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According to modern theory, space is isotropic with respect to optical phenomena.
On this basis it is generally acceptdatiat the refractive effect of a condensed medium on
light waves propagating in opposite directions is sahridowever, one would like to
have better experimental grounds for this view.

The problem is that thus far a direct comparison of the refractive properties of a
medium for oppositely propagating light beams has been made with accuracy no better
than ~3-10° (see the article by Aragn According to the results of observations of
stars through an achromatic glass prist, the accuracy stated the index of refraction
does not depend on whether the light source is located in front of or behind the prism in
respect to the Earth’s orbital path.

Measurements of the change in the polarization of counterpropagating light beams
passing through a tilted glass plate were made in Refs. 4 and 5, and the corresponding
refractive indices were calculated from the data with the use of the Fresnel fortiulas.
Although similar methods were employed in those studies, their results are contradictory.
According to Fizeau's dathjf one beam propagates eastward and the other propagates
westward, then the “counter” refractive indices atdéferent and the differencén is
time-dependent and reaches1® *. But Bracé€ asserts, on the basis of his own mea-
surementgwhose error is equivalent thn~4-10°), that the “eastward” and “west-
ward” refractive indices arédentical

General speaking, it has not been ruled out that various factors can affect the isot-
ropy of the observed optical processes. For example, it is assumed in the above-
mentioned papers that optical isotropy may be affected by rapid mtias.is well
known, the theory of relativity postulates that there is no such effect, but a postulate is not
a proof. Only experiment can reveal how well the postulate corresponds to reality.

It was shown above that the aforementioned experimental results concerning the
refraction of light are at variance with each other even in the fourth decimal place. In
addition, they were obtained only for a few preferred azimuths. More accurate experi-
ments could clear up this situation. This letter describes one such experiment.
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FIG. 1. Diagram of the experimental apparatusi— incandescent lampS — slit 10 um wide; O; —
achromatic objective with a focal length of 1.5 Mi;— K-8 glass prism with a refraction angle of 65F;—
glass triple prism; the light beam reflected by this prism is 5 cm in diamites- flat half-transmitting mirror,
the back side of which is coated with an antireflection coatig; — flat mirror with a nontransmitting
aluminum coating;R — movable glass plate with a ruled line @m wide; O, — eyepiece with 108
magnification;P — turntable.

The idea of the experiment is as follows: Let a light beam pass through a refracting
prism and then turn it by an angle of precisely 180°. Then the light will once again pass
through the prism, but this time in the opposite direction. If the counter refractive indices
are identical, then the counterpropagating beam will remain collinear with the initial
beam even after the prism. Otherwise a deviation from collinearity proportion&hto
will appear. The problem will ultimately reduce to detecting this deviation, which can be
done with high accuracy. The angular dependencarofcan be determined by varying
the spatial orientation of the optical scheme discussed above.

As we can see, such a scheme makes it possibiee@msureAn directly (while in
previous investigations this parameter had taaleulatedusing data on the values of the
counter refractive indices The effect of the identical parts of the counter indices is
automatically compensated here. This sharply decreases the effect of the instability of the
external conditions on the final results.

The main elements of the experimental arrangement are shown in Fig. 1. An electric
lamp L, which illuminates a narrow sli§ located in the focal plane of the objective
0O, serves as the light source. The parallel beam formed by this objective is refracted by
the prismV and enters a high-quality triple prisim i.e., into a corner reflector with three
mutually orthogonal faces. It is well known that a beam incident on such a reflector is
always turned by 180° irrespective of the angle of incidence. The reflected light passes
through the prisnV in the opposite direction and is focused by the objec@®ye Then,
part of the reflected light exits through the half-transmitting mitbr and is spatially
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separated from the initial radiation. The mirids is inserted into this scheme in order to
decrease the dimensions of the apparatus.

A thin line engraved on a plane-parallel pl®serves as a reference for determining
the angular position of the beam which has passed twice through the prism. The reference
line is located in the plane where this beam, when focused, produces an image of the slit
S The plate is secured to a carriage that can be moved with the aid of a micrometer screw
so as to make the line merge with this image. The merging of the image and the line is
monitored visually through an eyepie@ with a large magnification. All elements are
placed on a turntabl® so that the orientation of the apparatus can be changed without
rearranging the elements.

If space is anisotropic to some degree and the counter refractive indices are therefore
unequal, then a rotation of the apparatus will be accompanied by a shift of the image of
the slit. Indeed, suppose that for a certain position of the apparatus refractive index for
the “backward” direction is greater than for the “forward” direction. In this situation
the deflection of the backward beam by the prismgnsater (by an angleA ¢) than that
of the initial beam. A rotation of the entire apparatus by 180° reverses the orientation of
the beams. Correspondingly, as a result of this operation the backward beam will be
deflectedessthan the initial beam by an amoufatp. The objectiveD,; (with focal length
f) converts angular deflections into spatial deviations. Therefore if the image of the slit is
initially shifted by a distanc&Ax=fA ¢ from the point that it would occupy in the case
An=0, then in the second position the displacement from this point eguabs. There-
fore a rotation of the turntable by 180° should result in a shift of the imagefy. 2

It is easy to determine how such a shift is related\to. We use the fact that the
index of refraction is

n=sin al/sin B3, (1)

wherea andg are the angles between the perpendicular to the interface of the media and
the refracted rays measured on different sides of this bourdaour case the surface of

the prism). In the apparatus described above, the prism was placed in the position of
minimum deflection. In this case, as is well known, light passes straight through the
prism parallel to the base. The corresponding geometric construction giveg2 and
a=(¢+7y)/2. Herey is the refracting angle of the prism agdis the angle by which the

light beam is deflected by the prism. Differentiating Ed) after substituting these
relations gives

cosa Age \1—n? sir(y/2) Ax
An=—— —= . —. 2
sing 2 2 sin(vy/2) f

The last expression in E@2) is obtained by substituting Eq1l) and using the relation
betweenA¢ and Ax. Substituting here the known characteristics of the apparatus
(y=65°, n=1.52, f=1.5-10? cm), we getAn=3.6-10"3 cm - Ax.

It is obvious that the smallest observable valueAafis determined by how stable
and reproducible is the position of the reference line with respect to the focused backward
beam. In the scheme discussed above, instability can arise only on account of an uncon-
trolled variation in the relative positions of the eleme8tdM;, andR. To prevent this,
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FIG. 2. Results of the determination Afn as a function of the angle of rotation of the turntable.

these elements were secured, at small distances from one another, to the same rigid metal
body, which was thermally insulated and also shielded from magnetic and electric fields.
All other optical elements were covered with a sheath made of dense paper. Of course,
the reinforced concrete walls of the building housing this apparatus also served as a
shield from external perturbations.

Preliminary experiments showed that the angular position of the beam of interest to
us can be most accurately followed according to the diffraction pattern produced when
the beam strikes the reference line. The symmetry of this pattern, observed 0.5 mm from
the line through the eyepie€®,, is so sensitive to transverse shifts of the line relative to
the center of the light field incident on({&nd comparable to them in widtthat shifts of
~0.1 um are easily observable. Of course, the shifts must be recorded with an error
which is just as small. To achieve this, the carri&earrying the plate was oriented so
that the carriage movedsinder the action of the micrometer sciemimost parallel to the
reference line: The angle between them wak®. Under these conditions the motion of
the carriage is accompanied mainly by a longitudinal displacement of the line, which
does not change the position of the line relative to the light field under study. The shift in
the transverse direction is 60 times smaller. Ultimately, a displacement of the micrometer
thimble by 1 mm corresponded to a transverse shift of the line by only.th2this made
it possible to perform quite accurate measurements.

The apparatus described above was used to firdor different positions of the
turntable (separated from one another by 20°). In each position the reading on the
micrometer thimble for which the line coincided with the center of the image of the slit
was determined 10 times. After each measurement the reference line was shifted side-
ways, and a new determination was started.

The averaged results of the measurements are presented in Fig. 2. The figure also
shows the standard deviation of the measurements. The position for which the initial
beam passes through the prism in the northward direction was taken as the zero angle of
rotation of the turntable. An angle of 90° corresponds to an eastward orientation of this
beam. The units of measurement dk are plotted along one ordinate and the corre-
sponding values oAn are plotted along the other ordinate.

As we can see, the recorded deviations of this parameter from zero do not exceed the
measurement error5-108). Hence it follows that, at least to this accuracy, space is
isotropic with respect to the refraction of light.
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33pecifically, this assumption is widely used in phase-conjugation theory and prémtiee for example,
Ref. 2.

bt was assumed that the Earth moves with a velocity of 30 km/s along a circumsolar orbit. Later it was found
that the Sun itself moves even faster: Its velocity<i400 km/s®
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The efficiency of conversion of the heat flux into hard x radiation
(HXR) is analyzed, via time-dependent two-temperature one-
dimensional non-LTE-radiation-hydrodynamic numerical modeling, for
a heat-to-radiation flux converter linked to the edge of a low-atomic-
number hot Z-pinch. The domain of parameters in this scheme is found
where about the same HXR yield can be achieved at values of input
energy which are an order of magnitude lower than in the conventional
scheme of a radially imploding plasma. €997 American Institute of
Physics[S0021-364(17)00207-7

PACS numbers: 52.25.Nr, 52.55.Ez

FORMULATION OF THE PROBLEM

Pulsed Power Generator-based Z-pinch plasmas have proved to be an effective and
prolific source of soft x ray$SXR).! Here a multiwire array approach to creation of a
high-Z plasma provides a high efficiency of conversion of magnetic energy into SXR
blackbody radiation. An alternative approach, the magnetic pressure-driven acceleration
of a hollow heavy-atom plasma cylindéhe linej and transformation of the kinetic
energy into Z-pinch plasma thermal energy and radiation yield in the spectral region of
the L-shell and K-shell transitions in heavy atomfAr, Kr, Xe) is now under
investigatior? These energy conversion schemes have limited control of the redistribu-
tion of the radiation flux over the spectruspecifically, toward the hard x raysiXR)).

The latter takes place because of the rather slow energy transfer from hot ions to cold
electrons, which results in a long lifetime of ionization states where multiple transitions
in L-shell and higher-lying atomic shells dominate. The necessity of making the emitted
x-ray spectrum harder, as required for a number of scientific and technological applica-
tions which are currently being actively discussed, makes it worthwhile to seek ways of
(i) speeding up the ionization process in the HXR radiator, (@ndhaving more freedom

in increasing the electron densitgnd HXR intensity, respectivelyn the HXR radiator.
Pursuing these goals suggests the following two-step progression of energy:

1) producing and heating the electron plasma in a conventional Z-pinchrmitth
mal radiation losses, and

2) fast “transfer” of the resulting high electron temperature to a converter taken in
the form of a conventional target which is linked to the edge of the Z-pinch pléisena
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FIG. 1. Evolution of the electron temperature profile in the Z-pitmf the left from vertical dashed line; the
Z-pinch axis would be a horizontal lipeand the convertefon the right W =1.25 MJ, M ,4=0.8 mg,
I=0.5 cm,Minei=1mg,L=2.5 cm,S=1 cnt, Té?,fch=15 keV. Solid curve, 1 ns; dashed curve, 4 ns; dash-dot
curve, 10 ns.

the target is situated at the point where the edge of the cylindrical Z-pinch stops at its
stagnation stage, cf. Fig).1

The time ordering of the above two processes is possible because of strong tempera-
ture dependence of thermal flux TZ’Z) caused by electron heat conduction. This scheme
appears advantageous in the following aspects of energy progression. First, the energy
cost of atom ionizatiorE,,;,, i.e., the sum of the ionization energies and the ion and
electron thermal energies required to reach the He-like stage of the relevant element of
atomic number Z, appears, for rather large Z of the radiating plasma, to be smaller, due
to smaller losses on excitatioland subsequent radiation emisgiaturing ionization.

And, second, the profit in decreasing thks,, value is closely related to the faster
reaching of the relevant degree of ionizatig®., lower “time cost” of a He-like ion
due to higher electron temperatures at initial stage of producing the radiating flefsma
the thorough investigation of the time-dependent kinetics effects in Ref. 2

In this scheme the “load function” is separate from the conversion of thermal
energy into radiation flux. Such a separation broadens the possibilities for the
“generator—load” matching. Indeed, the use of a light-atom gas liner instead of heavy-
atom gas lineftypically, krypton allows (i) the formation of a thicker liner and thus the
achievement of a more stable regime of compression,(@nhtdmatching” of the gen-
erator and load system with more freedom, because of weaker constraints imposed over
the implosion velocity. This freedom makes it possible to optimize the radiation yield by
varying the density of the radiating plasma.

The present approach called the “Liner—Converter” scheme has been originally
proposed in the Kurchatov Institdtdor conversion of heat flux into SXR radiation.
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However it appears that this scheme is most valuable and efficient precisely for the
conversion of heat into HXR radiation.

INPUT ENERGY THRESHOLD FOR PRODUCING A RADIATING PLASMA IN
THE CONVERTER (“ROUGH” OPTIMIZATION OF THE CONVERTER)

A rough estimate of the energy required for producing a radiating plasma in the
converter can be made, assuming approximate equalization of the temperatures in the
Z-pinch and convertef“pinch—converter thermalization)’after a short stage of target
ionization and heatingthis approximation is suggested by numerical simulation results;
see Fig. 1 and the next sectjoiNeglecting the radiation losses during thermalization
stage, we arrive at a simple relationship between the following paramwéiﬁh, the
initial thermal energy of the Z-pinch plasnf@m MJ); M4, total mass of the gas in the
converter(in mg); A, the atomic massTf)?,Zch, the initial electron temperature in the
Z-pinch;Tﬁgc)j, the initial electron temperature in the converter at the HXR emission stage
(or, equivalently, final temperature in the Z-pinch and converter at the thermalization
stage (in 10 keV unity; 20}, the initial average charge of the converter plasma at the
HXR emission stageE,,=0.04%(Z—2)/10]%, the minimal energyin 100 keV unit3
required for producing a He-like ion for an atom of atomic numBei.e., the sum of
respective ionization potentials

Wi 1= T T 1)~ 9.6(M ag/ A[ 1K ZoY10) T2+ Eign], (1)

inc pinc

where we omitted the losses to atomic/ionic excitation during ionization because of their
relative smallness, as mentioned above.

The optimal value oZ{%, for HXR radiating convertefin K, lines) should be close
to the atomic numbeZ (specifically,Z{®)~Z—2). The value of optimaZ can be evalu-
ated from the fact that the relatively slow evolution of temperatures and ionization bal-
ance at the HXR emission stage makes the valug&gfandT(%), related to each other
in a way which scales rather close to the coronal equilibrium average chi@jgat a
temperaturel (cf. Ref. 4.

Using Eqg.(1), one may evaluate optimal mabk, 4 of the converter gas for given
values of optimal temperature and atomic numbef he latter values are determined, in
turn, by the desired spectral range of the radiation. Thusffor-10 keV (and corre-
spondingly,Z>30) a krypton slab seems to be an optimal converter. Here, one has
T{9)~1, and Eq(1) gives M g~ Wi

NUMERICAL SIMULATIONS

For evaluating the efficiency of the Liner—Converter scheme and comparing it with
that of the conventional Z-pinch scheme, numerical simulations are carried out for both
these schemes, for various values of input energmeequivalently,Wf)?gC,Q, with the
help of numerical code SS{®Ref. 5, which treats self-consistently the level population
kinetics, radiative transfer, and gasdynam(ese also Ref.)6

The HXR yield is calculated in a certain spectral region, integrated over certain time
interval At,,4. The radiation kinetics allows for the ionization states from Ne-like to
H-like ions. For H-, He- and Li-like ions the excited atomic levels, up torikeb level,
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FIG. 2. Spectral distribution of radiation flux from free surface of Kr convertéra ns(in double logarithmic
scalg for | =0.2 cm and all other parameters from Fig. 1.

are taken into account, with allowance for the fine structure of thée®els in the Li-like

ions. Each line is covered by at least a 15-point spectral mesh. We present here the results
of calculations which do not allow for gasdynamics. The simulations are carried out for
the following conditions:

a) conventional Z-pinch scheme: plasma colutaylinder, lengthL, squareS) of a
heavy-atom gagkrypton, total mas ,y);

b) Liner—Converter scheme: plasma sléticknesd) of a heavy-atom garypton,
total massM ¢ linked to plasma slab of a light-atom gésitrogen, total mas#/ ynep,
initial electron and ion temperatur‘ég?gch). A slab geometry of the Z-pinch plasma is
chosen in order to simplify the simulations, though the final results for the radiation yield
are presented for an equivalent cylindrical geometry with the same cross sedidhe
Z-pinch.

