 structure known in bulk hydrogen, the herringbonef"lge at temperature.) Athermodynamlc descrlptlon, given
(HB) and pinwheelPW) 2D long-range ordered structures in terms of the local molecular fields,; ande,; conjugate '
) S . to the local order parameters and extended by the crystalline
have been the subject of scientific interest since 1979, Wheﬁeld h: can be introduced®on the basis of the fundamental
. . . ; i
Ham.s .and Berlinsky lmade their famoug mean'f'eld.theornocal-order-parameter equations, namely
predictionst®> Meanwhile, thorough experimental studies on
grafoil'®*” and BN*® substrates have registered only the PW 3 cosiv3e ,;/2T)

orientational order.at gufﬁuently high concentrations, i.e., [ 2 cosliv3e  12T) + ex{ (e, + h)/2T]
above the percolation limit, . 7
Analysis is given within the scope of the site-disordered .
3 sinh(v3e ,,;/2T
microscopic 2D §=1).—(J=0);_-rotor model, which is h(v3e,i/2T) 2

ni= .
introduced on the basis of the 3D-rotor analog developed 2 costtv3s,,/2T) + exf 3(s,i + h)/2T]
iAfl8-21 ; .
egrherl . for an-m-depth gtudy of the QG phase. We will These equations follow from the conditions of local
give a microscopic explanation of the observed temperat“reéquilibriumlo and they are showfto be consistent with the

concentration behavior for the orientational local-order Pagensity-matrix representatidnin what follows, we restrict

rameters related to the NMR line shapes. We will show thabyr consideration to a reduced set of local order parameters
the PR-A and PR-B short-range correlated structures are dl{‘ti ,oi} with =0 which corresponds to the so-called

to the interplay of the frustrated-H?-molecular exchange “powder approximation” commonin NMR theory applica-
interaction with the molecule—substrate interaction. tions. This description ignores the local fiedd;, conjugate

1063-777X/2003/29(9-10)/4/$24.00 736 © 2003 American Institute of Physics
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to the local eccentricityy;, and Egs.(1) and (2) (where 2.0 y
e,i=¢; ande ,;=0) are therefore reduced to 18k v o/To
1-o 3 (ei+h)) ' ¥,
= - = 1.6F
1120, ex’{ 2 T ‘\g
, X 14F ,y"
[0
with &;=— >, J;;oiC; . 3 21.2f -
€j 12# ijojLj ©) & ‘ ! 2
. . : , g10r PR-B % /To
Here the effective exchange interactigpand the crystalline g‘ ) v
field h; are given by 2 08 Y PRA
3 2 0.6}
Jij=— 5T oP2o(Li)P2o(L;j) and hj=7VoPao(L,)).
2 3 0.4}
4
This reduced mean-field description formally follows from 0.2 H
the truncated 2D Hamiltonian given fod quantum rotors 0 L ' L R . L
with z neighbors placed in the plane, namely 02 03 04 05 06 0'7 08 09 1.0
N Ortho concentration
z
H — _E J--&-&-C-C-—E h. & C: FIG. 1. Phase diagram for site-disordered monolayers of ortho—para-
N =3I A = T hydrogen 6-H?).(p-H?),_. mixtures. The symbols refer to observed

changes in the NMR line shapes reported in the literatem@ssesfor hy-
3. drogen monolayers on graphite, Ref. Dfzen trianglesfor commensurate
with o;=1— —J;i. (5) hydrogen monolayers on BN, Ref. 2. The solid symbols refer to NMR
2 studies of Ref. 2solid circles transitions to the quadrupolar gla€3G)

i : . tate;diamonds transitions to the hindered rot¢HR) state. Theinverted
Herec; is a random occupation number whose mean, glVert?rianglesrefer to the vanishing of the small splitting of the NMR lines in the

by the configurational average, is the concentration: pararotational state. Inset: theoretical phase diagram from Fig. 2 of Ref. 15;
:<Ci>c; jzi is az projection of the angular momentum op- 2 andb are th_e_ tricritical points® andc is the minimum in the observed
erator in the local principal coordinate system. In tufiy, ~~R-FW transition temperatures.

stands for the EQQ coupling constant avglis the crystal-

field amplitude;P,o(L,;) = (3 cog ®;,—1)/2, where0; is the

polar angle of the principal molecular axis . that the equation for the PR alignmeng obtained by mini-

In bulk hep solid ortho—para-hydrogen the coupling con-mjzation of the relevant free energsee Eq(17) in Ref. 19
Stantro and the amplltude/o are well established theoreti- is equiva|ent to Eqs(z)_(G) with the adopted parameter set
cally; such is not the case for commensurdie<v3 solid ;=g ei=eo=—9g00, Jjj=—3T¢/2, and hj=h,
monolayers. The magnitudes Bf=6Q?/(25R3) (Q is the  =2v,/3, which corresponds to a ferrorotational-tyfeR
molecular electrostatic quadrupole moment d@glis the  type) local structure given bp;=0;=0 ando=ay.
nearest-neighbor molecular separafioalculated for graph- A description for the long-range orientationally disor-
ite and BN substrates are 0.534°kand 0.470 K’ respec- dered, but locally correlated PR-A phase is introduced
tively. The approximate estimates for the crystal-field ampli-through the short-range order parameter,(c,t)
tude|V{*?)~0.6-0.8 K for grafoif” and|V{*®|~0.6 K for = (4,(T))(PRA | where a configurational average is limited
BN'" were derived from the observed NMR line shapes. Aspy the PR-A temperature—concentration region shown in Fig.
is seen from Fig. 1, the experimentally established position . Application of this average procedure to both the sides of
of the order—disorder boundary is consistent for the cases @q. (4) can be presented in the following form, namely

grafoil*® and BN substrategshown by crosses and triangles,  pRA:

respectively, in Fig. 1 On the other hand, the PW-PR

boundary(bounded by points. andb in the inset of Fig. 1 1-o, Vo 3[eiat+deinl 9 eon)?
exists only for positive crystalline fields. These yield the fol- 1+—20A = EXF{ T3 ( f) 8 (?

lowing fundamental model parameters @)

'p=(0.50+0.03 K and V,=(0.70+0.10 K (6) _ )

. ) . Unlike the case of the QG, we assume here that fluctuations
which are needed to specify our estimates based on the 25 the |ocal alignmentor the quadrupolarizatiorare small.
(J=1)¢—(J=0);_c-rotor model given in Eqsi3)—(6). The same assumption is made for the crystalline field given
by the mearh;,=2V/3. The local fluctuations of the mo-
lecular field are introduced through the meay,
=J,02¢"0, (With J;a=—3y,a¢/2 and withz=6) and

The phase diagram for the pude=1 rotor system on a the variance e3,=3J5,z0(1—c)(1—03)/8T? and are
2D triangle solid lattice was scaled by Harris and BerlifSky estimated within the Gaussian distribution justified in Ref.
in terms of the EQQ coupling constaht and the crystal- 19). Taking the Zeeman-field local polarization effects18 into
field amplitudeV, of both signgsee insert in Fig. )l The PR account by the meafis ;o= —J5xzcoa(1— 03)/T, we have
phase was postulated as a single ferromagnetic-type structuaaalyzea) the concentration behavior of the obserfed
that can be given &8, =0,0;=0,}. Moreover, one can see NMR frequency splitting given in Fig. 8 of Ref. 2 fof

3. MACROSCOPIC DESCRIPTION
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=0.65 K andT=0.546 K. Analysis is given with the help of x 2.0 To==2 RA < 07
Egs. (2)—(6) where the polar—principal-axis correlation pa- DU P s | \\ & .
rametersy; , and y,5, namely, = .5 '\(\ 0.2 .

_ ) \\(PRA) 2 PR-B N Y
¥1a=(P2o(Lz)P2o(L )¢ & % N 03 co',4 08
and y2a= (PZLa) PR L))" ® B1or ot \ o 10

. Y
are treated as fitting parameters. In the particular cases of the g zﬁ 1o "‘ v =0_7K\ Jo=1 4,
FR type ©@;=0;=0) and AFR type 0,=0,0,=/2) lo- 30507 2[7%% To=05K ~~. 544
cally correlated structures are characterized\Qy= y,=1 § 3 '0|4 I A =23 A
and y,;= — y,= — 1/2, respectively. For the PR-A phase we S ol e .o
have derivef {&P=-1/3 and y{&P~0.75. This local 03 0.4 05 0.6 0.7

structure is in a way similar to that in the PW phase modified Ortho concentration
by orientations of in-plane rotors which show out-of-plane ] ) )
FIG. 2. Pararotational A—B crossover temperature against concentration.

Orlentat_lons' . . The symbols refer to the experimental points represented in Figolid

As is seen from Fig. 1, the long-range disordered PR-Bnverted trianglesvanishing of NMR doublet, Ref. Zpen trianglesonset
phase is stable at low temperaturds{V,) and low concen- of PW state in the anomalous upturn region of the phase transition boundary,
trations (C<Cp) where the site-dilution effects are expected Ref. 2. Thelines designate solutions of E¢6) for an adjustable parameter

’ . =2.3. Other parameters shown include the fitting parameser Inset:

to be mo_re pr(_)nounced than in the PR-A phase. The Shorﬁ'eft; concentration dependence of the effective crystalline field at distinct
range orientational arrangement results from the interplayemperatures derived from experimiensing Eq.(9); right, the variance of
between the random EQQ coupling and the random negativibe crystalline field in bulk ortho—parasHsquares from the inset in Fig. 5
crystalline fields. Adopting for the latter a Gaussian distribu-of Ref. 20.
tion, and taking into account its varianbeg (with the mean
h,g=2V/3) one finds, after elaboration of the configura-
tional average in Eq3), the effective amplitude of the crys-

e - =0. To satisfy the boundary observation conditions, the in-
talline field can be introduced as

terplay between the fluctuating crystalline and Zeeman-type
T(Xexr» c molecular fields 2for‘l’o<TsTX is made imglicit in the form
T) for T=T&P(c). (9)  8Vo(T—To)—9e5(c,T)=0, whereTo=9h3/8V, plays the
role of T, when the competing fluctuations the EQQ field are
Here T(XeXp)(c) is a crossover temperature between theignored. The varianch, was studie® in detail for the 3D
PR-A and the PR-B structures, corresponding to a recondisordered PR phase io—p-H, systems for temperatures
struction of the local order fromo{®™P(cT)>0 to  0.80 K<T<4.9 K. As is seen from the right insert in Fig. 2,

V(c,T)=VO<1—

o P)c,T)<0 (shown by the dashed line in Fig).1 unlike the mean of the crystal-field*” | its variance de-
The explicit form in Eg. (9) follows from h,g  pends strongly on the overall concentration, i.a53D)
= ((Ah?)(PROYI2= 22y T )Y%3, where T, is approxi- ~c(cy—c) and disappears at the highest concentration for

mated by the observed PRA—PRB boundary. An analysis ofhe 3D QG statec),=0.55 (for the 3D phase diagram see

the observed PR-B quadrupolarization is given through Fig. 2 in Ref. 19. In the 2D casecy, is very close to the

the averaged Ed9), namely, threshold concentration,. Therefore, we adop¥,~c(c,
PR-B: —c), which reduces the aforegiven boundary observation

condition to the following cubic equation:
| ( 1-os )+Vo(1 Tiex‘”(t:)) 9 k
n JR— e —

1+20g) T T

. ) (3 )4c(1—c)
Ti=To(C)Ti=| 5 v2l'0] —5—=0 (11)
v2810 z 2 2 2Vo
—9<T) Cog(l—og)=0. (10

Treating the PR-B phase as a precursor of the 2D QG phase,
in Eq. (10) we have omitted all molecular-field local ordering
effects. As in the QG case, we have therefore adoptedreating A as an adjustable parameter characterizing the
(,){PRB = 5¢,5, employed in Eq(7) for the PR-A phase. scale of the crystal-field fluctuations, we analyze in Fig. 2 the
Analysis of the available experimental data éer 0.44(with  physical solutionT, of Eq. (11) by comparing it with the
T(™P=1.64 K; see Fig. 12 of Ref.)2on the temperature observed PRA—PRB boundary. Taking into account the
dependence of the short-range orientational order parametabove analysis for the PR-B and PR-A phases, we aglopt

c c\]?
Cp P

in PR-B, given with the help of Eq5), result$®in, approxi- =1 as a typical value. As is seen from Fig. 2, the idea that
mately, y1g=0, y,g=1, which in a way is characteristic for the disordered PRB phase is constructed from mostly disor-
the QG local order. dered “in-plane” rotors is corroborated by experimental

The observed order parameter§™® ando$*P vanish at  observationd. On the other hand, our consideration of the
a certain crossover temperatufg(c) associated with the reduced orientational degrees of freedom fails to give quan-
PRA—-PRB boundanf{***\c) (shown by the dashed line in titative descriptions above=0.45. The unphysical value
Fig. 1). For concentrationsc=c, this boundary can be y,>1 deduced from experimental data in Fig. 2 signals the
therefore deduced from the conditiong(c,T,)=og(c,Ty) existence of ignored local order parameté&sy.,q, # 2),
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which (similar to the case of the 3D QG given in E§) of  19), this phase is expected to be richer than the PR-A phase,

Ref. 18 can play an appreciable role near the crossover temand more order parameters are therefore needed to give a

perature. A complete analysis should be given beyond theomplete description of the observed®™(c,T). Unfortu-

“powder approximation” and based on the fundamentalnately, the necessary experimental déia AqB=<oi2(T)

order-parameter Eq$l), (2) given for both the local align- — 7?(T)){"R® are not available at the present time.

ment and the eccentricity. The authors acknowledge financial support by the CNPq
(V.B.K.) and by the NSF-DMR-98N.S.S).
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lated structures discoveredl in  monolayers of —(ax)¥/2] is true for a random valug with meanx, and variance, .
(0-Hy)—(p-Hy)1_. on a BN substrate. Analysis of the ?The observable quadrupolarization is introduced by the relation
temperature—concentration behavior for the observed NMRIo?(cT)=#cT)/3d, where » is the NMR frequency splitiing and
line shapes, related to the short-range order parameteP'z57'67 kHz.
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A study on diffusion of H atoms in solid parahydrogen
M. Fushitani* and T. Momose**
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Diffusion of hydrogen atoms in solid parahydrogen was investigated using high-resolution

infrared spectroscopy. Hydrogen atoms were produced as by-products of a photoinduced reaction
of nitric oxides embedded in solid parahydrogen. The diffusion of the hydrogen atoms is

mainly terminated by the reactiontHNO— HNO. The diffusion rate determined from the increase

of the intensity of rotation—vibration transitions of HNO molecules was found to be two

orders of magnitude larger than that determined by the self-recombination reactionkyHH,

in pure parahydrogen crystals. 2003 American Institute of Physic$DOI: 10.1063/1.1614182

INTRODUCTION In this paper we report on our recent study of the diffu-
o . ) sion of H atoms in solid parahydrogen. Hydrogen atoms
Diffusion of hydrogen atoms in solid hydrogen has at-yere produced as by-products of the photolysis of NO mol-
tracted much attention as an object of researcthecause  gcyjes in solid parahydrogen. We found that the diffusion is

the diffusion is believed to proceed through the exchanggerminated mainly by the reaction between an H atom and an
reaction between an H atom and a hydrogen molecule,  No molecule

H+H,—Hy+H, (1) H-+NO— HNO. 4

via quantum tunneling? Since the activation energy of the Since the reactiori4) must be a diffusion-controlled reac-
reaction(1) in solid hydrogen is about 103 Kguantum tun-  tion, the diffusion rate of H atoms in solid parahydrogen is
neling is the only possible mechanism at liquid He temperaobtained from the temporal change of the intensity of
tures for the diffusion of H atoms to take place through thisrotation—vibration transitions of HNO.
reaction(1).

The diffusion of H atoms in solid parahydrogen pro- cyperIMENTS
duced by x-ray ory-ray irradiation has been extensively
studied using ESR spectroscopy. The diffusion of H atoms is ~ Parahydrogen crystals containing small amounts of NO

terminated by the self-recombination reaction molecules were prepared employing the same method de-
scribed in Ref. 10. Briefly, pure parahydrogen gas prepared
H+H—H,, (2)  through low-temperature catalysis with ferric oxides was

and thus the decay of the ESR signal of H atoms has bedff€Mixed with 10 ppm NO gas at room temperature. Nitric
described well by second-order kinetit§ oxide (Sumitomo Seika, 99.9994vas used without further

purification. The premixed gas was introduced into a sample

d[H]; ) cell kept at 8.4 K to grow a transparent parahydrogen crystal.
dt =ku-[HI;, 3 The cell was made of copper, whose ends were sealed with
BaF, optical windows for infrared spectroscopy.
where[ H]; is the concentration of H atoms at tinheSince An ArF excimer lasef193 nm, 2 mJ/pulse, 40 Mavas

the diffusion rate of H atoms in solid hydrogen is much ysed for the photolysis of NO in solid parahydrogen. Spec-
slower than the recombination rate of the reacti@h the  tral measurements were carried out at 5.2 K using a Fourier-
rate constanky_, in Eq. (3) has been considered to be the transform infrared FTIR) spectromete(Bruker IFS 120HR
diffusion rate of the reactioil). It was found that the rate combined with a liquid N-cooled MCT detector and a glo-

ki depends not only on temperatéifeand pressufebut  par source. The globar light was turned on during the whole
also on the concentration of impurities such asexperiment.

orthohydrogeh” and deuterium moleculés. The concentra-

tion dependence has been explained by the local distortion

the lattice due to the difference in the HxEind H—impurity (HESULTS OF PHOTOLYSIS

interactions! The local distortion induced by the different Figure 1 shows FTIR spectra in the spectral regions
interactions leads to a decrease of the quantum diffusion ra®800—3710, 2720—2680, 1890—1860 and 990— 950"dne-
due to the energy difference between the initial and finafore UV irradiation @), just after the UV(193 nm) irradia-
states! Since the interaction between a hydrogen atom andion for 20 minutes §), and 155 minutes after the UV irra-
an isotopic impurity such as.Dand HD is stronger than the diation (c). After the UV irradiation, the sample was
interaction between a hydrogen atom and an orthohydrogeconstantly kept at 5.2 K in darkness, except for the weak
molecule, the existence of these isotopic impurities makefght of the globar source of the FTIR spectrometer. The
the diffusion rate slower than that where only orthohydrogerpeaks in the region 18901860 Chare assigned to the
impurities are present’ rotation—vibration transitions of NO molecules isolated in

1063-777X/2003/29(9-10)/4/$24.00 740 © 2003 American Institute of Physics
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FIG. 1. FTIR spectra of kD, HNO, NO, and NH in solid parahydrogen at 5.2 K: before UV irradiaticm) { just after UV (193 nnj irradiation for 20 min
(b); after 155 min in the darkd).

solid parahydrogen. The corresponding absorption in the AThe mechanism of formation of the,® molecules will be
matrix has been observEdat 1873 cm™. After the 193-nm  discussed in more detail in a separate papar.any case, it
irradiation, the absorption of NO decreased while new abis important to know here that H atoms were produced as
sorption appeared in the spectral regions of 3800—371(yy-products of the above reactions.
2720-2680 and 990-950 crh as seen in Fig. i The It is seen in Fig. & that the absorption of NO that sur-
peaks at 3787.1, 3765.5, and 3719.9 ¢nin the region of vived from the UV photolysis further decreased after the
3800-3710 cm? are assigned to thR(1), R(0), andP(1) sample was kept in darkness at 5.2 K, while new absorption
transitions, respectively, of the; asymmetric vibration of appeared simultaneously in the spectral regions
H,O molecules isolated in solid parahydrodén®The spec- 2720—2680 cm®. The new absorption can be attributed to
trum at 990—950 cm' is identical to that for the’, bending HNO molecules, as the H—N stretching vibrational transition
vibrational transition which we have observed previotfsly of HNO in solid Ar has been observdit 2717 cm X, Thus,
for NH; molecules isolated in solid parahydrogen. The specthe spectral change from Figblo Fig. 1c indicates that
tral change from Fig.4dto Fig. b clearly indicates that /0 @ HNO molecules were produced in darkness in the UV-
and NH; molecules were produced by the 193-nm excitationirradiated solid parahydrogen.
of NO molecules in solid parahydrogen. The formation of HNO is not a result of the reaction
It should be noted that one photon of 193-nm radiation isH,+NO—HNO+H, since the reaction is endothermic by
not enough to dissociate an NO molecule into N and O atom&39.6 kJ/mol &30 000 K)'° and thus does not proceed at
in the gas phase, since the dissociation energy of NO molow temperatures. In fact, no trace of the formation of HNO
ecules(6.50 eW*® is slightly higher than the photon energy molecules was observed in crystals that had not been irradi-
of 193 nm (=6.42 eV). In condensed phases, however, theated and were kept in darkness for several hours after the
formation of N(*S) atoms by 193-nm photolysis of NO mol- crystal growth. Thus, the production of HNO must be the
ecules has been observed in solid'®mnd in solid result of a reaction between an H atom produced by the
hydrogent’ although the mechanism of the photodissocia-reactiong6)—(8) and an NO molecule surviving the UV pho-
tion of NO molecules in the condensed phases is yet to b#lysis, as shown in reactidd). The reactior(4) is known to
explained clearly. In any case, we surmise that;NHol-  be exothermic to a degree 6f196.3 kJ/mol*°
ecules in the present system must be produced by the reac-
tion between the photodissociated N atoms and hydrogen
molecules as follows: ANALYSIS

NO+h»(193 nm—N+0O, ) Since NO molecules are immobile in solid parahydrogen
at 5 K, the reactiort4) must be a result of the diffusion of H
N+2H,—NH,+H. © atoms in solid parahydrogen. A migrated H atom that en-
As to the O atoms produced in the reacti@, they imme-  counters an NO molecule forms an HNO molecule through
diately reacted with hydrogen molecules to forgHvia the  the reaction4). Since this reactiod) proceeds without any
OH radical thus: barrier?° the rate of HNO formation corresponds to the dif-
fusion rate of H atoms in solid parahydrogen.
O+H,—OH+H, 7 . . .
2 @ The NHO formation rate must be described in terms of
OH+H,— (H30)—H,O+H. (80  second-order kinetics thus:
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0.2 the fitting is in good agreement with the calculated value
[H]o=2.26x 10?2 atoms/ni, assuming thafH],=[NHz],
+2[H,0], and using the transition intensity (2.55
x 10" 1® m/molecule) of thev, bending mode of Nk and
the intensity (8.2% 10~ 2° m/molecule) of thev; asymmet-
ric mode of HO in the gas phase.
The rate constarky_pg in the reaction(4) is considered
to be a diffusion rate of H atoms in the present system. It
should be noted that the rate ky_no=6.22
X 10~2° m®/(atoms min) determined above is two orders of
magnitude larger than the rate ky_y=5.0
0 | | ; X 10~ 2" m*/(atoms min) reported previously for the rate of
0 50 & min 100 150 the self-recombination reactiof?) of H atoms in solid
’ parahydrogef. If both ky_no and ky_y correspond to the
FIG. 2. Time evolution of the mole fraction of HNO in darkness. The solid diffusion rate of H atoms in solid parahydrogen, the rate
curve represents the theoretical curve fitted with @4). Ky_no Must be one-half the rate,_y. The discrepancy be-
tween the experimentally determined values of these two
rates, however, is obvious.
d[HNO]; =ky_nd HIINO, 9) _ Part of_the reason for the discrepancy may be due to the
dt AN ‘ ! difference in the condition of the crystal, such as the concen-
where[ X], is the concentration of molecule X at timeThe tration of orthohydroge_n molecules and/or vacancies or d_e-
reaction rateky_no in EQ. (9) is considered to be the diffu- fect;. Another explanation could be due to the difference in
sion rate of H atoms in solid hydrogen. For convenience, wdhe interactions between H and NO, and between the two H

define the mole fraction of the concentration of HNO mol-&toms. Since NO molecules have a permanent electric dipole

0.1

ecules at time as moment, the attractive interaction between an H atom and an
NO molecule must be stronger than the interaction between
c(t) = [HNO] (10 two H atoms. By employing the classical intermolecular in-

[HNO];+[NO];"

By integrating Eq.(9) with respect to time, the solution of
Eqg. (9) in terms of the mole fraction is found to be

teraction theory? the interaction between H and NO is esti-
mated to be roughly 200 times stronger than the interaction
between two H atoms. The stronger interaction between an H
atom and an NO molecule may accelerate the diffusion of H
[H]o explky_no([NOlo—[Hlo)t} —[H]o atoms in solid parahydrogen containing NO molecules com-
[NOJo exp{ky_no([NOlo—[H]o)t} —[H]o’ (1D) pared with the diffusion in a crystal without NO molecules in

h X1 is the initial ) t molecule X it. In any case, the discrepancy is so obvious that further
where[ X]o is the |n.|t|a concentration of molecuie A. experiments may be needed to understand the rate obtained
The mole fractionc(t) can be obtained from the ob-

c(t)=

; : e in this study.
served integrated intensities of HNO and NO molecules as This study was partially supported by a Grant-in-Aid for
[[HNOJ; Scientific Research of the Ministry of Education, Science,
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The results of measurements of the thermal conductivity of pure and carbon-monoxide-doped
nitrogen crystals in the temperature range 1.2—26 K are presented for samples containing

up to 0.7% CO molecules. It follows from a preliminary analysis that the interaction of phonons
with an admixture molecule having the same mass as the host molecule is relatively weak

and depends weakly on the admixture concentration within the investigated range of carbon
monoxide concentrations in the nitrogen crystal.2603 American Institute of

Physics.[DOI: 10.1063/1.1614183

INTRODUCTION monoxide molecules at different concentrations. The mea-
surements were made in ‘e setup which we designed

Crystals of nitrogen and carbon monoxide belong to the%)urselves and is described in Ref. 5. The measurements were

same group of the simplest molecular solids. Both of them a] .
. .“made by a steady-state flow method in the temperature range
low temperatures have a crystallographic structure featurin

cubic symmetry with four molecules in the unit cell, with 12-26 K. The samples were grown and measured in a glass

molecules axes oriented along spatial diagonals of the cubf?l:mpOUIe of inner diameter 6.7 mm and length 67 mm. Two
gsp g calibrated germanium thermometers were attactspaced

tive to the center of interaction of the CO molecule, the CO%7 mm apaitto the ampoule for the purpose of determining

. the value and gradient of the temperature. The nuclei of the
crystal belongs to thB2,3 space group, while Nbelongs to | . f he liauid ph h .
Pa3 (Ref. . crystal were obtained from the liquid phase, the main part

Crystalline carbon monoxide forms homogeneous solu-bemg grown directly from gaseous phase. The growth rate of

. ; : : the crystal, of about 1 mm/h, was assured by a drift of the
tions with nitrogen at any concentration and the molecule%em erature of the ampoule bagghout — 0.3 K/h). When
mutually replace one another in the lattice sé&he solid P P : !

solution of N, with CO is a unique system for thermal con- the crystal fully filled the ampoule, the sample was annealed

S o : or 12 h in a temperature gradient of 0.4 K/cm at a tempera-
ductivity investigation due to the equality of the masses Of{ure slightly below the triple point of the mixture of gases

the nitrogen and carbon monoxide molecules. In the previous .
o ) . Lo Used to obtain the sample. Then the sample was cooled to the
thermal conductivity admixture-effect investigations the

guest atom{or moleculg possessed a mass different from temperature of liquid helium, the cooling rate for bgiland

that of the host; see, e.g., Refs. 3 and 4. Therefore, the effet p.hases bemg' L Kih. Pa§sage through the phas'e transition
region was realized for a time period of 16 h, while a tem-

that was observed and analyzgd was regarded as an ISOtO_erature gradient of about 0.3 K/cm caused the phase inter-
pic” phenomenon—phonons in the investigated crystal

were “scattered by the mass difference.” In CQ:hrystals ace to move with a velocity of about 0.5 cm/h. The samples

cooled down to liquid-helium temperature appeared to be

the situation is different. With no mass defect one can ob- . .
taansparent, without notable cracks and voids.

serve phonon scattering on the different force constants an The gases used in the experiment had the natural isoto-
the related deformation of the lattice around the admixture._. 9 b

. . ic composition with impurities not exceeding 0.003%
molecule. In the case of nitrogen crystals doped with carbo

. . o mostly oxygen. The random error of the thermal conduc-
monoxide, the deformation of the lattice is even stronger du

. . iyity measurements did not exceed 7%. The systematic er-
to abovementioned displacement of the centers of mass an . .
) . ) ror, which resulted mostly from inaccuracy of the geometry
interaction of the CO admixture molecule.

: - specification, did not exceed 5%.

The purpose of the experiment whose preliminary results
are being presented here is the investigation of phonon scat-
tering on difference of the force constants for the interaction&ESULTS AND DISCUSSION
between the molecules forming the crystal and the related The results of the measurements—the temperature de-
lattice deformation around a foreign molecule embedded ipendence of the thermal conductivity coefficient for the pure
the crystal. nitrogen crystal and for samples of, dontaining 0.2, 0.25,
0.3, 0.5 and 0.7% CO—are plotted in Fig. 1. The depen-
dences display the behavior typical of a dielectric crystal:
initially the thermal conductivity increases with increasing

To investigate the same-mass-impurity effect in solidi-temperature, and then, after reaching a maximum value, de-
fied nitrogen, measurements of the temperature dependenceeases exponentially. The samples containing additional
of the thermal conductivity coefficient(T) were made for phonon scattering centers—carbon monoxide admixture
several samples containing intentionally introduced carbomolecules—show at low temperatures a thermal conductivity

EXPERIMENTAL
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F total thermal resistivit v of a sample from phonons scat-
tered in separate mechanisms are additive. Therefore, the ex-
Ww‘% cess thermal resistivitAW* (c) depicted in Fig. 2 can be
« 1005‘ 5‘.%"’“““% . regarded as the component related to the scattering of
= . g_é' aet® iy phonons on CO molecules. From Fig. 2 one can see that the
§ L :,.;g‘x "".'1= excess resistance per molecule of the admixture hardly de-
= - a;.i" « —pure N, l, pends on the carbon monoxide concentration. Only a slight
s 10k ¥ -0.20%COInN, 5., tendency(but still within the experimental errptoward an
£ * ~0.259%C0InN, s increase ofAW* (c) is observed. It could mean that for con-
° -0.30%COinN *
L * -0.50% COinN, \° centrations of carbon monoxide molecules in nitrogen crystal
[ S -070%COinN, o not exceeding 0.7% one is observing an interaction that leads
1 T, K 10 to weakening of the phonon scattering on the carbon mon-
oxide molecules with increasing concentration of the admix-

FIG. 1. Thermal conductivity of pure and carbon-monoxide-doped solid

nitrogen versus temperature. ture.

It also should be noticed that in the, NCO crystal the
excess thermal resistivity per unit concentration is a small
lower than that of pure nitrogen, following the expectation.number compared to that obtained for impurities having a
For temperatures above the maxima, where phonon—phonagiifferent mass than the host; see, e.g., Ref. 6. This confirms
scattering in U-processes begin to dominate the thermal corthe results of earlier theoretical investigations which have
ductivity, the data points of all samples tend to the sameshown that the scattering of phonons on point defects with
curve. different force constants and on the deformations of the lat-
For preliminary analysis of the data, the dependence ofice around foreign impurities is less effective then the scat-
the reduced excess thermal resistiviyV* on the concen- tering resulting from a mass difference between the host and
tration ¢ of the CO admixture molecules was obtained: admixture molecule$.This also explains the earlier success
1 1 of the approach in which foreign impurities in dielectric
AW*(C):[KdOPe‘{C)_KP“““-]/C|T=°°”3“ crystals are regarded as pure isotopic admixtures, e.g., in
In the formula,kpyre aNd k4oped C) Stand for the thermal con-  Ref. 4.
ductivity coefficients at a fixed temperature for the pure ni- In summary, the thermal conductivity of pure and
trogen crystal and the NCO sample, respectively. The carbon-monoxide-doped nitrogen crystals has been measured
AW?* (c) curve obtained by smoothing the data for the tem-in the temperature range 1.2—26 K for samples containing
perature 2.5 K is shown in Fig. 2. 0.2, 0.25, 0.3, 0.5 and 0.7% CO molecules. A simple analysis
The dependence of reduced excess thermal conductivityas shown that the scattering of phonons on admixture mol-
on impurity concentration can be interpreted in the frame-ecules possessing the same mass as the host molecule is rela-
work of the “most-significant phonons” approximation. In tively weak compared to the scattering on a molecule having
this approximation one assumes that for steady state flow at different mass. It has also been found that the interaction
any temperature there exists a frequemey T such that a depends rather weakly on the admixture concentration within
group of phonons of frequencies from the range ( the investigated range of carbon monoxide concentrations in
—Aw,0+Aw), whereA o/ w<1, carries the greatest part of the nitrogen crystal.
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1. INTRODUCTION frozen out. In this case, conventional understanding suggests
that the only possible channel for particle localization is the

A vast number of kinetic processes in chemistry and bisnoguction of crystal disorder, which thus may dramatically

ology, nuclear and solid state physics, disordered systemg,ange the transport properties of a solid. A well-known ex-
and liquids, etc. have to do with mass and charge ransporhm e s the spatial localization of electron states near the

.e., potential-barrier-limited dynamics of neutral particles pgpm; jevel in a disordered metallic system, which leads to a
(typically atomg and charged particldypically electrons or - y.ansition to a dielectric stat¢he Anderson transitiod The

electronic complexgsAt low temperatures there is no other concept of Anderson localization suggests that the wave
way for a partic_le to overcome a.potential barrier.than PYfunction of a particle in a random potential may change
quantum tunneling through it. This phenomenon is calledyzjiatively if the randomness becomes large enough. Co-
quantum diffusion(QD). The concept of quantum diffusion perent tunneling of a particle is possible only between levels
is introduced for diffusing particles which are heavy com-,ih the same energie.g., between equivalent sifein the

pared with the electron. On the other hand, a quantuMzase of strong randomness, states with the same energy may
mechanical evaluation suggests that the tunneling probability, 14, distantspatially separatédor tunneling to be effec-
is crucially enhanced for light particles. Therefore, in the..

tive.
context of QD the role of the positive muon() is of

- ) Lt ! Although the concept of localization by disorder has
particular interest because of its intermediate M@m®ut  een introduced primarily in order to describe the electronic

200 times more than that of the electron, put about an Orde&ansport properties of condensed matter, it may also be ap-
of magnitude less than that of t+he protoBeing & complete  pjiaq to the quantum dynamics of heavier particles, whether
chemical analog of the protop, " captures an electron and ¢parqed or neutrdt: Recent experimental results for positive
forms the light hydrogen isotope known as muonium (MUpong as well as for muonium atoms clearly indicated that
=p " +e7). This happens in insulators and semiconductorSinieraction with crystal excitations and crystal disorder dra-

while in metals we deal with the “bare” muon. Because Of maiically changes the nature of tunneling dynamics for par-
the unique mass of the muon one can hardly mention any.jes ~200 times heavier than the electron.

other example where quantum diffusion has b?en observedin |, this lecture we discuss recent studies on both quantum
such a wide temperature range as/or and Mu. The other  ,nneling dynamics and electron transport in cryocrystals us-
reason for the success of the quantum diffusion study usmg1g «* SR techniques and paying particular attention to pro-

muons is the sensitivity of the muon spin relaxati@SR)  egses of particle localization and delocalization.
techniquegsee, e.g., Ref.)20 u™ and Mu dynamics.

The basic issue in nonclassical transport is whether
wavelike or particlelike description is appropriate, i.e.,
whether the tunneling is coherent or incoherent. This de- Under-the-barrier tunneling dynamics of particles in
pends on whether the interaction with the environment iscrystalline lattice is a pure qguantum-mechanical phenomenon
such as to lead to spatial localization of the wave function owhich has no analog in classical physics. Typically, tunneling
to bandlike(Bloch wave motion. One of the possible chan- occurs between two or more potential wells which would be
nels for localization of a particle is through its interaction degenerate in a pure system. In this case the quantum-
with lattice excitationgphonons, librons, magnons, etdn mechanical coherence between the particle’s states in differ-
a dissipative environmehthe lattice excitations can be rep- ent wells manifests itselfthe well-known example is the
resented as a bath of harmonic oscillators; interaction witlBloch wave propagation of electrons in crystalline solids
this environment causes a crossover from coherent quantuiirhe basic concept introduced to describe this phenomenon is
tunneling to incoherent hopping dynamics, when the particlehat of a band motioiicoherent tunnelingof a particle, with
“dressed” with the lattice excitations can be effectively a bandwidthA determined by the amplitude of the particle’s
thought of as a polaron. resonance transitions between the potential mirfithRar-

At low temperatures, the environmental excitations areicle dynamics in perfect crystal &=0 presents the sim-

%. QUANTUM DIFFUSION VIA u*SR
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plest case of a band motion. The standard expression for theot take the particle bandwidtl into consideration, this
tunneling amplitude between the two nearest wells is givertomparison turns out to be irrelevant to the problem of par-
in the semiclassical approximation #see, e.g., Ref. 8; ticle dynamics, for which the crucial consideration is that
h=1) is usually several orders of magnitude less thima). For

_ . example, a typical Mu bandwidth in insulators is of the order
A=2Zvoe ™. (1) of A~0.01-0.1 K} whereasU(a) could be as large as 10
Here we assume that for the particle with mass K. In metals the mismatch is even more drastic: typical val-

>m,, wherem, is the electron mass, zero-point vibrations ues[ U (&) ~10° KVGFSUSA~10_4 K] differ by about seven
(ZPV) around local minima of the crystal potential are smallorders of magnitude. Under these circumstances, the influ-
as compared with the interwell separatiar(or lattice con- ence of crystalline defects extends over distances much
stant, if there is only one minimum in the unit gellfhis  larger thare. If the “disturbed” regions around defects over-
condition implies that tunneling splitting of the lowest levels lap sufficiently, complete particle localization can result.

in each well is much less than the ZVP frequeney In this lecture we concentrate our attention on Mu quan-
=27y, and the lowest states are well separated from théum diffusion phenomena in cryocrystals with rotational de-
rest of the particle spectrum. The tunneling acti®y  grees of freedom. A more general review of muon and muo-

:f:ipdx is given by the integral along the optimal path nium diffusion in a variety of materials may be found

connecting turning points; andr, on different sides of the elsewhere.

barrier; Z is the coordination number. Typically in solids 2.1. Destruction of bandlike propagation in orientationally

Sy>1, which in fact is already satisfied when the barrierordered crystals: the two-phonon quantum diffusion

height Ug is only few times larger than the ZPV energy. regime

Therefor_e even for particles of _mtermedlate mass like muons g dies of the diffusion of hydrogen atolgnd w* in

or muonium atoms the bandwidth turns out to be exponen- ials and of Mu diffusion in insulators and

tially small. Nevertheless, af=0 in a perfect crystal any semiconductor's have convincingly shown the quantum-

part::tle%i%ompletely deilocahl;ed. inst the back mechanical character of the phenomenon, most clearly seen
» NOWEVET, TUNNefing occurs against e back-p. -, temperatures, where the particle hop raa,vfe'L in-

9T°“”d .Of the coupling W'th thg excitations O.f the .med'ur.n'creases with decreasing temperatdreaccording to the
SinceA is so small, the interaction of the particle with envi- 1ot O
ppwer lawr, =T~ %, thus manifesting the onset of the co-

ronmental excitations may easily destroy the coherence arﬁ : . .
; . : o erent process. In metals, coupling to conduction electrons is
lead to particle localization. The basic characteristic of the

L . : . o . the dominant scattering mechaniénand causesxr<1. In
particle interactions with the medium excitations is the fre-. . .
guency Q) of phase correlations damping at neighboringmSUI.""tO%T;5 where phonon scattering processes prewas,

equivalent positions of the particle. Even at low temperaturegred'.me ' tq be 7 or 9 at IOV\.’ temperatures where t.he ".ib'
Q could be as large a; the temperature rise results in an sorption of single phonons shifts the energy of the diffusing

exponential decrease of the coherent tunneling transitton. particle too much for tunneling to occur and so two-phonon

Here one has to distinguish different frequency regimeSQiagrams(which can leave the energy almost unchanged

those modes which have frequencies significantly larger thaﬁXpeCtzqﬁto _dorr?mgte: Surpr;sm%y_, t:,e exp(ra]rlmgntal resuilts
A will follow the motion of the particle adiabatically and can °" Mu diffusion !n |(_)n|“c nsu ato” Indicate thate IS gen-
at best renormalizd; while those of frequencies of order of erally close to 3; this “universal” power-law behavior with

A or less can extract energy from the system during the tun® 3 Prompted the authors of Ref. 18 to conclude that muo-

neling process. The latter effect is known as dissipation if"um diffusion is governed by one-phonon scattering. On the
quantum tunneling?® which causes strong particle localiza- Other hand, in Ref. 19 it was shown that-3 can also be
tion. Destruction of bandlike propagation and eventual localoPtained from two-phonon scattering processes if the actual
ization of the muonium atom in molecular crystals of solid Phonon spectrum of the ionic crystal is taken into account;
methane¥ and solid nitrogeh due to coupling to molecular unfortunately, that procedure requires the introduction of ad-
rotations at low temperatures are typical examples of thigustable parameters. This basic problem of the validity of the
kind of effect: interaction with low-frequency rotational former or the latter remained open until recent results on Mu
modes causes a crossover from coherent quantum tunneligig@ntum diffusion in solid nitroget, methanes? and car-
to incoherent hopping dynamics at low temperatures. bon dioxidé® presented direct experimental evidence of the
SinceA is small with respect to all other energy param- dominance of the two-phonon scattering mechanism in insu-
eters in a solid, quantum dynamics is extremely sensitive t¢ators at low temperatures.
crystal imperfections. Therefore, localization of the particle  In the harmonic approximation, the transport properties
often takes place at a relatively low defect concentration. Of a neutral particle in a simple crystalline insulaterg., a
Until very recently studies of Mu diffusion have fo- monatomic or ionic crystaldepend only on the phonon
cussed on nearly perfect crystals, in which bandlike motiormodes of the lattice. For crystals composed of molecules,
of Mu persists at low temperatures. Crystalline defects havéwo additional contributions enter from the internal vibra-
been treated mainly as local trapwith trapping radii of the  tional and rotational degrees of freedom of the molecules.
order of the lattice constamat. The justification for such an Internal vibrations of molecules scarcely change the particle
approach was that the characteristic energy of the crystallindynamics because of their extremely high frequencies. Mo-
distortion,U(a), is usually much less than the characteristiclecular rotation, however, is a different matter. Two extremes
energy of lattice vibrationsp). Unfortunately, since it does are possible: the molecules may rotate almost freely in the
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crystal, or the rotational motion may be severely restricted Note that
and hence transformed into torsional excitatighisrons). -
Since typical rotational frequencies are still much higher 1 A0

. . ; _ T & for £<Q, ©)]
than the particle bandwidth, in the first extreme the energy Q(T)
levels in different unit cells are degenerate and therefore the
particle dynamics remains unperturbed. In the second ex-

treme, the anisotropic interaction between molecQgsich

causes orientatiqnal ordering in the first pl).acl?anges the giving the opposite temperature dependence, so that Mu at-
crystalline potential so that this degeneracy is lifted. As far a%ms are localized a§—0. In theT—0 limit only acoustic

the particle dynamics is concerned, this splitting of the en- honons are important, and
ergy levels of adjacent sites acts as an effective disordeP, '

creating a biast. To demonstrate this, a suitable molecular ~ Q(T)xT7*2), )

lattice should be found wher@) this disorder is essentially The two additional powers of appear only in the case
weak and short-range ariti) both extremes can be reached ¢ ,onjum tunneling between absolutely equivalent sites.
in the accessible temperature range. The simplest molecular | ihe temperature range 30<KT <50 K, the measured
solids are the cryocrystals formed by the small, light-weight\y, hop rate in solid nitrogen exhibits an empirical tempera-
molecules, namely solid H D;, CHs, CDs, Na, N2O,  yre dependence; '« T~ with a=7.3(2); since, from Eq.
CO,, etc. In solid NO and CQ the anisotropic part of the 3), 7. 1«0 Y(T), we haveQ(T)=T’, as expectedEq.
intermolecular interaction is so strong that the lattice keep§5)j_ This is the first experimental confirmation of thie

its orientational order in the entire solid phase. In solid para’dependence of- ! predicted by the two-phonon theory of
H, and ortho-B, by contrast, this interaction is so weak that quantum diffusi(c)rf’

orientational order cannot be reached even at the lowest tem- Below about 30 K the Mu hop rate levels off, due to

peratll_J(;es:tHere we c(jjiscut:;s our studHy gfguonil;]mhdynamiclgand motion with an estimat¥drenormalized bandwidth of
in solid nitrogen and methanes (¢tnd CD) which un- Ap~10"2 K. 1 Similar experiments in solid methanes give

?h?;g?rggﬁgga;'cigilegrdT;?S gft:hseSsg l}'? pi:asceﬁliastol_:ﬁ_d N the following values for the muonium bandwidth: about 3
P L X102 K in CH, and about 10% K in CD,. These values

:ciari I;ﬂ_v;/k;I?e mesitoh“g E%h%?rttzlngittliigt?gigi c:;otlsrlnr:g_ for the Mu bandwidth in solid nitrogen and methanes should
P be compared with the bandwidth~ 104 K obtained for

lecular ordering aff=22.1 K. These crystals show similar the quantum diffusion ofHe atoms in*He crystal&! the

nonmonotonic temperature dependences of the muonium re-~ ~~ " Lo
laxation rateTz’l. Figure 1 presents the temperature depen_qual|tat|ve similarity of these results suggests a common dy-

. v o namical behavior for light particles in insulators, as opposed
dence of the muonium hop ratg  in solid nitrogen. For to metals, where different scattering mechanisms lead to
temperature3 <0 (the Debye temperaturguantum diffu- ’ 9

sion is believed to be governed by two-phonon proc:esses,qUIte d|ﬁgrent |mp.ur|ty' dynamc;. .
for which 7- L is given by Muonium motion in solid nitrogen slows down again
Cc

below about 20 K, probably due to the orientational ordering
. Ajam of N, molecules. FoiT<18 K the data in Fig. 1 obey

© QA+ @ (T)

AZQ(T
OT() for &0 (4)

whereas 7 1=

T

-1_ -1
Tc =70

where A, is the renormalized bandwidth for Mu diffusion
and ¢ is the typical difference between energy levels of thewith ® =83 K, 7,1=3.6(8)x10"°s™* anda=6.7(1).

(6)

particle at adjacent tunneling sites due to static disorder. The change in the temperature dependence of the Mu
The main feature of Eq2) is the minimum ofr;(T) at  hop rate from &’ to aT~/ law reflects a crossover from Eq.
E~Q(T). (3) to Eq. (4). Muonium diffusion in solid methane isotopes

and solid carbon dioxide exhibits similar temperature depen-
dences ofrc_1 (Refs. 10 and 20 In all four crystals, at low
temperatures a gradual Mu localization takes place which
. “‘3 reflects a suppression of band motion by static disorder in-
troduced by orientational ordering.

—_
o
©

T T TITTT0]
>

g 2.2. Coherent quantum diffusion of the muonium atom in a
*» highly disordered material: orientational glass
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*

Muonium hop rate,, s
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* To date most of our knowledge on tunneling dynamics of
1 : 1 L particles in solids comes from the extensive studies of crys-
10 20 30 40 50 70 talline or nearly crystalline materials. However, in reality, the
Temperature , K crystalline state is the exception rather than the rule. Disorder
FIG. 1. Temperature dependence of the muonium hop rate in ultrahi heXiStS in varying degrees, ranging from a few impurities in
purity solid I\E Stars corFr)espond to the combined Iongir:udinal field meg- an otherwise perfect crystalline host to the strongly disor-

surements: circles, triangles, diamonds and inverted triangles correspond @ered limit of allpys or gl_ass_y structures. All the studies on
transverse field measurements in different samples. muon and muonium localization so far have been focused on
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crystals with weak disordérin this Section we present ex-
perimental studies of muonium tunneling dynamics under
conditions of strong disorder in orientational glas&es.

The term “orientational glasses” usually refers to ran-
domly diluted(or randomly mixedl molecular crystals. Mo-
lecular crystals without such randomness in their chemical
constitution undergo an order—disorder phase transition from
the “plastic crystal” phase at high temperatures, where the
multipole moments associated with the molecules can rotate
more or less freely, to a phase with a long-range orientational 30 4'0 5'0 éo 710 810
order at lower temperatur@.g., N>, ortho-H,, CH,, CD,, Temperature, K
etc). This order gets severely disturbed by dilution of the
material with atomic species which have no multipole mo-FIG. 2. Tgmperature dgpen_dence of the muonium hop rate in pure solid
ment(e.g., Ar in Ny, Kr in CH,, para-H in ortho-H,, etc): methane(circles and solid mixture of CiH25% Kr (stars.
strong enough dilution leads to a new type of phase wherein
the multipole moments are frozen into random directionssg_go K in the mixturg manifest the onset of muonium
These glass phases are believed to result from the combin%gjmd motiort® The bandwidthi ~10-2 K determined in
effect of the frustration of the highly anisotropic interactionsthe CH,+25% Kr mixture turns out to be remarkably high:
between the moleculese.g., electrostatic multipole— . . . . ~
multipole) and the disorder introduced by the random substi—'t 'S _02nly slightly less than the valqe In pure _QI-Q_A~3
tution of molecular multipoles by noninteracting shperical><10 K), about the same as that in pure solid mtrqﬂfen,

o . “and an order of magnitude higher than in pure solid,CD
atoms or molecule® The frustration in these systems arises ~ 5 10 . 0
from the geometrical impossibility of realizing the minimum (3~10"° K).™ The addition of 16% Kr to Clil does not
possible energy configuration for all pairs of neighboringChange the bandW|dlth for Mu tunneling dyr]amlcs. This fact
molecular quadrupoles in close 3D lattices, and disorder sim=u99ests that substitution of 2 ’?eafeSt neighbors (_)Ut of 1_2
ply comes from the replacement of multipole-bearing mol_does not destroy the coherence in the Mu band regime. This

ecules by noninteracting diluents such as Kr in the, CHr is a remarkable feature never observed in quantum diffusion
system.

studies so far: the presence of impurities in a crystal even at
Although orientational glasses have many common fea

the level of 103 is typically enough to destroy the coherent
- - . '5 e 0

tures with structural glass€kke amorphous Si¢) and spin tunneling regime:®Although the addition of 25% Kr to CH

glasseglike CuMn) there is an important difference even in

does change the muonium bandwidth, in the temperature
the qualitative description of these glass systems. Unlike théange between 50 and 60 K the Mu atom still exhibits coher-
q P g Y ) ent tunneling, which means that substitution of 3 nearest

canomc;al spin gIasse; such as CuMn.aIons, for Wh'C.h th%elghbors out of 12 still does not destroy the coherence. The
frustration and the disorder go hand-in-hand, the orienta- : . ) .
. .—guestion why does such a high concentration of foreign at-
tional glasses belong to a new class of systems characterize . . : : .

. : ) oms fails to destroy coherence in the muonium dynamics still
by independent effects of both frustration and disorder. The :
: ; . . Temains open.
interaction between two molecules responsible for the orien-
tational ordering(the short-range highly anisotropic electric

. . +
quadrupole—quadrupole or octopole—octopole interagimn 3- ELECTRON TRANSPORT VIA u™SR

eXp|ICIt|y known. This fact allows one to extract the influ- lonization of matter by high-energy Charged partide ra-
ence of disorder, which can be easily vari¢or even diation inevitably produces excess electrons and thus may
switched on and offby changing the temperature and/or cause electrical breakdown even in wide-gap insulating ma-
composition, allowing a detailed investigation of the effectsterials subjected to high electric field. These materials are
of strong disorder on quantum tunneling of muonium atomsysed in a large number of applications ranging from power
Since the early heat-capacity measurenféitthias been  generation equipment to microelectronic devices. It is there-
known that the specific-heat anomalies in L&t the orien-  fore important to understand the transport mechanisms of
tational transition vanish if a sufficient amount of Kr is radiolysis electrons in insulators.
added to CH. It has been established by heat-capacity, In condensed matter, the transport of a charged particle
NMR,* and dielectric techniquéithat as the Kr concentra- depends upon the adiabaticity of its interaction with excita-
tion increases, the temperature of the orientational transitioflons of the environment. For particles slow enough that
gradually decreases. Above a critical concentratiabout  electronic excitations are prohibited, the general picture de-
25%) an ordered phase never forms. Instead, as the tempergends critically on the interplay of two characteristic times.
ture goes down the dynamical orientational disorder eventuthe first represents the typical time that a charged particle
ally freezes into a static pattern of randomly oriented octuspends interacting with a given atom or molecute= a/v,
poles, the orientational glass. wherea is the lattice constant and is the velocity of the
Figure 2 shows the temperature dependences of the mueharged particle. The other characteristic timeis', where
nium hop rate in pure CHand CH,+25% Kr, extracted in  %w is the characteristic phonon energy. Fast particles; (
the regime of dynamical averaging using the valuessof <1) retain their “bare” identity in moving through the me-
obtained from the low-temperature vaIuequf1 (Ref. 10. dium, whereas charge carriers moving so slowly that
The plateaus irrc’l(T) (around 45-55 K in pure CHand >1 are followed “instantaneously” by phonon modes and
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are best thought of as a polafénwhose mobility is drasti- 0.09 i
cally decreased. This crossover from the fast.-i(< 1) to the 2 0.08@3D ®oge 4 o :
slow (w;j7>1) regime thus leads to a dramatic change in the = 9 o Mu
charge transport properties. 2 0.07r- oo .
In different insulators, electron transport is determined € 0.06}- i . 2 olg

by qualitatively different interactions of electrons with the § 005 j x *
medium. Measurements on Ar, Kr, and Xe crystafS show s 2 D
clearly that electron mobilities in these solids are comparable 2 0.04r ;
to those found in wide-band semiconductorsb, ( g 0.03F |

1 . : ST gt 4 *
~10® cn?s V1), which has encouraged different authors it

to apply the well-known Shockley theotyAn approxima- 0.0?8 6 -4 -2 0 2 4 6 8
tion in which the free charge carriers are completely delocal- Electric field , kV/cm
ized and the electron—phonon interaction is treated as a per- o ) ) _
turbation gave an adequate description of the observegC: 3 Electric field dependence of the muonidvu, circles and diamag-
netic (D, starg amplitudes ina-N, at T=20 K.
electron transport.

The rather  low  electron mobilities b
~102-10 3 cn?s V1) found in the diatomic solids of
N,, CO, and Q (Ref. 3] suggest that a fundamentally dif- In this Section we consider several examples whefé&SR
ferent mechanism of electron transport occurs in these matéechniques allow one to determine whether an excess elec-
rials. Localization of excess electrons with the formation of atron in a cryocrystal becomes a polaron or occupies the con-
small polaroﬁ7 due to strong interactions with excitations of duction band(in other words, whether electron is localized
the medium has been proposed to explain such low values of delocalized
the drift mobility.

Measurements of the electron mobility by a time-of-
flight (TOF) technique represent a very direct approach to  Both muonium(Mu) and diamagneti¢D) signals are
the study of charge transport properties in solids. It should b&vident in solid N at all temperature¥’ We found a strong
noted, however, that in such experiments the path length p&orrelation between the muonium amplitude and the electron
tween electrodes is macroscopie {0 2—10"1 cm), mak- mobility in solid nitrogen: both have similar temperature de-
ing the results highly susceptible to spurious TOF changes iendences. The straightforward implication is that Mu for-
electrons interact with crystalline defects such as impurities"ation ins-N is at least partially due to convergence of the
strains, and microcracks. The muon spin rotation techniqu& and a radiolysis electron. Since positive charges have
avoids these difficulties inherent to the traditional TOF tech-2€en found to be immobile ins-N,, thee™ must move to

nigue because the distances involved are much shorteth® & ) ) o
(~107%-10"% cm). Rather strong evidence in support of this picture comes

In uSR experiments each incoming several-Mg\ from the electric field dependences of the diamagnetic and

leaves behind an ionization track of liberated electrons and!U @mplitudes(Fig. 3). A positive sign forE signifies that
ions. Although this circumstance has been disregarded in the electric field is applied in the same direction as the initial

great majority of experimental and theoretical studies of conUON momentum. The results show that, on average, muons

densed matter by.* SR techniques, the liberation of elec- thermalize downstream from the last radiolysis electrons of
trons by muon radiolysis is far from a negligible effect—in the mfonsalo[uzatmn trac_k; m_thls case a posnE/«(;wII pull |‘
fact, in some insulators and semiconductors it may determing]e p” ande” apart, giving rise to an increased D ampli-

: . N _
much of the subsequent behavior of the system. Rece Fdf" W_?ﬁreaﬁ a neggtl}l;é wil puslh the Md' e;%d.e tlc_)(;
,lL+SR, eXperimentS in ||qU|d heliuﬁi solid nitrogerﬁ3‘36 get er. e characteristic muon—electron distarae soli

- 35
and liqui” and solid®® neon and argon have shown that a-N, was estimatett™ from these measurements to be

_6 .
the spatial distribution of the ionization track products isabOUt 9<10°°. Analogous measurements |8-N, at T

highly anisotropic with respect to the final position of the :_5_9 K revelgd a much weaker el_ec_tgc-flgld _dependence,
muon: thex* thermalizes well “downstream” from the end giving an estimate of the characterisjic —e~ distance of

Ebout half that ine-N, (Ref. 3. The characteristic time

3.1. Electron delocalization in solid  a-nitrogen

of its track. Some of the excess electrons generated in thi .
g r e~ transport to theu* can be determined by measure-

track turn out to be mobile enough to reach the thermalize 1 ent of the maanetic field dependence of the Mu amplitude
muon and form the hydrogenlike muonium (Mw*e™) . gnetic field dep . U ampiitude.
atom Assuming that the muonium formation process is governed
The phenomenon of delayed muonium formatibiF) by 2 flrst-order_ kmgtlc equatlondpMP(t)z _d.nf*(t)
. . . . =\n,(t), wherex=1/7 is the characteristic formation rate,
described above is crucially dependent on the electron inter; ~— #

action with the environment through its influence on electronthe muonium amplitude has been shown to be

mobility. Thus DMF forms the basis of a new technitftier A
measurements of the electron mobillty in insulatorg®—38 AMUOCW- (7)
Dmy

and semiconductot$ ! on a microscopic scalé, can be

estimated whenever one can measure both the characteristic For a weak local electric fiel& the electron mobility be
time for Mu atom formation and the characteristic distances independent oE, and the charge drift velocity is given
between the stopped muon and its “last” radiolysis electronby
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0.10 3.2. Electron localization in orientational glass
> 0.09 g%)Q’QD N@w@;ﬁ N2 (exgp) Most of our understanding of electron transport in solids
‘aE“: 0.08 ® oo is modeled on nearly perfect crystalline materials, but even
£ in this limit disorder plays a crucial rof&.The most familiar
§ 0.07 phenomenon governing electron transport in disordered met-
£ 0.06 als is “Anderson localization:* the introduction of suffi-
2 -N ciently strong disorder into a metallic system causes spatial
g 005 \Eg.ip_*_*_ localization of electron states near the Fermi level and thus
= 0.04| m:gz};);aﬁzgg;}};ae—l) ————— drives a transition to an insulating state. In metals, however,
0.03 . . ! , electron—electron interactions dramatically modify the den-
0 10 20 30 40 50 sity of states at the Fermi level, leading to the formation of a
Magnetic field , G Coulomb pseudogé}’. To observe the effects of disorder on

. _ _ electron transport without the complications of electron—

FIG. 4. Magnetic field dependence of the muonium amplitudes-iN, at . .

T=20 K (circles and in -N, at T—59 K (stars. The smooth curves rep- eIect_ron. mtergcuons, one mus_t therefore study electron dy-

resent numerical calculations in the framework of a localized electron modeNamics in a disordered insulating h6t.

(see text Orientational glasses formed by random mixtures of mo-
lecular and atomic speci@soffer a unique opportunity for
such studies. One of the best-studied orientational glass sys-
tems is the N—Ar mixture®® Pure N, has two low-pressure

v=DeE. ®) crystalline forms, the hexagonal close-packédp high-

In the absence of an applied field, the electric field at a distemperature phase and the cuBia3 (fcc) low-temperature

tancer from the muon isE=e/er?, which can be integrated phase. Despite intrinsic geometrical frustration, pugeuN-

to give an expression for the Mu formation time: dergoes a first-order phase transition to the long-range peri-

R3 odic orientationally ordered phase below ,;=35.6 K; the
= € _ (9) high-temperaturg phase is orientationally disordered.
3eb, Solid (N,);_,Ar, is obtained by simply cooling liquid
mixtures, as nitrogen and argon are completely miscible. As
the Ar concentratiorx is increased, the hcp-to-fcc transition
temperature decreases. Above the critical Ar concentration
x.~0.23 the hcp lattice appears to be stable dowit +0.

Very near the muork: is large and, is no longer constant;
however, Eq(9) turns out to be a good approximation any-
way because is determined mainly by slow motion at large
distances in low electric fields. Expressidiis and(9) allow
one to estimate the electron mobiliby .

Figure 4 shows the magnetic field dependencAgf in
a-N, (circles and in 8-N, (stars. In 8-N, the estimate of 0.07 &

. > : B

the electron mobility fromu ™SR measurements using Egs. pure N &
(7) and(9) gives a value of the same order of magnitude as 0.06 B
that extracted by the time-of-flight technique. The dashed f#
curve shows numerical calculations according to Egjsand
(9) with the values of electron mobility determined from
TOF measurementsin a-N,. The experiment, however,
show thatAy, is field independenti.e., A>wy,), which
means that the Mu formation time is much shorter than ex-
pected from TOF measurements. Using Ef}.one can esti-
mate a lower limit for the electron mobility i-N,: bg
>100 cnts 'V 1—a value more than POtimes higher
than the electron mobility in3-N,. The discrepancy be-

0.05

0.04+ &

25% Ar @Sb ¢ <

0.03F ¢
q;b ¢ ®¢>®©® moo?

