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Abstract—~Factors which determine the luminescence efficiency of activated wide band gap materials are dis-
cussed in general terms. These materialsfind usagein alarge variety of luminescent devices. Thefactors affect-
ing the efficiency can be classified into two broad categories. The first has been thoroughly studied and entails
interactions which lead to nonradiative dissipation of optical energy at the specific active site. The second set
concernsinteractions leading to the delocalization and the transport of optical energy away from the originally
excited state. Recent spectroscopic resultsfrom these studies have all owed the absol ute placement of the ground
state of the active centers with respect to the intrinsic bands of the host crystal and have allowed usto elucidate
the systematics of such placement. These results are relevant to materials which evince the property of persis-
tent phosphorescence and which are of our current interest. Devel opments in these material's, aswell asanum-
ber of new applications, will be touched upon. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In thisarticle, factors which affect the luminescence
efficiency of impurity activated insulators are dis
cussed; though Professor Feofilov did not address this
specific topic directly, his contributions to our under-
standing of the spectroscopy of impurity- and defect-
activated systems necessarily provided the basisfor our
understanding of this subject. This article, then, is pre-
pared as atribute to his memory and to hisinfluence on
all who are engaged in this area of scientific inquiry.
Much progress has already been made in delineating
the physical processes governing luminescent effi-
ciency of light emitting materials, we now believe that
the interactions affecting efficiencies may be classified
into two broad categories. Thefirst set is localized and
is specific to the active center or ion. The second cate-
gory arises from interionic interactions and results in
delocalization, transport, and/or energy trapping. By
reclassifying in this manner, we have gained new
insights with which to address the efficiency problem;
as abonus, we have devel oped the means with which to
determine the absolute positioning of the impurity
energy levels of the active centers within the host band
gap. Some recent applications in which this better
understanding can be exploited will be discussed.

2. LUMINESCENCE EFFICIENCIES

The static spectra of impurity-activated insulators
can be understood in terms of the Coulomb interactions

L This article was submitted by the author in English.

(crystalline field) produced by the neighboring host
ions, which lead to the shifting and splitting of theion
wave functions and determine the nature of the radia-
tive transitions within the active ion. For the most com-
mon activators, i.e., ions belonging to the (3d)" and
(4f)"ion series, the majority of luminescent transitions
arise between states belonging to the same atomic con-
figuration and hence are LaPorte or parity forbidden.
Nevertheless, radiative transitions occur because the
crystalline field can admix high-lying allowed states
into the interacting levels; the magnitude of this admix-
ture is responsible to a large extent for the strength of
the optical transition. Thus, because of the energy
denominators, the energy placement of the atomically
allowed states is one of the principal factors in deter-
mining the intrinsic light emission efficiency of amate-
rial and the determination of the energy of these states
constitutes a predictor of efficiencies[1].

Further, the ion and the host lattice system are
dynamically coupled and the intrinsic excitations of the
lattice, such as phonons, can induce nonradiative relax-
ation processesin which optical excitation is dissipated
through the creation of vibrational or other intrinsic
excitations. These relaxation pathways, of course, have
a deleterious effect on the radiative efficiencies; it is
these processes, for example, which severely limit the
number of metastable, emissive states in the systems of
interest here. The radiative and nonradiative properties
of impurity ions in solids have been a subject of inten-
sive scrutiny over the past few decades, and we need not
revisit the subject in detail here[2].
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Fig. 1. (a) Schematic diagram of the energy levels of ce’.

The splitting of the ground stateis approximately 2500 cri?;
the 5d states are affected by the crystalline field, and emis-
sion is observed from the lowest d component. (b) The first
observed Ce luminescence was in LaF; obtained through

excitation using synchrotron radiation; the luminescence as
afunction of temperature is shown in part [3].

In our new reclassified picture, we consider these
intraionic and ion—phonon interactions to be of alocal-
ized nature inasmuch asthey are confined to anindivid-
ual excited center.

3. DELOCALIZATION OF ENERGY

Recent work has led us to conclude that a second
class of processes must also be considered and that this
class plays an important and sometimes crucia rolein
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determining the luminescence efficiency. These pro-
cesses are ulterior to the individual centers and lead to
the delocalization of optical energy through transfer or
through transport. Interionic multipolar interactions,
for example, lead to ion—ion transfer processes, which
can cause cross relaxation and diffusion of the optical
energy [2].

Theimportance of the second class of processeswill
become evident when we consider the luminescence
behavior of asimple system, e.g., Ce** activated insula-
tors. Ce** belongs to the (4f)! configuration and pos-
sesses a very simple energy level structure (shown in
Fig. 18) consisting of a ground-state doublet (?Fs, )
separated by a few thousand wavenumbers and an
allowed 5d state lying in the near UV region of the
spectra. The 4f to 5d transition is alowed; a strong
absorption band is observed which reflects the crystal-
line-field-induced effects on the 5d state. A strong lumi-
nescence originating from the lowest Ce** 5d compo-
nent wasfirst observed in LaF; and isalso shownin Fig.
1b [3]. When excited, the energy structure of Ceissuch
that localized multiphonon nonradiative relaxation and
transfer and cross relaxation quenching to other like
ions are highly improbable; the expectation then is that
5d Ce luminescences will be invariably strong and
highly efficient.