The results, are presented in terms(iofthe spectral distribution of radiation flux
(for the Liner—Converter scheme at specific tirhe,6 ns, shown in Fig. 2 (ii) time-
integratedfrom zero to a current time and frequency-integratdffom zero to a current
value w) radiation flux, Q,,(t,w) (for the Liner—Converter and conventional Z-pinch
schemes shown in Fig)3and(iii) time-integrated HXR yieldQ,xgr, which allows for
the photon energiebw>12.5 keV(see numbers below

The input and HXR output parameters in the case of a 60-MA driver are as follows:

a W9 =10MJ, M, =15mg, L=5cm, At,~=10ns, S=1cn?, Quxr

pinch™
=890 kJ; andS=4 cn?, Quxr= 84 kJ;

b) Wi=10MJ, M =4 mg, 1=0.4 cm, Myne=4 mg, L=5cm, S=1cn?,
T{her=30 keV, Aty,g=10 ns, Quyg=1.6 MJ.
Under conditions of multi-megajoule driver both numerical simulations and semi-
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FIG. 3. Spectral distribution of time- and frequency-integrated radiation €y at t=10ns (\Né?rzch
=1.25MJ) for the Liner—Converter schemeM(=0.8 mg, 1=0.2 cm, Mp,,=1mg, S=1 cn?, L
=25 cm,Té?,}ch: 15 keV) (solid curve and the conventional Z-pinch scher(d ,;=1.9 mg,L=2.5cm,S
=1 cn?) (dashed curve

analytical estimates show that both the Liner—Converter scheme and the conventional
Z-pinch scheme attain the optimal regime of HXR emission within their own frames,
though radiation yield in the conventional scheme appears to be more sensitive to the
degree of plasma compression. Thus, in the conventional scheme a 70% population of
He-like ions is achieved foB=1 cn? and S=4 cn? at the 5th and 8th ns, respectively,
whereas for Liner—Converter scheme this happens at 1 ns. With decreasing input energy
the efficiency of emission of the ener@xg during relevant time period~€10 ns) in

the HXR spectral region#{w>12.5 keV) in the conventional Z-pinch scheme goes
down faster(and scales approximately &°) as compared with the Liner—Converter
scheme(where it scales a®Q). The following comparative example illustrates this phe-
nomenon. In this domain of lower input energies the Liner—Converter scheme attains its
threshold for the optimal HXR radiator, whereas the conventional Z-pinch scheme fails to
do the same:

a) Wiy=1.25 MJ, M =19 mg, L=2.5 cm, At,q=10ns, S=1cn?, Quyr
=21 kJ; andS=2 cn?, Quyr="5 kJ;

b) Wh=1.25 MJ, Mq=0.8 mg, Mpncri=1mg, L=2.5cm, S=1cn?, T,
=15keV, At,,=10ns,[=0.2 cm, Qpuxr=82 kJ; andl =0.5 cm, Quxg=31 kJ.

It should be noted that omitting the low-Z ionization states beyond Ne-like ions
substantially overestimates the radiation yield in conventional sch@feRef. 2,
whereas the values @uxg in the Liner—Converter scheme are much less sensitive to
this approximation.

It follows that in Liner—Converter scheme about the same HXR yield can be
achieved at values of the input energy which are an order of magnitude lower than in the
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conventional scheme. This makes the Liner—Converter approach a sound candidate for
designing a Pulsed Power Generator-based HXR source in the range of moderate input
energies.

The authors are grateful to Drs. Yu. K. Kochubey and P. D. Gasparyan for making
it possible to use their numerical code SS-9.
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Characteristic features of the phosphorescence of the
complex “naphthalene-d8— pB-cyclodextrin” at 77 K
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It is found that the phosphorescence of naphthalene-d8 in an inclusion
complex in crystalling3-cyclodextrin at 77 K differs substantially from
that of frozen homogeneous solutions: The vibrational structure of the
spectrum is better-resolved, the Stokes shift in the spectrum is smaller,
and the lifetime is longer than the values known previously. Similar
effects are observed for naphthalene-h8 and phenanthrend.99@
American Institute of Physic§S0021-364(1®7)00307-]

PACS numbers: 33.50.Dqg, 33.20.Tp

Intense fluorescence and phosphorescence of glassy solutions of aromatic molecules
(AMs) are observed under photoexcitation. The luminescence spectra consist of wide
bands with a weakly resolved vibrational structdire.

The low resolution of the structure of the absorption and luminescence spectra of
aromatic hydrocarbons in glassy matrices is due to inhomogeneous broadening which
arises because the random arrangement of the aromatic molecules relative to the solvent
molecules in glassy matrices makes for a wide energy distribution of the local fields
produced by the environment of the aromatic molecules. The use of a molecularly orga-
nized system could give a more uniform environment around the AMs and a correspond-
ingly narrower distribution over local fields than in homogeneous solutions. This letter
examines an organized system in the form of inclusion complexes of AMs in
B-cyclodextrin with a subsequent organization of the cyclodextrin into a microcrystal.

Cyclodextring(CD) are cyclic formations which have the form of a truncated hollow
cone and consist of glucose units connected with one another by oxygen bridges:
-, andy-CD contain 6, 7, and 8 glucose units, respectively, with cavity diameters of 5.7,
7.8, and 9.5 A. The presence of a hydrophobic cavity and a hydrophilic outer surface
enables CD to form stable inclusion complexes with nonpolar molecules in an agueous
medium® Aromatic molecules in a CD cavity acquire, as a result of specific actions, new
properties, including room-temperature phosphorescEficelowever, in such com-
plexes long-lived phosphorescence, whose spectra and lifetimes are close to those ob-
served in frozen homogeneous solutions at 7% Kxists only in the case when the
cyclodextrin is organized in the form of microcrystals.

Our objective in the present work was to compare the phosphorescence spectra and
lifetimes of octadeuteronaphthalene in homogeneous frozen solutions and in molecularly
organized systems at the same temperature 77 K. Diethyl ether, cyclohexane, and hexane
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were used for the homogeneous solutions. The molecularly organized systems consisted
of the following: @ an aqueous solution of the complex “naphthalene#l&D;” b) an
inclusion complex of naphthalene-d8 in a crystal hydratg84ED in water; and, ran
aqueous suspension of microcrystals prepared by adding cyclohgacpitani to an
agueous solution of the complex naphthalene8&D.

The phosphorescence spectra were recorded 6ryLmE1—2M spectrofluorimeter
with a of 1.5 nm spectral width of the slits in front of the observation monochromator and
were left uncorrected, since the samples exhibited substantial light scattering and the
measurements were comparative. At the indicated slit width a small broadening of the
lines in the phosphorescence spectrum occurs, but it is the same for all samples, making
it possible to compare the spectra. Narrower slits substantially decreased the signal and
prevented making a comparison of the spectra because of strong noise.

The procedure for preparing samples for the measurements of the phosphorescence
decay time and spectra is described in Ref. 11. To obtain fine-grained polycrystalline
samples containing “aromatic molecul8-CD—precipitant’aggregates, cyclohexane
(CH) was used as the precipitant. According to recent investigatioffsyclohexane can
form microcrystals with the highest yield of long-lived phosphorescence at room tem-
perature. This property of the CH molecules is probably due to their capability of effec-
tively forming mixed “B-CD—precipitant” microcrystals with close packing of the aro-
matic molecules within the3-CD planes, which provides effective protection from
quenching of the phosphorescence of the aromatic molecules by oxygen molecules dis-
solved in the water. The exact structure of these formations has not yet been established.
The crystal hydrates, ranging in size up to 0.5 mm, were obtained from a CD-
supersaturated aqueous solution of the complex “naphthaleng-@®*' heated to
90 °C and cooled slowly to room temperature.

Except for diethyl ether, the solvents employed became polycrystalline on freezing.

The phosphorescence spectra of octadeuteronaphthalene at 77 K in different matri-
ces are displayed in Fig. 1. For visual clarity, the spectra are shifted with respect to one
another along the vertical axis.

For all samples containing an inclusion complex of naphthaler@ @D (curvesl,
4, 5), as compared with samples of the solutions of naphthalene-d8 in organic solvents
(curves2, 3, 6, the following features of the phosphorescence spectra are observed:

1) The spectra are shifted in the short-wavelength directibn~100 cm '), pos-
sibly because of lower Stokes losses in the molecularly organized system;

2) the peak near 20000 cm is resolved(curvesl and5);

3) the narrowest electronic—vibrational lines are observed in the spectra of micro-
crystals containing naphthalene-g8-€D—CH aggregategcurve 1), while when CH
(curve3) or frozen aqueous solutions of GBurve4) are used separately as the matrices,
the structural resolution of the observed spectra is weaker;

4) the spectra in the crystal hydraigurve5) and in the frozen acqueous solution of
B-CD (curve 4) are virtually identical, but the signal/noise ratio is much lower in the
latter case, since naphthalene-d8 i-&D cavity is less isolated from contact with water
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FIG. 1. Uncorrected phosphorescence spectra of naphthaler@=d&-(10"# M) at 77 K in 1) microcrystals
containing 8-CD (C=5-10"° M) and CH (C=9-10"2 M) in water, 2) ether,3) cyclohexane4) B-CD
(C=5-10"% M) in water,5) 8-CD crystal hydrates@=0.18 M) in water, and) hexane. The units along the
ordinate are arbitrary. Excitation with light from a xenon lampiat 295 nm with a spectral width of the
monochromator slits equal to 18 nm. Cui&ehows the instrument function of the apparatusat46 nm with

a spectral width of the slits for observation equal to 1.5 nm.

molecules, and, according to our observations, there is no phosphorescence in a frozen
aqueous solution of naphthalene-d8.

The phosphorescence lifetimesof the experimental molecules, measured in the
same matrices at 77 K, are given in Table I. The lifetime was determined by averaging at
least 10 measurements, and since the sample preparation and the measurements were
performed under identical conditions, the relative measurement error was quite low.

Comparison of the data in Table | shows that the longest phosphorescence lifetime
at 77 K is obtained in microcrystals containing aggregated complexes “naphthalene-d8—
B-CD + CH” in H,O. Similar behavioral regularities were observed for naphthalene-h3
and phenanthrene.

In summary, the 77 K phosphorescence spectra and decay times for samples con-
taining naphthalene-d8, which forms an inclusion complex of the “guest—host” type
(later organized into microcrystals of Gkh the cavity of 3-CD, or for a supersaturated
solution differ appreciably from those of samples with homogeneous solutions. The
samples obtained in this manner possess two levels of organization: inclusion complex
and microcrystal. In this case, on account of a decrease in the inhomogeneous line

TABLE |. Lifetimes of the phosphorescence of naphthalene-d8 at 77 K in different matrices.

Matrix Ether B-CD + H,O CH B-CD+H,O0+CH Hexane

T, S 21.7#0.3 18.x-0.4 20.1£0.3 25.10.5 17.2£0.3

Concentrations: naphthalene-d8 —1D* M, 8-CD — 5-10 % M, CH in aggregated complex — 902 M,
B-CD in crystal hydrates — 0.18 M.
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broadening, a higher resolution of the structure of the phosphorescence spectra is ob-
tained than in the case of the homogeneous solutions.

It remains to determine the structure of a complex in the case of such an organiza-
tion of the medium and to identify the interactions of an aromatic molecule with the
environment in the complex that are responsible for the observed effects.

This work was supported by the Russian Fund for Fundamental Resg¢aajbct
No. 94-03-09961g
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It is predicted that resonance coupling between two discrete electron
energy levels corresponding to different size-quantization quantum
numbers and different Landau quantum numbers can occur in a quan-
tum well in a quantizing magnetic field. The resonance coupling is due
to the interaction of an electron withO phonons and results in the
formation of polaron states of a new type. It is shown that for a certain
value of the magnetic field, which depends on the splitting of the elec-
tron size-quantization levels, the absorption peak and the two-phonon
resonance Raman scattering peak split into two components, the sepa-
ration between which is determined by the electron—phonon coupling
constant. The resonance coupling between size-quantization levels with
the same Landau gquantum numbers is also studied. The splitting of the
peaks in this case is virtually independent of the magnetic field and can
be observed in much weaker fields. The experimental observation of
the effect will make it possible to determine the relative position of the
electronic levels and the electron—phonon coupling constant19@r
American Institute of Physic§S0021-364(17)00407-9

PACS numbers: 71.38i, 78.20.Ls

1. The energy levels of a system consisting of an electronladdhonons in a
strong magnetic field cross as a function of the cyclotron frequélveye|H/m.c at the
points

n=w o (1)

wheree is the electron chargé] is the magnetic fieldn, is the electron effective mass,

c is the speed of light in vacuuna g is theLO phonon frequency, and is an integer.

For such values of the magnetic field a resonance coupling is possible between bands
with Landau quantum numbers 0 andor 1 andn+1, and so on. The electron—phonon
interaction lifts the degeneracy at the crossing point of the levels; this is seen in magne-
tooptic effects such as interband absorption and Raman scattering. For example, in the
three-dimensional3D) case withn=1 and magnetic fields corresponding=w, o,

two interband absorption peaks are observed instead of and,the splitting between

the peaks is proportional ta?® (Ref. 2, where « is the dimensionless Fntich
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FIG. 1. @ Energy levels of an electron—phonon system as a function of the cyclotron freglercgndb —
Level crossings corresponding to the conditigh. The thick lines correspond to size-quantization levels
m=2. b) Energy levels of an electron—phonon system as a function of the cyclotron freqQefarythe case
we(2)— we(1)>w o . The thick lines correspond to size-quantization levels2.

electron—phonon coupling constant. In a quasi-two-dimensional system this effect is
enhanced, and the separation between the components of the split peak is proportional to
a? (Refs. 3—-6.

2. In a quantum well, regarded as an example of a quasi-two-dimensional system, in
a magnetic field directed perpendicular to the plane of the well the electron and hole
energy levels are discrete and in the effective mass approximation have the form

Eemn=fiws(m)+(n+1/2)1Q,
Ee,mv,nv=hwh(mu)+(nv+1/2)ﬁﬂh, 2

where fiwo(m) is the size-quantization energy corresponding to a level with size-
quantization quantum numbar. The indicesh andv refer to a hole. In such a system of
discrete levels the condition for resonance Raman scattering, whereunder the electron—
phonon interaction couples electronic levels with different quantum numbeard n,

can be satisfied together with the conditidn.

For simplicity, we shall consider electronic size-quantization levels corresponding to
m=1 andm=2. Satisfaction of the simplest condition for Raman resonance coupling
between two levels

ﬁwLO: | Ee,2,n11_ Ee,l,n| :ﬁ|Q * [we(z) - we(l)]| 3

makes possible a transition of an electron from one level to another with the emission of
a singleLO phonon(the temperature is assumed to be low so that the optical phonon
branches of the crystal are not excitetivhen the inequalitywe(2)— we(1)<w g IS
satisfied, there are two crossings of the Raman terms of the electron—phonon system, as
one can see from Fig. 1gointsa andb) for the resonance values of the cyclotron
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frequency
QP =p o F[we(2)— we(1)]. @

ForQ =0 two levels cross: the levéd, , ; and the leveE, ; o+ iw . This crossing
occurs in fields which are much weaker than the fields required for the condlfigo
hold, provided than=1. ForQ=Q(*) the levelsE, ; ; andE, , g+ fiw| o Cross.

If we(2)— we(1)>w o, then only the crossing corresponding to the minus sign in
Eqg. (3) (pointb in Fig. 1b remains. The resonance Raman coupling lifts the degeneracy
of the levels(the levels repel one another

3. If the conditions(3) hold for an electron and do not hold for a hole, then the
interaction of the holes with theO phonons can be neglected, since it is nonresonant.
Then the light absorption coefficiel(w) is determined by the single-particle electron
Green’s functiofr®

|ém, .l i e |pY?

K(w):Bm%,n Weyp Rew—wCU—E—Hé’ :CﬁnomSRgd’

©)

wherew is the light frequencyn, is the index of refraction of the quantum-well material,
mq is the free-electron masgy, is the interband matrix element of the momentum
operator(for s polarization of the light wave propagating in tke plane, d is the width

of a square quantum welR3=c#/|e|H,

W¢, = g+ wh(M,) + we(M) +(N+1/2)(Q+Qyp), (6)

n, o= | d2m, Dxn(2) @

Eq="fiwg is the band gapy;(z) is the wave function describing motion in the valence
band {=m,) and in the conduction band= m) in a direction perpendicular to the plane
of the well. For a square quantum well with infinitely high barriers, which is considered
below, én m=6m m and we(n=m*AM?/2d°my(y) (My, is the hole effective magsit is
assumed that the wavelength of the light is large compareti to

The splitting of the peak in formulgb) is determined by the mass operakarlf two
levels of the electron—phonon system cross, then it is sufficient to take account of the
simplest diagramstwo vertices connected by electron and phonon )inesthe mass
operator. In the case when the conditi@ holds exactlyK(w) can be expressed by the
formula

B
K(@)= 5[ = 7F) + 8 + 7P, ®)
oo _a @
@ 72 ®Lo’

where (x) is the Dirac delta function an& is a numerical factor. In the case of a
transition to the point in Fig. 1a one hasn,=m=2 andn=1 in expressiorn(6) for
we, - For a transition to the poirti one hasm,=m=1 andn=1.
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Repulsion of the levels of the electron—phonon system under the condiBpns
should also appear in two-phonon resonance Raman scati&®R§. The frequency
dependence of the differential scattering cross section under resonance conditions in the
case of direct production of an electron—hole gaiput resonanges determined by the
expression

2
d0'2

n
dados (D= 7F) AT+ 7F)?

where wg is the frequency of the scattered light. The distanceetween the peaks in
Egs.(8) and(9) equals

[28(0—ws—2w.0), ©

A=27"2Fhoo. (10)

The coefficientF depends on the quantum numbersand n characterizing the optical
transition and the transition involving the emission oflad phonon, and on the param-
eterB= \/Ed/RO. Strictly speaking, the coefficieft must be calculated using the inter-
action of electrons and holes with “trapped’O phonons’® To obtain an estimate, the
Frohlich interaction is used below. #=0.06, % w, o=0.036 eV, andn.=0.06m,, then
for d=250 A one getsA,=2.6x10 3 eV (F=0.120,H=2.53 T) at the pointa and
Ap=5.2x10"% eV (F=0.129,H=33.9 T) at the pointb.