1 1 i 1

Muonium asymmetry
&
_B_
A4

0.16}- QOO © Cp0n O © 5O
oo &) . 9) p}a P
*

tween TOF andu* SR results ina-N, is probably due to > 0.14L 25%Ar @[“)
cracking of the crystal at the—g transition ofs-N,. The S 01a- a o T
TOF techniqué® which relies on electron drift over the mac- E ' 16% Ar & * b *
roscopic distances between electrodes, is inevitably sensitive 2 0.10r *

to crystal imperfections. We claim that the" SR technique, g 008F o Ak % * @

which involves microscopic characteristic distances, avoids 2 0.06F o

these difficulties. Such a high electron mobility suggests that 2 ¢ 4L 8 ®

the electron transport mechanismadnN, is fundamentally = 0.02 @08 "

different from that inB-N,. Probably the localization of ' p”rIEN2 . . 1
electrons does not occur im-N,, and Shockley’s delocal- 0 10 20 30 40 50
ized approximatiotf can be applied. A possible mechanism Temperature, K

for electron localization in3-N, may be interactions with _
the rotational modes of the Nmolecules—a scattering o > Temperature dependence of the muonitop, H~5G) and dia-
2 9 magnetic (bottom, H~100 G) signal amplitudes in pure solid nitrogen

mech_anism that is absent w-N, due to the orientational (squaresand solid (N), ,Ar, (circles:x=0.25; trianglesx=0.16: stars:
ordering of the molecules. x=0.09).
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0.18 this length scale at low temperature in the 0.25 mixture
@ 016 o Meex . . suggests that electrons are localized in an orientational
5 014 R - glass*
D X
E 012} *E K
§ 010k 4. CONCLUSIONS
00.08+ Recent studies on both quantum diffusion of muonium
< 0.06- . é 8 b Lk atoms and electron transport in condensed matter have dem-
20046 b ek **T onstrated the considerable power of muon spin relaxation
N 0021 % o ¥ * techniques for determination of the quantum state of these
N particles. The dynamics of neutral and charged particles is
0_10 8-6-4-2 0 2 4 6 8 10 basically governed by different mechanisms of localization
Electric field, kV/cm and delocalization.
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Exciton relaxation in KBr and CaF , at low temperature: molecular dynamics study
K. S. Song*
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The results of a molecular-dynamics simulation of exciton relaxation in several ionic crystals at
low temperature are reported. Both the lowest energy spin triplet and some of the low

lying hole excited states are allowed to relax for the purpose of studying the radiation defect
formation channels. The previously used semi-classical program has been modified to implement
the solution of Newton’s equations with a 0.48 fs time step. The relaxation of an exciton

localized on a single sitéas BP+ e or F°+ e, respectivelyis studied at 10 K in KBr and in CaF

In KBr the triplet self-trapped exciton leads to separated Frenkel pair in about 1-2 ps,

followed by slow oscillation of the hole center along ti6.0 axis. The defect pair created is
separated by about 10 @hird-nearest neighbprin Cak,, the relaxation reaches the

geometry of the nearest Frenkel pair, with the hole center oriented al¢hiflaaxis in about

0.3 ps at 10 K. However, at 80 K the system can undergo further relaxation into slightly

more distant defect pairs. When the hole is excited to higher levels, the molecular bond of the
hole center undergoes violent oscillations. In KBr, the hole center is found to form in the
second-nearest-neighbor position within about 0.5 ps. The species formed are, however, different
from the well-known primary radiation defects. A similar process is also observed in

CaF,. © 2003 American Institute of Physic§DOI: 10.1063/1.1614185

1. INTRODUCTION been published.n this work, a system of a hole and excited
o _ _ _ electron is allowed to relax for about 3 ps. The main results
In the ionic halides under study in this paper the topobtained are as follows. The localization of an excited elec-
valence band originates from the halogerorbital and is  tron at an anion site drives the relaxation process, resulting in
narrow (about 1 eV. The conduction bands are broad andine fast formation of an interstitial-vacancy pair in the anion
originate from several excited orbitals of both ions. The h°|esublattice(respectively known as thel center and theE
is quickly self-trapped in the form of a moleculariogand  centey. The spin triplet STE in KBr leads to a spatially sepa-
is stable at low temperature. When an exciton is created, it iSated Frenkel defect pair in about 12 ps, followed by slow

also_self-trapped. The nature of the self-trapped e)(CitorbsciIlation of the hole center along th&10 axis. The defect

(STE) in these ionic halides has been of great interest in parigair created is separated by about 1@t#ird-nearest neigh-
because of its role in the radiation defect creation protess

. . bor). In CaF,, the situation is qualitatively different due to
The low-temperature dynami€-center production is now . . o
_ . the different lattice structure and the coordination of atoms.
understood to be the result of strong axial relaxation of th

STE in alkali halides with the NaCl structure. This has beer(?rhe relaxation reaches the geometry of the nearest Frenkel

demonstrated by both static calculations of the STE structurgemCt pair, with the hole center oriented along 1) axis in

as well as by recent molecular-dynami@4D) studies. As about 0.3 ps at 10 K and 0.2 ps at 80 K._Hov_vever, at_80 K
for the alkaline earth fluoride$AEF), the early magnetic the system can undergo further relaxation into a slightly
resonance data clearly showed that the STE itself is a clodlOre distant defect pair, reoriented bY about 70°, L
F—H pair? with the hole center oriented along(L1) axis. We then present results of relaxation when the exciton is
There has been an ongoing debate about the possibi@ one of the low-lying hole excited states. In particular,
role of the hole excitation in the defect process. Experimenté/hen the hole is excited to a higher level, violent oscillations
have indicated that in the AEF stable Frenkel pairgll of the molecule bond of the hole center appear. In KBr, it is
separated paijsare created when the STE is excited in thefound that a set of three defects is formed:Facenter at an
hole absorption ban¥lA recent papérsuggested a similar @nion vacancy, &/ center(occupying two adjacent anion
process leading to even faster creation of Frenkel pairs igite9 at the second-nearest-neighbor site from the anion va-

NaCl-type crystals than by the dynamic channel. cancy, and an center(an interstitial Br ion close to th&

In this paper we present results recently obtained on thgentel. Depending on the rate of energy dissipation em-
possible channels of defect creation as a result of excitoRloyed in the MD simulation this process takes place very
relaxation in ionic halides of two different lattice structures: fast, within about 0.5 ps. The species formed are therefore
KBr and Cak. We first compare the relaxation of the different from the well-known primary radiation defedis
lowest-energy spin triplet STE state in the two materials angbair of Frenkel defecis A similar process takes place in
discuss the similarities and differences. The dynamic relax€ak resulting in the creation of the three defects mentioned
ation of the triplet STE in KBr and NaBr at 10 K has recently above. These results are compared with experimental data.

1063-777X/2003/29(9-10)/5/$24.00 754 © 2003 American Institute of Physics
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FIG. 1. MD results of exciton relaxation in KBat 10 K), with the hole in FIG. 2. MD results of exciton relaxation, with the hole in thg MO. The
the lowest-energyr, MO. The positions of the five Br atoms and the hole dissipation used: 0.75/3.

charge distributiorithe x coordinates on thé110) plane in A as functions

of time are shown.

2. METHOD nearest to the electron €000 moves off-center well before

The method is based on a semi-classical approach ¢he hole centefthe Br molecule ionforms; the hole center
excited defect study in insulating crystilsyhich has re- continues to move ahead, jumping from the first- to the
cently been modified for MD simulatiohThe details are second- and then to the third-nearest-neighbor position in
given in Refs. 5 and 6. At the beginning the perfect lattice inabout 2 ps. What is noteworthy is that even before a well-
the ground state is equilibrated at the specified temperaturéormed hole center is established, the electron seems to be in
In the present work the number of atoms included in the MDan F-centerlike state within about 0.5 ps. In fact, it is the
simulation varies between about 110 and 180, depending amansformation of the excited electron into Bncenter that
the system studied. This cluster is embedded in an infinitgrives the entire process of off-center relaxation.
lattice. The role of hole excited states in the exciton relax-  We present here two hole excited states212, which
ation is examined by keeping the hole in several moleculafs a7, state, and...21223, am, state. The time evolution of
obitals (MO): oy (...22222), my [(...222212 and  the relaxation of the Br atoms is shown for the state in
(...222123], and m, [(...221223 and (...212223]. The o, Fig. 2. It is obtained with 0.75/3. The hole is kept in thg
MO is the bonding, thery MO a nonbonding, and the, VO throughout the time shown. The main point is that ini-
MO an antibonding state. An excess electronic energy Ofig|ly the hole jumps around until it fixes between the Br
about 1-2 eV becomes available when the hole is in anoms a1110) and(220. The bond forms at around 0.5 ps.
antibonding MO. To prevent an excessive temperature NSQith faster dissipation 0.55/3 the hole center forms at the

associated with the small size of the MD cluster, a fixed rate_ geometry, but more slowly, after about 1.5 ps, and re-
of kinetic energy dissipation is implemented in the program, ains there for the duration of our study. The hole center

We found it reasonable to reduce the kinetic energy of al hus formed is, however, more like\ center(a Bf, occu-

atoms by a factor of 0.85 every 5 time stedgsignated as . . . - .
0.85/9 for the lowest triplet STE state and by 0.55/3 for the pying t\.NO anion sitesthan anH center(a Br, occupying
(%ne anion site

xcited hol . As will hown below, the r n ) -
excited hole states. As be shown below, the rate does no With the 7, state we observe a similar result. A stable

have an influence on the final range of the defect pair sepa- . .
ration, but will have an influence on the time scale of onse olg center forms at around 0.4 ps mdependgnt of the dissi-
of the final relaxation product pation rate. Although the hole center forms quite early at the

' second-nearest-neighbor position from the electron localized

3 RESULTS at an anion vacancy, there is no further diffusion toward a
o more distant position in any of our studies. It should be noted
3.1. STE relaxation in KBr that the created hole center is Hncenter in the case of the

As a reference we present in Fig. 1 the relaxation of thdowest energy STE, but is4, center when the hole is in an
triplet STE at 10 K obtained previous'?)A Frenkel-type free  excited state. As a result of this difference, the Br atom origi-
exciton (a Bi° with an electron in a diffuse orbital around it nally at(000) lingers around thé center and therefore be-
in an otherwise perfect latti¢és allowed to relax. The time comes anl center(interstitial anion, instead of moving to
evolution of thex coordinate of the five Br atoms as well as the next sitg110) as it does in Fig. 1. Figure 3 illustrates the
the position(the x coordinate of the center of gravity of the difference of the two types of relaxation in a more schematic
hole charge are shown. The main points are: the Br atorway.
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Hole in o, MO a

r Hole in 7, MO

FIG. 3. A schematic diagram showing the end products of exciton relax-
ation. With the hole in ther, MO, anH center is created at the fourth anion
site. With the hole kept at an excitet, MO, a V| center is formed by the
second and third Br atoms. The solid circles are Br atoms along1t@®

axis. The dumbbell suggests a hole center shared between two Br atoms.
The larger gray circle represents the excited electronftloenter.

3.2. STE relaxation in CaF ,

The situation in the fluorites is different from that in the
halides with the NaCl structure because of the differenc in
the lattice structure. The self-trapped hole is of the molecular
form, F,, as in the NaCl lattice. However, it is oriented
along a(100) axis. In 1975 it was determined from an opti-
cally detected ESR studyhat the STE is a pair consisting of
an F center at a fluoride ion site and &h center oriented
along the(111) direction. It was not possible to identify from
ESR alone which of the four possible orientations it actuaIIyF'G- 4. A view of the Cak lattice. The larger solid circles represent Ca

. Th tual orientati identified f atoms, while the smaller open circles are F atoms. A dumbbell represents the
was oceupying. € aclual orientation was identified fromy,, centera) The set of three gray F atoms are those taking part in the

. . . . 7 .
analysis of the zero-field splitting paramef2r’ This geom-  hole-center bonds) The relaxed STE neareBt-H pair formed after 0.2—
etry is shown in Fig. B. The present MD results were ob- 0.3 ps at 80 and 10 K, respectively) After further relaxation the hole

tained at 10 and 80 K. As the relaxation in the Géditice center is seen to migrate to a more distant site at 80 K.
involves both axial translation as well as rotations, it is not
possible to draw the time evolution of the principal F ions as
was done for KBr. Instead, we illustrate the final geometry ofdifferent starting states have been studied. In the first, an
the centers in a schematic way in Fig. 4. At 10 and 80 K theunrelaxed Frenkel-type exciton with a cluster of four F atoms
final relaxed structure is reached in about 0.2—-0.3 ps. Thig allowed to relax at 80 K. The MO at which the hole was
may be compared with the room-temperature value 0.69 pkept excited wasr, (2...1222. Within about 50 fs the hole
reported in Ref. 8. The geometry shown in Fidp ié pre-  center formed away from thE center as shown in Fig. 6.
cisely the same as deduced in Ref. 7. The resulting system consists of &ncenter(an electron at
We also observed that at 80 K the hole center can unf000), an | center (F at (0.5,0.5,0.5), and aV, center
dergo further bond changes into a larger electron—hole sepésrmed between the F atoms @tll) and (211). In the sec-
ration. This is shown in Fig. @ The dividing temperature ond case, the relaxed STE shown in Fig. gerved as the
seems to be around 40 K. Starting from a slightly differentstarting point and the hole was then brought to the saipe
set of F atoms to represent the hole center, it was possible {@...1222 MO. Again within about 50 fs after the hole exci-
induce migration of the hole center to a different configura-tation, the same set of defects as above was formed. We have
tion relative to theF center, shown in Fig. 5. studied also other sets Bf atoms with several different hole
We have studied the effect of hole excitation on the STEexcited states. Generally, a similar set of defects was created.
relaxation in Cak, similar to what we did in KBr. Two We found that under excitation of the hole center, similar
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FIG. 6. Relaxation of the exciton in Caft 80 K, with the hole staying in
the 7r, MO state.a) The set of four gray F atoms are those taking part in the
hole-center bondsh) The final relaxed defects reached after about 50 fs.
The centers are, respectively, &ncenter(large gray circlg an| center
(inside an unoccupied cupheand aV, center(represented by a dumbbgell

hole states, as has recently been discuésEue study of
higher excited states is intrinsically more complicated due to
the crowding of many states, of both electron and hole exci-
tation. Also their lifetimes are expected to be quite a bit
shorter than that of the triplet state which is typically be-
tween milliseconds and microseconds. The authors of Ref. 4
FIG. 5. Similgr to Fig. 4, with a different set of F atoms taking part in the argued that this excited hole-mediated channel would be
hole localization. . .

faster than the dynamic channel. Indeed, according to the

present study the hole excited state produces a second-

nearest-neighbor hole cent& V, centej within about 0.5
defect sets are created in both KBr and Calespite the ps, compared with the dynamic channel taking about 1.25 ps
difference in the lattice structure. In the fluorites the forma-(creating anH centej. There are, however, several aspects
tion of the | center was clearer than in KBr, due to the which present difficulties. First, in the “direct” channel the
presence of unoccupied body centers of the elementafyole center produced is not &t center but av, center.
cubes. The production of these centers in CaBs been Second, the electron localized on the anion site hasa Br
reported and therefore lends support to our work. very close by(refer to Figs. 2 and 3 aboyeand its energy is
raised as a result. Both are attributable to the excited hole
jumping to a distant site and forming a Bicenter, rather
than undergoing a sequence of bond switching as does the
triplet-state STE shown in Fig. 1.

The results of the molecular-dynamics study obtained for It should be noted that the monitoring of fast species
the lowest-energy triplet STE confirm the earlier static cal-creation is done by observing the rise of absorption of the
culations for both KBr and CaF However, it also gives the probe light corresponding to the center or the STE. From
time scale for relaxation to equilibrium starting from a local- Fig. 1 it appears that a relatively well-forméd center ap-
ized Frenkel-type exciton. The study of the relaxation of apears as soon as the first Br atom has reached the site of the
hole-excited STE produced quite novel results in both matenext anion site, taking barely 1 ps. It is therefore possible
rials. The main motivation of the present work was to exam-that the primitiveF center shows up as early as this. The
ine the possible channels Bf~H pair creation from excited off-center STE may appear at some later time. Because the

4. DISCUSSION



758 Low Temp. Phys. 29 (9-10), September—October 2003 K. S. Song

off-center STE and a well-separatéd-H pair are on the *E-mail: asong@physics.uottawa.ca
same adiabatic energy surface, it is not immediately clear
where the two species part in Fig. 1. In the ODMR study of
a correlatedF—H pair in KBr at 4 K, Meiseet al’® have  IR. T. williams, K. S. Song, W. L. Faust, and C. H. Leung, Phys. Rev. B
reported that stable pairs are mostly in the fourth-nearest33. 7232(192©|:b*<-g3§§§ng :ﬂd R. Z- gNi"iamSﬁe'f-TfaPped Excitons

: f pinger, Heidelbergl , Chs. 5 and 6.
neighbors. It is therefqre reasonable to argue that the nascenp’” ;" i w. Hayes, and M. N. Kabler, J. Phys8CL60 (1975.
F center appears earlier than the_STE by maybe about 1 ps ieir, Eshitaet al, Phys. Status Solidi B2, 489 (1984).
the dynamic channel. More studies are needed. It would béN. itoh and A. M. Stonehamlaterials Modification by Electronic Exci-
interesting to conduct an experiment monitoring the onset Ofsft'gn’s Camb”ggcehun"é PregﬁOJOJJF;hCh- Sc dens. MARA355(2001

_ . P : . _ .9..o0Nng an un-rRong Fu, J. ys.. conaens. .
the hole-center absorptlon, thereby distinguishingHheen . ®Chun-Rong Fu, L. F. Chen, and K. S. Song, J. Phys.: Condens. Matter
ter from theV, center which seem to separate the dynamic s517(1999.
channel from the “direct” channel. In both KBr and Cathe K. S. Song, C. H. Leung, and A. M. Spaeth, J. Phys.: Condens. Matter
resulting defects are rather similar under hole excitation.8§3237l_3_%990-'\/I relchiing. B T. Wil W E. Mathias. 3. Phve..
. g . s . . Linaner, M. relcnling, R. I. Willlams, an . Mattnias, J. ys.. Con-

They can be identified as dn center, an |nterst|t|allan|.on dens. Matterl3, 23392000,
(known as arl centey, and aV center. Such a combination °w, Hayes and R. F. Lambourn, J. Phys6Cl11 (1973.
of defects has been reported in AERhis has not been °W. Meise, U. Rogulis, F. K. Koschnik, K. S. Song, and J. M. Spaeth,
reported in alkali halides with the NaCl lattice. J. Phys.: Condens. Mattér 1801(1994.
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Heat transfer by low-frequency phonons and “diffusive” modes in cryocrystal solutions:
the Kr—Xe system

V. A. Konstantinov,* E. S. Orel, and V. P. Revyakin
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of Ukraine, 47 Lenin Ave., Kharkov 61103, Ukraine
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The temperature and volume dependences of the thermal conductivity of theXi€¢ solid

solution are analyzed in a model in which heat is transferred by low-frequency phonons; above the
phonon mobility edge this is done by “diffusive” modes migrating randomly from site to

site. The phonon mobility edge, is determined from the condition that the phonon mean free

path limited by umklapp processes and scattering on point defects cannot be smaller than
one-half the phonon wavelength. The Bridgman coefficggat—(JIn A/dIn V)t is the weighted

mean over these modes, whose volume dependences differ strongly. It is shown that the

amount of heat transferred by the “diffusive” modes above 100 K is quite large even in pure Kr
and it increases with rising temperature and impurity concentratior20@3 American

Institute of Physics.[DOI: 10.1063/1.1614186

INTRODUCTION mean free path cannot decrease infinifelp the present
The solidified inert gases Ar, Kr, and Xe are among theStUdy’ the temperature and volumg dependences of the ther-
. . . . . mal conductivity of the Ky_ .Xe, solid solution are analyzed
simplest objects in the physics of solids and are therefore _. :
o : : using the model mentioned above.
used traditionally for comparison of experimental and calcu-
lated datd. At temperatures close to or above the Debye
temperature T=0p) the thermal conductivity of perfect
crystals is determined solely by phonon—phonon scatterinyyODEL
and it is expected to follow the law o 1/T (Ref. 2. To obey
the law, the volume of the crystal should remain invariable,
because the modes would otherwise change and so would tf
temperature dependence of the thermal conductivity. K
. . . . B @p
However, isochoric studies of the thermal conductivity A= > ZJ (0)w’do, 2
of heavy solid inert gases show a considerable deviation 2mveJo
from the above dependence due to the approach of the th%-h . L
L . . rev is th nd veloci is the D fr n
mal conductivity to its lower limif:®> The concept of the erev is the sound velocityiwp is the Debye frequency

. - (wp= (67?3 /a); |(w) is the phonon mean free path de-
lower "”7" of the thermal c_on;luctlwty proceeds from the_ termined by the U-processes and by scattering on point de-
assumption that all the excitations are weakly localized i

We use Debye’s expression for the thermal
gnductivity >+t

regions whose sizes are half the wavelenyt, As a result, ects:
the excitations can hop from site to site through thermal  [(w)=(I *(w)+]; Yw)) "% 3)
diffusion® In this case the lower limit of thermal conductiv-
ity A, Of the lattice afT=® can be written as: The phonon mean free paths corresponding to each
1/ o3 mechanism of scattering are describefi'&3!
Aminzz(g an2/3(UI+ZUt)- (1) 1873 kB)’Z
l(@)=v/A0*T, A= — ; 4

wherev, and v, are the longitudinal and transverse sound V2 Mﬁzw%
velocities,n=1/a% is the number of atoms per unit volume, -
andkg is Boltzmann’s constant. _ 4 o °TL

Further studies of heat transfer in the solid solutions li(@)=v/Bo", B_ﬁ’ ©

Kri_(CH,), (0<é<1)" and Kr,_ :Xe, (0<¢<0.14) have ) _
detected a gradual change from the thermal conductivityvhere the Groeisen parametey=—(JIn@p/dInV)r, M is
typical of a perfect crystal to the lower limit of the thermal the average atomic weight of the solution:
conductivity A i, as the crystal becomes increasingly disor- M=(1—EMy,+EMye; a=(1—§&)ay, + Eaye.

dered. More recently the volume dependence of the thermal With allowance for the difference\M between the
conductivity of the Ki_ /(CH,), solid solution was analyzed atomic (moleculaj masses of the impurity and the matrix
in the framework of a model which assumes that the phonoind the lattice dilatation, the coefficieRtcan be written ds

1063-777X/2003/29(9-10)/4/$24.00 759 © 2003 American Institute of Physics
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AM  Aa\?
F=¢1-8| —+6y—| , (6) 3.0}
M a
— o v
whereAM=M —My,; Aa=a—aye. T-EQO_
Expression(3) is not valid if I(w) is of the order of G
one-half the phonon wavelengity2= mv/w or smaller. A =
similar situation was considered previously for the case of E~1.0'
U-processes alone.Let us assume that in the general case | ¢ e
v/(Aw’T+Bw?), O=<w<wg, 0 e . .
[(w)= (7) 80 120 160
amvlwo=aN?2, wiy<w<wp, T K

where @ is a numerical coefficient of th? o.rder Of. unity. FiG, 1. Fitting results for the isochoric thermal conductivity and calculated
There is evidence that the loffe—Regel criterion, which sug+elative contributions of low-frequency phonons and “diffusive” modes to
gests localization, is not applicable for a phonon fasev-  the thermal conductivity of pure Kimolar volume is 28.5 cffmole).
ertheless, we will refer to the excitations whose frequencies

are above the phonon mobility edg®, as “localized” or
“diffusive.” Since completely localized states do not contrib-

ute to the thermal conductivity, we assume that the localiza-
tion is weak and the excitations can hop from site to site

diffusively, as was suggested by Cahill and Pdfihe fre-
guencywg can be found from the condition

v/ (Aw3T+Bwg)=amvl vy, (8
1

3 3
as wg=—————x[ V1+Vy1+tu+V1i-+y1+u], (9
o=yl Y Vi-\1+ul, (9

where the dimensionless parameteis
_ 4aPm AT 10
“om (10

If wg>wp, the mean free path of all the modes excee@s
and atT=0p we obtain the well-known expressitn

kg

= -

1 B
————arctan — wp .
JATB AT™P

At wo<wp the thermal conductivity integral separates
into two parts, describing the contributions to heat transfer

from the low-frequency phonons and the “diffusive” high-

frequency modes:
A:Aph+ AlOC' (12)

In the high-temperature limitT{=0p) these contributions
are:

2720 JATB VAT @0
akB
Ioc:m(w%_wg)- (14

Aph A
=1 Gprt 1 Gioc (16)
where
ﬁlnAph 5
=—|——| =29+
Jph NV . YTq
B
VAT “° 1
+ Yotd— 3/
B B 3
1+ A—ng arctam\/ — wq
17
AN Aje 1 2 5
g'oc—‘( TNV S AL h
— w570, (18)
alnwo U1/3 3
=— —y+ {1+ Vi+u
dInV T 6\/1+U
—3/1-V1+u](6y+6q-2). (19

RESULTS AND DISCUSSION

The isochoric thermal conductivity of the KrgXe, (&
=0.034, 0.072, 0.14solid solution was studied on samples
of different densities in the interval of temperatures from 80
K to the onset of melting. The choice of the system, concen-
trations, and temperature interval was dictated by the follow-
ing.

The phase diagram of the Kr.Xe; solid solution is
well known* The liquid and solid phases have a point of
equal concentrations at 114.1 K age-0.15. Between 75
and 114 K the components form an fcc solid solution for all

The dependence of the thermal conductivity on the specifingzo_ When samples are grown with a temperature gra-

volume is characterized by the Bridgman coefficight:

g=—(dInAldInV):. (15

Taking into account thatdln A/dIn V);=3y+2q—2//3,
where g=(dIny/dInV)y, and that ¢InB/dInV);=3y [as
follows from Egs.(4), (5)] and @ InT/9In V);=~0, we have:

dient along the measuring cell, the solid solution can become
layered att>0.15. The highest Xe concentration was there-
fore limited to 14%.

The isochoric thermal conductivities of pure Kr and the
Kr;_ ¢ Xe; solution, for which the isochoric condition comes
into play at 80 K are shown in Figs. 1<#lack squares The
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3.0 1.5
£=0.034 A\ £=0.14
yT! /A - '\"\.*. - _
= 2.0r -\\\*‘_‘ %{1_0 I —————— /
g Amin = \ Amin
> i t © Ao
g =
~1.0F ___.,::::Z:-..:.:.: v eSS ;;-. E 0.5 L
S Apg < }\ph
T — et
Aph ..............................
T 120 160 S 120 160
T, K T K

FIG. 2. Fitting results for the isochoric thermal conductivity and calculatedFIG. 4. Fitting results for the isochoric thermal conductivity and calculated
relative contributions of low-frequency phonons and “diffusive” modes to relative contributions of mobile low-frequency phonons and “diffusive”
the thermal conductivity of the Kr ;Xe; (£=0.034) solid solutior(molar  modes to the thermal conductivity of the KiXe, (¢=0.14) solid solution
volume is 29.1 crifmole). (molar volume is 29.8 citmole).

computer fitting of thermal conductivity using Egel2)—  ture and the impurity concentration increase, so does the
(14) was performed by the least-squares method, varying theamount of heat transferred by the “diffusive” modes. Ror
coefficientsA anda. The parameters of the Debye model for =0.14 (see Fig. 4 practically all the heat af= 0, is trans-
thermal conductivity used in the fittifg andv (Refs. 1, 14  ferred by the “diffusive” modes. The lower limit of thermal
and the coefficientd™ calculated by Eq(6)] and the fitted conductivity found by fitting is 1.1-1.2 times higher than
values ofA and« are listed in Table | along with the Bridg- A, calculated by Eq(1).
man coefficients obtained in the experiment and calculated As is seen in Table |, the experimental and calculated
by Egs.(16)—(19). The calculation was done using the valuesBridgman coefficients are in fairly good agreement if one
y=2.5 andg=1.1 notes that the value df is estimated with large uncertainty
The fitting results are shown in Figs. 1«dolid lines.  and the model disregards phonon dispersion and the real den-
The same figures show the contributididesh-dot linesto sty of states. The temperature dependence of the Bridgman
the thermal conductivity from the low-frequency phonons,coefficientsg= —(JIn A/dIn V) of the Kr,_Xe; solid so-
A, and from the “diffusive” modesA .. The dotted line  lution calculated by Eq€16)—(19) is shown in Fig. 5. Equa-
in the figures indicate the lower limits of the thermal con-tions (16)—(19) describe the general tendency of the Bridg-
ductivity A i, which were obtained as asymptotes of theman coefficientg to decrease as the crystal becomes
A(T) dependence af— . increasingly disordered and most of the heat transferred by
It is seen in Fig. 1 that in pure Kr the “localization” of the “diffusive” modes.
the high-frequency modes starts above 90 K. As the tempera-
ture rises, the amount of heat transferred by the “diffusive” concLusioNs

modes increases, and at 160 K it becomes equal to the heat
transferred by the low-frequency phonons. In the solution e have shown that the temperature and volume depen-

with £=0.034 (see Fig. 2 the “localization” of the high- ~dences of the thermal conductivity of the ;KgXe, (&
frequency modes starts at 30 K, and above 100 K most of th&* 0.14) solid solution can be described in the framework of

heat is transferred by the “diffusive” modes. As the tempera-@ model in which heat is transferred by low-frequency
phonons; above the phonon mobility edge, heat is transferred

by the “diffusive” modes migrating randomly from site to

20 site. The phonon mobility edge, is found from the condi-
A £=0.072 tion that the phonon mean free path determined by the um-
T \
T! 15F \_‘__‘__'_.
g i TABLE |. Parameters of the Debye model for thermal conductivity used in
=40k 7 \ A the fitting: a, v, andI’, obtained through fittind\ and «; the calculatedyy,
c Aloc min and experimentag.,, Bridgman coefficients.
< -8 ~16
A a10 v, A-10
I . ph , s ,
0.5 Treeel L / & r o gexp n
.................... cm km /s s/K
0 8'0 1é0 1é0 0 3.62 0.86 0 3.1 1.2 9.4 9.2
T, K 0.034 | 3.64 0.86 0.1 3.8 1.2 8.0 5.7
FIG.'3. Fitting re;ults for the i_sochoric thermal conductivity and cglcu_lated 0072 | 365 | 0.87 | 0.19 6.4 192 55 46
relative contributions of mobile low-frequency phonons and “diffusive”
modes to the thermal conductivity of the Kr.Xe, (§=0.072) solid solu- 014 | 367 | 087 | 029 9.8 i1 4.0 38
tion (molar volume is 29.4 ciimole).
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Quantum effects in the thermal conductivity of solid krypton—methane solutions
A. I. Krivchikov,* B. Ya. Gorodilov, V. G. Manzhelii, and V. V. Dudkin

B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences
of Ukraine, 47 Lenin Ave., Kharkov 61103, Ukraine
Fiz. Nizk. Temp.29, 1012—-1017%September—October 2003

The dynamic interaction of a quantum rotor with its crystalline environment has been studied
by measurement of the thermal conductivity of thg K{CH,). solid solutions at

=0.05-0.75 in the temperature region 2—40 K. The thermal resistance of the solutions was
mainly determined by the resonance scattering of phonons gm@itecules with the nuclear spin
I =1 (the nuclear spin of th& species The influence of the nuclear spin conversion on the
temperature dependence of the thermal conductix({fy) leads to a well-defined minimum on
x(T). The temperature of the minimum depends on the, €éhcentration. It was shown

that the nonmonotonic increase of the anisotropic molecular field with thedBGhcentration is
caused by a compensation effect due to corrections in the mutual orientations of the
neighboring rotors at >0.5. The temperature dependence oy K(CH,). is described within
the Debye model of thermal conductivity taking into account the lower limit of the phonon
mean free path. It is shown that phonon-rotation coupling is responsible for the anomalous
temperature dependence of the thermal resistance at varying temperature. It increases
strongly when the quantum character of the Gbitation at low temperatures changes to a
classical one at high temperatures. A thermal conductivity juagharp increase ir(T) within

a narrow temperature rangeas also observed. The temperature position of the jump

varies from 9.7 to 8.4 K when the GHoncentration changes from 0.25 to 0.45.2003
American Institute of Physics[DOI: 10.1063/1.1614187

Owing to the high symmetry of the GHnolecule and to The Kr;_.(CH,). solid solutions are the most suitable
the arrangement of light H atoms at its periphery, the rotatiorobjects on which to investigate the behavior of weakly hin-
of CH, molecules in some condensed media is nearly freelered rotors in the crystal. Because of the spherical symme-
even at low temperatures. In this case the energy spectrum tfy of Kr atoms and the close Lennard-Jones potential param-
rotation is essentially dependent on the total nuclear spin ofters of methane and krypton, the rotation of Ghblecules
the rotating molecule5The equilibrium concentration of the is weakly hindered; no significant dilatation occurs in the
three possible nuclear spin species of CHamely, theA, solid solution lattice, and the mutual solubility of the com-
T, andE species with the total nuclear spins of the protonsponents in the solid phase is high<@<0.8). The high
1=2,1,0, is determined by the temperature and by the symsymmetry of the fcc lattice of the solution makes the inter-
metry of the potential field in which the GHmolecule is  pretation of the results much easier. This system permits us
found in the condensed medium. The relaxation time taken tto investigate both the PRC effect on the thermal conductiv-
bring the spin species to the equilibrium concentration indty and the anisotopic interaction within the rotor system,
creases with decreasing temperatuféhe experimental in- which manifests itself in the thermal conductivity.
vestigation at low temperatures should therefore take into  As previous studiés of the thermal conductivity of non-
account the real concentration of tAe T, andE species and concentrated ClH-Kr solutions €¢<5%) have shown, the
the rate of their mutual transformatidthe rate of spin con- noninteracting T-species molecules are centers of strong
version). The dynamics of the rotational motion and spinresonance scattering of phonons. The conversion effect on
conversion have been studied in detail in different phases dhe temperature dependence of the thermal conductivity of
solid CH, (Refs. 3 and #and in nonconcentrated solid so- the solid solution was also examined.
lutions of CH, in Ar, Kr, and Xe crystals™! The goal of this study is to investigate the PRC effect on

A freely rotating molecule does not interact with the sur-the thermal conductivity of concentrated GHKr solid so-
roundings. In the real situation, however, even weak anisolutions in which the CH subsystem can be considered as an
tropic interactions are important when we consider certairensemble of rotors interacting with one another and with the
properties of condensed phases containing rotatingranslational lattice vibrations.
moleculest? The rotor—lattice interaction in solids is referred The thermal conductivity of the Kr .(CH,). solid so-
to as a phonon-rotation couplif@RQ. It is precisely the lution (c=0.05, 0.10, 0.25, 0.45, 0.Y%as measured in the
PRC that is responsible for the equilibrium of the transla-interval 2—40 K using the steady-state technique. The mea-
tional lattice vibrations and the rotation of the molecules.suring cell configuration and the technique of thermal con-
The PRC can, in particular, affect the thermal ductivity measurement are described in Ref. 16. The samples
conductivity*>~*® In turn, the thermal conductivity can be were grown in a cylindrical stainless steel cell 38 mm long
used as a tool to study the PRC. and 4.5 mm in inner diameter by crystallization of the liquid

1063-777X/2003/29(9-10)/5/$24.00 763 © 2003 American Institute of Physics
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solution at the equilibrium vapor pressure. The growth rate
was 0.07 mm/min. The rate of cooling of the sample to the
temperaturel =40 K at which the measurement of the tem-
perature dependence of the thermal conductivity was started
was 0.15 K/min. During the cooling of the sample, a tem-
perature gradient of 0.18 K/min along the cell was main-
tained. The technique of sample preparation with the small-
est possible contents of structural defe@sain boundaries
and dislocationswas optimized in the process of growing
the polycrystalline samples and measurement of the thermal
conductivity of pure krypton. The quality of the Kr sample
could be judged from the value of the phonon maximum in
the thermal conductivity. In our experiment we used krypton
of natural isotopic composition, its purity being 99.94%.
The Kr gas contained the following impurities;N0.046%,
Ar—0.012%, and @<0.0005%. The chemical purity of the
methane was 99.99%. The ¢ldontained 0.005% N The

O, impurity was below 0.0001%. The absolute error of the
thermal conductivity coefficient was within 10% below 15 K
and 20% above 15 K. In addition, the temperature depen-
dence of the thermal conductivig(T) atc=0.05 was mea-
sured to test our previously published restits.

The measured thermal conductivities of the
Kri_<(CHj,). solutions are shown in Fig. 1. The difference
between the present results and the results of Ref. 15 at
=0.05 is within the experimental error. Figure 2 shows good
agreement of ouk(T) curves atc=0.75 and published data
on the thermal conductivity of this solutibhat c=0.66 and
also with the theoretical dependengéT) of the minimum
thermal conductivity of solid kryptoff

The x(T) dependences taken at different £Ebncen-
trations have two distinct features:a minimum in the ther-
mal conductivity curve in the interval 4-10 K, and &
sharp changgump) of the thermal conductivity to the right
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FIG. 1. The thermal conductivity of solutions Kr.(CH,). as a function of
temperature for various GHoncentrations: 0.05 (@); 0.10 (b); 0.25 (c);
0.45 d); 0.75 (e). The symbols] and |, respectively, indicate the tem-

of the temperature minimum. The positions of the features operature values of the minimum and jump of the thermal conductivity

the temperature scale are dependent on the Giicentra-
tion (see Table)l The temperatures of the minimunf ;)
and of the jump T,) decrease as the concentration is in-

curves.

creased to 0.45 and then increase on further concentratidffrature dependence of the thermal conductivity can usually

growth. The minimum in thec(T) curve is a manifestation
of resonance phonon scattering by rotational excitations
the T-CH, molecules.

The results obtained show that on a further increase in
the concentration, the dip of the(T) curve observed in
dilute solutions'® in particular atc=0.05, transforms into a
minimum in concentrated solutions.

x(T)=

kgT3

2a%h3s

be described by the Debye model for an isotropic solid,
0\fvhich ignores the difference between the phonon modes of
different polarization:

)

e/T h
0 e

wherekg is Boltzmann’s constant; is Planck’s constan®)

x*e™*

€y

In the general case, the thermal conductivity of theis the Debye temperaturs, is the mean sound velocity,
Kr;_(CHy). solution is determined by the spin conversion = w/kgT, and 7(x) is the effective relaxation time of the

and some processes of phonon scatteringhé PRC be-
tween the translational lattice vibrations and the ,QHtor

phonons involved in the scattering. The temk/kgTXx is
introduced into Eq(1) to limit the thermal conductivity at

ensemble; ji the Rayleigh scattering due to the different Kr high temperatures where the wavelength of the phonons be-

and CH, masses; il phonon—phonon scattering,) igcatter-

comes equal to half the lattice parametidre limit was pro-

ing by structural defects. Among the above mechanisms, thposed by Cahill, Watson, and P&hl The normal phonon—
PRC scattering is the most difficult to describe theoreticallyphonon processes in Kr, GH and their solutions are not
Below we present the procedure of separating the PRGntensive and can therefore be ignoféd’*° The inverse
related contribution from the total thermal resistance of therelaxation time(relaxation ratg 7~ *(w, T) is a sum of relax-

solution.

ation times for all resistive processes of phonon scattering:

The basic mechanisms of phonon scattering in inert gas(,l (three-phonon U-process)es:-,;l (by the boundaries
crystals of Ar, Kr, and Xe are well known, and commonly 7, (by dislocation T,;;'ybigh (by point defects and 7,,;
accepted expressions describing them are available. The terby the rotational states of the GHinoleculs:
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1 2 TABLE II. The values used to calculate the thermal conductivity by the
0 E Debye model. Parametefgc)/A(0) andb for the phonon—phonon mecha-
- Kr. (CH ) nism and the parametét for the Rayleigh scattering mechanism.
i 1-c 4'c
— 3
101 L M, |y, | e, s, T, A0
E oot [4 mol B A0) b
y .® '.. Kr g/ mol K m/s 109
i . * e, 0 83.8 [ 2713 | 71.7 | 856.9 0 1 16
10° “.

0.05 80.4 | 27.41 | 72.6 | 870.6 | 0.546 | 0.995 16

—_ c=0.05 ¢
X r “‘A MAAAA A A A .
. S 0.10 | 77.0 | 27.69 | 73.5 | 884.4 | 1.084 | 0.990 ! 16
E 107k 60 0 _2 Ceeeee
= 3 \ 0.25 | 66.8 | 28.54 | 76.9 | 934.7 | 2.616 | 0.985 | 16
g E
2 C 045 | 53.3 | 29.66 | 83.4 | 1027 | 4.265 | 1.001 | 16
" 10'2 = c=0.66 0.75 | 33.0 {31.34 ]| 101 | 1269 | 4.726 [ 1.107 | 16
3L -1
10 3 Tgis(w)=Dw,
whereD is a parameter that depends on the dislocation den-
10—4 Ll Co ol . sity. The fitting parameters for the above three mechanisms
1 10 100 were found using measured data on the thermal conductivity
Temperature, K of pure Kr®® The variation of these quantities was assumed
negligible even in concentrated Kr.(CH,). solutions.
FIG. 2. Thermal conductivity Kr_.(CH,). for various CH concentrations Since the masses of Kr atoms and LHO'GCU'GS are

c: 0 (pure Kn; 0.05%°0.66%7 0.75(the present dajaThe solid curve is the
calculated® temperature dependence of the limiting minimum value of
kmin(T) for the case of pure Kr.

different, the relaxation rate for scattering by point defects is
expressed as

el w)= L
Y, T)= TGl(w,T) + Tgl+ T&g(w) + 7§§yleigr{“’) Rayleig Ams®
+7. 1w, T). (2) whereI'=c(1—c)(AM/M)? AM is the mass difference
] ) between the pure components of the solution, nds the
For the U-processes the relaxation rate is: unit cell volume. The values are presented in Table II. The
lel(w,T)=Aw2T exp(—b/T), changes in the force constants and the dilatation near the

. . impurity center were neglected because the interaction pa-
Wh?feAwﬁyz/(MSZ@), v is the Grwneisen parameter, and ameters are close for Kr atoms and Cidolecules:
M is the mean mass of the particles of the flti;bstance. The  There is no commonly accepted expression for the relax-
fitting parameters5 for pure KrA=4.41x10"s/K, b aiion rater ! describing the PRC mechanism. The general
=16 K, were used”M, s, b, and the relative variation #  ppc regularities can be established through separation from

as a function of the Clconcentration are given in Table Il. e total thermal resistance of the contributions correspond-

For boundary scattering the relaxation rate is: ing to different mechanisms of scattering. The excess thermal
7.51: sll, resistance in Kr_.(CH,). can be found from the experimen-
, tal thermal conductivities of the solution and pure Kr as
wherel is the phonon mean free path. AW(T)=W(T) =W, (T), where W(T)=1/«(T). To illus-

For scattering on dislocations the relaxation rate is:  {r4te the separation of the thermal resistance contributions,
Fig. 3 shows the temperature dependenca\df/ Wy, for ¢
TABLE |. Parameters characterizing the behavior of the thermal conductiv-=0.45. There is a considerable contribution of the,@hrbl-
ity of Kry_o(CH,).. Symbols: T, and T, are the temperatures of the ecules to the total thermal resistance. At helium temperatures
minimum and jump, respectively ., is the value of the thermal conduc- A\WN is over an order of magnitude h|ghe|’ thmr . The
tivity at Trjp, Axg is the change of the thermal conductivity, and ratin AW/W,, decreases with increasing temperature. It is
AW, /AW is the change of the relative thermal resistivityTat (AW, h T ible t te the PRC-ind d trib ' )
andAW;,, are the values ah W, determined by extrapolation @fW,q(T) .owever, ImpOSSI € 10 Separaie ine In L!CG contri _u
from the left and right of, , respectively. tion AW, directly from the excess thermal resistance. This
can be done using the expression

T K Km,l, T K Ak , %

€ % min’ W/ (m-K) a’ W/ (m-K) AWI:Bt AWI’O'[(T):W(T)_Wcak,(T)i

sl 831031 0314002 B B B yvhereWca|C(T) is the dependence obtained by ED). taking
into account all the scattering mechanisms included in the

101 7.6+03 01330004 | — - - sum of Eq.(2) except for the PRC mechanism.

25 6.9=0.3 | 0.081 £0.003 | 9.7 £0.2 {0.025 + 0.006| 1.25 The dependenc®/.,{ T) was calculated taking into ac-

45| 47502 | 004320002 | 82202 0015+ 0.004| 1.25 count that the_Debye te_mperatu(e)sof the pure components
Kr and CH, differ considerably(see Table ). As the con-

75165402 1004340002 ] 85+02 0016+ 0002 125 centration changes from 0 to 1, the Debye temperature in-
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FIG. 3. The excess thermal resistana®V(T)=W(T)—W(T) for c 0O 5 10 15 20 25 30 35 40 45
=0.45, divided by the thermal resistance of pure Kr, as a function of tem- Temperature, K
perature. ,

FIG. 4. The thermal resistancAW,,, due to PRC mechanism in the
Kr,_¢(CHy). solution as a function of temperature for various concentra-

creases from 71.7 to 140 % while the mean massl de-  tons of CH;, ¢ 0.05 @); 0.10 ®); 0.25 (¢); 0.45 @); 0.75 (€). The
) ’ arrows] and | indicate the temperature of the maximum and the jump of

creases from 83.8 to 16. For a concentrated soluflbBaAN e thermal resistance.
be estimated roughly as a function of ¢Eoncentratiorf*

d
A(c)=0 Vi |7 M (3)  the T-CH, molecules’® The decrease in the thermal resis-
(O=9%\ Vo)) Vo | |
tanceA W, with decreasing temperature observed to the left
whereV is the molar VOIumeM(C)=(1—C)MKr+CMCH4, of the maximum occurs because the numbeT aholecules

V(c)=(1—c)Vy+CVey. , andd is a parameter equal to the decreases with decreasing temperature due tdthé\ spin
4 conversion. The conversion is more intensive in the system

of interacting rotors! where it leads to an equilibrium dis-
tribution of the CH species in the investigated temperature
interval forc>10%. In the system of noninteracting rotors
at c<10% andT<5 K, the curveAW,,(T) is observed to
rise as the temperature decreases. The increase can be ex-
B s plained_l_)y _assuming that the-CH, concentra_tion exceeds
s= W(C)V(C) : the equilibrium value and does not change with temperature.
A In the low-temperature intervd2—10 K) the molecules
whereN, is Avogadro’s number. Values &f, ©, ands for  in the solutions studied have a well-structured rotational
differentc are listed in Table II. spectrum with slightly broadened energy levels for both non-
The curvesAW,,(T) describing the PRC-induced ther- interacting molecules and the interacting rotor systefise
mal resistance are shown in Fig. 4 for different tdncen-  finite width of the energy levels is determined by the poten-
trations. tial field in which the CH molecules are located and by the
The concentration dependence A&V, is nonmono- interaction between the CHrotation and the phonons.
tonic. A change in the concentration from 0.05 to 0.45 lead#Above 10 K the energy levels broaden because the interac-
to an increase in the thermal resistance. A further increase ition of the CH, rotation with translational lattice vibrations
¢ from 0.45 to 0.75 has practically no effect &W,,;. The  becomes more intensive. In this temperature region we can
nonmonotonic dependendaV,(T) describes the PRC evo- observe smeared energy levels, which suggests growth of the
lution in the system of interacting rotors with temperature.PRC with rising temperature.
The dependenceAW,,(T) has two maxima: a low- Another feature of th W,,(T) behavior is a jump in a
temperature maximum in the temperature region of the orinarrow temperature intervéd 25% increasewith decreas-
entationally disordered phase with a frozen orientational dising temperature. The relative change in the thermal resis-
order, and a maximum in the dynamic disorder pHfasethe  tance at the temperature of the jump is independent of the
whole interval of temperatureAW,,(T) is determined by CH, concentration.
resonance phonon scattering by the rotational excitations of A possible reason for the jump may be connected with

Gruneisen constant for isotopic solutions. THevalue for
Kr;_.(CH,). was found by the substitution @(c), V(c),
andM(c) in Eq. (3) with the corresponding values obtained
for pure solid CH. The sound velocitys was calculated
using®(c) andV(c):
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Role of the orientational subsystem in the expansion of pure SF 6, CHCI3, CgHg, CCl,,
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The linear expansion coefficients of solid bulk samples gDNvith 5% Kr impurity are

measured by an absolute dilatometric method in comparison with py@eifNthe temperature

range 80—150 K. An additional unusual orientational effect is discussed. An analysis of

the data from measurements of the linear expansion coefficients of pure sglicC8El;, CgHg,

and CC}, in comparison with solid Xe in the temperature range 80—170 K is carried out in

order to determine the role of molecules’ orientational disordering in the thermal expansion of the
given condensed systems. The results are discussed in connection with the problem of
determining the contribution of orientational subsystems with different types of molecular
symmetry to the total thermal expansion and its behavior in various temperature intervals of solid
phase existence. @003 American Institute of Physic§DOI: 10.1063/1.1614188

INTRODUCTION in diameter and 10 cm long, each grown from the gas, and

As compared to solidified rare gases, molecular crystalgISO two samples of C.Q’J three samples_, of CHgJ and wo
have a more complicated character of the interaction betwee%""mple_S Of_ . obtal_ned from the liquid. T.h € t_otal erroroof
molecules on account of the existence of angular evolutiongeterm'na,tlon of the linear thermal expansion 1 10_15./0'
of the orientational subsystem and also fluctuational intramo- Thg high-temperatur@ phase of solid S¢has a Cu.blc
lecular oscillations. In the analysis of crystal lattice dynamicsbCC lattice of space symmettj3m (Refs. 2-9. The exis-

the last factors can rather often be negletteetause of the te|r|1.ce reglo? gf the phase ;‘Zg)fiord'gawy Ia;]rge: the crys-
significantly larger energy of bonding in a molecule as com-allization of Sk occurs at 4 K, and the phase transition

pared to the energy of sublimatidd. This allows one to lowering the symmetry of the translational and orientational

simplify the analysis and to concentrate attention on the peSUPSystéms of the crystal does not occur until 94.3 K. The

culiarities of the interaction between the collective transla-Nteraction between the nearest neighbors in the bcc phase

tional excitations(phonon3 and the orientational molecular (€NdS to order the molecules so that their S—F bonds lie along
motions. the {100 direction, and in the interaction with the next-

Depending on the molecular symmetry and temperaturé",'eareSt_ neighbors a repulsion between the fluorin_e a'.con?s
the orientational excitations in molecular crystals can hav@'edominates. The data from recent structural studies indi-
the collective character of wavetibrons or even almost Cat€ a strict orientational order in §Bbove the phase tran-
free rotation of separate molecules. In some molecular crys3ition temperature. This makes gifferent from such plas-
tals (N,O, CO,, CHCL) the anisotropic interaction is so Uc crystals as Cll, CCl;, adamantane, etc., in which the
strong that the crystal melts before complete orientationafi€struction of the long-range order occurs immediately after
disordering occurs. When diluted by simple atomic particledn® Phase transition. The intensive growth of processes of
of nearly the same size, such systems often can behave inP4€ntational disordering in $Fbegins only at temperatures
rather unusual way. On the other hand, there still exist rathe?P0V€ 150 K and is of a dynamic nature. The; Stolecule
complicated problems in understanding of the temperaturf@S octahedral symmetry, which means a spherical rotator
dependence of the thermal properties for many pure molecVith three perpendicular principal axes. The ¢@lolecule
lar crystals. This paper is devoted to further study of highIS @S0 highly symmetri¢tetrahedral and is a spherical ro-

temperature behavior of the linear expansion of moleculaftor with nonperpendicular principal axes. As opposed to
crystals with different symmetry of the particles. this, the CHCY and GHe molecules are less symmetrical
objects. The first have an even nonzero dipole moment. They

are both only symmetricalnot spherical rotators. For this
reason there will be larger barriers impeding rotation.

The studies of the thermal expansion coefficients of solid ~ The contribution of rotary motion to the thermal expan-
Sk, CHCl;, CCl, and GHg were carried out in an interval sion can be appraised by a comparison of the corresponding
of temperatures 85-170 K on an optical laser Michelsomproperties of molecular crystals and solidified rare gases. The
interferometric dilatometer. We measured the linear thermaproperties of the latter are connected only with translational
expansion coefficients for four samples of solidgSB mm  motion of the molecules, without rotations. To allocate the

MAIN PART
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point temperaturel,=209.5 K* The noncentral forces in
CHCI; crystals are great. The orientational order is main-
tained up to the melting temperature, and the rotary motion
constitutes librations. The reorientation frequencies do not
exceed 16 per second®®

As can be seen from Fig. 1, for the asymmetrical chlo-
roform molecules, with a nonzero dipole moment in the low-
temperature region, the additional effect is absent, as is indi-
cated by the insignificant increase of the libration amplitude
with the temperature. However, with further increase in tem-

oE, J/(mol-K)

0 I I perature we have a stronger dependence of the thermal ex-
0.3 0.5 0.7 0.9 pansion of CHCJ crystals in reduced coordinates. This can
/T be seen from a comparison with solid GClwhich has a

FIG. 1. Temperature dependence of the linear expansion coefficidiols ~ C€ntral interaction of about the same value but a lower rotary
solid Sk, CHCL, CgHg, and CC} in reduced coordinates, whekeis the  barrier. This last circumstance indicates appreciable growth
sublimation energy andl, is the triple point. of the libration amplitudes.
At pressures lower than 1.2 MPa, solid benzengl
exists in one crystalline form, corresponding to space group
contribution of the rotary subsystem to the thermal expanPbca— D3 with four molecules per unit cell. A weak orien-
sion of the molecular crystals studied, we used the alreadgation effect is present near the transition gHg to rotation
known temperature dependence of the volume thermal exabout the sixfold symmetry axig90-120 K. At T
pansion coefficient of solid X¥. The latter has a mass close >120 K, however, the dependence of the thermal expansion
to that of the molecular crystals studied. The experimentain C4H, in reduced coordinates is stronger even than in
dependences for all the investigated substances in compa@HCl;. This may also attest to an increase of the libration
son with Xe are plotted in reduced coordinates in Fig. 1amplitudes of the benzene molecules about two other two-
wherea is the coefficient of linear expansioR, is the sub-  fold symmetry axes lying in the plane of the benzene ring.
limation energy, andT, is the temperature of three-phase As to the CHC} and N;O molecules, they are far from
equilibrium. N _spherical symmetry and have a dipole moment. Studies of
In Fig. 1 we can see the known phase transition for solidpe thermal expansion coefficients of solid bulk samples of

SFs (near 94.3 K, near which a jumplike drop is observed \,o with 5% Kr were carried out in the temperature interval
on the temperature growth of the thermal expansion coeffig_150 k on the same equipment. We measured the linear

cient. Such anomalies of the thermodynamic properties arg,erma| expansion coefficients for two samples. The experi-
caused by enhancement of the correlation of rotary mdfion. mental dependence in comparison with pug®Nis shown in
Our dilatometric Sk results are in good agreement with Fig. 2. As we can see, dilution with atomic Kr causes a

x-ra); c|j|ﬁragt|on dfti' tThls,t alloy\t{s usfto chegk 2“{. explerl- weakening of the dependence. The difference of the thermal
mental equipment. ACive transitions from orientationa mo'expansion coefficients is seen to grow with increasing tem-

lecular oscillations to rotations of molecules in solidzSF
6% perature.

give a weak additional contribution to thermal expansion in This anomalv of the thermodvnamic properties mav be
the form a somewhat larger slope of the smoothed line in Y y prop Y

comparison with Xe. In the low-temperature phabelow caused by easing of the free rotation due to the replacement
94.3 K), where the .free rotation is absent altogether, th of one-fifth of the linear atoms by spherical ones. It should

above-mentioned effect appears significant. Thus the WeZlP(e empha_\gized thaF there.are unpublished data indicating that

dependence of the thermal expansion coefficient for soIicEhe solubility of Kr inN,O is not less than 5%.

SF; at temperatures higher than the phase transition tempera-

ture in the given coordinates indicates the transition to rota-

tional molecular motion. In other words, §kolecule rota-

tional correlations are weakened above the phase transition. 25
The low-temperature phase of solid G@ monoclinic

(C2lc—CS,; Ref. 13 and contains 32 molecules per unit

cell. The molecular centers of interaction have tetrahedral 7

symmetry and a slightly deformed cubic bcc lattice. The <|r¥

close values of the slopes of the reduced curves for solid ©

3

CCl,, Xe, and SE may also indicate a transition of the mo-

tion of some of the molecules to hindered rotation in the
monoclinic phase in the temperature range 80—-170 K. Simi-
lar behavior of a rotary subsystem of GG@rystals is caused 1.0 | |

| I L | L
by the high tetrahedral symmetry of their molecules. 70 80 90 100 110 120 130 140 150

The high-temperature phase of solid chloroform CHCI T.K

has an 160rth0rh0mbic structure  of _Space Symmetr}leG. 2. Temperature dependence of the linear expansion coefficiciots
Pnma-D;, with four molecules per unit cell and triple- solid pure NO (top curvé and N,O with 5% Kr (bottom curve.
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Influence of rotational motion of molecules on the thermal conductivity of solid
SFg, CHCI3, CgHg, and CCl,
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The thermal conductivity of solid S CHCl;, CgHg, and CC} is investigated by the linear-

flow method under saturated vapor pressures in the temperature range from 80 K to the
respective melting temperatures, and the values obtained are then adjusted to a constant density
of the samples. The contributions of the phonon—phonon and phonon-rotation interactions

to the total thermal resistance are separated using the modified method of reduced coordinates.
It is shown that the phonon—rotation contribution to the thermal resistance of the crystals
decreases as the rotational motion of the molecules attains more freed@@0&American

Institute of Physics.[DOI: 10.1063/1.1614189

INTRODUCTION bcc phase is favorable for molecular ordering caused by the
S—F bonds along thg100; direction, and the interaction
Heat transfer in simple molecular crystals is determinedyith the next-nearest neighbors is dominated by repulsion
by both translational and rotational motion of molecules athetween the F atoms. According to x-ray and neutron diffrac-
the lattice sites. As the temperature rises, the rotational maion data?>*a strict order is observed in $Fin phase ) just
tion of molecules in crystals can have basically the followingabove the phase transition point. The structural dynamical
stages: an increase in the libration amplitudes, jumplike refactor R characterizing the degree of the orientational order
orientation of the molecules, increasing frequency of reoriis close to unity in the interval 95-130 K. This feature sets
entations, hindered rotations of molecules and, finally, nearlsF; apart from other plastic crystals, such as methane, car-
free rotation of molecules. By choosing crystals with differ- bon tetrachloride, adamantane, and so on, where the long-
ent parameters of the molecular interaction and varying theéange orientational order becomes disturbed immediately af-
temperature, it is possible to change the degree of orientaer the phase transition. Orientational disordering in; SF
tional ordering and thus to investigate the influence of thestarts to intensify only above 140 K. As follows from the
rotational motion of molecules on the behavior of the ther-analysis of the terms of the Debye—Waller factor derived
mal conductivity. from neutron-diffractometric data for the high-temperature
The objects of this study were the molecular crystals ofphase of Sk, the F atoms have large effective libration am-
SFs, CHCl;, CgHg, and CC}. The Sk molecule has octa- plitudes. As the temperature rises, the amplitudes increase to
hedral symmetry. At 222.4 K sulfur hexafluoride crystallizes20° and higher, but the F localization is still appreciable near
into a bcc lattice ofim3m (Oﬁ) symmetry with two mol-  the {100 direction. This implies that the orientational struc-
ecules per unit cell. As a result, the molecule and its surture of Sk (I) does not become completely disordered even
roundings have the same symmetry. On further cooling tat rather high temperatures. The disordering itself is of a
94.3 K a polymorphous transition occurs, which suppressedynamic nature. The increasing amplitudes of librations are
the symmetry of the translational and orientational subsot the only factor responsible for the increasing orienta-
system to a monoclinic one, of space gra@/m (Cgh) with  tional disordering with rising temperature. It is, rather, con-
Z=6, whereZ is the coordination number. One-third of the nected with dynamic reorientations, which become more in-
SF; molecules take the high-symmetry {8/ positions and tensive due to frustrations of the molecular interactions.
two-thirds of the molecules occupy the low-symmetmy)( Owing to these features, §loffers a considerable pos-
positions? sibility for investigating the influence of wide-range rota-
Sulfur hexafluoride is often classed with substances thaional states of the molecules on the thermal conductivity in
have a plastic crystalline phase. Indeed, the relative molaa monophasal one-component system, where such states can
entropy of meltingA S; /R of SF; is 2.612 which is close to  vary from nearly complete orientational ordering to frozen
the Timmermans criterion. HeR is the universal gas con- rotation.
stant. However, the nature of the orientational disorder in the  Chloroform (CHC}) has only one crystallographic
high-temperature phase of §is somewhat different from maodification in the whole interval of existence of the solid
that of plastic phases in other molecular crystals, where thphase up to the melting temperatdrg=209.7 K. It has the
symmetries of the molecule and its surroundings do not cospatial symmetr)ana(P%ﬁ) and four differently oriented
incide. The interaction between the nearest neighbors in theolecules in the orthorhombic céli! It is known from Ra-

1063-777X/2003/29(9-10)/5/$24.00 771 © 2003 American Institute of Physics



772 Low Temp. Phys. 29 (9-10), September—October 2003 Purskii et al.

man and IR absorptiori20 K) datd that the translational

modes take the frequency band up to 60¢ni86 K) and _ 4r

partially overlap the librational modes in the 60—100¢m ¥

band (86—144 K. The dipole moment of the CHgImol- 'Té 3t

ecule is 1.01 D. Nuclear quadrupole resonai@R) on the (&

35CI nuclei has been observed in CHGIp to the melting % ol

temperaturé. These data indicate that there are no molecular <

reorientations at frequencies above* 301. The high en- 1k

tropy of melting,AS;/R=5.4, also attests to a high degree . . .

of ordering in CHC} (Ref. 3. 100 150 200 250
Solid benzene under the pressure of its own saturated T,K

vapor has only one crystallographic modification: it has th&.; 4 e thermal conductivitgthe solid ing of solid SK, in the high-

orthorhombic spatial symmetriybca (D5;) with four mol-  temperature phase, measured under saturated vapor pressure. Rings and
ecules per unit Ceﬂv_lo Benzene melts at 278.5 K and the squares correspond to the two different samples. The dashed line is the
melting-caused change in the entropy A§f/R=4 293 thermal conductivity adjusted to a molar volume of 58.25kmole.

which is much higher that the Timmermans criterion @D
phases. The high-temperature magnitude of the Debye tengxpERIMENTAL RESULTS AND DISCUSSION

perature of GHg is 120 K1! ) .
The thermal conductivity of solid $F CHCl;, CgHg,

In the interval 90—-120 K the second NMR moment of d Ce . tiqated by the li f thod und
CeHg drops considerably as a result of the molecular reori2" } was investigated by the linear-flow method under

entations in the plane of the ring around the sixfold &Xis. saturated vapor pressures in the temperaure range from 80 K

Th tivati f1h entational moti timat o the corresponding melting temperatures. A modified heat
€ aclivation energy ot the reonientational motion eSUmateq, o ytiometer was uséf,which permitted us to minimize
from the spin—lattice relaxation time is 0.88 kJ/mole. The

- ) id 501 the error in estimation of the thermal conductivity. The un-
frequency of molecular reorientations at 85 Kis' B0™. On  ,hirollable heat flows from thermal radiation were reduced

a further rise of the temperature it increases CO”Siderablléonsiderably with a radiation shield on which the tempera-
reaching 16" s™* nearT,,. The fundamental frequency of tyre field of the measuring cell was reproduced using a set of
the benzene molecule oscillations about the sixfold axis aghermocouples and precision heat controllers. The samples
273 K is 1.05¢10'? s * (Ref. 13. were grown from the liquid and gaseous phases. At the bot-
Carbon tetrachloride has an interesting feature: on cooltom of the measuring ampoule the temperature was main-
ing to 250.3 K liquid CCJ crystallizes into a face-centered tained close to that liquid N The measurements were made
cubic (fcc) form (la) with four molecules per unit cell; at on the two samples of each substance of 99.98% purity, the
several kelvins below 250.3 K it changes spontaneously téandom error being within 5%. The results of measurement
the rhombohedral phaséb), whose density is slightly are shown in Figs. 1-4.
higher, with 21 molecules per unit céft!®> On a further The isochoric thermal conductivity of the all four sub-
cooling to 225.5 K, the rhombohedral phase transforms int$tances had been measured previously in narrow temperature
a monoclinic one of space symmetry grodg/c (Cgh) with intervals in the vicinity of the corresponding melting

Z=32. On heating, the low-temperature monoclinic phasé)c’i”ts'?l_24 The isobaric thermal conductivity of¢8ls and

(I1) always changes to the rhombohedral form. By virtue ofCCle Was also measured under pressure above 100 MPa in

the low entropy of meltingA Sy /R=1.212 the phasélb) of Refs. 25, 26. Our data are in good agreement with those
e . results for the same condition® (T).
CCl, may be classified as plastic. To find the correlation between experimental results and
The three forms of CGlare quite closely related. The P

. ) heory, it is reasonable to compare the data for constant vol-
centers of mass of the molecules are only slightly shlftedI Y P

relative to their positions in the cubic and rhombohedral
phases. Besides, the molecular orientations in the phase I
correlate closely with the directions of the highest-density
distribution function in the phase I.