In a study of the properties of Ce* in a variety of
host lattices, it came as a surprise that, though strong
emissions were observed in some lattices, no 5d lumi-
nescenceswere observed in some others (seetable). For
our purposes, it is interesting to compare and contrast
the behavior of Ce* in two lattices from the table,
LuSiOs (LSO) and Lu,0O4, where the band gaps of the
hosts are about the same. In both cases, Ce** replaces
Lu®* and their local coordination is also roughly analo-
gous. As the table shows, Ce* in LSO luminesces
strongly whereas no 5d emission is observed in
Lu,O5: Ce** [4].

Theoptical spectraof thesetwo materials are shown
in Figs. 2 and 3. The structure of the absorption and/or
excitation spectra in both cases are identifiable as field
components of the respective 5d states, the Stokes
shifted luminescence of LSO : Ce** originates from the
lowest d state of the manifold and reflects the ground-
state structure of the ceriumion, also asexpected. Since
there is no emission at any temperature, Fig. 3 shows
the absorption of pure as well as trivalent and tetrava-
lent Ce-doped Lu,Os.

Photoconductivity (PC) measurements were con-
ducted on these two compounds, which revedled the
reason for their drastically different emission efficien-
cies. In PC spectroscopy, one measures the creation of
mobile electronic charges into the conduction band
from the valence band or from the photoionization of
impurities. The measured PC spectrum for Lu,O; : Ce**
is shown in Fig. 3 plotted against the 5d absorption; it
can be seen from there that the PC spectra track the
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absorption faithfully; thisimplies that promotion of Ce
electrons from the ground state to the 5d stateis akin to
promoting charges directly into the conduction band. It
follows that in this case al the field components of the
5d configuration fall within the conduction band of the
host and electrons promoted to these energies become
undistinguishable from free conduction electrons. The
fact that electrons in the conduction band are mobile
then implies that the optical energy is no longer local-
ized at asingleion site [5].

Figure 4 shows the PC observed in LSO : Ce*,
which demonstrates that the PC signal is much smaller
and that it is temperature-activated. The case for LSO
can be understood in terms of the schematic shown in
the inset. All 5d states, except the lowest levd, lie
within the conduction band, and optical energy can be
stored in thislowest 5d level and radiated; the observed
PC and its temperature dependence result simply from
thermal activation from the radiative state to the con-
duction band [6]. Basically, the difference between the
performance of these two materials lies in the place-
ment of the 5d states relative to the conduction band;
the absol ute placement of the energy levels of the active
center viz the intrinsic bands and the band gap of the
host then can be seen to play acritical rolein determin-
ing the emission efficiencies through the process of
delocalization of the optical energy.

4. LOCALIZATION/DELOCALIZATION

In order to show that the interpretation of the con-
trast in behavior is correct, the behavior of Lu,0; : Ce**
was investigated as a function of hydrostatic pressure.
The rationale behind these experiments is shown in
Fig. 5; hydrostatic pressure of the magnitudes attain-
ablewith adiamond anvil cell decreasesthe dimensions
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Fig. 2. Ce®* luminescence observed in Lu,SiOs (L SO); the

excitation spectrum for the emission is aso shown and
reflects the crystalline field effects on the 5d manifold.
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of the unit cell of the crystal and as a consequence
increase the crystalline field strength. The splitting of
the 5d manifold is then expected to increase with the
lowest 5d component moving to lower energies while
keeping the center of gravity of the 5d manifold
unchanged. If the pressure is sufficiently high, a cross-
over of this5d state with the conduction band edge will
occur. Under these circumstances, the energy level
scheme of Lu,O; : Ce* begins replicating that encoun-
tered in LSO; i.e., luminescence from the lowest 5d
state will occur. Also in analogy to L SO, the pressure-
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Fig. 3. Absorption and the PC spectraof Lu,Os : Cce® . The

absorption spectra of pure Lu,O5 and Lu,03 : Ce** arealso
shown. This system does not show any 5d luminescence. It
is seen here that the PC spectrum closely follows the 5d
absorption in the trivalent Ce compound. The energy shift
observed in the PC spectrum can be ascribed to time con-
stant effects.
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Fig. 4. (a, b) PC spectra observed from Ce in two different
sites of LSO. The PC peaks labeled A, B, C, etc., represent
the structure of the 5d band of the Ce in their respective
sites. (c) The PC plotted against temperature clearly indi-
cate athermally activated behavior. These plots for various
PC peaks alow us to determine the placement of the 5d
components relative to the conduction band edge [6].

induced lowest 5d state in the oxide will be subject to
guenching through thermal activation back into the
conduction band [7].

Recalling that Lu,O5 : Ce** shows no luminescence
at ambient pressure, the result from the pressure studies
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cal energy on a specific ion site, whereas the overlap of
the 5d states with the conduction band results in the
delocalization and transport of the energy through the
conduction band. It follows that these experiments, in
which alevel crossing isinduced between a5d state and
the conduction band edge, correspond to a transition
between localized and delocalized states of the elec-
tronic excitations. Thistype of order-disorder transition
has been considered previously in some detail and is
related to the so-called Anderson transition; in other
words, what our pressure experiments illustrate is an
Anderson transition in the optical energy as affected by
the transport properties of electronic carriers [8]. We
would expect that the appearance of luminescence asa
function of pressure will evince a sharp edge (the
mobility edge); though our pressure control has not
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been sufficiently refined to alow the determination of
such an edge, its observation is certainly a worthwhile
goal to pursue.