4. Together with the splitting of the absorption and two-phonon RRS peaks dis-
cussed above, another type of splitting is also possible for a definite width of the quantum
well if

we(2) —we(l)=w o (11

As one can see from Fig. 1, in this case the lewls ; andE,; ;+%w o and also the
levelsE,,oandEe 1 ot i w o coincide for any value of the magnetic field. The Rifch
interaction splits the levels for any magnetic fields strong enough to form Landau levels.
For the resonancéll) the splittingA between the peaks is determined by expression
(10), and the frequency dependence of the absorption coefficient and the scattering cross
section for two-phonon RRS are determined by H&$.and (9), respectively. For the
levelsEg ;0 andEg ; o+ iw o We havem,=m=2 andn=0 in Eq.(6) for w, ; for the

other pair of levelsm,=m=2 andn=1. The two types of splitting differ by the
magnetic-field dependence of the intensity of the split components. If the con@jion
does not hold and the magnetic field is somewhat different from the resonance field, then
we obtain instead of Eq$8) and(9)

K(w)= [(Q+A/2)8(T—T )+ (Q—N2)8(I'—T))], (12

2wLOwCUQ

do; 772

dg o, (T—TNHZT-T0))

I\2 A 2)— we(1)|+Q—
Q= Z+7]F; Ft:_EiQ; = |we( ) we( )| wLO. (14)
W 0
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One can see from these formulas that a deviation from the exact Raman resonance
condition (3) results in a change in the relative intensity of the peaks: The right-hand
peak predominates for>>0 and the left-hand peak predominates Xer 0. However, if

the condition(11) holds, then for any magnetic field the intensities of the split peaks are
equal and are determined by E¢R) and(9). In the quantum-well model employed here

the condition(11) holds ford=232 A (Aw o=0.036 eV). The splittingd between the

peaks for the level&, ;o andE, ; o+ % w o for the above-chosen values af m,, and

ho o and d=232 A equal %102 eV (H=1 T), 3.8x10 % eV (H=5 T), and
4.8x10°% eV (H=10 T). For the levelsE,,; andE 1+ 7w o We getA=1.8x1073

eV (H=1T),A=3.2x10"3eV (H=5T), andA=4x10"3eV (H=10 7).

In closing, we call attention to Ref. 9, where a theory of one-phonon scattering of
light in a square quantum well is developed and it is shown that, in the linear approxi-
mation in the electron—phonon interaction, a sharp intensification of scattering occurs if
the condition (11) is satisfied. When the resonance coupling between the size-
guantization levels is taken into account in a consistent way, a splitting of the scattering
peak into two components should also occur in addition to an intensification of the
scattering.

This work was supported in part by the Russian Fund for Fundamental Research
(No. 96-02-17115-a, 95-02-04184-and the “Physics of Solid-State Nanostructures”
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Anisotropy of low-temperature field evaporation of
metals
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A metal-surface microtopography formed by low-temperature field
evaporation is analyzed by the methods of field-ion microscopy and
computer modeling. It is shown that the anisotropy of the field evapo-
ration and the regional distribution of the brightness of the ion-
microscope image correspond to the configuration of the first Brillouin
zones. ©1997 American Institute of Physics.

[S0021-364(©7)00507-0

PACS numbers: 79.76.q, 61.16.Fk

The phenomenon of field evaporation is the underlying basis of the field-ion micro-
scope, the atomic probe, and some types of efficient ion solifd@espite the progress
made in understanding this phenomenon, quantitative results can be obtained only in a
few cases. Specifically, the anisotropy of the evaporation, which is responsible for the
formation of the specific faceting of a surface during low-temperature application of high
electric fields, remains in question. This makes it much more difficult to interpret ion-
microscope images of metal surfacésThus far, the interpretation of ion-microscope
images of a solid surface is still based on geometric models supplemented with computer
calculations. This letter reports the results of investigations of field evaporation anisot-
ropy. It is shown that the microtopography of the surface formed by field evaporation in
metals with bcc and fcc lattices corresponds to the configuration of the first Brillouin
zones.

The anisotropy of low-temperature field evaporation of metals with(hoaogsten
and fcc (iridium) lattices was studied. The investigations were performed in a two-
chamber field-ion microscope with the samples cooled to temperatures in the range
21-78 K. The residual-gas pressure in the working chamber of the microscope was equal
to 10 '—10 ° Pa and the imaging ga&elium) pressure was equal to 18 Pa. After
placement in the microscope, needle-shaped samples with a radius of curvature of 10—-50
nm were subjected to field evaporation until an atomically smooth tip was formed.

Field evaporation anisotropy is manifested in a nonhemispherical shape of the tip of
a sample after evaporation and in the presence of regular variations of the local field
intensity and of the regional brightness of the ion-microscope image. The variations of
the local field intensity were determined according to the displacement of the contour of
constant field intensity upon a change in the working voltage. Threshold intensities of the
low-temperature evaporation and field ionization of the imaging gas were used as refer-
ence field intensities.
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FIG. 1. Field-ion microscope images of tungst@h and iridium (b) surfaces. The images were formed by
low-temperature field evaporation.
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The ion-microscope images were modeled assuming that atoms whose centers are
located inside a thin surface layer participate in image formation. The relative brightness
of the imaged atoms was associated to the diameter of the corresponding spot in the
model images.It was assumed that for the voltage of the best image the brightness is
proportional to the local field intensity.

lon-microscope images formed of the surfaces of the tungsten and iridium single
crystals by low-temperature field evaporation are displayed in Fig. 1. The intensity of the
field ionization is distributed nonuniformly over the surface. The brightness of the image
is higher on sections with higher local surface curvature and therefore higher field inten-
sity. The maximum brightness in the images of tungsfég. 18 and other metals with
a bcc lattice is observed on sections with a high curvature near the {dd#&sand the
minimum brightness is observed on flattened sections near the {idlfs The surface
curvature is maximum on the sections between the gdli#$ and(100. In the process
of low-temperature field evaporation of iridiufcc lattice), flattened areas form near the
{100 and{111} faces(Fig. 1b. The lines with maximum intensity of the evaporation
field pass through the polé413), (012), and(110).

Different modifications of the models developed by IMtt and Gomer and
Swanson are used to describe the evaporation process in strong electric fields. The first
model treats field evaporation as a removal of a metal ion through a field-lowered barrier
due to the image forces and the second model treats the process as a transition from an
atomic state into an ionic state at the critical charge-exchange distance. The behavior of
the evaporated ions in vacuum near an electronic surface is described satisfactorily in
these models. In Ref. 6 it is shown that field evaporation is controlled by two potential
barriers, one barrier lying in the surface layer of the mébaineath the effective elec-
tronic surface and the second barridthe Schottky barrigrlying outside the surface
region. At low temperatures the inner barrier is overcome as a result of a displacement of
the atoms from their positions of equilibrium, equal approximately to the screening
length of the electric field.

Analysis of the results of theoretical investigations of the binding forces which are
characteristic for adhesion and adsorptiand field evaporation proces&&sas shown
that there exists a universal interaction potential which describes these phenomena. The
Thomas—Fermi screening lengthis used in the potential as the unit of length. In these
processes disintegration under the action of external forces occurs when the atoms are
displaced by ¢ from their position of equilibrium, wheré is a coefficient of order 1;
this agrees satisfactorily with the results of Ref. 6. The use of the universal potential in
the theory of field evaporation has also made it possible to describe quantitatively the
thermal-field characteristics of this phenomefion.

In accordance with the model proposed in Ref. 9, low-temperatueactivational
field evaporation is preceded by a displacement of the parallel surfaces of the atomic
layers from the position of equilibriura,,, corresponding to vanishing of the second
derivative of the energ¥ with respect to the coordinate normal to the surface. To
describe the configuration of the inner barrier controlling the field evaporation, we shall
employ a semiempirical universal potential in the fofm

Eo(a)=AEE*(a*), ()
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FIG. 2. Orientational dependence of the intensity of nonactivational field evaporation of tungsten near the pole
[110].

where
E*(a*)=—(1+p3)exp(—B3), 2
a*=(a—a,)/\ andB is a dimensionless coefficient approximately equal to one.

The densitys of the ponderomotive electric-field forces giving rise to a displace-
ment of the surface atomic layer by the amoanta,, equals

o=AE/\B%a* exp— pa*). ©)

The threshold field intensity at which nonactivational evaporation of an atomic mono-
layer occurs corresponds to the conditdfE/da?=0 and equals

F=2(27AE/(e\)B)Y2 (4)
To determine the evaporation enerf§§ of a monolayer we employ the relatibn
d’E Cuy
Tz = : 5
da| _ (m-n)D
afam

whereC, is the elastic stiffness constant in a directiomormal to the surfacem is a
unit vector normal to the close-packed crystallographic plane,ansl the interplanar
spacing. The scalar produan(n) determines the magnitude of the component of the
ponderomotive forces that gives rise to stretching along the nammal

It follows from relations(4) and (5) that the minimum threshold intensity of the
evaporation field should be observed in the region where the poles of the close-packed
planes, characterized by the maximum valueB pEmerge at the surface. In accordance
with experiment, flattened areas, observed as a decreased brightness of the ion-
microscope imagéFig. 1), form on these sections during low-temperature evaporation.
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FIG. 3. Computer models of ion-microscope images formed by low-temperature field evaporation of metals
with bcce (a) and fcc(b) lattices. Parameters of the model: radii of curvature 31.6 and 38.3 nm, thicknesses of
the imaged shells 1:210 2 and 9.5< 102 nm, crystallite orientationgL10] and[131] for bcc and fcc lattices,
respectively.
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In the general case, whemm and n are not parallel, the expression
(m-n)D=(G-n)/G?, whereG is a reciprocal lattice vector. From relatiof®, (4), and

(5) we obtain an expression for the threshold field intensity for nonactivational evapora-
tion:

27ACy; G2 Y2

ge G-n

The experimenta{l) and computed?2) curves of the ratid=/F ;¢ as a function of
the angleg between th¢110] direction anch, whereF 4 is the field intensity above the
[110] face of tungsten, are presented in Fig. 2. Here the vectdrslong to the crystal-

lographic pole[110]. In constructing the curve, the vectorsG corresponding to the
minimum values of~ determined from relatioi6) were chosen. It follows from Fig. 2

that the analytical model describes satisfactorily the character of the low-temperature
field evaporation anisotropy. The computed curves, however, give absolute values of the
anisotropy factor which are too low. A more detailed correspondence can apparently be
achieved by taking account of the characteristic features of the evaporation of atoms from
the kinks in the surface steps.

According to relation(6), the density of the ponderomotive forces at the threshold
field intensity F2/8+ is inversely proportional to the projection of a reciprocal-lattice
vector on a vector normal to the surface. Therefore, in the present model, the evaporation
of a hemispherical surface of the samples proceeds by field-removal of the closest-packed
surface planes with the lowest valu8s The surface characterizing the anisotropy of the
local mechanical stresses which arise with field evaporation is a polyhedron con-
structed from planes which are perpendicular to the smallest reciprocal-lattice vectors
G. In bcc metals, such a polyhedron is a rhombic dodecahedron formed Hi 18e
crystallographic planes; in fcc metals the polyhedron is a truncated octahedron bounded
by the{111} and{100 planes. These polyhedra are geometrically similar to the corre-
sponding first Brillouin zones. The surface microtopography formed by field evaporation
can be described such polyhedra with smoothed edges. Figure 3 displays computer mod-
els of the field-ion images of metals with ba and fcc(b) lattices; the images were
constructed taking account of the anisotropy of the evaporation field intensity determined
by relation(6). Comparing the computer and real ion-microscope images shows that the
regional distribution of the brightness of the ion-microscope images, which reflects the
low-temperature field evaporation anisotropy, corresponds to the configuration of the first
Brillouin zones.

(6)
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Current percolation in weakly nonlinear two-dimensional periodic
structures near a metal—insulator transition is studied. It is shown that
the nonlinear conductivity exhibits critical behavior as a function of the
density of the insulating and superconducting inclusions. The possibil-
ity of experimentally observing the effects predicted is discussed.
© 1997 American Institute of Physids0021-364(®7)00607-3

PACS numbers: 71.36h, 74.25.Fy

Electric-field and current fluctuations are anomalously large near a metal—insulator
transition. Sections where the electric field is much higher than the volume-average value
are present in the system. This is why nonlinear effects are amplified in the critical
region. Nonlinear effects in different objects have been actively studied experimentally in
recent year$:3 To interpret the experiments it is important to establish a relation be-
tween the nonlinear response and the field and current correlation functions. In Refs. 2
and 4-6 it is shown that the nonlinear conductivity, thé-ddise coefficient, and the
amplitude of the third harmonic can be expressed in terms of the fourth mogeépts
and(j*) of the electric field and current, respectively. In the critical region the correlation
length is greater than the sizes of the micrononuniformities. Therefore the nonlinear-
response function should be a power-law function of the parametdp—p.)/pc.,
wherep is the density of the metal anul is the percolation threshold. However, it was
noted in Refs. 3 and 5 that because the correlation functions diverge as a result of the
singularities of the field the higher-order moments of the field could be sensitive to the
structure of the micrononuniformities. A convenient object for studying nonlinear effects
are planar structures: periodic lattices and textures. In Ref. 7 it was shown that near the
percolation threshold the effective conductivity of a metal lattice with insulating and
superconducting inclusiorisheckerboard-type lattizewhich is determined by the quar-
tic moment(e*) of the field, is not described by a power-law functionobut rather
behaves agr,~ o, /In(y/7). It is of interest to determine how the geometry of the mi-
crononuniformities in periodic lattices influences the nonlinear current percolation. Spe-
cifically, it is necessary to calculate the critical exponent of the effective nonlinear con-
ductivity and the 1f-noise coefficient; this will make it possible to understand why these
exponents are not universal.
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FIG. 1. Fragment of texture with insulating inclusions.

This letter studies the nonlinear current percolation in periodic lattices. Two types of
lattices are studied. In the first type a metal matrix with conductiwifycontains insu-
lating inclusions with conductivityr;—0 arranged in a checkerboard ordEig. 1). In
the second case superconducting inclusions with conductivity: are arranged in a
checkerboard order in a metal mat(kig. 2). The closest distance between the corners of
neighboring squares is?and the distance between the centers of the squares Buth
structures model well a metal—insulator transition above and below, respectively, the
percolation threshold. In the critical region=2d/a. The threshold densitg.=0.5. The
nonlinear effects are taken into account by generalizing the expression for the current

FIG. 2. Fragment of texture with superconducting inclusions.
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j=0 e+ e 1)

in a normal metal. It is shown in this model that the effective nonlinear conductivity
grows anomalously near the percolation threshog= x;/72In*(7) for p>p. and
Xe~x1/7* for q<q., whereq=1—p andqg.=p;.

The effective nonlinear conductivity can be calculated according to Ref. 5

4
Xe:%v (2

wheree is the electric field in the linear medium. In this system the field distribution
e(z) in the linear case can be obtained exactly by the method of conformal
transformationg. If the external field(e) is directed along th& axis, then in a system
containing insulating inclusions one has

Al 1-K3%(z)\ V4 s
e(Z)—E 1K) 3)
wherez=x+iy and the function/(z) is determined by the integral
sz dt @
Z: 1
0 /1_t2(1_k§t2)1/4(1_k%t2)1/4

andk;, k,, andC are expressed only in terms of the geometric parameters of A Ted.
quantity A can be found by conformally mapping the unit cABCDE (Fig. 1) onto a
rectangle with a uniform distribution of the electric field. Since such a transformation
does not change the square of the field, it is easy to obairal(e)|/K(k,), where
K(k;) is a complete elliptic integral of the first kind. From expressi@gnwith expres-
sions(3) and (4) substituted in, we obtain an exact expressionxfgr from which, for
7<1, we find that

TX1

Xe~ 22 (7ly)" ©

where y=2mK ~?(1/y/2). Expressior(5) can also be obtained from the following quali-
tative arguments. According to Eq8) and(4), the electric field near some cornédfer
example, the corne€ in Fig. 1) behaves age(z)|~r 3, wherer is the distance from
the corner. This dependence does not result in a divergence ii2EgHowever, it
follows from Eqgs.(3) and (4) for r<1 that in the regiord<r<a the field behaves
asymptotically age(z)|~Ar 1, wherer is the distance measured from the pdn(Fig.
1). This behavior of the field leads to expressi@h Indeed

X1a2 wl4d (a 3 1
it Jo |y ©

The derivation of expressiof6) employed the fact thaf=al({e)|/2 In(y/7) for
7<1. For the case of superconducting inclusions the electric field is found fror8BEq.
with k; replaced by, (Ref. 7). Similar arguments yield the effective nonlinear conduc-
tivity in the critical region
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128y,

7737_2 '

Xe™ (7)

This formula can also be obtained from the following qualitative considerations. The field
lines are normal to the boundaries of the superconducting inclusions. Therefore the
planesCD andHI can be interpreted as the plates of an “open capacitbiy. 2. It is

well known that for <1 the electric field in the regiord<r<a behaves as
le(z)|~|(e)|ar 1, wherer is the distance measured from the pdtTherefore

B ) w4 ad*3d da i 8
Xe™~ X1 rda~x1—z- (8
0 d T

According to Ref. 7, the effective linear conductivity near the percolation threshold
behaves as

oelo=(mwldIn"Yyl7), p>pe;
oelo=(4lm)In(ylT), g<q.