According to experimental data, the character of the mo-
lecular motion in the plastic phase of GG$ closely similar
to that in the liquid state. For example, for GClo discon-
tinuities are observed in the curve of spin—spin relaxation
time T, of °Cl on plastic phase meltif§and in the curve of
reorientational correlation time obtained from Raman line
proadenind.7'182uk, Kiefte, and Clouter estimated the elas- o 1(')0 1'20 1"10 1'60 1é0 2(')0 220
tic constants of CGlin the phase | by the Brillouin scatter- T, K
ing method!® They discovered an anomalously hidhs
compared to solid inert gasestio of sound velocities in the FIG. 2. The thermal conductivitthe solid ling of solid CHCL, measured

under saturated vapor pressure. Rings and squares correspond to the two

<_110> and(111) direCtion_S and .interp_rete.d this E;ttS an indica- different samples. The dashed line is the thermal conductivity adjusted to a
tion of a strong translation—orientation interaction. molar volume of 59.5 cRimole.

A, mW-em- K1
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TABLE I. Reduced parameters, molar weight, and Bridgman coefficients for
10} Kr, Xe, SR, CHCl;, C¢Hg, and CC}.
T
: 8 Sub- | T . Voo n Wmol(1/7~m01)- g | Refe-
= stance K |cm®/mole m-K,/W rences
6
2 Kr 209.4 92.01 83.8 8.06 10.2| [29]
E 4
< Xe 289.7 119.4 131.3 10.0 9.6y [29]
oL
T SF, | 3187 201.45 {146.05 13.51 5.2|122,30]
m
080 120 160 200 240 280 320 CHCI, | 536.6 | 238.8 119.4 10.9 4.01 (21,31}
T,K
C.H, | 562.0 1 260.0 781 9.43 7.51123,30]
FIG. 3. The thermal conductivitithe solid ling of solid GHg, measured
under saturated vapor pressure. Rings and squares correspond to the t| CCl, | 556.4 257.0 153.8 13.2 6.0|[24,31]
different samples. The dashed line is thermal conductivity adjusted to &

molar volume of 70.5 ciimole.

CeHg, and CC} (II) passes through a minimum and then
ume and thus to exclude the influence of thermal expansiorstarts to grow. The minimum in the temperature dependence
The results obtained were adjusted to a constant density of the isochoric thermal conductivity occurs slightly above
the samples, whose molar volumes we¥g;, cn/mole:  the temperature at which intensive molecular reorientations
58.25 (Sk), 59.5 (CHC}), 70.5 (GHg), 76.0 (CCh (I)).  begin in these crystalst**®The minimum can therefore be
This was done using the data for the volume dependence @fttributed to the reorientational motion.

the thermal conductivi}?*and thermal expansior’’ The In this study the phonon—phonon and phonon-rotation
crystals had these volumes at the corresponding growth tengontributions to the total thermal resistance were separated
peratures. The results were adjusted by the formula using a modified method of reduced coordingfek.is im-

A=A p(V(T) Vi), 1) portant'that with this method there is no nged to involve any
v approximate model. As a rule, the reduction parameters are
where\, and\, are the isobaric and isochoric thermal con- T, =&/Kg, A\yo= kg/o?\elw, and Vyg=No®, where o
ductivities, respectivelyy(T) is the current molar volume of ande are the parameters of the Lennard-Jones poteptie,
the free sampley,, is the volume to which the results were the molar weight, andN is the total number of particles. In
adjustedig= —(dInN/dIn V)1 is the Bridgman coefficient.  this study the reduction parametefs,, and V, are the
Figures 1-4 show the thermal conductivity measuredemperatures and molar volumes ofgSEEHCl;, CsHg, and
under saturated vapor pressuriegs and solid linesand the  CCl, and of the solidified inert gases krypton and xenon at
thermal conductivity adjusted to the corresponding molartthe critical pointsT,, andV,, (Refs. 29—31; see also Table |
volumes(broken line$. In chloroform, where the rotation of The reason for this choice of parameters is as follows.
molecules is a pure librational motion and there are no reoriFor simple molecular substancds, andV, are proportional
entations, the isochoric thermal conductivity decreases as the £ ando®, respectively. However, the accuracy of the criti-
temperature rises up to the melting poifig. 1). Similar  cal parameters is much higher than that of the binomial po-
behavior is observed in §F CsHg, and CC} (Il) on the tential parameters. Note thatand e are essentially depen-
low-temperature side, with no intensive reorientations of thedent on the choice of binomial parameter and the method of
molecules. The isochoric thermal conductivity of ¢SF its determination. The phonon—phonon and phonon—rotation
components of the thermal resistance can be separated as-
suming thaf(i) the total thermal resistand&/= 1/\ of simple

T 4 6
x
59 .
= 3 4
E‘ of :
- > - )

e @ 2 3

50 100 150 200 250 300 350 0 J , .

T,K 50 100 150 200 250

T, K
FIG. 4. The thermal conductivitithe solid ling of solid CCl, in the low-
temperature phase, measured under saturated vapor pressure. Rings &@. 5. Contributions of phonon—phonon scatteritg, and phonon scat-
squares correspond to the two different samples. The dashed line is titering caused by rotational molecular excitatio, to the total thermal
thermal conductivity adjusted to a molar volume of 76.Gtnole. resistancaV of solid Sk, with a molar volume of 58.25 ciimole.
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FIG. 6. Contributions of phonon—phonon scatterifg, and phonon scat-
tering caused by rotational molecular excitatiohg, to the total thermal
resistancéV of solid CHCE with a molar volume of 59.5 chimole.

molecular crystals is a sum of phonon—phoriéf, and
phonon-rotatioW,, contributions:W=W,,+W,,, and(ii)
in reduced coordinatesW* =W/W, 01, T*=T/T,o) the
component resulting from phonon—phonon scattewg is

identical to that in solid inert gases at equal reduced mola?

volumesV* =V/V .

The calculation results are shown in Figs. 5-8.

phonon—phonon component of the thermal resistaliggis

practically (to within 2—3% independent of the inert gas

chosen for comparison. In solid CHQ(Fig. 6) the thermal

resistancélV,, can be attributed to extra phonon scattering

Purskii et al.

6
ol cel, (Il W
T
= 4
x
e 37
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FIG. 8. Contributions of phonon—phonon scatteritg, and phonon scat-
tering caused by rotational molecular excitatioNg, to the total thermal
resistancaV of solid CCl, with a molar volume of 76.0 cAmole.

CONCLUSIONS

The correlation between the rotational motion of mol-
ecules at the lattice sites of simple molecular crystals and the
behavior of their thermal conductivity has been investigated
for the examples of S CHCL, CsHg, and CC}. It is
hown that the isochoric thermal conductivity increases as
the frequency of reorientations grows higher with rising tem-

ThePerature. Itis found that this effect is connected with phonon

scattering by collective rotational excitations, which attenu-
ates as the rotational correlations of the neighboring mol-
ecules become weaker.

by collective rotational excitations whose density increasesE-mail: pursky O@ukr.net

as the temperature rises. This is in good agreement with the

** E-mail: konstantinov@ilt.kharkov.ua

data in Ref. 8 that suggests complete orientational ordering——
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Observation of growth and structure of Kr films physisorbed on Ag (111) and Ag (100)
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Fiz. Nizk. Temp.29, 1027-1031(September—October 2003

The structure and growth of two-dimensional crystals of Kr orfJdd) and Ag100 have been
investigated by means of ellipsometry and eXtremely-low-current Low Energy Electron
Diffraction (XLEED) under the quasi-equilibrium condition. The layered growth of a Kr film
was observed up to the third layer by ellipsometry and the crystal geometry by XLEED.

The Kr overlayer on AGgLO0) has two types of alignment. In the predominant alignment, one of
the unit vectors aligns with théd01) direction of the Ag substrate, while in the other it

aligns with(011). The Kr—Kr spacing in a monolayer on Ag is 10% larger than that of the
bulk. © 2003 American Institute of Physic§DOI: 10.1063/1.1614190

1. INTRODUCTION of Kr films on Ag(111) and Ag100) obtained using these two

The system of rare gas physisorbed on a metal SurfaCtechnlques and discuss how the substrate geometry affects

has been studied since the 1970s for its interesting structut%e structure of the overlayer. A comparison of the results for

r :
and phase transition in two dimensions. Xe{&Hl) has been the Xe/Ag11]) and Xe/Ag100) systems with those for Ki/

intensively investigated to reveal the structure, the isosteri@ 9(111) and Kr/Ag100 is also made.

heat of adsorption, and the two-dimensional phase diagram,
whereas few results have been reported for Kr films on metad.- EXPERIMENTAL

surfaces. Our experimental system makes it possible to observe

Roberts and Pritchard observed a Kr monolayer film adgjmitaneously the surface geometry by XLEED and the film
sorbed on A@l1]) using low energy electron diffraction .o\ih by ellipsometry. The schematic diagram is shown in
(LEED) and revealed that the Kr overlayer has INCOMMENTiq 1. The observation of the layer growth can be made

surate hexagonal structure with the subst?.athrlgris etal.  ynder quasi-equilibrium conditions because ellipsometry has
found the structure and the thermodynamic property of Kr/,, restriction on the surrounding pressure.

Ag(111): the phase diagram, the monolayer lattice constant, o+ x| EED system utilizes a position-sensitive detector

latent heats of adsorption, and isosteric héats. _using a microchannel-plattMCP) electron multiplier in a

In the case of a Kr film on a metal surface, desorption ofy, se counting mod&The detection area is 75 mm in diam-
Kr atoms by the electron beam is a serious problem in &or The incident electron beam current was about 1 pA
conventional LEED system, whose incident electron currenfypich \yas adjusted so that the total electron counts became
is typically 1 uA. Roberts and Pritchard reported that the 1 5_ 16 gver the whole detector area for a one-minute data

diffraction spots disappeared within 10-15 mitungris 5o mulation, which yielded a sharp diffraction pattern with
et al. also reported that a Kr monolayer film at 40 K would adequate statistics for analysis.

be completely desorbed by an electron beam in several  tpe thickness of an adsorbed film was determined by the
minutes® Therefore, they either had to make eXpe”mentsellipsometric parametera, the relative phase shift, andl,
under a constant beam flux of Kr atoms which was sufficient,o 4mpjitude reflectance ratio. The relative changs,ine.

to maintain the adsorbed layer or to measure the diffractiory |A—A,|, whereA, is the shift for the bare substrate, is
patterns before the coverage decreased due to electronic
stimulated desorptiofESD).

The structure and layered growth of rare gas films on
metal surfaces are determined by the balance of the adatom— FC1
adatom and adatom-surface interactions. The comparison
between the same adsorbate on different substrates and be- —~
tween different adsorbates on the same substrate is a prom- /Z
ising way to reveal how the subtle balance between the lat- Polarizer

eral and vertical interactions affects the growth and the Compensator, n -
{

structure of the overlayer. We have observed the systems of
Kr and Xe on Ad111), Ag(110 and Ag100. In our study,
the thickness of the overlayer was observed by ellipsometry
and the surface geometry by LEED. Ellipsometry has no
restriction on the surrounding pressure and does not destroy o 19 20 [cm]
a physisorbed layer. Our LEED system was prepared to be
free from the ESD problem, as described in Sec. 2.

We present here the results on the growth and structure FIG. 1. Schematic diagram of our experimental system.

Gas inlet
system

Diaphragm
pump

1063-777X/2003/29(9-10)/4/$24.00 776 © 2003 American Institute of Physics



Low Temp. Phys. 29 (9-10), September—October 2003 Tosaka et al. 777

3. RESULTS
3.1. The growth and structure of Kr /Ag(111)

The diffraction patterns of Kr/A@.11) are shown in Fig.
2a, which demonstrates a hexagonal structure of a Kr mono-
layer film whose unit vectors align with those of the sub-
strate. The ellipsometric isotherm of Kr/AdL1) at 50.5 K is
shown in Fig. D, where the isotherm is represented by the
change in relative phase shi#A due to adsorption as a func-
tion of Kr pressure. The isotherm for Kr on A1) has
several steps. Each step is due to a first-order phase conden-
sation, where the 2D gas and solid coexist, and corresponds
to the formation of one atomic layer. This isotherm for Kr—
Ag(111) at 50.5 K plotted in Fig. B shows layer-by-layer
growth up to three atomic layers at least. The Kr—Kr spacing
in the monolayer, measured simultaneously by XLEED, is
also shown in Fig. B. The interatomic distance was calcu-
lated using the spot distances in the diffraction pattern, the
1.5¢ : incident electron energy, and the distance between the
10+ / . sample and the MCP, which was determined by the Ag spot
g distance in the diffraction pattern of bare Ag surfaces. The
051 r’“"“‘*J - Kr—Kr spacing is 0.440 nm just after condensation of the
0 Reted ina o s .40 first layer and 0.436 nm before condensation of the second
10”7 107° 1070 107" layer; the monolayer compression ratio was less than 1%.
p, Pa The XLEED pattern of the Kr monolayer, which has both Ag
and Kr spots, as shown in Figa2 was examined to confirm
P=3X10° Pa, T=51.3 K. The incident electron energy was adjusted for the ab.SO|Ute .Value of Fhe Kr—KI’ spacing by direct compari-
the appearance of both Ag and Kr spots: the outer sixfold spots show Ag angOn with Ag interatomic distance of 0.288 nm. It was con-
the inner spots Krb) Adsorption isotherm of Kr/Agl11) (stepwise ling  firmed that the Kr—Kr spacing is about 8—9% larger than the
and Kr—Kr spacingsolid circle at 50.5 K. Kr bulk value of 0.403 nni.The experimental errors were
about 1% for the Ag interatomic distance and 3% for the
Kr—Kr spacing, because the Kr spots were broader than the

3.0 ‘
g5t ? ~ -046

T
ok

2.0

% 00 00 P

OA , deg
o
o
N
Kr—Kr spacing, nm

FIG. 2. a) XLEED pattern of a Kr monolayer on A§ll). E;=104 eV,

proportional to the overlayer coverage and has been used ggots of the bare Ag.
a measure of the amount of adsorption in ellipsometric stud-
ies of physisorbed films on metal surfadeEhe ellipsometer 3.2. The structure of Kr /Ag(100)
is a polarizer—compensator—sample—analyB&SA auto- The structure of Kr films on A@00 was observed by
matic null systend. XLEED. It was found that the Kr film on A@.00) has two
Silver substrates were prepared by repeated cycles dfpes of alignment; the corresponding diffraction patterns are
sputtering by Kr iong1 keV, 5—8uA, 2 min) and annealing shown in Figs. @ and 4. The scheme of the diffraction
(700 K, 3 hours. The base pressure of the main chamber wagatterns and the arrangement of the atoms in real space are
108 Pa or lower. The Agl11) and Ag100) substrates were shown in Figs. ®,c and Figs. 4,c, respectively. As shown
mounted side by side on the sample holder, which wasn Fig. 3, one of the unit vectors of the Kr film aligns with

cooled by cold He gas. the (001 direction of Ag. We call this type of alignment
a b +
(o)
o o
(o)
o +
| )
o)
()
T oo
o
° o
+

FIG. 3. a) XLEED pattern of Kr/Ag100). E;=66.2 eV,P=3.0x 10" ® Pa,T=53.6 K. b) Schematic of diffraction pattern shown in)( Open circles show
Kr spots and crosses show the substrate spdtHlustration in real space.
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FIG. 4. a) XLEED pattern of Kr/Ag100). E;=66.2 eV,P=3.0x 10" ° Pa,T=52.3 K. b) Schematic of diffraction pattern shown in)( Open circles show
Kr spots and crosses show the substrate sgdt8lustration in real space.

“along Ag (001) type.” On the other hand, in Fig. 4 one of 4.2. The structure of Kr /Ag(100)

the unit vectors of the Kr film aligns wit{O1D) of Ag: It is well known that the alignment of a rare gas film on

along Ag (011 type.” The systematic observation by scan- a metal surface is affected by the substrate steps. A Xe film

ning the sample surface with an incident e_Iectron beam "€on Ag(111) has incommensurate structure but the unit vec-
vealed that the Kr film has both types of alignment, but the, . .
N . tors of the overlayer align with those of the substrate. The
along Ag(001) type” is predominant.

We observed that the Kr—Kr spacing in the “along Ag reason for this alignment is explained by the inference that

p S the overlayer is pinned by substrate steps, and its alignment
m m 0,
(001 type” monolayer was 0.450 nm, which is 11% larger is determined by the step direction. Leathernedral. have

I{Ar\];(nlltsaéag; the bulk, as was also observed for the Kr)shown experimentally the effect of the surface steps on the

alignment; when a small amount of CO or K is put on the
surface to block the steps for rare gas adsorption, the nucle-
ation occurs on a terrace and the overlayer grows in an ori-
entation rotated at a nonsymmetric angle.

In the present study we found that a Kr film on(Ag0
4.1. Kr—Kr spacing of Kr /Ag(111) and Kr/Ag(100) has two types of alignment and that the “along(8g1)

The fact that the Kr—Kr spacing is about 10% larger thantyPe” is predominant. There are some possible reasons why
that of the bulk must be a matter of discussion. We obtainedhe “along Ag001) type” is predominant.
the similar results on both Ag11) and Ag100). Roberts and The first possibility is that most surface steps or{ 1)
Pritchard studied the Kr—Kr spacing on @d.1) at 55 K and ~ are directed along001), and the Kr atoms nucleate at the
found that it was 0.419 nrh.Ungris et al. investigated Step edge of the substrate. The second possibility is that the
Kr—Kr spacing by LEED in the temperature range betweerteps of AG100) are directed along bo911) and(001), and
10 and 60 K and obtained value 0.401-0.407%there is a  the step-pinning energy for the Kr film on tk@01) Ag step
considerable discrepancy in the absolute value of the Kr—Kgdge is larger than that on tK@l11) step. The third possibil-
spacing between our results and those reported by Roberity that Kr atoms nucleate on the A0 terrace, and the
and Pritchard and by Ungrist al. This discrepancy cannot alignment is determined by Novaco—McTague effect.
be attributed only to our experimental error of about 3%. It was also observed that a Xe film on A§0 has two

In the case of Xe/A@l1l), it was observed that the types of alignment: “along Ag001) type” and “along Ag
Xe—Xe spacing just after condensation of the first layer is011) type,” but there is no preference between them.
about 3% larger than that of the bulk. The Xe—Xe spacing in ~ The result that the “along Ag011) type” was observed
the monolayer decreases gradually with increasing pressui@ the case of Xe/AQLOO contradicts the supposition that
or decreasing temperature and reaches the bulk value befoggrface steps of AG00) are oriented only along th¢d01)
condensation of the second layene observed that in the direction. The coexistence of two types of alignment can be
case of the Kr monolayer on Ag the monolayer compressioiinterpreted by two possible reasons.
ratio was no more than 1%. This result implies that the Kr ~ The first possibility is a combination of the step effect
film has a structure commensurate with the substrate. and the Novaco—McTague effetbne type of alignment is

It is known that rare gas films on Ag have structuresdetermined by the step direction and the other by the
incommensurate with the substrate. However, if a Kr film onNovaco—McTague effect. The second possibility is that the
Ag(111) may have the A@11) 1.5x1.5 commensurate surface steps are along both (9@1) and(011) directions on
structure, the Kr—Kr spacing will be 0.432 nm, which is 7% Ag(100, and its alignment within the overlayer is deter-
larger than that of bulk Kr. This value is between our resultmined by the step-pinning energy of overlayer atoms at the
and that of Roberts and PritchardHowever, there is no step edges.
adequate commensurate structure of K. The one-dimensional structure period of(Ag0 along

4. DISCUSSION
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(00D direction is 0.407 nm, which is close to the Kr bulk ellipsometry. The XLEED pattern showed that a Kr mono-
value. This agreement should have a close relation to thiayer film on Ag100 has two types of alignment: “along Ag
preference of the “along Ag001) type” alignment in the (001 type” and “along Ag (011 type.” In the case of Kr/
case of Kr/Adg100. However, the value of 0.407 nm does Ag(100), the “along Ag (001) type” is predominant. The
not accord with our result described in Sec. 3.2. It is considexistence of two types of alignment was explained by two
ered that, except for the agreement with one-dimensional pgsossible reasons: one is the combination of the step-edge
riodicity, there are more complicated origins of Kr align- effect and the Novaco—McTague effect, and the other is the
ment. existence of surface steps along both tB81) and (011)

A similar bi-structure system was found by Kiguchi directions.
et al: an alkali halide monolayer film on a fcc metal surface.
They reported _that an overlayer on the(ftmi)) surface has  » . ich.arakawa@gakushuin.ac.jp
two types of alignment: one of them is the expected growth
and the other is ndt.They concluded that the alignment is
detem_\ine(_j by the degr.ee of surface_ diffgsion. When the sur-, R. H. Roberts and J. Pritchard, Surf. Sbi. 657 (1976
face diffusion constant is large, alkali halide atoms diffuse oan_'Ur"griS’ L. W. Bruch. E. G. M’()og, and M. B. Webb. Surf, S, 522
the metal surface and nucleate at the step edges of the subpggy).
strate, which cause the unexpected growth. They anticipateés. Igarashi, Y. Abe, Y. Irie, T. Hirayama, and I. Arakawa, J. Vac. Sci.
that most surface steps of an &60) surface would be along ,Technol. A16, 974(1998. _
the (011) direction of the substrate. However, the direct ob- 5/ 'Bkura and I Arakawa, J. Vac. Sci. Technol9AL779(1991.

. 5M. L. Klein and J. A. Venables, ifRare Gas SolidsVol. Il, Academic
servation of the surface steps on (ft@0) has not been per-  press(1977, p. 783.

formed. 6G. S. Leatherman, R. D. Diehl, M. Karimi, and G. Vidali, Phys. ReG@
6970(1977.
7

5. SUMMARY A. D. Novaco and J. P. McTague, Phys. Rev. L88, 1286(1977).

8M. Kiguchi, S. Entani, K. Saiki, H. Inoue, and A. Koma, Phys. Rev. B
The structure and layer-by-layer growth up to the third (to be publishey

layer of Kr films were investigated simultaneously by This article was published in English in the original Russian journal. Repro-
extremely-low-current low energy electron diffraction and duced here with stylistic changes by AIP.
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The structure and thermodynamic functions of solid high-density nonmolecular nitrogen in the
crystalline and amorphous phases are studied by a Monte Carlo simulation technique on

the basis of the potential model proposed earlier for the cubic gauche polymeric crystal. The solid
amorphous state was created by fast melting followed by instantaneous quenching of the
crystalline structure. The computed atom—atom distribution functions in such solids are
characteristic for amorphous structure. The simulation also reveals negativity of the

thermal expansion coefficient of the amorphous solid at high density and low temperatures, as
was previously found to be the case in the cubic gauche nonmolecular nitrogen crystal.
Analysis of the force model shows specific anharmonicity characteristics of the crystalline
vibrations responsible for this effect. @003 American Institute of Physics.
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1. INTRODUCTION hibit quite unusual high-pressure behavior at elevated tem-
peratures. In particulanegativevalues of the thermal expan-

] h ) sion coefficient at high pressures were predi?:tader a wide
dicted the existence of a stable polymefitonmolecular or  anqe of temperatures. This feature may play an important
atomio phase of solid nitrogen at zero temperature undefoio i the estimation of the relative stability of different

pressure. They considered a number of possible threefoldyystajiine structures and in the prediction of polymorphous
coordinated structures and found the arseniofitelattice t0  yansjtions at elevated temperatures. Here we report the ex-

be the most stable one &t=0. Later Mailhiot, Yang, and  {ension of the potential model proposed in Ref. 9 to simula-
McMahan reported newab initio pseudopotential total- ion of amorphous polymeric solid nitrogen.
energy calculationd.They indicate that a “cubic gauche”
(cg) distortion of the simple cubic atomic structure, in which
all nitrogen atoms are threefold coordinated, has an equilib-
rium total energy lower than that of the arseniclik@ struc- ~ 2- POTENTIAL MODEL
ture mentioned above. According to Ref. 3, the diatomic
form of nitrogen should transform into this hypothetical
polymeric cg phase at 5015 GPa and remain the most
stable nonmetallic form of nitrogen at higher densities.
This polymeric phase of solid nitrogen, long only dis- UN:nonbO%d amm;b(rii)erond; atomSU(Lii 6,65).
cussed by theoreticia’s® was recently discovered by (1)

experimentalistsat ambient temperatures and has also beel:,.he first sum in Eq(1) is taken over all nonbonded atoms

investigated at elevated temperatutéswas found that this P .
and the second contribution is a partial sum over all nearest

EB?Z;Z?;{KI)'EEW has the cg structure and is not CrySta"m%hemically bonded atomd(R) = AR **?is the nonvalence

In our earlier calculation$;® we predicted the thermo- atomic repulsioh (A/k=3.86x 10° K, andk is Boltzmann's

dynamic functions of polymeric nitrogen in th#7 arsenic- constant. Each atom is involved in three such chemitai-

. . . lence interactions. In contrast with our older modef here
like structure at nonzero temperatures using simple atom—

atom potential model. Recentiye proposed a new potential the valence potentidl depends not only on the interatomic

. L distances but also on the valence angles between the chemi-
model representing the total energy of polymeric nitrogen as . .
: - L cal bonds attached to each interacting atom.
a function of both interatomic distances and angles between . . .
The valence interaction of twsingle-bondedatomsU

single chemical bonds attached to each atom. This model

. o : . IS a function of the chemical bond length; as well as
was used in prediction of thermodynamic behavior of solid . 1) 42) 3
. L . . . the angular variables 8={6;"",6,",6;>’} and 6,
nitrogen in its polymeric cg crystalline phase at high pres-_"| 1) 5 3 : !
Lo ={6:",6:=),0:°’} which represent the angles between the
sures and nonzero temperatures. The calibration of the modBI )

was based on thab initio quantum mechanical calculations onds attached to each atom.

of o, Yang, and McahaharT-0. We sple s "IFO0TIC vETEe s o beecn pae of g
model in Monte CarldMC) computer simulations of poly- gsing Y- P 9

meric solid nitrogen at elevated temperatures. tion energyl (L;; , 6, 6) was represented as the product of

Our simulations revealed that the polymeraubic three factors:
gauchecrystalline structure of nitrogen would probably ex- U(Lij,6,6)=a(Lij,8)-a(Lij,) uu(Li), (2

McMahan and LeSarand Martin and Needsfirst pre-

According to this modélthe potential energy o in-
teracting nitrogen atoms consists of two contributions:

1063-777X/2003/29(9-10)/4/$24.00 780 © 2003 American Institute of Physics
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whereuy(L;;) is the Morse potential and;; is the length of  process continues. It was found that after some period of
a single bond: relaxation (after 2000—3000 successful steps per at@m
new quasi-equilibrium state retaining amorphous structure
uy(L)=Dexp[—2B8(L—Ry)}—2 exd —B(L—Rg)}]. was reached. It keeps the short-range order and threefold
(3)  valence coordination in the first coordination sphere but also
has some disorder in bond lengths and directions. This quasi-
The factorsq(Li;,6) in Eq. (2) depend on both the bond equilibrium state was studied as a model for the amorphous
lengths and the three plane valence angles ¢g)ig.
={61,6®),6)} between the three bonds attached to an  pyring the MC simulation proces&iamely after each
atom(see Fig. 1 in Ref. B three steps per atonthe values of pressure, internal energy,
isothermal compressibility, thermal expansion, and heat ca-

q(R,0)= — : (4)  pacity were calculated. All of the thermodynamic functions,
1+exp—z(R,0)} .
along with the bond lengths and angles, were averaged over
Here the next 40000 steps per atom to compute the mean values as
well as their statistical errors. We also computed the radial
Z(R,6)=a(R—Re)*+ ¥(C;—Ce)*+ S(R—Re) (C; — Ce) atomic distribution functions. Along with the mean values of
the angular variables we also monitored the minimal and
+e(1—4c)A,, 5 . . .
8( DA © maximal angles between interatomic bonds.
1
ci=7 (cos 6"+ co ¢;?'+cos 6%, (6)
Ai=[cog 6V~ co 612+ [cog 6V — cog 6°]2 4. RESULTS AND DISCUSSION
+[cos 6{?'—cos 6{>]°. (7 The atom—atom distribution functions of polymeric

crystalline and amorphous nitrogen solid at high density (

If the atomic configuration is near the equilibrium one, =6 cn?/mol) and two temperatures are compared in Fig. 1.
corresponding to minimum energy, a(R, #) tend to zero  As one can see, the long-range order in the amorphous solid
and allq(L; , &) approach unity. The equilibrium values of is completely lost, but the short-range first coordination peak
the valence anglesﬁ(' )eq= 114° in a free cg crystal at zero formed by chemically bonded atoms is clearly expressed.
temperaturécorrespond to c,=0.165. The second coordination sphere, formed by closest non-

The model has seven adjustable paramefs:R., @, bonded atoms, is also present but much less noticeable com-
B, v, 6, ande (De is the depth of the potential well or pared to the crystalline solid. The position of this peak is
equilibrium bonding energy, arig, is the equilibrium length  closely related(see below to the mean valence angle be-
of the Morse potential for a single bondWe used here tween single bonds attached to each atom.
the same values of parameters as were found in Ref. 90 |n Table | we compare calculated values of the thermal
D¢/k=35570 K, R,=1.374 A, a=12 A% B=6.133, expansion and isothermal compressibilifg; coefficients,
y=—14.25, ands=-118 A" as well as the isochoric heat capaoly and the mean va-

This set of parameters reproducestie ab initio total  |ence angleg#) and bond lengthgL) of crystalline and
energy in the cubic gauche structureTat 0 as a function of  amorphous polymeric nitrogen &t=300 and 500 K. As one
volume, i) the equilibrium bond angles, and)ithe angular  can see, according to our model, negativity of the thermal
dependence of the total energy within 1836()<114°, re-  expansion should persist in the amorphous state of nonmo-
ported as a result of the sensitivity study by Mailhiot, Yang, lecular nitrogen solid at high densities and lower tempera-
and McMahar’ tures. It is obviously related to the short-range pyramidal

structure formed by neighboring nitrogen atoms. As the
mean distance between closest nonbonded atoms increases
(see Fig. 1 forT=500 K), the thermal expansion became

Computer simulations were carried out using the samdess positive.
computer MC simulation program developed for study of the It is well known that anharmonicity of the crystalline
cg crystal lattic& (512 nitrogen atoms and periodic boundary vibrations is responsible for thermal expansion. The rigorous
conditions. Initially, all the atoms were arranged within a analysis of all anharmonic contributions to the energy of vi-
main cell near the sites of a perfect cg lattisee Ref. 9 for bration modes is a complicated task. It requires much effort
a more detailed description of the cg strucjurehe MC  and is well beyond the scope of this work. However, we have
simulation was initiated with a high initial temperature well performed an examination of symmetric longitudinal vibra-
above the melting temperature. After some period the initiations as the most important kind of crystal vibration in this
long-range order disappears and the solid melts. Note thaegard. Our simplified analysis has been performed for the
the chemical bonds were fixed during the entirety of theadopted force model within the cg lattice. We took into ac-
computer experiment and we kept a restriction on allowableount that the chemical bonds between atoms are much
distances between bonded atofiess than 2.5 A stiffer than the nonvalence interatomic repulsion. Therefore a

Then the system was quenchg@le temperature is sud- symmetric squeezing of the crystal decreases the valence
denly reduced to room temperatup@nd the MC simulation angles between single bonds and correspondingly decreases

3. MONTE CARLO SIMULATION OF AMORPHOUS SOLID
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c V=6.0 cnt/mol (solid line). The harmonic approximation is presented by
-2 12 the dashed line.
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o
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% L , the interaction energy within our model behaves just oppo-
& site to the usual dependence of the potential energy in di-

ar- atomic molecules, where anharmonicity leads to elongation

L of the chemical bonds with increase of temperature. In Fig. 2
0 , the interaction energy is more negative at short interatomic

10 1 2_6' 3.0 4:(; 5_6 distances than its harmonic counterpart. Therefore, as the
temperature increases, the mean distance between non-
bonded atoms should decrease. We believe that the negative

FIG. 1. Radial distribution functions of the amorphdsslid line) and crys-  thermal expansion predicted is due to this specific anharmo-
talline (dashed ling polymeric nitrogen at 6.0 chhmol and two tempera- nicity in our potential model
tures 300 and 500 K. ’

Distance, A

5. CONCLUSIONS

the distance between nearest nonbonded atees Fig. 1 Anomalous structural and thermodynamic behavior of
for the positions of the second peaks nBar2.3 A). polymeric fourfold-coordinated solids like ice, silicon, car-

In Fig. 2 we compare the harmonic and anharmonic conbon etc. has been known for a long time. Negative thermal
tributions to the variation of interaction energy with this dis- expansion has also been predicted recently in molecular-
tance. It is clearly seen that the anharmonic contribution telynamic simulations of silicon both in the crystalline and
amorphous statéd.According to our simulation this pecu-
liarity appears in threefold-coordinated structures like poly-
meric nitrogen only in the helical cg structure and not in the
layeredA7 structure.

TABLE I. Some properties of solid nitrogen in the crystalline and the amor-
phous polymeric phases ®t=6 cnt/mol.

Property 300 K | 500 K A The radius of the second coordination sphere in the
Expansivity ay, | Crystalline | 0.018 | ~0.014 | am_orphous cg solid &t=300 K is close to that for_ the crys-
KK Amorphous | —0.011 | ~0.003 : j[alllne (see F|g: 1 On the cont_rary, aT—SOQ K this radius
is markedly shifted to larger distances, which leads to larger
Compressibility | Crystaliine [ 0.0017 | 0.0018 | mean valence angles, and the thermal expansion at 500 K is
By, GPa™ Amorphous | 0.0015 | 0.0012 less negative
Heat capacity | Crystalline | 3.07 310 | It should be noted that the amorphous state examined in
C,/R Amorphous | 3.11 3.08 : this work as well as the real amorphous nitrogen solid stud-
, ied experimentall§® is actually not the real thermodynamic
Mean valence Crystalline 106.3 106.2 N :
o 0.2 equilibrium state. Its properties depend on the frozen struc-
angle (0, degrees | Amorphous | 103.6 105.4 . . .
ture inherited from the high-temperature melt. Fast quench-
Mean bond Crystalline | 1.37 1.38 0.02 ing of a high-temperature polymeric melt can produce differ-
length (L), A Amorphous | 1.52 1.42 ent amorphous states having slightly different properties. We

3 stimated statistical error. have chosen several sampled/at 8.04 and 6 criifmol and



Low Temp. Phys. 29 (9-10), September—October 2003 L. N. Yakub 783

selected two of them having no broken bonds, i.e. havingE-mail: Lidiya@unive.odessa.ua

lengths close to limiting 2.5 A; see above. We have also

continuously monitored the arithmetic mean as well as the'a. K. McMahan and R. LeSar, Phys. Rev. Leit, 1929(1985.

maximum and minimum values of the bond lengths andiR- M. Martin and R. J. Needs, Phys. Rev38, 5082(1986.

angles between bonds to avoid such bond breaking after(Cl'g'g';”h'Ot’ L. H. Yang, and A. K. McMahan, Phys. Rev. 46, 14419

quenching. AfT=300 K andV=6 cn/mol all the thermo- 44 ¢ Goncharov, E. Grigorianz, H.-K. Mao, Z. Liu, and R. Hemley, Phys.

dynamic characteristics stabilize quickly and remain constant Rev. Lett.85, 1262(2000.

during the continuance of the computer simulation run. The’E- Grigorianz, A. F. Goncharov, R. Hemley, and H.-K. Mao, Phys. Rev. B

constancy of the heat capacity computed is another Strongﬁ%’Nc?SYzz:k?fg,z Icz)i()z].)Nizk. Temp19, 531 (1993 [Low Temp. Phys19, 377

piece of evidence of stability of the amorphous state under (1993,

investigation. L. N. Yakub, Fiz. Nizk. Temp21, 1174(1995 [Low Temp. Phys21, 905
This is not the case at higher temperatures and volumesg(ngl\?a\](- b, Fir. Nisk. Termn22. 2221996 [Low Temp. Phvezs 174

We performed several runs it= 1000 K which demonstrate (1'99'6]é ub, Fiz. Nizk. Temp22, 2221998 [Low Temp. Phys22

the essential instability of the amorphous solid and graduak_. N. Yakub, J. Low Temp. Phys.22, 501 (2003.

recovery of the crystalline structure. Probably much longer°P. Keblinski, M. Z. Bazant, R. K. Dash, and M. M. Treacy, Phys. Rev. B

MC runs could reach the complete or partial annealing of a 66 064104(2002.
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Properties of solid hydrogen doped by heavy atomic and molecular impurities
N. N. Galtsov,* A. |. Prokhvatilov, G. N. Shcherbakov, and M. A. Strzhemechny

B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences
of Ukraine, 47 Lenin Ave., Kharkov 61103, Ukraine
Fiz. Nizk. Temp.29, 1036-1040 September—October 2003

The structural characteristics of normal and para hydrogen crystals doped with Ar, Kand

O, impurities are studied by powder x-ray diffraction over the rangenfeoK to the

melting point of the hydrogen matrix. It is established that in spite of the very low solubility of
the dopants in solid hydrogen, these impurities appreciably affect the structural
characteristics. In particular, only nitrogen impurities do not change the molar volume of the
matrix; the other three make the matrix expand. The Ar and Kr impurities also changkathetio

of the hcp matrix. The fact that both Ar and, @ave smaller molar volumes than hydrogen

may be regarded as evidence that these impurities form van der Waals complexes with the
hydrogen lattice environment. @003 American Institute of Physic$DOI: 10.1063/1.1614192

Solid mixtures of hydrogen with rare-gas and simpledo not interadtrotate quite freely down to very low tempera-
molecular species are interesting for several reasons. At higtures. In stark contrast to quite reasonable expectations, ro-
pressures, some of such mixtures can form stoichiometritation of impurity molecules in a quantum-crystal matrix is
solid-state compounds, like Arg, (Ref. 1) or hydrogen—  substantially hindered and even locked into a librational state
methane ordered alloys.At low pressures, hydrogen- along particular crystallographic directioHsThis fact can
containing alloys with smaller moleculdatomig species be easily explained by the extreme compliability. For ex-
can be expected to form random binary systems that woul@mple, it was showti that an SE molecule in a helium
in many aspects resemble helium—impurity gélQuench-  matrix has a “coat” of 22 to 24 He atoms, so that rotation is
condensed Ar—K mixtures at sufficiently high Klcontents  greatly hindered even in the superfluid phase of helium.
in the source gas show many properties that could be treated There is another issue in the physics of dilute impurities
as pertaining to gels of that kirtdIn strongly diluted in various matrices, which can be directly solved with the aid
H,-based mixtures one can expect the formation of van de@f diffraction methods. This issue is the changes in the molar
Waals(VdW) complexes, loosely bound to the crystal envi- volume of the matrix material and the relevant displacement
ronment due to quantum-crystal effects. Evidence of suclef the closer crystal shells, which are needed to be known for
VdW complexes has been obtained by x-ray diffraction oncrystal-field evaluations and corrections.

Ne-doped para hydrogérSimilar results have been obtained ~ Here we report effects of heavier atontir and Kr) as

for other neon-doped hydrogen matri¢esrmal H, and D,, well as molgcular (M and Q) impurities on the structural
ortho deuterium’ In all those crystals, certain structural characteristics of the quantum crystals of para and normal
characteristics behaved in an unusual way; in particular, th@ydrogen. To facilitate understanding of the experimental
reflection attributable to hcp hydrogen grew considerably irfindings for H-based binary systems we give in Table | the

intensity, the molar volume increased upon doping agains?as'c molecular and other parameters of the species in-

natural expectations, and the hcp lattice flattened on dopin)jowed'

(thec/a ratio decreasedNeon impurities in solid hydrogen

cause a few effects that could be explained only under thEXPERIMENTAL

assumption that VdW complexes are present in the diluted These studies were done in Cy Kradiation on a

alloys. These finding are an unusual low-temperaturgyRON-3M powder x-ray diffractometer equipped with a
anomaly in the heat capacflya decrease in the thermal re- jiquid-helium cryostat. Diffractometer control and data col-
sistance of Ne-doped alloymstead of an expected increse |ection and processing were done using a PC. The samples
compared to pure hydrogéran acceleration of quantum dif- were grown by quench condensation of gas mixtures of
fusion caused by Ne dopirtd,and some others. known composition directly to the solid phase onto a flat
The behavior of atoms and smaller molecules in solidcopper substrate at a temperature of 5 K. The polycrystalline
hydrogen is important in view of the recent idea of usingsamples were typically 0.1 mm thick with grain sizes within
para hydrogen as an isolation matrix matetaDn the one  1074-10"5 cm. The purity of all the source gases was not
hand, the effect of the quantum-crystal nature of solid hydroworse that 99.9%. The parahydrogen source had an ortho
gen on optical spectra still remains an open issue. On thetaction of 0.23%, which is the equilibrium value at liquid-
other hand, the rotational dynamics of molecular impuritieshydrogen temperature. The concentration of the impurity
differs essentially in classical rare-gas and quantbyuro-  species in the gas mixtures was varied from 0.05% to 5% for
gen matrices:?~1® Presumably, the solid hydrogen matrix is Ar, 1% to 10% for Kr and N, and from 1% to 20% for
softer, interacting less with the impurity embedded there toThe error of the impurity fraction in the gas sample was 5%
But in classical matrices, impurity moleculgzrovided they of the total amount of the impurity in the gas. X-ray exami-

1063-777X/2003/29(9-10)/4/$24.00 784 © 2003 American Institute of Physics



Low Temp. Phys. 29 (9-10), September—October 2003 Galtsov et al. 785

TABLE I. The relevant physical properties ofH, and pH, and of the  Debye temperatures. The molar volume differences between

impurities Ar, Kr, Ny, and Q. impurity and matrix were such that doping of the etystal
Sub- | Structure Lattice Mola; volume, L-J would result in dilatations of opposite signs. Thus, judging
stance | at 5 K _|parameters, A| cm”/mole | parameters from molar volumegTable ) of the pure solids, argon and
- hep, a=3.770, e=36.7K oxygen impurities were expected to contract the hydrogen
2 | pg./mmc | c=6.162 2283 5=296A lattice, and krypton and nitrogen, to expand it. It should be
also taken into account that the molar volumes of both mo-
hep, a = 3.783, ¢=367K . .
PH, ~ 23.06 06 A lecular solids M and G are to an appreciable extent con-
P6y/mme | ¢ =6.178 o7 trolled by rather strong anisotropic interactions, which tend
fec, 4464 £=367K to compress these solids. In addition, the paramagnetic im-
Ne | poam | 4°0% 13.31 o=2788 A purities of oxygen can essentially affect the conversion pro-
fec, e =119.8 K cess in the normal hydrogen crysté&ls??
L T 2415 | o405 A Some of preliminary results of hydrogen doped with Ar,
fec, e = 164.0 K Kr, and N, 3have been rgported at the 3rd Cryo'crystals
Ke |\ pgm | ¢7 0546 26932 | 3624 A Conferencé’ Later we carried out a few complementing and
fec e =951 K more precise experiments on the these above-mentioned sys-
N, Pa; a=35.649 27.13 5=3708 A tems, in particular, using normal hydrogen as the matrix, and
W= 5375 we repeated the entire set of measurements on oxygen-doped
i | b= 3‘425' 173K normal hydrogen.
0, “‘°g‘;j;,‘,““' = 4'242' 20.57 o=3817 A When embarking on this program, we expected to find
8= 1'17 8: evidence of VAW complexes around the impurity particles.

However, our analysis shown that there is no unambiguous
confirmation of this hypothesis, at least within the content
sensitivity(about 1% of our method. The x-ray patterns con-
tained reflections only from the hcp hydrogen-rich phases
both for normal and para }j and, when observable, reflec-
ions from the lattices of the respective pure substafi€gs

1), the monoclinic lattice of @ and the fcc lattices of all

nation was carried out fro 5 K up to themelting point of

the hydrogen matrix. The temperature was stabilized t
within £0.05 K at every measurement point. Because of g
partial overlap of certain reflections from the hydrogen ma-

trix and the impurity solid, the resulting lattice parameter .
error was larger than for pure cryocrystals but did not excee&)ther crystals. It should be remarked here that the determi-

+0.04%. If should be noted that, in contrast to what we had”nation of the least congeptration at which impurity-based
found for neon-doped hydrogen and deuteritthe conden- phases appeared was difficult, because for the krypton and

sation in small spurt&he pressure drop in the mixing cham- nitrogen impurit.ies the111) reflecti_on of the respectivg cu-
ber being 2—3 mm Hgof mixtures with heavier impurities bic phases partially overlapped with the fi(&00) reflection

yielded strongly stressed samples, as expected. This was e\ﬂf—, Hp, and for argon and oxygen—vyith Secof@pz) and
denced by the absence of most of the reflections, while thBh,IrOI (103 reflections of the bl matrix, respectively(cf.

observed reflectiofas a rule, the 002 ongwere broad. To Figs. ]a—d)_. However, in SP“e of these aggravations we
remove stresses, such samples were annealed for 1 to jhgve established that reflections of the pure phases of all the

hours at a temperature @ 8 K below the melting point. dopa_mts are dgtectaple in x-ray patterns wh.en the normal
After annealing all the reflections appear in the X_rayfractlon of the impurity in the source gas mixture exceed

patterns with intensity ratios close to normal and linewidths0-5%: ) .

typical of mixtures. We think that quench condensation onto _ 1YPical powder x-ray patters for hydrogen-based solid
a substrate at 5 K yields samples with a large amount Omlxtures_yvlth the four impurity species are shoyvn in Fig. 1.
lattice defects, finer-than-usual crystallites, and stresses. ThHe'e Position and shapes of the; Heflections differ from

high-temperature annealing not only removes stresses due #30S€ from pure normal and para hydrogen. This is might be
fast crystallization and cooldown but also promotes a hofaused by the following factors. Although the actual content

mogenization of the impurity distribution. This argumenta- (Solubility) of all impurities can be substantially less than the
tion is corroborated by the results of experiments with!OWer concentration in gas mixturéte equilibrium solubil-
samples grown on the s@® K substrate but at a rate twice ity of heavy gases in solid hydrogen from thermal conduc-
as fast(with pressure drops of 5—7 Hg mmUnder these tivity measurementé?®is 10" * or less, these impurities
conditions, the condensate surface was momentarily heatéfect perceptibly the structural characteristics of doped hy-
up to the melting point, immediately producing an equilib- drogen. Usually, when quench depositing pure hydrogen at

rium sample, so that subsequent annealing did not change tH&W temperature it is difficult to avoid textfewith the
diffraction pattern. close-packed00l) basal layers being parallel to the substrate

surface, so that one can only see multiple reflections from
these planes in the patterns. In the experiments reported here,
even seemingly insignificant amounts of impurities low

As the impurity, two types of species have been chosemas 0.05% of Ar in the gas mixessentially suppresses pref-
considerably differing in molecular parameters from one anerable epitaxial crystal growth, and the intensity ratios from
other and from the hydrogen matrigee Table)l This, in  the hydrogen matrix are close to those from nontextured
particular, concerns the Lennard-Jones parameters and tpelycrystalline sample&cf., for example, Fig. &). The part

RESULTS AND DISCUSSIONS



786 Low Temp. Phys. 29 (9-10),

September—October 2003

Galtsov et al.

2 24.0
5 600 o 23.8f .
g g 236 oe
< 400 e §o--nn oo
Z €234 4..p5.-9.-.g--"""
g X
E 200 . X 23.0 . : > ;
26 28 30 32 34 4 6 & 10 12 4
T,K
* FIG. 2. Temperature dependence of the molar volume of solid para hydro-
£ 600 gen with impuritiees: 0.05% A(®), 2% N, (W), pure pH, (—),%® 5% Ar
5 (A), 2% Ne(- - -),5 2% Ar (O).
& 500
® 400
) 300 of spherical particles the molecule is stripped of its aniso-
% 200 tropic forces,o®, whereo is the Lennard-Jones radits.
= Argon impurities in para hydrogen increase the volume
~ 100 of the matrix by an amount comparable to those observed in
2@, deg pH,—Ne mixtures(Fig. 2) despite the slightly smaller vol-
ume in the bulk Ar compared tpH,. Oxygen impurities
m also expand the normal hydrogen lattice, approximately by
= the same amount as krypton. There is, however, an important
3 600 difference because oxygen is known to accelerate ortho—para
g 500 conversion, so that during sample preparation and measure-
- 400 ments oxygen impurities burn out ortho states in their closest
’?, environment and thus are in fact surrounded by virtually pure
§ 300 para hydrogen. Therefore, the net expansion effect due to O
£ 20014K impurities is less pronounced compared to Kr impurities.
26 Thus the lattice expansion caused by Ar andi@purities,
both of which are smaller than the size of vacant sites in
hydrogen crystals, may be treated as evidence of hydrogen-
.+"é’ 240 based VdW complexes, similar to those presumably found in
5 Ne-doped hydrogen.
g 200 Nitrogen apparently does not change the volume hydro-
. 160 gen matrix at any temperature up to meltifiig. 2). Since
%; the Lennard-Jones radius of the bare nitrogen molecule
é 120 (3.708 A) is close to the intermolecular distance in solig H

80

FIG. 1. Typical powder x-ray patterns for solid mixtur@si, +1% Ar (a),
nH,+2% Kr (b), pH,+2% N, (c) for 5 Kand 14 K,;nH,+2% O, for 5

K (d).

(3.784 A for para hydrogenone can expect an “accurate”
nesting for the N impurity in H,. Since the central j+H,
interaction constant does not differ drastically from that for
H,—N,, the near absence of an effect of Noes not seem
strange.

Krypton impurities increase the molar volume of the
normal hydrogen matriXFig. 3. The fact that the excess
volume and its temperature dependence are the same for the

of the impurity component that was not dissolved in solid

nominal gas fractions of 1% and 10% implies that the true Kr

hydrogen aggregates into a separate phase producing Corgsncentration in solid Himust not exceed 1%. Our previous

sponding reflections. Above the hydrogen melting tempera-
ture, only impurity-related reflections persigtig. 1). The
integrated intensity of these reflections is noticeably higher
than could be expected from the nominal concentration in the
gas. The width of the reflections after annealing-related hy-
drogen effusion is considerabli2—2.5 time$ larger than
usual, which suggests a high concentration of impurities
(H,) and/or lattice defects.

Before analyzing the structure data and giving our argu-
ments, we note that, when considering a molecular impurity
in a solid made up of spherical particléske H,), one
should use for scaling not the molar volume of the pure

T.K

23.8

2 2361 . .OArA

E 234 ocee 0__°____A ..... o- -4

E 232r 877777

>~ 230 | /____/
228, 5 8 10 12 14

FIG. 3. Temperature dependence of molar volume of solid normal hydrogen

molecular solidin which strong anisotropic forces produce a yith impurities: 1% Kr(®), 10% Kr (O), 5% Ne (-A-), purenH, (—).28
large negative contributigrbut, because in an environment 5% 0, (0).
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evaluationd yields an upper limit value of 4%, which does
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Structural peculiarities of quench-condensed pure and argon-doped nitrous oxide
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Electron diffraction studies are carried out for condensg® ldnd N O—Ar films. Deposition is

done at substrate temperatures of 10 and 20 K. The growth procesfOofiéposits is

studied. A strong effect of argon impurities on the structure of the nitrous oxide matrix is observed.
The phase separation of the solutions is studied. The equilibrium solubility of argon atoms

in nitrous oxide is very low. Introduction of a small amount of argon impurity into the molecular
lattice destroys the crystal structure. An effect of the size of the sample on its structure is

also studied. ©2003 American Institute of Physic§DOI: 10.1063/1.1614193

INTRODUCTION EXPERIMENTAL

Investigations were carried out by the transmission elec-

Solid nitrous oxide belongs to the class of molecular . : . . . >
- : tron diffraction technique using a helium cryostat? Mea-
cryocrystals consisting of linear molecules. At low tempera-

. . . surements were made in the temperature range between 6
ture the symmetry of this crystal is described by #a3 o >
space group in which the centers of mass of the moleculeand 60 K. Samples were prepaneasitu by depositing gas-
P group Sous mixtures on a polycrystalline Al substrate film at vari-

areI Iocallllzed atdt_he fltg:s Iof thethfcc]c Iattlceban(c:ij_the 1?21?1 of thgus temperatures. GARef. 13 and N,O (Ref. 14 samples
molecules are directed ajong the four cube diago e quench-deposited under certain conditions may be amor-

strong anisotropic interaction between triatomic molecule%hous Our experiments also enabled us to establish condi-
(as both “long” N;O and CQ) stabilizes the state with ori- {j5q for the formation of a stablBa3 structure. We used
entational order up to the triple point. Doping of the orderedgg 9994 pure gas to make the deposits. The concentration of
modification with atomiq(*rotationally neutral”) impurities 1o gaseous phase was determined by measuring the partial
could lead to realization of phase transitions due to the mo'pressure of components with the help of a sensitive manom-
ecule disorientation and the formation of an orientationalgter. The Al film also served as the internal standard. The
glass staté* The number of transformations can be still apsolute error in determining the lattice parameter for high-
greater in the case of small objects. Change in the structurigtensity sharp peaks usually did not exceed 0.005 A. For
of deposited particles can also be caused by the size factqfeak and highly blurred reflections, the error was twice as
One can assume that the existence of an anisotropic interagrge. The samples did not reveal any noticeable signs of
tion may also affect the character of a dimensional phasgsxiure. The effective thickness of the samples ranged from 2
transition. The possible formation of icosahedral Afus-  to 45 nm. As the procedure was capable of detecting a new
ters was considered in Ref. 5. According to the experimentgbhase if the dimensions of its domains were of the order of

datd the CQ, free clusters had the structure inherent to thefew nanometers, diffraction patterns were recorded continu-
bulk crystal. However the authors observed an intensificatiopusly during the condensation.

of the librational motion of the COmolecules in small crys-

talline cl.ustgrs.. Investigation of the |n|F|aI stage of sa'mpIeRESULTS AND DISCUSSION
preparation is important for understanding the mechanism of

the crystalline phase formation in pure solids and solutionsPure nitrous oxide

The effect of dilution of spherically symmetric atoms in We present a detailed study of a growth process #®N
a molecular crystal matrix on the orientational order has beegyystalline deposits in the temperature range 6—20 K. The
investigated in C@-Ar alloys™’ It was established that the structure of NO samples was investigated as a function of
rare-gas doping lowers the potential barrier hindering the ropoth the temperature of the substrate and the dimensional
tation of molecules. As a result, the orientational orderingfactor at the choosen conditions. The sequence of changes in
factor of CQ molecules decreases considerably with in-the diffraction patterns during deposition at 10 K is shown in
creasing Ar concentration. The nearest analog of solid carbopig. 1. The indices of the peaks are marked on t8p;
dioxide is solid nitrous oxide. As a molecule,® is physi-  =4sing/\ is the diffraction vector modulug] is the Bragg
cally very similar to CQ, except for its dipole moment. In angle, and\ is the electron wavelength. At the initial stage of
the case of nitrous oxide a phase transition attributed to dithe condensation we observed the appearance aggregates
pole ordering may occur dt<11 K.8 However according to having a structure with complete vanishing of reflections
the structure studythe “head-to-tail” order is absent in ni- caused by the orientational ordering of the molecular axes
trous oxide condensates down to 2.2 K. A partial dipolar{see Fig. &)]. “Superstructural” peaks such 4210, (320),
ordering reveales itself in peculiarities of the temperatureand (321) were absent. The diffraction pattern obtained can
dependence of the Gmeisen constant for solid J©.1° be interpreted as that of an fcc structure. This will be dis-
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FIG. 1. Intensity distribution corresponding to the electron diffraction pattern frg@® $amples. The evolving structure during the growth process at 10 K.
Time of quenching is 20 s. The initial stage of sample formatiy (ime of quenching is 2 min, amorphous phabg; (time of quenching is 3.5 mirRa3

structure €).

cussed later. With further increase in the amount of depositettadiction between the lattice parameter and the character of
gas a transition of the crystalline phase into an amorphouthe intensity distributiol? (see Fig. &) permits us to suggest
one was observe@ee Fig. b). The diffraction pattern of the such an explanation. At the initial stage of growth we obtain
condensate showed one broad, diffuse diffraction ring at tha noncrystalline phase, as can be seen from the diffraction
position where thé111) and(200 reflections are expected to pattern(see Fig. 4). The (111) reflection is sharp, but it

occur. As the molecular aggregates became larger, the nature
of the intensity distribution of the diffraction pattern
changed. The amorphous modification transformed into an
ordered phasésee Fig. t). All of the diffraction peaks cor-
respond to thé?a3 structure. This is indicated by a sharp-
ening of the(111) and(200) peaks and the appearance of the
(2100 maxima inherent to the long-range-ordered phase. No
change in intensity along the diffraction rings was observed.
Precise measurements of the diameters of the diffraction
rings and the corresponding calculations gave the following
value of the lattice parameter of the ordered phase:
=(5.666+0.005) A. As indicated above, the structure of the
initial deposit corresponds to the fcc phase. The evidence for
this conclusion is the absence of “superstructural” reflec-
tions and the presence of tk&ll) peak, which is very weak

in Pa3 group symmetry. The value of lattice parameter of
the fcc phase in=5.682 A. One can see that the difference
between the values of the lattice parameter of the two phases
is not big. However, it is known that disordering of the linear
molecules leads to an increase of the lattice parameter. On
other hand, a linear decrease in the value of the lattice pa-
rameter with decreasing cluster size was observed. The con-
traction from the bulk solid is about 0.35% for a small £O
cluster® This contradiction can be explained using a simple
model to account for the linear variation. The clusters hav

I, arb. units

s, A?

. . . . IG. 2. Intensity distribution corresponding to the electron diffraction pat-
the form of |sotrop!c spheres v_v|th_compreSS|b|I|ty and sUr-ter from N,O samples at the initial stage of formation at 20 K. Time of
face stress, producing an effective internal pressure. The cofquenching is 20 s.
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FIG. 3. The diffraction pattern of }0—3.5% Ar @) deposited at 20 K and JO—10% Ar (b) deposited at 20 K.

differs from the line profile of ideal crystals by a strong argon fractions of about 10 mol., phase separation process.
broadening of the line base. TK20O0 reflection is broad and The character of diffraction patterns evidenced the decompo-
diffuse and is not distinctly separated frofhl1).!®> During  sition of the solutions. In this case there are two systems of
the growth process the dimensions of the sample increaddiffraction rings. One of these corresponds to thgONul-
from 2 to 45 nm. The most interesting result is a nitroustradisperse phase, while the other, which contains peaks of
oxide solid with a structure in which the ordered arrange-much lower intensity, corresponds to the Ar fcc modification
ment of N, O molecules is absent. (see Fig. B). With increasing argon content in the mixture
At 20 K diffraction peaks appeared at the positions cor-the intensity of the Ar peaks increases. On heating the
responding to thé?a3 structure during quenching of pure samples up to 30 K the patterns changed quickly: the halo
nitrous oxide(see Fig. 2. Reflections(200 and (210 were  disappeared and sharp rings appeared, the positions of which
weak. However, with increasing size of a sample all thecorresponded to those of the diffraction peaks from th® N
peaks ofPa3 symmetry were clearly manifested. ordered phase. Annealing above 30 K was accompanied by
intense evaporation of argon. The desorption of argon made
it possible to form thePa3 structure of nitrous oxide. Ac-
cording to our measurements, the equilibrium solubility of
The choice of the BO—Ar system is dictated by the argon atoms in the O matrix is very low. The structure of
following circumstance. To our knowledge no data are availthe nitrous oxide lattice is very sensitive to the concentration
able in the literature about the character of the phase diagraof impurities. The introduction of a small amount of argon
of these components. Nitrous oxide-based solutions are suéhto the molecular lattice led to destruction of the crystal
systems in which the molecular component does not exhibistructure.
a transition from an orientationally ordered to a disordered The authors wish to express thanks to M. A. Strzhe-
phase in the solid state. The choice of argon as the dopant mmechny for stimulating discussions and substantial support.
motivated mainly by the considerable difference in the molar
volumes. The volume difference is 7%. This fact allows us to
expect interesting results. At first we present the results of
the investigation of large JO—Ar aggregations. The aim is g ... solodovnik@ilt khakov.ua
to obtain information about the solubility of argon in the
nitrous oxide matrix and to establish the crystallographic
structure of the solid solutions.
The solidified NO—Ar mixtures were prepared at 20 K
and were recorded. We illustrate the effept of Ar dopisge 'L Vegard, J. Phys71, 465(1932.
Fig. 3a). If the argon concentration did not exceed 3.5 2y ¢ Hamilton and M. Petrie, J. Phys. 65, 1453 (1953.
mol. % the electron diffraction patterns displayed the bright 3m. A. Strzhemechny, A. A. Solodovnik, and S. 1. Kovalenko, Fiz. Nizk.
halo and very weak peaks of the,® ordered phase. The 4{/62%%%#??((1222[;%2 ZeTcr))ialF’%SVZt r?6593(919383)8]-(1990
center of the halo coincides with th&11) r_eflectlon. The 58 W. van de Waal, 3. Chem. Phy‘é), 39'48(1’983'. :
presence of the peak200 and (210 confirms the weak oG Torchet, H. Bouchier, J. Farges, M. F. de Feraudy, and B. Raoult,
degree of ordered arrangement of theONmolecules. For  J. Chem. Phys81, 2137(1984.

Nitrous oxide doped with argon
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The contribution of tunneling to the diffusion of protons and deuterons in rare
gas solids
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The stability and diffusion of protons and deuterons in rare gas matrices are reexamined.

These are known to be stabilized in rare gas matrices in the form of linear, centrosymmetric
Rg,H™ cations. The elementary step in their diffusion, displacement from one Rg—Rg

bond to a neighboring one, can be modeled as an isomerization of the triangykd Ration.

Using an analytic approximation for the thermally averaged transmission coefficients for
tunneling through and reflection by a truncated parabolic potential bgRi€ef. Skodje

and D. G. Truhlar, J. Phys. Cher@5, 624 (1981)], we calculate the rate constants for this
elementary diffusion step. The calculated rate constants are consistent with all experimental
observations and confirm that tunneling makes the dominant contribution to the diffusion

of protons and deuterons in rare gas solids. Deuteration reduces the tunneling rates by 5 to 8 orders
of magnitude, which agrees with the observation thati® rare gas solids is signficantly

more stable than H. © 2003 American Institute of Physic§DOI: 10.1063/1.1614194

INTRODUCTION deuterons—are essentially dimensionless charges, and they

. . . therefore show a clear preference for a coordination number
Infrared absorptions associated with deuterons and prg

. : - of two, i.e., they are strongly solvated by two and only two
tons in solid rare gases have been known for more than th|rt¥trongly boundyrare gas Iiggnﬁis y y

years, and m_fact some .Of the p_uzzllng as_pec_ts of thelr_ear- As was noted above, both"Hand D" are observable in
liest observations were linked with their diffusion behavior. . e . . .
solid argon, krypton, and xenon. His quite short-lived in

Initially, a strong infrared absorption near 644 chwas de- . . .