5. PLACEMENT OF ENERGY LEVELS

It should be apparent that the placement of the high-
lying energy levels of luminescent centers relative to
the conduction band of the host plays an important role
in determining the luminescence efficiencies of acti-
vated systems; hence, it isimportant to be ableto locate
the ground state of the active ions absolutely within the
band gap of the host material. The placement of thelev-
els may be accomplished by considering factors such as
those represented in Fig. 3 for Lu,Og3; the absorption of
the undoped lattice, of course, corresponds to the band
gap of the material. The tetravalent Ceion has a closed
shell structure similar to Xe and hence is expected to
have absorptive transitions far into the UV. The absorp-
tion beginning at 350 nm for the Ce** material thus
arises because of an acceptor-like charge transfer pro-
cess from the valence band of the host to the tetravalent
ion, converting it into atrivalent ion in the ground state.
This fact coupled with the absorption due to the 5d
states of Ce* alows us to make an absolute energy
placement for the ground state [9]. Such a placement
for the ground of Ce* is illustrated in Fig. 7a for
Y,0;: Ce*.

It has become clear that the absolute placement of
the ground state of impurity ionsin solidsrelativeto the
intrinsic bands of the host has been an often neglected
but essential component in our understanding of the
total behavior of emissive properties of impurity ion
systems. These problems have only begun to be
addressed recently, and several experimental tech-
nigues have been devel oped for their determination. PC
has been shown to be useful in establishing the position
of states from which conductivity may be induced,
often, however, intrinsic bands and charge transfer pro-
cesses complicate the interpretation of these results. In
addition to PC studies, photoelectron spectroscopy has
also been used to determine the position of the ground
state of the 4f ion series in a number of lattices [10];
these studies have shown that in some of the rare-earth
ions the ground states fall within the valence band of
the host.

We recently developed a new PC-based technique
which reduces the contributions from sources other
than the center of interest. These two-step experiments
areillustrated in Fig. 7aand entail the measurement of
photoconductivity from selectively designated excited
states of specific impurity centers, i.e., excited state PC
[11]. Thisfigure illustrates two-step PC measurements
inY,0;: Ce* (as noted above) and Y ,05 : Er¥*; in the
latter, thefirst laser photon selectively excitesthe Erion
from its 4,5, ground state to the metastable *S;, state.
A second photon is then used to excite the ion to its 5d
states or into the conduction band of the host to induce
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Fig. 6. () Temperature dependence of the pressure-induced
luminescence in Lu,Og : Ce>*. The pressure is 71 kbars.

The sharp lines shown in the figure arise from the anvil cell
and from aruby monitor. (b) Integrated emission intensities
as a function of pressure. The transition edge alows the
positioning of the 5d state as afunction of pressure[7].

the photocurrent; comparison of the PC spectra under
direct and two-step excitation provides sufficient infor-
mation to allow the absolute placement of the ground
state of the Er®* ion relative to the intrinsic bands of the
hogt, asisindicated in Fig. 7b. As can be seen from the
figure, the Er3* ground state actually falls within the
valence band of the host Y ,05.
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conductivity from a metastable state [11]. (b) PC spectra of
Er¥* inY ,05. A—PC observed with aUV lamp only show-

ing ground-state and intrinsically induced currents; B isthe
PC observed with lamp and laser excitation showing cur-
rents induced from the ground and metastable states, and
C is the difference spectra showing contributions from the

453,2 state only allowing the placement of the ground state
asin part (a).

Recently, Dorenbos conducted an exhaustive survey
of the systematics of the placement of the energy levels
of the 4f ion series in large band gap solids [12]. He
exploits trends observed in the ionization behavior of
theionsin the series and focuses on the shared proper-
ties of certain common transitions of the ions in order
to deduce the positioning of the ground states. He
assumes, for example, that the energy necessary to ion-
izeionsinto a higher valence through chargetransfer is
roughly the same across the 4f ion series. Using these
arguments, he has been successful in establishing the
ground-state position of the 4f ion series in various
insulating materials. His results generally agree with
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the experimental observations and signal that we are
reaching a qualitative understanding of one of the last
remaining problems in the spectral behavior of impu-
rity-activated insulators.

6. APPLICATIONS AND CONCLUSIONS

Aswe gain a more detailed knowledge of the abso-
lute placement of impurity ions within large band gap
materials, we can better predict the behavior of these
materials from different points of view; this includes
the consideration of the overall performance efficiency
of luminescent materials. For example, there has been
considerable recent interest in phosphorswhich display
phosphorescence persisting for tens of hours. One such
material is SrAlL,Q, : Eu?*, Dy**, where a strong green
emission arising from the d to f transition of Eu?* is
observed that persistsfor nearly twenty hoursfollowing
excitation. The persistence has been ascribed to a
mechanism in which the Dy3* ions trap holes, thereby
creating excess el ectrons, which can then transfer their
energy to a Eu?* emitter. The trapping behavior of var-
ious ions in the 4f series may be deduced from the
energy trends derived from the energy systematics; the
proximity of the Dy3* ground state to the valence band,
for example, favors hole trapping. Substitution of Th>*
for Dy®* in thisaluminate destroys the persistence; Th>*
ismorelikely to trap electrons[13]. We believe that the
above developments will likely influence the way we
look at electroluminescence behavior.