Therefore the critical exponents for the divergence of the relative densityfof 1/
noise, which, according to Refs. 3 and 5, are determined from the relations
Xelo'ngik,a P>Pc;
Xe/0'2~ L q<<dc.
in our case are equat’ =k=2.

In conclusion, we note once again that the divergence of the effective nonlinear
conductivity y. arises in the limitr— 0 not because of a singularity of the field near the
corners but rather because a neck of siza, narrowing to a size of the order af,
appears as a result of the corners. In the case of insulating inclusions, the bunching of the
current lines toward the neck toward a sink near the pBi(ftig. 1) leads to the asymp-
totic behavior|e(z)|~|{e)|a/r In(y/7). In the case of superconducting inclusions an
“open capacitor” whose plates are superconducting arises. The electric field in such a
system behaves d8(z)|~|(e)|ar 1. It should be noted that in the structures investi-
gated in Ref. 3 necks of this type do not make the main contribution to the higher-order
moments of the electric field. This is why the critical exponents in Ref. 3 differ sharply
from the checkerboard packing.

In the system studied in the present letter the critical field for nonlinehty, will
decrease aB.~ 7 near the percolation threshold, i.e., nonlinear effects are anomalously
large in the critical region.

The predicted effects can be checked in experiments with planar structures or in a
model experiment with square openings in a foil. The anomalous growth of the effective
nonlinearity can be most simply observed according to the growth of the amplitude of the
third harmonic of the currerit®
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The changes in the birefringence and absorption of infrared radiation
accompanying direct electron transitions induced between size-
guantization subbands in a GaAs/AlGaAs system of doped quantum
wells by heating of the electrons by an electric field applied parallel to
the layers of the heterostructure are observed and investigated. An ex-
planation of the observed effects is offered whereing the change in the
absorption spectrum and the contribution of free electrons to the per-
mittivity are related to the exchange interaction and nonparabolicity of
the energy spectrum of the hot electrons. 1897 American Institute

of Physics[S0021-364(®7)00707-X

PACS numbers:; 78.66.Fd, 78.20.Fm

Intersubband optical transitions of electrons in quantum wells have been under in-
tense study in recent yearsThe physics of intersubband transitions is of interest in
connection with the development of quantum-well-based detectors and fast modulators
for infrared radiatioh as well as quantum cascade laselsis also possible to produce
new types of optoelectronic devices based on hot charge carriers in quantum wells. At the
same time, as far as we know, the optical phenomena accompanying intersubband tran-
sitions of hot electrons in a longitudinal electric fie{darallel to the size-quantized
layerg have not been investigated.

In the present work we observed and investigated the changes in the birefringence
and absorption of light which are associated with intersubband optical transitions of
electrons heated by a longitudinal electric field in a system of doped quantum wells. This
letter proposes an explanation for the observed optical phenomena. Size-quantized GaAs/
AlGaAs layers were investigated but the observed optical phenomena are of a general
character fom-type quantum wells.

The experimental investigations were performed on a structure consisting of 50
periods of dopeddonor densityNp=6- 10 cm %) GaAs quantum wells 10.2 nm wide
separated by undoped AlGa, ¢AS barriers 25.4 nm wide. The surface electron density
was equal to 6.110' cm™2. Optical radiation was introduced into the sample through the
side faces of the substrat€aAs, which were beveled at an angle of 45° with respect to
the optical axis of the structurghe optical axis is also the direction of growth of the
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structur@. The incident radiation was linearly polarized with the polarization vector
oriented at an angle of 45° with respect to the optical axis. Two linearly polarized waves
were excited simultaneously in the sample: an ordinary way®larization, the electric

field vector of the wave lies in the plane of the layeasid an extraordinary wavi
polarization, the electric field vector possesses a component along the growth axis of the
structure.

The p-polarized wave possesses a strong absorption peak in the region of direct
intersubband transitions; farpolarization only absorption due to indirect intrasubband
electron transitions is appreciable in this spectral region. On account of the Kramers—
Kronig relations, the difference in the absorption spectra of the waves with these polar-
izations also induces a difference in the refractive indices for timgmng. Therefore as
these two waves propagate in the sample a phase shift arises between them, and as a
result the radiation at the exit from the sample is elliptically polarized even under equi-
librium conditions® The difference &,— ay) of the absorption coefficients of theand
s waves as well as the magnitude of the birefringentg-ns) can be determined by
analyzing the form of the polarization ellipse.

Our objective in the present work was to investigate the chadges and Aag
induced in the absorption by the heating of two-dimensional electrons as well as the
changeA|np—nS| in the birefringence. The 2D electrons were heated by 200-ns longi-
tudinal electric field pulses. The equilibrium temperature of the sample was equal to
To=77 K. A tunable CQ laser served as a source of radiation. The electrooptic experi-
ments were performed for three different wavelengths of the infrared radiation. A pho-
todetector was used to record the modulation of the radiation intensity for different
angular positions of the analyzer, placed between the sample and the photodetector.

When the electrons were not heated, the sample demonstrated an intense absorption
line for the p-polarization wave near the energgy=111 meV. Electrooptic measure-
ments on the short-wavelength wing of this line revealed an appreciable decrease in the
absorption coefficient, in an electric fieldFig. 1), while no modulation of the absorp-
tion for the s-polarization wave was observed. Characteristically, the observed “bleach-
ing” of the sample weakened rapidly as the working wavelength moved away from the
top of the equilibrium absorption peak. This made it possible to concltae first
approximation that the “red” shift of the absorption line is due to heating of the elec-
trons. In a fieldE~ 1000 V/cm the magnitude of the shift corresponding to the observed
values of the absorption modulation equals about 2 meV.

The data on the electric-field-induced birefringerde,—ng|, which are also dis-
played in Fig. 1, correspond to the same magnitude of the spectraftbisffollows from
numerical calculations based on the Kramers—Kronig relations

We note that the absorption of light with the two polarizations is also different in the
presence of interband transitions of electrons in size-quantized heterolégers
hv>E,, Eq is the band gap for the well mateniaky,# as. These transitions contribute
to the birefringence in the spectral regibw<E, (Ref. 4. In n-type structures with
doped wells, under conditions of interband transitions one bhgév)= apo(v)
X[1-f4(E,)] and ag(v) = as(v)[1—f1(E,)], whereayo(v) and ag(v) are the ab-
sorption coefficients for undoped wellg,(E,) is the electron distribution function for
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FIG. 1. Effect of a longitudinal electric field on the light absorption coefficieptand the magnitude of the
birefringence/n,—n¢in GaAs/AlGaAs quantum wells &,=77 K.

the first size-quantization subband, afgl is the electron energy, corresponding to an
interband transition with absorption of a photon, in the first subband.

When the electrons are heatdgd(E,) and thereforav, and a5 change. According
to the Kramers—Kronig relation, this changes the refractive indigeandng. In other
words, the interband contribution to birefringence should change as the electrons are
heated. This effect is large fdiv~E4 and decreases rapidly with decreasing photon
energy. Estimates show that for the photon energies used in our electrooptic experiments
hy=117, ..., 129 meV thdntersubband contribution ta|n,—n4| is an order of mag-
nitude greater than the interband transition.

We note that the birefringence due to the heating and drift of electrons in an electric
field and interband transitions of electrons with~E, was studied in Ref. 5 for the
three-dimensional case.

The nature of the red shift, observed in the present work, of the absorption line is
determined by the nonparabolicity and the exchange interaction. We performed a model
calculation of the transformation of the intersubband absorption line accompanying heat-
ing of the electrons. We used Ekenberg’s mddehich takes account of nonparabolic-
ity, as the zeroth approximation for the energy spectrum of the 2D electrons. In this
model the slope of the dispersion curdeg k) for the ground-staten(=1) and excited
(n=2) subbands is substantially different. This in itself already results in a spectral shift
of the absorption line accompanying heating of the electfonsaccount of the redistri-
bution of the electrons over the stateskirspace.

Further calculations showed that the transformation of the intersubband absorption
line accompanying heating of the electrons is affected even more by the electron—
electron exchange interaction. On account of the exchange effects, the redistribution of
heated electrons ik space is accompanied by a change in the form of the dispersion
curvesk, (k).
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To calculate the exchange corrections to the energy spectrum of 2D electrons we
employed the results obtained by Bandatal,” extending them to the case of nonzero
electron temperature and excited subbands 1):

e? 1
AE(k)=—?f d d3r’§ > f(K )7
kV

r=r'|

XWE (W (1 e (D WD), (1)

where W (r)=(S) "Lk ?¢ (x) is the wave function of an electron in theh sub-

band,r=(,3, X), 5 is a two-dimensional vector in the plane of the layBrig the area of
the structurg x is the coordinate in an orthogonal directiaf,(x) is an electron wave
function in a one-dimensional wek, is the two-dimensional wave vector of an electron,
and f (k) is the electron distribution function in thath subband.

Assuming that all electrons are concentrated in the bottom subband and their energy
distribution is described by a Fermi function with temperaftige

1

f1(0) = X (Ea(K)— Er)/kgTo] + 1

fn(k)=0 (Mm=2), )

the integral(1) can be put into the form

j— ez d2k, ! ! * ! !
AEn(k)——Zw:f(zT)zfl(k )fdxf dX’ % (X' ) hu(X')

= lk=k'[[x=x|

X p1(X) yy (X) Tk )

Using this expression, we performed numerical calculations of the exchange corrections
to the energy spectrum of electrons in the ground-state and excited subbands for both
equilibrium (T,=Tg) and hot T.>T,) electrons. In the calculations it was assumed that
the lattice temperatur€,=77 K. The Fermi energ¥r corresponding to the given value

of T, was found from the normalization condition for the distribution functigriaking
account of the exchange correctioh&, (k) (by an iteration proceduyeThe computa-

tional results for the structure which we investigated are presented in Fig. 2.

We note that for the center of the subbanlis=Q) the exchange interaction shifts
the electron states downwards on the energy scale, the shift being several times greater
for the first subband than for the second subband. As the electron temperature increases,
the exchange corrections for the center of the subbands decrease on account of a redis-
tribution of the electrons from the center to the periphery of the first subband. Therefore,
as the electric field heats up the electrons, not only are the electrons redistributed over the
states ink space, but the energy of the states itself changes as well.

The spectral curve of light absorption near intersubband transitions of electrons from
the ground-state subband into an excited subband was calculated for the electron energy
spectrum obtaine&, (k) + AE,(k):
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FIG. 2. Exchange corrections to the energy spectrum of equilibrium and hot 2D electrons. The calculation was
performed forT,=77 K.

a(hv)@%f d?k|M|28(E,(k)+AE,(k) —E (k) — AE (k) —hv)

X1 (K[1-fa(k)], (4)

where the transition matrix elemekt=0 for a wave withs polarization andM #0 for
a wave withp polarization. We underscore that in E¢) f, andf, are determined by the
electron temperaturé,; M, E;, andE, are determined by the lattice temperatilrg
and,AE, andAE, depend on both temperatures.

The computed intersubband absorption line shapes for the investigated structure
both in equilibrium and with heated electrons are presented in Fig. 3 To facilitate com-
parison with experiment, the computed absorption line is additionally Lorentz-broadened
(the broadening Py=2.7 meV is chosen in accordance with the experimental equilib-
rium absorption curve The computed curves are shown on a relative shale hv,,
wherehw is the equilibrium position of the intersubband absorption peak. This makes it
possible to neglect the depolarization shithich remains almost unchanged as the
electrons are heatgdAs one can see from the figure, the model considered gives a “red”
shift of the intersubband absorption peak and a broadening of the peak when the electrons
are heated; this agrees qualitatively with the above-described experimental data on the
modulation of light in a longitudinal electric field. The field-dependence of the tempera-
ture of the hot electrons can be obtained by comparing the experimentally observed
decrease of the absorption coefficient for light with=117 and 123 meV with the
family of computed curves of intersubband absorption on hot electrons. Specifically, for
E=1000 V/cm we obtain that the electrons are heated up to the tempefata250 K
(in this field the average power acquired by one electrauisE?=3.7-10 1°W, where
Mn IS the electron mobility This agrees well with the experimental data obtained in Ref.

8 for the temperature of the hot electrons in similar quantum wells by analyzing the hot
photoluminescencéwith the same power per election
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FIG. 3. Shift and broadening of the intersubband absorption line accompanying heating of 2D electrons. The
calculation was performed fofy=77 K. The arrowsl, 2, and3 mark the position of the laser emission lines

on which the electrooptic modulation was studied experimentally, 123, and 129 meV, respectivelinset:
Transitions of electrons in a quantum well under the action of lighkfe0.
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It is shown that in a layered medium consisting of a magnetic metal
(Co) and a nonmagnetic insulat6FiO,), the layer thickness being less
than the wavelength of the light, a fundamental change occurs in the
character of the Faraday-effect spectra if the number of layers is suffi-
ciently large. When the number of pairs of layers changes from 5 to 10,
a maximum appears nearl.7 eV in the Faraday rotation spectrum and
the ellipticity passes through zero. The results obtained are compared
with the existing theory of the Faraday effect in granular structures
consisting of a magnetic metal and nonmagnetic insulator. The surface
plasmon energy in thin Co layers is estimated. 1@97 American
Institute of Physicg.S0021-364(17)00807-4

PACS numbers: 78.20.Ls, 78.66.Sq

Recently, we observed large changes in the Faraday rotéE&) spectra in
ColTiO, films'? as compared with the FR spectra in thick continuous Co films, we
studied the dependence of the character of these changes on the thickness of the Co and
SiO, layers, and we compared these dependences with the results of theoreticdworks
where the FR spectra in layered and granular media consisting of a magnetic metal and a
nonmagnetic insulator were studied. The most important predictions made in Refs. 4 and
5 were that maxima should appear and the sign of the FR should be different in different
sections of the spectrum. The position of the maxima was determined by the ratio of the
dielectric constant, of the material of the nonmagnetic layers and the real part of the
diagonal component,, of the permittivity tensor of the magnetic layers. For the same
values of the parameters of the magnetic layers, increasjrstpould cause the maxima
of the FR to shift toward lower values of the energy of the light wave. In the case of
Co/SiO, (ep=2.1), only an increase in the magnitude of the FR with increasing photon
energy was observed, the increase being more rapid the thicker thel&i€s, in
agreement with the theory of Refs. 4 and 5, and the maximum itself did not appear in the
region of the spectrum studied, bounded at the short-wavelength end by the transmittance
of the samples. For this reason, to make a correct comparison with the theory the insu-
lating layers must consist of a material with largg for which a maximum can be
expected to appear in the FR in the visible region of the spectrum. A suitable material
could be rutile TiQ, for which ey =5.3. As far as we know, layered systems which
include rutile have not been studied previously.

This letter reports the results of investigations of the FR and Faraday elligfdgy
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FIG. 1. a — FR spectra for the following: — Sample No. 1, containing five Co laye&— sample No. 2,
containing five Co layers3 — algebraic sum of the curves for samples Nos. 1 and 2 sample No. 3,
containing ten Co layer®o — FE spectra for the followingl — Sample No. 24 — sample No. 3. The
experiments were done at room temperature, with a magnetic field of 5 kOe oriented in a direction normal to the
plane of the samples.

spectra in Co/TiQ multilayer films and their dependence on the number of layers.

The films were prepared by magnetron sputtering in dc cuf@oft and ac current
(TiO,) from different targets in an argon atmosphere. Initially, five pairs of Co and
TiO, layers, each~3.0 nm(Co) and ~6 nm (TiO,) thick, were deposited on a glass
substrate sputterddample No. 1. The FR and FE spectra were obtained for this sample.
Next, another five pairs of Co and TjQayers were deposited on the same sample. For
comparison, the deposition was conducted simultaneously on a clean sulsiratse
No. 2) as well. Thust the sample with 10 pairs of layéx®. 3) was a “sum” of the two
five-layer sampleg¢Nos. 1 and 2

The FR and FE were measured by a null metfthe FE with the aid of a quarter-
wave platg in the energy range 1.0-3.4 eV.