. . argon and disappears on a much slowe?, 40time scale in
tected, whenever argon with a small amount of deuterium lid Kr and X h Di hi lived |
was discharged and deposited on a cold substrate held at pqid rand Ae, whereas LIs much fonger-ived In argon
K. However, no comparable absorption appeared when nof’}nd e_ssentla!ly stable n the hgawer rare gases, the orders-of-
mal hydrogen was used insteb@iThe problem turned out to magnltudg dlfference. in stability bgtween protons and Qeu-
lie in the fact that the grating infrared spectrometers used &Fr.ons being suggestive of a tunneling process. Interestlngly,
the time typically required some 60 minutes to scan the usuaﬂe',ther protons nor deuterons h.ave thus far been observed in
IR-range from 4000—400 cht. When, on the other hand, so_hd_ neon. We have recently d|sc_:uss_ed th(_ase phenomena in
the spectral scan was started directly in the expected regioH'S journa? and suggested that diffusion might be activated
the corresponding absorption due to normal hydrogen way room-temperature blackbody radiation, which exhibits a
detected near 905 cnd, shifted almost exactly by the appro- Strong overlap with the’; band of RgH" . At that time, we
priate v2 ratio. While the hydrogen absorption decreases irflid not quantify the effect of tunneling but suggested that it
intensity with a half-life of a few minutes, the deuteron bandMight contribute to the observed differences.
is much more stable, with its rate of decrease being slower A proton or a deuteron in a rare gas solid is inserted
by several orders of magnitude. between two neighboring atoms to form the linear, cen-

Initially there also was some doubt as to the charge statfosymmetric entitity RgH ™. Interestingly, the distance be-
of the carrier of the absorption bands, but subsequent eviween the two atoms with the proton inserted is in fact con-
dence pointed increasingly towards positively chargecﬁideramy shorter than the distance between two nearest-
protons®~’ Similar absorptions were also found in solid neighbor atoms in an unperturbed rare gas lattice. An
kryptor? and, more recently, in xenonand it is now well elementary step of diffusion through the solid then requires
established that the transitions are due toitheasymmetric ~ displacement of the proton from one Rg—Rg bond to a neigh-
stretch andv;+nv,; combination bands with the low- boring one, and can be modeled as an isomerization of a
frequency symmetric stretching mode of the linear, centriangular RgH™ cation, as shown schematically in Fig. 1.
trosymmetric RgH* cations. Already in the first investiga- In the T-shapedC,, cation, the proton is displaced, stretch-
tion of these absorptions it was pointed out that thgHRg  ing the Rg—H™ and shortening the RgH™ distance to
species are isoelectronic with the well-known HXihalide  reach the equally spacét},, transition state. We have com-
anions. From the chemical point of view, protons—or puted the barrier heights and frequencies of this transition

1063-777X/2003/29(9-10)/3/$24.00 792 © 2003 American Institute of Physics
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Rga Rda Rgao RESULTS AND DISCUSSION

o R [®) Rg “,__Rgc ' o ' .
Wogc ‘/""*O © O As argued previousl§? the reaction sequence depicted
o O in Fig. 1 for RgH™ represents one step in the diffusion of

Rg,, Rg, Rg, protons or deuterons in rare gas solids. The zero-point-

corrected barrier height¢, and imaginary frequenciesare
given in Table I. The key parameter for describing tunneling
. . . . . lo
FIG. 1. Cluster model for proton diffusion in rare gas matrices. The protonIs .the .transmllssmn cpefhuenk(T) at temperatureT,
changes its connectivity when it goes through the transition state of thavhich is more instructively called “the enhancement of the

RgH* ion. A large number of these elementary steps lead to a randontransfer rate due to tunneling” by Lill and Helm3 With
motion of the proton through the matrix. Reproduced from Ref. 8 by per-
mission of the PCCP owner societies. a=—2m/hiv (1)

Minimum C,,  Transition state C», Minimum Co,

and

state in our recent investigati8ni.In the present work, we p=1kT @
use these results to estimate the transmission rate constaitt$s easily shown that the conditions<g and 8V,>1 are
for H" and D" in solid neon, argon, krypton and xenon fulfilled for the species discussed in this work. According to
through the diffusion barrier, with thermal activation and Skodje and Truhlal® «(T) is then approximated by the
tunneling taken into account. equation:

«(T)=[BI(B—a)lexd (B~ a)V,]. ()

At T=10 K this yields the exceedingly large numbers
which are listed in Table I. They indicate that at these low

The thermally averaged transmission coefficients fortemperatures, tunneling is the only contribution to the diffu-
truncated parabolic potential barriers are calculated using thgion of protons as well as deuterons.
analytic approximation of Skodje and Truhf8rwhich re- In order to get a quantitative estimate of the rate con-
solves some problems associated with the earlier approachstnts involved in the diffusion process, classical Arrhenius
by Wigner! and Bell*? As an input into this formalism, the rate constants are calculated. Since the bending nrgas
barrier height and the imaginary frequency of the transitiorthe protonated rare gas dimer corresponds to the imaginary
state are needed. The transition states ofHRghave been mode in the transition state, its frequency is chosen as the
calculated in our previous wotR with the B3LYP functional  ArrheniusA factor, i.e., the frequency with which the barrier
and the 6-31% + G(3df,3pd) basis set on hydrogen, neon, is attempted. The Arrhenius rate constiathen amounts to:
and argon, and the Stuttgart/Dresden relativistic effective _
core potential basic s€ton argon, krypton, and xenon, em- ka(T)=Cv exp( = BVo). @
ploying the Gaussian 94 program suifeln all cases the Calculated values fdk, are listed in Table I. They illus-
frequencies are scaled by a factor of 0.8 to take into accouritate that thermal activation is in no case sufficient to over-
the influence of the rare gas sofid. come the diffusion barrier, and significant energy input, e.g.,

COMPUTATIONAL DETAILS

1 1

TABLE |. Matrix, dopant H" or D*, barrier heightv, in kJ-mol™?, scaled imaginary frequenayin cm™?!, scaled bending frequenay in cm™
(scaling factor 0.8 in both case®nhancement of the transfer rate due to tunnetifi K), classical Arrhenius rate constaqi(10 K) in s 2, and
semiclassical rate constant with thermal activation and tunneling taken into ackgeit) K) in s 2.

Matrix Dopant v,/ kJ mol™! -iv/cm™! vz/cm_1 k (10 K) kA(10 Ky /s kSC(IO K)/s!
Ne H* 1.52 609 620° 6.25-10° 1.98.107% 1.24-10°
Ne D’ 13.8° 441 444° 9.66-10% 1.37.107° 1.33-10°
Ar H* 2972 506 5492 6.03-10'! 1.50-107142 9.06-107"
Ar D* 29.9° 366 390 ° 3.97-10' 9.64.10714 3.83-107°

SECP ¢
Ar H* 30.7° 506 5182 3.59.10™6 8.48-107148 3.05-107"
Ar D* 31.6° 364 369 ° 1.97-10' 1.20-1071%2 2.37-1077
Kr H* 323° 471 4862 1.32.10'%3 3.49-1071% 4.60-107°
Kr D* 32.8° 335 345° 1.10-10'4 6.06-107159 6.63-1071°
Xe H* 3552 441 444 1.36-10'%7 6.15.10717 8.35.107°
Xe D* 35.9° 313 314° 2.70.10'! 3.54-107'7° 9.57-10”"

Comment3From Ref. 8:°From Ref. 9;The values above the horizontal line were computed considering all electrons explicitly. The computations
below the divider were carried out using the quasi-relativistic effective core potential basis sets of the Stuttgart/Dresdén group.
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10 - In the presence of two different rare gases, that is, in
. - H*SECP terms of Fig. 1, if Rg is different from Rg, then the two
or e D’ minima on the right- and left-hand sides will no longer be
= ok . equivalent but will have substantially different energies. Un-
X der these circumstances the diffusion should stop, and the
2 5L positive charge would remain localized near the heavier,
- more polarizable rare gas atom. Species like Xe&hd
—10+ Xe,H™ should therefore be observable in solid neon.
-15 CONCLUSIONS
Ne Ar Kr Xe
Matrix gas Calculations of the rate constants with thermal activation

6. 2 lassical e ol diftusi or N and tunneling taken into account show that the latter process,
Afkr" ;Zm;feésvs\;ﬁﬁ‘erﬁihcﬂszg&chfee:ﬁ?éﬁrfno'bi‘ﬁf;oi?] S;egeg; eFunneling, dominates the diffusion of protons and deuterons
matrix, diffusion is considerably slowed down in argon, krypton, and xenon.in rare gas solids. At a temperature of 10 K, tunneling is
Deuteration reduces the rate constants by 5 to 8 orders of magnitude, whidiaster than thermal activation by 55 orders of magnitude for
stabilizes D relative to H" in matrices of heavier rare gases. H™ in neon and by up to 167 orders of magnitude for K
xenon. The values are consistent with all experimental obser-
vations. Deuteration reduces the tunneling rates by 5 to 8
prders of magnitude, which is consistent with the signifi-
cantly higher stability observed for Din comparison with
4—_|+ in rare gas solids. The results also indicate that the tran-
ition states proposed earlier are indeed relevant for the dif-
Iflésion of protons and deuterons in rare gas solids.

from room-temperature blackbody radiatibmyould be re-
quired to explain the diffusion. However, the enhancement o
transfer rate due to tunneling described byT) is suffi-

ciently large to balance these low Arrhenius rate constant
With the assumption that the quantum-mechanical barrier i
attempted at the same frequency as the classical barrier, t

semiclassical thermally averaged rate consteg which Financial support from the Deutsche Forschungsgemein-
takes thermal activation and tunneling into account amountg.paft through the program “Forderung der wissenschaftli-

to: chen Beziehungen deutscher Wissenschaftler zu Wissen-
ksc= k(T)Ka(T)=cr,o[ BI(B— a)]exp — aVy). (5)  schaftlernin Ladern Mittel- und Osteuropas sowiéndern

. , _der vormaligen UdSSR” is gratefully acknowledged.
These values are again given in Table | and are shown in

Fig. 2. Since most parameters, I_ikéb and v, are in the 9E-mail: beyer@ch.tum.de

argument of the exponential function, the accuracy of theseg mail: bondybey@ch.tum.de

results cannot be better than a few orders of magnitude. NeVE-mail: savchenko@ilt.kharkov.ua
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BIOLOGICAL SYSTEMS AT LOW TEMPERATURES

Structural fluctuations and aging processes in deeply frozen proteins
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Frozen proteins are nonergodic systems and are subject to two types of structural motions,
namely relaxation and fluctuation. Relaxation manifests itself in aging processes which slow the
fluctuations. Within certain approximations we are able to experimentally separate the

aging dynamics from the fluctuation dynamics by introducing two time parameters, namely an
aging timet, and a waiting time,, . Both processes follow power laws in time. The

fluctuation dynamics shows features of universality characterized by a rather uniform exponent
of 1/4. These universality features were shown to be possible due to a random walk on a

1D random trajectory in conformational phase space. A very interesting aspect of protein dynamics
concerns the influence of the host solvent on structural motions of the protein cores. We
present results for sugar solvents and discuss possible mechanis@@032American Institute

of Physics. [DOI: 10.1063/1.1614196

INTRODUCTION we will show that their dynamics at low temperature differs
in a characteristic fashion from that of glasses. It displays

Investigating structural dynamics of low-temperaturecertain aspects of universal features which we believe to be
proteins, it is a fair question to ask whether specific featuregue to random walks on 1D stochastic conformational trajec-
as compared, for instance, to ordinary polymers or glassegries.
are to be expected. Proteins are the nanomachines which
kgep life running. It is obV|(_)us that_ this cannot l_)e aCCOM-Ly oo M ENTAL
plished by just random motions which characterize the dy-
namics of dead polymers. Proteins have very specific struc- In our experiments we investigate the dynamical behav-
tural features which are obviously linked to specificior of low-temperature proteins by measuring the absorption
dynamical features, even in the frozen state. They are hefrequency of a dye molecule, a so-called chromophore, in the
eropolymers built from a stock of 20 well-defined amino interior of the protein. Since this chromophore couples to the
acids. Typical molecular weights are betweert 40d 16, amino acids in its environment, dynamical processes of the
but there are also much larger assemblies. A characteristigrotein lead to fluctuations in its absorption frequency.
feature is the rich variety of molecular interactions, mostHence, if the linewidth of the chromophore is small enough,
important among which are the hydrophilic and the hydro-one has a very sensitive tool for the measurement of protein
phobic interactions. These two types of interactions aralynamics.
mainly responsible for the fact that proteins attain well- All our measurements so far were done with heme pro-
defined structures. But, as is clear from the nature of thestins. The heme group, however, which is a natural constitu-
interactions, this is only possible if the solvent contains aent of this type of proteins, is not suitable as the chro-
sufficient amount of water. The strong interaction of proteinsmophore for our experiments, since the natural widths of its
with water makes them sensitive to changes in their environeptical transitions are rather broad. To circumvent this prob-
ment, which then may show up as changes in their structurkem, we used slightly modified proteins, where the natural
and their respective dynamics. heme group was substituted by very similar dye molecules

Because of their well-defined structure, Salinger having linewidths of less than 1 GHat a temperature of 4.2
called proteins “aperiodic crystals” to stress the fact thatK). In this case, even dynamical processes of the proteins
they are structurally well defined but lack translational peri-which are associated with small changes in the transition
odicity. However, organization and order is just one aspect oénergy of the chromophore are—in principle—measurable.
proteins. A quite specific feature is that order in proteins is  To do this, however, another problem must be solved.
accompanied by disorder. It is this in-between nature which.ow-temperature proteins do not have a well-defined ground
makes them very different from dead polymers and whichstate but can exist in a great number of almost degenerate
points to possible specific features in their dynamics. “conformational substates®? which are characterized by

In the following we present an overview of our spectral small differences in the structural arrangement of their amino
diffusion experiments on a series of modified heme proteinsacids. Hence, in an ensemble of proteins every chromophore
We will show that low-temperature proteins are truely non-interacts with a slightly different environment. Accordingly,
ergodic systems which never reach equilibrium. In additionthe absorption profile of an ensemble is inhomogeneously

1063-777X/2003/29(9-10)/6/$24.00 795 © 2003 American Institute of Physics
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broadened. Typical bandwidths of such inhomogeneous pro- 1.0
tein spectra can be of the order of?2@avenumbers. As a
consequence, the small frequency fluctuations associated
with conformational changes are completely hidden below
this inhomogeneous line. To monitor them, one needs a more
sophisticated experimental technique than simple absorption 00 g.ag
spectroscopy. In our measurements, spectral hole burning %" Y
was used. For this kind of experiment, a narrow-line laser v
illuminates the protein ensemble at a certain position in the 003%* v
inhomogeneous band. Proteins with suitable absorption fre- r O :A&“ v
guencies are excited and photochemically bleached. Hence,
the number of absorbing molecules at the laser frequency is Eﬂﬁ?l?
decreased, and a gém so-called spectral hgleccurs in the Do o . 1
absorption spectrum of the protein ensemble. The width of ~ 0-1——5 ""02 103 10°
such a hole is comparable to the linewidth of a single chro- 10 1 t min
mophore. In addition, it can be shown that a spectral hole w’
behaves exactly like an ensemble of proteins with identicakig. 1. Results of a spectral diffusion experiment on horseradish peroxidase
absorption frequencies at the time of hole burning. The probat T=4.2 K. The broadening of six spectral holes burned after different
lem of inhomogeneous broadening can therefore be circunfging timest, (see legendis shown as a function of the waiting tintg .
vented. Obviously the dependence opis given by a power Iawcroct\?v’z. The inset

. . . . shows the hole-broadening at a fixed waiting time as a functiap.ofgain

In our experiments the so-called spectral diffusion, i.e., power law is founderoct ? .

the broadening of spectral holédue to structural fluctua-
tions) is monitored as a function of time. Two experimental
parameters are important. After cooling the sample very rap-

idly from room temperature to 4.2 K, we wait for a certain PO€’ law int,,—the data follow straight lines in a double-
time, the so-callecaging time t, before burning a hole logarithmic representation. In addition, there are clear aging

Then, after a second time period, called thaiting time t,, effects: the broadening of the holes which were burned at

the shape of thébroadenephole is measured. We will show Ic;ngelr fign;]g 'qmesta f|shsn}gller. Th;? rc]:anh be sehen dmore
later that the broadening of spectral holes as a functidp of clearly '? ther:nfetbo tde ngure, w 'Cf. SdOWS. t € depen-
can be connected with relaxational processes in the proteircii,ence of the hole broadening op at a fixed waiting time

whereas the dependence fypmonitors(stationary fluctua- tﬁ’ as ohbtai?ed ff‘?m a ﬁm throu_gh the dalta IOf Fig.hl glonlg
tions of the molecule. the dashed line. Since this is again a double-logarithmic plot,

Mathematically the form of a spectral hole at later timesObViOUSIy this time dependence is governed by a power law,

is given by a convolution of the initial hole shape with a 100 So what we find is:
so-called spectral diffusion kernp(vy,t1|vg,tg). The width al B[t ?
o(t,.t,,) of this kernel is extracted from our experiments. Of U(ta'tw)“(?) T_o> :
course, since the hole-broadening is caused by structural

fluctuations, the time dependence «ft, ,t,) monitors the For the exponenta/2 andg all our experiments yielded very
structural dynamics of the proteins. similar values, namely about 0.25 and 0.07, respectively. A

possible explanation for this apparently universal behavior
will be given below.

RESULTS As can be seen from E@l), it is possible to separate the
influence of aging time and waiting time in the experimental
results, i.e., we can scale our data with thigidependence to

We did a series of spectral diffusion experiments withget a plot that is independent of (see Fig. 2 In this so-
different heme proteinghorseradish peroxidase, myoglobin, called master plot only the stationary fluctuations of the pro-
cytochrome ¢ containing various types of chromophores. In teins show up; in contrast, tlg dependence monitors non-
addition, the effect of different solvents as well as the influ-equilibrium processes in the proteins, i.e., their relaxation to
ence of deuteration on the low-temperature dynamics o&n equilibrium structure.
these proteins was investigated. In all these experiments we It should be emphasized that the numerical values of the
found a very similar behavior of our samples, which seemsbove-mentioned exponents depend on the microscopic pic-
to be of a rather universal nature. As an example, measurgédre which is used for the interpretation of the dasmd
ments on horseradish peroxida$¢RP) in a water/glycerol which determines the mathematical form of the diffusion
matrix will be presented in this SectiériFree-base mesopo- kerne); however, the power-law behavior itself is an inde-
rphyrin IX served as a chromophore in this protgin. pendent experimental fact. In our earlier works we tried to

In Fig. 1 the results of this experiment are given. Theanalyze our spectral diffusion measurements in the frame-
broadening of six spectral holéburned after aging times work of a two-level-system(TLS) theory, which is well
betwen 40 min and about eleven dpigsshown as a function known from the theory of low-temperature glas3dsow-
of the waiting timet,,. Two of the main results of our mea- ever, when we started to pay more attention to the aging
surements can be recognized immediately from this figureeffects which can be observed in protein dynamics, it turned
obviously the broadening of the holes is governed by aut that a satisfactory explanation of our data with a TLS
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t,, min FIG. 4. Master plots of spectral diffusion experiments on HRP dissolved in

a water/glycerol matrix and in a water/glycerol matrix enriched with treha-
. ) . o . lose(TH). Only the intercept of a double-logartihmic plot is affected by the
FIG. 2. Scaling the data of Fig. 1 with their aging-time dependence yields d;ahalose. The inset shows the aging behavior of the two sart al-
so-called “master plot.” It contains only the stationary contributions to the j,04 1o their values at, =40 min), which is independent of the composition
spectral diffusion. Again, the power-law behaviortjpcan clearly be seen. ¢ ihe solvent.

theory was impossibl®This is seen very well in Fig. 3. Here longer waiting times can thus not be explained by a TLS

a fit of the data of Fig. 3 by énonequilibrium TLS theory is  theory. To solve this problem, we invented a new statistical

attempted; obviously the agreement with the experiment i&nsatz to interpret our measurements, which will be dis-

very poor. cussed below. In this new model spectral diffusion is ex-

However, this can be understood quite easily. In the TLSplained by diffusionlike motions of the amino acids in the

theory spectral diffusion is explained by coupling the chro-proteins; the diffusion kernel then takes the form of a Gauss-

mophore to an ensemble of two-level systems with a broaéhn, and an analysis of our data based on this kernel leads to

range of relaxation times. At a tintg after cooling down the the exponents/2 andg given above.

sample, only TLS with time constants smaller thtgrhave

reached thermal equilibrium. Their influence on the broadensoLVENT EFFECTS ON SPECTRAL DIFFUSION

ing of a spectral hole will saturate after a waiting tirg Horseradish peroxidase in a sugar matrix

>t,, since by then any subensemble of these TLS, which

has been “marked” by hole burning, will have reached its In an important part of our experiments we investigated

equilibrium distribution again. If there are TLS with time the role of solvent effects on protein dynamics. To learn

constants larger thary, there will be spectral diffusion even something about this interesting question, we dissolved HRP

for longer waiting times, but in addition there will be aging in a trehalose-enriched water/glycerol solutiafin addition,

effects, since these TLS still relax to their equilibrium distri- as will be presented in the next Section, the behavior of

bution. Behavior like that found in our protein experimentscytochrome c in a dry trehalose film was investigatdate-

(i.e., almost no aging effects after an aging time of about dalose is a disaccharide with a high affinity for the formation

few days but still nonsaturating spectral diffusion for muchof hydrogen bonds(and is therefore believed to replace wa-
ter molecules at the surface of proteiasid with remarkably
high glass-transition temperatures of its solutidiisis well

P known that trehalose is of great importance for biological

o 40 min & systems, helping them to survive phases of strong dehydra-
1.0 ; ;gShh Q/’ tion or low temperatures. For this reason, the influence of

K trehalose on protein dynamics has been investigated before.

£l P For example, Hageet al!%'! measured the kinetics of CO
(3_. SR » rebinding in myoglobin in a trehalose environment; this re-
O J* action is dominated by the relaxational behavior of the myo-
0.5+ &O ”’ globin. Similar experiments on hemoglobin have been done

by Gottfriedet all?

In Fig. 4 the results of our own HRP/trehalose experi-
ments are given. We compared the spectral diffusion behav-
ior of a sample wherein the proteins were dissolved in a

.
sl N RATT B RTr 1

102 108

t,,» Min

104

water/glycerol mixture with the respective one in a trehalose/
water/glycerol solution(For experimental details, see Ref.
7.) Shown are master plots, i.e., the data have already been
scaled with their aging time dependence as explained above.

FIG. 3. An interpretation of the data of Fig. 1 according to a nonequilibrium : ; P :
TLS theory(dotted lineg fails completely(Here the broadening of the holes As can Clearly be seen in the inset of this flgure, the aging

is labeled byy instead ofcr to clarify that the data have been analyzed in a P€havior of the two samples is identical, and hence the ex-
different way than in the upper figurés. ponent B does not depend on the trehalose content of the
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solvent. In addition, the exponeat2 (which is given by the
slope of a double-logarithmic plpis also unaffected by the 1
solvent. Thus the only effect of the trehalose dezreasef

the parametety, which is a correlation time for the station-
ary fluctuations of the proteins. In a trehalose environment
these fluctuations are faster than in a trehalose-free environ-
ment by a factor of four, i.e.:

GHz
T T IVTTT[

-p

0.1

o /(t, [min])

T T T

1
To(trehalosg~ 2 To(NO trehalosg 2

There is divided opinion the literature as to the influence 0.01}
of trehalose on protein dynamics: The authors of Refs. 10 T T e
and 11 concluded from their CO-rebinding experiments that 10 102 108 104
trehalose prevents relaxation processes in proteins; in con- ty, min
trast, SaStr}Et. a|'13 believe tha.t trehalo.se leads to fgslter FIG. 5. Results of spectral diffusion experiments w(fiee-base mesopor-
ternal fluctuations of the proteins; this is, of course, in com- phyrin) cytochrome c, solved in a dry trehalose film)(and in a water/
plete agreement with the results of our own experimentsglycerol matrix p).
which show clear indications of faster stationary fluctuations
and of the existence of relaxational processes in the presence
of trehalose. As a possible microscopic reason for this faster o ) .
dynamics, Sastrgt al. propose that internal water molecules for this is the rather high glass-transition temperature of the

are hindered by the trehalose from leaving the protein; thes ehalose matrixabout 330 K compared to about 200 K for

water molecules bind via hydrogen bonds to amino acid resit'€ Water/glycerol mixture. The inhomogeneous linewidth

dues of the protein and thus prevent the formation of furtheMoNItors thehstatlc disorder of the I_chror‘?orﬁ)hore eTwrc;]rj-
protein-internal bonds, i.e., the protein is kept in a more flex/nents, 1.e., the proteins. During cooling of the sample, this

ible state, which manifests itself in faster spectral di]‘fusion.d's’or(,j_er is frozen in, Whe.n the solvent reaches |t_s glass-
transition temperatur@g, since belowTg large-amplitude

motions of the amino acids are suppressed by the almost

infinitely high viscosity of the solvent. Thus, in the trehalose
As mentioned above, we investigated the influence okample the proteins are frozen in a much more “disordered”

trehalose on protein dynamics in a second series of experstate, which manifests itself in the larger inhomogeneous

ments, this time with cytochrome c-type proteins, whichlinewidth.

were embedded in a dry trehalose filfRor details, see Ref. Although being of a static nature the inhomogeneous

14) The motivation for these experiments came from an indinewidth o is important for an interpretation of dynamical

teresting neutron-scattering experiment peformed on myoproperties as well, because spectral diffusion scales linearly

globin in pure trehalose by Cordoret all® On the short with oo, as will be shown in detail in the next Section.

time scales that are probed in such an experiment, the mydiowever, the observed differences in the spectral diffusion

globin showed at all temperatures only harmonic motions asannot be explained only by the differencesoig. In addi-

are found in a crystal. As a rule, in crystals no spectral dif-tion, as an exact numerical analysis of the data shows, the

fusion is observedexcept in some special cas8sHence, it  correlation timer, for the stationary fluctuations in the pro-

was interesting to test whether this is true on the much longeteins must again be shorter by a factor four in the trehalose

time scales of a spectral diffusion experiment. sample. Thus this experiment is in complete agreement with
Our measurements were performed in complete analoggur measurements on HRP: the internal fluctuations of a pro-

to the ones described in the previous Section, i.e., the spetein in a trehalose environment diaster.

tral diffusion (as a function of the aging and waiting times

in a cytochrome/trehalose sample was compared with that

for the sample in the water/glycerol matrin this case, the THEORETICAL FRAMEWORK: THE DIFFUSION MODEL

chromophore was the free-base analog of the native heme

group) The main results of the experiments are given in Fig.Inhomogeneous line broadening

5, where again master plots of the data are shown. Obviously |t is the purpose of spectral diffusion experiments to gain
in both cases spectral diffusion can be obserteiwe do insight into the structural processes that take place in a pro-
not find the crystallike behavior of the neutron-scattering ex+ein. To do s0, one needs to know how structural rearrange-
periments. Again, power-law time dependences are foundiments are connected with the frequency fluctuations of the
however, marginal changes in the exponemt® and 8 for  chromophore. This can be achieved by a simple mbahes:

the qm‘erent solvents can be observed. Nevertheless, the ndynsider a chromophore inside a protein, which is separated
merical values of the exponents are close to the ones foungom the various amino acid residues by distanBes The

in HRP. Most important of all, the spectral diffusion in the jhteraction with them gives rise to a frequency shift, which is

trehalose sample is greatly enhanced, even to a much greatgmply the sum over the contributions of all the residues:
extent than in our HRP experiments. We stress that the inho-

mogeneous band in the trehalose sample is wider by a factor y= 2 cR". ®)
of about two than in the water/glycerol sample. The reason i !

Cytochrome c in a dry trehalose film
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(For a van der Waals interaction, for exampies 6.) How-  where o (t,,) is the hole-broadening, which is measured in
ever, the proteins in an ensemble are not all in the samthe experiments. Its time dependence is given by the fre-
conformational substate, and the positions of the amino acidguency correlation functio€(t,,). A reasonable ansatz for
are therefore undetermined by small amouqtsBecause of this correlation function is a stretched exponential:
this, the absorption line of each protein in the ensemble is {\a

C(tw)zex;{—(%’) } )

shifted by a small amouniv, which is given by
v+ 8v=2, c(Ri+x) "~ cR™" Correlation functions of this type are usually found in sys-
| ‘ tems with a hierarchy of degrees of freeddif and have
been observed in various experiments with proteins. Since
—ncY xR MY, (4)  the correlation timer is huge compared to experimental time
' scales(at least at a temperature of 4.2,HKt is possible to

The (statig distribution of thesv in an ensemble of pro- €xpand Eq(7) to the lowest order i, /7. From Eq.(6) we
teins is the reason for the inhomogeneous broadening olihen get
served in experiments. The widtl of the inhomogeneous t o\ a2
band is therefore given by a(tw)zﬁo(,(?"v) , (8

] (5)  which is just the power-law behavior that is found in our
measurements.

Here (... indicates an average over the protein ensemble, E.Sy' exactly the.same arguments as.ln th—g prevpus Sec-
ion it is now possible to conneex(t,,) with (x“)(t,), i.e.,

whereas averaging over the different amino acids of one prot- X ) / i
tein is denoted by a bar. Obviously, the inhomogeneous IineW'th the structural movements of the protein. Again we find

width and the mean square displacement of the residues f Proportionality between these variables with the same pro-
the protein are proportional to each other. Interestingly, th@ortionality factor as in Eq(S). This means that the confor-
proportionality factorthe bracket in the upper formylaan mational dynam|_cs o_f low-temperature proteins is goyerned
be determined experimentally. White, is easy to measure 0¥ anomalous diffusion. The value of the exponei in
spectroscopically, the mean square displacem?r)tcan be this diffusion law(about 1/4 seems to be of a rather univer-

obtained from a x-ray diffraction experiment, which, of S&l nature.

course, is done with an inhomogeneous ensemble of prq&1i I?/u:m etfal/.z Z\ave r%ri?]potse?han?mplet:noferl TO Exrp:lam
teins, too. A typical value for the proportionality factor is S Valué oOfa/z. According to the € structural changes

about 100 cmY/A, i.e., the absorption frequency of the responsible for the spectral diffusion can be seen as a random

chromophore is shifted by about 100 ch if all interacting walk along a one-dimensional statistical trajectory in the

amino acid residues in the protein are moved together Over%ompllc_ated conformatlo_n_s_pace Of_ the pr_otems. The mean
distance of 1 A, on average. separation between the initial and final point of such an tra-

jectory afterN steps scales aNl*?. Hence, if every step
shifts the transition energy of the chromophore by a certain
amount, but with a random sign, the number of noncorrelated
Anomalous diffusion in conformation space frequency shifts scales a¥? too. The total frequency

As was stated above, in our model spectral diffusion i<change then scales ak", and since the number of steps is
one has a simple explanation for the time

treated as a real diffusionlike process. Though it is knowrProPortional tot,, _ :
from single-molecule experiments that the frequencydePendence thatis found in our experiments. _
changes of a protein are discontinuous, the diffusion picture  Until now we have not included aging effects in our

is still a very good approximation, because the length of thdnodel. However, this can be done in a rather straightforward

frequency jumps is very small compared to the inhomogefaShiO”' If a system is nonstationary, its correlation functions

neous linewidth. The situation is therefore in complete anal9ePend not only on the time interv) between hole burning

ogy to a classical random walk with almos} infinitely ~ @nd hole reading but also on the time C=C(ta,ty). Em-
small step length. It is well known that this problem can bePirically, such a time dependence can be included in(BJ.
treated very well by a diffusion equation, too. As a seconoPy looking at the experimental results once more. Obviously
important assumption in our modeling, the spectral diffusionn Our measurements the exponerig does not depend on
kernel is approximated by a Gaussian function. Consideringe: e Were never able to detect time dependence of the
that the absorption frequency of a protein is modulated by "oMogeneous linewidthr, either. So the only parameter
the (more or lessindependent movements of several aminoOf our model which could be influenced by is the correla-

acids, this Gaussian shape of the spectral diffusion kernd|on time 7. To be in agreement with our measuremeses,
results from the central limit theorem and is a well-justified ©0F €xample, the inset in Fig.)47 must have an aging-time

approximation, too. dependence of the form

With these two assumptions it is now possible to derive t, |28
an analytical expression for the spectral diffusion kernel. Itis 7= 7o T
a Gaussian with the time-dependent width

o5=(8v%)=(:%)

nzczz Rr 2(n+1)
I

(€)

) 5 5 HereT is a typical time constant for those processes which
o(ty) = op(1-C(ty)). (6)  lead to an aging-time dependence of the spectral diffusion.
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As we have said, these processes are the relaxational movifactuations of the proteins. This time is incredibly long,
ments of the proteins towards their equilibrium state. Equashowing clearly the nonergodicity of low-temperature pro-
tion (9) can again be interpreted as a short-time expansion dgins. In addition, typical length scales for the movements of
a stretched exponential. Doing this, one finds thats the  low-temperature proteins can be determined.
correlation time of the system, when all relaxational pro-  Besides this global behavior the influence of different
cesses have come to an end, so it describegddibrium  solvents on protein dynamics was tested experimentally. We
fluctuationsof the protein. Inserting Eq9) into Eq.(8), one  compared the spectral diffusion of proteins embedded in a
finds finally trehalose matrix with that obtained in the case of a water/
£\ Bt ) af2 glyc.erol environmept. Spectral diffusion, i.e., the internal
a(ta,tw)=xf200<?a> <_W , (100  motion of the proteins, was greatly enhanced by the treha-
7o lose. As a possible explanation for this behavior the presence
which is exactly the result that has been derived from theof internal water molecules in the trehalose-solved proteins
experimental datgsee Eq.(1)]. was suggested.

It is now possible to extract some numerical values from  Though not shown here in detail, it should be mentioned
our experiments. One variable of interest is the correlatiorihat the influence of deuteration on protein dynamics has also
time 7 for the structural fluctuations of the proteins. If all been investigated by our grodp®* The results of those ex-
aging effects are neglectedlis included in the intercept of a periments fit perfectly in our diffusion model presented in
double-logarithmic plot of our dafsee Eq(8)]. As a typical ~ the preceding Sections.
order of magnitude for- one finds about 3 s, which is a Support from the DFG(SFB 533, B3 and from the
time span comparable to the age of the universe. This clearllyonds der Chemischen Industrie is gratefully acknowledged.
demonstrates the nonergodicity of low-temperature proteins:
in “reasonable times” they can never explore their complete E-mail: J.Friedrich@Irz.tu-muenchen.de
configuration space or reach thermal equilibrium.

One can also estimate the length scales of the structural
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Two-dimensional2D) excitation—emission spectra of biphenyl doped with free-base chlorin are
measuredtsb K under various pressures up to 350 MPa. Besides the features related to zero-
phonon lines and their phonon sidebands, a broad spectral band amounting to 80% of the total
intensity a4 5 K is revealed in the 2D spectra. The inhomogeneous distribution function

obtained shows drastic changes with increasing pressure—the triplet structure observable at normal
pressure in the incommensurate phase ICIII of biphenyl converges to a singlet in the high-
pressure commensurate phase Cl. These observations are assumed to reflect a relaxation specific
to incommensurate phases after optical excitation of the probe molecules and their

interaction with the incommensurate modulation wave 2@3 American Institute of Physics.

[DOI: 10.1063/1.1614197

INTRODUCTION cur at~20 MPa and~180 MPa, respectivefif The meta-
stability of the phase ICIIl has been proposed as a possible

¢ reason for absence of the lock-in transition to a crystalline

ground state at low temperatureg‘incommensurate

Optical spectra of impurities in solid matridesontain,
in principle, rich information on both static structure an
dynamical processes in solids. Even for strongly disordere "l
materials the methods of site-selection spectroscopy, such QLSS ).
selective excitatioh® and spectral hole burnirfty, have re-
vealed a lot of details otherwise obscured by the inhomogeEXPERIMENTAL
neous broadening of conventional spectra. In this paper we ap, organic dye, free-base chlorif?,8-dihydroporphin,
make use of an adva_nced yersion of sit_e-s_election_sp_ectrogrz_QONAHM), was used as a dopant in this study. A poly-
copy, namely two-dimensiona(2D) excitation—emission  ¢rystalline sample was obtained by slowly cooling the mol-
spectroscopyalso called total luminescence spectros€dpy (e, biphenyl down to room temperature. Two-dimensional
in order to study local structure and dynamics in doped in-gycitation—emission spectra were measured on a spectrom-
commensurate solids. Incommensurate sysimns @ SP€-  eter consisting of a CR-490 tunable linear dye la&oher-
cific and interesting class of solids showing a long-range,nt Inc) and a DFS-24 double grating monochromator
order but lacking the translational lattice periodicity of CryS- (LOMO) equipped with a DU420-BU CCD-cametandon).
tals. In most systems exhibiting incommensurate behaviog gmg| liquid-helium cryostat was used for measurements at
the incommensurate phase exists in quite a narrow temperg-aim. For high-pressure measurements a system consisting
ture interval between an ordinary higher-temperature comgs 5 1 5.GPa helium gas compressor, optical high-pressure
mensurate phase and a low-temperature lock-in phase, whichy \ith sapphire windows and a large temperature-
is again commensurate but generally has a larger unit celbynirolled liquid-helium cryostat was used.

Incommensurate biphenyl is one of a few systems where

such lock-in transition to a low-temperature commensurat(?uESULTS AND DISCUSSION

structure has not been observed down to the lowest tempera-

tures studied60 mK® 70 mk®). This makes it a suitable The two-dimensional excitation—emission spectrig®-
object of investigation using the methods of optical site-picted as a plot of isointensity lines for emission at a constant
selection spectroscopgiNote that some of the recent results excitation intensityfor chlorin-doped biphenyl in the incom-
on the temperature broadening and thermal cycling of speanensurate phase ICIIE& K and ambient pressure is shown
tral holes in doped biphenyl are presented in our pap¥s. in Fig. 1a. Here the excitation was scanned in 0.02-nm steps
The phases of biphenyl and transitions between them hawsithin the (0—0)863.4 cm® vibronic transition of the
been extensively examinddee, e.g., Ref. 11 and referencesprobe molecule while the fluorescence emission was re-
therein. In the cooling of a biphenyl sample it passes fromcorded in the 0—0 region, 0—0 denoting the resonant purely
the ordinary high-temperature crystalline phase CI to an inelectronic transitiorsy« S, . The high-intensity narrow “di-
commensurate phase ICIl at 40 K followed by transition toagonal” features in the dashed corridor correspond to the
another incommensurate phase ICIlI at 17 K, the spatiallfthree zero-phonon lines. By plotting the maximum emission
modulated property being the twist angle between the planestensity inside the corridor at each fixed excitation fre-
of two phenyl rings. Under pressure at liquid-helium tem-quency, one obtains the static inhomogeneous distribution
perature, the phase transitions IGHICII and ICII—Cl oc-  function (IDF) of probe transition frequencies as shown in
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FIG. 2. Selective excitation spectrum of chlorin-doped biphenyl obtained
. ) o o . from Fig. 1a by making a cut of the 2D spectrum along the horizontal
FIG. 1. Two-dimensional excitation—emission spectrum of chlorin-dopedgashed line at 15836 ¢ (a). The inhomogeneous distribution function

biphenyl @ 5 K under normal pessure(incommensurate phase 10li(a). obtained by making a diagonal cut of the 2D spectrum in Fig(t.
The same but normalized to the intensity values along the horizontal dashed

line in Fig. 1a (b). The dashed diagonal corridor represents the area used to
determine the inhomogeneous distribution function depicted in Fig. 2

phonon sideband of the red peak in the IDF. The excitation

spectrum of the broad 2D band, recorded selectively at its
Fig. 2b. The shape of the IDF reflects the distribution of emission maximum 15836 cm (Fig. 2a), repeats the triplet
static local environments around probe molecules. The tripleshape of the IDKFig. 2b) but is not so clear-cut, consisting
shape of the IDF for chlorin in the ICIII phase of biphenyl of markedly wider bands. For example, while the intensity of
can be interpreted as arising from the interaction of a probeero-phonon lines at 15875 crhis about 15 times lower as
molecule with the static incommensurate modulation wavecompared to the peak value at 15870 c¢rr(see Fig. D),
While the outermost lines in the triplet can be attributed torespective intensity reduction in the excitation spectrum of
edge singularities characteristic for such a situafiaghe  the broad 2D band is barely twofold or $Big. 2a). As we
middle peak may arise from pinning of the modulation wavehave said, the peak position of the broad-band emission is
by probe molecules. Such a viewpoint is further supportedndependent of the excitation frequency; however, its spec-
by the results of our high-pressure measureméhiy. 3),  tral width exhibits some frequency dependence. This can be
where one observes convergence of the low-pressure triplseen from Fig. i, where the isointensity plot is given for the
to a high-pressure singlet at pressures above 180 MPa, i.e., @xcitation-dependent emission spectra, normalized to the
the crystalline phase Clfor more detailed discussion of peak value of the nonresonant broad 2D bdalbng the
pressure effects; see Ref.)1Zhis proves that we have only dashed horizontal line in Fig.al. This band in fluorescence
one substitutional site for dopant molecules in the phase Cemission is narrowest at about 15855 c¢mand broadens

A surprising and remarkable feature in Fig, however, somewhat with increasing excitation frequerisge Fig. b).

is the existence of a broad 2D band located around the horlts low-energy slope, however, does not change much at fre-
zontal dashed line, which makes up more than 80% of theuenciesv.,—863.4 cm 1>15865 cm !, as follows from
total intensity. As can be seen from Figg, the position of the parallel run of the isointensity lines. Only at the position
the maximum of the broad-band emissi@s indicated by of the blue peak in the IDF is some local structure observ-
the dashed line at 15836 cf) does not depend on the ex- able.
citation frequency. Note also that this maximum is red- In order to incorporate the above observations into the
shifted from the red peak of the ID{See the vertical dashed “traditional” picture of low-temperature inhomogeneously
line in Fig. 4, and therefore the broad band cannot be thébroadened impurity spectra, one has to make a number of
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biphenyl at 5 K under pressure of 220 MRaystalline phase Gl(a). The |
respective inhomogeneous distribution functidlashed curyeand a diag-
onal cut(solid curve along the solid line in Fig. 8 (b).

. . . 15840 15880
quite unusual assumptions, such as strong quadratic 1

| <

electron—phonon coupling(strong deviation from the Vem , cm

excitation—emission mirror symmejrystrong dependence of

. . y )[)8 g dep FIG. 4. Selective excitation spectd—6) of chlorin-doped biphenyl ob-

this coupling on the electronic transition energy, etc. \We reiained from Fig. & by making horizontal cuts of 2D spectrum at various

call that the chlorin probe is known to have very largeexcitation frequencies denoted by arrows; the inhomogeneous distribution

D —Waller f rs(intensive zero-phonon lin with function (7) obtained from a diagonal cut of the 2D spectrum taken at
ebye aller facto S(_ tensive zero-phono es . t normal pressure. The dashed vertical line indicates the broad 2D band peak

rather weak phonon sidebands a number of crystalline position which is independent of the excitation frequency.

and glassy matrices. Therefore it may be more productive to

seek some novel mechanisms of relaxation which are spe-

F'flC to |pcommensgrate phases. We. have shovyr? editiet than the diagonal cuyhot to mention the narrower horizontal

in chlorin-doped biphenyl there exists an efficient mechacu) of the nonresonant sideband in Fig. 3

nism of nonphotochemical spectral hole burning attributed to

photo-induced depinning—repinning of the incommensurate

modulation wave. Such a phase shift of the modulationrCONCLUSIONS

wave, provided it can take place not only in the excited state We have demonstrated that optical spectra of probe mol-

but also in the course of an electronic transition, may preseni. les in incommensurate and commensurate phases of bi-
a possible channel for the formation of the broad spectrahneny| exhibit uncommon features incompatible with simple
feature observed. models of impurity spectra. Selective hole-burning experi-
Due to softness of the torsional motion of two phenyl ments; including those at elevated pressures, may shed fur-
rings in biphenyl, even the dynamics in the high-pressurgner light on these interesting problems.
crystalline phase may still be nontrivial. Thus a simple inter-  Earlier collaboration with J. Friedrich and his group has
pretation of the nonresonant sideband as a phonon sidebafiitiated these studies. Support from the Estonian Science
of the resonant singlet, both seen in Fig, B rather disput- Foundation under Grants Nos. 5544 and 3873 is greatly ap-
able because the IDF of the resonant singlet is much broad@reciated.
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Observation of crystallization of amorphous solid water under the conditions
of secondary emission mass spectrometric experiments
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A phenomenon of termination of sputtering of protonated water clustey®)H™ in low-

temperature secondary emission mass spectrometric studies of solid water is observed in the
temperature range of crystallization of amorphous solid Wa&&W). In this range the

mass spectra contained only®*, H,O0™", and OH ions. The following explanation of the
phenomenon revealed is suggested: the heat supplied to the ASW sample by the

bombarding particles is spent on initiation of an amorphous—crystalline transition within the
condensed sample but not for the transfer of the sample matter to the gas phase. At the same time
heat released on crystallization causes a local rise in temperature of the crystallizing sample
surface, which enhances the rate of sublimation of ice. The resulting increased concentration of
subliming water molecules over the sample surface is reflected in a growth of the abundance

of H,O"* molecular-ion radical, produced by gas-phase ionization mechanism. The appearance of
a set of low-mass peaks in the course of crystallization observed for some types of ASW
samples is explained by the release of gases trapped in the ASW film during its gron280®
American Institute of Physics[DOI: 10.1063/1.1614198

1. INTRODUCTION 2. LOW-TEMPERATURE SECONDARY EMISSION MASS
SPECTROMETRIC EXPERIMENTS

Investigations of solid water by means of secondary
emission mass spectrometry have used either amorphous
solid water(ASW) obtained by vapor deposition on some

Mass spectrometric experiments were performed using
the magnetic sector mass spectrometer MI-12Q$Emy,
Ukraine equipped with primary FAB ion source for gener-
1517 o Qting a bombarding beam of argon atoms; the energy of the
of waterT,=136 K™ " or crystalline ice. Under bombard- inary jon beam before neutralization was 4-5 keV. The
ment by energetic particles—by neutral atoms of &rXe”  secondary ion source contained a cryogenic unit described in
in a fast atom bombardmeffAB) mode, or ions of Cs or  detail elsewher& The cryogenic unit, cooled by liquid ni-
Ar' in secondary ion mass spectromet8iMS), with the  trogen, had a recess for a removable copper sample holder
energy varied in the 5-30 keV range—sets of protonatedvhich could be cooled either externally or directly in the ion
water clusters (K0),H™ with n up to 30-50 are sputtered source. A thermistor inserted into the unit served for tem-
both from ASW and crystalline ice. The distribution of clus- perature measurements. The cryogenic unit was surrounded
ters in the secondary emission mass spectra of these tway a toroidal cryogenic shield cooled by liquid nitrogen,
forms of water is qualitatively very similar, with a slight which provided efficient adsorption of residual gases inside
quantitative difference in the abundances of some clusterghe ion source. The pressure in the FAB secondary ion source
The measurements have usually been conducted at sord@ead of the bombarding argon inlet was about®1Pa. _
constant temperature. Secondary emission mass spectromet- Polycrystalline ice samples were produced by freezing
fic experiments have not, however, been performed oRf deionized water in vapors of liquid nitrogen. Layers of
gradual variation of the sample temperature in the rangéSW were produced in two ways. Water vapor was depos-
around the temperature of crystallization of ASW, which,ItGd ona supstrate pre-copled to Iqu|d—n!trogen temperature
according to the data of Ref. 15, can start at 140-160 K ang.om the reS|dyaI gases in the'evacuat|on chgmber of the

; irect sample inlet system. During the deposition the tem-
proceed in some temperature range up to 166 K.

It was revealed in our previ works on LT FAB and perature of the sample holder did not rise above the recom-
as reveaied In our previous works o and mended one for the procedure, 140"%Kwhich was con-

SIMS of a n.u.mber. of organic and inorganic compoungis tha’Erolled by direct temperature measurement after the insertion
phase transitions in the sample matter are reflected in chag; e sample holder to the cryogenic block. Alternatively,
acteristic changes in the cluster patterns of the SecondaWatervaporwas deposited on the cold sample holder directly
emission mass spectta!*18-20 in the secondary ion source. The source of the low-pressure

The aim of the present work was to obtain secondarnfjux of water molecules was a crystalline hydrate CySO
emission mass spectra of vapor-deposited solid water in thesH,0 kept in a heated ceramic ampoule near the sample
temperature range of crystallization of ASW with the expec-holder. Substrates for ASW deposition were the bare copper
tation of observing and investigating changes in the massample holder, frozen crystalline,8 and DO, and frozen
spectral pattern resulting from this type of transition. solutions of inorganic salts.

1063-777X/2003/29(9-10)/4/$24.00 805 © 2003 American Institute of Physics
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spectrum characteristic of the underlaysubstratg Once

K a
- :_'go+ they had happened on warming, the transformations de-
gol | scribed were not repeated on subsequent cyclic cooling—
L warming of the ice formed. The reported changes of mass
< 60} spectra were qualitatively reproducible with slight quantita-

tive variations in several tens of independent experiments.
The most remarkable feature of these changes is a tem-
porary termination of production of all the ions excepiO{
and HO"" when a solid water sample is still definitely
present on the sample holder. Even in the case of complete
exhaustion of the water layer the spectra of the exposed un-
derlayer should appear, but they did not.
To explain the phenomena observed, the answers to at
least two questions are to be searched for: what are the rea-

100 H,O[ H,0" b sons for termination of the production of §8),H" clusters
gol-18 |19 with n>1 and continuation of the production of the,®i"
ion, and what is the origin of the abundamg® * ion. First
. 60 of all, it is obvious that the temperature range of anomalous
> changes in the mass spectra is very close to the temperature
- 40- range of spontaneous crystallization of ASW, which, accord-
17 ing to the results of the relevant studiégan start on slow
20 warming at 140-160 K and be completed at 166 K. The
0 action of some external factors, including energetic particle

impact, initiates the so-called explosive crystallization,
which can start at 15 K lower than the spontaneous
crystallization'® This allows us to suggest that any effect
FIG. 1. FAB mass spectra of solid water: spectral pattern of ASW characobserved in this temperature range may be connected with an
teristic in the temperature range 77-110 &);( peaks corresponding to amorphous—crystalline transition in the sample.
protonated water clusters in the set,(J,H* (n=1-10) are marked by; It is generally recognized that excitation caused by a
(the unmarked peak ah/z 30 corresponds to NO adsorbed from the re- g y : 9 . - y
sidual gas af<110 K); mass spectrum recorded-afi50 K (b). bombarding particle in a condensed sample is ultimately
converted to thermal enerdylt is known also that all heat
deposited in a system in the phase-transition state is con-
3. RESULTS AND DISCUSSION sumed on carrying out the transition to its completion. In this

In the FAB mass spectra of layers of ASW deposited bylight, it may be suggested that in the present experiments
various methods on various substrates, as described in tigsactically all the energy supplied by a bombarding particle
Experimental Section, a set of protonated water clusterf? an ASW sample at 140—166 K is spent on performing the
(H,0),H" (n=1-10) was presenfFig. 1a). The spectral amorphous—crystalline transition. In the zone heated by a
pattern, that is the types of clusters and distribution of theiPombarding particle, water molecules in the amorphous layer
abundances, did not undergo any substantial changes on te@equire some degrees of freedom which allow them to rear-
perature variation in the 77-140 K temperature range. Ofi@nge into a regular crystalline structure. Thus heat is spent
warming the sample up to 140-A% a rather unexpected On initiation and support of the crystallization process within
and pronounced effect was observed: all cluster ions of watdfe condensed sample but not for evaporafgublimation)
(H,0),H" except for those witm=1 (that is HHO') de-  of molecules to the gas phase. This can explain the absence
creased in abundance rather rapidtiuring one spectrum Of “sputtering” of sample matter to the gas phagke latter
scan and disappeared from the spectrum. At the same tim&sually being revealed by registering charged water clysters
the absolute intensity of a peak at'z 18 which can be The effects described are valid both for spontaneous and
attributed to water radical cation,B®*" increased by one to particle-initiated scenarios of crystallization. The low flux of
two orders of magnitudéFig. 1b). The intensity of a peak of bombarding particles used in FAB experiments provides in-
the ion atm/z 17, which is known to be an OHfragment of ~ cidence of particles to the surface areas undamaged by pre-
H,O**, increased similarly to that of its parent ion. Thus theceding impacts for at least 5 minutes, which means that the
FAB mass spectrum contained only three intense peakgfrobability of a new particle impact to the zone crystallized
H,O", H,0"", and OH (Fig. 1b). For some types of after a previous particle impa¢trom which cluster sputter-
samples at somewhat higher temperatures of about 150160y becomes possiblés rather low in the time frame of the
K a noisy spectrum with a peak at every mass started texperiment.
interfere with the above three peaks in the low-mass range. It Concerning the origin of D™ ions under the above-
lasted for some time and then vanished, giving way to alescribed conditions, it is known that the very first event on
recovered normal spectrum of ice containing aQj,H" contact of a bombarding particle with the condensed sample
cluster set at temperatures of about 160—170K. The latter, iaurface can consist in direct mechanical knock-out, by direct
turn, after completion of rather rapid sublimation of the crys-momentum transfer or by recoil, atoms of one or a few sur-
tallized ice layer on further warming was replaced by theface atoms or molecules, either in the neutral or charged

20 40 60 80 100
m/z



Low Temp. Phys. 29 (9-10), September—October 2003 Kosevich et al. 807

forms?2~2*The H,O" ion can be produced by this surface account in the models of the interaction of accelerated par-
mechanism, which is independent of further events causeticles with amorphous ices in outer space.

by the bombarding particle in the bulk samptelhe differ-

ence in the origin of the 0™ ion and (HO),H" clusters 4. CONCLUSIONS

with n>1 is supported by the results of early experiments on  EAB mass spectrometric studies of solid water in the

the determination of the kinetic energy of the sputtered SPeemperature range of ASW crystallization have revealed a

cies, which appeared to be higher fog® in comparison phenomenon wherein the sputtering of,(3J,H* clusters,

with larger water cluster iorss. which are always the main constituents of mass spectra of
This mechanism, however, could not be responsible fopoth amorphous solid and crystalline water, terminates. The

the appearance of the abundant molecular radical D' spectra contained only 40%, H,0™, and OH ions. An

since its abundance in ordinary secondary ion emission magsplanation of the observed phenomenon is suggested: the

spectra of both ASW and crystalline ice is relatively small.heat supplied to the sample by the bombarding particles is

The appearance of J@"" is usually conditioned by an in- spent on carrying out the amorphous—crystalline transition

crease om the concentration of water in the gas phase oveut not on the transfer of the sample matter to the gas phase.

the sample surfacesince it has been proved that the®* At the same time, heat released on crystallization causes a

ion is formed by the so-called gas-phase FAB mechadi&m. rise of the sample surface temperature, which enhances ice

An increase of the absolute and relative intensity of the peakublimation. The increased concentration of subliming water

corresponding to kD" in the FAB mass spectra of ice has over the sample surface is reflected in an increase of the

been observed earlér**? under conditions of high-rate abundance of the $#0** molecular-ion radical, produced by

sublimation of ice samples at a temperature of about 200-gas-phase ionization.

220 K2’ preceding complete rapid exhaustion of the sample.  This work was partially supported by the grant INTAS-

This suggests that in the experiments under discug$imn  99-00478.

1b) the concentration of water molecules in the gas phase

becomes relatively high apparently for the same reason, th&g-mail: mvkosevich@ilt.kharkov.ua
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Molecular structures of thymidine isomers isolated in low-temperature inert matrices
A. Yu. lvanov* and G. G. Sheina
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The Fourier transform infrared spectra of-@eoxyribonucleoside—thymidin@T) in low-
temperature Ar matrices are obtained in the range 4000—1300.cinis determined that
anti-conformers of thymidine are dominant. The ribose rings of the main anti-conformers
dT_a0, dT_al are in the C2endo conformation, but the ribose rings of minor anti-conformers
dT_a2, dT_a3 have the C3endo conformation, stabilized by intramolecular hydrogen

bonds O3H...05 and O5H...03, respectively. The main syn-conformer d32 is stabilized

by the intramolecular hydrogen bond @%..02 and has C2endo conformation of the

ribose ring. © 2003 American Institute of Physic§DOI: 10.1063/1.1614199

The structural components of DNA—nucleosides andpond O5H...02 wasdetected®!! In the present research,
their derivatives—are important objects of investigation forFT|R spectra of dT in Ar matrices were obtained by using an
the modern science of life:* The main experimental meth- enhanced experimental setup. The new spectral data suggest
ods of investigation of nucleosides are NMR spectroscopyhe existence of more types of isomers with intramolecular H

and crystallography. But the results of investigations by bonds in the isolated pyrimidine nucleosides than had been
these methods depend strongly on the intermolecular integonsidered befor&:!!

actions. For example, only one form of several possible con-

formers can be stabilized in crystdl©wing to competing  ExPERIMENTAL AND COMPUTATIONAL METHODS

interactions with the solvent, NMR spectroscopy gives no .

way to obtain direct data about intramolecular hydrogen  1he basic featureiss_olgthe FTIR spectrometer have been
bonding*® These limitations are absent in the method ofdescribed previousH: 'For this paper the FTIR spectra
matrix isolation, where molecular isomers from the gas®' thymidine and the auxiliary substance 1-methyl-thymine
phase are trapped in low-temperature inert matritasle  Were obtained in the ranges 4000713006”“"”“ a Cah
previously used the Fourier transform infraf@TIR) matrix ~ 2€amsplitter at an apodized resolution of Q.LrémThe ma-
isolation spectroscopy for the first time in the investigation(fiX isolation setup was based on a liquid-helium cryostat
of pyrimidine nucleosides isolated in low-temperature inertVith @ nitrogen shieldFig. 1). Two low-temperature differ-
matricesi®!' The evaporation of uridine and dT without ther- €ntial quartz crystal microbalancé®CM) and two metal

modestruction was demonstrated, and the intramolecular [1T0rs were placed on the copper holder in the vacuum
chamber(Fig. 1) and had a working temperature in the range

5-40 K. The QCM was used for the measurements of the
absolute intensity of the molecular beams and the matrix-to-
sample ratigM/S).®> Owing to the QCM, we have the capa-
bility of working not only with an Ar flux passing through
He the Knudsen cell but also with an outside flux of cold Ar gas
(Fig. ).

All nucleosides are very thermally labile molecules, and

1 L J 6 for their evaporation a special Knudsen cell with reduced
4 molecular beam losses was constructed. As is shown in Fig.
'R 2, the geometry of the Knudsen cell and its disposition to the
8__”__ 2  E— Z_ low-temperature mirror are very important for effective op-
-1,

eration. The data in Fig. 2 were obtained by the statistical
T Monte Carlo method, which is very useful for the simulation
of complicated vacuum systerfsThis evaporation cell is
characterized by a working vapor pressure of around
10" ° Torr and Knudsen number of over 100. This evapora-
FIG. 1. The general scheme of the low-temperature setup based on liquiion cell is more effective by a factor of more than 500—1000

He cryostat: rotating vacuum sdd), cryogenic block with cold mirrors and : : : :
QCM (2). rotating nitrogen shield), flange with indium seald), Knudsen over one of the cells used in our previous experiments with

. -15 . . .
cell (5), electric heater of Knudsen cdl), Ar flow through Knudsen cell Slmp|fl compound$¥ ™™ In comparison W|t_h our previous
(7), outside Ar flow(8). work,™ for the present experiments the distanceéFig. 2)

3

1063-777X/2003/29(9-10)/5/$24.00 809 © 2003 American Institute of Physics



810 Low Temp. Phys. 29 (9-10), September—October 2003 Ivanov et al.
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FIG. 2. The relationship of the efficiency of evaporation ck)l&s function X * .

of the distanced. between the cell and cold mirrok is in units of the 3600 3500 3400
radiusR of the outlet nozzle of Knudsen cell. -1

FIG. 3. The FTIR spectra of thymidirn@&) and 1-methylthymin€2) isolated
was decreased from 4&5to 2.5R. The typical intensities of in Ar matrices T=12 K, M/S=700) in the O—H, N—H stretching region

molecular beams of thymidine were about 40—70 ng/($3690-3390 cm?).

-cmP) at evaporation temperatures 410—-430 K without any

thermodestruction. Thymidinécommercial substance from .

Sigma was used without additional purification. The auxil- gauché and torsion angle y (£C3'-C4'-C5' 05’

iary substance 1-methyl-thymine was synthesized at thg +50° are close to the structures with hydrogen bonds
Kharkov National University(Kharkov, Ukraing. All sub- C6H...O5 in the ant|-(_:onforme_rs of gndlne and cytosih®.
stances were annealed to remove impurities such as sorbd@€ structure dIa0 with the orientation of hydroxymethyl
H,O, CO,, and N in the initial phase of evaporation. The 9roup gauche—( y~—65°) and the lack of any classical
inert gas Ar, more than 99.99% pure, was deposited on thinear H bondgFig. 4) were considered also. Stabilization of
mirrors at 11 K. To improve the optical characteristics of theth® Position of the pyrimidine ring in the d®O, dT_a2,
Ar matrices, before the deposition of matrix samples a thirfl T-83 conformation can be effected by the electrostatic in-
layer of pure Ar was deposited on the mirrors over a temi€raction between atoms: C&+O4' and C2G-H1'". The
perature range of 35—20 ¥.The quantum-chemicalb ini- orientation of the methyl group with respect to the carbonyl
tio calculations of the relative energies and vibrational spec@roup C20 are close to the structure A from Ref. 19, where
tra of thymidine conformers were performed by the programfWo hydrogen atoms are positioned above and below the
PC GAMESS version 6.0Ref. 17 of the GAMESS(US)

QC packagé?®

RESULTS AND DISCUSSION

Peculiarities of the vibrational spectra of dT conformers
As is evident from Fig. 3, in the region of the stretching
vibrations »(OH), »(NH), the frequency of ther(N3H)
stretching vibration of dT coincides well witi(N3H) of
1-methyl-thymine. Because of this, four absorption bands in
this region (Fig. 3 can belong to two OH groups of
2'-deoxyribose: O3H and O5H only (Fig. 3). The magni-
fication of the number of bands can be explained by intramo-
lecular hydrogen bonds in the conformational structures,
which were considered in this papéig. 4). It is known that
the conformational-flexible ribose rings of nucleosides has a
puckered structure, and C&ndo and C3-endo are the
main equilibrium conformations of the ribose ring in

solutions As is indicated in Fig. 4, the transition H H
C3'-endo— C2'-endo has no effect on the structure of the H H
bonds in the syn-conformers d$1, dT_s2 (Fig. 4). In the dT_s2

anti-conformers dTa2, dT_a3 the transition C2endo G 4. Th formational struct  tvmidine which able at th
' H . 4. € conrtormatonal structures o ymidine wnich are stable a e
—C3'-endo leads to the formation of the H bonds different level of calculation (HF/3-21@j, HF/6-31G¢,p) and

O3'H...0¥%, QslH---ng (Fig._ 4). The choice of the struc- MP2/6—31G@,p)). Intramolecular H bonds are represented with dashed
ture dT_al with the orientation of hydroxymethyl group lines. The symbol R—represents a CH3 group.
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TABLE |. The parameters of the experimental FTIR spectra in Ar matrices and of the spectra calculated by the method af, )} 31G(
spectral bands of thymidine conformers in the 3700—3000'cragion.

Experiment dT_a0 dT_a1 dT_a2 dT_a3 dT_s1 dT_s2
Conformer — _ _

mode - - . - - _ -
v, cm”! I viem™| I |v,em™| * |v,em™| * |v,em™ I |v,em™] I |v,em™| I°

vOS’H 3665 3.1 3673 76 3367 72 3673 84

vO3'H 3641 1.8 3654 64 3659 54 3639 65 3681 76 3660 54
vhb_O3'H | 3620* | 0.8* 3638 107
vhb_O5H | 3597* | 0.5* 3639 86
v hb_O5H | 3482 6.2 3626 161 3589 351

vN3H 3428 9.2 3439 106 3441 103 3438 106 3438 106 3435 103 3436 106

vC6H 3075 0.5 3059 4 3043 14 3071 7 3070 8 3022 6 3026 5

Comment:l— relative integral intensities.

a__absolute integral intensitiggkm/mol).

vhb_OH— bands of groups involved in the intramolecular H bonds.

*_ after deconvolution of the wide band 3598 thon the Gaussian contours.