As asummary, we have classified two types of pro-
cesses that affect the overall luminescent efficiency of
luminescent materials, such as phosphors. Some fac-
tors, which have been ignored in these considerations,
include interactions that lead to the delocalization of
optical energy away from the active center or ion and
lead to the diffusion and trapping of energy. The physi-
cal boundary between the maintenance of energy at a
site and its del ocalization constitutes an Anderson tran-
sition, which should display a mobility edge. Recently,
we have also begun to understand the systematics that
govern the placement of the impurity energy levels
within the band gap of the host, which has made it pos-
sible to better predict the behavior and efficiency of
phosphors.
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Abstract—Steady-state and transient stimulated Raman scattering (SRS) in crystals is analyzed. The basic
laws of an increase in the SRS gain in crystals are revealed, and methods for searching and creating new SRS
laser materialsare developed. New crystalsfor picosecond and nanosecond SRS lasers are proposed, fabricated,
and characterized. These materials have the highest SRS cross section, alow SRSthreshold, and awide spectral

range of operation. © 2005 Pleiades Publishing, Inc.

Raman scattering (RS) was discovered amost
80 years ago (in 1928) simultaneously and indepen-
dently by the outstanding Indian scientists C.V. Raman
and K.S. Krishnan for liquids [1] and the outstanding
Russian scientists L.I. Mandel’shtam and G.S. Lands-
berg for crystals (in quartz) [2]. Thisprocessisinelastic
light scattering by molecular vibrations or phononsin a
medium; so the scattered-light frequency is lower than
that of the incident light by the molecular vibration fre-
guency (e.g., by thevibration frequency of aSiO, tetra-
hedron in quartz), which usually ranges from 100 to
3000 cm* for condensed matter. The quantum yield of
this two-photon process is very low (102%%). There-
fore, it takes severa tens of minutesfor thisradiation to
be detected even now with the use of laser excitation,
while it took several tens of hours to detect this radia-
tion in the prelaser era.

Spontaneous Raman scattering is now widely used
for the study and identification of the structures of new
optical crystals and glasses.

When powerful laser light sources were created
about 40 years ago, the situation with the low quantum
yield of Raman scattering changed radically. It hasbeen
found that, when the pumping intensity increases to
10-100 MW/cm?, the scattering yield increases expo-
nentially (avalanchewise) and can be as high as 50—
80%. This process of stimulated Raman scattering
(SRS) was detected accidentally by E.J. Woodbury and
W.K. Ngin 1962 [3] inside aruby laser with anitroben-
zene-filled cdll in the form of powerful coherent radia-
tion at a frequency shifted toward the red spectral
region.

Initialy (in the 1960s), SRS was studied in natural
diamond and calcite (CaCO;) crystals and artificially
grown crystals of calcium tungstate, lithium niobate,
and lithium iodate. However, low optical quality and a
large number of inclusions and bubbles led to rapid

laser breakdown (damage of the crystal surface and
bulk). After several tens of flashes, a crystal could not
be radiant, and such studies were very expensive
because of the high cost of the crystals (~$1000/crystal)
[4-10].

Interest in crystalline Raman materials was rekin-
dled in the 1980s, when synthetic Ba(NO;), and
KGd(WQ,), (KGW) crystals were grown. They had
high purity and optical quality, low losses, a high
threshold for laser damage, and high Raman gains for
nanosecond (in Ba(NQOj3),) and picosecond (in KGW)
pulse durations [11-14].

The Raman laser is a sufficiently simple device in
which an SRS crystal is placed between two parallel
dielectric mirrors forming an optica cavity. The
entrance mirror is transparent to pumping radiation
with, e.g., A = 532 nm and reflects Raman radiation. On
the contrary, the exit mirror reflects pumping radiation
and partly transmits Raman radiation. Thus, multiple
reflection by the mirrors and multiple passages through
the cavity and crystal make it possible to increase the
length of interaction between the light and crystal and
significantly decrease the threshold for SRS (photon
avalanche). As aresult, one, two, three, or more Stokes
spectral components lying in different (yellow, orange,
red) spectral regions, as well as (under certain phase
matching conditions) anti-Stokes components (blue,
violet), can be generated at the laser exit. The dominant
color and the Raman gain are controlled by pumping
and the reflection spectrum of the SRS laser mirrors.

When researchers sought crystals for wide-range
laser spectrometers in the 1980s [15-18], they tried to
understand why the materials mentioned above
[Ba(NO,),, KGW] were the best materials for Raman
lasers and how they could create better crystalsfor such
lasers. To this end, dozens of different single crystals
have been studied and compared. We have investigated
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the scattering spectra of crystals formed by the cations
of akali and rare-earth metals and by complex quasi-
molecular anions like (CO3), (NO;), (PO,), (ClOy),
(Si0,), (NbO3), (103), (BrOy), (SO,), (WO,), and
(MoQ,) [19-27].

The most intense Raman lines are known to be
caused by theinterna fully symmetric vibrations of an
oxygen triangle or tetrahedron in a complicated anion
complex. In different crystals, the Raman line frequen-
cies and widths can be different. Therefore, the chal-
lenge was to establish the factors that are responsible
for the applicability of an optical material for SRS
lasers and amplifiers, to understand why some crystals
operate well at nanosecond pump pulse durations[e.g.,
Ba(NOs),] and operate badly at picosecond pumping
times[28] (and vice versafor KGd(WO,),), and to find
way's to increase the Raman gain of crystals.