The FR and FE spectra are displayed in Figs. 1a and 1b, respectively. For samples
Nos. 1 and 2, a monotonic decrease of the FR with increasing photon energy, similar to
the trend of the FR in uniform thick Co filnfsis observed. The FR in sample No. 2 is
greater than in sample No. 1, since in the second case the Co layers were thicker. Curve
3in Fig. lais an algebraic sum of the cunfeand2. One can see that the FR spectrum
of sample No. 3, containing ten pairs of layers, is substantially different from the sum of
the spectra of two samples containing 5 pairs of layers each: A wide but distinct maxi-
mum, corresponding to the passage of the FE curve through (Eégo 1b, curve4)
appears in the spectrum near 1.7 eV. Therefore a qualitative change occurs in the char-
acteristics of the medium as the number of constituent layers increases. The picture
becomes similar to that predicted by a theoretical anatygisrformed in the effective
permittivity tensor approximation and taking account of the effect of surface plasmons in
thin metal layers on the magnetooptic spectra of the layers. Proceeding from the well-
known expression for the complex Faraday effect

a—iy=(mI\)ye 2 (1)

556 JETP Lett., Vol. 65, No. 7, 10 April 1997 Dynnik et al. 556



where « is the rotation angley is the ellipticity, y=y' —iy” ande=¢'—i€" are the
complex off-diagonal and diagonal components of the permittivity tensor of the medium,
we can write down the following relations fer and i:

a=(mINN2) (Y T+ e+ r—elr, )

Y=(mIN2)(y' r—€ —y'Nr+ e, )
where

r=[(e")?+ ()" (4)

In accordance with Ref. 3, a medium consisting of alternating layers of an insulator with
dielectric constanty and a metal magnetized in a direction normal to the plane of the
layers is characterized by the effective permittivity tensor with the components

Y=F Y= (Ym=i¥m (5
and
e=(1-fegt+fen=(1—f)ey+fe,,—ifer,, (6)

where f is the filling factor of the metal and,, and ¢, are the components of the
permittivity tensor of the metal. Sinc€, is negative, taking account of E¢f), the sign
and magnitude ok’ in Egs.(2)—(4) depend onf on account of Eq(6) and for some
value of f the quantitye’ passes through zero and the denominator in Eysand (3)
passes through a minimum. Asvaries, the numerators in expressid@s and (3) also
vary. The conditions for and ¢ to pass through zero are obvious:

v’ \/r+e'+7”\/r—e’=0, (7

y’\/r—e'—y”\/r+e’=0. (8)

To determine the positions of the maxima, expressi@s(3) must be analyzed for a
maximum. However, the energfor frequency of the maxima approximately corre-
sponds toe’ passing through zero, i.e., the condition

(1—f)ey+fel,=0. 9)

If the diagonal componenrd,, of the tensor is described in the Drude model similarly to
Refs. 4 and 5, then the conditig®) assumes the form

o, —wp[1+(1-f)ey/f]H2=0, (10

wherew, is the frequency of the maximum of or ¢ of the layered structure under study
and w, is the plasma frequency of the metal. When the condit®rholds, the coeffi-
cients ofy’ andy” in Egs.(2)—(3) become equal. I{’' andy” have the same signs, then

a passes through a maximum afdoasses through zero. Converselyyifandy” have
different signs, therw passes through zero angl passes through a maximum. In the
experiment shown in Figs. 1la and(burves4), a passes through a maximum agd
passes through zero near 1.7 eV. Sife).3 andey=5.3, (10) the valuew, ~6 eV is
obtained for the plasma frequency in Co in a thin-film state; this is consistent with the
estimates in Ref. 7.
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In summary, we have shown that a medium consisting of layers of a magnetic metal
and a nonmagnetic insulator with thicknesses much less than the wavelength of light
acquires new physical properties if the number of layers is sufficiently large. We have
shown experimentally that a resonance maximum of the Faraday effect appears in such a
medium. Apparently, this can be explained on the basis of the theoretical analysis per-
formed in Refs. 3—5. However, the question of the effect of the number of layers on the
properties of the medium has not been studied theoretically.

This work was supported by the Russian Fund for Fundamental Reg&eufit No.
95-02-0366%.
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The ESR spectra of single and pair impurity centers of thulium and
holmium ions in CsCdBfTm** and CsCdBy:Ho>" crystals are mea-
sured in the frequency range 160—-400 GHz. Analysis of the character-
istic features of the hyperfine structure of the ESR lines and analysis of
the variations in the spectra as a function of the temperature and exter-
nal magnetic field shows that the ¥hions substitute for Cd™ ions

and predominantly form symmetric pair centers of the type
Ln3* —(vacancy at a neighboring €t site—Ln®*". The ESR spectra of
CsCdBg:Ln®" crystals are used to make a positive identification of the
optical spectra of selective laser excitation. 1©97 American Insti-
tute of Physics[S0021-364(07)00907-9

PACS numbers: 76.30.Kg, 61.72.Hh

1. Lanthanide-ion-activated crystals of compound bromides CsgCdir being in-
tensively studied as promising highly efficient converters of semiconductor laser
radiation’~’ A hexagonal crystal latticéspace group Q (Ref. 8) was constructed from
parallel chains of CdBroctahedra, extending along the trigonal atiee symmetry axis
of the crystal and possessing faces in common; the chains are coupled with one another
by the Cs ions at the centers of polyhedra consisting of 12 Bms. Trivalent impurity
ions in CsCdBy crystals exhibit an unusual tendency to form pair centers subtituting for
three neighboring Cd ions; as a result, an electrically neutral linear dimer wit} C
local symmetry forms at the position of the impurity ion parallel to the symmetry axis of
the crystal. In Ref. 9 it was concluded on the basis of an investigation of the microwave
ESR spectrum of CsCdRGd®* crystals that it is predominantly symmetric dimers, in
which the impurity ions are located on different sides of a vacarit Giite, that form,
and the distance between the Gdions was estimated to be 5.93 A at 77 K. It was
conjectured on the basis of data from optical investigations that, together with symmetric
dimers, asymmetric pair centers in which the impurity ions lie in the same side of the
vacancy are formed® The measurements of submillimeter ESR spectra of "Fnand
Ho®* -activated CsCdByrcrystals performed in the present work provided direct proof of
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FIG. 1. ESR signals in parallel field8(t) || B || c) in CsCdBg:Tm** (a, b and CsCdBy:Ho®* (c, d) crystals.
a) Single center, frequency 300.5 GH2; dymmetric dimer, frequency 354.5 GH2;single center, frequency
238 GHz; d symmetric dimer, frequency 324 GHz.

the formation of pair symmetric and single centers of trigonal symmetry; it was found
that it is possible to make a strict identification of the corresponding optical selective-
excitation spectra. Asymmetric pair centers were not found in the samples which we
investigated. We note that ESR signals, corresponding to magnetic dipole transitions
between two singlet electronic states, from pair centers df Hons (with an interionic
separation of 4.4 Ain the submillimeter region of the spectrum have been observed in
holmium nicotinate, but it was impossible to make a detailed analysis of the measured
spectrum because the magnetic moment was not aligned along the axis of the dimer and
there were two types of magnetically nonequivalent dimers présent.

2. The measurements were performed on an ESR spectrometer using backward-
wave tubes as generators in the frequency range 160—400 GHz. A detailed description of
the spectrometer is given in Ref. 12. The experiments were performed at a temperature of
4.2 K and a series of measurements were performed with the samples heated to 12 K. The
constant magnetic fiel@ (from 0 to 10 kQ was parallel to the symmetry axis of the
crystal. The variable magnetic fieB(t) was oriented either parallel or perpendicular to
the constant magnetic field. The measurements were performed on samples containing
0.5and 1 at.% Tm and 0.5 at.% Ho. The samples were grown by the Bridgman method.

The ESR signals of CsCARTm®* crystals were observed only in parallel fields.
Two lines with resolved hyperfine structure were observed in the spectrum of samples
with a low 18°Tm?3* (nuclear spirl =1/2) density. One line possesses a doublet structure
and can be referred to isolated ¥mions. The second line has a triplet structure and
corresponds to signals from symmetric dimers. The corresponding lines, but wider, were
also observed in a sample with a high density of thulium. In addition, a weak line whose
intensity increased substantially with increasing temperature was observed in the spec-
trum of these samples at 4.2 K. This line is due to transitions between the excited
sublevels of a symmetric pair center. The shape of the signals from the single and pair
centers is shown in Fig. 1a and b. The intervals of the hyperfine structure increase in
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FIG. 2. Frequency spectrum of electron—nuclear excitations in a CsdaBY" crystal. Solid lines — com-
putational results obtained with the CF parameters for single and(ipaparenthesgscenters, respectively:
BJ=-73.3(-75.8), BJ=-80.8(-83.9), B2=10.7(12.8), B3=2120(2227), B3i=134(175),
BE: 87.5(135.2) cm?. The circles(single centersand squarepair centersrepresent the experimental data.

proportion to the static magnetic induction. The magnetic field dependence of the reso-
nance frequencies is displayed in Fig. 2.

Since the nuclear spin of the Bibion equals 7/2, the structure of the spectra of the
CsCdBg:Ho** crystal were much more complicated. The lines of the single and pair
centers overlap, but it turned out that they could be distinguished according to the char-
acteristic magnetic field dependence of the hyperfine structure. A well-resolved hyperfine
structure(eight componenjsof two lines of a doublet—doublet transition in single centers
was observed in parallel fields; this structure corresponds to the case when the signs of
the g factors of the ground and excited states are diffefeaé Fig. 3. In a transverse
experimental geometry, a line due to the doublet—doublet transition in single centers and
possessing a characteristic hyperfine structure with 16 components was also observed.
The ESR signals of pair centers of the holmium ions were observed in both parallel and
transverse fields. In the latter case, a doublet—singlet transition line was observed to-
gether with doublet—doublet transition. The hyperfine structure of the lines of pair centers
is the result of a superposition of several electronic transitions with close frequencies, the
difference between which is determined by the interionic interaction in the dimer. In the
case of a magnetic dipole—dipole interaction this difference of the frequencies is compa-
rable in order of magnitude to the hyperfine interaction constant éf Hans. The shape
of the ESR signals from single and symmetric pair centers in parallel fields is displayed
in Figs. 1c and d.
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FIG. 3. Spectrum of longitudinal electron—nuclear excitations in a CsgHBY" crystal B || c):
B)=—-76.8(—77.6), BJ=-79.8(-90.3), BJ=9.5(14.5), B3=2840(2750), BI=245.3(192.7),

BE: 108.3(145.8) cm?! (see Fig. 2 The curvesA andB determine the upper and lower limits of one of the
bands of the computed excitation spectrum of a symmetric dimer. The horizontal segments represent the results
of the measurements of the resonance magnetic fields.

Besides the above-described signals, the spectra of the experimental samples contain
a series of weak lines, to identify which additional measurements measurements must be
performed.

3. The states of a rare-earth ion within the ground-state multiplet with total angular
momentumJ are described by the Hamiltonian

Hi=Hgi+g,usB-Ji+AJ;-1;, (1)

wherei is the number of the ionyg is the Bohr magnetory; is the Landefactor, A is
the hyperfine structure constant,

Ho=BJ05+B305+ B30+ B0+ BZO3 +BLOZ
is the energy of the ion in the crystal fiel€F), and O,'g are Stevens operators. The

Hamiltonian of the dime(we take into account explicitly only the magnetic dipole-dipole
interaction;R is the distance between the igrigs the form

(g,uB)?
H:H1+H2+ _Rr(Jlex2+Jley2_2J21J22)- (2)

According to calculations of the local structure of a lattice with an isolated symmetric
pair center, the distances between the thulium and holmium ions equal 5.943 and 5.937
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A, respectivelyt® Therefore, for prescribed single-ion parametésgecifically, we as-
sumed in the present work that the hyperfine interaction constants equal their values in
the free iong the electron—nuclear interaction spectra are described completely by the
CF parameteer The values of the CF parametésee the captions to Figs. 2 angd 3
were obtained by varying the initial parameters found in the exchange-charge Thodel,
and by comparing the computed and measured ESR spectra. The Stark structure calcu-
lated for the TM* and HG" multiplets using these CF parameters agrees with the
optical measurements’:*3Specifically, for single Tii" centers the energies of the sub-
levels of the®Hg multiplet equal(the values obtained by the selective laser spectroscopy
and the symmetry — the irreducible representations of teedfoup — of the corre-
sponding states are given in parenthgse§0,1";), 9.7(9.7,T",), 71.6(75,I'3), 87(99.5,

I',), 109(121,T'5), 198(236,T',), 277(296,I'3), 296(320,I'";), 306(340,I'3) cm L. In
symmetric dimers the relative changes in the energies of these states are not [@xge: 0
ry, 11.34(11.7,1',), 73.5(76.7,I'5), 91.2(101.2,T";), 112.8(122.6,I'3), 195 (238,

I';), 290(298,T'3), 317(328,I'y), 324(?,T'3) cm™ L.

The ground [';) and nearest excited'f) singlet states of the T#i ion (with
energy differenced) mix very little with the other sublevels of thtHg multiplet in a
magnetic field. In this case the following effective spin Hamiltoni8a-(L/2) can be used
to calculate the spectra of singlet—singlet transitions of a symmetric dftner:

Her=A(Su+ Sk2) T 9ueBo(S;1+Sy) +a(Syl 1+ Sl 22) +4€S,,S,, 3

where

(gsmp)?
9=20XT1|3,IT;), a=2A(T1|JJT5), €= —2AT |3, —.

To within terms which are linear in the hyperfine interaction constarthe energies of
the four electron—nuclear states of an isolated® Trion areE= + 1/ v2+ gugBa]*?,
whereve=[A%+ (gugB)?]*2

The variable magnetic fielB,(t) induces transitions only between states with iden-
tical projections of the nuclear spin with frequencigsve assume fi=1)
vm=[v2+mgugBa]*? wherem==+1.

The energy levels of pairs of iong @ndb) and the corresponding wave functions
are as follows\we construct the electronic wave functions as prodits: |+ )|+ )p;
12)=]4)al=)b; 13)=]|—)al+)p; and|4)=|—)a]—)p, where|x) are the eigenfunc-
tions of the operato8,, and we represent the eigenfunctions of the total nuclear angular
momentuml =1, 0 as|l,m), wherem=1,=0, +1):

2
1‘%) ) Wim(£)=0.5(]1)+[4)=|2)%[3))[I,m);

m

Em(i)zi(vm-l—e
En(1)=—¢€, ¥ o(1)=(|2)—[3))]I,m)/\2;

A 2
Em<2>=e((2—y—m) —1), Wim(2) = (1) =] 4)[1,m)/ V2,
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where the frequencies, ; and v_; were defined above, ang,=v.. At low tempera-

tures (T<<A/k) magnetic dipole transitionsE(—)«E(2) with the frequencies
vm=€(3(Alv,)?—2)+ vy, can be observed and, in contrast to the spectrum of a single
Tm3* ion with a doublet hyperfine structure, the spectrum of a symmetric dimer contains
three lines with intervalgugBa/2v,, the intensity of the central component being two
times greater than that of the outer components. Information about the relative arrange-
ment of the TM" ions can be obtained from the value of the coupling constattiis
constant, determined from the difference of the frequencies of the transitions
E(—-)<E(2) andE(2)«— E(+), agrees with the proposed model of a symmetric dimer.
The transition frequencies computed in the approximation under steely Fig. 2,
A=-0.389 GHz,g=12.30 in the dimer and 12.39 for a single cept@re practically
identical to the results obtained by diagonalizing the complete matrices of the operators
(1) and(2).

Our computed energies of the Stark sublevels offthemultiplet of the HG* ions
in single and pair centers, respectively, dee values obtained in Ref. 3 by optical
spectroscopy are presented in parenthe€ed’;), 6.67 and 5.55I(,, 5.5, 7.25 and 8.8
('3, 9), 22.8 and 28.11(4, 26), 142 and 1513, 155, 162 and 158K ,, 162, 159 and
177 ('3, 178, 169 and 18314, 188, 184 and 1931(;, 190.53, 207 and 211K 3, 217),
221 and 2163, 237 cm 1. The measured ESR spectrum ofHdons corresponds to
magnetic dipole transitions within the lower group of Stark sublevels of the ground-state
multiplet °l 3 (doublet—singlet—doubletin an external magnetic field this group mixes
substantially with other states, so that it is impossible to study the spectrum analytically.
For single centers the electron—nuclear excitation spectrum was found by diagonalizing
the complete rank-136 matrix of the operatd. The spectrum of longitudinal and
transverse excitationsvith magnetic moments directed parallel and perpendicular to the
constant magnetic field, respectivefpr a symmetric pair center of the Fib ions was
calculated in several steps. First, the energies and wave functions of the Zeeman sublev-
els of the®’l g multiplet was calculated with a given magnitude of the magnetic field. The
magnetic dipole-dipole interaction operator is treated as a perturbation, determined as the
direct product of the spaces of the wave functions of the five lowest electronic states of
two ions. Numerical diagonalization of the matrix of the hyperfine interaction operator
taking account of the 16 bottom electronic staiamk 1024 gives the energies and wave
functions of the electron—nuclear states of the dimer. The absorption spectrum in a fixed
magnetic field at low temperatures was obtained, specifically, as an envelope of the sum
of the Gaussian lines of transitions from 256 states, genetically related with the bottom
electronic doublets, with integral intensities equal to the squared moduli of the corre-
sponding matrix elements of the operatarg+J,, for longitudinal excitations and
Jiyt+Joy for transverse excitations. The computational results agree well with the mea-
surements. A detailed description of the spectra will be presented in a more detailed
paper. Here we only note that three lines with an eight-component strysted-ig. 14
can be distinguished in the spectrum of the longitudinal excitat{tmes corresponding
frequency region is shown in Fig);3he relative position and relative intensities of these
lines vary in a magnetic field.