N1-C2-0 plan€Fig. 4). All conformers from Fig. 4 may be rium in the gas phase at the evaporation temperature must be
considered as local minima, since they were stable at thelose to equilibrium in Ar matrices at 12 K. For comparison
HF/3-21Gf¢), HF/6-31G(d,p), and MP2/6-31G&d,p) with the real experimental data the relative free Gibbs energy
levels of calculation and have no imaginary frequencies i\ G was estimated by the standard metfidd:
the calculated spectra. -

The experimental and calculated spectra are compared in - AGg(T)=AE+AZPE+ J ACAT-TAS(T).
the region ofy(OH), ¥(NH), »(CH) (Table I). From this table 0
we notice that the calculated frequencies of the fre€HD5 The relative electronic energyE was estimated at the
O3'H, and N3H groups are in good agreement with the exmp2/6—31G(l, p) level ofab initio calculation, and the rela-
perimental frequencies for all conformers. The bandive zero-point vibrational energhZPE and temperature-
3482 cm * (Fig. 3, Table } can be assigned to the H-bonded dependent contributions of rotation and vibration were esti-
vibration OS5 H...02 in thesyn-conformations. According to  mated at the HF/6—31@(p) level for temperatures of 298
our calculations, the vibratiow(hb_O5'H) in conformer  and 420 K(Table II).
dT_s2 has a frequency about 40 ctnlower than in the The association ofAG and the experimental spectral
dT_s1 conformerTable |). We car;nsee in our experimental data can be expressed by the standard equation:
spectra that the band at 3482 c¢mdoes not have a high-
frequency shoulder in Ar matricéBig. 3 and the occupancy AGag(T)==RTINKag=—RTIN(7a/ 78),
of conformer dT_s1 can be neglected. whereK, g is the equilibrium constant of conforme#sand

The calculated frequencies and intensities of the charad and 5, and g are the populations of these conformers.
teristic bands of the conformers d&2 and dTa3 are in
close agreemen(Table ). This result is supported by the
experiment in Ar matrices, where we can see only the one
wide band 3598 cm® with a high-frequency shouldéFig. D
3). Contrary to the calculated parametersv@i6H (Table ),
only one band o#C6H vibration was detected in the experi-
mental spectruniFig. 5). The influence of the intramolecular
hydrogen bonds C6H.O5 in conformer dTal on the
vC6H parameters was not detected experimentally, as the
free C6H group in 1-methyl-thymine has Fermi resonance
splitting in the spectréFig. 5. Consequently, it may be con-
sidered that the anti-conformers dd0 and dT.al are prac-
tically indistinguishable in the investigated regidine popu-
lations of dT conformers in the low-temperature matridés 2
is known that the conformers’ occupancies in matrices may
differ widely from those in the gas phase. The effect of in- 0
terconversion is observed at low barriers between conforma- I . !
tional isomers? We tested the interconversion by using the 3120 3080 3040
annealing of matrix samples. The annealing of matrix v, cm-
s_,ar_nples at 30 K has no mﬂuen_ce On_the conformational €AUE G, 5. The FTIR spectra of thymidin@) and 1-methylthymin€2) isolated
librium. It follows that the barrier heights of dT conformers i, ar matrices =12 K, M/S=700) in the C5—H, C6—H stretching region
are>2.5-3 kcal/mole and that their conformational equilib- (3140-3040 cm?).

0.04
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TABLE II. Calculated and experimental relative energiksal/mole of the thymidine conformers in the isolated state.

Conformer dT_a0 dT_at dT a2 dT_a3 dT st dT s2
method - -
HF /3-21G(p) 5.4 2.4 2.6 4.6 3.3 0
(-865.3452)*
HF /6-31G(d ,p) 2.9 1.6 1.8 3.4 1.5 0
(-870.1091)*
MP2/6-31G(d,p) 5.7 3.0 3.8 4.9 2.6 0
(-872.6776)*
AG (298 K)** 3.3 1.8 2.1 3.4 1.6 0
MP2,/6-31G(d,p)
AG (420 K)** 2.4 1.4 1.6 2.9 1.2 0
MP2,/6-31G(d,p)
AG (420 K) - 0 1.8 2.2 - 1.1
Experiment

*— absolute energies in a.u. are indicated in brackets.
** — vibrational—rotational contribution was estimated at the HF/g—81®] level.

To determine the equilibrium constants by using the exformers dT.s2 may have an essential effect on biological
perimental spectra it is necessary to know the molar extincprocesses at the relatively low physiological temperatures.
tion coefficients of the characteristic spectral bands or their
rat?os.,. The ratios of molar extjnction coefficients of charec-CONCLUSIONS
teristic bands may be determined through the redistribution
of the intensities of the characteristic bands under the influ- We have shown that FTIR matrix-isolation spectroscopy
ence of changing evaporation temperature or through the U6 a helpful method for investigation of the molecular struc-
irradiation of matrix samples. If the corresponding experi-ture of nucleoside conformational isomers. We have estab-
ments are difficult, thab initio calculations of the intensities lished that at evaporation temperatures of up to 430 K thy-
of the characteristic spectral bands may be ugdtliniio ~ midine may be evaporated for an appreciable length of time
calculations usually overestimate the absolute infrared intenand trapped in inert matrices without any thermodestruction.
sity of vibrational band&!??but the ratio of the experimen- Anti-conformers of thymidine are dominant in the isolated
tal and calculated intensitigls coincides much better. The state. The main anti-conformer, dal, has the C2endo
equilibrium constant of isomers andb has been presented conformation of the ribose ring. The minor anti-conformers
ag? dT_a2 and dT a3 have the C3endo conformation of the

ribose ring, stabilized by intramolecular hydrogen bonds
AB:(ZIa(eXp)>(EIb(caIC) ' (1 O3'H...05" and OSH...03, respectively. The intramo-
Zlaccalg |\ Zlpexp lecular hydrogen bonds OB...05', and O5H...03 may

Unlike some studie&2*we have used Eq1) with the in- be regarded as an indicator of the transition’&ndo
tensities of thew(OH), »(NH), and »(CH) stretching vibra- —>C_:3’—endo between corjfermations of the _ribose ring in the
tions only. With our data the best agreement between th@nti-conformers of thymidine. The thymidine d$2 syn-
calculated and experimental results is observed for the ratigonformer is stabilized by the intramolecular hydrogen bond
of the intensities of stretching vibrations. For determination®' H...O2, and the dominant conformation of ribose ring is
of K g different combinations of the experimental and cal- C2'-endo.
culated intensities from Table | were used. As discussed 1his investigation was supported by the Ukrainian Acad-
above, the anti-conformers in the pairs_éiD, dT_al and €My of Sciences and in part by the INTAS-International As-
dT_a2, dT_a3 are practically indistinguishable in the matrix Sociation under Grant No. INTAS 00-00911.
spectra. Therefore, for the sake of simplicity, the conformer
dT_a0 was ignored. *E-mail: ivanov@ilt.kharkov.ua
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SPECTROSCOPY IN CRYOCRYSTALS AND MATRICES

Time-resolved CARS measurements of the vibrational decoherence of | , isolated
in an Ar matrix

M. Karavitis, D. Segale, Z. Bihary, M. Pettersson, and V. A. Apkarian*

Department of Chemistry, University of California Irvine, CA 92697-2025, USA
Fiz. Nizk. Temp.29, 1071-1080September—October 2003

Time-resolved coherent anti-Stokes Raman scattering is applied to prepare and interrogate
vibrational coherences on the ground electronic surface of molecular iodine isolated in Ar matrices.
The coherence decay time shows a linear dependence on vibrational quantum numbers for
v=3-15. The temperature dependence of decoherence rates is negligibke Toin

the experimental rangé=18-32 K. For av =13, 14 superposition, the temperature dependence
indicates dephasing by a 66 chpseudo-local phonon, just outside the Debye edge of the

solid. The accuracy of the data is limited due to two-photon induced dissociation of the molecule,
a process which is characterized using polarized fields. TFh@ limit of dephasing is

discussed. ©2003 American Institute of Physic§DOI: 10.1063/1.1614200

1. INTRODUCTION 2. EXPERIMENTAL

In a recent paper we reported time-resolved coherent A detailed description of the experimental method can be
anti-Stokes Raman scatterif@RCARS measurements on found in our earlier report.Succinctly, the forward BOX-
|, isolated in an Ar matriX.A detailed analysis of the process CARS geometry is adopted, using three noncollinear laser
was presented, based on data limited to wave packets prpulses at two different colofsThe pulses are obtained from
pared neaw =4, and limited toT=32 K. We have since a regeneratively amplified Ti:sapphire laser, which pumps
succeeded in making measurements on packets preparedtab three-pass optical parametric amplifi€@A). The OPA
vibrations as high as =14, and as a function of tempera- outputs are up-converted by sum frequency generation, and
ture, for T=17-33 K. TRCARS measurements are well compressed using prism pairs to provide independently tun-
suited for the preparation of vibrational coherences and thable~ 70 fs pulses in the range 480 nm to 2000 nm. Using a
detailed analysis of their dephasifitjThe characterization neutral density filter, the intensities of the lasers are sepa-
of vibrational decoherence in this model system: a diatomicately attenuated to less thanu@/pulse. The three horizon-
impurity, in an atomic solid, with weak and relatively well tally polarized input beams are brought into focus on the
understood coupling between molecule and laftiée,our  sample through a single achromat. A pinhole is used to spa-
aim. Of particular interest is the understanding of decohertially filter the anti-StokegAS) output beam. Spectral filter-
ence in theT—0 limit.® ing is provided by a combination of a bandpass filter and

Studies of vibrational relaxation and dephasing dynam-1/4-m monochromator, adjusted to pass the entire band of the
ics in cryogenic matrices are limited for the most part toAS radiation. The signal is detected using a photomultiplier.
infrared active diatomics, such as CO, in which radiativeTypically, 300 averages are taken at each time delay. Data
relaxation or dipolar intermolecular energy transfer remainsvere also collected with a laser system consisting of two
as the residual source of dephasing inThe 0 limit.® These  home-built noncollinear optical parametric amplifiers, ca-
mechanisms are not available to a homonuclear diatomiqable of generating 25 fs pulses at the sample.
which must be prepared via Raman pumping. Raman line  The matrices are deposited at 32 K, using a pulsed valve
shapes, in principle, yield overall dephasing rates; howeveGeneral Valve, Series 99rom a 5-liter glass bulb, onto a
practical considerations do not allow studies with the re-200-um thick sapphire substrate. The substrate is cooled us-
quired resolutiod. TRCARS measurements allow the prepa-ing a closed-cycle cryostat, which in these experiments could
ration of vibrational coherences with control and allow aonly reach a base temperature of 17 K. The cryostat is
detailed time domain interrogation of their evolution. mounted on alx—y—z translation stage. The deposition con-

Argon matrices doped with molecular iodine prove to beditions are adjusted to obtain a glassy film of high optical
difficult to scrutinize, because the signal permanently dequality. A back pressure of-200 Torr and long pulses of
grades during the course of measurement. We establish thatl s, consistently yield films of sufficient quality for the
the degradation is due to permanent dissociation of the molmeasurements.
ecule through multiphoton excitation, a process unavoidable Using a scanning pinhole, the spot size at the overlap of
at the field strengths required for the four-wave mixing mea+the three laser beams is measured to have a typical diameter
surements. Despite this limitation, important principles areof FWHM=35 um. This is comparable to the grain size of
established. crystallites, as such the measurements can be expected to be

1063-777X/2003/29(9-10)/8/$24.00 814 © 2003 American Institute of Physics
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confined to single, oriented, crystalline domains. This con-
sideration is also key to our success in carrying out
temperature-dependent measurements, despite the fact that
the thermal shock of cooling leads to shattering of the solid.
In the shattered solids, a careful search usually allows us to
find a scatter-free domain to carry out the measurements. At
a given spot, the signal undergoes radiation-induced perma-
nent decay. The signal recovers upon moving to a fresh spot.
Inspection of the irradiated volume under magnification es-
tablishes that the decay is not due to physical damage of the
sample. Since the TRCARS experiments are carried out with . . . . n(1),
all three input beams horizontally polarized, irradiation- 0 10 20 B30 40 50 60 70
induced reorientation of the molecular axis could lead to Time , min

signal decay. To test this hypothesis, we insert a half-wave

; ; At FFIG. 2. Decay of § fluoresence as a function of pump intensity. Experimen-
plate in one of the pump beams to rotate its polarlzatlon bBfal conditions are identical to those described in Fig. 1. Differing intensities

990- After PaSSin_g the two pump beams through a CroSSare produced by means of a variable neutral density filter with a continuous
oriented pair of linear polarizers, we overlap the beams inange of optical densities between 0.02 and 3 arb. units. The inset shows a

space and time by optimizing the CARS signal from thelog/log plot of the decay rate versus the pump intensity. The result is a
sapphire substrate. We then translate the sample to the foctsé\jg_lgEgtlgnnea(i)fszlr(:);;i’rt]\-/vo, indicating that the dissociative excitation is via
plane and verify that the two-photon induced molecular fluo-

rescence at 1340 nm is proportional to the square of the sum

of intensities of the beams. The sample is then irradiated on

the same spot alternatively with the horizontally and verti-

cally polarized pump beams, by blocking and unblockingdently, irradiation leads to dissociation of molecules oriented
beams while monitoring two-photon induced fluorescenceéboth parallel and perpendicular to the polarization of the la-

I =40 GW/cm?

| =200 GW/cm?2

In(t)

I =500 GW/cm?

Log intensity, arb. units

1 i

previously assigned td* I* —I*| emission® ser. After irradiation with the horizontal polarization, when
we return back to the vertical polarization we observe a small
3. RESULTS AND ANALYSIS increase above the limit reached in the first irradiation pe-

riod. We may conclude that a small fraction of the molecules
reorient, or that a small fraction of the previously dissociated
The decay of the laser-induced molecular emission witmolecules recombine. The same decay behavior is obtained
irradiation time is shown in Fig. 1, for a sequence of irradia-when monitoring various molecular emissions: the ion-pair
tion periods alternating between vertically and horizontallyemission at 380 ni®~*?the I*I* emission in the near-IR,
polarized beams. The intensities of the two beams were agind theA/A’ — X emission near 1400 nit:*4 Since all mo-

justed to provide equal signal from each beam when irraditecular emissions decay in time, we may safely conclude that
ating a fresh spot. The decay curve for a given polarization i$he molecule dissociates.
nonexponential. Upon switching from vertical to horizontal  The decay curves at three different irradiation intensities
irradiation of the same spot, the fluorescence intensity Jumpgre shown in Fig. 2. The curves are not exponential and are
up; however, it starts below the pre-irradiation level. Evi- nq¢ expected to be. For molecules rigidly held by the matrix,
such that their orientations do not scramble during irradia-
tion, photodissociation with polarized light leads to
orientation-dependent population decay. The kinetics and ob-
servable signal will be controlled by the tensor of molecular
transition matrix elements involved in the dissociative tran-
sition and probe transitions. This occurs in studies of satura-
tion of photo-selection or induced dichroism, and many of
L the common cases that arise have been reviewed in the

3.1. Photodissociation

4%

Fluorescense intensity

literature!® For the present purposes we note that the signal
can be approximated by a double exponential, with decay
H constants at a given intensity that differ by a factor of 10.
}\_u Both decay constants scale as the second power of the inten-

\Y
L — sity, as illustrated for the fast component in the inset to Fig.
0 10 20 30 40 50 2. This suggests that the dissociation is due to two-photon
Time , min excitation, with the two decay rates assigned to photo-
FIG. 1. Photoinduced dissociation of molecular iodine, monitored usingdlssom‘?‘t'on of mo'QCUIeS Or.'er.]ted .parallel and pgrpeqdlgular
two-photon fluoresence at 1340 nm. The experimental arrangement &0 the linearly polarized radiation field. Thus, for irradiation
shown. Two cross-polarized laser beamd €50 fs near transform-limited  with x-polarized light, denoting the two-photon excitation

pulses\ =555 nm, 1 k_Hz' repe_ztmon rajare glmed a_t the same spot in the cross sections asﬁZ) and 0_&2) and associating a quantum
sample. The sample is irradiated successively with the verfdaland

horizontal(H) polarized beams over the durations indicated by the double-yield Q for diSSOCia_tion upon excitation, the observable Sig-
sided arrows. nal may be approximated as:
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No D1 2per te, Min
N(t) =5 [y exp(— o1 Qt") 0 25 50 75 100 125 150 175 20
121, exq—af)liQt')], where t' = ftAt (1) Forwarg Scan |Reverse Scan
1 S(HNj(te)

in which ¢, and ¢, are the sensitivities of LIF detection of
the parallel and perpendicular populatiohss the laser flu-
ence in photonem 2s™1, At is the laser pulse widtH, is
the laser repetition ratél kHz), andt is the duration of the
irradiation.

The lower limit for the two-photon excitation cross sec-
tion that leads to dissociation can be obtained by assuming
Q=1, in which case the fits yield?)=2x 105! c*s and O N
0P=2x10"52 cnif's. The largest error in the determinaton ~ 0 4 8 12 16 20 24 28 32
of these limiting values is the uncertainty associated with the t.ps
measured size of the laser spot. FIG. 3. Forward and reverse scans of the TRCARS signal. Overlapping

The upper limit of the two-photon excitation cross sec-~25 fs pump and Stokes pulsést A =529 and 575 niare used to gen-
tion can be obtained under the assumption that beside tirsate a wave packet on tiestate centered on=4, 5. The lower absissa is
linear B— X absorption, this process dominates the attenual® délay time between the Stokes and probe pulses, while the upper absissa
. . . . . ._Is the data acquisition time. Around 10 percent of the original signal is
tion of the pump laser, in which case the transmitted INteNSityecovered over the entire scan. An exponential corrediiprhas been in-

| reduces to: troduced in the final signa(t) to take into account the sample degradation
5 over the course of the experimental tintg)(
I=1g/(1+2Na@14l) 2

in which N=4x10'® cm 3 is the dopant number density, o _
andl ~50 m is the sample thickness. From the curvature ofi3- Thus. by defining=ts,, it is made clear that the experi-
the transmission, for pump intensities limited to @.Fpulse, MeNt measures the time correlation between the Raman
we measurer®= 10" cm's. The sample thickness is the packet and the zeroth-order initial state:

greatest uncertainty in this determination. leardt) |2 RdQD(O)(tSZ)l(PI((sz (t32)>|2. (5)
1 2

The decay of this correlation defines the vibrational de-
coherencdpermanent dephasing

With laser intensities limited te<100 nJ per pulse, the

The TRCARS measurements are designed to interrogateample degradation time stretches sufficiently to allow mean-
the vibrational coherence on the ground electronic state ahgful measurements. From a given spot, we record wave-
matrix-isolated iodine. The experiments measure a singléorms in pairs. After scanning a particular delay between

3.2. Time-resolved CARS

component of the third-order polarization: pulses, we retrace the scan. An example is shown in Fig. 3.
03 O[] (3) In this case, upon retracing, the signal recovers to 10% of its
Pl Zk, k(D = (P (O 2 i, k(D) €. (3 original amplitude over the data acquisition time of 20 min-

utes. This information is used to correct for signal degrada-
tion. In the TRCARS measurements, all three input beams
are polarized parallel to each other, and therefore the quadri-
% linear signal is from the population oriented along the polar-
lcardt)= f_wdt43| P®(tyr,ta2,t49)]? (4)  ization axis, N,(t). As long as the decay of this sub-
ensemble is not too extensive, it is possible to approximate it
which depends on the timing between the sequence of thresss an exponential. Accordingly, the signal, which is propor-
pulsest,, is the interval between pump and dunbg, is the  tional to Nﬁ(t), is corrected for exponential degradation with
interval between dump and probe, atd is the radiation measurement time. The reconstruction of the signal is shown
interval after arrival of the probe pulse. In all of the measure-n Fig. 3.
ments to be reported, the pump and dump pulses are station- In Fig. 4 we show the signal from a sample deposited at
ary and nearly coincident in time. Their delgy is adjusted 35 K and recorded at 17 K. Both forward and corrected
for optimum signal. Due to fast electronic dephasing, onlybackward scans are shown. The good comparison between
prompt radiation after arrival of the probe pulse contributeshe two scans is a measure of the adequacy of the correction:
to the signal,t,3<30 fs. This time interval is fixed by the the distortion of the signal due to nonexponential degrada-
first arrival of ¢® to the inner turning point of the excited tion is minor. The Fourier transforms of the two time files,
electronic surface, where the energy conservation conditiowhich are also shown, are in good agreement. Thus, infor-
was= w1 — W+ w3 can be met. Consistent with this, the AS mation regarding the complex amplitudes of the vibrational
spectrum is verified to be structureless. We adjust the spesuperposition and their beat frequencies is rather reliable,
tral bandpass of the detection to accept the entire AS speevhile dephasing times are subject to the uncertainty intro-
trum. The signal is then recorded as a function tef, duced by the correction for signal degradation. This data set
namely, as a function of delay between the preparation of thevas obtained using the short pulse NOPA setup, with pulse
Raman packetqo(kzl)_l<2 and the arrival of the probe pulse at widths of ~25 fs. The observation of the fundamental beat,

by detecting the AS radiation propagating in the—k,
+ k4 direction! We detect the total AS radiation:
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FIG. 5. Dependence of dephasing on vibrational quantum number. The four
FIG. 4. Corrected CARS signal obtained using pulses described in Fig. 3dephasing rates shown in the figure correspond to the following superposi-
The insets are the Fourier transforms of the corresponding time files. Théons:(3,4,9, (5,6,7,9, (10,11,12 and(13,14. Due to the short lifetimes of
fundamental beat 200 cmi * along with two overtones is a clear indication these superpositions relative to the anharmonicity, the individual dephasing
of a four-state superposition. The Stokes shift, centered at 1475,cm rates could not be decoupled from each other; therefore, only the mean
would support a wave packet centered around a 7, 8 superposition; howevetephasing rates are used. Error bars onuthexis span the superposition,
a nonlinear least-squares analysis of this signal using®&gields frequen-  while error bars on the, axis correspond to the standard deviation of the
cies corresponding to a 5, 6, 7, 8 superposition. This is not unreasonablenean dephasing rates obtained from a nonlinear least-squares fit to the data.
considering that the FWHM of the pulses used in these experiments is
greater than 800 cnt.

decoupled with confidence. The dependence is linear, with
1/y varying from 16 ps to 2.7 ps foor=3 to v=13. A
representative set of waveforms from which the dephasing

Cm . . . rates were extracted is shown in Fig. 6. Based on the Stokes
Av =3, indicates that a superposition of four vibrational lev-__". .
shifts used,wpymp— @gump, the assignment of the prepared

els is prepared. Given the Stokes shift of 1500 crhetween yibrations can be made with little ambiguity. The analysis

ump and dump pulses, the superposition is centered near . L . .
S:7p Additional?y pa br0<:id sidebgng to the red of the mO_prowdes a rather accurate determination of vibrational fre-

lecular lines can be sedidentified by asterisks in Fig.)4 quencies and anharmonicities, as shown in Fig. 7. The ex-

The fundamental beat of 180 crhidentifies this sideband as tracted harmonic frequency and anharmonicity an

_ -1 _ —1
the dimer® It is noteworthy that the dimer band is sharper =(214.050.17) cm'*, weX.=(0.63820.009) cm °. These

. oo . Yalues are in good agreement with the RR measurements in
during the backward scan, indicating annealing of the spot _ . 7 > .
solid Ar” and are revised somewhat from our earlier report.

during the course of the measurement. The molecular IineRI - . L
. . . ote that the superposition with the lowest vibrations, as-
do not show a discernible annealing effect. In samples de-

posited aff<32 K, the dimer is not observed signed tov =3, 4, 5 in Fig. 6, lives long enough to show a
. ' : - . weak node nedr=13 ps, which arises from the anharmonic
Ignoring time convolution of the probe window with the

evolving coherence and acknowledging that sum beats are

outside the time resolution of the measurement, the signal is v=13. 14
analyzed as a sum of decaying sinusoids: WWMM \

Av=1 at 205.5 cm?, and two overtone beatdv =2 and

S(t)=2, c2e i+ X, c ¢, Cog(w,— w, )t v=11,12,13
v v #v
SO D) CRECARC 6) v=5,6,7,8
in which vy, ¢, and ¢ represent the overall dephasing rate, Wuwuwwuwwuwwwww . . .
amplitude, and phase of a given vibrational state of the pre- 0 5 10 15

pared superposition. Using the Fourier analysis for initial v=3,4,5

estimates, the time files are fit through a nonlinear regression Wm“m“"‘"
to Eqg.(6). Although an excellent reproduction of the signal is L L . L
retrieved, due to the relatively short time file, the individual t, ps
decay constants of the constituent states are not separately

determined. An equally acceptable fit of the time file is ob-FIG. 6. Experimental waveforms corresponding to vibrational levels rang-

tained by setting all decay constants to be the samg 1/ing from v=3 to v=14. These signals have their zero-frequency compo-
! ents subtracted out in order to make meaningful comparisons. Some im-

=4.2 ps in this particular case. In this regard,_ the use 0gortant features of these signals include the nodal patterns exhibited by the
longer pulsegnarrower bandwidthfor the preparation of the 3, 4, 5 and the 13, 14 superpositions. The node in the 3, 4, 5 superposition,
Raman packet is preferable, since this allows a better dis=13 ps, corresponds to a rephasing time associated with twice the anhar-

crimination of they dependence 0’5’ The extracted values monicity, indicating that at least four states must be contributing to this
P ' signal even though only three were resolvable. The slow modulation of the

Of Y f_ire collected in Fig. 5_1 i_n which the h_orizontal error barssignal with a period of 25 ps in the= 13, 14 superposition is too short to be
highlight the fact that individual dephasing rates cannot beassociated with anharmonicity.
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4. DISCUSSION

In molecular systems, with many internal degrees of
freedom, the preparation and interrogation of particular co-
herences will be limited by competition among different
channels. The dense electronic manifold of iodine leads to
multiple electronic excitation channels at the intensities re-
quired to drive nonlinear processes. The time dependence of
the four-wave signal is impervious to background excitation
channels, except for the photodissociation of the molecule.
Since the photodissociation process is two-photon driven,
while the four-wave mixing process is maintained in the
FIG. 7. Birge—Sponer plot for gas-phasedashed ling and |, in solid Ar, quadr”ine.ar regime, it Ca”f‘Ot be preventc_ed througlh intensity
obtained in the present TRCARS measureméiiited circles. The circles ~ CONtrol. Since the electronic resonances involved in both the
represent the experimental data points. The fundamental frequency and titRCARS and multi-photon excitation involve repulsive
first anharmo_nic_ity are ;Iightly modified from the gas phase values and inyglls of potentials, they are broad, and color offers little
;g;ﬁement within experimental error to those obtained from resonance R%’electivity over the branching. Indeed, dissociation occurs at

all colors used in the TRCARS experiments. Let us put the
measured cross sections in perspective. BheX excitation
cross section isrgy=10"8 cn? (|ugy|?=1.02 ¥ at 550
nm).” The cross section associated with the bilinear stimu-
beat betweem ,3— wgs=4weXe, indicating that the superpo- lated Raman process for preparing the vibrational coherence
sition containw =6 as well. The node between neighboringin the X state can be estimated a&Z=oygopyxA7=2
beats occurs dt=c/2wX.= 26 ps, by which time the signal x 10 °C cm*s, whereA 7~ 20 fs is the residence time of the
is quite weak. B-state packet in the Franck—Condon window. The measured

Within the accuracy of the measurements, for packetswo-photon induced dissociation cross sectionr{§Q=2
prepared below =10, the decoherence rates are insensitivexX 10~ %' cms, only an order of magnitude smaller. There-
to temperature in the experimental rangeToft 17—32 K.  fore, for a given number density of molecules transferred to
Temperature has a measurable effect orvthel 3,14 packet. the Raman packet, a tenth undergo permanent dissociation.
This is illustrated in Fig. 8, in which the time files are shown The reduction of intensities to minimize the fraction of mol-
along with the spectra of the fundamental beat. The spectr@cules that dissociate during the course of measurement is
reveal sidebands at 10 crhflanking the main peak. This in limited by practical signal-to-noise considerations. At inten-
the time profile leads to the 3 ps modulatitsee the 17 K Sities of 100 nJ/pulse (2dphotons/crfs), 10 ppm of the
signal in Fig. 8, which cannot be confused with the anhar- molecules are transferred to the Raman packet, and the third-
monicity beat. The spectrum clearly shows that the linerder polarization consists of 10* molecules, leading to
broaden with temperature, so that in the 33 K spectrum the"1 CARS photon detected per pulse.
sidebands have completely coalesced with the central peak. The permanent photodissociation of iodine in solid argon
The dephasing times extracted from transients through thi Of interest, especially since this system has been previ-
least squares regression arey/4 ps, 3.6 ps, and 2.9 ps at 0usly studied as a prototype for the perfect cage effeat.
T=17, 25, and 33 K, respectively. For the lower vibrations,deta'led analysis of the process will be taken up elsewhere.

in the same temperature range, Thdependence is less than Here, we suffice by recognizing that permanent dissociation,
10%. as opposed to molecular reorientation, takes place during the

measurements. The polarization dependent measurement
clearly shows that early dissociation will result in orienta-
tional anisotropy and therefore dichroism in the solid.

The neglect of this consideration can have significant
consequences on the interpretation of photo-selection, or
photo-bleaching experiments such as have been reported
recently'? Upon extended irradiation, the entire population is
depleted. Although this would occur even if the molecule
only possessed a single transition dipole, careful analysis of
the decay establishes that the process is bimodal: both per-
pendicular and parallel molecular orientations undergo two-
photon dissociation with relative yields of?/¢{?)=10. As-
suming quantum yields independent of orientation, the ratio
must be determined by the relative excitation cross sections.
cm There are two electronic staté¥(0,) andB’(1,), that serve
1T T as intermediates for resonant two-photon excitation in the
f’ p4s 567 spectral range of interest. TiBz— X transition dipole is par-

’ allel to the molecular axisX{=0), while that of theB’
FIG. 8. Decoherence rates for different temperatures. —X transition is perpendicular to the molecular axis(}

A® i1y

196L,
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==+1); moreover, at the measured wavelength of 550 nm theentral peak betweefi=15 and 35 K, was predicted there,
relative absorption cross sections of these transitions haveas is observed here. This is the origin of the 2.5 ps modula-
ratio of 9:117 This nicely rationalizes the observed orienta- tion of the time-domain signal. The assumed vacancy con-
tion dependence of the dissociation curves, with the addedentration in the model was 1.4%. Since the depth of modu-
implication that the two-photon cross sections are principallylation of the signal is also in quantitative agreement with the
determined by the initial resonance. model, we must conclude that the defect concentration is
Our main interest in the present work is the descriptioncomparable in the experiment. Small sidebands, which ap-
of vibrational dephasing in the low-temperature limit. The pear as pedestals in the Fourier spe¢tee the spectra in
observable vibrational coherence will decay due to dissipaFig. 4) are often observed with varying amplitude, consistent
tion and pure dephasing due to homogeneous and inhomog@ith the expectation that defect concentrations may vary
neous contributions. In addition, there can be a contributionvith preparation and with the selected spot in a given film.
due to the preparation. We consider the signatures of each éfithough the films are polycrystalline, the measurement is
these processes, focusing only on the most robust features @&ITied out in selected-50 um spots that may also contain
the data. Our prior theoretical analysis of théAr system  grain boundaries and, hence, unusual densities of defects.
with the use of a vibrational self-consistent fi€\dSCF) for The observation of dephasing rates linear in vibrational
the analysis of anharmonic modes, their couplings, and thguantum number is consistent with the fact that the coupling
expected effect on TRCARS observables serves as a backetween the molecular vibrations and lattice phonons is
drop for this discussiof. weak. Then spectral shifts and dephasing rates will be medi-
In electronically resonant CARS the preparation of thedted through the lowest-order anharmonic couplings to the

Raman packet entails evolution on the electronically excited@ttic® modes, namely, the linear teemq, and the quadratic
state. Although this evolution is limited in time to the arrival ©€'MSAkc dkdk (whereqy represents the normal coordinate

of the packet into the Stokes window, 10—30 fs, depending?f modek). The VSCF calculations considered the quadratic

on the Stokes shift, it will nevertheless impart momentum toCCUPIiNG termsBy by evaluating the energy differences for

lattice coordinates that are coupled through the electronif',he,rnc’lelwlf"1r V|bradt|0ns W't_h Tm?_ W'tho;t thedoccupatl_on of
transition (electron—phonon coupling Feedback following abg|ven dafttlce mode. A strlcl:ty (ljnea; thep:ar:t_ence me”
this impulsive drive should occur on the time scale of theQPSErVEa Tora given hormal mode of the 1atlice, as well as
characteristic local phonon periods, 0.55ps>2 ps. Careful for the mean over all modes. It is therefore safe to assume

inspection of the envelopes of the time profiles of the signal§hat the same holds for t_he nondiagonal couplingg - I_n .
: . . ._essence, the observed linear dependence of dephasing with
reveals such modulations at early times. To uniquely assig

and characterize the effect of impulsive momentum kicks, vibrational quantum numbers is consistent with expectations

. . . ased on the interaction potential between iodine and argon.
more systematic set of accurate measurements is desirable. . . .2
. . . Homogeneous dynamical dephasing, both dissipation
Two important inhomogeneous sources of dephasin

were considered explicitly in Ref. 4. The first of these rec-ql/.Tl) and pure deph:_ismg (1), oceurs through the scat-

) - - ) tering of phonons. Given the Debye limit of solid Ar of
ognizes that at finite temperature, the initial stat€)=|v 6 1 dissipati f f molecular vibrati f
—04n(T)}) consists of the chromophore =0, and a 5cm -, dissipation o aquantum of molecular vi ration o

L ' 200 cm * must be accompanied by the creation of at least

thermal distribution of phonon occupation numbers On three phonons. Pure dephasing occurs through the quasi-

fche preparation time scale, save for the rT‘O’.“e”.t“m. kICk%Iastic scattering of phonons on the impurity and is most
imparted to selected modes, the phonon distribution is fro-

L T o . commonly diagnosed through temperature dependence
zen. Due to the statistical dlstrlbutlon of initial phases in thestudiesl.g'ZOCIearly, in the limitT—0 a finite dephasing rate
coupled modes, the system will dephase even if the phonor}.ﬁuSt be reached. So, quite generally, we may expect:
are harmonic. This will contribute a temperature-dependent ' ’ '
inhomogeneous mechanism for dephasing, which is linear in
vibrational quantum number due to the linear dependence of
the anharmonic coupling on. Although we see a linear ) ) o .
dependence of dephasing rates wnthe only measurable For pure d.ephas_lng, two |mportaqt limits are W|d_ely accepted
temperature dependence occursvat13,14. A vibration- for ¥(T) in solids. The scattering of acoustic phonons,
specific temperature dependence is not consistent for thirough a generalized linear coupling, , leads to a
mechanism, suggesting that this contribution is small. A sec(T/TD)9 ZPZezpendengé, assuming a Debye density of
ond important inhomogeneous contribution can be expecteﬁtatesl- “*“For solid Ar this would predict a 200-fold in-
from lattice defects. The explicit model considered was thaf€ase iny(T) for the experimental range Gf=17-35K.

of vacancy point defects. Due to the anharmonic coupling' "€ @bsence of such a dramatic effect would imply that

between chromophore and vacancies, this mechanism alsp?(T) in the measured temperature range, i.e., dephasing

leads to dephasing rates linear in vibrational quantum numdUe to scattering of acoustic phonons is negligible. Alterna-

ber. Moreover, due to the bimodal distribution of vacancy-t?vely’ the process may be driven through couplling tq a par
induced frequency shifts, the model predicts sidebands in thicular coordinate, a pseudo-local modeLM), in which

spectrum and accordingly, modulation on the envelope of th§2S€ an exponential temperature dependence giv;(gaﬁ)y the
signal. The predicted observable TRCARS signal fop a Probability of occupation of the mode is to be expectett

=10,11 packet(Fig. 7 of Ref. 4 is in surprisingly good
agreement with they=13,14 packet observed in Fig. 8.
Sidebands separated by 12 ¢ which coalesce with the

y=7v0+ ¥(T), where yo=y(T—0). (7)

1
Y= 7’0+2_TeXF(_EPL/kBT)- (8
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0.4f cal limit to be an overestimate for the rate. It would seem to
us that a spontaneous three-phonon process is less likely than
T 03} pure dephasing at absolute zero, if it is recognized that in a
o strictly quantum world spontaneous processes are driven by
=09l quantum zero-point fluctuatio’8 If we allow for zero-point
fluctuations in phonon modes, in the form of creation—
0.1t annihilation events, then a natural mechanism for pure
dephasing 80 K would seem more plausible than dissipation

e driven by multiphonon fluctuations. We intend a more quan-
0 5 10 15 20 25 30 35 40 titative analysis of this distinction, since the issue is of rel-
T.K evance when control of decoherence is contemplated.

FIG. 9. The temperature dependence of measured dephasingfiikes
circles and the curve for dephasing via a pseudo-local mode at the Debye
edge[see Eq(8)].

5. CONCLUSIONS

The limited data, thél-dependent rates for the=13,

14 packet, fit this scheme, as shown in Fig. 9. The param- Through TRCARS experiments, we have been able to
eters for the curve arey,=0.237 ps?t, r=0.25 ps, Ep, prepare and interrogate vibrational packets at vibrations as
=98 K (or wp, =68 cm ). The implied pseudo-local mode high asv =14 in the model system of matrix-isolated mo-
is just outside the Debye eddep (Ar) =93 K. The introduc- lecular iodine. This, to our knowledge, may be the first sys-
tion of the impurity does generate such localized modestematic study of its kind. The creation of vibrational coher-
modes which are intimately coupled to the molecllle.this  ences of large amplitud@p tov = 14), which is requisite for
model, 7 is interpreted as the local mode lifetinthe time it  meaningful coherent control in condensed media, has been
takes for the local mode to decay into acoustic phopths demonstrated.

Evidently, the mode decays in half a period of its motion, The coherences are long-lived, more than 100 vibra-
which may be regarded as the fast-exchange limit where Edional periods abt = 14, much longer than necessary for most
(8) is applicable. control targets of a chemical nature. These time-domain ex-

The absence of a measurable temperature dependengeriments have a higher spectral resolution than has been
for the lower vibrations, and below=17 K in the case of possible in frequency-domain measurements. More impor-
v=13, 14, implies that we are in a regime whergdomi-  tantly, the direct time-domain measurements allow detailed
nates. This limit may be determined by inhomogeneousnsights in the dephasing processes. Nevertheless, here we
broadening due to lattice defects. have focused on the more robust features of the data.

While difficult to ascertain this possibility, inhomoge- The coherence decay time decreases from 16 pswear
neous effects can in principle be eliminated through degen=3 to 2.5 ps neav =13, showing a nearly linear depen-
erate four-wave mixing measurementphoton echp®  dence on vibrational quantum number.

Given the elimination of inhomogeneous contributions, itis  The decoherence rates are a weak function of tempera-
interesting to speculate as to what mechanism would contrdlre for vibrations below =10, indicating that the process
the residual dephasing, or Raman linewidth. The commoiis controlled by tle 0 K limit. We speculate on the nature of
assumption is thaty, will be determined by dissipation, dephasing in this limit, with the conjecture that it will be
since this appears to be a spontaneous process, in contrastiaven by quantum zero-point fluctuations of the phonons.
dephasing, which is usually defined to be stimulated via the A thermal contribution to dephasing is observed for
scattering of thermal phonons. We can expect classical m@ackets prepared at=13, 14. The dependence is exponen-
lecular dynamics to provide a useful estimate for vibrationaltial, consistent with dephasing by a pseudo-local mode just
relaxation, given the fairly well understood potentials of thisoutside the Debye edge of pure Ar. This mode decays into
system. To this end, we have carried out simulations usingcoustic phonons in a half-period of the motion.

reasonable potentials: Morse for I-I; Lennard-Jones for Inhomogeneous dephasing due to vacancy point defects
Ar—Ar and I-Ar. In a simulation box of 250 Ar atoms and a has been identified by the quantitative agreement of the ob-
single L molecule isolated in a divacancy, we calculate theservable signal with an earlier theoretical prediction.

rate of energy loss from trajectories propagated for 100 ps. The above conclusions are derived from limited experi-
At the classical temperature of 20 K, we estimate a vibra-mental scrutiny, because the signal degrades during the mea-
tional relaxation time of 200 ps fav=5 and 70 ps fow surements. The origin of this decay is shown to be due to
=15. Thus the classical estimates indicate rates of relaxatiotwo-photon induced photodissociation.

more than one order of magnitude smaller than what is ob- A more complete analysis of the breaking of the Ar cage
served experimentally foy,. These results may well depend and the kinetics and dynamics of the process will be taken up
on the details of the assumed potentials, a systematic analgisewhere. Under the same irradiation conditions, photodis-
sis of which has not been done. Pump—probe experimentociation rates are much smaller in solid Kr; as such, they
which follow population dynamics, should provide a more provide a more useful medium for systematic measurements.
definitive assessment of dissipation rates. We find the calcuA/e have initiated such measurements.

lated long 1T, times sensible. Moreover, since the relax- This research was made possible through a grant from
ation is a multiphonon process, one would expect the classthe USAFOSR(F49620-01-1-0449
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Direct and indirect creation of excitons in rare gas solids has been investigated with reflectivity
and luminescence spectroscopy. For the heavy rare gas solids Kr and Xe, new and more
reliable exciton parameters have been deduced. With time-resolved luminescence spectroscopy,
fast and delayed secondary-exciton creation has been established and separated.
Thermalization of photocarriers and their delayed recombination have been analyzed, including a
first attempt to investigate the influence of excitation density on the carrier dynamics. The
existence of excitonic sidebands of the ionization lirgs (either band-gap or inner-shell
ionization limitg in prompt secondary exciton creation has been established. The threshold
energies of these sidebands are giverkEpy-E; + nE,, (n is an integerE,, is the exciton energy

The sidebands are ascribed to the formation of electronic polaron complexes, superimposed

on the inelastic scattering of photoelectrons.2803 American Institute of Physics.

[DOI: 10.1063/1.1619352

INTRODUCTION tails are given here. SR at HASYLAB consists of pulses with
) o . FWHM=150 ps, at a repetition rate between 5 and 1 MHz,
At the onset of optical excitation of rare gas solids jenending on the mode of operation. For more details, we

(RGS in the vacuum ultraviolet spectral range, pronounceqefer 1 the original papers cited. If necessary, in a few cases,
absorption lines are found. They arise from the creation of,,5 e details are given in the text.

bound pairs of valence holes and conduction electrons at the
center of the Brillouin zonél” point) and can be arranged in
two series]'(3/2) andI'(1/2), depending on the total angular 1. DIRECT EXCITON CREATION
momentum of the holej,=3/2 or j=1/2. These excitations 11 R . . .
. ) e .1. Reflectivity and new evaluation of exciton parameters

have been the subject of numerous investigations because
rare gas solids are model systems for excitons in Excitons in rare gas solids are ascribed to the “interme-
insulatorsi ™1t is not the purpose of this article to review the diate ” type? which means that the energy positions of the
field, but to describe some special aspects of exciton creatidines corresponding to principal quantum numbersl are
which have been investigated in recent years. We have te/ell described by the Wannier formula,
discriminate between direct and indirect creation of excitons. B.
Direct creation is achieved, e.g., by optical excitation withan  E;=E;— n—é (&N
appropriate photon energ¥,,,=E¢, (Ep, is the photon en-
ergy of excitation;E,, is the exciton energy Some aspects (E,; is the energy of an exciton with principal quantum num-
of direct creation will be discussed in Sec. 2, because theber n; E; is the ionization limit of the exciton serie€s,
are necessary for a better understanding of the indirect cre=E,, E4 is the band gap energ; is the binding energy of
ation processes. Indirect exciton creation arises ffome-  the exciton serigs According to previous measurements,
combination of electron—hole pair§j) inelastic scattering however, the members with=1 yield more or less pro-
of photoelectrons, andii) excitonic sidebands of valence or nounced deviations from the Wannier formgéze, e.g., Ref.
inner-shell excitations. 3). The reflectivity curves of Kr and Xe have been carefully

All experimental results have been obtained with syn-remeasured in the excitonic range because the preparation of
chrotron radiation(SR) excitation at the Hamburger Syn- polycrystalliné’ or even monocrystalline rare gas samples
chrotronstrahlungslabor HASYLAB at DESY, Hamburg. with high structural quality has been developed. Moreover,
Two beamlines have been used, namely beamline “I” withcontrary to the early investigations, now a more precise de-
the set-up SUPERLUM(normal incidence; range of excita- termination of the energies af=1 excitons from photolu-
tion <40 eV), and beamline “BW3"(grazing incidence; minescencéthe so-called free-excitoff-E) lines) is possible
range of excitation 30 e¥hr=<1000 eV). As the main part (see Sec. 1)2As an example, the reflectivity of KiRef. 9
of the present paper deals with time-resolved data, some dé presented in Fig. for Xe see Ref. 10 Five members of

1063-777X/2003/29(9-10)/10/$24.00 822 © 2003 American Institute of Physics
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TABLE I. Exciton parameters of solid Kr and Xe @t=6 K.
, L
n'=1 n=2 Value of the parameter
a2 Parameter Unit
c
3 n=5 Kr Xe
£ : d
® 11.55 (1.45£0.02) (0.903+0.036)
2 Binding b b
=] eV 1.53 1.02
'g energy .
C
E -4 1.73 0.86
|n= 5 (11.59£0.01)* |  (9.298+0.005)°
0 I 1 Band gap eV 11.61° 9.33"
10.0 104 108 112 116 e 028"
Photon energy, eV
. . . . (0.377%0.005) (0.327+0.005)¢
FIG. 1. Reflectivity of solid Kr, measured at=6 K with a resolution in- ) b
tervalAN=0.6 A.° The inset shows the range ¥4 andn=>5 excitons in m 0.40 0.37
an enlarged scale Reduced mass | ™,
’ 0.41 (with 0.31 (with
£, =1.80)° g =2.23)°

the I'(3/2) series are observed. Tme=1 band clearly dis- CommentRef. 9°Ref. 3fRef. 119Refs. 10, 30.
plays an exciton—polariton nature. In the case of Xe, a quan-

titative analysis has been performed in terms of the exciton— .

polariton modef showing that the deduced energy of the In Tgple | the exciton parameters deduced from Fhe new re-
transverse exciton agrees with the energy of the FE line iflectivity curves are presented and compared with previous
photoluminescence. In the case of Kr, a line-shape analysf§Sults-

of the reflectivity curve in terms of the exciton—polariton o _

model has not been carried out because only the energy f2- Radiative exciton decay

the transverse exciton, which was taken from luminescence, Following photon excitation of valence excitons of Kr

is required for the following conclusions. and Xe, luminescence spectra are observed which yigld

In Fig. 2, the energies of the Kr excitons are plotted as &arrow lines originating from the free=1 (transverspex-
function of 1h®. All energies, includingn=1, obey the citon and(ii) broad, Stokes shifted bands originating from
Wannier formula with high accuracy. The same is true forself-trapped excitons. Restfit€ for Kr are given in Fig. 3
Xe® Thus the earlier discussion of corrections to thel (Xe results are published, e.g., in Ref)1Bhe Kr results are
value(see, e.g., references given in Refs. Listobsolete in  of special importance because the samples were nearly free
the case of Kr and Xe. ThiS, however, does not mean that thﬁom Xe impuritiesy which efficienﬂy quench the Kr FE line
model of the intermediate exciton is ruled out in general. Ingnd which also modify the STE bands as a consequence of
the case of the light rare gas solids Ar and Nerilkel value  the Juminescence of heteronuclear Kr—=*Xeenter<s
indeed deviates from the Wannier formula. Interestingly, in  The decay curves in Fig. 3 display the decay of the FE
the light rare gas solids, the excitons are unstable againghe and the decay of the STE emission. The decay of the FE
exciton—lattice interaction, whereas they are metastable ifine is rather fast and nonexponential. For Xe, the details
the case of the heavier rare gas solids. Consequently, no Ffave been discussed in Ref. 13. The STE luminescence de-
lines but mainly the emission of self-trapped excité83E)  cay includes two components, one in the nanosecond range,
show up in the luminescence spectra of Ar and Ne, whereagriginating from the singlet state of the STE, and another in
both types of luminescence coexist in the case of Xe and Kihe range of seconds, originating from the triplet state and
showing up in the figure as a flat background. An analysis of
the fast component shows that it displays a cascade behavior

116 EN involving the decay of the FE line and the lifetime of the
S 114¢ &, camble 39 STE singlet staté*
© 410l ¢ pl 32 These remarks on the radiative decay of free excitons
5 A sample have been included because the central part of the present
811.0f + sample 25 paper will deal withmodificationsin the case of indirect
21081k exciton creation.
]
L% 106 - . 2. SECONDARY EXCITONS FOLLOWING VALENCE

10.4 - EXCITATIONS

10.2 | l X . ™ & 2.1. Decay curves following near-band-gap excitation

0 0.2 04 0.6 0.8 1.0 2.1.1. Xenon and krypton

2
1/n The decay curves of the FE line observed under direct

FIG. 2. Plot of exciton energies of tH¥3/2) series of solid Kr, measured at €XCitation are nonexponential with an _app_rOXimate decay
T=6K, as a function of H? (n is the exciton quantum numbér rate of the order of some §& ! and a rise time<100 ps
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FIG. 3. a) Luminescence of nearly Xe-free solid Kr, excited by 10.42 eV photoffs=e8 K and measured with a resolution intervel =12 A. b) Decay
curve of STE luminescendeneasured at 8.55 gVand () decay curve of FE luminescen@measured at 10.14 e\bf the same sample. Both decay curves
were obtained with a resolution intervah =9 A at 6 K under excitation at 10.42 eV.

(experimental time resolutiori?'3 The situation changes as kinetic energies of the two carriers involved. With increasing
soon as the photon energy of excitation exceeds the band-gapcess energy, the cascade-type shape gets more and more
energy. Then, as a result of the primary excitation, fregpronounced. Apart from the spike near time zero, the whole
electron—hole pairs are created. Nevertheless, the FE lineaminescence intensity is delayed compared to the decay of
still shows up with nearly the same intensity as under directlirectly excited excitongfor comparison, a directly excited
excitation of excitons. It is therefore obvious that recombi-curve is included in Fig. b This delay arises from a convo-
nation of electrons and holes into free excitons occurs. Théution of thermalization of the carriers and their recombina-

decay curves, however, change dramatically, as is shown for

Kr'? and X&® in Figs. 4 and 5. The parameter of the curves
is the excess energieycess Epn— Egq- It is the sum of the

Intensity log. scale

FIG. 4. FE decay curves of Kr, measuredTat 6 K, together with fitting
results(full lines) for the delayed parff Resolution intervals of 35 A in

E excess =780 meV ]

j : | i UL Ll
.n,, : : : Lk rk

g
. \\
‘1‘ [ ;
mhhm‘“ 340 meV
: l““illnll ol

AR Il i

: |‘ U

187 meV

all iyl ‘uh\r i JLE

10 15 20 25 30

logarithm of intesity, arb. units

12

—
o

§ Excitation ™. .

Solid Xe

Eexcess =1.45¢eV T=5K

0

10 20 30 40
Delay, ns

FIG. 5. FE decay curves of Xe, measuredlat5 K, together with fitting
results(full curves for the delayed par The parameter of the curves is the

excess energy. For comparison, the instrument func¢tonvolution of the

excitation ad 8 A in erission. The parameter of the curves is the excessexcitation pulse with the response of the detector and the electydsics

energy.

included(open circles
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tion. Here, a special aspect of rare gas solids comes into 1 16\/§e6E§m5’2 m 1

play: the simple fcc lattice of the rare gas solids allows only  o(T,)= 3 ) \ =
for acoustical phonons, a circumstance that slows down ther- (47)" 3\3mhi*cep(ege,)® ¥ M VKT (KTe)?
malization of the carriers compared to alkali halides, for ex- ®)

ample. It turns out that the bottleneck of recombination is the o )
thermalization process, because the recombination cross sé’c‘fh'Chg'S a modification of the formula given by Avakumov
tion is a sensitive function of the velocity of the carridfs. et al'® for Te# T, (e is the electron charges is the sound
The curves in Figs. 4 and 5 show also spikegapD.  Velocity, andege, is the dielectric permittivity.
They are ascribed to experimental artifacts. The monochro-  In the case of Xe the values feg, p, &;, m,, andEy
mators used are single-pass instruments; therefore, a “white¥ere taken from the literature™® T, was measured. More-
background of VUV radiation(primary monochromator OVer, the sample quality was sufficiently good to neglect the
~10"3, secondary monochromater10~2) is unavoidable. Nnonradiative term in the kinetic equations. Then the only free
The background shows up &t 0 as scattered light or even adjustable parameter in the calculations was the initial den-
leads to direct excitation of excitons, although the photorSity- A hidden approximation is the definition of an electron
energies chosen by the monochromator settings do not allofgmperature of the relaxing system #a- (3/2)kTe (E is the
it. mean value of the kinetic energy
The shape of the delayed FE luminescence was used to FOr Xe the fits are quite acceptable. Nevertheless, the
analyze the recombination dynamics of the photocartfers. "esult has to be taken with care for the following reason.
The full curves in Figs. 4 and 5 are results of model calcuAmong the parameters taken from the literature there are
lations in which the carrier dynamics have been treated in th€0me which are known to high accuraa ( p, ande,) and
following way%1® The starting point is an initial mean ki- ©Others which are rather uncertaim{, my, andEg). Con-

netic energy of the carriers, cering the effective masses, another difficulty has to be
mentioned. In the model, isotropic parabolic bands are as-
My e sumed, whereas the band structure of Xe and Kr is aniso-

EOe, h= Eexcess (2

Me+ My, tropic. Moreover, the excess energies in the experiment ex-

tend to large values where the parabolic approximation

(;he ef;(ce_ss energy is shadred amogg tge cqrrierfs allccording BPeaks down. Therefore it is questionable to use the data for
the effective masses, andm,), and a density of electrons deducing more-reliable values of the mass or the deforma-

and h0|e$ne,o=nh,01 vyhph has_b_een established due to thetion potential, for example.
nearly &-like photoexcitation. If it is assumed that the carri- In the case of Kr. the model was modified in the follow-
ers achieve a Maxwellian distribution of temperatufgsind 2, 502

T the el 4 hol | p ing way. The termEgm3 < in the nominator of Eq(5) is the
Th. the electron ) and hole ) energy 933 ue to scatter- 5t important factor. It is connected with the low-field mo-
ing on acoustical phonons is described by

bility according td”?°
dE 8v2Eim2 ool Ten—TL
< dt >aC: TR (KTen) Ten ©® 2 V2mehdpu?

MHo=2% .

3 2572 T

with deformation potentiak, effective masses, andmy,, Eame (ks To) vksTe
mass density, lattice temperatur&, , and Boltzmann’s and ] -
Planck’s constant and. Sincem,>m, for RGS, the holes N the case of the low-field mobility one hds ~T,, and

relax much faster than the electrofi®te the factomg? in v/ is sufficiently well known ¢, is the longitudinal sound

6

the numerator of Eq(3)]. For that reason, we assuriig velocity). Therefore Egm;“ was calculated from the mobil-
=7,. ity measurements of Milleet al?! In other words, by using

For t>0 the evolution of the carrier densities due to @n experimental result, the most uncertain parameters were

by the following rate equations: they are not as good as for the case of Xe, they are more
satisfactory because the number of parameters has been de-
dnep, Ne,h creased. The parameters of the fits are collected in Table II.
gt~ O(TeNeMure(Te) - Tor The values of the initial carrier densities are by far much
and lower than those estimated from the photon flux and from the

value of the absorption coefficient at the respective photon
dNey energy of excitatiotr for the following reasons. The initial
gt~ 7(Te)NeNnvrel(Te) = R(1) (4)  density is the density after redistribution of the carriers via

Coulomb scattering. During this first stage of relaxation, car-
with a temperature-dependent cross secti¢i,) and rela- rier diffusion decreases the density. Here, the geometry of
tive velocity v(Te). The termnn, /7, describes addi- excitation comes into play. The size of the spot at the sample
tional nonradiative carrier losses, e.g., at the surface. Thsurface is about 0284 mm. The penetration depth of light is
decay of the exciton itself is described by the decay ternof the order of a few hundred angstroms. On the other side, it
R(t), for which theexperimental FE decay curves following was shown that the scattering length of excitons is of the
direct photoexcitation of the excitonmeasured on the same order of 1000 A'® The scattering lengths of the carriers
sample, were used. Fer(T,) we use the formula given by should be similar because both are scattering on acoustic
Reimandet al. in Ref. 15’ phonons. With a scattering length exceeding the thickness of
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TABLE Il. The values of the parameters used for the fits of the time depen-
dence of delayed FE luminescence in solid Kr and Xe shown in Figs. 4 and
5. The values fom,, my, v, Cg, p, ande, are taken from Refs. 1-4. Eph =13.40 eV
Eq4.was taken from Ref. 22. F&,,, see text.
Value of the parameter
Parameter Unit
Kr Xe
m 16.00 eV
Effective electron mass, m, m, 0.42 0.35 =
O
Effective hole mass, m, m, 3.6 2.1 @
g 20.00 eV
Initial carrier density, NO* 1/m3 3.6.10" 610 g . e |
Initial excess energy, EexCeSS meV 780 1450 '%
Deformation potential, E | eV |not needed 0.79 k= 23.62 eV
Cexp =Eim}"? Jkg® %[ 4831071 not used .
Longitudinal sound
m/s 1370*** not needed
velocity, v, 27.21eV
Averaged sound velocity, <, m/s 830**** . , , ! o Iv...
-5 0 5 10 15 20 25
Crystal temperature, T, K 5.5 Time, ns
Nonradiative losses, .
r 1/s o** 0** FIG. 6. Decay curves of the STE luminescence of Ar, measured at
nr =1/Tnr =8 K at a luminescence photon energy 10.21&Vhe resolution intervals
Density of solid Kr at 5 K, p| kg/m® | 3092.6 3781 areA)\:1.7_5A in excitation and\x =11 A in emission. The photon en-
ergy of excitation is given at each curve.
Relative dielectric
1.88 2.22
permeability, €,

*The values were obtained neglecting the correction pointed out to us b

; ; . iently high nting rates. The ch n photon energies wer
A.N. Vasil'ev (see footnote 1l Including the correction means that the tie y high cou g rates € chosen photon energies were

values have to be multiplied by a factor of43. 9._76 and 10.21 e_r\.(for comparison, the maximum of the_

**If the value of the nonradiative losses is smaller thafix 107 s %, its  triplet STE band is 9.72 eV and that of the singlet band is
influence on the fits can be neglected. 9.83 eV?4.

*** In the case of Kr the longitudinal sound velocity was used for the whole In Fig. 6, decay curves of the singlet luminescence are
calculation. '

s+ Eor the Xe calculations the averaged sound velocity was used. shown. Most of the photon energies of excitation are above
the band gap energi,=14.16 eV. With increasing photon
energy of excitation, up to a valug,= E4+ E, (Which will

the initially excited volume by an order of magnitude, diffu- be discussed belovE,, is the energy of the=1 exciton),

sion of the carriers into the bulk will rapidly decrease thethe curves get more and more cascadelike. They were fitted

carrier density. with the sum of two exponentials,

This, however, raises the question why spatial diffusion _ _ _

has not been taken into account in the rate equations. Diffu- H(O=lot Arexp(—t/m)+ A exp(~t/r) 0

sion has been neglected there because the holes get self-

trapped in rare gas solids. In that case the spatial diffusion of

the electrons in a localized positively charged background is .

suppressed. It seems as if the fitting parameter characterizes o rise time T

the distribution after hole-trapping. A decay time 1

N
o
T

A

AL

i \A, A A
2.1.2. Argon and neon A A A A

In the light RGS, free excitons are rapidly self-trapped. 2 '
Therefore, the method used in the case of Kr and Xe to study g
thermalization and recombination of free carriers cannot be [ :
used. In the case of Ar, we succeeded in analyzing recombi- '
nation with the luminescence of self-trapped excitons. The 0.5
STE emission of Ar consists of a singlet and a triplet ‘o o o
band!~* The lifetime of the singlet emission is 1.8 fisThe 0 L !
formation should therefore be observable in the decay curves 12 14 16 18 20 22 24 26 28 30
of the singlet component. Excitation energy, eV

The singlet and the triplet STE bands overlap spectrally o _
and the singlet contribution is muich weaker than the triplel'®. 7 Fo oL he shavctet fmes of e cescage-ype s of ecay

one. Therefore, at first a p_hOton_enerQY_ of |Umir‘escence ha&citation?“ The band gap at 14.15 eV and the threshold en&igy E,
to be found to get an optimal singlet/triplet ratio and suffi- + E,, are marked.

Eg+Eex

S o S
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(A1, A, with opposite sigh The results of the fits+; and

T5) are shown in Fig. 7 as a function of photon energy of
excitation?* Apart from the range where the values of both
time constants are comparable, the decay time is independent
of the photon energy of excitatiohThis time corresponds to
the lifetime of the STE singlet, and the value is in good
agreement with the one reported by Roiekal?® The rise
times for excitation below the band gap correspond to the
experimental time resolution. For excitation above the band
gap, we observe a linear increase of the rise time until it
reaches the value of the lifetime of the singlet sfafsbove

E.,, the rise time drops to the value it has in the excitonic
range of excitation. There the decay curves are nearly iden
tical with those observed under excitation with a photon en-
ergy below the band-gap enerfgee Fig. 6.

In view of Sec. 2.1.1, the increase of the rise time is
ascribed to the thermalization of the electrons. From the
slope of the linear increase of,, a loss rate of approxi- , , ! !
mately 5 eV/ns(slope of the straight line: 0.2 ns/¢\& ob- 05 10 15 20 25
tained. With an average phonon energy 5 meV, this corre- (E- Eg)/Eex
sponds 1o a loss of one phono_n energy pet Picosecond; iIQIG 8. Time-resolved excitation spectra of the FE luminescence of solid
other words, an average scattering rate df 0" has been Kr'? and Xe® plotted on an energy scale which is described in the text. The
observed. time windows and time delays areA\t=0.94 ns, 6t=0ns (Kr); At

Concerning Ne, systematic measurements like those iR 0.8 ns, 5t=0.6 ns(Xe). The sharp maxima arise from scattered light.
the case of Ar have not been possible up to now due to
experimental difficulties.