To solve these problems, we need to consider two
operating modes:

(1) A steady-state (long-pulse) mode, where the
laser pump pulse duration t,,,,, is much longer than the
time of loss of the coherency of molecular vibrations T,
(dephasing time), which is proportional to the recipro-
cal width of the spontaneous RS spectrum, t,m, > To.

(2) A transient mode, where the pumping pulse is
shorter than the dephasing time, tymp < To.

In the first case, the increment of the exponential
amplification of Raman scattering is proportional to the
pumping intensity, the crystal length, and the peak
Raman gain oy (one of the most important parameters
of anonlinear Raman medium). In the second case, this
increment is proportional to the product of the square
root of the parameters mentioned above by the square
root of the pumping time and of the spontaneous RS
spectral width Av (another important parameter).

The product of the peak SRS cross section oy by the
gain spectral width Avy istheintegrated SRS cross sec-
tion (athird important parameter).

We have determined and analyzed these most
important parameters for several dozen crystals with
ionic, covalent, and quasi-molecular bonds and found
that the integrated RSintensity ismaximum for crystals
having the maximum size of a quasi-molecular com-
plex (large thermochemical radius) and for crystals
with the maximum internal covalence of the anion com-
plex and the minimum complex— attice coupling. These
crystals include iodates, molybdates, and tungstates.
Nitrates and carbonates have smaller sizes of quasi-
molecular anions and, correspondingly, a lower inte-
grated RSintensity. Inturn, silicates and borates have a
low degree of isolation of tetrahedral and triangle com-
plexes, easily form skeleton or network structures
(crystaline or glasslike), and have alow RS intensity.

As a result of this analysis, we have found that
molybdates and tungstates are the most promising.
Note also that they have high hardness, thermal con-
ductivity, and moisture resistance as compared to
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iodates and nitrates [24-27]. However, it should be
noted that the class of molybdates and tungstates
includes severa dozen compounds having different
structures of the Raman scattering spectra. A compari-
son of the Raman spectra of crystals of sodium-antha-
num and potassium- anthanum molybdates and stron-
tium molybdate shows that all the spectra have a uni-
formly broadened low-frequency Raman line near
330 cm*. However, the high-frequency 880-cm line
of the totally symmetric vibration is uniformly broad-
ened only inaSrMoQ, crystal with ascheelite structure
and the spectral disordering in the two other crystalsis
so high that it sharply decreases the peak SRS cross
section.

To create a crystal with the best characteristics
required for Raman lasers, we first chose the class of
scheelite materials from among tungstates and molyb-
dates, because in these materials the Raman lines are
uniformly broadened at room temperature. Since the
integrated SRS intensity in this class is approximately
constant and the peak SRS cross section is inversely
proportional to the uniform width of the SRS line, we
tried to decrease the SRS line width by increasing the
dephasing time of vibrational excitation.

One obvious method for solving this problem is to
use heavier akaline-earth cations, which decrease the
lattice vibration frequencies. In this case, alarger num-
ber of lattice phonons is required to relax a high-fre-
guency SRS-active vibration mode. Therefore, the
phase relaxation rate decreases, which, in turn,
decreases the spectral broadening.

Indeed, using the Sr?* and Ba?* cations (which are
two and three times heavier than the Ca?* ion, respec-
tively) in scheelite crystals, we sharply decreased (by a
factor of 3—4) the widths of the RS lines and simulta-
neously increased the peak SRS cross section by the
same factor. A shift of an SRS-active vibration toward
high frequencies dueto an increase in the | attice param-
eter for cations with alarger radius also favors narrow-
ing of the SRS spectrum and an increase in the peak
SRS gain. Barium and strontium tungstates found using
this approach have been patented as new highly effi-
cient materials for Raman lasers [29].

Researchers at our research center have developed a
process of synthesis and growth of large BawO, and
Sr'WO, crystals of high optical quality [29, 30]. This
process is based on the Czochralski crystal growth
technique, high-frequency heating in a platinum cruci-
ble, and crystal pulling with a seed. The pulling speed
was 2—6 mm/h, the rate of rotation was 30 rpm, and the
volume crystallization rate was less than 1 cm3h. We
used a charge with excess 1.0-1.5 wt % WO;. Oriented
rectangular experimental samples having a Brewster
cut were cut from crystalline boules.

Samples of the new BawO, and Sf\WQO, crystals

[29-36] were subjected to laser tests under nanosecond
and picosecond pumping along with well-known
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Comparative SRS and thermomechanical properties of Ba(NO3),, KGA(WQ,),, S'WO,, and BaWO, crystals
Crystal
Property

Ba(NO3), KGd(WQ,), SIWO, BawoO,
RS vibration frequency vg, cm 1047 901, 767 922 924
RS line width Avg, cm™ 04 5.4, 6.4 2.74 16
Dephasing time Tg, ps 28 20 4 6.6
Gain g, cm/GW:
g (0.53 um) steady-state (ns) 47 11 3640
g (0.53 um) transient (20 ps) 4.7 11 14.4
g (1.06 pm) steady-state (ns) 11 5 8.5
g (1.06 um) transient (30-50 ps) 11 3 38
g (1.3 um) steady-state (ns) 5.8
Transmission band, pm 0.33-1.8 0.3-5 0.25-5 0.255-5
Moisture resistance low high high high
Thermal conductivity at 25°C, W/K m 117 25-34 3 3.0
Thermal expansion coefficient a, /K 13x 10°° (1.6-8.5) x 108 6x10°
Hardness 19.2 4-4.5 (Mohs) 4 (Mohs) 4 (Mohs)

(NaNO3 Knoop) 400 (Knoop)

Ba(NO;), and KGd(WQ,), crystals. For nanosecond
pumping, the threshold for the generation of powerful
SRS radiation is lower even in shorter BawO, and
Sr'WO, crystals as compared to a KGW crystal and
approaches the lowest threshold characteristic of a
Ba(NOy,), crystal. This behavior isrelated to the higher
peak SRS gain cross sections as compared to that in
KGW.