We are grateful to the Russian Fund for Fundamental Resé@mint No. 96-02-
18263 and the German Academic Exchange OffiBAAD) for financial support.
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Parity effect and charge-binding transition in submicron
Josephson junction arrays
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We reconsider the BerezingkiKosterlitz—Thoules$BKT) transition

to an insulating state in Coulomb-dominated Josephson junction arrays.
We show that the previously predicted picture of the Cooper-pair BKT
transition atT=T, is valid only under the condition that, is consid-
erably below the parity-effect temperatufé~0.1A, and that even in
that case it is not a rigorous phase transition but only a crossover,
whereas the real phase transition takes pladg &iT,/4. Our theory is

in agreement with available experimental data on Coulomb-dominated
Josephson arrays and also sheds some light on the origin of the unusual
reentrant temperature dependence of the resistivity in an array with a
nearly critical ratioEc/E;. © 1997 American Institute of Physics.
[S0021-364(©7)01007-4

PACS numbers: 74.5@r, 74.80.Dm, 73.23.Hk

1. Two-dimensional arrays of micron-scale superconducting islands have been ex-
tensively studied in recent years, both experimentafland theoretically=” It is now
well established that their low-temperature behavior is determined by a competition be-
tween the Josephson coupling enefgyand the effective charging ener@s=e?/2C,
where C is some relevant electrical capacitante be discussed belgwMacroscopic
superconductive coherence is observed at low temperatures in array€ B,
whereas arrays witk ;<<E. show insulating behavior 8ti— 0. At nearly critical values
of the ratiox=E;/Ec~ X, a direct transition between superconduct{®&f) and insu-
lating (1) behavior as function of is observed in zero magnetic fiéldioreover, a very
weak magnetic fiel<1 G (producing small fractions of a flux quantum per unit cell of
the array was found to switch arrays witkex., between SC-like and I-like behavior as
a function of temperature; recently a very interesting intermediate region was?fund
which the resistanceR(T) is basically constant in the temperature range
10 mK=T=200 mK, which indicates the existence of a “2D metal” state sandwiched
between the SC and | phases.

The above-mentioned basic properties of 2D arrays are in qualitative agreement with
the existing theoriés (except for the recently observed 2D metal statewever several
important features are not yet understood. In particular, the resistance of the insulating
arrays shows purely activational behavig¢T)<exp(E,/T) with a constant activation
energyE, throughout the whole temperature interval studigtlvhereas theoretically the
charge-binding BerezinskiKosterlitz—Thoules$BKT) transitior?*® from the conducting
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to the insulating phase is expected to oCatra temperatur@,~E/. Such a transi-

tion should occur due to the nearly logarithmic form of the Coulomb interaction between
charges in arrays in which the self-capacitafigeof the islands is very small compared

to the inter-island(junction) capacitanceC. In the currently studied arrays the ratio
C/Cy~100(as measured at very low temperatures, about 10 mK, cf., e.g., Refhzh
should result in a logarithmic interaction throughout the whole aftlag effective inter-
action lengthA should be estimated with allowance for the 3D nature of the electric field,
which lead$'°to A~C/C,~100) and, consequently, in a charge-binding BKT transi-
tion.

In the case of islands in the SC state and under the conditjetE - the tempera-
ture of this transition has been estimates T,~E/, whereas in the case of normal
islands(i.e., with superconductivity suppressed by a magnetic)fieid expected to be a
factor of 4 lower,T{~Ec/4m, due to the twofold decrease of the available elementary
charge. Nevertheless, no indication of such a transition in an array of SC islands has been
found experimentally(except in a very recent prepriht,which is discussed below
Another surprising feature observed in Ref. 2 is the nonmonot¢néentrant”) tem-
perature behavior of the resistariR€T) of an array with a nearly critical ratiB;/E at
T<200 mK.

In the present letter we show that the above experimental observations can be natu-
rally understood once the temperature dependence of the effective Coulomb-interaction
between the charges in an array is properly taken into account. In a very broad sense our
analysis follows the ideas of Efetd,who laid a groundwork for the description of
quantum fluctuations in granular superconductors; namely, we consider the screening of
the Cooper-pair Coulomb-interaction by normal quasiparticles existing in each supercon-
ductive island at finite temperatures. However, we believe that Efetov’s treatment of the
effect he proposed was technically not quite correct, and we therefore present here an-
other theoretical approach to the same problem.

Our main qualitative result can be formulated as follows: at temperatures above the
so-called parity-effedt 16 temperature ~ T*~A/In M<A [where
M=Vv(0)/87TA~10*~1C, V is the volume of the island, ane{0) is the density of
states at the Fermi level in absence of superconduclithigy presence of thermal quasi-
particles[numbering~ M exp(—~A/T)>1] on each island rules out any possibility of
observing the BKT transition of Cooper pairsTgt Since in most of the arrays studied to
date the above-defined characteristic temperafyréas been in the range 0.3-0.5 K,
whereas the parity-effect temperatufé~0.2 K<T,, the absence of anything like a
BKT transition nearT, is quite naturalmeasurements beloW* were not possible in
these array%® sinceR(T) becomes immeasurably higes 10°Q]). On the other hand, a
single-electron BKT transition is a completely different issue: eeeexpect such a
transition to be observable at approximately the same tempefbier&,/4 as in arrays
with islands in the normal state.

2. Let us now proceed to the derivation of our results. With one important modifi-
cation, we will follow Ref. 5. In the limit when charge tunneling is weak and is important
only for the establishment of thermodynamic equilibrium, an array of superconducting
islands can be described by a classical partition function of the form:
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Z—% eX[{—EiZj Gijninj—TEJ_: T , Gij—?C”— . (1)
The first term in the exponent in E¢l) stands for the electrostatic energy of the array,
which in the case when only the mutual capacita@cef nearest-neighbor islands is of
importance corresponds to a logarithmic interaction of the charges in a two-dimensional
array:
2Ec( 1 1 2
G Gu= 27" Rut g Eemac @
whereas the second term describes the dependence of the free energy of a superconduct-
ing island on the parity of the number of electranson this island:>**°

The free energy differend@(T) between the islands with odd and even numbers of
electrons can be expressed as

D(T)=—T In tanh(Q/T). 3
where Q.= —T In(Zy44/Z) and Z,qq is the “odd grand canonical partition function”
introduced in Ref. 13 in a study of the parity effect. An exact expression for the function
0,e(T) can be found in Ref. 15, but fof<A a good approximation is

Qo MIT=Me™ T, M=V(0)87TA. @)
The ratioQ,./T in that limit is proportional to the number of thermally excited quasi-
particles on one island.

In terms of statistical mechanics, partition functidn defines a Coulomb lattice gas
in which the fugacities of odd chargé’s=exp(—D/T) differ from the fugacities of even
charges (which are equal to one Comparison of Eq.(4) with Eq. (3) for
T<T*=A/In M then shows that the parity-dependent free energy difference
D(T)~A—-T In M>T and soY<1, whereas in the opposite limlt>T* the quantity
D(T) becomes exponentially small andis very close to one.

Previously it has been assumdtat in the regime when island charges behave as
classical variables the main difference between an array of normal islands and an array of
superconducting islands is that in an array of normal islands the charge of each island is
quantized in units of, whereas in an array of superconducting islands the charge is
quantized in units of & The consequence for an array whose electrostatic properties are
dominated by mutual capacitance of nearest neighbors is that the tempéranifréhe
BKT transition in an array of superconducting islant@ppearance of free double
chargegshould be exactly four times higher than the temperafyreE /47 of the BKT
transition in the analogous array of normal islandlse appearance of free single
charges Comparison with Eq(1) shows that such a description of an array of super-
conducting islands would be correct only in the limi{T)/T—oc. SinceD(T) is always
finite this description turns out to be misleading. The behavior of the array at tempera-
tures close tdl,=E./# depends qualitatively on the relation betweBnand T*; we
consider both cases in turn.

3. At T,=T* an array of superconducting islands is described by practically the
same partition function as an array of normal islands, sIn€E,)<T, in that case. The
phase transition to the insulating state in such a system can be associated with the binding
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of the chargest 1 into neutral pairs; it takes place at a temperafyavhich is slightly

lower than the simple estimaTeﬁO)z E/4m which can be obtained by comparison of the
energy of a single charge with its entropy. The difference betWigeand T{” is due to

the renormalization of the charge interaction by bound pairs of charges and decreases
with decreasing fugacities. The appearance of the free single charges induces screening
of the Coulomb-interaction for all types of charges, and therefore the double charges also
are free aff >T,. Not even a trace of a separate phase transition related to the debinding
of double charges can be expected to be observed in such a situation, which corresponds
to the experiments of Refs. 1-4.

4.In the opposite cas€,<T* there is a range of temperatufBs< T<<T* in which
the fugacityY of single charges is much smaller than one. This leads to an increase in the
phase transition temperature, but it still has to remain lower T@h The difference
with the caseY=1 is that forY<1 the concentratiom; of free single charges remains
small even at temperatures considerably higher fhanin the regionT;<T<T, this
concentration can be estimated with the use of the standard Debgkel-approxima-
tion, which gives fom, the self-consistent equation

(5

oy 1 f d?q 1
M=sYeXD =35 2m)? K[2(1—cosqy)+2(1—cosqy)]+n,
(whereK=T/2E.), the solution of which for smalh; can be expressed as

D(T)+aEc—[In(4Ec/T)]Ec/4m
n1~2 ex - T_Tgo) )

(6)

wherea=0.276. ... Themain effect of the Coulomb interaction is that it produces a
singularity atT=T(1°) in the exponent in Eq6). When the shift of the phase transition
temperature is taken into accouffff) should be replaced by,. Note that second and
third terms in the numerator of the exponent almost cancel each other in the relevant
range of parameters.

For D(T)>T the screening of the interaction is noticeable only on large scales, and
the concentration of free double charges also remains small. On the other hand, at the
temperaturd ,=4T,~E /7 the free double charges have to appear even whefl on
account of the mutual influence of pairs of double chargésRef. 5. That means that
for D(T)>T a crossover characterized by a proliferation of free double charges occurs in
the vicinity of T,.

Close to the transition temperature the self-consistent approximation is no longer
valid, and more advanced methods should be used. It is easy to show that when only the
single and double charges are taken into account, the Coulomb gas model described by
partition function(1) becomes isomorphi@n the continuous approximatipto the sine—
Gordon model defined by the Hamiltonian

H=fd2r

The renormalization group equations for the Hamiltor(i@ncan be found in Ref. 17. As
expected, their solution shows that for temperatures lowerThahe presence of double

T

K
2 B
5 (VO)“—2YcosH—2 cos X |; K__ZEC'

)
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chargedin form of neutral pairsdoes not introduce any qualitative changes. In the close
vicinity of T, the temperature dependencemgfdeviates from the self-consistent result
(6) and exhibits the standard BKT critical behaviavith

b
I’]l(T)OCeX[{—\/?/Tl ) (8)

whereb is of the order of unity. The linear dc resistance of the array should be inversely
proportional to the density of free charges Taking into account Eqg6) and (8), we
get an estimate for this resistance at temperaturesear

RT) _[D(T) b [ Ec |¥
~min , ) 9
Ry T-T \/47T\T_Tl
whereR; is inversely proportional to the probability of a tunneling event, which is only
weakly dependent on the temperatuRg~ R, M, whereR,, is the normal-state tunneling
resistancdcf. Ref. 18.

5. The representatioli7) is also useful for comparison between our results and
Efetov’s treatment of screening by quasiparticfesyhich can be expressed just as the
replacement of the original capacitance matliy by an “effective” one definedat
T<A) as

27A
Ci'=Cij+ 8- Vr(0)(2€)2 /?e*m. (10)

Let us now formally expand the second term in Ef).to second order i and neglect

the rest of terms. One can easily see that the expression obtained in this way for the
effective interaction betweene2charges(generated by expansion of the partition func-
tion in powers of the cos@term) would coincide with the expression obtained by
inversion of the effective capacitan¢®0). Physically the formal operation above would
mean neglect of the discrete nature of electric charge, which might be reasonable if
charge transport between islands could proceed via some “classical” channels able to
provide charge in continuous amouritike the charging of a macroscopic electrical
capacitor by an external voltage sourck is not the case for submicron arrays with
tunnel junctions, where the charges of the islands can change only by a quaatia®s 1

is reflected by the periodic nature of the second term in7#y.However, the basic
qualitative feature of Efetov’s result — the screening of Cooper pair charges by normal
excitations — remains valid in spite of the absence of any such simple notion as an
effective capacitance matrix.

6. It follows from our results that in order to observe some growth of the effective
activation energydefined a€,=d In R(T)/d(1/T)] asT approached, from above, one
needs to use an array with a Coulomb enekyy several times less thaa, so that
T,<T*. This conclusion is in complete agreement with recent experimental'tata,
where some moderate growth Bf(T) in the temperature range around 0.2—-0.3 K was
observed. This experiment differs from several previous ones of the sanfe*gpbere
a constante, was observedby having lower values oE: and a bit higher reported
A. On the other hand, we do not agree with the interpretation given in Ref. 11, that the
growth of E4(T) is a precursor of the BKT transition @ for their SC arrays. As follows
from our results, no such a transition existsTat which agrees with the rather modest

In
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(compared to BKT behavipgrowth of E,(T) observed in Ref. 11 &~ T,. Note that

the agreement between the data reported in Ref. 11 for normal arrays and the expected
genuine BKT transition al'; is much better than the above-mentioned comparison for
SC arrays.

The above theoretical results point out that any analysis of experimental data on
superconductor—insulator transition in artificial arrays of superconducting islasdgell
as in dirty thin films near SC—I transitionshould take into account the existence of a
characteristic temperature scale for the parity eff€¢t,(note thatT* is magnetic-field
dependent and is strongly depressed by fields of the ordéf gf. In particular, the
behavior of the |-V characteristics in the intermediate temperature rahger <A
cannot be unambiguously related to the genuine ground-state properties of the system, as
is exemplified by the nonmonotonic behavior RfT) observed in Ref. 2 at a nearly
critical ratio E;/Ec. We interpret this unusual behavior as follows: at moderately low
T screening by quasiparticles is effective and reduces the Coulomb repulsion of Cooper
pairs, leading to decreasing behaviorR{fT); at still lowerT this screening is gone, the
Coulomb repulsion increases, and the effective rEgiéE‘éff enters the “insulating” part
of the phase diagram, leading to an increas®(Qf) asT is decreased further.
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A change in the shape of a charged surface of liquid hydrogen and
helium — the formation of a solitary wav@ positively charged hump

for hydrogen and a negatively charged dimple for hejiumis ob-
served in an electric field exceeding a critical value under conditions of
total compensation of the applied field by the surface charge19@7
American Institute of Physic§S0021-364(®7)01107-9

PACS numbers: 67.78n, 67.55.Hc

It is well known that a flat charged liquid surface in an external perpendicular
electric fieldE becomes unstable when the intensity of the field exceeds a critical Value.
Previously the change in the shape of a negatively charged surface of a thick layer of
liquid helium (the electrons are localized above the heliumas been investigated in
detail in the case when the depthof the liquid (distance from the free surface to the
metal substrajeis much greater than the capillary lengtk a/pg. Herea andp are
the surface tension and density of liquid helium anid the acceleration of gravity. The
theoretical calculations have been performed under conditions when the electrons local-
ized above the surface do not completely compensate the applied electric field. It was
found that ford>\ and for a fixed number of charges above the surface, when the field
exceeds some critical value a periodic deformation, accompanied by modulation of the
surface charge density, with a period of the ordemoénd a finite amplitude which
depends on the degree of supercriticality,arises on the surface of the liquid, i.e., a
reconstructio — a transition of the liquid surface from a flat surface into a new stable
state — is observed. This phenomenon was studied experimentally in Refs. 5-7.

In the opposite situation, wheh< \, the range of wave numbers at which instability
develops starts d&¢=0 (Ref. 8, and in the one-dimensional approximation, as follows
from Ref. 9, a localized stationary wayeoliton), whose size depends on the applied
field, can arise on the surface.

Until recently it was not clear whether or not it is possible to observe reconstruction
of a surface under conditions when the distance between the control electrode and the
charged surface of the liquid has a valde-\, and the electric field is completely
compensated by a layer of charge on the surface of the liquid.

The surface of liquid helium and hydrogen can be charged, for example, by local-
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izing electrons above the surface or positive ions beneath the surface. The problems of
the stability and reconstruction of negatively or positively charged liquid surfaces are
equivalent. For this reason, in this letter experiments with a negatively charged helium
surface are combined with experiments with a positively charged hydrogen surface.