Xenon

Intensity, arb. units

1 [

0.5 1.0 1.5 20 25

(=]

Krypton

Intensity, arb. units

(=]

both curves we observ@ low intensity until a thresholé,,
at point 1 is reached, and) a dramatic increase of intensity

2.2. Time-resolved excitation spectra and “prompt” aboveEy,.
secondary exciton formation The low intensity underscores the slow formation of sec-
ondary excitons via recombination. The increase of the sig-
nal above the threshold underscores that in this range of ex-
citation, “prompt” secondary excitons are created. In Kr as

Under pulsed excitation with a sufficiently large inter- well as in Xe, an analyst&'?of the threshold energy shows
pulse period, the recombination-type luminescencé=ed that it is given within+0.2 eV by
(defined by the excitation pulsestarts from zero. On the E —E+E ®)
other hand, excitons created t&at 0 start emitting at=0 th™ =g ' =ex:
with maximum intensity. Based on these ideas, time-resolve@This is the energy requiredrom the standpoint energy con-
excitation spectra can be used to discriminate betweegervation to obtain one electron—hole pair with negligible
“prompt” (within the experimental time resolutipsecond-  kinetic energy and one exciton. In both cases, the time-
ary excitons and delayed recombination-type secondary exesolved excitation spectrum yields a broad maximum above
citons. In a time-resolved excitation spectrum, following Ey,. It does not drop to the low value as on the low-energy
pulsed excitation, the luminescence intensity is measureside but levels off. At higher photon energies, another in-
within a time interval(called a time window of length At crease is found, starting approximately at an enefgy
with a delayét with respect to the exciting pulse. Without a + 2E,,.
delay and with a short time window it is are sensitive to  There are two mechanisms for the prompt secondary ex-
prompt secondary excitons. With a delay much larger thariton creation observed above the threshBl¢gt (i) inelastic
the lifetime of prompt excitons it is sensitive to scattering of photoelectrons at a valence electron, resulting in
recombination-type excitons. If the delay is zero, the timean additional exciton, andi) simultaneouscreation of an
window accepts scattered light of the exciting light pulse.electron—hole pair and an excitofelectronic polaron
Therefore a slight delay is sometimes chosen to suppresmplex®). Contrary to the electronic polaron complex, the
scattered light, but at the expense of sensitivity for prompscattering mechanism is a sequential process. The scattering
luminescence. Some results have already beetime in the femtosecond regime cannot be resolved in our
published!?12:25-27 experiments, and therefore these secondary excitons are

In Fig. 8, time-resolved excitation spectra of the FE linecalled prompt as well. On the other hand, excitons created
of Kr and Xe, measured in short time windows are presentecsimultaneously with an electron—hole pair could also be
The details of the time windows are given in the figure cap-called “direct” because they are the result of a primary ex-
tion. The special photon energy scale is well suited to illu-citation process.
minate the physics behind the phenomena observed. The unit From an experimental point of view it is difficult to dis-
of the scale is the exciton energiXe: 8.36 eV, Kr: 10.14 criminate between the two mechanisms. At first, it was
eV). As the zero point, the band-gap energy is chosen. Iipointed out that discrimination should be possible via the

2.2.1. FE line of Kr and Xe
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E, also shows that abovg,, prompt secondary excitons are
created. In Figs. 9 and 10, data are presented f&t%Aand
Ne2*In the case of Ar, the singlet component of the STE has
been chosen as a fast decay channel for time-resolved exci-
tation spectrdobservation at 10.21 @ywhile in the case of

Ne, the emissions of the atomic-type STE at 16.75 eV and of
the so-called W band at 15.5 eV were used for time-
integrated measurements. Nevertheless, the threshold of

Short time window rompt secondary exciton creation®&t=E,+ E,., was ob-
t=0.69ns, At=1.07ns promp y Bh=Ey+ Eex

Intensity, arb. units

served. In the case of Ar, a broad resonance like in the heavy
0 . . - ! - rare gases shows up, while in the case of(fiee-integrated
22 24 26 28 30 32 34 spectrum a more steplike increase was found. It must be
Photon energy, eV admitted that the spectral range of the Ne measurements is

_ - ) unfavorable for both beamlines used. The interesting features
FIG. 9. Time-resolved excitation spectrum of STE luminescence &f#r. L ) .
Due to the photon energy of observation chofEm21 eV, the main con- &€ close to the limits of the working ranges of the respective
tribution in the time windowAt=1.07 ns andst=0.69 ns arises from the Monochromators(left part of Fig. 10 for the normal-
singlet STE.T=8 K. Resolution intervals as in Fig. 6. incidence monochromator; right part of Fig. 10 for the
grazing-incidence monochromatpwhere the excitation in-

tensity is small. The threshold itself and the creation of
threshold energy because the simplest scattering model prgrompt secondary excitons is well established.
dicts a threshold considerably larger than the one predicted
for the electronic polaron complé®.The simple model as-
sumes parabolic bands, neglecting Bragg reflection across SECONDARY EXCITONS FOLLOWING INNER-SHELL
the Brillouin zone boundaries. With the so-called mutiple-EXCITATION
parabolic-branch-banMPPB) model of Vasil'evet al*® it 3.1. Excitonic sidebands of inner shell ionization limits
was shown that the threshold is practically the same for both i _ _ ,
mechanism&23°An argument in favor of the electronic po- Here we start with a _presentano_n of t|m_e-_re_zsolved exci-
laron complex is the fact that theory predicts a resonance, 4&tion spectra of FE luminescence in the vicinity of the Kr
is observed, whereas the scattering process leads to a mojé @nd Xe 4l inner-shell excitatior{Fig. 11.™ The (spin—
stepwise increase of the excitation spectrum. Summing ugPit-SpliY ionization energies are Krdg,: 92.32 eV, Kr
the curves are ascribed to inelastic scattering with a resonaffiarz: 93.50 €V Xe 4l),: 65.59 eV, Xe 4ly;,: 67.54 eV

H 32
enhancement near threshold due to the formation of eled@verages of the values given by Reseaal™ and

rages :
tronic polaron complexes. In a certain sense, the timelassinlke 9. For comparison purposes, the spectra are

resolved excitation spectra bring about excitonic sideband@igned for the respectivels, ionization limits, and the

of valence ionization, as predicted by theorf;.=E spread of the scales corresponds to the respective exciton

nE.. wheren is an intege?g 79 energiegvertical lines. The numbers given at the abscissa,
exs "

however, are electron-volts. Similar to the valence case,
2.2.2. The special case of argon and neon strong resonances with a threshold enekgy= Eq,, T Eex
In the light RGS, FE luminescence is missing. Time-are observed. In the case of Xe, the resonance is split. The
resolved(Ar) and time-integratedNe) excitation spectra of Second peak is ascribed to a resonance with a threshold
the STE emission, however, yield similar results to the cas&d,, T Eex- Experiments with higher spectral resolution
of Xe and Kr. The drop of the rise tims, (see Fig. Taround show that the Kr resonance also contains two contributions,

SUPERLUMI BW3

E=N
T

[ Eg+Eqy=38.94eV/

Intensity, arb.units
N
—

20 25 30 35 40 30 35 40 45 50
Excitation energy, eV Excitation energy, eV

FIG. 10. Time-integrated luminescence excitation spectra of*Nleft part measured at the SUPERLUMI statiGmormal incidence rangeat 16.75 eV
(atomic-type STE The curves in the right part were measured at the undulator beamline BW3 at 16a4S3\B and at 15.5 eMW-band. T=6 K. The
resolution interval in excitation was 0.01 €%-STB and 0.02 eMW band.
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Excitation energy, eV FIG. 12. Set of decay curves of the FE luminescence of Xe in the vicinity of
the excitonic sideband ofds, ionization®® For details see text.

FIG. 11. Time-resolved excitation spectra of FE luminescence of Kr and Xe
in the vicinity of the Kr & and the Xe 4 inner-shell excitation®* The time

windows are, for Kr:At=1.6 ns, &t=0; for Xe: At=1.2ns,6t=0. For  density can be varied by a factor of 50. This was used to

details, especially for the scale used, see text. establish density effects in the carrier dynamics. The models
used to analyze the delayed FE decay predict such effects

one of them being correlated to thiky, ionization limit®  LEd.(4)]. An excitation below the thresholds of the sidebands

Moreover, a second resonance with a threstjg= E was chosen to avoid interference with the strong contribution
! 5/2 ; ivinAati ;
+2E,, is observed. In conclusion, excitonic sidebands exisf)f prompt secondary excitons ofiginating from the sideband.

not only in the range of valence excitations but also in the85 3In Fig. 1§,>?ecay S[u:ves gg;t?e FE lines of E@:(Ca'éa_lt_'ﬁn
range of inner-shell excitations. -3 eV and Xe (excitation 66.1 ey are presented. The

In the case of light rare gas solids, up to now only the Arpara_meter of the curves i.S th_e initial_ carrier .denSity?O’
2p excitations have been investigaféd® The results yield obtained from the fits. With increasing carrier density, the

an excitonic sideband as well; however, degradation of théje'ade part of the decay curves changes. The maximum

samples due to radiation damage is severe, and the excitati}Ifts to smaller times. The full curves are fits with Egs.
0

spectra therefore suffer from an overall decrease of intensit T(S)d. Tthe V?r,:.at'?n of tr;le (re]xcnatlop ?ﬁ nS'Ly by aff?;: to(; of
during the measurements. eads to relatively small changes in the shape of the decay

curves, although the product of the initial carrier densities in
the rate Eq(4) varies by a factor of 2500. This is explained
by the fast increase of the recombination cross seetidn.,)

The influence of inner-shell excitation on the decay[Eq. (5)] within the first nanoseconds,which strongly in-
curves is illustrated in Fig. 12 with a set of decay curves offluences the shape of the decay curves independently of the
the FE line of Xe, presented as a function of time and photortarrier densities.
energy of excitation around the excitonic sideband df,4 Concerning the parameters, the situation is more com-
ionization. Prompt and delayed FE Iluminescence igplex than in the case of excitations into states near to the
observed® As soon as the photon energy of excitationbottom of the conduction band. The initial kinetic energy of
crosses the threshold of the excitonic sideband, the promphe photoelectrongve still assume fast hole relaxation to the
part increases at the expense of the delayed part, indicatingtap of the valence bands an open question because a broad
redistribution among prompt and delayed secondary excidistribution as a consequence of inelastic scattering of the
tons. The prompt part below threshold originates from in-initially created photoelectrons is expected. The time scale
elastic scattering of photoelectrons originating from valencdor this redistribution is far below the experimental time
excitations. The superposition of valence and inner-shell exresolution. Therefore, a mean kinetic energy of the electrons
citations makes a quantitative analysis difficult. Thereforeafter redistributionE,, was introduced as a fitting parameter
we restrict ourselves to presenting these qualitative resultsto replace the well-defined energy for valence excitations,

Excitation in the same range of excitation made feasibleE, of Eq. (2).
another type of investigation. The measurements were car- It turned out that the nonradiative channel in the rate
ried out at the undulator beamline BW3 of HASYLAB, with equations can not be neglected. The nonradiative ratg,,1/
its high excitation intensity/ By tuning the undulator gap has a more phenomenological character and strongly de-
the spectral position of the first harmonic is tuned. With fixedpends on sample conditions. As in the case of valence exci-
settings of photon energy, this means that the intensity igations, the initial carrier densities,o=nyq (after the fast
tuned across the first harmonic. In this way, the excitatiorredistributions due to elastic and inelastic scatterhmaye to

4. CARRIER RECOMBINATION AND DENSITY EFFECTS
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FIG. 13. Decay curves of the FE luminescence of Kr and Xe, measured with different excitation décisifies, together with fitting results for the delayed
part(full curves.® The initial electron densities for the calculations are given at each curve; the other fit parameters are given in Table Ill. The Kr curves were
measured for 85.3 eV excitation at 12.5 K; the Xe curves were measured at 66.1 eV with excitation at 10.8 eV.

be included as fitting parameters. They were introduced witmodel viaE3mZ'?. TheE, values seem to be in contradiction

the constraint that they are proportional to the measured exe photoemission data, which show that the bulk of the pho-
citation density. As three fitting parameters were unavoidtoelectrons have kinetic energies between zero and 2 eV in
able, a fourth one, namely the effective mass of the electronshe range of Xe 4 and Kr 3d excitation®® Note, however,
was tolerated. Values are given in Table3fi* that the electrons below the vacuum level are not observed in
The m, values are within reasonable limits, but cannotphotoemission.E, obviously does not correspond to the
be taken as definite, since they are couplecEtpoin the  mean kinetic energy after redistribution via electron—
electron scattering as is observed in photoemission. It is as-
cribed to that range of kinetic energy in which the rates for
TABLE lll. The values of the parameters used for the fits of delayed FEe|ectron—hole recombination and further phonon relaxation
luminescence in solid Kr and X_e.shown in Fig. 13. The valuesiof ng o, become comparable. An estimate for tiecitation density
Ey, and7,r and are results of fittingny, v,, Cs, p, ande, are taken from .
based on absolute flux measurements is about two orders of

Refs. 1-4.E4 of Kr was calculated from the low-field mobility with the ) ) ) g
published value of the effective electron mass given in Tabl&]lof Xe magnitude higher than the results of the fits. This discrep-

was taken from Ref. 22. ancy corresponds to the small valueskgfinsofar as diffu-
sion processes during the first stage of relaxatio&ganay
Value of the parameter h . L . .
Parameter Unit considerably reduce the density. Although significant simpli-
Kr Xe fications have been applied, both for Kr and Xe the whole set
Effective electron mass, 7 m, 0.36 0.73 of data can be described with a reasonable and consistent set
e
Effective hole mass, m m 3.6 2.1 of parameter values.

h 0

Initial carrier density, n_ 1/m® | 1.53-107 | 2.02.107
! CONCLUSIONS

Mean electron energy, £, meV 56 24
Deformation potential, E, &V 144 0.79 It was shown that_ tim_e-resolved Iuminesce_nce spect_ros-
Longitudinal sound copy on rare gas solids is a powerful tool for |_nvest|gat|_ng
ot m/s 1370 1300 the dynamics of photocarriers, namely electronic relaxation,
velocity, v . . . . . .
o thermalization, and recombination into secondary excitons.
Averaged sound velocity, ¢, | m/s | 843 830 The temporal evolution of free excitons following primary
Crystal temperature, T K 12.5 10.8 valence excitation and, to a certain extent, also following
Nonradiative losses, ¢ 95910 1 /131,169 inner-shell excitation can be explained in terms of the “clas-
Tpr =1/Tpy /s (17591 /134 sical” theory of the relaxation processes mentioned, with val-
Density of solid Kr at 5K, p |kg,/m?| 3092.6 3781 ues of th_e various physical quantities !nvolved as they are
Relative diclectri reported in the literature. One of the main results is the proof
clative dietectric 1.88 2.22 that there exist excitonic sidebands of the ionization limits

permeability, €,

(either band-gap or inner-shell ionizatjomhich are ascribed
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Quantum property of solid hydrogen as revealed by high-resolution laser spectroscopy
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Pure vibrational overtone transitions of solid parahydrogen are studied using high-resolution laser
spectroscopy. Extremely narrow spectral linewidth20 MHz) allows us to observe rich

spectral structure that originates in subtle intermolecular interactions in the crystal. It is found that
anisotropy of the distribution of zero-point lattice vibration of hydrogen molecules perturbs

the energy levels of the vibrationally excited states significantly. A large amplitude of zero-point
lattice vibration, an intrinsic propoerty of quantum solids, is directly observed from the

present high-resolution spectroscopy. The first observation of a pure vibrational overtone transition
of solid orthodeuterium is also discussed. 2003 American Institute of Physics.

[DOI: 10.1063/1.1619353

1. INTRODUCTION «—0) absorption transitions of solid parahydrogen induced
Optical linewidths in the condensed phase are, in genpy an |mpur|t¥ orthohydrogen molgcule. Since th? tran5|tl|ons

. : we have studied are induced by intermolecular interactions,
eral, two or three orders of magnitude broader than in the gas

; : ! Wwhich are a function of the distance between molecules, the
phase. The broadness of the linewidths wipes out most spe¢- .. . - .
. . . . Lo : ransition frequencies contain information on the effect of the
tral information that might give us detailed information on

) . . . Igrge amplitude of zero-point lattice vibration. Here we focus
intermolecular interactions and other properties of condense . .

. ) o on the quantum property of solid hydrogen obtained from
phases. However, an exception to this generalization was I8, alvsis of the optical spectral structure
cently found for solid hydrogen crystals® Optical transi- Y P P :

. . . . In addition to theQ,(0) transitions of solid parahydro-
tions of hydrogen crystals in the infrared speciral region aregen the first observation of the high-resolution spectrum of
surprisingly, as narrow as 4 MHz=(0.00013 cm?).* The ’ g P

exceptional sharpness of the optical transitions of hydrogeﬁhe Qx(0) transition of solid orthodeuterium is also dis-

or , - Eussed.
ystals allows us to observe fine spectral structures origina
ing in subtle interactions in the condensed phase, which pro; 0.,(0) TRANSITIONS OF SOLID HYDROGEN
vides a new methodology for investigating properties of the ™™ ="
condensed phase from a microscopic point of view. The Q,(0) (v=n«+0,J=0<0) transitions of H and
Solid hydrogen has been attracting attention not onlyD, become optically active when these molecules are placed
because it is the simplest and most fundamental moleculan an electric field. Due to the polarizability of hydrogen
crystaP® but also because it is a quantum cryst@ince  molecules, an electric fiel& induces a dipole moment
hydrogen molecules have vibrational and rotational degrees «E on the hydrogen molecule, which interacts with radia-
of freedom, studies of solid hydrogen will shed light on dif- tion to cause th&,(0) transitions>®°
ferent aspects of quantum crystals that can never be obtained The Q,(0) transitions we have studied here are those
from studies of solid He. induced by the electric field of the averaged quadrupole mo-
One of the important properties of quantum crystals isment of an impurityJ=1 hydrogen molecule in the crystal.
the large amplitude of zero-point lattice vibration. Due to theUpon theQ,(0) transitions, the inducel=1 hydrogen also
small mass of a hydrogen molecule in addition to the wealchanges its value of the quantum numidér which is the
intermolecular interaction between hydrogen molecules, therojection of the rotational angular momentum Thus the
mean amplitude of the zero-point lattice vibration of theQ,(0) transitions we have observed are simultaneous transi-
solid hydrogen crystal extends approximately 20% of thetions that should be written &3,(0)+ Q,(1).8 Vibrons pro-
intermolecular distance. The delocalization of the wave funcduced by the transitions are almost localized near the inducer
tion of hydrogen molecules in the lattice must affect mostJ=1 hydrogen molecule, contrary to the cases of the
properties of the crystal. However, observation of such @éRamar and Condoh transitions.
guantum effect is difficult, and few experimental observa-  The crystal structure of solid parahydrogen and solid
tions directly related to the quantum effect have been reerthodeuterium is known to be hexagonal close packed.
ported so far. High-resolution spectroscopy, then, offers &here are two types of nearest-neighbor pairs between two
promising technique for observing the quantum effect di-hydrogen molecules in a crystal of the hexagonal close
rectly, because the optical spectra give us greatly detailegdacked structure. One is the in-plafie) pair and the other
microscopic information. is the out-of-planéOP) pair. Figure 1 depicts the 12 nearest-
Here we discuss the quantum feature of solid hydrogemeighbor molecules of &= 1 hydrogen molecule in a crystal
revealed by high-resolution spectroscopy of pure vibrationabf the hexagonal close packed structure. Six hydrogen mol-
overtone transitions. We have observed and analyzed thecules reside on the hexagonal plane, while three hydrogen
Q,(0) (v=2+0,J=0<0), and Q3(0) (v=3+0,J=0  molecules are above and three molecules are below the

1063-777X/2003/29(9-10)/6/$24.00 832 © 2003 American Institute of Physics
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Z e In solid hydrogen, however, the zero-point motion of
intermolecular vibration is considerable, so that the “instan-
taneous” position of a molecule displaced from its equilib-
rium position needs to be explicitly taken into account. Ac-
cording to Luryi and van KranendoriR,Eq. (1) should be
modified for quantum crystal as

= - V(Rg,@1) =Bo(Ro)Co ol 1) +Ba(Ro)[Cod 1)

X W
OP pair +Cy o(wy)], 2)

) ) ) where the intermolecular interaction ntial is expan in
FIG. 1. AJ=1 hydrogen moleculédisplayed as ellipse¢sand its twelve ere the intermolecular interaction potential Is expa ded

nearest-neighbor hydrogen molecules in a crystal of the hexagonal clod€rms ofR,. The coefficient®, andB, are functions oR,

packed structurea) In-plane(IP) pair configurationsb) Out-of-plane(OP) only. The first term of the right-hand side of E®) has the

pair configurations. Molecules in the same basal plane are connected tg/ame orientational dependence as the right-hand side of Eq

solid lines. The IP and OP pairs are represented by a bold broken line. Th& But si th ffect of int vibrati . | '

crystal-fixed axesXY 2) and the pair axesxfyz) are also shown. The crys- )- Bu S'_ncel € efiect o Zero'pﬁ",” V'_ ra |on. IS renormail-

tal ¢ axis is the same as the axis. ized, the tilde is used for the coefficient in E8) in order to
distinguish it from the coefficient in Eq1).

The second term of the right-hand side of E2j. origi-

plane. The IP pair is a pair between two hydrogen molecule8ates in the anisotropy of the distribution of the zero-point
in the same hexagonal plariig. 18, and the OP pair is a vibration. More explicitly, when the instantaneous position
pair between two hydrogen molecules in different planef the hydrogen molecule rglative to the lattice point is de-
next to each othefFig. 1b). Since the environment around scribed byu, the coefficientB,(Ro) in Eq. (2) is approxi-
the pair is different between IP and OP pairs, we treat thesgately related to the coefficie®y(R,) in Eg. (1) as
pairs separately in the discussion that follows. Je
The Q4(0), Q,(0), and Q5(0) transitions have been B.(R.) = — nB.(R 3

1 2(Ro) 4 7 o(Ro), ()

observed at 4,153, 8,07Refs. 10 and Ijland 11,758 cm

(Ref. 12, rg_spectiyely. .We have studied t@Z(O) and . where 7 is the nonaxiality parameter, defined as
Q5(0) transitions with higher spectral resolution than previ-

ous works to find new, fine splittings of the spectta? It 1,

was concluded that these fine splittings we have observed 7~ R—g(ux—uy>. (4)
contain important information on the quantum property of

solid hydrogen. The Cartesian componentg and u, of the instantaneous

vectoru are those for the pair axis as shown in Fig. 1.
The physical origin of the second term of the right-hand
3. INTERMOLECULAR INTERACTIONS IN QUANTUM side of Eqg.(2) may become clearer when we look at the
CRYSTALS problem from the group theoretical point of view. When the
distribution is axially symmetric with respect to the pair axis,

Before going into the details of the experimental results,

let us discuss the quantum effect on intermolecular interact-he interaction potential should be described by only the first

tions. The effect of the large amplitude of zero-point lattice!®™M ©f the right-hand side of Eq2), because the potential

vibration in solid hydrogen has to be taken into account@S t0 be totally symmetric with respect to any symmetry

when the interaction between hydrogen molecules is consid2Peration along the pair axis that belongs to @, point
ered. Inclusion of the effect of the zero-point vibration is 9r0UP- However, the distribution may not necessarily be axi-

often referred to as the “renormalization problem,” and it f'illy symmetric. For example, in the case of the IP pair shown

has been discussed by Luryi and van Kranendonk in the cadd Fig. 1a, the distribution of zero-point vibration could be
of hydrogen crystal$® deformed towards the hexagonal plane or elongated toward

Here we consider the intermolecular interaction betweer]ih_e ¢ axis. Then the potential has tq be totally symmetric
J=0 hydrogen and =1 hydrogen molecules. When the two with re;pect to any symmetry operation that _belongs to the
molecules are fixed at a distance R§, the anisotropic in- C2v PoInt group. Itis also true for the OP pair that the po-

teraction between these two molecules is well describedential has to be totally symmetric i@,, . When we con-

ad13 struct symmetry-adapted functions of linear combinations of
the Racah spherical harmonics up to the second rank, the
V(Rg,w1)=Bo(Ro)Co o @1), (1) totally symmetric functions among thetbesidesCq o))

wherew, is the orientation of thd=1 hydrogen molecule N the Cz, point group are found to be&C;((w) and
with respect to the axis between two moleculbereafter, C22@)+Cz2(w), the latter being the second term of the
the pair axig The symbolC, ,(w) expresses the Racah right-hand _suje of Eq(.2).T_hu.s th_e second term _or|g|nate§ in
spherical harmonics, which are related to the standard spheff?€ 'nonaX|aI|ty c.>f th.e distribution of zero-point vibration
cal harmonicsY,| () asC ()= Jaxl(21+ 1)Y| m(w). relative to the pair axis. Although both parametBgsandB,
The coefficientB, in Eq. (1) is a function ofR,. The ex-  contain information on the renormalized effect, it should be
pression in Eq(1) is applicable only to the case when two emphasized that the paramef®s contains only the pure
molecules are rigidly fixed at a distance R§. quantum effect of the solid.
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Each hydrogen molecule in solid hydrogen is under arelated to the pure quantum effect appears explicitly in Eq.
potential which is approximated as a sum of the pair inter{6). In other words, determination of the parameid, cor-
molecular interaction from all the surrounding hydrogenresponds to direct observation of the quantum effect of solid
molecules. We call this potential the “crystal field potential.” hydrogen.

For the analysis of the spectra of tig,(0) transitions, we
only need to consider the interaction potential between an
impurity J=1 hydrogen molecule and surrounding parahy-4- EXPERIMENTS

drogen. molecule$ Irj additit_)n,.since the quantum effect Parahydrogen crystals were grown by the same method
shpwn in Eq..(2) contnbuteg S|gn|flc§ntly only to the nearest- 55 yescribed previousty:” Briefly, pure parahydrogen gas
neighbor pairs but not to distant pairs, E8) is used for the  onar6d using a ferric oxide cata/stvas continuously in-
interaction between nearest-neighbor pairs, while @Ris  yoqyced in an optical cell kept at atiogi K to grow trans-
used for more-distant pairs in the present analysis. parent crystals. The cell was made of copper with both ends

Because of the difference of the polarizability of hydro- gegieq with Bagwindows with indium gaskets. The size of
gen molecules in different vibrational states, the crystal fieldpe cell was 5 cm long and 2 cm in diameter. The concen-
potential has to be considered separately between the groudion of orthohydrogen in the crystal was estimated to be
state and the vibrationally excited states. When allXkeé® less than 0.01%. In order to observe g(0) transition
hydrogen. molecules are in the ground state, the crystal fielg|ich is about two orders of magnitude weaker than the
potential is found to be Q,(0) transition, the concentration of orthohydrogen was in-

VI(Q,Ry)=85.Co Q). (5) creasedto 0.1%. .

o . . Orthodeuterium crystals were prepared using a method
The coefficiente. is called the crystal field parameter. In gjmjlar to the one described abotThe conversion of pa-
deriving Eq. (5 we used the relation Com(w1)  radeuterium to orthodeuterium was carried out with the ferric
=2,Dhm(R)C2n(£2) to change the axis system from the oxjde catalyst kept at 18 K. The crystals were grown at 10.5
pair axis to the crystal-fixed axisee Fig. 1, whereQis the K as well. The concentration of paradeuterium was estimated
orientation of thel=1 molecule relative to the crystal-fixed 5 pe around 0.25%.
axis andR is the orientation of the pair axis with respect to The high-resolution spectra of th@,(0) transitions of
. . - 2 . .

the qrystal-ﬂgel% axis. The functioby, ,(R) is the Wigner  poth parahydrogen and orthodeuterium crystals were ob-
rotation matrix.” In Eqg. (5), only the term proportional o served using a difference frequency laser system developed
C2((2) remains, although we used E@) for the nearest- i our laboratory:? The Q4(0) transition was observed using
neighbor pairs. Terms other thay (((2) vanish because of g ring type Ti:sapphire laser. The spectral purity of both laser
the symmetry of the crystalXs,) around the central hydro- systems was better than a few MHz {0 4 cm™1). The
gen molecule. tone-burst modulation technique was used for sensitive

When one of the parahydrogen molecules is in the vibragetectior?®? All the measurements were done at 4.8 K.
tionally excited state, the crystal field potential becomes

more complicated than E@5). We express the crystal field
potential of the vibrationally excited states as a sum of thé. Q2(0) AND Q3(0) TRANSITIONS OF SOLID
crystal field potential of the ground staftEq. (5)] and the =~ PARAHYDROGEN

correction terms due to the excitation. When ffie hydro- 51 opserved spectra

gen molecule is excited to its vibrationally excited state, the

crystal field potential becomes Figure 2 shows the observed spectra of @g0) and

Q3(0) transitions of solid parahydrogen. Paned$ and ()

VE(Q,Rg) =£2:Co o Q) show the absorption spectra for polarization of the light par-
2 allel to and perpendicular to theaxis, respectively. Panels
+Ai§0 2 Drzn’ O(RJ')Dfn*’ Q) (c) and d) show theQ3(0) spectra for the parallel and
m——2 ’ ’ perpendicular polarizations, respectively. In both transitions,
9 the spectral shapes appear as a second derivative type be-
= 2 _ cause of the tone-burst modulation technique. The differ-
+A82m§_2 [Py o(Rs) ences in the intensities of each transition between paagls (

) - and () and between panel) and d) in Fig. 2 clearly
+D0 _o(R 1D o(€2), (6)  show that each transition has definite polarization depen-

, . L dence relative to the crystal-fixed axis.
where the first term of the right-hand side is the ground-state The Q,(0) spectrum is roughly split into a doublet with

crystal field potential, and the second and third terms express

. . X L 2 spacing of 0.30 cm. Each component exhibits further
the correction due to the vibrational excitation. The symbol.. N : )
R, is the Euler angle of the pair axis between fhie hydro- fine splittings; the lower-frequency component shows eight

n molecule and th Ntk 1 hvdrogen molecule rela- lines, while the higher displays ten. On the other hand, the
gen molecule a ece ydrogen molectile rela Q3(0) spectrum is roughly split into a doublet with a spacing

tive to the crystal-fixed axis. The symbaB, (n=0 or 2) o 45 coy L. Similar spectral structure was also observed in
represent87— B,,, whereB{* is the coefficient of the pair the Q4(0) transition, but the number of fine splittings in each
interaction potential in EC{Z) between the vibrationally ex- component is smaller in ﬂ'Qg(O) transitions than ”QZ(O)7
cited J=0 hydrogen molecule and the grouder1 hydro-  the lower frequency component shows four lines, while the
gen molecule. It should be noted that the paramatBp higher component exhibits six.
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(a) TABLE |. Crystal field parameters and vibron hopping frequency of the
Q,(0) andQ4(0) transitions(in cm™1).
Parameter QQ(O) 93(0)

€ -0.0116(2) -0.0112(2)

(b) ABy (IP) ~0.5278(5) —0.7879(4)
ABy (OP) -0.5287(5) —0.7880(3)
ABy (IP) -0.0045(2) -0.0069(3)
WWWWW‘T’VWWVV// D,

AL AL ABy (OP 0.0149(3 0.0236
8070.220 8070.240 / 8070.540  8070.560 2 (OP) 9 2362)

Wave number, cm™! © G ~0.0038(1) 0.0

\\ employed for IP and OP pairs. These are designated as
ABy(IP) and AB,(IP) for the IP pair, andAB,(OP) and
(d) AB,(OP) for the OP pair.
The vibron hopping Hamiltoniahl,, is responsible for
\ the delocalization of the vibrational excited states in the crys-
N “ v / V tal. In a previous papé&twe found that theQ,(0) spectrum
could not be properly interpreted without the vibron hopping
\ effect. The hopping frequency is designatedeasOn the
11785.380 .395 850 11758.875 other_hand., the hopping in .the=3 vibrationally excited
state is estimated to be negligibly small.

The Stark field potentiaV g,y arises from the electric
FIG. 2. a,b): The Q,(0) transition of solid parahydrogen. The polarization field of theJ=1 hydrogen molecule. A quantitative discus-
of Iight' is parallgl @) and perpendicular), _respective_lyc,d_): TheQ3(0) sion of the Stark energy is given in Ref. 13.
transition of solid parahydrogen. The polarization of light is paratt¢lgnd The observed transition frequencies were fitted employ-

perpendicular ¢), respectively. The spectral shapes appear as a second- - .
derivative type because of the tone-burst modulation technique. ing the standard leaSt'SquareS fitting method with the use of

a total of six parameterse,., ABo(IP), ABy(OP),
AB,(IP), AB,(OP), ando. The fitting calculation was per-
formed separately for th®,(0) andQ3(0) transitions. The
best-fit parameters are listed in Table 1.

Wave number,cm~"

Previously, Dicksoret all? observed roughly the same

spectral structure in th@;(0) transition as shown in panels
(c) and d) of Fig. 2. Their spectrum, however, showed a _ _
much broader linewidth than ours. The linewidfWHM) 5.3 Crystal field potential

of each trans'ition shown in Fig. 'Z:X and d) i; about 30 Although the parameters for th@,(0) andQ(0) tran-
MHz, which is less than one-third of the width observedsitions were calculated separately, the agreement of the crys-
previously. The narrower spectral linewidth is due to thety| field parametet,. between these two transitions is note-

linewidth allowed us to resolve all the fine splittings in the

Q3(0) transition clearly. 0,=E(M=%1)—E(M=0)=—0.6e3 (7
for an orthohydrogen molecule in a pure parahydrogen
crystal.

5.2. Analysis Determination of the value and sign 6f has been at-

tracting much attention because it may explain the anoma-
lous behavior of the specific heat of solid parahydroén.
The most accurate value 6f so far reported is 0.0071 cm

- : by Dickson et al'? Our experimental results support their
=Hry + Veystart Hhopt Vstanc. The first term is the standard |5, since our spectral resolution was much better than the
rotation—vibration Hamiltonian of hydrogen molecules, theprevious experimert our parameter must be more accurate

second term is the crystal field potential, the third term is thgy o theirs. From our observations we conclude thatMhe
vibron hopping Hamiltonian, and the last term is the Stark_ 1 1 |ovel is above thd =0 level. and the separation is
potential of the quadrupolar field of the centdat 1 hydro- 5 50696+ 0 00012 crml=10.01+ 0_1'7 mK.

gen.
As for the crystal field potential, Eq$5) and (6) were

used to describe the ground and vibrationally excited state5,‘4' Quantum effect

respectively. In addition, since there are two different pairsin ~ As was discussed above, the parame!térz originates

the crystal, different parameters of baliB, andAB, were in the pure quantum effect. Although the absolute values of

The theoretical framework for the analysis of @g(0)
transition was discussed in a previous papeBriefly, the
Hamiltonian H for the analysis consists of four term,
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(c) ﬂ
“ llllllllllllllllllllllllllllllllll
i V U 5853.9 5854.1 5854.3 5854.5

/1 Wave number, cm-1

11785.380 .395 -850 11758.875 FIG. 4. TheQ,(0) transition of solid orthodeuterium. The concentration of
Wave number, cm-1 paradeuterium is estimated to be 0.25%.

FIG. 3. a) CalculatedQ;(0) transition frequencies obtained without using

the quantum parameteﬁkliz for the fitting. The best-fit parelmeters are: qatailed discussion of the parameters shown in Table | is
£,c=—0.0238 cm?!, ABy(IP)=—-0.7980 cm?!, and ABy(OP)= . .

—0.7858 cm'™. The bold lines show the perpendicular transitions, while the given in a separate pap’é‘r.
thin lines show parallel transitionb) Calculated frequencies obtained with

the use of all of the five parameters. The parameters are given in Ta)le . g 0,(0) TRANSITION OF SOLID ORTHODEUTERIUM
ObservedQ3(0) spectrum(same as Fig. .

It has been shown that there are remarkable differences
in the behaviors of solid Hand solid B.°> Some of the
the AB, determined are small, they play a significant contri-differences have come to be well understood—such as
bution to the energy levels of the vibrationally excited statesslower ortho—para conversion in solid; Ehan in solid H,

In order to observe the effect of the parame&, in detall and slower quantum diffusion in solid,D But there are still
we also performed the fitting calculation without the param-S0me puzzling differences between them. For example, the

eterAB,. Figure 3 compares the calculated results with the];_?Ctbthta;(')Ta ugg’.‘zj: L .ga'z f:ct))v;’ s:z;prsl;l(l)\/logéunes in solid
observed spectrum. Panel)(shows the calculated frequen- ' 2 Su'nce tlhe h'l hl-%elso)ll Hon s t:ctrosco 'c.techn' eis a
cies of theQ3(0) transition using only three parameters: ! \gh-resoiution sp P! nque |

~ ~ . ) powerful method for investigating properties of solid hydro-
€2c, ABg(IP), andABy(OP) for the fitting, while panelk)

h he f : lculated usi Il f ien from a macroscopic point of view, application of the
shows the frequencies calculated using all five parameter echnique to solid orthodeuterium is worth trying. As a first

&2¢, ABo(IP), ABo(OP), AB,(IP), andAB,(OP) (the Vi-  step of such research, we observed the high-resolution spec-
bron hopping frequencyr was fixed at zerp Panel €)  trum of theQ,(0) transition of solid orthodeuterium for the
shows the observed spectrum. It is clear from par@lsafd  first time.
(b~) compared to panek] that the inclusion of the parameter Figure 4 shows the observe@,(0) transition of solid
AB, is essential for quantitative analysis of the observedrthodeuterium. A tone-burst modulation technique was em-
spectrum. In other words, the quantum effect is directly obployed herein. A doublet with a spacing of 0.27 chwas
served in theQ,(0) spectrum. observed. The doublet corresponds to the doublet with a
From Table | we see a significant difference of the pa-spacing of 0.30 cm' of the Q,(0) transition of solid
rameterAB, between the IP and OP pairs. This differenceparahydrogen shown in Fig. 2a,b. The linewidth of the dou-
must be related to the difference of nonaxiality parameter blet in Fig. 4 is about 300 MHz=0.01 cm1). We could
in Eq. (4). It has been discussed by Luryi and vannot resolve any further splitting in each component, as is
Kranendonk® that the nonaxiality parameters for the IP pair, Seen in Fig. 2, contrary to the case of g(0) transition of
7(IP), and the OP pairp(OP), are related and expressed assolid parahydrogen. The broad linewidth is mostly due to a
7(IP)/»(OP)=1/3. From the analysis of our spectrum, we higherJ=1 concentration in solid orthodeuteriu(@.25%

obtained the ratioAB,(IP)/AB,(OP)=0.30. Since our ra- than in solid parahydroge{®.01%.
tio is not the ratidB,(IP)/B,(OP) of the ground state but the The doublet originates in the splitting betwegh=0

. . ~ . andM==1 in thev=2 excited state. From the spacing
ratio of the difference of the parametBp between the vi- 0.27 cni L, we estimate the crystal field parameteB,, to be

brationally excited state and the ground state, our raticb 45 cni! for solid orthodeuteriurd. The ratio of AB. be
~ ~ . . . 0 -
|AB,(IP)/AB,(OP)|=0.30 cannot be compared directly yyeen solid D and solid H for the Q,(0) transition
with the ratio »(1P)/n»(OP)=—1/3. But the similarity is D Hy
7(1P)/7(OP) Y 1S ABDz/AB! is roughly 0.85.

worth noting. - ) ] Since the intermolecular interaction between hydrogen
The parametedAB, contains a more complicated quan- mojecules originates in the dispersion interaction, the coeffi-

tum effect than the parametaiB,,** and we do not discuss  cientBy in Eq. (2) is, as a first order approximation, roughly
this here. We just mention that the paramet@&; is found to  proportional to yjzlaJZO,U/RG, where y;_4 is the aniso-
be very close between the IP pairs and OP pairs. A moréropic polarizability of theJ=1 hydrogen moleculeg;_qp
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is the isotropic polarizability of thd=0 hydrogen molecule °E-mail: momose@kuchem.kyoto-u.ac.jp
in the v =n vibrational state, an® is the distance between

the two molecules. By referring to the theoretically calcu-

lated polarizabilitie$? the ratioA BEZ/A Bgz is calculated to

be around 0.9, which is in good agreement with the observed
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Purely electronic zero-phonon line as the foundation stone for high-resolution matrix
spectroscopy, single-impurity-molecule spectroscopy, and persistent spectral
hole burning. Recent developments

K. K. Rebane*

Institute of Physics, University of Tartu, 142 Riia, Tartu, 51014, Estonia
Fiz. Nizk. Temp.29, 1101-1108 September—October 2003

A few examples of recent progress in the study and applications of purely electronic zero-phonon
line (ZPL) and its offshoots are briefly considered: new experimental values of the narrowest
ZPL; time-and-space-domain holography in the femtosecond domain, and the realization of a
femtosecond Taffoli gate by it; single-impurity-molecule spectroscopy, its relation to single-
photon interference and to the realization of quantum computing; the promises of quantum
computing compared to what has already been done in holograp3008 American

Institute of Physics.[DOI: 10.1063/1.1619354

The purely electronic zero-phonon lifi@PL) is a re-  spectral resolution ZPL studies of atoms and molecules as
markable feature of low-temperature spectra of the absorpmpurities in low-temperature solidsery high spectral reso-
tion and luminescence of quite a number of various impuritylution matrix-isolation spectroscopy (2) single impurity
centers in various solid hosfsee Refs. 1-5 and references molecule spectroscopfSMS) (see Ref. 16 and references
therein. ZPLs can be very narrow and have very high peaktherein; (3) persistent spectral hole burnin@SHB (see
absorption cross sections. These valuable properties, as w&kf. 17 and references thergin
as several other features, are in close correspondence with
features of the Mssbauery-resonance line. Because of this
correlation, originating from the symmetry of the harmonic
oscillator Hamiltonian in coordinate and momehtd,F.
Gross called the ZPL the optical analog of the Sdbauer Recently photon echo measurements of optical dephas-
line,” helping considerably to popularize optical ZPLs. ing of forbidden transitions in rare-earth ions have revealed

| must note that two main features of the optical ZPL low-temperature linewidths as narrow as a few tens of hertz.
were pointed out in Ref. 8, five years before the first publi-The narrowest feature reported up to now'jg,,~50 Hz for
cation by Masbaue?. That result of this early paper, how- the ;5 %l 15, transition in EF: Y,SiO; with 0.001%
ever, was not given due attention. ZPLs, as sharp and intens®ncentration of Eti at T=1.5 K and in a magnetic field of
features in the low-temperature spectra of some impurities iB=70 kG (to freeze the nuclear spin fluctuation, which can
solids (without detailed explanation of their propertichkad  be considered as causing unresolved or time-dependent inho-
been found and fruitfully studied experimentally years beforemogeneous broadenintf°
the Mdssbauer effect. ZPL widths of around 1 chwere In the conventional optical spectroscopy of impurity sol-
measured in the spectra of rare-earth impurity ions introids, we have been accustomed to routinely neglecting the
duced in proper ionic single-crystal hosts and also ridee  effect of the recoil momentum associated with the absorption
Ref. 10 and 11 and references thejeifihe new wave of and emission of optical photons, because the recoil of the
theoretical studies brought the understanding that even themitting/absorbing atom corresponds to a frequency shift of
very narrow widths of around 1 cnd are essentially inho- about 1 kHz, which is really small compared to the allowed
mogeneous widths>>1213|t was predicted that for dipole- transitions’ SMS linewidths about 10-100 MHz. For the
allowed transitions the homogeneous lines should(dte very narrow ZPLs like those mentioned abovEgn,
liquid-helium temperaturgsanother 3—4 orders of magni- <1 kHz, and the recoil has to be taken into account. The
tude narrower still, i.e., the homogeneous linewidth isdevelopment of a new version of the theory of ZPLs taking
103-10 4 cm *~10-100 MHz(see Refs. 5, 12—14 and into account simultaneously the Stokes shift and recoil has
references thereipand even a few orders of magnitude nar-been started’
rower yet for forbidden ones. The theoretical point, later con- A novel aspect is that recodntangleshe emitted pho-
firmed experimentally?1*was that the ZPL's homogeneous ton and théreeatom which had emitted it. The entanglement
width, I'on(T), tends in the limitT—O0 to the value deter- is utilized to build a new quantum description of the sponta-
mined by the lifetime of the excited electronic state. neously emitted single localized photon.

This theoretical prediction stimulated experimentaliststo ~ The situation for an impurity in a solid is more sophis-
search for methods of how to eliminate or use the inhomoticated than for an atom in vacuum. ZPL occupies here a
geneous broadening and to utilize the precious properties afery specific position: for ZPL a macroscopic piece of the
ZPLs in the frequency domain. solid accepts and absorbs the recoil, and the recoil momen-

The ZPL became the foundation stone for three novetum and energy imparted is practically zero. The transitions
fields of modern optics and spectroscagy® (1) very high  creating the phonon sideband distribute the recoil between

VERY HIGH RESOLUTION ZPL SPECTROSCOPY
OF IMPURITY CENTERS

1063-777X/2003/29(9-10)/6/$24.00 838 © 2003 American Institute of Physics
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phonons, and the entanglement is not clearly displayed anceighboring impurity even hundreds of nanometers away.
will be very shortly cancelled by the macroscopic piece ofBesides causing IB, this makes SMS a supersensitive method
solid, acting as a thermostat. using ZPL impurities as probes. For it is sometimes too sen-

Low-temperature narrow ZPLs are very sensitive to vari-sitive. The measurements of the widths of individual ZPLs in
ous kinds of even very small irregularities of the surroundingSMS reveal clearly the presence of various spectral diffusion
solid, leading for a body of impurities to large inhomoge- processes even at liquid He temperatireé’ An effective
neous broadening of the ZPL. Depending on the solid hostriving force at low temperatures is the nonequilibrium lat-
on the impurity, and on the features of the electronic transitice energy stored in the cooling process. Measurements per-
tion, the inhomogeneous ZPL width can vary from a tenth offormed at various times after cooling of the sample display
cm ! (e.g., rare-earth ions in good single crystdts thou-  changes in the ZPLs’ positions and shapes, which are re-
sands of cm® (impurity molecules in amorphous glasses, markably different(individualistic for different molecules.
frozen solutions, and polymersDue to inhomogeneous |n most cases this is the result of the dependence of the IB on
broadening, even the narrowest low-temperature ZPL obgme 26:27

tained by conventional absorption—emission measurements A recent development which is promising, in particular,

(i.e., without special spectroscopic techniquesmprises for fundamental quantum optics is the study of interference
thousands of slightly different homogeneous ZPLs. between the exciting laser beam and the resonantly scattered
In the early years of ZPL spectroscopy,inhomoge- light emitted by a single molecufé,and also the interference

neous broadeningB) of optical spectra was considered as uf the emission of a single molecule with its mirror im&Je.
an annoying impediment, and the absence of 1B ins80  The novel field of single-photon sources and single-photon
bauer ZPLs was V|e\_/ved as a great advantag_e of the |atte;5henomena has been opened.
Nowadays the situation has changedB of optical ZPLs Single-photon states of light today hold an important po-
has turned out to be a valuable feature for ZPL science angion in quantum computatio®, quantum cryptographi:
applications, especially in areas such as optical data storage, j interferometric quantum nondemolition measuremnts.
and processing. In fact, the larger the ratio between the ingeera| candidates for single-photon sources has been pro-
hgmogeneous linewidthl ) and the homogeneous I|r_1e— posed: faint laser pulses and parametric down-conversion,
width (Inom), @in=L'inn/I'nom, the larger is the potential o0 pination of electrons and holes in single quantum
utility of these applications. . ~ dots3 and optically excited single molecul&s.
. A rat'ofa‘h as h|g|h aﬁ }Q)has b;;” ach|eyeoll for 3?‘ | The advantage of a single molecule as a source of single
::NS?/IE;S“\?/E.stge}:'lili/s_;)eIeecﬁ\?et?afcit;i}gﬁ a singie mojecu ephotons is the clear situation that after emission of a photon,
' the emission of the next can take place only when the mol-
ecule gets excited again.
SINGLE IMPURITY MOLECULE SPECTROSCOPY (SMS) It takes some waiting ime&, = T ot Tyaq, WhereT o, is
AND SINGLE MOLECULE DETECTION (SMD) the time required for excitation arii},q s the radiative life-
SMS and SMD(see Ref. 21, references therein, andtime, which is about 10’ s for allowed transitions but can

Refs. 22—25is a rapidly growing novel field of ZPL studies. Pe orders of magnitude longer for forbidden on@&g,. is
The applications are especially promoting in biology andlonger when the excitation is weaker and the time gap be-
molecular biology and also in chemisfhA brand new de- tween two subsequent photons longer. In interference experi-
velopment in physics are attempts to push ahead quantuffents like that of Ref. 24 the excitation must match in good
computing, quantum communication, etc. Utilization of theresonance the frequency of the ZPL, i.e., the 0-0 transition.
sharp and narrow ZPEZ1821-2%0r the implementation and T0 have the possibility for this absorption, the vibrational
transformation of qubit$N—V centers in diamondand also relaxation in the ground electronic state must be completed.
studies of single impurity molecules as single-photon source¥¥/e haveT,, = Teyct+ Tragt Ty, WhereT g is the(vibrationa)
and interference phenomena in SMS should be mentioned.relaxation time, which also can be very different for different
Both SMS and SMD are based on multiple excitation ofimpurity centers. Thug,, can be different by orders of mag-
luminescence and collecting photons. SMD can use alsbitude and manipulated via excitation intensity.
markers without ZPLs. On the other hand, single impurity A promising candidate for a photon gun and single-
molecule spectroscopy, which is based on ZPLs and consghoton interference experiments is the N-V impurity center
quently requires low temperatures, is 3—5 orders of morésubstitutional nitrogen trapped by a vacancyn
sensitive than SMD(the peak absorption cross section of diamond®®3” which is photostable even at room tempera-
fluorescence excitation being up to<80~ 1! cn?; Ref. 24.  tures. First, the quality of the transition of the N-V center
The shape of the ZPL and other fine features can be me&xcited via the ZPL has been verified to be good through
sured. The peak absorption cross section and the spectraeasurements of the interphoton time in the process of pho-
selectivity of luminescence excitation in SMD without ZPLs ton counting and also through the second-order correlation
is 4-5 orders of magnitude smaller than in SMS using goodunctions of the fluorescence intensity. Both show clearly the
ZPLs. On the other hand, SMD also works at room temperaantibunching nature of the process of photon emission and,
tures, and this is a great advantage in biological studies. consequently, that the source really is a single impurity cen-
A ZPL of 10 MHz width (typical for the popular SMS ter, emitting photons one by one separated by rather long
molecular impurities toddy*'9 can be shifted to a new time delays. To create and measure the interference, the
spectral positioicompared to the ZPL's widjtby a change stream of(single, well-separated in time and spapéotons
of the host structure or a change of the electronic state of was directed into a Michelson interferometric detection set,
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and the change of the interference pattern of a photon witlChl dimer, which is located near the special pair. High-
itself as a function of the delay introduced by the interferom-resolution fluorescence emission and excitation spectra re-
eter was detected. The measurements showed that in a sy&aling the single chlorophyll structure were recorded at
tem with an interferometer a single photon from a N-V cen-cryogenic temperatures. It was shown that the low fluores-
ter exists as a superposition of two states of the single photogence quantum yielda few percent at room temperatuis
using both paths of the interferometer. The coherence lengthot a severe obstacle to detection of the reaction center con-
of the single-photon emitter was found from the decay of théaining the photosynthetic species. Quenching of pigment
visibility of the fringes in the interferogram. Interpretation of fluorescence can be deactivated at cryogenic temperatures
the measurements gave values in reasonable accordance withen the required uphill energy transfer is blocked.
the expected ones for wavelength, linewidth, decay time Thehomogeneouwidth I'n,p, (shape of the ZPL is im-
(phase relaxation timé,), and coherence length. When only portant especially in the novel applications, and to have its
the spectral interval corresponding to the ZPL frequency wa§efinition seems desirable. If the measurement of the lumi-
selected for detection, the coherence length was increased Bgscenceof the secondary emission, generally speakisg
more than two orders of magnitude. performed shortly after the act of excitation with a short
SMS has been successfully applied to spin dynamics ifpulse, then the result is a time-dependent spectrum which
organic moleculé§=*° and proposed for sequencing of ¢an differ entirely from those of conventional stationary
nucleotides in the DNA molecufd:*2 Let us point out that measurements. The critical time parameters are the radiative
the task of sequencing of nucleotide in the DNA molecule igifetime and the nonradiative relaxation times. If the mea-
an ideal one for low-temperature SMS spectroscopy: the bigsurement period is too long, then spectral diffusion can in-
logical essence—the sequence—is most probably not spoildfPduce basic changes. Therefore, | would suggest the fol-
by cooling to liquid He and applying moderate laser excita-lOWing definition of the homog_eneous ZPL’s_Ime s_hape: “the
tion. homogeneous.ZPL spectru_m is that (ﬁLagIelmpurlty cen-
Recently single molecule spectroscopy has been applietf’ measured in a proper time intervat”

to paramagnetic single nitrogen—vacariby-V) defect cen- For sake of quantitative interpretation of experimental
ters in diamon®~*® (actually the only SMS-studied inor- data, it is generally useful to consider four separate factors

ganic impurity center up to nowThey show high fluores- that can contribute to the width of homogeneous ZBhd

cence emission vyield, allowing optical detection of also the line shape

individual defects at low temperature under resonant excita-

tion. The measured homogeneous linewidth of 150 MHz is  I'yor(T,1) =T 1ad T) + L ged T) + Tnad T) + Finn(T 1),
smaller than the 2.88 GHz zero-field splitting of the triplet (1)
ground state of the center, allowing control of the single

electron spin stat®Individual spin dynamics has been ana- wherel,(T) is the linewidth caused by spontaneous emis-
lyzed  qualitatively using fluorescence  correlation sion (for allowed transitions th@ dependence is not criti-
spectroscop§’ Time-resolved data show that the spin—cal); I',,.(T) is the linewidth caused by quenching of lumi-
lattice relaxation time is in the range of milliseconds. nescencdthe T dependence is criticalT 4 T) is the line

It was shown that polarization-sensitive single—moleculebroadening caused by dephasing, in most cases by scattering
fluorescence analysis provides a detailed insight into thef phonons on the impurity, leading to degradation of the
photophysics of photosynthetic antenna complexes. The pighase coherendeptical coherengeof the excited electronic
ture of excitonic interactions in the light-harvesting complexstate (the T dependence is strong because the number of
LH2 is a matter of significant perturbation at room temperaphonons in the solid increases rapidly with; T'i(T,t)
ture. Dynamical disorder results in the fluctuation of thearises from different rearrangements and heating/cooling
emission polarization on a time scale of a few hundreds oprocesses taking place in the matrix during the measurement.
milliseconds>® Strong influence of the local protein environ- For individual single molecules the time dependence of the
ment on the spectral characteristic of pigments has been olmhomogeneous broadening is also individual and can be
served for the plant antenna LHCH.This photosynthetic  strong and complicated. For example, in SMS hundreds of
aggregate was extensively investigated at low temperatur@uorescence photons are being collected for each point of the
where the spectral jumps of individual Chls molecules reveagpectrum, and the measurement process may last up to tens
the dynamics of the protein matrix. Room temperature studef seconds.
ies of LHCII show that only one emitting state is responsible  Note that every individual impurity may have its own
for the fluorescence emission at room temperature. For thegalues for each of the factors if1). Linewidth SMS mea-
trimeric LHCII, the energy transfer between monomeric sub-surements of individual molecules have revealed variations
units is slower than the fluorescence lifetime, resulting in arof I';,,(T,t) up to tens of percent between chemically iden-
unpolarized fluorescence emission. Recently the singletical impurity centers and also from one measurement time to
molecule approach was successfully applied to a reactioanother delayed by tens of secoridee next SectionVaria-
center containing a photosynthetic aggregate—Photosystentibns inT" . may occur; the dependenceldf,;can be due to
from the cyanobacteriunSynechococcus elongattfs It different densities of photon states in the crystal and in
was shown that the red-most pigment pool contains two subvacuum, or can depend on its position relative to the sam-
groups of Chls molecules, which differ not only by their ple’s surface. It is interesting to note that similar dependence
spectral position but also by the strength of the electron-en the density of the electromagnetic field states causes the
phonon coupling. It was proposed that the red-most state isaell-known Casimir effect®
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Persistent spectral hole burning (PSHB$ actually tures are nowadays quite a minor technical problem. An
bleaching of luminescence. What makes PSHB a remarkablessential recent development is femtosecond PSHB.
and useful phenomenon is that the bleaching can be per- Femtosecond pulse®ulses of 10-100 fs duration and
formed, owing to ZPLs, with very high spectral selectivity— hundreds of cm! wide provide a convenient field for
with an accuracy of their width. A precious gift of Nature is frequency-domain experiments and thus also PSHB tech-
that the very narrow homogeneous ZPLs form a broad inhonique. The first femtosecond experiment was published ten
mogeneous ZPL band. llluminating a PSHB material by ayears agd® In Ref. 60 it is shown how to produce arbitrary
light beam having the intensity spectrusummed up over time-domain pulse shapes by using PSHB.
the gxcitgtion timg | () pleaches the inhomogeneoqs ab- The Fourier amplitudes of the desired time dependence
sorption in accordance witi(w) and forms a *hole”having  of the Jight pulse are calculated. The corresponding profile of
the shapé (w) and thus memorizing the frequency distribu- 1,6 frequency dependence of the absorption coefficient of a
tion of the excitation. PSHB is an effective tool of optical PSHB sheet is written in through PSHB by scanning a

engineering by means of illumination: it enables one to Pre arrow-line laser.

design and change the profile of the inhomogeneous absorp- The PSHB sheet prepared in that way is illuminated with

tion pqnd of |mpur|ty.absorptlon,_|.e., actually tq contro_l th.ea broad-band pulsé “white pulse”) which, after passing
coefficient of absorption and the index of refraction, which is . : .
through, is modulated in accordance with the calculated pro-

bound to it via the Kr am.ers—Kromg relations. o file of the absorption coefficieritogether with it the index of

When we deal with time-dependent holographic pictures . . . . .
(events (see next Sectigrthis relation guarantees causality r_efragg'oﬁ and will propagate having the desired shape in
in the theoretical description. A novel chapter of optical en- Ime.= ) ,
gineering has opened using light as the tool. The hole struc- | @ ime-dependenpicture (an eventis to be composed
ture fixed in the changes of the sample’s material can hav&? Scene of an artificial movighe procedure has to be per-
long and very long lifetimes—depending on the lifetime of formed for each spatial pixel of the PSHB sheet.
the changes caused by bleaching. In Ref. 56 the lifetime of N the case of a given time-dependent pictieeeny it is
holes in deuterated organic solids has been estimated asPgojected to the sheet. When the PSHB sheet prepared in that
hundred thousand years. Thus PSHB devices can be mad&ay is illuminated with a properly directed “white” interro-
broad-spectral-band and broad-apperture spectral filter§iating pulse, an image of the event is created in full: color
modulators and, the most remarkable application—opticabicture, time dependence, and even polarization properties
memories having lifetimes lasting hours, days, and longer. are available. The same PSHB structure can be created pixel-

In the case of pulsed light excitation, the intensity spec-by-pixel by means of a cw laser writing the precalculated
trum of the bleaching pulse is stored in the broad and comhole structure. Note that the scenes are artificial: nothing like
plicated hole structure with a high accuracy equal to thehem ever existedhappenel in reality. The time depen-
width I',o,. If the approach of holography is applied—a dence is continuous, different from our conventional movies
reference pulséshifted in time is added to the pulse carry- or TV, where it is a deception created by changing static
ing the information and the two pulses are stored together—pictures with 50 Hz frequency. PSHB time-and-space-
the equivalent of phases of the information pulse’s Fouriedomain holography provides a means for really continuous
components can also be stored. Thus the signal pulse can Bge dependence. In principle, to make a movie, only the
restored completely and with high accuracy. The realizatiorscenario, a team of PSHB laser-optics professionals and
of this possibility has opened new and spectacular chaptegsoper equipment and materials are necessary. No artists, no
of optical information storage and processing—frequencyrequisites, panoramic sights, etc. are needed. The present-day
and-space-domain hologragfiyand time-and-space-domain jimitation comes from the materials—the maximum duration
holography(TSDH) (see Refs. 3, 4, 17, and 58 and refer- ot 5 gcene is limited by the material’'s phase relaxation time
ences therein If the excnatlon. Iase_r band is narrow com- iy <mall fractions of second.
pared to the homogeneous linewidfw <I'yo the hole In Ref. 61 a femtosecond interference effect created in a
width measured(in the limit ,O_f weak excitation IS F!‘O' ultrafast two-pulse photon echo in dye-doped polymer films
=2 hom- _The f_acto_r of 2 originates fron"hom be_lng N at low temperatures was used to demonstrate an ultrafast
volved twice—first, in hole burning and, second, in the h0|ethree-port all-optical logic “controlled NOT” gatéTaffoll
shape measur_er_nent: U gate.

The selectivity, given by'hor=~10 = cm %, shows that A fascinating result of nonlinear optics is the very large

. . - ~ 71
the profile of a_plcosecond .puls(avlth Awe"c. 10 cm %) .slowing down of the group velocity of light in matter down
can be stored with a rather high accuracy, given by the ratl?o the complete “stopping of light(see Refs. 62 and 63 and

Age: T hom~10: 1073~ 107, references thereinin fact this means that the information
gxer” om carried by a light pulse can be stored in the structure(a)
Herel'j,,>10 cm L. and later(within the limits of the coherence time of the ex-

The remarkable feature of PSHB holographic studiesited state of mattere retrieved by a suitable interrogating
and applications is that practically everything proposed theopulse. PSHB time-and-space domain holography has per-
retically has been realized experimentally in the laboratoryformed the same task with the following essential differ-
environment. Commercial applications are still absent beences: coherenad@o phase relaxation of the excited state is
cause the really nice applications require langand, conse- required only for the write-in time and the storage time can,
quently, also low temperatures. In fact, liquid He tempera-as mentioned above, last hours and if desired, be even longer
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by orders of magnitude. Note that the light—matter interacpromising fine new results. The most interesting results and
tion in PSHB is lineaf:*%* future developments seem to lie in optical data storage and
An interesting brand-new attempt to indicate the possiprocessing, including quantum informatics. We have to ex-
bility of increasing considerablyby a factor of~100) the pect remarkable results also in SMS and SMD applications
number of qubits involved in processing has been made vithrough single marker-carrying impurities as probes in biol-

the use of spectral holé&s. ogy.
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Kr—Cl stretching vibration of HKrCl: Matrix-isolation and anharmonic ab initio study
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The Kr—Cl stretching vibration of HKrCl molecule is studied. The absorption sho@isand

37Cl isotopic splitting due to natural abundance of the Cl isotopes. The observed Kr—Cl
stretching vibrations of the HKrCl are at 253.%¥¢l) and 248.3 cm?! (*’Cl). Experimentally,
deuteration of the HKrCl does not cause a shift of the Kr—ClI stretching frequency. In
addition to the Kr—Cl stretching mode, the bending mode of DKrCl is observed at 397.% cm
The vibrational analysis suggests that the Kr—Cl bond shows some covalent character in
addition to the ionic. Anharmoniab initio calculations are employed to verify the vibrational
properties of various isotopologues of HKrCl. 8003 American Institute of Physics.

[DOI: 10.1063/1.1619355

1. INTRODUCTION region, the spectrometer was operated with a Ge—KBr beam

- splitter (BS) and a MCT detector and resolutions of 0.25 and
A number of hydrogen-containing rare gas molecules 1 ; : :
were used, while in the far-IR region

. . . lcm

HRgY (H is _hydrogen, Rg is a rare gas atpm, and ¥ Is.an(<400 cm 1) a 6 um Mylar BS with a DTGS detector and
electronegative fragmenhave been synthesized and studied " :
. . o 1 cm * resolution were used.
in low-temperature matrices within the last several yéars. . - :

. : In the computational description of the potential energy
Preparation of these HRgY molecules consists of photode- . . ‘

" . surface of HKrCl, electron correlation was considered via
composition of the HY precursor followed by thermal mobi-

S . ; Mgller-Plesset perturbation theory to the second order
lization of atomic hydrogen in a low-temperature rare gas

. . . éMPZ), and all electrons were taken into account in the cal-
matrix. Infrared absorption spectroscopy is a useful metho

for detecting these molecules due to the large intensity of thgulatlons (MP2=FULL). The correlation consistent double-

~ . Lo . " Zeta quality all-electron basis set, aug-cc-pvVDZ, was em-
E_Eg Ssttrreetﬁ:':g n\;:)bdrggogeizisr?rp\::gggoigd;g?:qgﬁ tf(\; h é:)loyed for all atoms. The equilibrium structure and harmonic
HR 3 moleculgs have, been gbserved The heay ato vibrational frequencies of HKrCl were also studied by the
stre%chin vibration modes(Rg-Y) have.been obsc\e/K/ed rnigher-level coupled clustgiICCSOT)] approach. The an-
only for E|ArF and HKE-5 Thegindirect observation of the harmonic vibrational frequencies were obtained from the vi-
Xe—| stretching frequency of HXel, calculated as a differ- brational self-consistent field/SCF and its extension by

L o corrections via  second-order  perturbation  theory
ence between combination and fundamental vibration, haECC-VSCF) 7-10 A bairwise counling approximation was
been previously reportétSince there are a variety of Rg—Y i b pling app

bonds in these HRgY compounds, it would be very interest_made to the potential in the normal mode representétion.

ing to learn more about the nature of the bonding via direc{:rurther details of CC-VSCF combined with ah initio elec-

! . Lo . onic structure code are given in Refs. 9 and 10.aMllinitio
observation of the Rg-Y stretching vibration. In this work, !
. . calculations at the MP2 and CC-VSCF levels were per-
we study experimentally and computationally the Kr—Cl : :
. 37 formed in the framework of the GAMESS electronic struc-
stretching modes of the H/D arfdCl/3’Cl isotopologues of )
. : _ture program on dual PIII/500 MHz workstatioh's The
HKrCl. The experimental data are compared with our previ- . o
ous experimental measurements for HRIE CCSIOT) calculations were performed on a SGI Origin 2000
P ' computer at the CSC-Center for Scientific Computing Ltd.
(Espoo, Finlang using the Gaussian 98 package of

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS programsl.z

In the HCI/Kr experiments, HC(99%, CIL) and Kr
(9_9.995%, Aga gases were mixed in_ a glass bulb. The 98S; £y PERIMENTAL RESULTS
mixture was deposited onto a Csl window kept at 27 K in a
closed-cycle helium cryostdAPD, DE 202A. The typical The HCI/Kr samples were highly monomeric with re-
matrix thickness after the 30-minute deposition was 100—208pect to HCI and DCI precursors and the known absorption
wm. Deuteration of HCI was achieved by passing premixecands of HCI at 2872.9 and 2870.5 ¢ and DCI at 2078.6
gas over the deuterated sulphuric acied99% D,, Merck) and 2075.6 cm* dominate in the spectfd.A small amount
in the deposition line. The resulting HCI/DCI ratio was typi- of HCl and DCI was complexed with Ndue to natural ni-
cally ~1. The samples were photolysed through a MgF trogen impurity in the matrices. Interestingly, the complex-
window at 7.5 K by an 193 nm ArF excimer laséviPB,  ation efficiency of DCl was observed to be significantly
MSX-250) using~10* pulses with a pulse energy density of higher than that of HCI. Typically>90% of HCl was de-
~10 mJ/cm. The infrared(IR) spectra were measured with composed upon 193 nm photolysis, and the decomposition of
a Nicolet SX 60 FTIR spectrometer. In the mid-IR spectralDCI| was somewhat slower than that of HCI.