Picosecond tests also showed that the SRS gain in
the BawQ, and SrWO, crystals was close to the record
value (typical of KGW crystals), whereas the SRS gain
of Ba(NOs), in the picosecond range decreased tenfold.
Thus, we were the first to design new universal Raman
crystals that can successfully operate in both the
steady-state mode of nanosecond and longer pulses and
the transient mode of picosecond pumping (see table).

As is seen from the table, apart from the unique
properties given above, these crystals have a signifi-
cantly wider range of optica transparency (0.25-
5 um), higher moisture resistance, higher thermal con-
ductivity and hardness, and lower thermal expansion
coefficientsthan Ba(NOy), crystals. All these properties
specify the outstanding output parameters of solid-state
SRS lasers.

The application of infrared nanosecond 1.34-um
pumping lasers allowed us for the first time to move
deep into the IR spectral range using SRS in BawO,
crystals[37].

For example, we observed the generation of coher-
ent first Stokes radiation with a wavelength A; =
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1.54 um, second Stokes radiation with A, = 1.78 um,
and third Stokes radiation with A; = 2.13 um. The out-
put energy was several millijoules at an efficiency of
15-20%. It is interesting that, in terms of its spectral
composition, one such Raman laser is equivalent to a
combination of three different lasers based on Er®* ions
in glassand Tm* and HO®* ionsin crystals.

An important advantage of the new Raman crystals
developed is the fact that they can be doped by laser-
activerare-earth ions, such as Nd®* ions, with aheterov-
alent substitution for Ba2* and Sr2* ions in the cation
sublattice.

Such crystals can operate successively and accom-
plish two functions: first, they allow laser amplification
and generation by Nd®* ions (which isthe function of a
laser medium), and, second, they provide highly effi-
cient SRS conversion of laser radiation with a fre-
quency shift of ~920 cm involving the vibrations of
the [WQ,]% complex (which is the function of an SRS
medium). These new multifunctional Raman-laser
media can generate powerful coherent radiation at
many wavelengths and makeit possibleto tunetheradi-
ation frequency discretely.

Raman laser converters can be combined very well
with continuously tunable solid-state laser complexes.
For example, the best solid-state complexes based on
crystals with color centers have along-wavel ength tun-
ing-range limit of 1.3-1.4 um, whereas Raman laser
converters extend the tuning range to 1.5-1.7 um for
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first and second Stokes radiation and to 2.2 um for third
Stokes radiation [15-18].

The new Raman crystals and Raman lasers can be
combined perfectly with modern powerful solid-state
neodymium pumping lasers that emit single-mode sin-
gle-frequency radiation with a high peak and average
power [38, 39]. The application of loop cavities with
intersecting beams inside the active elements provides
four-wave phase conjugation in the active medium of a
neodymium laser and, thus, compensates for thermal
and pumping-induced distortions. As a result, using
single-mode single-frequency pumping with an aver-
age power of up to 34 W, an output power of about 5W
at a peak power above 1 MW has been attained for
Raman radiation in a BawQ, crystal [38]. Using a
pumping loop laser based on highly efficient large
GGG : Nd crystals, a Raman laser based on a6 x 8 x
95-mm BaWOQ, crystal has been realized for the first
time with atrain energy of 2 Jand more than 50 pulses
per train [39].

The last two types of solid-state Raman laser sys-
tems can serve asagood basis (prototype) for designing
a “sodium star” project for applied astronomy and for
controlling rapidly moving extraterrestrial objects. This
ambitious project, which comes from the Star Wars
program, consists in the creation of a powerful laser
operating at awavelength of 588.9 um, whichisin res-
onance with Na* ions. This laser should be installed on
an adaptive telescope and move with it. At a height of
100 km above the surface of the earth, laser radiation
with awavelength A = 588.9 nm resonantly excites Na*
ions located in a 10-km-thick layer. The resonance flu-
orescence and scattering of the laser power by the Na*
ions generates the image of an artificia star. The differ-
ence in the image of this star from a sphere indicates
optical distortions of the laser beam in a 100-km-thick
atmospheric layer. These distortions can then be com-
pensated by the adaptive tel escope, which increasesthe
resolution of the system by several tens of times.

Our analysis has shown that the combination of
highly efficient GGG : Nd laser crystals and BawO,
SRS crystalsisthe best for falling exactly in resonance
with Na* ions[40, 41]. The 1062.1-nm SRS conversion
of the GGG : Nd laser radiation gives radiation with a
wavelength of 1177.9 nm, which can then be converted
into yellow radiation with A = 588.9 nm using fre-
guency doubling in a nonlinear crystal (e.g., LBO). In
[40], it was shown that the |aser radiation spectrum cor-
responds well to the Na" resonance. A peak power of
severa tens or several hundred megawatts has been
achieved with a prototype of this laser, and the optical
conversion efficiency is many tens of percent.