This letter reports the experimental observation of a stationary reconstructed surface
of charged helium and hydrogen films under conditions when the charges completely
compensate the applied electric field and presents data on the shape of the reconstructed
surface. The transition from a flat state into a new reconstructed state is “soft.” It is
found that the solitary stationary axisymmetric wdseliton) corresponding to a dimple
on a negatively charged liquid-helium surfa@ectrons above the heliynand a hump
on a positively charged liquid-hydrogen surfagesitive charges localized beneath the
surface is a stable form of the reconstructed surface.

EXPERIMENTAL PROCEDURE

The properties of a negatively charged liquid-helium surface in the normal state and
a positively charged liquid-hydrogen surface were studied in the experiments.

The experimental cells had the form of flat capacit{aiisdes arranged horizontally
in cylindrical optical containers. The distance between the capacitor plates was equal to
8 mm in the experiments with liquid helium and 6 mm in the experiments with liquid
hydrogen. The diameter of the plate®%20 mm) was several times greater than the
distance between the plates. The liquid was condensed on the bottom plate of the capaci-
tor. The liquid column was 0.1 and 0.15 mm high for helium and1 mm high for
hydrogen. We recall that the capillary length in heliws0.4 mm atT=4.2 K and
A=1.8 mm at 17 K for hydrogen, i.e., the distarttdetween the control electrodtop
plate in hydrogen, bottom plate in heligrand the free surface of the liquid was compa-
rable to the capillary length.

The liquid-helium surface was charged with electrons with the aid of a pointed tip
placed in vapor in the presence of a perpendicular compressing field. The change in the
shape of the surface was followed according to the change in the interference pattern
produced by two laser beams reflected from the bottom half-transmiftiregallized
plate of the diode and the top, mirror plate. The observational procedure is described in
Ref. 10, for example.

In the experiments with liquid hydrogen the bottom plate, coated with a layer of
radioactive material, of the diode served as the source of charge. Under the action of the
applied electric field the positive chargéd, ions surrounded by a layer of solidified
hydrogen was pressed against the surface located at a dis@rfoem the top metal
electrode; in this case, virtually no current flowed through the surface. The experimental
arrangement is described in Ref. 11. The shape of the charged surface was monitored
with a TV camera, which gave an image of the profile of the liquid in the gap between the
plates of the diode. A change in the shape of the surface with increasing electric field was
also judged according to the deflection of the laser beam reflected from the surface of the
liquid.

We underscore the fact that the measurements were performed under conditions of a
bounded geometrycylindrical ampul with a diameter several times greater than the
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interelectrode distangeand the total amount of liquid in the helium and hydrogen films
in the experimental cell remained unchanged.

EXPERIMENTAL RESULTS

For low voltages between the diode plates the equipotentially charged surface of the
liquid curves smoothly. When a critical voltagk,, is reached, a macroscopic secti@n
dimple on the surface of helium and a hump on the surface of hydyagéma charac-
teristic diameter of several millimeters appears on the surface. It should be noted that in
both helium and hydrogen the reconstructed section could arise on the surface at random
points. In the experiments with hydrogen an a single hump could be moved to the center
of the diode by slightly changing the inclination of the cell.

Figure 1 shows two interference patterns of the charged surface of a liquid-helium
film — before and after the appearance of a deformed se(tianked by arrows in Fig.
1b). The diameter of the dark spot at the center of the deformed section equals 1.5 mm.
The potential difference between the diode plates Was170 V, the measurement
temperaturel=4.2 K, and the liquid layer was 0.15 mm thick. The charge density far
from the deformed section remained practically unchanged. This follows from the fact
that the distances between the interference fringes at the edges of the charged surface are
the same. This is specially noted in order to underscore the fact that the liquid surface
remains an equipotential surface after it is deformed.

The deformed section was stable for 1.2 s, after which it discharged on the bottom
plate of the diode. For a 0.1 mm thick liquid layer aldd=400 V the lifetime of the
deformed section decreased to 0.4 s, but once again the lifetime was much longer than the
characteristic relaxation time of disturbances in the electron layer above the helium
surface.

Figure 2a shows a photograph of the equilibrium profile of a reconstructed surface
of a layer of liquid hydrogen with the potential difference between the plates of the diode
U=1620 V and temperaturé= 17 K. The points in Fig. 2b were obtained by scanning
this profile. In a constant field the form of the profile remained unchanged over an
observation time of longer than 48.

The height of the deformed section of the surfd@emp at the center of the diode
could be regulated by varying the voltage between the diode plates in the range
U=1300-1700 V. No surface reconstruction was observed for subthreshold voltages
U (U.;~1300 V at the given temperatyreAt voltages above 1750 V the reconstructed
surface becomes unstable and a discharge is obséseednd critical voltagé),). At
the moment of the discharge, of the order of tharges arrive at the collector. After the
discharge the surface relaxes to the initial flat state. Then the process repeats. In Ref. 11
we reported the observation of quasiperiodic oscillations of the charge surface of liquid
hydrogen in strong fields. A similar phenomenon — the appearance of ioniggtsers
on the surface of superfluid helium in strong fields — was observed in Ref. 12.

Figure 3 displays the maximum angle of reflect@mf a laser beam from the liquid
surface, measured at a temperature of 14.6 K, versus the valta@ae can see that the
dependence of the reflection angle on the control voligde) changes substantially at
voltages above the first critical voltagm the present measuremenis; ~1500 V).
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FIG. 1. Interferogram of an exponentially charged liquid-helium surface bé&p@nd after(b) the formation
of a dimple (marked by arrows Temperature of the liquid — 4.2 K. Diameter of the visible section of the
liquid — 20 mm.
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FIG. 2. g Photograph of the profile of a reconstructed equipotentially charged surface of liquid hydrogen. The
linear size in the horizontal direction equals 10 mm. Temperature of the liquid — 1Y Roffile obtained for

the reconstructed sectidghump by scanning the photograghircles. Solid line — the function(1) with the
parameterd\=0.38 mm andR=2.5 mm.

DISCUSSION OF THE RESULTS

First the following important question must be answered. Do the observations repeat
the experiments of Ref. 10 where dimples were observed on the surface of a thick
(d>N\) helium film on a metal substrate? The answer is unequivocally no.
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FIG. 3. Maximum angle of reflection of a laser beam from a charged liquid-hydrogen surface as a function of
the voltageU. The temperature of the liquid is equal to 14.6 K.

576 JETP Lett., Vol. 65, No. 7, 10 April 1997 Levchenko et al. 576



The experimental situation in our work is qualitatively different from the situation
observed in Ref. 10 and discussed in Refs. 3 and 4. In our experiments the charge density
is determined by the applied voltagthe charges completely compensate the external
electric field and equals the maximum possible densityn.=E?/47 on the entire
surface, while in Ref. 10 the charge density on a flat surface far from the reconstructed
section(dimple) is close to zeron<n.. Moreover, in the experiments with hydrogen the
number of charges beneath the surface varies and increases with the applied voltage.

The observations showed that the lifetime of the reconstructed helium and hydrogen
surfaces is quite long. This makes it possible to talk about the observation of a stationary
charged solitary wavéa dimple in helium or a hump in hydrogen

A number of qualitative conclusions can be drawn from the experimental results
(Figs. 1 and 2

1) Surface reconstruction in a stationary electric field in a finite-diameter cell with
d~\ is possible with both fixedhelium) and variablghydrogen numbers of charges at
the surface.

2) Under conditions when the charge density on an equipotential surface is fixed by
an external field, a solitary stationary veav— a dimple in the experiments with electrons
above a helium surface or a hump in experiments with positive charges beneath a hydro-
gen surface — arises on the surface in fields exceeding a critical \daluerhe possi-
bility of the appearance of such a wave is predicted in a one-dimensional approximation
in Ref. 9.

3) As the field increases further, a pulsed discharge is observed, i.e., there exists a
second critical fieldand, correspondingly, a voltagg.,) above which the reconstructed
surface of the liquid is unstable.

In Ref. 9 the one-dimensional case corresponding to the formation of a periodic
system of “rolls” on an infinite surface of a thin helium filnd&A\) in a field exceeding
some critical field is studied. The shape of a solitary (@D soliton), corresponding to
an infinitely long period(for the experiment, much greater than the diameter of the
experimental cell is described by the expression

z(x)=A cosh ?(x/R), ()

whereA is the amplitude an® is the characteristic size of the soliton.

Unfortunately, the computational results obtained in Ref. 9 cannot be used to de-
scribe a real, substantially non-one-dimensional situation. Nonetheless, it was found that
the form of the hump observed in experiments with liquid hydrogen is described satis-
factorily by expressiortl), provided that the hump is axisymmetric axds replaced by
the distance from the center of the soliton. TheR is the characteristic radius of the
soliton. Numerical fitting of the profile of the hunpoints in Fig. 2b gave the values
A=0.38 mm andR=2.5 mm(solid curve in Fig. 2h

The evolution of the shape of the hump with increasing applied voltage can also be
judged from the curve(U) in the experiment with hydrogen. From the plot shown in
Fig. 3 it is evident that there exist two different regimes of variation of the shape of the
free surface of the liquid — below and above the first critical fld|d. The initial section
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(U<U,,) corresponds to the standard drawing of the charged liquid into the field of the
capacitor, the reflection angle being proportional to the square of the applied voltage:
BU2. In fields above the first critical field, i.e., in the regibly; <U<U,,, the experi-
mental dependence can be described by the rel@ie(U —U.;)™, where the exponent
2<m< 3. This section of the curvg(U) describes the change in the slope of the lateral
surface of the soliton with increasing voltatje

In summary, the reconstruction of an equipotential charged surface of a liquid in a
stationary electric field above a critical field was observed in the experiments under the
conditionsd~ X\, whered is the distance between the charged surface and the control
electrode and is the capillary length. For further analysis of the observed phenomenon
it could be important that the measurements were performed in a finite-size flat capacitor
with diameter much greater than the characteristic lendthad \.
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Can colliding nerve pulses be reflected?
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A new effect not previously observed is predicted on the basis of nu-
merical experiments with the Hodgkin—Huxley equatiofs. L.
Hodgkin and A. F. Huxley, J. Physioll17, 500 (1952], which de-
scribe quantitatively the dynamics of generation, propagation and inter-
action of nerve pulses: colliding nerve pulse reflection. The range of
governing parameters in which the effect might be revealed in real
experiments is indicated. @997 American Institute of Physics.
[S0021-364(07)01207-3

PACS numbers: 87.22.Jb, 03.40.Kf

It is a matter of general experience that the functioning of a living organism as a
whole involves the unidirectional transmission of signals—nerve pulses—from receptors
to the central divisions of the nervous system involved in information procesgsieg
brain), and further to peripheral executive orgdesy., muscles Stability of the process
of unidirectional information transmission along nerve fibé&gons is provided, in
particular, by the fact that nerve pulses traveling towards each other along an axon are not
reflected after collision but instead decé@yre annihilated if they were reflected, the
directed current of signals in a functioning nerve fiber would be irreversibly disorganized
in a cascade of re-reflections induced by a single oncoming pulse. Therefore, most physi-
ologists will answer the title question in the negative.

Omitting here the physical mechanisms of generation and propagation of nerve
pulses(these mechanisms are already well understood and are explained in detail in the
physics literature™3), we recall the cause of the decay of such pulses upon collision: it
lies in the fact that following along the nerve fiber in the wake of a traveling pulse front,
which reverses the charge of the axon membfatieere is a refractory zone of finite
length, covering the trailing edge and tail of the pulse, where the opposite charge reversal
and recovery of the membrane subsystems to the initial resting state occurs. In the
refractory zone a nerve fiber is unexcitable, and the existence of these zones prevents two
colliding pulses from passing through or reflecting.

In two well-known papers: it was proposed to use the annihilation of colliding
nerve pulses and of their closest dynamical analogs—combustion waves and concentra-
tion waves in chemical media with autocatalyélisey are referred to as autowaves in
excitable media®—as a characteristic feature distinguishing these waves from another
type of solitary waves—solitons propagating in conservative dispersive fedimwy-
ever, do colliding autowaves always decay? Contrary to intuitive expectations, the recent
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numerical results® obtained for simplified mathematical models of excitable media have
demonstrated that in such media under certain conditions one can expect the emergence
of regimes(called soliton-like, which correspond to reflection of colliding autowaves.
These results immediately raise the question of implementation of soliton-like regimes in
real biological systems.

The main result of the present work is the prediction of experimental conditions for
which the reflection of colliding nerve pulses will occur. The indicated conditions are
revealed in numerical experiments with the known system of nonlinear differential equa-
tions of Hodgkin and Huxley® which reproduce this effect. These equations give an
exact description of the dynamics of nerve pulse propagation, and all the essential results
obtained by integration of these equations are supported by experiments not only quali-
tatively, but quantitatively as wett It is hoped that the reflection of nerve pulses will
also be revealed in direct experiments with a real object.

The data presented in this work make it possible to explain the dynamical mecha-
nism of the predicted effedsee below. The results are also of applied interest as it is
hoped that investigation of soliton-like regimes in biological excitable media will pro-
mote understanding of the mechanisms of a number of pathologies associated with the
failure of rhythmical activity in an organism—for example, in the heart, whose contrac-
tions, as is known, are initiated by electric excitation waves similar in many respects to
nerve pulsed!?

The system of Hodgkin—Huxley equations used in numerical experiments has the

form™10

a _ _ _
V= InaM>N(V = Vo) —gxn* (V= Vi) =g (V- V),

CVt=ﬁ

M= am(V)(1=m)=Bn(V)m, h=an(V)(1-h)=Bn(V)h;

Ne=an(V)(1—n)=By(V)n; ey

hereV is the electrical potential of the inner medium of an axon, measured from the
resting potentidl Vg (the potential of the outer medium is set equal to Zetioe sub-
scriptst andx denote time and spatial derivativeS;is the membrane capacitance per
unit area;R is the specific internal resistance of a nerve filzeis the radius of a nerve
fiber; gna, Ok and g, are the maximum sodium and potassium conductances of the
membrane and the membrane leakage conductgrereunit area of the membrane
Vna: Vk andV, are the sodium and potassium equilibrium potentials and the reversal
potential of the leakage curremty andn are kinetic variables of activation of the sodium
and potassium currenth;is a kinetic variable of inactivation of the sodium current; the
functions«(V) and B(V) with subscriptan, h andn determine the rate constants of the
corresponding processes at a giwénStandard values af, C, R, gna, 9k, 9L, VNa

V| and Vg from Ref. 10 and standard expressions &(V), Bm(V), an(V), Bn(V),
ay(V) and B,(V), correctell in Ref. 13, were used. Regimes of pulse propagation and
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FIG. 1. Interaction of colliding nerve pulses: annihilation of pulses at the standard val\e= —12.0 mV; b
reflection of pulses a¥x=—2.5 mV. Here and in Figs. 2 and 3 the profiles of the potentialV(x,t) along
the axon at time$=n7 (r=2ms,n=1,2,..) are shown.

interaction were studied at different values of the paraméjer Note that in real ex-
periments, shifts of th¥y value can be implemented by altering the relation between the
inter- and intracellular concentrations of potassium ins.

In view of the radical novelty of the effects revealed, let us give a detailed descrip-
tion of the conditions of the numerical experiments. Equatidnswere integrated nu-
merically on the segmentOx<L (with L=40 cm), simulating a nerve axon. At the
boundary pointx=0, L zero-flux conditiong/V/dx=0 were imposed. Calculations were
performed by the standard explicit method on a mesh consisting of 201 points; the time
and space steps of numerical integration wéne=0.20 cm andAt=0.01 ms (Ax
=0.100 cm andAt=0.002 ms in control experimentsComputations were performed
for two cases{a) nerve pulses were initiated at the left and right ends of the fiber and
subsequently traveled toward each other and colligeg. 1); (b) a single nerve pulse
was initiated at the left end and propagated to the right(Eigs. 2 and R The following
initial conditions corresponded to ca@: V=110 mV at the extreme points of the space
grid, with numbers 0, 1, 2 and 199, 200, 204V, at all other pointsm=m,, h
=hgy, n=ng at all grid points(Vy, my, hy and ny are the stationary values of the
corresponding variables at a given value \¢gf). The initial conditions for caséb)
differed from the previous in that the valde=110 mV was specified only at the points
with numbers 0, 1, 2.

The results of the numerical experiments are as follows.

For Vx<—2.5 mV the usual(annihilation regime of nerve pulse interaction is
implemented in syster(ll): two pulses traveling toward each other from the ends of the
nerve fiber decay after having collidégig. 19, and the steady stad(x)=V,, m(x)
=mg, h(x)=hgy andn(x)=n, is established along the fiber.