1063-777X/2003/29(9-10)/4/$24.00 844 © 2003 American Institute of Physics
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la brations of DKrCl were practically unshifted from the corre-
g v(H-Kr) v(Kr-Cl) sponding HKrCl bandgsee Fig. 1 The experimental assign-
ment of the Kr—Cl stretching bands of HKrCl and DKrCl are
based on the following arguments. They increase synchro-
nously with the known HKrCl and DKrCl bands upon an-
nealing. The photostability of the bands is similar, as was
checked with the ArF excimer lasé€t93 nm. The**Cl/*'Cl
isotopic shift and intensity ratio show the proper values. Fi-
02k 350 nally, the computationssee below agree with the observed

experimental findings.
| 37q
" Hw 4. COMPUTATIONAL RESULTS AND DISCUSSIONS
oF The optimized H—Kr and Kr—Cl bond distances of the
. v { linear HKrCl molecule, calculated at the MP2/aug-cc-pVDZ
1550 1500 300 250 200 computational level, are 1.500 and 2.563 A, respectively.
The harmonic vibrational frequencies obtained at this com-
putational level are 1943.1, 604.2, and 275.7 émiThe in-
crease of electron correlation to the CG3Dlevel gives
5 7# longer H-Kr and Kr—Cl distances of 1.545 and 2.580 A,
v(D-Kr) v(Kr-Cl) respectively, and the frequency of the H—Kr stretching mode
shifts down to 1512.8 cm', which is close to the experi-
mentally  observed H—Kr  stretching frequency
(1476.1 cmY). Increasing the electron correlation affects
less the bending and Kr—Cl stretching modes. At the
35¢ CCSDT) level of theory the predicted frequencies are at
569.9 and 273.0 cit, respectively, which are very similar
to the values obtained using the MP2 calculations.
Ci The high-level harmonic calculations neglect anharmo-
0.1r / nicity of the potential energy surfaces. However, there is ex-
* X2 perimental and theoretical evidence for important anhar-
\JJ monic effects for HRgY moleculést®~*® The anharmonic
MP2 vibrational frequencies of the HKrCl isotopologues are
L 7F L shown in Table I. The H—Kr stretchingy) is predicted at
1150 1100 300 250 200 1691.0cm?, ~250 cm! below the corresponding har-
1 monic value. Clearly, both electron correlation and anharmo-
nicity are important for adequate description of this mol-

FIG. 1. FTIR spectra of HKrCl4) and DKrClI (b) in the middle and far W ; _ ;
infrared regions®>Cl/®’Cl isotopes cause a splitting (4.8 ¢/ of the bands ecule. The H-Kr-Cl bending1g) and Kr—Cl stretching

in the Kr—Cl stretching vibration mode. A band marked with an asterisk(¥1) modes appear to be less anharmonic than the H-Kr
belongs to the ) complex of HKrCl and DKrCl(see Ref. 2Binduced by  Stretching. In the anharmonic calculations, the bending vibra-
small nitrogen impurity present in the matrix. In pldb)( the bands of tion mode is reduced to 575.2 Cﬁ'l i.e.,~30 cmi ! below
HKrCl are subtracted. its harmonic value. The(Kr—Cl) mode is relatively insensi-
tive to the inclusion of anharmonicity, and the vibration is
predicted to be at 274.3 ¢, shifted only by+1.4 cm?!
HKrCl and DKrCl appeared already during photolysis, from the harmonic prediction.
as reported previously. Annealing of the sample at 30 K The computational overtone spectrum of HKrCl is rather
led to an increase of the amount of HKrCl and DKrCl due torich, and several bands are predicted to be promising for
mobilization of atomic hydrogen in a Kr matriX.The ob-  experimental detection. The experimentally observed first
served H—Kr stretching (1476.1 ¢y see Fig. 1 and overtone of the H—Kr—Cl bending mode offers a good
H—Kr—Cl bending vibration bandé543.7 and 542.1 cim' benchmark for the anharmonic calculations. The first over-
with the overtone at 1069.3 and 1067.9 ¢t are in good  tone is predicted to lie at 1149.8 ¢rhy while the experimen-
agreement with the previous experimental dafée Kr—Cl  tally observed overtone is at 1069.4 cnt. Computationally
stretching vibrations of HKrCl were observed at 253.1 andthe infrared intensity of the first overtone is 10% from its
248.3 cm '}, the splitting (4.8 cr') being due to the natu- fundamental intensity, whereas the experimental value is
ral 3°Cl and ®’Cl isotopes(see Fig. 1 The intensity ratio ~30%. The first and second overtones of the H—Kr stretch-
between the HK¥Cl and HKP'Cl bands is~3.2, in accor- ing mode and the first overtone of the Kr—Cl stretch are
dance with the natural isotope ratio of 3.1. In addition to thepredicted to be intense enough to be experimentally searched
previously reported band of the D—Kr stretching mode offor; however, they were not observed experimentally in this
DKrCl at 1105.6 cm® (Ref. 1), the D—Kr—Cl bending vi-  work.
bration band was found at 397.7 ¢y which is the new The HRgY molecules have (HRgY ~ ion-pair charac-
spectroscopic data obtained here. The Kr—Cl stretching viter. The stronger electronegative moiety tauses larger

Absorbance, arb. units

Wave number, cm -1

Absorbance, arb. units

Wave number, cm™
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TABLE |. Anharmonic computationalMP2/CC-VSCH and experimental frequencig¢i cm™') of HKrCl and its isotopologues. The computational IR
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intensities(in km/mol) calculated at the HF level are given in parentheses. The experimental IR intensities are in arbitrary units.

Level HKeCl HKeCl Experimental DKrCl DKr37§l Experimental
Computational Computational Computational| Computational
3v, 4627.2 (1.0) 4627.1 (1.0) - 3496.9 (0.2) 3496.8 (0.2) -
2v, 3207.1 (3.9) 3207.0 (3.9) - 2410.1 (1.2) 2410.0 (1.2) -
3v, 1723.7 (0.4) 1723.3 (0.4) - 1267.6 (0.1) 1267.0 (0.1) -
v, v(H=Kr) 1691.0 (680.9) | 1691.0 (681.3) 1476.1 (1.00)  [1250.9 (351.6)| 1250.8 (352.1) 1105.6 (1.00)
2v, 1149.8 (3.3) 1149.5 (3.3) | 1069.4,1067.9 (0.01) | 844.1 (1.0) 843.7 (1.0) -
3v, 817.3 (0.0) 801.7 (0.0) - 817.0 (0.0) 801.4 (0.0) -
v, 8(H-Kr—CI) 575.2 (33.1) 575.0 (33.3) | 543.7, 542.1 (0.03) | 421.6 (13.3) 421.4 (13.5) 397.7 (0.02)
2v, 546.7 (1.1) 536.3 (1.1) - 546.5 (1.1) 536.0 (1.0) -
v, v(Kr~CI) 274.3 (137.7) 269.0 (132.4) 253.1 (0.05) ¥Cl |274.2 (137.1) | 268.9 (131.9) 253.1 (0.17) ¥Cl
248.3 (0.05) ¥'Cl 248.3 (0.17) ¥'Cl

charge separation between the (HRgand Y~ moieties, mode of HKrF. Anharmonic vibrational calculations are done
shortening the H—Rg distance and enhancing its vibrationa®n the HKrClI molecule and show good argeement with the
frequency. This leads to stronger covalent bonding of thexperiments. According to the vibrational analysis, it is sug-
(HRg)" entity, while the covalent character of the Rg—Y gested that the Kr—Cl and Kr—F bonds of HKrCl and HKrF
bond is reduced, lowering the activation energy of dissociamolecules have some covalent contributions in addition to
tion via bending motion. According to the experimental data,the ionic.

the quadratic force constant,) for the Kr—Cl stretch of The Ministry of Education, Finland supported this work.
HKrCl is 0.93 N/cm, as calculated from the equatibp ~ The CSC-Center for Scientific Computing Ltd@Espoo, Fin-
=47°c’w’u, Wherew is the vibrational wavenumbeg,is  1and is thanked for providing excellent computer facilities.
the velocity of light, andu is the reduced mass. For com- A.L. is @ member of the graduate school LASKEM&cad-
parison,f, for the Kr—F stretch of HKrF is 1.57 N/cthand ~ emy of Finland.

the force constants for asymmetric stretches of ,Kard

XeCl, are 2.59 N/cm and 1.32 N/chi?°respectively. These

data indicate a stronger Kr—F chemical bonding than Kr—CFE-mail: lignell@csc.fi

bonding, in accordance with the electron localization studiesPermanent address: eChemic(@hemistry ICT-center University of Hel-

of Berski and co-worker&: A similar trend can be seen for Sinki: P-O. Box 55, FIN-00014, Finland

the H—Kr moiety when its covalent character is enhanced———

from HKrClI to HKrF, as judged by the increase of the H—Kr

stretching frequency. As a reference, the harmonic wavenum-

bers for the KFCI~ and Kr'F~ exciplexes, deduced from IM. Pettersson, J. Lundell, and M."8aen, J. Chem. Physl02 6423
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Transitions from ionic states?A X~ of the alkali halides CsF, CsCl, and RbF isolated in solid
Ne and Ar films recorded under pulsestbeam excitation are studied. The

B(?S 1) —X(%21,) andC(%I15,)—A(?I13,) luminescence bands of € (196.5 nm, 227

nm), C€"CI~ (220.1 nm, 249.2 ninand RB*F~ (136 nm in Ne, and a weakeB—X emission of
CSTF (211.2 nm in Ar are identified. For CsF the depopulation of th&'X ~ state is
dominated by the radiative decay. The ratio of the recorded exciplex emission intensities,
I (CsF)A(CsCI)/I(RbF)=20/5/1, reflects the luminescence efficiency, and for RbF and

CsCl a competitive emission channel due to predissociation in tHeXA(B2%S,,,) state is
observed. For those molecules the efficient formation of tHe skate is confirmed through
recording of the the molecul@’(3ﬂzg)—A’(3H2u) transition. A strong dependence of the
luminescence intensities on the alkali-halide content reveals quenching at concentrations higher
than 0.7%. ©2003 American Institute of Physic§DOI: 10.1063/1.1619356

1. INTRODUCTION — X231, emission. Also a much weake®?I1,,— A?ll5,
transition for the ionic states of CsF and CsCl was observed.
The observed transitions were red shifted compared to the
as phase due to interaction with the dielectric host.
The first indication of the homonucle®'—-A" transi-

Luminescence of ionic excimers covers the VUV and
deep UV wavelength region and represents an interestin
perspective for an extension of the gas phase excimer med
towards shorter wavelengths. Since the first studies around % : . .
19852 the ionic systems have been extensively investigatec{.Ion OT Ck and ':5* was r%p orted and ascribed to predissocia-
Spectroscopic studies in the gas phase provided emissiorr V'8 the A+ X* state.

from ionic states A*X " of alkali halides(AX) and from In this work we study the spectroscopic data and forma-

tion of the ionic states A" X~ of alkali halides: CsF, CsCl,

. ! + . : .
%its%ﬂ;l'fr?ogug)h o?:)r':i(iatlnggi)r:nrl:;s(Egsrﬁlcﬁg?et%:er?tlﬁih and RbF isolated in thin Ne and Ar films. Conclusions on the
: formation efficiency of X molecules due to predissociation

netic studies indicate the presence of quenching processlens the A2*X(B2S,,) state of RbF and CsCl following

that can seriously limit amplificatiot?. , .
) : . . . from the concentration-dependent measurements are dis-
The electronic configurations for the family of alkali- cussed

halide ions (AX)" correspond to those of rare gas halides

RgX in the ground state and correlate to the atomic states

AT (1S) and X(P). Also the ionically bound upper states

(A2+X7) due to transfer of an alkalipScore electron to the 2. TRANSITIONS FROM ALKALI-HALIDE IONIC STATES

halogen are isoelectronic to R¥~ exciplex states with

similar potential surfaces and correlate td*A?P) and For understanding of the excitation and decay processes

X~ (}S) atomic states. Since the potential of the lowerit is instructive to consider the energy level scheme of the

(AX) " state has a dissociative character, it is anticipated thatlkali-halide states involved in the observed radiative transi-

population inversion can be obtained in these systems. Thions. Since the problem was discussed for the CsCl

upper bound state can be directly populated by photoionizaelsewheré? here we shall just recall the features that are

tion of AX. Radiative transitions with large cross section for valid for the general case of the’X ™ ionic states. For this

stimulated emission and short radiative lifetimes of the ordepurpose it is convenient to consider the energy of states in

of 1 ns can be expected forPAX . These ions considered units equal to the binding potential of the AX ground state

in the condensed phase combine the favorable properties ahd the internuclear separation in units of the equilibrium

the short-wavelength, strong excimer emissions known frontdistancer .—see Fig. 1. The states relevant for discussion are

the gas phase with the high number densities of excitedescribed by potential curves; for the other states only the

states attainable in the solid. positions of the dissociation limits are given. The rare gas
Recently, deep UV fluorescence bands &f" X~ ions  excitons formed in the host by the pulsed electron beam are

have been observed for CsF, CsCl, and RbF isolated in Neesponsible for the A(1S) core ionization of thé3 ground

and Ar matrices undee-beam excitatiort:*? It was shown  state of AX moleculesthe upward arrow in Fig.)1 Due to

that the exciplex stateB23,, and X°I1,, are effectively the equilibrium distance, in this state the higher vibrational

populated via host excitons resulting mainly in tB&%,, levelsv” of the A2*(?P)X~(1S) state are populated, and a

1063-777X/2003/29(9-10)/4/$24.00 848 © 2003 American Institute of Physics
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FIG. 1. The potential energy diagram of the alkali halides; energy and
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The transition energies observed in experiment are red
shifted by AE relative to the gas phase. This can be ex-
plained by means of the cavity shell model for a transition
dipole momentA|u| given by the relation

(Alu|)>=C(e)AEd? ®3)

with C(g)=0.125(2+1)/(¢—1), d corresponding to the
cavity diameter, and: being the dielectric constant of the
surrounding. The measurédE values yield the estimates for
Alu| and the measured transition energies result in potential
minima of the upper A"X (B2%,,,) states with the red
shifts reflecting the solvation energy of the ionic states of AX
molecules.

For CsCl and RbF it can be deduced from Fig. 1 that the
Frank—Condon region corresponding to the excitation of the
13 state falls close to the crossing point of thé"A~ and
AT X* potential surfaces. This indicates predissociation of
the A>T X~ state as the probable depopulation channel due to
the reaction

AZTX " =AT+X* (4)

re, respectively; the relevant states are described by the shell configurations,
while for the other states only the energy positions ate are given; for

simplicity, the state€2IT andAZI1 resulting from the spin—orbit splitting of As in the gas phase resuftshe competing predissociation

the upper and lower excimer state, respectively, are not shown. Selective

excitation of the ground-state X~ molecule is provided by the-beam . T
via rare gas excitons — dashed arrow. The radiative decay follows a fasind in both cases thesXmolecular emission
radiationless relaxation to the =0 level of the £ X~ ionic bound state.

fast radiationless relaxation to the=0 level occurs be-

cause of the low temperature, around 5 K. It is followed by

the bound—free radiative transition

A2TX =(AX)T+hv )

to the repulsive part of the lowex®s,,, potential and is T the= po :
characterized by the emission of UV photons on a time scalé, and also the longer radiative lifetime of t@estate explain

close to one nanosecorithe downward arrow in Fig.)1

From an energy standpoint, population of the closely space@iPtained from experiment. The spectroscopic data of the ob-
B and C states of &*X~ is equally likely, and emissions Served ionic transitions for RbF, CsCl, and CsF are calcu-

from these states are observed, contrary tdttstate, which
lies higher in energy by théP,,—2P,, spin—orbit splitting

of the A2* ion.

which is accompanied by a partial, nonradiative energy loss.

effect is only observed for CsCl- and RbF-doped samples,

X5=X,+hvy, hv<hv (5)
occurs. However, in the host a strong cage effect traps the
excited X* atoms in the lattice. This leads to a decrease of
the population of X molecules finally formed in the ground
state. For CsF doped samples thg &mission was not ob-
served in either the matrix or the gas phase. The difference in
separations of the crossing point of AX~ and A" X* po-
tentials from the bottom of th& potential f.=1) in Fig.

the low intensity of theC—A band for CsF and CsCl in Ne
lated following the procedure described previouSiythey

are given in Table 1.
As most of the data obtained pertain to the Ne host, a

The potential curves for the bound states, i.e., the groun§omment should be added for the transition energies ob-
state'S, the A" X* state, and the ionic staB®S. ,, in Fig. 1
are based on the truncated Rittner poteraallt#) with the
effect of the dielectric host taken into account by introducingdether with the respective data from the gas phase measure-
a factor of 1£ into the Coulombic and i terms. Bond
lengths and polarizabilities are taken from the literaftf®.
For the lower A X state the Born—Mayer potential

V(r)=goexg —ao(r—re)] )

served in the solid. These are shown as the matrix-dependent
(Ne, Ar, or Kr peak positions of the emission bands, to-

ments and those of the solid state XeF excimer for
reference—Fig. 2. The peak positions are given for optimal
contents of the alkali halides C$B.45% in Ar, and 0.7% in
Ne), CsClI(0.37%, and RbF0.6%) in solid Ar and Ne films.

The variable ¢ —1)/(2e + 1) describes the host interaction,
and the slanted lines connect data of the same dopant. In

is used with the assumption that the consideration refers toomparison to the gas phase resutte matrix shift of the
the vicinity of the equilibrium distance,, with £, being the
energy of the lower state at=r.. The shape o¥/(r) and
also thesy and ¢ values are derived from experimental data This is in good agreement with the values 0.3-0.4 eV pre-
for the gas phasB—X transitions of the A*X ™ ions. The
potential minima of the&X?3, ; , states are taken equal to their tained for the XeF excimer in solid Ne and &r-®Moreover,
gas phase counterpafts.

B— X luminescence from the ionic states of RbF, CsF, and
CsCl has a value of 0.43, 0.39, and 0.33 eV, respectively.

dicted from relation(3) and coincides with the results ob-

the values obtained so far from experimesblid data
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TABLE |. Spectroscopic properties of matrix-isolated, core-excited RbF,
CsF, and CsCl alkali halides in the VUV and deep UV spectral ranggis
the peak position, FWHM is the half-widthrs is the cross section for

stimulated emission, ang is the radiative lifetime.

Low Temp. Phys. 29 (9-10), September—October 2003

Molecule, Aem> FWHM, Cg, Tr
Matrix
transition nm nm 10715 ¢m? ns
Rb**F~
B> X Ne 136 4.5 1.5 0.9
Cs"'F~
B->X Ne 196.5 9.5 2.5 1.2
C—o4 Ne 2271 15 0.22 11.3
B> X Ar 211.2 11.3 2.74 0.8
cster”
B-oX Ne 220.1 10.4 2.22 1.4
C—o4 Ne 249.2 14.8 0.29 12.6
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FIG. 3. Emission intensities of thB— X transition of the A"X~ exci-
plexes versus the AX concentration in Ne solid films for CAJ, CsCI(H),
and RbF(¥) (a), and the case of CsCl-doped Ne sample; luminescence
intensities of the Gl molecular transitio ' (3I1,5) —A’ (°I1,,) and of the

points allow one to deduce estimates of the transition enerintfinsic band of CsCl aggregaté245 nm, related to theB”X ;XX 1

gies for emission bands not yet observed in the solid and

the gas phase as wélollow data points

3. THE CONCENTRATION EFFECT

The measured intensities of tlie-X band are highly

.band intensity versus concentratio) { concentrations are in percent and
the intensities are the peak values measured.

pendences of the peak intensity values versus the dopant
concentrations in Ne films presented in the form of experi-

sensitive to changes in the original sample composition. Demental data sets for CsF, Ri§gp and down trianglesand

10
k\'\f\Matrix <
Ar
g - —
v Kr
I v
8 - -

1

Rb*™F(B-X)

Cs™F (B-X)

cs'cI(B-X)
Cs**F (C-A)

{cst*CI(C- A)

Xe*F(D-X)

Ol.1
(e-1)/(2e + 1)

FIG. 2. The matrix-dependent transition energies ofetieam excited CsF,
CsCl, and RbF in Ar and Ne solid films for the optimal alkali-halide con-
centrations, and XeF data for reference; values #or 1)/(2¢ +1)=0 cor-
respond to the gas phase data already measis@itl data points and

postulated hollow points.

CsCl (squarep are summarized in Fig. 3. The dependence
observed for CsCl is more pronounced than for CsF, and for
RbF only two data points are available due to the relatively
low signal. In all cases the optimal alkali-halide content cor-
responding to the maximum band intensity lies around 0.6—
0.8% and is in accordance with the data obtained for the gas
phasé and also coincides with those from our previous re-
sults reported for XeE>1® A comparison of the band inten-
sities for the optimal concentrations related to the highest
one (CshH lead to a ratio of I(CsF)A1(CsCI)/I(RbF)
=20/5/1, which reflects the energy transfer efficiency for the
investigated species. In the case of CsF a change of the
concentration-dependent intensity of almost two orders of
magnitude is observed. The data for CsCl indicate a weaker
concentration dependence for samples doped below optimum
than for the more highly doped ones. The occurrence of the
predissociation of molecules in the ionic state can be ob-
served exclusively in the low doping range. This is con-
firmed by the detailed analysis of the CsF and CsCl spectra
reported elsewheré:*2 The relevant decay channels of the
C$*Cl (B2%2,, state become more evident when the
D’ (34— A’ (®I1,,) transition of the CJ molecule is taken
into account. An appearance of the molecular emission can
only be observed for CsClI content not exceeding values of
about 0.6-0.7%. The intensity of this transition is even much
larger than that oB—X for lower concentrations, around
0.1-0.2%. This, together with a decrease of thg Band
intensity with increasing CsCl content in that range, reflects
a strong competition between the deep UV emission and the
concentration quenching process, which is due to short-range
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energy migration, aggregation, and also self-absorption byoint of the "X~ and A"X* potential surfaces relative to
the ground-state CsCIE) molecules. For a concentration the equilibrium internuclear separation of thé &~ ground
increase in the range from about 0.4 to 0.9% the optimaktate. The condensed phase ionic excimér€s represents
values of the dopant content correspond to the highest banfle best emission properties compared t'@~ and
intensities. An AX content larger than 0.9% results in a de-R?*F~. This is demonstrated by tH&—X fluorescent tran-
crease of th&—X band intensities. Moreover, in that doping sition dominating the excited state decay and also the fluo-
region a rapid growth of the intrinsic fluorescence bandsescence intensity exceeding those of @~ and RBTF
originating from aggregates occurs. In the case of CsF thpy a factor of about 6 and 20, respectively.

concentration quenching seems to represent the main nega-

tive contribution to the emission efficiency of the excimer .
band. In general, the effect observed most clearly for CsCl is
representative for the decay of (AX)states of alkali halides

in general. This is supported by the similar concentration
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The vibration—rotation of H ,0 and its complexation with CO , in solid argon revisited
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Fourier-transform infrared spectroscopy in the frequency range 400—400btas been used to
investigate the absorption of,® and HO:CO, complex isolated in solid argon. Thanks to

the lowest temperature reached in our experiment, temperature effects and nuclear spin conversion
studies allow us to propose a new assignment of the rovibrational lines in the bending band

v, for the quasi-freely rotating $0. An additional wide structure observed in this band shows two
maxima around 1657.4 and 1661.3 ¢ with nuclear spin conversion of the high-

frequency part into the low-frequency one. This structure is tentatively attributed to a
rotation—translation coupling of the molecule in the cage. However, the equivalent effect is not
observed in the vibrational stretching bandsand v5. Finally, in double doping

experiments with C@important new structures appear, allowing us to unambiguously extract the
frequencies of the lines of the,B®:CO, complex. © 2003 American Institute of Physics.

[DOI: 10.1063/1.1619357

1. INTRODUCTION 2. EXPERIMENTAL

The water molecule is d€,, symmetry. In the gas phase The experimental setup has already been desctfbét.
its rovibrational spectrum is well knoWRr® up to  only review here the main and specific features.

26000 cm !, and in the solid state the structures of the dif- Ar and CG (LAir Liquide—99.995% and 99.99% re-
ferent forms of ice have been extensively studietilce  spective purity are used without purification. Water is deion-
grains play an important role in the chemistry of the inter-ized, doubly distilled, and carefully degassed. The gaseous
stellar medium and of planetary atmospher®s. mixture is obtained by standard manometric procedures. As
D’Hendecourtet al® have shown from IRAS-LRS observa- water is adsorbed on the walls of the stainless steel part of
tions of protostars that COs a wide-spread and very com- the sample system, we carefully passivated the system with a
mon component of the interstellar medium. The complexepressure of water equal to its partial pressure in the gas mix-
between HO and CQ have also been the subject of severalture. During deposition, we checked that water absorptions
previous studie&®! were proportional to the amount of deposited gas mixture.

It is well known that the matrix isolation technique, To study weakly bonded complexes, the relative concen-
combined with IR absorption spectroscopy, remains a powtrations have to be carefully chosEhFor molecules which
erful tool for studying the formation and geometry of weakly do not react with each other, as is the present themre
bonded complexes. Before looking at the@4CO, complex,  than the statistical number of mixed pairs can be obtained by
pure H,0O in matrices had to be studied under our experimenpremixing the two molecules with argon in the gas sample.
tal conditions. Since the work of Glas€lall evidence indi- The samples were obtained by the slow spray-on tech-
cates that HO trapped in inert matrices is almost freely nique(10 mmol/h of the gaseous mixture onto a gold-plated
rotating®®~17 After some initial controversies, there is now mirror held at 20 K. The solid sample is then cooled to 6 K
general agreement on the assignment of the rovibrational alend annealed at least up to 30 K to allow a reorganization of
sorptions in thev, and v, /v4 regions in solid argoh® This  the polycrystalline film(narrowing of the linesand a migra-
assignment is also very important for all matrix isolation tion of molecular species.
studies because water is a common impurity. In the same Absorption spectroscopy is performed using a Bruker
way, since CQ is also always present as an impurity in IFS 113V FTIR spectrometer, with a maximum resolution of
matrix experiments, the identification of complexes of water0.03 cni* and, at this resolution, an accuracy better than
with CO, is essential. 0.02cm !, The frequencies of broad lines are estimated

In the present paper we will focus attention on the hin-within a 0.1 cmi* precision.
dered rotational motion of water molecules in solid argon.

After a brief descnpuqn of the experimental coqdmons, WE, sl CULATION OF THE “COLD” GAS TRANSITIONS

will present a calculation of the cold gas transitions. Then

experimental results will be presented, including temperature  As the rotation is almost free, a comparison with the
and time effects. An assignment of the lines will be pro-expected spectrum of the gas at 6 and 20 K is helpful for the
posed. The last Section is devoted to identification of absorpiransition assignments. The water molecule, of symmetry
tion lines of CQ:H,O weakly bonded complexes through typeC,,, is an asymmetric rotor, with two magnetic species,
double doping experiments with GO The results will be ortho (spin degeneracy)3and para(spin degeneracy)lin
discussed in the light of recent data. Fig. 1, the rovibrational transitions are indicated for the three

1063-777X/2003/29(9-10)/6/$24.00 852 © 2003 American Institute of Physics
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A typical spectrum of a sample J@/Ar=1/500 is pre-

o= 3657.053 cm" sented in Fig. 2 at 20 and 6 K.

JK, K, J:<8KC Temperature effect
hy 1%_ The two lines at 1556.6 and 1573.2 chand the broad
T structure around 1690 cm, which appear at 20 K, disap-
7 pear totally at 6 K. The effect is reversible. By comparison

with the gas spectrum it seems obvious that those structures
correspond, respectively, to lines 2, and 6/7. Intensity

110 g_gggmj comparisons with the gas also favor this interpretation, as it

0o 0 e o [l ews is known that the matrix does not lead to dramatic changes in

the relative intensities of the transitions.

0,=1594.747 cnr™! At this point, we would disagree with the conclusions of

2w 2,, previous studies in solid argbiv*®which assign line$ and
- § 7 to the double structure observed at 1660 émThis does
212 not seem possible, since these lines do not start from the
Tis 1o lowest energy level. They should disappear at 6 K, as do
Ogo 1 101T @ lines1, 2, and6/7, whereas this 1660 cnt double structure
remains. On the other hand,_ the_1690‘dn$tructure appears
only when the te_mpe_rature is ralsed._Our very recent experi-
1, 372 e o 42.4 cmi™! .men.ts at 20 K with h|gh—opt|cal-£jen5|t)_/ sampfeshow Fh.at
101 23.8cm™ in this broad structure at 1690 c¢rh which clearly exhibits
00 | 0cm two maxima(1689.7 and 1697.8 cnt), the low-frequency
maximum decreases much faster than the high-frequency one
) 4= 3755.930 cm”! as the temperature is lowered. This low-frequency shoulder
245 2(‘)'2—ﬁ must therefore correspond to a transition from a level with a
140 B 1, higher energy gap to the fundamental than the high-

frequency one, and it should be assigned to in&hen the

151 Ogo line at 1697.8 cm® must correspond to transitidh Those

. f 6] lines, like the 1636.3 line, are broad compared to liges,
and 5 because they involve d=2 level, which is more
1 R 49.4 en affected by the coupling to the matrix than are the levels with
n £ cm 101 238 Cm—1 J:O or 1. .
000 0 e At 6 K, the 1607.82, 1623.72, and 1636.3chlines

correspond to transition3, 4, and5, respectively, in agree-

ment with previous assignments. Transitidn which in-

FIG. 1. Rovibrational transitions of the three modes of gaseqi® &t 20  Volves aJ=2 level, is also broad.

K: vy band @); v, band p); v3 band €); J, K,, andK, are the rotational So far, there is no obvious assignment for the double

quantum numbers of the asymmetric rotat®iis the nuclear spin quantum structure at 1660 cimt. which remains 86 K and does not

number. . ' . .
nonvanish at 20 K, showing only a weak broadening. By

changing the concentrations and considering the changes

fundamental bands of #0, numbered in increasing frequen- UPON annealing, we have checked that its intensity is related
cies of the gas phase. At 20 K, tie=0 and 1 energy levels O the concentration of the monomer absorbers.

are the only ones sufficiently populated to give rise to detect- N Fig. 2 one additional line appears at 1592.94 ¢m
able absorptions. If the nuclear spin conversion were fastVhich corresponds to the dimer of,8, in agreement with
only the para line4 should appear for the, mode at 6 K. ~ Previous work, as is noted in Table IIl belosee Sec. )2

But, as is well known, the conversion is very slow in low- ~ Furthermore, the line measuﬁédat61589.2 cm® may
temperature matricéd.Then 2 other lines, the ortho lin@s D€ assigned to nonrotating molecutés.®Whatever our ex-
and 5, remain detectable, as long as the 20-K BoltzmanrP€rimental conditions, with samples of pure® this line
population is trapped for some time on thg drtho level. Was glyvays very weak. In Sec. 6 of th'sj paper we will show
Using the intensities reported in HITRAN96 data bagmy  that it is due to the HO:CO, complex, since CQis gener-
spectra can be calculated at 20 and 6giaphs labeled G in  lly present as an impurity in the samples.

Figs. 2.

Paramagnetic (S=0) Orthomagnetic (S=1)

Time effect

4. EXPERIMENTAL RESULTS IN THE », REGION OF H,0 . . .
As we have said, the nuclear spin conversion from the

We will now discuss in detail the, range and then give ortho to the para form is slow in low-temperature matrites.
the results obtained with similar arguments for theandv; ~ The time evolution of the spectra can confirm the assign-
bands. The observed frequencies, measured with 0.03 cm ments, since ortho lines should decrease to the benefit of para
maximum resolution are in Table |, and compared to thdines when starting from nonequilibrated Boltzmann popula-
most recent data in the literatut®. tions at 6 K.



854 Low Temp. Phys. 29 (9-10), September—October 2003 Michaut et al.

20K 20K v,
Vo
Vi
G | | l 2 I [ ]
5 4\ \3 2

08r i, ) 3
Q _
0.6 3%
& 3
‘E 0.4 3
< 0.2
< 0.2
£ J\, RTC AS
0.0 T T T T T T ¥ O
1720 1680 1640 1600 1560 3810 3780 3750 3720 3890 3660 3630
6K 6K '3
V2
Vi
G P
o 0.8 5 4\ \3 2 @ 1 3"\2
§ 0.6 é
504 2 0
) 2
< 0.2 AS %
10 RTC AS i p o
00 e A~ AV NN e S N b
1720 1680 1640 1600 1560 3810 3780 3750 3720 3690 3660 3630
Wave number, cm™! Wave number, cm™1

FIG. 2. Spectra at 20 and 6 K of thg, v,, v; regions of HO. G is the simulated bar spectrum of the gas, the numbers refer to the transitions of Fig. 1;
E is the experimental spectrum {8/Ar= 1/500) recorded with 0.15 cnt resolution, just after deposition at 20(Knickness~250 um); the arrows indicate

the present assignments, RTC is the rotation—translation coupling structure, and AS corresponds@dimedrt o andp are orthomagnetic and paramag-
netic species.

Figure 3 exhibits these intensity changes after two hoursaccordingly. This structure presents an ortho and a para com-
The first spectrum is taken just after a fast cooling from 30ponent, is situated between 50 and 100 ¢éraway from the
K. Lines 3 and5 decrease whe#d increases, which is con- pure vibrational frequency, and remains at 6 K. It does not
sistent with the assignments. In the double structure nedselong to the rovibrational structure but is related to the
1660 cmt, the high-frequency part (1661.3cl) de-
creases and the low-frequency part (1657.4 &rincreases

1.2
TABLE |. Frequencies (cm') and assignments of absorption lines of mo- 3
nomeric HO in the v, region in solid argon. E 0.8
5]
Line | Transition {Magnetic] Gas [1] | This work| Perchard 204
species [16] <
1 1“—->000 para 1557.611 [ 1556.6% 1556.7 0 | : : : : ' : ;
2 1 10—-)001 ortho |1576.188| 1573.2° 1573.1 p
1589.2° ¢ i
(NRM) <D0.1 - RTC
3 101—>110 ortho |1616.714| 1607.82° 1607.9 2 op o o
[
4 0,01, para | 1634.970 | 1623.72° 1623.8 5 ' ! ’
£ 0
S 101—)212 ortho |1653.268| 1636.3 1636.5 (=)
Rotation ara b
RTC | translation P 1657'4b -0.1 . x T T
coupling ortho 1661.3 oy ' I l I I
_ \\ 1660 1640 1620 1600 1580
6 1,022, | ortho [1699.935| 1697.8% | \M1661.4 Wave number, cm-!
7 1,52, para [1706.355| 1689.7% Q\ 46572
4637 6 FIG. 3. Time effect in thes, region of HO, due to nuclear spin conversion
\‘1699‘9 at 6 K. The spectra (5O/Ar=1/1000) are recorded with 0.15 crhresolu-
Phonon tion, after annealing at 30 Khickness~220 um) after a timet=0 (a) and
activation) 2 hours p); the numbers refer to the transitions of Fig. &) presents the

difference of spectraa) and (b); o andp are orthomagnetic and paramag-
2Measured at 20 K2 Measured at 6 K¢ Nonrotating molecule. netic species.
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TABLE II. Frequencies (cm?) and assignments of absorption lines of mo- v, band CO2\
nomeric HO in the v, and v region in solid argon. . N H,0:H,0
1 3 H,0 H,0:CO, 2102
Line Transition |Magnetic| Gas [1] | This work Perchard o D \
species [16] 0.1t
®©
v, band .g
1" 110—>101 ortho |3638.082| 3622.4° 3622.7 8
< Ip
3638.3° ‘ ‘
(NRM) O[T RN AP
P4 1,1,y | ortho |[3674.697 3653.38" 3653.5 3660 3640 3620 3600 358
3 001y, para | 3693.294 | 3669.85" 3669.7 v, band
0.3r .
v, band H,0: Hy0 H,0:COp ——
' a
1 101—>000 ortho [3732.135| 3711.2 3711.3 § 0.2k \ \\
2 110—>1“ ortho |3749.331| 3724.7° 3724.9 S
c S D2
3736.0 % 0.1
(NRM) <
3 1,-1, para |3759.845| 3739.4° 3739.0 0 ﬂjw
¥ i T T T T T T ¥ T T 1
4 000101 para |3779.493| 3756.49° 3756.6 1594 1593 1592 1591 1590 1589 1588
5
6 101—>202 ortho |3801.420] 3776.30 3776.4 v, band co
7 1, -2 ortho |3807.014| 3784.5% H2O: H20 2

o
w

10 %11 aF H0:co, \ / \

2Measured at 20 K2 Measured at 6 K¢ Nonrotating molecule.

Absorbance
© ©
— [\
[
E
4
]
|
3

number of rotating molecules. It may then be a manifestation
of the rotation—translation couplin@RTC) involved in the
movement of the molecule in its cade. - T
The weak lines at 1592.94 and 1610.12 ¢nare due to 8730 8720 3710
dimers (Table Ill). The line 1610.12 cm* is hidden in the Wave number, cm™
high-frequency wing of line3 in Fig. 2 but appears after giG. 4. Double doping with Cg water regions at 6 K. The spectra are
annealing to 30 KFig. 3. recorded with 0.03 cm* resolution, after annealing at 30 K; P is a purgCH

sample (HO/Ar=10/5000, thickness-60 xm); D; and D, are the double

doped samples (P H,0/CO,/Ar=10/5/5000, thickness-80 um; D,:
5. EXPERIMENTAL RESULTS IN THE »; AND v3; REGIONS H,0/CO, /Ar = 10/2/5000, thickness- 60 xm).

OF H,0

The 3600—3800 cim' region is represented in Fig. 2 at _ . _
20 and 6 K (HO/Ar=1/500), together with the calculated _ However, two points should be no_tealthle Imes_mvolv-
gaseous bar spectra. With the same arguments as,fove "9 aJ=2 level are not as broad as in the case; i) there

present the assignments in Table I, which agree with théS N0 evidence of a RTC structure as observediar
most recent work® This could be explained by a weaker coupling of the

rotation—vibration to the translation in the cage for the
stretching modes; and v than for the bending mode,.

o

T
3700

TABLE Il Most intense observed lines (cM) of HO dimer and Some dimeric species are also observed in this frequency
H,0:CO, complex isolated in solid argon. range. The measured frequencisse Table I} are in good
: Hom0 H,0C0, agreement with the literatur8.
Line
This work | Perchard [16]| This work | SYePSigh) 6. DOUBLE DOPING EXPERIMENTS WITH CO,: THE
H,0 () 3574.77 | 3574.0 (PD) COMPLEX
3633.22 | 3633.1 (PA) | gea0 o 3632.7 H,O frequency ranges
H,O (vp) 1389.48 To look at the HO:CO, complex near KO absorptions,
1590.54 the sample should be concentrated in ,C® However, as
1592.94 | 1593.1 gPAg 1593.1 . .
1610.12 | 1610.6 (PD CO, has a great tendency to form polymers, its concentration
H,O (v | 37085 | 3708.0 EPDf should be kept low enough to avoiq aggregates gD kvith
STST AN | oo 46 3732.9 more than one COmolecule. In Fig. 4, we can compare
3738.1 | 3737.8 (PA) typical spectra obtained with a sample of pureOH(spec-
: 56.0 — =
co, (o) ggg.gg 626.0 trum P—H,O/Ar=1/5000) to spectra of COdouble doped
668.05 samples (spectra DR—H,0/CO,/Ar=10/5/5000 and
Co, (o) 2340.20 2340.5 D,—H,0/CO,/Ar=10/2/5000), recorded with 0.03 ¢rh

resolution. The spectra were recorded at 6 K, after an anneal-
PA: proton acceptor; PD: proton donor. ing at 30 K, which enhances the complex absorptions. Some
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v, band co range. These results are consistent with those reported in the

1.2k 1\2 —~ literature®* We should mention that the line at 2340.2 ¢
CO,:H,0

C02:H20 had already been assigned to this complex by Guastl?®

in 1978, in an experiment on GOn solid argon, for which
an amount of water was present due to a leak in the system.

Absorbance

0.4

P 7. CONCLUSION

o

1 T 1 T | ! T

662 660 658 656 Our new experimental data have led to some new assign-
ments of the rovibrational frequencies of,® on the v,
mode, and the absorptions of the®CO, complex in the
H,O regions in an argon matrix. From our refined measure-
ments of rovibrational frequencies, the “effective” rotational
constants of water trapped in solid argon may be determined.
Furthermore, our experimental results will support calcula-
tions able to explain the RTC structure. For the complex with
CO,, some more experimental work is needed in order to

' understand the different trapping sites and structures. A mod-
eling similar to that developed for the CO:G@omplex’
will be attempted.

FIG. 5. Double doping with CQ carbon dioxide regions at 6 K. The The authors acknowledge Louise Schriver-Mazzuoli for
spectra are recorded with 0.03 Chresolution, after annealing at 30 K; P is helpful discussions.

a pure CQ sample (CQ/Ar=1/5000, thickness~60 um) and D is a

double doped sample (E@/CG,/Ar=1/10/5000, thickness-60 xm).

T T T
668 666 664

V3 band co C02

Absorbance
(= T
o N o

e
'S

0
U
2348 2346

T T
2340 2338

T
2342
Wave number, cm™!

T
2344

*E-mail: xmichaut@ccr.jussieu.fr
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Our recent study of molecular trapped centers in Xe cryocrystals is extended to triatomic
self-trapped excitons. Time- and spectrally-resolved molecular luminescence is measured in

the temperature range 5—60 K. The processes of intrinsic exciton self-trapping into diatomic and
triatomic molecular complexes and extrinsic exciton trapping at lattice imperfections are
separated by selective photoexcitation of Xe cryocrystals with synchrotron radiation. The
temperature dependences of the triplet lifetimes of molecular exciton subbands are

measured for the first time. @003 American Institute of Physic§DOI: 10.1063/1.1619358

1. INTRODUCTION Such a variety of trapping channels for excitons makes
solid Xe a suitable medium for modeling the processes of
Rare-gas cryocrystals are attractive objects for investigaself-trapping of electronic excitatioAsThis paper reports the
tion of electronic excitation trapping processes in condensegbsults of the analysis of the time- and spectrally-resolved
matter. Because of strong coupling with phonons, free excityminescence from excited diatomic and triatomic intrinsic
tons (FE) in rare-gas cryocrystals are localized into quasi-molecular complexes in Xe cryocrystals following primary

atomic and quasi-excimeexcited dimey self-trapped exci-  selective excitation by synchrotron radiation in the tempera-
tonic statesSTE). Radiative decay of quasi-excimer trapped tyre range 5-60 K.

excitons produces the most prominent feature in a vacuum-

ultraviolet (VUV) luminescence from solid Ar, Kr and Xe—

the so-calledM (molecular luminescengeband, which is 2 EXPERIMENT

formed by>%. [ —'3  transitions in a molecular dime®}

embedded in the host lattic®(stands for a rare-gas atdrh The photoluminescence experiments were carried out at
The hole part of the STE is self-trapped between two neighthe SUPERLUMI experimental station at HASYLAB,
boring rare-gas atoms in the diatomic bonding configurationDESY, Hamburg. The selective photon excitation was per-
and the excited electron is bound to it primarily by the Cou-formed with AA=0.2 nm. The low-resolution spectral and
lomb interactiorf. The internal structure of thé band, time-resolved analysis of the molecular luminescence was
which indicates the peculiarities of crystal lattice structure,performed with a high-flux VUV-monochromator equipped
has been studied recentlyTranslational motion of a with a multisphere plate detector. The convolution of the
molecular-STE along the atomic chain by continuous redistemporal behavior of the excitation synchrotron pulse, the
tribution of the hole part of an exciton among atoms inevi-response of the detector and of the electronics used was
tably passes a symmetric triatomic configuration, which isabout 430 ps. High-resolution spectra were measured with
presumed to be metastailelowever, in solid Xe at elevated AA=0.1nm by a 1-m near-normal incidence VUV-
temperature T>50 K), in addition to theM,; andM, mo-  monochromator equipped with a position-sensitive detector.
lecular luminescence subbands of tdeband in the emis- The cathodoluminescence measurements were performed at
sion spectrum of molecular self-trapped excitons, a third mothe molecular spectroscopy laboratory of Verkin Institute,
lecular band(the M5 band appears at 7.6 eV. It has been Kharkov. The electron beam excitation was performed by
suggested that thigl ; band is attributable to radiative decay electrons of energy 1 keV, insufficient to form defects by
of excitons self-trapped into triatomic linear molecular elastic collisions. The luminescence analysis wilhh\
complexes, whose electronic and geometric structure was=0.2 nm was carried out with a 1-m near-normal incidence
studied recentl§. monochromator equipped with a solar-blind photomultiplier.

1063-777X/2003/29(9-10)/4/$24.00 858 © 2003 American Institute of Physics
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The crucial part of the luminescence experiments withcimers in perfect lattice, whereas the low-energy subband
rare-gas solids is the sample preparation technique. There akg; is emitted by molecular excitons, which are trapped at
two most commonly used methods of Xe sample preparatiofattice imperfections. Analysis of the mutual behavior of the
from the vapor phase(i) isothermal growth aff=118 K subbands for various treatments of the samples under selec-
with a growth rate of about km/min, and(ii) growing of  tive photoexcitation allows one to elucidate the complicated
the sample under isobari®¢=1000 Pa) conditions with the picture of branched relaxation of electronic excitations in
constant cooling in the temperature range 125-110 K. Thegre-gas cryocrystafs.
isothermal growth is rather slow, but it provides the prepara-  The high-resolution spectra of Xe cryocrystals in the FE
tion of the samples with the best crystal qualfitfhe iso- emission range are shown at Fig. TThe narrow line at

baric growth is much faster and it allows one to vary theg___g 35 ev/(FE ling is formed by radiative decay of free
quality of the crystals by changing the cooling rate from 0.01

K/s (“slow” isobaric growth with a growth rate of about 10 excitons from the bottom of the loweBI3/2), n=1 exci-
um/min) to 0.5 K/s (“fast” isobaric growth with a growth tonic band. The energy position of the maximum of FE line

rate of about 5Qum/min). In the present study we used the exhibits a temperature shift because of thermal expansion of

fast isobaric method of sample preparation. The sampletshe Iatté)ce. fln ta_d dlSor.l, n ttr;]e (;sptectr? Of. Xe cryocrfystflls
were grownin situ on a copper substrate from a high-purity grown by a fast 1sobaric method, two luminéscence features

(99.999% room-temperature vapor phase in special closedPPear: a harrow band at 8'1_5 eV in the whole temperature
cells® The thickness of the samples wa®.5 mm. range, and a weak asymmetric band at 8.23 eV at high tem-
perature(Fig. 1c). The 8.15 eV bandthe E, band has been
reported earlier in cathodoluminescehit®and in laser- and
x-ray-excited luminescence specttahe intensity of theE,

The VUV-luminescence spectra of solid Xe at temperafand grows when the crystal quality of the sample
tures below and above the threshold\§ band appearing decrease$.The asymmetric band at 8.23 eV is attributed to
are shown at Fig. 1. The broad Stokes-shifted STE emissioliminescence from “hot” states of molecular self-trapped
band (M band contains contributions of radiative decay of excitons in solid Xé:"*?Neither theE, band nor the 8.23 eV
quasi-excimer centers of two typg&epending on the struc- band was visible in the spectrum of the best sample of solid
ture of the surrounding lattice, the molecular STE centersXe’ prepared by isothermal growth. At the same time, in the
emit different subbands of the molecular luminescencdaser- and x-ray-excited luminescence there was no FE line.
band—high-energy subbamd, is emitted by STE quasiex- This suggests that formation of both the 8.15 eV and 8.23 eV

3. RESULTS AND DISCUSSION
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FIG. 1. Luminescence spectra of Xe cryocrystals under selective photoexcitatiom »t8.86 eV @ andb). Photoluminescencéurvesl and 2) and
cathodoluminescendeurve 3) spectra of solid Xe al=10 K (curves2 and3) andT=60 K (curvel) (c).
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emitting centers is stimulated by crystal lattice imperfec-the perfect latticé. Recent accurate calculations of linear
tions. Xe; (Ref. 18 and Xg (Ref. 19 molecular ions confirm this
Above T=50 K a third wide molecular-like bant¥;,  trend. In the linear ion Xg the chargee is distributed over
centered at 7.63 eV with FWHM 0.36 eV, appears in additionthe three atoms like 0.239-0.523-0.239 énd the length
to theM; and M, molecular luminescence bandsig. 1b).  of the bonds is 3.274 A8 whereas in the Xg ion the bond
There is as yet no final conclusion about the nature of thi$ength is 3.11 AL® Assuming the similarity of the hole part of
high-temperature molecular band in solid Xe. At the verysTE with the corresponding molecular iénse suppose a
beginning of the study of excitons in rare-gas solids it wassimijar elongation of the bond in the Xén comparison with
suggested that thi!; band is emitted by real STE in the yex |y addition to linear symmetric configuration of the
perfect lattice, whereas tid band corresponds to excitons y o+ ¢ation the only stable asymmetric triatomic configuras-
localized at lattice defects:'* This hypothesis is in contra- tion was found—a triangular structure with the positive
diction to recent studies of exciton self-trapping into molecu-Charge localized on two atoms and the third. almost neutral
lar states in rare-gas cryocrystals™®*“and excludes the ex- atom attached in a equilateral posititfiThe Iéngth of the

mton self trapping in S.O“d Kr and Ar, wherg there is no bond between the charged atoms in this case is 3 $2d
luminescence band similar to tiv; band of solid Xe. There o ) . . s
the emission from such triangular centers in solid Xe, if it

have been several attempts to associatdvthdand with the occurs, may contribute to tHd ; subband. This is a possible
; P + + ; aai ) .
forbidden transition'Y j —'X  (Ref. 15, with emission L thal. band has nlo idefect subband
from high-energy molecular statésiI, (Ref. 16, and with y ne&ls _ :
The excitation spectra of the luminescence bands from

radiative decay of th@=2 STE!’ An alternative explana- _ SCEl _
various trapped centers reveal the peculiarities of the differ-

tion for the origin of theM; band was proposed by Ratner , , ’
et al5 Based on the concentration dependence of Nhe ent channels and of branching between them in relaxation of

band intensity in the various Xe/Rg systeRy denotes Kr, €lectronic excitations° The strong overlap of the molecu-
Ar, Ne) and comparison of this dependence with the similarf@r components of the luminescence from solid Xe above
dependence of th¢1 band, it was suggested that the; =20 K gives no way of recording the excitation spectra of
band is emitted by linear triatomic excited molecular center$ubbands by scanning the photon excitation energy by the
self-trapped in a perfect latticeEach of the two resonant Primary monochromator at a fixed detection wavelength of
bindings in the linear triatomic complex Xds weaker com- the secondary monochromator. To recover the excitation
pared to a single binding in the quasi-excimer;Xand a  spectra of theM;, M,, and M3 subbands we used the
correspondent elongation of the binding in theiXesults in  method of decomposition of the sequence of luminescence
a blue shift of theV; band compared to that in the diatomic spectra, measured at different excitation energiigure 2
molecule® Such triatomic linear complexes are inevitably shows the recovered excitation spectraTat60 K. The
formed during translational motion of molecular excitons insimilarity of excitation spectra o1, and M3 bands under-

w
=
5
3
o 10
f—
©
> 0
£
g c
Q Q
= E
- -
8 2
c i |
[}
8 2
o} 10 ¢
£
£
3
4

10

8.2 8.4 8.6 8.8 9.0 9.2 9.4
-1
Photon energy of excitation, eV 100/T, K

FIG. 2. Excitation spectra of molecular subbands of solid X€-a60 K (a). Temperature dependence of the triplet lifetime of molecular subbands of solid
Xe (luminescence energy; excitation energyetected at the photon excitation energies denoted by the arrows irbRigdér selective photoexcitation with
energieshv,=Egz andhv,=8.86 eV, arrows of Fig. 2 (b). M(6.89 eV;hv;) (H); M,(6.89 eV;hv,) (®); M,(7.38 eV;hv,) (O0); M,(7.38 eVhw,)

(O); M3(7.74 eV;hv,) (A).
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scores the common intrinsic nature of the emitting trappingemission, grows proportionally to? (p is the exciton-state
centers in them—self-trapped excitons, whereas the antibatiadiug.® The lifetime of theM ; band was measured only in
behavior of the excitation spectrum of the “defect” subbandthe temperature range 50—60 K since the high-vacuum re-
M reflects the competition of the processes of extrinsic exquirements of the equipment for working with synchrotron
citon trapping at lattice defects and the exciton self-trappingradiation do not allow an increase of the temperature of Xe
One of the possible processes which stimulate the high insample above 60 K. It yields(M3) =15 ns at both excita-
tensity of the excitation spectrum of tié,; subband below tion energies.
the bottom of the lowest excitonic band is the process of Thus the analysis of luminescence of molecular centers
trapped-center creation as a result of the formation of nucleef Xe cryocrystals under selective photoexcitation within ex-
ation states responsible for localization of electronic excita<citonic energy range in temperature range 5-60 K demon-
tion due to thermal lattice disorder in the ground staféhe  strates the similar intrinsic nature of thé, and M, bands.
formation of such centers intensifies near the lattice defectshey are emitted by diatomic and triatomic excitons self-
and the direct photoabsorption by such cerferssults in  trapped in the perfect lattice. The extrinsic exciton trapping
M band emission. at lattice imperfections is a competitive channel of exciton
Both the triplet®>, and singlet'S | states of the STE relaxation. It results in th&1; subband emission.
contribute toM band and decay curve of molecular lumines-  The support of DFG Grant 436 UKR 113/55/0 is grate-
cence yields a slow decay component and a fast one. The fafstlly acknowledged.
decay component is independent of temperaturke slow .
decay component exhibits pronounced temperature depenE-mail: ogurtsov@ilt kharkov.ua
dence because of phonon mixing of fi& substate€® The
“f.e“me obtained asymptotlcally at lOW. te_mperat_ure IS as- IN. Schwentner, E. E. Koch, and J. Jortrlectronic Excitations in Con-
cribed to the totally forbiddeA, state. With increasing tem-  jonseq Rare Gaseaol. 107 of Springer Tracts in Modern Physics,
perature, it can also be depleted by phonon transitions to thespringer-Verlag, Berli(1985.
allowed Bj, 5, state, which then radiates. Coexistence in °K. S. Song and R. T. WiliamsSelf-Trapped ExcitonsVol. 105 of
solid Xe of o types of excimeriie emiting centaisirin ,P\(6% Seres 1 S Sae Seeries, Somer o, Sy,
sic and extrinsicimplies different efficiency of the process  (500y).
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Vibrational relaxation of self-trapped excitons in solid xenon has been investigated both
experimentally and theoretically. Hot luminescence spectra of the crystal have been measured in
a wide temperature rangé&om liquid helium temperature to 100)Kusing x-ray and two-

photon excimer lasetArF and KrP excitation. The theoretical analysis is based on a recent
nonperturbative relaxation theory and on a rigorous quantum-mechanical Franck—Condon
approach. ©2003 American Institute of Physic§DOI: 10.1063/1.1619359

INTRODUCTION EXPERIMENTAL RESULTS

Self-trapped exciton§STE) in rare gas crystal$RGCO) Bulk Xe crystals of volume 2 ciwere grown from the
are strong vibrational excitations very similar to free di- liquid near the triple point in a special tube made of organic
atomic excimerss (R=Xe, Kr, Ar, Ne), whose level spac- glass(see Ref. 6 for more detajlsTwo methods of excita-
ings considerably exceed the maximum phonon energiesion were used: irradiation by a tungsten x-ray soy#ekYV,
Therefore, to adequately describe vibrational relaxation ofl5 mA) through a Be window, and the two-photon A(E93
such STE, one definitely has to use a nonperturbativém) or KrF (248 nm) excimer laser radiation. The HL spectra
guantum-mechanical approach. Such a concept has recenthere recorded with the help of a 2m double vacuum mono-
been elaborateti,and it is most suitable for the rigorous chromator, which ensures a spectral resolution of 10-15
analysis in solid Xe, where two- and three-phonon relaxationmeV and a light dispersing factor of less thar ¥0
processes are dominant. The theory predicts an abrupt in- An important specific feature of good-quality Xe crystals
crease of the relaxation rate around a critical levgl€22 is the existence of two broad emission bands, as shown in
in Xe), which results in a dramatic population drop of the Fig. 1. Here we shall not discuss the origin of these bands,
levels in this characteristic region. since this has been already done more than 20 year§ lago.

Useful information on the relaxation processes ifi R the present context we put emphasis on their intrinsic nature
centers is contained in their hot luminescefiidé) spectra, and will use the same abbreviation STE for both the 7.2 and
whose explicit calculation is a rather demanding task for sev7.6 eV bands. Figures 2 and 3 demonstrate the high-energy
eral reasons. First, one needs to construct reasonable potemngs of the luminescence spectra, where we observed sev-
tial curves for the system. Second, one has to determine theral weak band&heir intensity being less than 1% compared
relaxation rates and relative populations for all vibrationalwith that at the maximum of the STE bandehich at least
levels of interest. Third, one has to ascertain a huge set gfartially can be attributed to HL. There always persists a
correctly normalized Franck—CondoiFC) factors for  spectral feature with a maximum at 8.14—8.17 eV, depending
bound-free and bound-bound transitions. Moreover, onen temperature and the method of excitation. This band has
cannot use the convenient “reflection” approximation of the been reported earli#and is probably related to surface ex-
FC principle?® which ignores the quantum structure of the citons, in accordance with relevant absorptiomnd
final state and therefore fails to allow correctly for the tran-reflectivity'® data. However, we cannot completely rule out
sitions to the scattering states near the dissociation limit anids possible relationship with HL. At low temperatures and
to the bound states, which are the most important in our casender laser excitation another weak band shows up near 8.05
To overcome these complicated computational/technica¢V, whose origin is unknown.
problems, we used a rigorous quantum-mechanical method According to our earlier interpretatiGh?the “real” HL
by one of the authors® band is the feature with maximum at 8.22—8.23 eV, which is

In this paper we present new experimental data on thenost effectively induced by two-photon KrF laser excitation,
temperature dependence of HL in solid Xe and carry out avhile other excitation methods tend to bring forth the 8.15
relevant theoretical analysis. The choice of Xe crystal foreV feature(cf. Figs. 2 and 3 We will discuss the fine struc-
testing the reliability of the new nonperturbative relaxationture of the 8.23 eV band in more detail below. One can see
theory is not accidental. Compared withsReenters in other  that separation of the “pure” HL part from the various weak
RGC, a much larger range of vibrational levelfom emission bands is rather complicated. Moreover, we ob-
n=14 ton=40 for the potential curve usgds involved in  served a clear correlation between the temperature depen-
two-phonon relaxation processes, in which case it is exdence of the HL and the intensity redistribution of the main
pected that the acceleration effect will be most pronounce&TE bandgsee Fig. 1, which makes an adequate theoretical
aroundng,. analysis even more difficult.

1063-777X/2003/29(9-10)/4/$24.00 862 © 2003 American Institute of Physics
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FIG. 2. Experimental emission spectra of Xe crystal in the supposed HL
FIG. 1. Overall luminescence spectra of STE in the Xe crystal, correspondregion atT= 10 K under different excitation, as shown in the graphs. Inten-
ing to different excitation methods: ArF laser excitati@pectral and 2), sities are given in arbitrary but comparable units.
x-ray excitation(3), KrF laser excitation(4 and5). Curvesl, 3 and4 have
been measured dt=10 K, while 2 and5 correspond tar =90 K.

direct comparison between the bound—free FC factors related
THEORETICAL RESULTS to free X& excimers and their crystal analogs just described.

In a recent papéra thorough FC analysis has been per-  The normalization of the FC factors is determined by the
formed for free xenon excimers. In particular, exactly solv-rigorous sum rule
able multi-component reference potentials for thg(P;) o
state and for the ground stat§ f Xe, have been con- f
structed and their agreement with available spectroscopic *°
data demonstrated. As the same electronic states play the key o 2
role in the formation of the main STE emission bands in +2 [f l//j(f)@i(f)df} =1 (1)
solid Xe (including HL), one would expect to receive some ) 0
benefit from the results of this gas phase analysis. To thighich results directly from a fundamental property of the
end, however, one has to adjust the free excimer’s potentigchralinger equation: completeness of its system of eigen-
curves to the crystal environment. functions. Herep;(r) is the wave function of the initial ()

The spectral characteristics of the 7.2 eV STE emissiobound state, whiley;(r) and¢(E,r) represent the full set of
band are quite close to those of the well-known second comormalized bound-state E0) and scattering-state E(
tinuum in the gas phase, while the free exciton pelk,( =#%2k?/2m=0) wave functions, which are related to the fi-
=8.359 eV)? is red-shifted by about 80 meV compared nal electronic state Qp in our casg¢ Therefore, Y(E,r)
with its gas-phase analog—th#, atomic resonance line =2 coskr—d)/F(E) (5 is the phase shift where F(E)
(8.437 eV. In view of these experimental facts we deformed =[4xE#%/2m]"? (Ref. 14. The quantities in the square
the free Q(®P;) excimer’s potential curve slightly but left brackets are recognized as the FC overlap integrals for
the ground-state potential unchanged. We also left the equbound—free and bound—bound transitions. Excellent agree-
librium position (R.=3.00=0.001 AU(R,)=7.885 eVf  ment with Eq.(1) is explicitly demonstrated in the middle
of the 0} (®P,) potential well unchanged, but the overall graph of Fig. 4 for all vibrational levelsn=0-40) of the
curve was proportionally compressed to fit its dissociatioroj state that have been used in our HL analysis.
limit with E.,. Of course, there is no real dissociation limit The next step is to ascertain the vibrational relaxation
for a quasimolecular center in the crystal, but this is of secrates for the vibrational levels of the quasimolecul€} Xe
ondary importance for our treatment, because all of theor this purpose we calculated the probabilitigs,_; (re-
needed FC factors nicely converge in a rather narrow dislaxation rates al =0) of the multi-phonon transitions from
tance interval. In the upper graph of Fig. 4 one can see &vel n to n—1 according to Ref. 1, using the valyg

o 2
f z,b(E,r)<pi(r)dr} dE
0
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FIG. 3. The same spectra shown in Fig. 2, but measured at temperature ) o ) ) )
T=70 K. FIG. 4. Visualization of the main theoretical results of this paper. The upper

graph compares two sets of calculated FC factors for bound—free transitions
from the selected vibrational levels €0, 10, 20, and 40of the Q} (°P,)

L . . state. The dotted curves correspond to the potential curves constructed in
=0.3 for the characteristic displacement parameésee Fig.  Ref. 5 for free molecules %e while the solid curves show the FC factors
1in Ref. 1, and takingn.=22. The probabilityl', ,_; of  for the same levels related to the “deformed” potential curve of thestate,
the reverse transitionn—1—n is determined by the prin- whose dissociation limit coincides with,,=8.395 eV Note that then

cinle of detailed balance. i.ell. . .=exp(—A. /KDl . . =0 curves are indistinguishable. The middle graph demonstra_ltes‘ excellent
P ' 'n—1n PCAn KD 1, agreement with the rigorous sum rule expressed by(Bq.Contributions

whereA, is the spacing be_tween the Ie\_/els. Thereaﬂer* W&om both bound—bound and bound—free transitions can be seen. The lowest
solved the system of kinetic equations including the levelsyraph depicts the calculated luminescence spectra fér iMesolid Xe at
from 0 to 40, and assuming the radiative decay iate 2 different temperatures. Thanks to the rigorous quantum-mechanical

X108 51 (Ref. 15 to be constant for all levels. The quantity gpproa_ch, one can elucidate the substructure of the HL band. This is s_hown
in the inset: the dotted curve there corresponds to bound-free transitions,

Ao is nearly equal to the maximum phonon energy in Xehile the dash curve is related to bound—bound transitions. All the spectra
(5.3 me\). We therefore assume that the levels 40 give a  have been averaged with a spectral resolution of 20 meV.

very small contribution to HL, because fast one-phonon re-
laxation processes are allowed for them.