Interesting SRS features have been detected in crys-
tals of gadolinium and yttrium vanadates. For proper
orientation of the crystals with respect to the directions
of propagation of pumping light and of its polarization,
the Raman gain in GdVO; and YVO; crystals was
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found to be extremely high (close to that of BawO,)
[42]. The integrated RS cross section for these crystals
is even higher than those for some tungstate crystals. A
combination of the high Raman gain with the record
large generation cross section of Nd®* ions in tungstate
crystals made it possible to realize a microlaser based
on aGdVQ, : Nd laser with passive Q-switching on a
LiF: F, crystal, which generates self-SRSfirst Stokes
radiation pulses (A; = 1174.4 nm) shorter than 400 ps
with apeak power of 10 kW at arepetition frequency of
20 kHz [43]. This method for generating single
ultrashort pulses with a high repetition frequency in
microlasers with a cavity several millimeterslong with-
out using complex, large, and expensive devices for
mode locking and separating one spike from a pulse
train seems to be very promising for many lidar appli-
cations.

The search for a proper SRS crystal for picosecond
lasers with aminimum pul se duration required detailed
investigation of the properties of several dozen crystals
at pump pulse durations shorter than 10 ps. An analysis
of the SRS threshold values reduced to the crystal unit
length, of the vibration excitation dephasing times, and
of the spectral line broadening in integrated and peak
scattering cross sections for different crystal orienta-
tions has revealed a number of anomalies. The most
pronounced anomaly detected by uswasthat crystals of
lead molybdate and tungstate have SRS threshol ds that
are much lower than those for the other crystals of this
class and that their integrated and peak SRS cross sec-
tions are much larger than those for the other crystals.
The maximum SRS cross sections and the minimum
SRS thresholds were detected in the case where the
polarization and propagation vector of apumping beam
were orthogonal to those optimal for the other molyb-
dates and tungstates [44]. This finding requires the
development of a growth technique to produce crystals
having orthogonal polarization with respect to the tradi-
tional polarization. Unfortunately, the unique proper-
ties of lead molybdates and tungstates cannot be used
completely at the present time because of the low opti-
cal quality of the crystals and the low laser damage
threshold, especially for nanosecond pul ses.

The main results obtained in the series of studies are
the following:

(1) Unique techniques have been developed for
searching for and creating new Raman laser materials.

(2) The microscopic mechanisms of quasi-molecu-
lar vibration relaxation (dephasing, decay) responsible
for the unique SRS properties of nitrate, tungstate, and
molybdate crystals have been established.

(3) Based on an analysis of microscopic properties,
new crystalline materials having a record SRS cross
section, alow SRSthreshold, and awide spectral region
of operation have been proposed.
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(4) A processfor growing SRSsingle crystalsfor the
next generation of solid-state Raman lasers and optical
amplifiers has been devel oped.

(5) New Raman laser devices have been designed
for lidar applications, microelement control, laser range
finding, adaptive optics, and medicine.
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Abstract—Scintillation mechanismsin insulating materials are described in the general case of asimple elec-
tronic band structure and in special cases of most interest for applications: rare-earth-containing crystals and
cross-luminescent materials with amore complicated electronic band structure. At each of the three main steps
of the energy relaxation, namely, (i) the creation of electronic excitations, (ii) the transfer to luminescent cen-
ters, and (iii) the emission of luminescent centers, factors limiting the performance of the scintillators are iden-
tified and the related processes described. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Scintillating materials are ideal devices for detect-
ing elementary particles and for measuring their param-
eters. Therefore, they are playing a mgor role in the
development of modern nuclear physics. Scintillators
are also of great importance for other applications, in
particular, in nuclear medical imaging. Depending on
the particular requirement of agiven application, differ-
ent scintillators will be preferred. Among the desirable
properties of a good scintillator, high efficiency, fast
scintillation, and good energy resolution are of the most
interest in a number of cases.

The optimization of scintillating materials will only
come with a good understanding of the scintillation
mechanism. In this paper, we propose to focus our
attention on scintillation in inorganic crystalline media.
Scintillation mechanisms will be described in the gen-
eral case and in two other specia interest cases: rare-
earth-containing crystals and cross-luminescent mate-
rials. Limiting factors at each step of the energy relax-
ation will be identified and discussed.

2. SCINTILLATION MECHANISMS

The relaxation of electronic excitations involves
complex mechanisms which can be simply described
using schemes of the electronic band structure of the
crystal [1]. Inagenera scheme (Fig. 1), acorelevel, the
valence band, and the conduction band separated by the
band gap are presented, with the time scale in abscissa
and the energy in ordinate. After high energy excitation,
for example by an x-ray or y-ray photon, a deep core
hole and a hot electron are produced. The first stage of

L This article was submitted by the author in English.

relaxation of the electronic excitation occurs in a very
short time through inelastic electron—electron (e—€)
scattering and Auger processes, leading to the multipli-
cation of electronic excitations. Multiplication is
stopped when the energy of electrons and holes
becomes lower than the threshold of e—e scattering and
Auger relaxation. The second stage deals with the ther-
malization of electrons and holeswith the production of
phonons. At the end of this stage, all the electrons are at
the bottom of the conduction band and all the holes are
at the top of the valence band. Then, localization of the
excitations may occur with the formation of self-
trapped excitons and self-trapped holes, the capture of
electrons and holes by traps, etc. Asaresult, these cen-
ters have localized states located in the band gap. After
the interaction and recombination of localized excita-
tions (fourth stage), centers may emit photons (lumi-
nescence fina stage).