For —2.50 mV=V<—2.46 mV the soliton-like regime is realized in systéi:
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X, ¢m

FIG. 2. Generation of extra pulses\dt=—2.45 mV.

two colliding pulses are reflected, move apart in opposite directibitgs 1b), collide

with the impermeable fiber boundaries, and are reflected once again. Then this cycle
recurs again and again. It can be assumed that the soliton-like regime is described by
spatially nonuniform time-periodic solutions of the Hodgkin—Huxley equations. The
mechanism of pulse reflection is as follows. In the soliton-like regime the traveling pulse
presents a doublet consisting of a high-amplitude pulse-leader and a low-amplitude wave
following this pulse(Fig. 1b. When doublets interact, the leaders are annihilated, and the
collision of the low-amplitude waves after a short delay leads to their summation. As a
result of the summation, the potentidl at the site of the collisions reaches a super-

FIG. 3. Self-generation of pulses ¥k=—2.4 mV.
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FIG. 4. Projection onto the plane of variablég,§) of the phase trajectory of a nerve pulse in the system of
equations(1) without diffusion, for different values of the paramet®l. a Vi=—12.0mV; b Vi

=-2.5mV; g Vk=—2.4 mV. In(a) and(b) a steady stationary point of the system can be se€(t) i stable

limit cycle emerges as a result of bifurcation\gt= —2.42 mV. In casdb) the soliton-like regime is realized
in system(1) with the diffusion term.

threshold value, causing regeneration of the douBletdich thereafter move apart in

opposite directions. The process of reflection of excitation pulses from impermeable fiber
ends evolves according to the same scenario.

For —2.46 mv=V<—2.40 mV a more complex regime was observed in system
(1) (Fig. 2. The amplitude of the wave, following the leader of a doublet initiated at the
left end of the fiber, rapidly increases as it travels, reaches the threshold value and
initiates two “extra” pulses. These pulses move apart to the opposite ends of the axon
and are reflected from them. The regime observed after that is similar to the soliton-like

one, except that as the regime is in progress, the low-amplitude waves can give rise to
new extra pulses which also take part in interactions.
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For V= —2.40 mV the specifying of initial conditions at the left end of the fiber
initiates there a self-generation of pulses which periodically pass along theRixo13).
This regime is a transitional one: with time the fiber switches to the stable regime of
spatially uniform self-oscillations of the electrical potential.

As our numerical studies show, the soliton-like regime is observed in sydem
when the parameters of a system of ordinary differential equations without difflision,
obtained by neglecting the teraV,,/2R in system(1), are close to the bifurcation values
corresponding to the global limit-cycle bifurcation. This bifurcation leads to the emer-
gence of a stable limit cycle in the phase space of the system without diffusion, which
coexists with a stable stationary state=V,, m=mg,, h=hy, n=ny which existed
before the bifurcation as welFig. 4). Hypothesis:A necessary condition for the occur-
rence of soliton-like solutions to nonlinear partial parabolic equations describing excit-
able media is that the corresponding systems of local kinetic equations be close to the
global limit-cycle bifurcation. This condition is satisfied not only for systémbut also
for the systems of Refs. 7-9, where soliton-like regimes have previously been found.

In conclusion let us indicate the conditions for which it can be hoped that the regime
of reflection of colliding nerve pulses will be realized in real experiments with axons. It
has been shown above that this regime is observed in the rarfj0 mv<Vy
< —2.46 mV. The latter corresponds to the following interval of in concentration in
the outer medium bathing the axofK™]g"<[K™]o<[KT]§®, where [K*]g"
=10.0 mM, [K*]§'®=10.1 mM. Conversion of the intervals was performed by the
Nernst formuld' Vi=(RT/F)In((K™]o/[K*];)—Vgr=58 log (K *]o/120)+60 linking
the V(mV) values with concentration values for the given ions in the outer medium
([K*]o, mM) and the inner medium of the axdfK *];, mM); here for the temperature
T and concentratiofK*]; we have taken the standard valu&s=280K, [K*];
=120 mM 1% The reflection of colliding nerve pulses should presumably be pursued in
experiments with a fiber placed in a physiological solution with'adéncentration in the
indicated interval. In spite of the narrow range [¢€ ], values corresponding to the
soliton-like regime A[K ™ ]o=[K"]§**~[K"]§""=0.1 mM), preparation of a physiologi-
cal solution with K" concentration within the limits of stated accuracy is quite feasible
under laboratory conditions. It is possible that the parameters of the real nerve fiber
would differ somewhat from that of the “standard axon” used in systémthen the
interval of concentrationg K* 13", [K™]'®) corresponding to the soliton-like regime
would be also shifted relative to the calculated values. A search for the reflection of
colliding nerve pulses in this context is a challenge for the experimenter: the effect should
be pursued in the borderline region separating the parameter regions corresponding to the
annihilation and self-oscillation regimes.

dRecall that in resting state the inner medium of the axon is charged negatively, and at the peak of a nerve
pulse—positively.

bt is known that conservation laws prohibit annihilation of solitons; in one-dimensional media they escape the
interaction undestroyed.

9The resting potential is the potential of the inner medium in a steady stationary state of the axon.

9In Ref. 13 the non-physical anomalies originally present in the functions given in Ref. 10 have been removed.

®Recall that the dynamics of nerve pulse generation has a threshold Hature.
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NThis system of local kinetics describes the dynamics of the process at a small electrically isolated site of the
axon.
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The confidentiality of a quantum-cryptographical system based on the
energy—time uncertainty relation is discussed with respect to opaque
and translucent eavesdropping strategies. 1997 American Institute

of Physics[S0021-364(®7)01307-9

PACS numbers: 03.65.Bz

In quantum cryptography the information carriers are quantum states. It has been
proved that it is impossible to clone a state which is unknown beforeh@he. secrecy
of quantum-cryptographical systems is based on the fact that any measurement on a set of
nonogr;ogonal states that makes it possible to extract nonzero information changes the
states:

Eavesdropping strategies can be conventionally divided into two fy@gsaque
eavesdropping reduces to performing a measurement on an information carrier. In the
case of translucent eavesdropping, information is extracted from an ancillaryatate
cilla), which is prepared and “attached” by the eavesdropper to the carrier. Then a
measurement is performed on the state of the ancilla.

Different strategies for a quantum-cryptographical system based on two nonorthogo-
nal states have previously been discussed in Refs. 4—6.

In the present letter | wish to propose a physical implementation of a strategy for
translucent eavesdropping in a cryptographical syStemthe basis of nondestructive
measurement of the frequency spectrum of the signal.

To describe the state of a one-photon wave packet it is convenient to employ the
representation given in Refs. 8—10. The operator of a one-photon wave packet has the
form

A*(f)zfjf(w)é*(w)dw, (1)

where f(w) is a complex amplitude and*(w) is an operator, satisfying the Bose
commutation relations, that creates a photon in a monochromatic Fock state. The opera-

tors A(f) and A" (f) also satisfy the Bose commutation relations provided that the
amplitudef(w) is normalized to 1:

fw|f(w)|2dw=1. 2)
0
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The field corresponding to a one-photon wave packet is obtained by operating with the
creation operatofl) on the vacuum state

|1>f=A*<f>|0>=f:f<w>é*<w>|0>dw=f:f<w>|1w>dw, 3

where|1,) is @ monochromatic one-photon state.

The key generation protocol in the scheme of Ref. 7 consists of sending randomly
one of three one-photon wave packets from one legitimate Aser anotherB. Two
packets are narrow-band packets with carrier frequeneigand w, (logical 0 and
logical 1) and spectrum widthsr; , (we assume below that;=o0,=0) and do not
overlap (they are orthogonal The third one-photon wave packet with a short duration
and correspondingly a wide frequency spectrum is necessary in order to discover attempts
at eavesdropping. The secrecy of the scheme based on nonorthogonal states is guaranteed
by a theorem which forbids cloning of such statésSuch a theorem does not exist for
orthogonal states, and for this reason confidentiality is guaranteed by the energy—time
uncertainty relatiod.More precisely, confidentiality is guaranteed by the fact that a time
not less than X is required in order to detect systematically a one-photon wave packet
with a spectral widtho (see, for example, the discussion of different points of view in
Refs. 11-1%h

The third signal has a spectrum of width.>|w;— w,| and a carrier frequency
w.~wj,. The corresponding duration of this signali$~1/o.,<1/|wi— w,|.

The userB selects in each measurement randomly and independenflyoofe of

two narrow-band photodetectors, tuned to the frequencyr w,, or a wide-band pho-
todetector. After performing a series of measurements theBisgports through an open
channel which type of photodetector was used in each separate measurement — narrow-
or wide-band, but in the case of narrow-band detectors theRisieres not report which
detector specifically. The measurements in which narrow-band photodetectors were used
give an identical sequence of Os and 1s — the key. To detect possible eavesdropping
attempts, measurements in whighhas sent short-duration signals Boare used. The
emission time of such signals at and the arrival time aB are known with accuracy

At.

To have information about the key an eavesdropper must distinguish 0 from 1
(wq from w,). This requires that the measurements be performed with narrow-band
photodetectors with a bandwidth of not worse thanbut according to the uncertainty
relation such measurements cannot be performed systematically over times shorter than
AT=1/o> At. Since the useA chooses the signal type randomly, the eavesdropper
unavoidably falls into a situation in which he has performed measurements with a
narrow-band photodetector, while the signal sent into the line had a wide spectrum. The
difference between the emission and arrival times of such a packet is known with accu-
racy At<AT, much better than the delayT introduced by the eavesdropper performing
a measurement.

To obtain quantitative estimates, it is necessary to know the specific form of the
signals. For definiteness, we shall assume that the spectral shape of all three signals is
Gaussian:
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FIG. 1. Qualitative scheme of opaque eavesdropping.

f ( ) 1 ( (w_w1’2vw)2> (4)
W)= @ eXP| ————7—|.
1.2 (2770'1’2@)1/4 P 207 5.
The intensity of a one-photon wave packet can be represented in the form
G120 2 .2
1 5,(1)=2 exp— o7 ,.t9). 5)
120 N A= 075t
The probability of detecting a photon in a time wind@wl' equals
AT 2 X
P(AT)zf [()dt=D(01,,.AT), B(X)= —f exp(—t2/2), (6)
0 o \/; 0

where®d(x) is the error integral.

Formula(6) is an estimate of the time of occurrence of an evdetection on the
basis of the Mandel’'shtam—Tamm relatidAsFor experiments of this type, when the
detector operates in a waiting mode and the experiment stops when the awaited event has
occurred, the estimat®) is, of course, validsee the discussion in Ref. 15

If a wide-band signal is detected, then the probability that a one-photon wave packet
enters the detector in the time windaWl is described by the functiof® (o, AT), which
rapidly approaches 1 iAT=30,. The latter fact means that for a short signal, time
delaysAT exceeding 3., are detected with a probability close to 1. The variance of the
measurement times of narrow-band signals cannot be less than the waiting time for the
event to occur. The latter time is not less than the reciprocal of the width of the signal
spectrum~1/o (the time required for a one-photon wave packet to “pass” into the
detectoy. A measurement of a wide-band signal by an eavesdropper using a narrow-band
photodetector with bandwidthr reduces to cutting out from the wide spectriwith a
filter, for examplg a line of the order ofe and then detecting it. The probability of
detecting a narrow band from a wide spectrum over a tivie does not exceed
P(AT)<|f.|?®(cAT)<(0/0..)P(sAT) (here f.,~1/\Jo. is the amplitude of the
wide-band signal at the maximym

The measurement scheme for opaque eavesdropping is displayed qualitatively in
Fig. 1.
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FIG. 2. Probabilities of detecting an eavesdropfdAT)gye=(0../0)(0/0.)®(aAT) (curve 1), where
N~o, /0. Curves2 and3 — probabilities that an eavesdropper obtains information about one bit in the key
Pinf(AT)=~(0/0.,)P(cAT). The parameter ratios/ o, are 0.005 and 0.001 for curv@sand 3, respectively.
These values correspond to narrow-band signal spectrum wid#fsns * and 1 ns* and a wide-band signal
duration of 1 ps.

After the one-photon wave packet has been decomposed into a spectrum, during
each measurement an eavesdropper can “insert” photodetectors into the trajectories cor-
responding to the frequencies, and w, for a time AT (the triggering waiting timg

If one of the narrow-band signals is present in the line, then the eavesdropper
records a photon over the triggering waiting tim&@ with probability ®(oAT) and
possesses information about a given bit in the key. If, however, a wide-band signal is
present in the line, then any of two photodetectors can be triggered. The triggering
probability over the waiting time AT equals P(AT)=olf.(w1)|?®P(cAT)
~(0/0,)P(0cAT)<1.

The probability of detecting a wide-band signal with a narrow-band photodetector is
low: p~ol/o,.<1. Correspondingly, the probability that a detector is not triggered is
g~1-o/o,. If there areN transmissions of a wide-band signal, then the probability of
detection inm experiments is given by the Bernoulli distributiéh,=CRp™gN~™. The
probability of detection in at least one ofN experiments equalsP(N)
=1—(1- ol/o.,)" and approaches 1 fdd~ 0./ 0. Therefore if only one of the narrow-
band signals is sent dd wide-band probe signals and the eavesdropper expects in each
measurement a detection within a tild, then the probability of detecting the eaves-
dropper isPg,(N)=P(N)®(0,AT)~1. At the same time, the probability that an
eavesdropper obtains information over the waiting tifvie equalsP; ;=P (cAT)<1.

Plots of the functionsb (oAT) and®(o,,AT) for different values of the ratio/ o, are
presented in Fig. 2.

We shall now discuss a strategy for translucent eavesdropping. The measurement
scheme is displayed in Fig. 3. After decomposition into a spectrum, each monochromatic
mode is directed into a Kerr celthe application of Kerr cells in nondestructive mea-
surements is discussed in Ref. 16, for exarpda auxiliary probe field is also passed
through the Kerr cells and a measurement is then performed on the probe field. The
Hamiltonian describing the interaction of probe fields with the monochromatic modes
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FIG. 3. Qualitative scheme of translucent eavesdropping.

from a one-photon wave packet, after passage through the prism, has the form
H=2> x{¥Nin,,, (7)
I

wherex (¥ = x®)(— w;; i, — wpi, wp) is the third-order nonlinear susceptibility,,; and
w; are the frequencies of the probe field and ttftemonochromatic component of the
one-photon wave packe‘f\li is the operator of the number of photons in ftie probe
field, andﬁwi is the operator of the number of photons th monochromatic one-photon

mode in a wave packet. The combined evolution of the probe fields and the monochro-
matic modes in the cells is described by the evolution operator

OzeX[{ |Ek Xkaﬁwk&k) , (8)

where st =L, /vy, vy is the velocity of light in the celll, is the length of the cell, and

X=x3Ly /vy Let the probe fields be described by the state vedtrg. Since the
fields are independent, the general state vector is

[wy=11 |¥y). 9)

k

The effect of the evolution operator on the state of a one-phonon wave packet and probe
fields reduces to the following:

[©)=012)¥)=2 f(wp|LyexmixiN) LT 1¥). (10

Now let the eavesdropper and the uBeperform measurements with the aid of the
projection operator

P 3 1) () ap

For B such a measurement means using a wide-band photodetector, and for the eaves-
dropper the measurement reduces to projecting the probe fields onto the initial state. If

the probe fields were not “attached” to the carridas(zl), then the probability of
outcomes measurements withequals 1 [(®|P|®)|2=1 — the fields are definitely in
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the initial stat¢. The probability that useB detects a photon in each measurement also
equals 1. However, if Kerr cells were used, then the probability of a such measurement is

P=Z 1T (w)?<1, Flw)=(¥|expixiN)|¥). (12)

Formula(12) can apparently be interpreted as a decrease in the probability of detecting a
photon at the receiving end of the litgee also Ref. )7

If a coherent state

o k

a.

W) =exp(—|ai?2) >, —|k), 13

W)= exp(—|a| )gom” (13
where the average number of photon$ﬁs>=|ai|2, is used as a probe state, then after

a measurement on the probe field the amplitude of the one-photon wave packet becomes

[T (@) 2=f(w)]?expl (exp(ix — 1)) ai| ]| = f (o)) [Pexpl —(N)X{72) <|f ()%
(14

In this formula, for a coherent probe field, the decrease in the amplitude is limited by the
product(N)2, which cannot be less than 1, in the exponerifia®’ The situation is
analogous for other types of field&:?° Such an unavoidable decrease in amplitude
follows from the principle of complimentarity and is unavoidable price to be paid for
information about whether or not a photon has “passed” along a given trajettozy
given spectral component is different from zero

In the case of a wide-band signal, the eavesdropper with a translucent strategy
effectively decreases the amplitude in an intervat in the region of the spectral com-
ponentsw; andw,. The fraction of these states in a one-photon packet is of the order of
~alo,<1. The probability that part of the spectrum is “cut out” in a nondestructive
measurement by the eavesdropper in a given experiment does not exceed
5w|fm(wm)|2|<\If|equ}N)|‘l’)|2s(a/aw)<l, wheredw =~ o. Therefore the probability
of detecting translucent eavesdropping when sending a single wide-band signal is low
and equals, in order of magnitude/o.,.<1. We note that for an eavesdropper the
probability of detecting a change in phase of the probe field in a measurement of a
wide-band signal is likewise small to the extent tﬁaﬂfx(w1,2)|2 is small. Just as in the
case of opaque eavesdropping, to detect an eavesdropper with a probability close to 1 the
fraction of the wide-band probe signals with respect to narrow-band signals must be
o.lo>1.

In closing, | wish to thank B. A. Volkov, S. V. lordanskii, G. B. Lesovik, S. S.
Nazin, S. T. Pavlov, and I. I. Tartakovskil for fruitful discussions in the course of this
work. This work is supported by the Russian Fund for Fundamental Research, Project
No. 96-02-19396.
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