Finally, we summed the FC factors according to the re-
laxation law to get the luminescence spectrum fop(0¢ ) luminescence bands, which can be associated with HL of
centers in solid Xe. The results are presented in the lowestTE in solid Xe, depends strongly on the method of excita-
graph of Fig. 4 for three different temperatures. The calculation as well. We have acquired some new evidence to support
tions nicely reproduced the overalf &component of the 7.2 our earlier hypothesis that the “real” HL feature in Xe is the
eV STE band, including its HL part shown in the inset. It canband near 8.23 eV. Indeed, this weak emission band is most
be seen that the relative intensity of HL in the theoreticaleffectively induced by KrF laser excitatid%.0 eV), which
spectra gradually diminishes with increasifig this is con- ~ supports two-photon transitions from the upper subbgnd (

firmed experimentally only for relatively high temperatures. =3/2) of the highest spin—orbit-split valence band into the
A possib|e reason for this partia| disagreement is dislowest conduction band. Consequently, such an excitation is

cussed in the next Section. most effective in producing delocalizdd3/2) excitons, the
precursors of STE we are examining. In contrast, ArF laser
excitation (6.2 eV) seems to support the formation of STE
via capture of electrons by trapped holes. This may be the
It is well known that the luminescence properties ofcause of the weakness of the “real” HL under ArF laser
RGC depend strongly on both temperature and the sample&xcitation at low temperaturdsee Fig. 2. As regards x-ray
structural quality. As has been demonstrated in this paper, thexcitation, its penetration depth in solid Xe is only about 0.5
intensity of emission in the far high-energy edges of the mairmm?® This means that a lot of emission centers are created

CONCLUSIONS
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near the surface, which could explain relatively high inten-not succeeded in working out a more detailed model to ex-
sity of the surface-sensitive 8.15 eV feature compared to thplain this phenomenon, but this is one of the main goals of
8.23 eV band. our forthcoming research.
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lated emission spectra based on the potential curves for thdéan Science Foundation for support through Grants Nos.
quasimolecular centers Xen solid Xe. Both bound—bound 4032 and 4508.
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The vibrational relaxation of COmolecules embedded in an Ar matrix is described using a

model based on multiphonon transitions. Rates for the VT and VV processes are determined from
a fitting of simulated and experimental data. The calculations confirmed that radiative

processes influence significantly the vibrational energy relaxation gf é&d@edded in solid Ar;

e.g., the rate determined for energy transfer between/ihend v, modes is significantly

lower than that predicted under the assumption of nonradiative relaxatiod008 American

Institute of Physics.[DOI: 10.1063/1.1619360

INTRODUCTION tation. Both sites were found to be luminescent. The reported
emission spectrum due to the stable site consisted of three
A large number of physical and chemical processes inines (see Fig. 1L The relaxation timesr, and Tv,v for
the solid-state involve the vibrational energy relaxationprocesses of the type (4(2)— v;,2v,) and (081— v,
(VER) of molecules. A study of this process for molecules 1, 3;.,) were estimated in Ref. 2 from the decay times of
isolated in noble-gas matrices has attracted considerable ghe stimulated emission on the assumption that the radiative
tention over past years. Among the systems studied, CO, NQe|axation may be neglected. In the case of stable site the
05, CO, or Xe molecules in solid Ar constitute a spec- respective decay times were700 and~ 100 ns.
tacular class:* The vibrational energy transfer #C°0, During the final stage of preparation of this paper, we
isolated in solid Ar has been investigated by the |ase|"became aware of the interes‘[ing work of ChabbaLG re-
induced fluorescence methddThe intense radiation ob- porting the rate constants for the VER processes of isolated
served in the 1G:m region after strong excitation of the CO, determined by a radiation-pulse fitting procedure using
state (0081) was ascribed to vibrational stimulated emission.g independent constants, i.e., not related by any scaling law.
Also, for processes of the type (MI(2)— v,,2v,) and
(00°1— v, + v,,3v,) the relaxation times,t and Ty,v Were MODEL DESCRIPTION

estimated from decay times of stimulated emission based on The vibrational energy relaxation following strong

the assumption that nonradiative relaxation prevails. pulsed excitation is studied by solving the kinetic equations
In this work we aim at clarifying the influence of differ- describing the time evolution of the populations of different

ent relaxation channels on the populations of vibrational levyibrational levels of the C@molecules:

els using the theory of multiphonon relaxation proposed by

Nitzan et al® Also the results of an estimation of the VER

0
rate constants for the GOAr system by comparing the ex- y \7?0 !
perimental and calculated temporal pulseform of the radia- RN 11'0(1)

tion are discussed.
In particular, we refer to the experimental results for the 11'0(2)
13co, vibrational-energy relaxation in solid argon under - 167um
conditions of a matrix-to-reagent molecular ratio M/R 10%(1)
=20002 The laser excitation of the; (v=1) level of car-
bon dioxide molecules was found to induce strong emissions
(v1+ vy, 3vy)—(vq, 2v,) and (v4, 2v,) — v, in the spectral
region around 1Gum. Their sharp threshold as a function of
laser excitation density was interpreted as a signature of vi-
brational stimulated emission. It is known that C@ol-
ecules in solid argon are trapped in two distinct sites: single
substitutional, which is stable, and double substitutional,
which appears to be an unstable $ifehe first one, because 1= 0 1 2 3
of the limited free space, is characterized by a stronger

. I . : : FIG. 1. Diagram of the C@vibrational levels with energy lower than 3000
vibration phonon COUpImg and shorter relaxation tlm K; the solid arrows denote the transitions of vibrationally stimulated emis-

order of magnitUdP.The Iaserg used in the exper-ime?nts _sion observed in Ar matrices; the dashed arrows represent exemplary non-
allowed for a good time resolution and a site-selective exciradiative transitions of the types VT3V, and VVT.

00°0
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dn, /dt=Ryr+ Ry + Ry v+ Ryt Ring. (1)  tion number. For low temperature§ {5 K) one hasi~0,
F(T)~1, andK, ,_1(T)=K, ,-1(0). Theexpression
wheren, denotes the population of vibrational lewel and eSgN 1
the R terms describe population changes due to the VT, Ky ,-1(0)=Av 5= 7= (4)

v,o—1

VVT, and V3V intramolecular processes of nonradiative re-
laxation as well as to spontaneous and induced radiative tra§orresponds to the relaxation rateTat 0 K, whereA is a
sitions (the notations are the same as those of RpfTRe  constant related to the value of the average phonon fre-
intermolecular VV processes are neglected because of lofuency and the variation of the interaction potential between
concentration of C@in the Ar matrix. A Boltzmann-type CO. molecules and the surrounding matrix atoms.

initial vibrational distribution is assumed. Excitation is taken ~ Three types of processes are taken into account, and the
into account by a sudden increase of the initial vibrationanotation corresponds to that of Ref. 2:

population (Ngo;) of the 001 state up to an arbitrary levé

fitting parametex VT: COy(vi+v5,3v5) +Ar—COy(vq, 2v,) +Ar, (5)
The equations describing the evolution of the photon

number has the form: VWWT:  COy(v1,2v,) + Ar—COy( vy, 2v5)" +Ar,  (6)
dN; /dt= R+ Ripg+ Rigss: 2 V3V:  CO,(00°1) +Ar—COy( vy +v,, 3vp) +Ar,  (7)

where CQ(v4,2v,) and CQ(v,, 2v,)’ denote different vi-
whereN; is the number of photons of thi¢h transition(see  prational states of the 1f, 2v,) multiplet at Fermi
Fig. 1), and R; corresponds to photon gaifiboth through resonance—see, e.g., Ref. 15.
spontaneous and induced processasl loss processes. The Due to the strong dependence of the ra@supon N,
main loss channel is related to the photon leaving the excitegnly VT processes oA v,=1 contribute significantly to en-

region as described in Ref. 2. ergy relaxation. The other processes;YWand VVT) also
For spontaneous emission the Einstein coefficients argroceed with the minimum vibrational energy gap. The VT
applied’ and \LV reverse processes responsible for energy transfer
from translation to vibration are neglected. However, in the

647741/3’,),1 5 n?+2\?2 case of VVT processes some rates obtained from the prin-
Av,v—1:W|<v|M|v —1)*n 3 , ciple of detailed equilibrium are not negligibly small.

where v, ,_; is the frequency of the —v—1 vibrational
transition, |{v|u|v — 1) is the respective matrix element of
the dipole moment, and is the refractive index. The last For the stable site emission the time evolution of the
term describes generally the effects of solid environment. photon numbers related to radiative profiles is studied in or-
The stimulated emission cross section are derived frongler to get best agreement with experimental data reported in

RESULTS AND DISCUSSION

the expressich Ref. 2. Accordingly, three fitting parametemd,+, Ayt ,
andAVsV, related to the constant A in expressi@h for the
Uu,v—1=CZAv,v—1/87TV5,U71n2% rates of nonradiative processes, which correspond to transi-

tions of the VT, VVT, and \{V type [Egs.(5)—(7)] are de-

whereyis the FWHM of the spectral line associated with thetermined. As a result, all rates for vibrational energy ex-
v—v —1 transition, assumed to have a Gaussian profile, andhange can be calculated. Thus this procedure replaces the
is estimated to be equal to 0.15 ch(Ref. 2. determination of the seven independent rate constants as pro-

Several approaches have been proposed for discussion pbsed in Ref. 6. In both cases, the initial excitatidg, is an
the nonradiative vibrational relaxation of a guest molecule inadditional fitting parameter.
a dense medium®! In the present paper the relaxation The sets of equation€l) and (2) are solved using the
rates are described by the multiphonon relaxation model proaSEAR code for numerical integration. the equations describe
posed by Nitzaret al®> This model has proven to provide a the populations of all nine vibrational states, which become
satisfactory description of the relaxation for the case of gopulated during the relaxation process at a temperature
matrix-isolated diatomi¢?~** Accordingly, the rate constant =5 K, and the photon numbers of the three active radiative

of thev—v —1 transition is given by transitions ¢4+ v,,3v,—vq,2v,) and (vq,2v,— vy)—See
Fig. 1. The terms related to radiation gain and losses were
Ky oo1(T)=K, ,_1(0)F(T), (3) determined from the Einstein coefficients, the stimulated

emission cross sections, and the populations of the respective
whereF(T)=(1+T)Ne?" is the temperature coefficier,  |€vels. The nonradiative terms were determined by redes
is the average vibration—phonon coupling stren@tssumed  scaled by the constangs,r, Ayyr andAy,y .

here to be 1 N=AE, ,_1/hvy, is the number of matrix It should be stressed again that in Ref. 2 the following
phonons involved in dissipation of the vibrational energy gapates for the processes
AE, ,-1 in the nonradiative relaxation process,, is the VT: CO,(11'0(2))+Ar— CO,(10°0(1)) +Atr,

average phonon frequenchi,,= 64 K was assumed for the
Ar matrix), i=[exph,n/kT) — 1] ! is the phonon occupa- Kyt exp=1.4x10° s 1(7,r=700 n3, (5")
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Kyv=0.3Kyy exp

1.0F Kvr = KyT exp 1.0

i i Ngo; =0.07

2 Lt 2
= i W >
T o6 \ T 06
.é—‘ ,' \é K VV_exp \\ é
2 0.4-,' Kvr _exp \ g 0.4
2 i Noo1 =0.07} \ g
£ | . Kv v £

0.2ff  Kyr o \\ 0.2f}

! (Kt
“‘.N(1)01 = 05 | \\‘ * .
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Time, us Time, ps

FIG. 2. Time-resolved pulse of vibrational stimulated emission from, CO FIG. 4. Same as Fig. 3; solid curve—for the best fit parameters, dotted
located in a stable site of the Ar matrix; the black diamond symbols correcurve—for the best-fit parameters excéfl,y=1.XKy,y ; dashed curve—
spond to the measurements, while the curves represent simulations: solfg,. the best-fit parameters excepy,,=0. gKv
curve—for the best-fit parameters, dotted curve—for the rates determined in

Ref. 2 and the saturation conditioN{,,=0.5); dashed curve—for the rates

determined in Ref. 2 ant;,=0.07.

Vobe

type (7) as long as they exceed the value W/SV- The
optimal value of the rate for the VVT process

CO,(10°0(1)) + Ar— CO,(0220) + Ar, (7

KWT_b~109 s~ was found, and this value was assumed for
were proposed, based on the assumption of nonradiative retl curves in Fig. 2. Figure 3 presents the sensitivity of the
laxation. The saturation conditiomNgy,=0.5) for initial ex-  profile ton the initial-excitation parameter.

citation was also assumed. The signal profile depends strongly on the nétgy (see

Results of the calculations are presented in Figs. 2— 7F|g 4). Both the position of maximum and the slope change
Figure 2 demonstrates the evolution of radiation intensityith variation of the rate. The valulév v b is smaller by a

determined by rates scalétly changingAyr andAy,y) to factor of about 1/3 compared t0y y exs—this should be due
the values as proposed in Ref.(&e dotted line The as- to radiative effects neglected in Ref. 2. It is evident that the

sumed valu_e of the_ excitation Is ew_dently too high—as WaSadiative processes have a serious influence on the kinetics,
also conflrmed in_later — considerations ' 9f en_ergye.g_’ they determine the temporal scale of the pulse profile.
conservatiori. It was found here that the best fit is obtained This agrees well with the data reported in Ref. 6 and stands
for Nooy p=0.07, Kyr p =Kyt exp aNd Kyv p=0.Kv v exp iy sharp contrast to the previous assumptioiswe de-
(see solid line in Fig. R A similar value 4<10° s™* for the  crease further the rate for thesV process, an additional
rate Ky, was proposed in Ref. 6. The signal profile is not maximum on the temporal pulseform appears; this is clear
very senSItlve to the rates of quasiresonant processes of th&idence of the independent radiation from all 3 transitions.
The changes of the ratét influence the investigated
profile much less significantlysee Fig. 5. Increasing the

V3V:  CO,(00°1)+Ar—CO,(11°0(1)) +Ar,
Kv,v_exp=10" s *(7y,y=100 n3 (6")

1.0
2 1.0
£ 08
=]
. [2]
e 06 £ 0.8
> >
2 0.4 <06
2 z
£ 3
0.0 5 0.4
£
¢ i 0.2
0 0.5 1.0 1.5 2.0 [
Time,ps 1o L
0] 0.5 1.0 1.5 2.0
FIG. 3. Time evolution of the stimulated-emission pulse from,d&zated Time, ps

in a stable site of the Ar matrix; the black diamond symbols correspond to

the measurements, while the curves represent simulations: solid curve—fé#G. 5. Same as Fig. 3; solid curve—for the best-fit parameters; dotted
the best-fit parameters; dotted curve—for the optimal rates Mpg curve—for the best-fit parameters excéftr=1.2Kyr ,; dashed curve—
=0.09; dashed curve—for the optimal rates &hgd,=0.05. for the best-fit parameters excefyr=0.8Kyr p .
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FIG. 6. Same as Fig. 3; solid curve—for the best-fit parameters; dotted Energy, K
curve—for the best-fit parameters exc&pt,r= 10Kyt p ; dashed curve— ’
for the best-fit parameters exceiyr=0.1Kwr p - FIG. 7. The Treanor—Likal'ter type of distribution for the best-fit parameters

and its time evolution; dotted curve—0.2s; dashed curve—Ls; solid
curve—2us after excitation.

rate shifts the maximum to smaller values and smoothes all . . .
structures. In contrast, decreasirg,; leads to more- embedded in solid Ar, e.g., the value determined for the rate

pronounced structures. The profile is even less sensitive fEvov 1S significantly lower than that predicted under the as-
changes of the rates for near-resonant transitigps-in Fig. ~ Sumption of nonradiative relaxation.

6 we compare the results &, differing by two orders of
magnitude. Again, decreasing the ratg,; leads to struc-
ture enforcement and also widens the maximum of the
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Azidoacetonitrile (NCH,CN) and azidoacetone (@H,COCH;) are studied by matrix-isolation

FTIR spectroscopy in solid neon, argon, and nitrogen. The IR spectra calculated using the
density-fuctional theoretical method are discussed in comparison with the experimental data.
Significant broadening of the recorded azide bands indicate an awkward fit of these

compounds into the solid environment. The strongest absorption is observed for both compounds
in the regions of asymmetric and symmetric stretches of thaaide group. Strong band

splittings in the N asymmetric stretch region can be most likely explained by very strong Fermi
resonances with the CN stretch and combinations and overtones of the numerous lower-
frequency vibrational modes. @003 American Institute of Physic§DOI: 10.1063/1.1619341

INTRODUCTION EXPERIMENTAL
Organic azides are useful reagents in many fiéfds. Sample preparation

Their strongly exothermic reactions make them useful as Azidoacetonitrile was synthesized from chloroacetoni-

propellants’ Their ability to form highly reactive nitrene in- trile CICH,CN and sodium azide (Naj)l as given in Ref. 10

termediates that are capable of being inserted into otherwigdZidoacetone  was  prepared  from  chloroacetone

stable chemical bonds makes them important synthetic ré=!CH2COCH; and NaN, according to the procedure de-

agents, with a number of potential uses in semiconductorcriPed in Ref. 7. o _
technology? for instance. The pre-mixed organic azide vapors with Ne, Ar, and N

The compounds were studied both in solution and in{.natrtIX dgases wiretprepafrelc.i;vcl)torofom tﬁmperat_ure Vtv'thl\? N es-
solid phase, and the relative volatility of some of them, for imated concentration ot L: or all expenments. ieon
. o . . . samples were continuously deposited onto the copper sub-
example, azidoacetonitrile @CH,CN, abbreviated in this . .
aper as Az)and azidoacetone GCH,COCH;, AzC), al- strate (coated with silver and Mgﬁ_cooled b6 Khbhya
pap . o 2 ' ' Leybold RGD 580 closed-cycle helium cryostat. Argon and
lows their studies in the gas phds&he thermal decompo-

" £ th q | died usi nitrogen samples were deposited by means of a pulsed valve
S't'on_o these two compounds was recently studie USINGt 12 K onto the KCI substrate mounted on the cryotip of an
ultraviolet photoelectron spectroscoflyVPES and matrix-  App Cryogenics refrigerator. To improve the optical quality

isolation spectroscopy in solid nitrogen, as part of a generajt the N, matrix, deposition was started from 60 K and then
project on decomposition of aliphatic azidesTheoretical  the substrate was gradually cooled down to 12 K in 10 min.
calculations have been also carried out for conformers ofp g]| experiments the deposition rate was kept in the range

AzC? of 2.5—3 mmol/h for a deposition time of 2 hours.
One can often obtain more insight and additional infor-

mation about the interaction of isolated compounds with the

solid medium by examining and comparing the spectra iroPectroscopy

several matrices. In the present paper we report the infrared The infrared spectra of both compoundsQ¥,CN and
spectra in solid neon, argon, and nitrogen. We complemern|,CH,COCH;, in solid Ne, Ar, and N were recorded with
the experimental investigation by density-functional theoreta resolution of 0.06 cm on a Bruker IFS 120 HR Fourier-
ical (DFT) computations of their properties and structures,transform spectrometer equipped with a glowbar light
and discuss their spectra with the help of the computed visource, liquid-nitrogen-cooled HgCdT®ICT) detector, and
brational frequencies and intensities. a KBr beam splitter. Typically at least 500 scans were aver-

1063-777X/2003/29(9-10)/6/$24.00 870 © 2003 American Institute of Physics
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TABLE I. Calculated frequencies of vibrational modes of azidoacetonitrile TABLE II. Calculated frequencies of vibrational modes of azidoacetone

conformers(method: B3LYP/6-3% G(d,p). conformers(method: B3LYP/6-3% G(d,p).
Anti: dihedral angle Gauche: dihedral Anti: dihedral angle Gauche: dihedral
O = 180° angle Q. = 67° ' dce = 180° angle ¢y . = 64° Approximate
Approximate
] ] ] ] assignment . . . . assignment
frequency, | intensity, |frequency, |intensity, frequency, |intensity, frequency,|intensity,
cm™! km /mol em™ | km/mol em™ | km,/mol em™! km /mol
34.9 1.3 55.7 5.5 354 153 61.1 1.9
145.2 9.2 193.1 7.7 46.9 1.3 81, 2.3 .
. - 137.8 3.8 98.6 0.3 CHj torsion + ?
260.2 1.6 258.6 0.6 :
358.6 0.6 351 0.1 C—C=N bend 140.9 0 216.5 4.5 CH3 torsion + ?
: : : e 262 10.5 274 49
519.4 2.7 523 0.1 C-C=N bend 449 1.1 381.1 5.2
544.9 6.9 556.3 8.7 NNN bend 4738 0.8 4613 95
628.1 5 687.3 15.7 NNN bend 499 18.4 556 6 NNN bend + ?
945 20.7 884.4 13.4 C—C/C-N sym. str. 536.1 8.1 573.4 20.9 NNN bend + ?
973.6 0.9 937.6 26 CH, rock + aad | W 13 83
C-C/C~N asym. str. 839.1 0.5 858.6 17.1
979 15.7 1006.2 9 CH, rock + N gy | B
C-C/C-N asym. str. 1069.5 0.5 1077.9 1.6 .
2us | o5 | o |
1332.6 145.2 13141 | 163.1 NNN sym. str. 1342 8 58 13403 | 1054 NNN-svm. str. +
1373.7 10.9 1372 10.9 CH, wag, ‘ : ‘ i CHY wag,
1479.1 7.4 1476.5 8.4 CH) ben 2 Wag.
2255.1 517.8 22543 | 4509 NNN asym. str. 1348.9 | 147.5 1368.1 321 NNN sym. str. +
2376.7 0.9 2358 0.6 C=N CH, wag.
3021.4 15.4 3043.9 14.3 CH,, sym. str. 1394.6 45.2 1393.5 32 CHj umbrella mode
1454.5 8.3 1463.4 2.3 CH, bend + CHy
3062.3 4.3 3135.7 4 CH, asym. str. umbrella
1461.4 52.3 1469.6 225 CH, bend + CH,
umbrella
1468.3 12.8 1482.5 10.7 CH, str. + torsion
. . 1794.3 | 207.7 1807.4 | 109.7 CO str. + 2
aged. The spectra were recorded immediately after depos gggz? 62011.88 %ggg.g 53212.93 I\éN}I;I asym. str.
; ; ; . . . . 2 sym. str.
fuon gnq then again after an_neallng of the samples, an_d _afte 3050 2 03 3041 7 34 CH. sym. str.
irradiation of the matrices with a tungsten lamp, a multi-line  3069.8 7.5 3104.6 8 CH, asym. str. + ?
+ o ; . 3110.9 3.3 3112.3 7.8 CH, str + CHj str.
IUV Ar™ ion laser and the fourth harmonic of a Nd:YAG 3167 2 10 31612 5 CH, asym. sir.
aser.

RESULTS AND DISCUSSION
bation when compared with the gas phase. In fact, one way

to judge the extent of the medium effect is to compare spec-
The optimized structures and vibrational frequencies ofra using several different matrix materials, where negligible
azidoacetonitrile and azidoacetone were calculated using thghanges from matrix to matrix usually imply an also small
B3LYP/6-31+G(d,p) hybrid DFT technique as imple- medium shift from the gas phase to the matrix, and this was
mented in the Gaussian 98 program stitdo check for  one of the reasons for performing our current study.
errors due to the incomplete basis set, calculations using the Unfortunately, in the present case, most of the observed
larger B3LYP/6-3113df,3pd basis set were performed, spectral bands are relatively broad, and they also exhibit ap-
which yielded no substantial changes from our previous repreciable, matrix-dependent changes in terms of band width,
sults. Tables | and 1l summarize the results for the two mosband shape, and band intensity from matrix to matrix. Also
stable conformational minima, whose geometry is charactersomewhat surprisingly, the observed bands are broadest in
ized by different values of theyycc dihedral angle. In the solid neon, which usually yields the best-quality spectra. One
case of AzC the two local minima at 64&auche¢ and 180°
(anti) are nearly isoenergetic, while in AzN the 67° gauche
conformer is found to be considerably lower in energy than
the 180° anti isomer. The tables list the computed, unscaled
vibrational frequencies of both molecules. The geometries of
AzN and AzC conformers are illustrated in Fig. 1.

Calculations

azidoacetonitrile

Experimental results

The infrared absorption spectra of both compounds in
solid neon, argon, and nitrogen were recorded in the range
from 400 to 5000 cm?, with selected regions being shown
in Figs. 2 and 3. A comprehensive listing of the bands ob-
served in our experiments and their tentative interpretation,
as well as the previous assignments by Klaebbal.® are
collected in Table III.

V_ery often matrix i5_0|ati0n yields _exce”er?t'_ql/'_a”ty SPEC- F|G. 1. Predicted structures of the gauche and anti conformers of azidoac-
tra with sharp absorption bands, which exhibit little pertur-etonitrile and azidoacetone.

azidoacetone

bance = 64° Onnee = 180°
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FIG. 2. Infrared spectra of azidoacetonitrile in neon, nitrogen, and argon mdthegmegative” lines in the CH bend region originate from gas phase water
subtraction.

usually gets excellent-quality sharp spectra when the guegiected at 2358 cmt (2377 cmi® in the anti compound

fits well into the Crysta”ine structure of the host. Thus |inearThe experimenta| Spectrum reveals at least seven bandS, sev-
compounds and cations of the type X-Jf-Y, or, forin-  erg| of them quite strong, extending from 2085 to 2259 &m
stance, ﬂuonna;tial(il1 benzene_catlons, yield very sharp, UNPe(Eig. 2n). Some of these bands exhibit asymmetric line
turbed spectra®™** In fact, in both cases two spectrally shapes and additional splitting, and appreciable changes in
shifted sites are observed, which were attributed o SPeCigoir shapes, frequencies, and relative intensities from matrix
isolated in relatlyely unperturbed glosely packed cryst.alllneto matrix. The corresponding ;\symmetric stretch is com-

fcc or hep environment, respectively. The former, linear uted to be the second strongest absorption band. It is pre-

compounds replace a row in a plane of neon atoms, while thgicted to be at 1333 and 1314 cin the anti and gauche

latter, benzenes, fit well into a site replacing seven atoms in formers. tively. with the latter val led b
a crystallographic plane. One interpretation of broad bands i%o Ormers, respectively, € latier value scaled by a

an awkward fit of the relatively bulky, low-symmetry guest actqr of_0.96 coming very close to the observed banlci ap-
into the solid host, preventing formation of a well-developedP€a7ing in all three matrices between 1260 and 1262'cm

local crystalline structure and resulting in poorly-defined(F'g' 28). ) o
sites, with a wide range of local geometries. The three weak to moderately intense bands appearing in

Also the theoretical computations are of less help than i@ll three matrices in the relatively narrow regions around
often the case. Thus, as shown in Table I, by far the stronged221-1225, 1343-1349, and 14381444 CrtFig. 2a) are
band computed for AzN is the asymmetric stretching fre-in all probability due to the motions of the GHyroup—
quency of the Ny group, predicted to lie in both conformers twist, wagging, and bending, respectively—in acceptable
at about 2254 cm' (unscaled with the only other funda- agreement with the predicted values of 1254, 1372, and
mental frequency in this region being the almost three-1476 cm'!, unscaled(gauche, Table)l These modes are
orders-of-magnitude weaker CN stretching frequency excomputed at similar frequencies and intensities in the gauche

2 3 SiE o b
@ 1 1% 8% 84 8§ Ar
E 2.01 @ 2.0 o2
; 7 ~ g ] Qo g§g§§
A : CR T S || /A B
R 3 = s ] 0 s 8 2
c
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21 . S &
o 5 a
3 0.81 e 5 0.81
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FIG. 3. Infrared spectra of azidoacetone in neon, nitrogen, and argon méthie¢segative” lines in the CO stretch region originate from subtraction of gas
phase watér No spectral features have been observed in the interval 1800—2000 cm
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TABLE Ill. Experimental data for azidoacetonitrile and azidoacetone isolated in pleahd Ar solid$.

Azidoacetonitrile Azidoacetone
assignment
Ne N Ar Ne N Ar assignment
2 prev. (Nz) # 2
561.8 560.0" 560.1 NNN bop ~573.7 ~573.9 ~575 NNN bend
563.3 ~561.3 ~643.3 ~641.1
689.1 ~684 686.1 NNN bend NNN bend
691.5 ~691 698.1 ~695.5 ~700.2
872.8 _ _ C-C/C-N sym. str.
8782 m 873 ﬁ:lm 873.1m EC/CeN 852.2 882.3
874.1
-925.5 R7.67s 928.4—s CH,, rock . 931.0 927.6 932.4
—929.j:| 9267 931.2] 2 Cl, rock + 9351
931.0 | s _ N e "
931 C-C/C-N asym. str. -939 m.b -939
943.7 959.7 943.8
944.6 ~961.0 m,b ~956.6 b
990.0 ~989.4 982.8 b
992.6 ~993 993.0 m CH, rock +
993.9 994A7:| -980 b
962.2 996.8 C-C/C-N asym. str.
997.0- m
1050.8
~1123 }?2‘2)(1) 1091.7
11491 :
1161.
1168.4 s 1169.6 m ~1163 sh
~1206 ~1208:| b ~1201 ~1195.9
1218.9 ~1210-'b -1223.3] 1216.4 s
1220.0 1218.57 PO i 1225.4 X
12211 12234 |m |1225-35 CH, twist 12223 5 CH, twist
12221 |s 1225.5 1234.01m
1223.1 122871 CH. tors. 1235.4 ~1236.
1224.9 2
1248.6 1 ~1252.53 ~1249 b
1234.0 1254.7-m 1260.8
~1256.3 1256.67 1266.7
~1258.9 1258.6 ~1258.9 1264 1271.8
1260.7 | vs 1260.8 | vs CH,, wag. NNN sym. str. 1267.8- m
1262.7 ~1266.7 1262.2] vs 1280.9] m
~1266.8 ~1272.3- 1263.5 1282.8 s 1285.7 NNN sym. str.
~1270.7 1283.3
~1272.2 2 1292.3 ~1289 b
1330.3 1316.5 ~1315.0
1332.6 ~1331.6 1332.5 N=N str. 1317.8 ~1318
1334.5 13189 [m
1319.9
~1339.5b
1349.2 s 1349.2 s 1353.9 s
1343.4] 1349.2 vs 1349.2 vs CH2 wag. 1363.44s 1359.2: 1354.8 CH2 wag.
1343.8 1364.4 1360.0 [m 1356.2
1345.5 1365.6 1361.3 1357.6
1358.1
1361.4 vs
1362.6
1363.1
1365.5 1361.4 1365 2 m
14374 b ~1440 1438.7 1421.9 ~1422 b 1406.7
1443.9 1440.5 1442.7 CH, bend 142391 1429.3 CH, bend
1449.7 .L/AA.LQ] 1442.8 C]-[2 bend 1432.9 m.b
~1729 ~1732.4 m 17215 s CO str.?
~1744.99 s 1742.0 ~1747 m,b
1752.3 s 1748.0
1788.5
2087.5] s 2085.8: 2085.9] s ~2087
~2092.2 2088.3Js | 2087.8
2103.8 s
2113.4 2.1_13_.9] vs | 2112.0 vs N=N str. ~2108 s 2107.94s ~2095.1
2115.6]vs 2117.7 2109.7:I 21021 s
2116.9 2124.8 . 2112.1s
2177 21276 Bands due to anharmonic 2113.9 2115.6 Bands due to
re'sqnlanﬁaNlﬁv'o vmgt ~2117 21168]5 anharmonic
mainly asym. str. 21233 vs 2120.0- vs resonance in-
2127.8 vs volving mainly
NNN asym. str.
2141.0 21375 s 21359]5
~2140.3 2151.4
2152.3 vs 2151‘4:| 2133.
2154.6] 2153.6Js |2153.5s 2163 b
2189.7 m 2185.8 m  [2187.9 m
2191.4
2216.9
2218.0:}m 2218.8-1m |2218.8 ~2219. m,b 2211.3
22226 2201 4 ~2222 m,b 2224, 2222.9
~2253.6 ~2254.1 b 2256.5 C=N str. C=N str.
2258 9

*i) weak bands around 2500 crhand in the range of 2900—4500 chas well as matrix-isolated water and regions of the,®@nds have been omitted;
ii) frequencies grouped in braces show fine structure of the bands; m—medium, s—strong, vs—very strong; the others are weak or very weak; b—broad.
#Underlined frequencies for AzZN/\relate to a previous assignmént.
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and anti species and therefore do not provide a useful basiglative intensities are also found to change, with the higher-
for distinguishing between the two. frequency band being more intense in neon but the lowest,
Most useful for discriminating between the two con- 1721.5 cm?, band having the highest intensity in the argon
formers appears to be the 700—1100 ¢megion. The three matrix.
moderately intense bands observed in the experimental spec- The assignment of the numerous lower-frequency
trum of AzN near 993-997, 928-931, and 873—-878¢m modes, which, in view of the low molecular symmetry, are
respectively(Fig. 2a), are in a distinctly better agreement probably strongly mixed, becomes more difficult. Compari-
with the comparably intense 1006, 938, and 884 tiands ~ son with the AzN would seem to dictate assigning the rather
predicted for the gauche conformer than with the two strongstrong band at 1282.8 cm in solid neon to the Blsymmet-
and one very much weaker anti species bands, computed ¢ stretch, and the absorptions near 1222, 1363, and
lie near 979, 974, and 945 crh. 1424 cm'* to the twisting, wagging, and bending motions of
The previously noted, complex structure in the region ofthe CH group (Fig. 3a).
the asymmetric hlstretch, which is insensitive to the sample ~ We have already commented above that many of the
deposition rate and conditions and which does not changgPectral lines of the matrix-isolated molecules investigated
upon sample annealing or photolysis, is unlikely to be due tdere are unusually broad, and suggested that one explanation
the presence of multiple conformers. The more tharffnight be an awkward fit into the matrix site, preventing the
150 cni * range of the observed bands is way too large to pdormation of a well-developed crystalline structure of the
attributed to matrix sites and suggests that the appearance ¢St matrix in the neighborhood of the guest dopant. Another
the spectrum is due to an intrinsic property of AzN. Theemarkable observation involves the significant shifts of in-
molecule has a lowC,;, symmetry, and the most likely ex- dividual bands from matrix to matrix, and in particular the
planation for the observed multiple strong bands seems to lii2"9€ changes in the band widths and relative intensities. A
in very strong Fermi resonances between theabymmetric possible interpretation of this may lie in the polar nature of
frequency, the CN stretching frequency, and combinationd'® @zide group. In general, matrices tend to stabilize
and overtones of the numerous lower-frequency vibration qstrongly ionic or .polar structure;, apq this stabilization will
modes expected in this region. It should be mentioned that e a strong function of the polarizability of the host atoms or
previous study has also suggested a similar complexity in molecules.

this region even in the gas phase spectrum. A rather weak .Another concluspn is that in a series of annealmg ex
band observed in  all three  matrices aroundperlments and experiments on photolysis of the matrices at

2255-2259 cm?, but absent from the spectra of azidoac- various wavelengths, no appreciable spectral changes were

etone, to be discussed below, is undoubtedly due to the C|Qetected. No new bands appeared following irradiation of the

: . ) ) matrices, nor were there substantial changes in the relative
stretching vibration(Figs. 2 and ). : " . : T :
. .. .._band intensities, and for a given matrix the relative intensi-

For the more complex azidoacetone molecule, with its

. L ties remained consistent from experiment to experiment.
twelve atoms and thirty vibrational modes, more complex

infrared spectra should be expected, making their interpret Overall, the observed spectra can be interpreted in terms of

tion correspondingly more difficult. As in AzN, by far the The azides being isolated in the lowest-energy, gauche con-

: . : : : formation, and no clear evidence of the simultaneous pres-
most intense infrared fundamental in AzC also is predicted tQ P

be the asymmetric Nvibration, computed to lie in both con- ence of several conformers was found.
formers near 2255 cnt (unscaledl Here several structured
bands are also found in this region, the appearance, widt
and splitting of which changes substantially from matrix to
matrix (Fig. 3b). In neon a dominant band appears at  The infrared spectra of organic azides, azidoacetonitrile
2123.3cm? with a much weaker shoulder at 2108 th (N3CH,CN) and azidoacetone ¢€H,COCH;), isolated in
and two much weaker ones at 2163 and 2222tmAll  |ow-temperature solids has been measured by means of
these bands are relatively symmetric, and have widths ifFourier-transform technique in the range from 400 to
excess of 10 cm!. In argon and nitrogen matrices there is 5000 cn 2. A comparative study in neon, argon and nitrogen
not one dominant band, but a more complex structure, withmatrices has shown that most of the observed spectral bands
the strong band appearing to have split into several compaare relatively broad, exhibiting appreciable changes in terms
nents with differing widths and intensities, as can be seen inf band width, band shape, and band intensity from host to
Fig. 3o. host. Significant broadening of the recorded azides bands
Three other bands of the AzC gauche conformer are preindicate an awkward fit of the low-symmetry molecules into
dicted to have appreciable intensities: the CO stretch at 180The solid host, resulting in a wide range of local environ-
and bands at 1340 and 1182 cthy presumably the symmet- ments. Based on DFT calculations of the IR spectra for op-
ric N3 stretch and a CHtwist. These two latter modes are timized structures, the strongest absorption bands observed
possibly strongly mixed, and they are computed to be somefor both compounds were assigned to asymmetric and sym-
what shifted to 1349 and 1241 crhin the higher-energy metric stretches of the Nazide group. Strong Fermi reso-
anti conformer. Experimentally, in all three matrices, twonances involving the Nasymmetric stretch, CN stretch, and
bands are found in the carbonyl region, at 1752.3 anadtombinations and overtones of the numerous lower-
1744.9 cm! in neon, 1747 and 1721.5 crhin argon, and  frequency vibrational modes can most likely be interpreted
1748 and 1742 cm* in nitrogen (Fig. 3b). Besides signifi- as indicative of the strong band splittings occuring in the
cant changes in their frequencies from matrix to matrix, theimsymmetric stretch region of the;Njroup.

h
SUMMARY
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Thermally stimulated luminescen¢&SL) and thermally stimulated exoelectron emissi®SEE
methods were used in combination with cathodoluminescence to probe electronically

induced defects in solid Ne. The defects were generated by a low energy electron beam. For
spectroscopic study we used*Acenters in Ne matrix as a model system. At a temperature of 10.5

K a sharp decrease in the intensity of “defect” components in the luminescence spectrum

was observed. From the analysis of the corresponding peak in the TSL and TSEE vyields, the trap
depth energy was estimated and compared with available theoretical calculations. The

obtained data support the model suggested by Song, that stable electronically induced defects
have the configuration of second-neighbor Frenkel pairs2003 American Institute of

Physics. [DOI: 10.1063/1.1619362

1. INTRODUCTION fects has been proposétowever, to our best knowledge so
far no experimental study of electronically induced defects

Activation spectroscopy is a powerful tool for the study structure in solid Ne exists.

of defects in solid$.Electronically induced defects represent  We applied activation spectroscopy methods to get infor-

a special class of lattice defects created mation on the charge traps related to electronically induced
via an electronic subsystem. The basis for the physics gbermanent lattice defects in solid Ne. The most common

their formation is a concentration of the electronic excitationmethod in use is thermally stimulated luminescefiE8L).

energy within a volume about that of a unit cell, followed by However, interpretation of TSL data is hampered by the fact

energy release. These defects have been actively studied orteat the emission of light may be caused by recombination of

variety of material€~#Atomic cryocrystals with their simple both charged species and neutral species. In these cases the

lattice and well-known electronic structure are especiallyneaning of activation energies derived from experimental

suitable for these studies due to small binding energies inata could be quite different. In order to distinguish between

conjunction with a strong exciton-phonon interaction. Elec-the recombination processes of neutral and charged species,

tronically induced stable lattice defects have been féumd TSL is combined with methods of current activation spec-

solid Ne, Ar, Kr, and Xe using spectroscopic methods introscopy, as demonstrated in recent experiments performed

experiments carried out with a low energy electron beam. Itvith solid Ar®° Thermally stimulated currentf'SC) have

was suggested that the stimulating factor is the self-trappingeen measured along with TSL by Schrimgfal® The

of excitons either into molecular-type self-trapped excitonsmethod of thermally stimulated exoelectron emission

(M-STE) or atomic-type(A-STE) states. In solid Ne the (TSEB enabled us to prove directly that the electrons are the

main channel of the exciton self-trapping is the self-trappingmobile charge carriers responsible for recombination reac-

into A-STE states. The recent state-selective study performeiipns in irradiated rare gas solidsn this study we also used

with synchrotron radiation in the range of excitonic absorp-the TSEE method in combination with TSL to probe elec-

tion n=2I"(3/2) gave direct evidence of the formation and tronically induced defects in solid Ne.

accumulation of point lattice defects via the excitonic

mechanl,fsrﬁ‘. An exqted—state molecular dyna'tm|cs.study of2' EXPERIMENTAL SECTION

the possible evolution of the self-trapped excitons into stable

lattice defects has shown that the self-trapping may result in A detailed description of the experimental procedure is

Frenkel pair creation, and a microscopic structure of the degiven elsewher& ' High-purity Ne (99.999% gas was

1063-777X/2003/29(9-10)/4/$24.00 876 © 2003 American Institute of Physics
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used. The samples were grown from the gas phase by pulsed 500
deposition on a substrate cooled by a Leybold RGD 580
closed-cycle 2-stage cryostat to a temperature of 6 K. The
metal substrate was coated with a thin layer of MgHFhe
gas-handling system was annealed and pumped before the 400
experiments. The pressure in the sample chamber was 6
X 108 mbar. Samples were deposited with concurrent irra-
diation by electrons with an energy of 150 eV, which is in-
sufficient for producing point defects via the knock-on
mechanism. A typical deposition rate was #Qum-s™ 1. We
deposited Ne films of 50-10@m thickness. The sample
thickness and the deposition rate were determined by mea-
suring the pressure decrease in a known volume of the Ne
reservoir in the gas-handling system. The samples had a high
optical quality and looked transparent in the visible range.
Defect levels in the energy gap were probed by measur-
ing thermally stimulated exoelectron emission and thermally
stimulated luminescence. The programmable temperature
controller permitted maintaining the desired temperature dur-
ing sample preparation and irradiation, as well as to control 0
the heating rate. The temperature was measured with a cali- 7 é : é : 1'0 : 1'1 : 1‘2
brated silicon diode sensor, mounted at the substrate. In the
TSEE and TSL experiments the samples were heated at a
constant rate of 1.6 Knin~1. The measurements were per- FIG. 1. Integrated yield of TSL and yield of TSEE taken from solid Ne.
formed in the temperature range 6—12 K. The emission of
electrons from pre-irradiated samples was detected with a
movable Au-coated Faraday plate kept at a small positive .
potential of +9 V. During the measurements it was posi- Scavengers” (@, O, OH, etc), form deep, thermally discon-
tioned at a distance of 5 mm in front of the sample, whichnected electron traps. The electrons from these traps can only
had been grown on a grounded substrate. The current frofe released optically.
the Faraday plate was amplified by a FEMTO DLPCA 100 At low temperature, after the irrac_iiation was stopped, we
current amplifier. The signal was reversed in polarity andobserved a long “afterglow” of luminescence and “after-
digitized in a PC. The total yield of TSL was detected with a&mission” of electrons from the Ne samples. The phospho-
photomultiplier tube(PMT). By introducing a converter of rescence is due to minor traces of impurities. Such an after-
vacuum ultraviolet radiation into visible light we were able 90w has been observed very often in matrix isolation

. 5'16 . . .
to extend the available spectral range and detect TSL frortudies.>*° The afteremission of electrons is assumed to be
800 nm to 10 nm. stimulated by afterglow photons, similarly to the effect ob-

In addition luminescence spectra from nominally pureserved in nitrogen doped solid Ar.TSL and TSEE yields
and Ar doped solid Ne were detected in vacuum ultravioletvere detected after the afteremission and afterglow had gon
(VUV) range under excitation by low-energy electrons. Thel0 completion. During annealing, if there is enough energy to
dose dependence and the influence of heating on the lumigléase the electrons from the traps, they can either recom-

nescence intensity and spectral distribution were examinedPin€ with positively charged centers, with subsequent emis-
sion of light, or they can be detected as a thermally stimu-

lated emission of electrons.
The typical yields of TSL photons and TSEE currents
3. RESULTS AND DISCUSSION taken from Ne samples grown under the electron beam are
shown in Fig. 1. We have found a pronounced maximum in
In a perfect lattice of solid Ne electrons are delocalizedthe TSEE and TSL yields at 10.5 K. In both cases the peak is
and their transport exhibits free-electron behavior, as hasot isolated—the “current curve” and especially the “glow
been clearly indicated in experiments using time-of-fiight curve” exhibit overlapping peaks. Note that the TSEE curve
and muon spin rotation/relaxatiop{ SR)!® techniques. The has a simpler structure. Apart from the main peak at 10.5 K,
second important point is a large mean free path of the cora wide low-temperature shoulder was seen around 9 K. No
duction electrons in cryocrystals of high structural qudfity. intense peaks at the higher temperature side of the TSEE
This makes it possible to use the TSEE method of currenturve were detected. First of all, note the correlation in the
activation spectroscopy for trap-level studies, and one caposition of the main “thermopeak” at 10.5 K in the yields of
expect to get information on the volume traps formed withinboth photons and electrons. The observation of TSL and
the sample under irradiation. In view of the negative electrorTSEE peaks at the same temperature is a clear indication of
affinity E,= — 1.3 eV of solid Né& only such kinds of struc- the common origin of recombined and emitted electrons. The
tural defects as vacancies, vacancy clusters, or pores mapsence of any shift in the peak position between TSL and
serve as efficient shallow traps for electrons. In addition,TSEE is due to the negative electron affinity of solid Ne, i.e.,
traces of impurities, which can be considered as “electrorelectrons have no barrier to escaping the sample. Moreover, a

300

200

TSEE current, pA
TSL intensity, arb. units

Temperature, K
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conduction electron will experience an increase of kinetic 22
energy when it exits the surface. o1
To get information on the trap level related to electroni-
cally induced defects one should analyze the peak at 10.5 K,
which exhibits characteristic dose behavior. One more reason
to consider this peak as related to electronically induced de-
fects comes from the experiments on Ar-doped Ne matrices.
It was shown theoreticalfyand tested experimentaflyhat
the processes of structural defect creation in the system “Ar
atom in Ne lattice”(a model of the A-STE centgare quite
similar to those in pure solid Ne. In other words, an Ar atom
could be used as a “probe” to test the processes in Ne ma-
trix. This system is more convenient for spectroscopic study
because of the sharper structure of the luminescence band.
The lattice expands_ arpund the exmted*Aa:_enter in re- L Ar center in Ne matrix
sponse to the repulsive interaction of the excited electron and Heating
the surrounding atoms of the Ne matrix. After the formation _
of the primary bubble, some of the Ne atoms from the sur- 2 10
rounding environment could be removed from the first sol-
vation shell and fitted into second or third shell, overcoming ol v v o g
the barrier which leads to the defect position. It was found 0 10 20 30 40 50 60
that the second-nearest neighbor vacancy—interstitial pairs Time, min
could evolve into lattice defects thatO remain stable after the ) . ) )
electronic transiton of the A center 1o the ground state. %2 Lumiescence spectum afcemer e mat deected under
The estimated difference in energy of the electronic transisp, . 1s transition, the “b” band to the transition from tH#®, state. The
tions in the primary bubble around Acenter and the bubble temperature dependence of the relative intensities of the defech and
associated with the defect is reported as 105 mheke lu- regular(*2” )cqmp_oner_ﬂs is plotted for both transitions. The variation of the
minescence of At centers in solid Ne in the range of the temperature with time is shown by the curve at the bottom.
electronic transitions frontP, and 3P, states was studied

previously,® and a sharp intensity redistribution was found atysed the TSEE curve for the analysis. Taking into account
10.5 K. In connection with our current study we reinvesti- ihat the high-temperature part of the TSEE curve is practi-
gated the luminescence of Acenters in Ne matrices and its ca|ly free from overlapping, for estimation of the trap depth
temperature behavior. The experiments were carried out WitBnergy E, we used the method suggested by Lushéhik,
samples of better structural quality than bef6t&he lumi-  \yherein only the descending part of a peak in the glow curve
nescence spectrum shown in Fig. 2 consists of two bandg ysed. This method is a version of the half-width method.
“a” and “b” of doublet structure. The “a” and “b” bands |t was supposed that the experimental data could be fitted
have been identified as'P;—'Sy and °*P;—'Sy  using first-order kinetics under the condition of no retrap-
transitions:® respectively. The high-energy component “2” ping. In this case
belongs to the emission from the primary bubble, the low- )
energy component “1” is related to the stable electronically Ei=KTo/ (T2~ Tm),
induced lattice defects, as had been found béfosemea-  whereT,, is the temperature at the maximum of the peak and
suring the dose dependence. The luminescence band differ;, is the temperature on the high-temperature side of the
ence between “1” and “2” components in the spectrum is peak corresponding to half the maximum intensity. The value
about 100 meV, in good agreement with theoretical data.of E, estimated by this method from the TSEE experiment is
Upon heating the samples we observed some increase in t® meV. This value is in good agreement with the barrier
relative intensity of the defect-related component “1” for height calculated by Sordor the formation of the second-
both transitions. As the temperature reached 10.5 K, the imeighbor Frenkel pairs—the stable configuration of the elec-
tensity of the defect components related to the electronicallyronically induced defects. This barrier prevents vacancy—
induced defects decreased drastically. A subsequent cycle pfterstitial pairs from annihilation at low temperatures. Upon
irradiation at low temperature restored the intensity distribu-annealing the traps disappear, and we observe emission of
tion in the luminescence spectrum of the*Acenter. The the electrons. The agreement of the activation energy of the
temperature dependence of the relative intensities of th@trinsic electron traps reported here with the energy of ther-
components for the singlet—singlet and the triplet—singleally activated recombination of the Frenkel pairs seems to
transitions is shown in Fig. 2. The observed intensity redisbe a strong argument in favor of the configuration of stable
tribution could be interpreted as annealing of the electronielectronically induced defects suggested previolsiote
cally induced defects. Note that sharp changes in the lumithat the vacancies in the Frenkel pairs serve as the electron
nescence spectra of solid Ne at 10.5 K have also beemaps.
detected in experiments with x-ray irradiatibh. We thank Profs. K. S. Song and G. Zimmerer for valu-
Because the peak at 10.5 K in the TSL curve taken fromable discussions. Financial support from the Deutsche Fors-
solid Ne is strongly influenced by overlapping peaks, wechungsgemeinschaft through the program’fdrung der
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Monte Carlo simulations of krypton adsorption in nanopores: Influence of pore-wall
heterogeneity on the adsorption mechanism
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We present molecular simulation results of the adsorption of krypton in a model of the
mesoporous material MCM-41. The adsorption isotherm and adsorption enthalpies are studied at
77 K. Comparison of the experimental and simulation data allows us to analyze how the
available interaction model&kr—Kr and Kr—wallg are able to reproduce the experimental
situation. The role of the heterogeneous interactions versus the homogenous model is

studied and compared with the previous simulation results of nitrogen adsorption in MCM-41.
The results show that a model of ideal cylindrical pores gives qualitatively and
quantitatively different results. A distribution of the adsorption sites must exist to explain the
loading at low pressuréelow capillary condensationSuch a distribution in MCM-41

is a consequence of inhomogenous walls that contain a wide variety of attractive sites ranging
from weakly attractive silica-type to highly attractive regions. In our simulations the

MCM-41 structure is modeled as an amorphous array of oxygen and silicon atoms, each one
interacting with an adsorptive atom via the atom—atom potential. The distribution of

the adsorption sites is merely a consequence of the local atomic structure. Such a model of the
wall reproduces the smooth increase in loading seen experimentalB008 American

Institute of Physics.[DOI: 10.1063/1.1619363

1. INTRODUCTION lyze the capillary condensation phenomenon and to deter-
o . mine the phase diagram of the confined capillary phase.
An application of computer modeling methods to studyqvever, the mechanism of the adsorption depends strongly
adsorption in pores is strongly dependent on the interactiogy, the detailed structure of walls on the atomic level. The
model, in particular, the interaction of the adsorptive with theamorphous structure of the pore material produces a distri-
walls of the aQsorbent. MUCh, of the work has been P€yution of adsorption sites and makes the interaction with the
formed using simple models with regularly shaped pores angl 5| inhomogeneous. The recent simulatiboé nitrogen in
smooth walls. However, there are relatively few real adsory},o pores of MCM-41 have shown that the only way to re-
bents that conform exactly to either of the reguleylindri-  5qyce the smooth increase in loading seen experimentally
cal and slii shapes. A strong mﬂuenc_e of th_e pore geometryIs to use a model with a heterogeneous surface.
on the thermodynamics of systems in confined geometry is |, the present paper we model the krypton adsorption in
well known? It is obvious that the discrete structure of walls nanopores. Krypton is an example of capillary solidification
must play a role in the adsorption mechanism, especially iny temperatures where the sorption isotherm can be
uItra-_mlcropores, where the average diameter is few timeg,qasured Here we carry out an analysis of the influence
the size of the. adsorbate. ) . . of the krypton—wall interaction on the phenomena. It is the
The material MCM-41, synthesized in 1992, is @ modelfirt step toward understanding the mechanism of krypton
nanoporous material with a narrow pore distributi@rth @ 54sorption in the MCM-41 material. We analyze the influ-
mean diameter in the range 2-10 nemd straight uncon-  gnce of the random distribution of the adsorption sites on the
nected channels. These features are of particular interest b&dsorption isotherms. The source of the heterogeneity and

cause they make it an ideal model as well as a practicalysorption sites distribution is the atomic matrix disorder of
adsorbent. Adsorption isotherms have been measured ferq amorphous walls of the MCM-41 material.

many different adsorptive'sThey are generally of type IV in

the IUPAC classificatioR, showing a strong affinity of the

fluid for the pore at low pressure, followed by a gradualz' THE INTERACTION MODEL AND THE SIMULATION

: . . METHODOLOGY

increase in the amount adsorbed up to a sharp capillary con-

densation. Except for a few cases, the desorption branch of The MCM-41 structure is modeled as a disordered array

the isotherm follows a different path from the adsorptionof oxygen and silicon atoms, each one interacting with an

branch. adsorptive atom via the potential based on the model pro-
Therefore, the MCM-41 samples are very suited to anaposed by Pellengt al® The skeletal density is assumed to be

1063-777X/2003/29(9-10)/3/$24.00 880 © 2003 American Institute of Physics
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the same as that proposed by Maddwal.! being of 27T N

sites(_Si atom_$ per_cubic_nanometer for the_ solid MCM-41 600 I — N

material. Having this decided, we created disordered pseudo- ~

hexagonalT-site bulk structure wherein we randomly in- 900 - Kr (MCM-41)

serted oxygen atoms with the constraint that the Si—O dis- 400 |-

tanced=1.61 A. Then we formed the pores by removing all T=77K,D=404A

the atoms within the assumed pore diamdberand wall 300~ /AA

thicknessW. The simulation results presented in this paper 200 |- e — m— Simulations

correspond to a single pore wih=40 A andw=10 A. 100{

We have not included interpore interaction because the —A— Experiment

fluid—fluid interaction between atoms in adjacent pores : ' : . l
0 0.5 1.0 1.5 2.0 25

proved to be negligibly small for a wall thickness of 10 A.
The Kr—Kr and Kr—wall(Kr—0, Kr—Sij) interactions in-
clude dispersion and repulsive short-range contributions. N@IG. 1. Experimental and simulated adsorption isotherms. The amount ad-
induction energy has been used. The model based directly @9rbed is given in units of number of atoms per volume of the Monte Carlo
the parameters taken from Pellenq and Lévitzned out to box.
give Kr—wall energies much smaller than the values reported
experimentally. This fact was reflected in the adsorption be
havior, which was more like of type Ill in the IUPAC
classificatior?. Therefore, in order to reproduce the experi-
mental enthalpies of adsorption, we have increased th
strength of the interaction by a factor of 2. Such a model ha

g|ver; rel?s onart]) Ie;gtrg emle?t W'.th th? e?fpirltr;er!tazl me?sur at below the pore condensation pressure. The pressure itself
ment, although additional “engineering” of the interaction ;. c\icc 4 towards lower values.

parameters will be needed to reproduce Kr in the MCM-41 The adsorption enthalpy as a function of the loading

material. . o - : . .
: . ives additional insight into this probleiisee Fig. 2 The

‘I:[he tvvgll s;lgfacg d r.out?]hn’(\a/lss tls (t:ake& Cmtg account. VV%xperimental data show energy uniformly decreasing in the

constructec a grid in the Monte CarlC) box (a pore range from 0 to 40% of the maximal loading. The calculated

of _d|ameterD=40 A’. \.N'th axial _IengthL_= 25 A, and peri- curve, however, shows a local maximum at about 25% load-
od_|c bqundaw conditions The interaction energy at each ing. This is a consequence of our wall structure and the dis-
grid point hag been precalcglated and a linear 'merpom'c_l&ibution of the adsorption sites as discussed above. The Kr—
was u_sed during the simulation runs to calculate the off-gri all contribution to the total enthalpyFig. 2 shows
Gisrioution of the adsorpton ites strongly peaked aroungierent slopes above and below the enefsy — 1000 K.
E..——1000 K with the half-width equal to 500~700 K. his value corresponds to the maximum of adsorption site

This feat o h . tant i t on th istribution.
IS Tealure seems fo have an Important Impact on the at- tpq jnf ence of the strong corrugation seems to have an
sorption mechanism, as is illustrated below. However, cur-

i d h K led ¢ . tal dat teffect on the microscopic states in equilibrium and on the
rently we do not have any knowledge ot experimental data 1, e chanism of the transformation. During the simulation runs
compare with our theoretical distribution.

Th tional d ical MC ble h we have observed different metastable configurations that
b € clpndve_lr_lhloneth gran lcta}nong)ca . enser(;]t eb a3¥xisted as intermediate states. As an example we present the
een applied. Thus the simulation box IS assumed 10 b 1§, 15t fluctuations of the number of atoms in the MC box
equilibrium with the bulk gas, which obeys the ideal gas Iaw.When the system is undergoing the capillary condensation

Tt”al movzs mcIudei t;ans_,la:.tlonstof atons., |n|sert|on 0]; new Fig. 3. It clearly shows an intermediate, metastable state,
atoms, and removal of existing atoms. 1ypica run56con aN€Pefore the pore condensation is completed. It represents the
a minimum number of MC steps of the order of°1(er

atom. The main results are extracted from the previously

Pressure, mbar

the model. The former one mirrors the differences in the
Kr—wall interaction, in particular, in the distribution and en-
ergies of the adsorption sites on the MCM-41 walls. The
Sdsorption isotherm calculated for the ideal cylindrical pore
that is with a&like adsorption site distributignis totally

equilibrated runs. The equilibration runs give information 2000
concerning the kinetics of the transformations observed in
the system. « 1500 —

A a, TONReee
3. KRYPTON ADSORPTION AT 77 K S 1000 Aa .

Our first task was to compare the adsorption of krypton & —_ :(m”[?t'onf N

in ideal cylindrical and corrugated pores. Figure 1 shows the 500, W:Iﬁ?(TfSnimul ) \A
simulated adsorption isotherm in the corrugated pore. It re- ' \‘A—LA
produces the experimental data in a reasonable way. How- ! !
ever, the slope of the simulated isotherm is flatter than the 0 20 40
experimental one below the pressure of the capillary conden- Loading, %

sation, and the caplllary condensation occurs much more ra IG. 2. Enthalpies of a adsorption as function of loading. The numerical

iF“Y- The latter dif_‘fere_nce is usually e_xplaineq by a diStribu_' results show the total enthalpy and, separately, the contribution from the
tion of the pore size in the real material that is not present iratom—wall interaction.
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isotherm is understood and observed in many systems. The
hysteresis of the adsorption—desorption curve, observed ex-
perimentally, is the most evident proof. However, our simu-

lation shows that the inhomogeneous wall structure induces

Capillary condensation

500 I \

400+ Metastable state additional, short-lived metastable states that may affect the
mechanism of condensation and other phase transitions. Thus
300 we conclude that the heterogeneous interactions not only are
responsible for the form of the adsorption isotherm, they also
200 L . affect the mechanism of the phase transformations in the
o 1 2 3 4 5 6 7 8 system.

MC steps (in millions) The interaction model used in this paper requires addi-
tional refinement. It seems that there are no potential param-
FIG. 3. The fluctuations of the number of atoms in the simulation box as gytarg describing the atom—wall interaction which are trans-
function of the Monte Carlo steps, at the capillary condensation pressure. . . .
ferable between different pore systems, even if they are built
from the same atoms and similar basis uf&-O bonds in
formation of a second layer, which exists only within a lim- our casg¢ The most probable cause is the electronic states of
ited time of simulation. Instead of stabilizing it, the systemsurface atoms modified by local imperfections of the chemi-
undergoes a transformation into the condensed phase. ~ cal bond structure.

4. CONCLUSIONS *E-mail: kuchta@up.univ-mrs.fr

The results presented here show the profound influence———

of a corrugated wall structure on the mechanism of adsorp-
tion. The example presented here shows that it could affecfx-gs\;’%- Maddox, J. P. Olivier, and K. E. Gubbins, Langmuig, 1737
the proflle of a.m _adsorptlon |soth§rm and, the enthqlpy Of2F. Rouquerol, J. Rouquerol, and K. Singdsorption by Powders and
adsorption. This influence is particularly important in the porous SolidsAcademic Press, Londai1999.
range of pressures below the capillary condensation. ThéJ. P. Coulomb, Y. Grillet, P. Liewellyn, C. Martin, and G. Andre, Proc. 6th
slope of the adsorption isotherm is determined by the distri- '1”;-7 Conf. Fundamen Adsorption, F. Meuniéd), Elsevier(1998, p.
bution Qf the _energles of th? adsorption sites. This reSlU|t 1S4 p. Coulomb, N. Floquet, Y. Grillet, P. Llewellyn, R. Kahn, and G. Andre
compatible with the conclusion reported by Maddetxal,, in Studies in Surface Science and CatalykisK. Unger (Ed), Elsevier
where a heterogeneous interaction model was used to repro42000, p. 235.
d ; ; ; 5R. J.-M. Pellenq and P. E. Levitz, Mol. Sim(ih press.

uce the experimental form of the adsorption isotherm of '

nitrogen in .the MCM-41 system. _ This article was published in English in the original Russian journal. Repro-
The existence of metastable states along the adsorptiafuced here with stylistic changes by AlP.
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