In many cases, strong luminescence is obtained by
crystals containing luminescent ions like rare-earth
(RE) ions. Inthis case (Fig. 2), the scheme must involve
the 4f band of the RE located in general in the band gap.
During thefirst stage of relaxation, excitation of the RE
ions can be obtained through electron impact. The
probability of such excitation is significant only when
the electron has kinetic energy below the threshold of
e—e scattering and, of course, above the threshold of e—
RE scattering. So, rare-earth-excited centers can be
obtained very early. An additional channel of excitation
of RE ionsis possible later on, after the thermalization
stage, through sequential capture of holes and electrons
by RE ions. The last stage involves radiative recombi-
nation of luminescent centers, in particular, of RE cen-
ters.

1063-7834/05/4708-1406$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. General scheme of relaxation of electronic excitationsin an insulating material.

Another interesting case is cross-luminescent crys-
tals. Cross luminescenceis due to aradiative electronic
transition from the valence band to the uppermost core
band; providing Auger relaxation of the uppermost core
band hole is strictly forbidden. This situation occurs
when the energy difference between the uppermost
core level and the valence band is less than the band
gap. The archetype of cross-luminescent crystals is
BaF,. Such crystals give rise to very short subnanosec-
ond luminescence decays, which can be of interest for
some applications. Unfortunately, thelight yield is usu-
aly relatively weak because only a small number of
excitations created in the crystal are useful for produc-
ing cross luminescence. To describe the relaxation of
excitations, it is therefore necessary to involve the
uppermost core band in the scheme [1].

3. LIMITING FACTORS AT EACH STEP
OF THE ENERGY RELAXATION

It is well known that the scintillation efficiency n
can be described asthe product of threeterms, each one
representing a step in the energy relaxation:

N = NeSQ, )

where N, isthe conversion efficiency (number of elec-
tron-hole (e-h) pairs or excitons), Sis the probability
of transfer to emitting centers, and Q is the lumines-
cence quantum yield.
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3.1. First Sep: Creation of Electronic Excitations
The number of e-h pairs can be written as

Nen = Eine/Eens

where E;. is the energy deposited by an ionizing parti-
cle and Eg, is the average energy required for the cre-
ation of athermalized e-h pair.

A genera accepted estimation of Eg, is around (2—
3)E, (Ey isthe forbidden energy band gap) for the sim-
ple case presented in Fig. 1 [2, 3]. So, Eyisalimiting
factor for the production of e-h pairs and excitons.

However, Ng, isarelevant factor only in the case of
asimple insulator for which thermalized electrons and
holes are the only types of electronic excitations and E
isthe only parameter characterizing the conversion effi-
ciency. We have seen that thisis not the case for scintil-
lators with a core-valence transition. For example, in
BaF,, the relevant factor is not Ng, but the number of

uppermost Ba?* 2p core holes. In the case of cerium
compounds, for example CeF5, two types of excitons
coexist: Ce Frenkel and anion Wannier excitons. It was
shown that cerium excitation is not efficient, either
through energy transfer from an anion exciton [4, 5] or
through sequential capture of holes [6]. Useful excita-
tions can be produced efficiently only through impact
excitation and, as indicated in Fig. 2, by electrons with
Kinetic energies in a narrow band between the two
thresholds of e—e scattering and of e-RE scattering. As
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Fig. 2. Relaxation of electronic excitations in rare-earth-containing crystals.

aresult, the number of useful excitationsis reduced by
a factor of around 5 in CeF5, which explains its rela-
tively low light yield.

3.2. Second Sep: Transfer to Luminescence Centers

Thisis avery critical part of the scintillation mech-
anism.

For high light yield scintillators, the transfer to
luminescence centers occurs essentially through the
sequential capture of charge carriers. Thisis, for exam-
ple, the case for Na- and Tl-doped Cdl. In the case of
Ce3*-doped or -based crystals, a limiting factor is the
energy difference AE between the Ce4f level in the for-
bidden bandgap and the top of the valence band. In
oxides and halides, AE isweak and the cross section for
hole capture may be high. In fluorides, AE is large and
the hole capture probability is never high [6].

Impurity ions can compete with active ions for the
capture of charge carriers and/or interact with them and
can therefore induce severe limitations in the scintilla-
tion efficiency. For example, in cerium-doped or
cerium-based crystals, in general, the presence of metal
ions M™ with two or more stable valence statesisharm-
ful. Charge transfer may occur between M™ and Ce**
according to the following process. (Ce**, M™) —»
(Ce**, M=D%), Furthermore, M™ ions may act as traps
for charge carriers. It is known that the presence, along
with Ce*, of ions like Yb*, Eu®", W6, and V> most

often kill the Ce** fluorescence. It was shown that the
presence of Ir** in Lu,Si,0; : Ce* strongly quenches
the scintillation of this crystal [7]. The coexistence of
Ce** with Ce* is harmful as well because Ce** is an
efficient electron trap and does not lead to charge trans-
fer luminescence.

Self-trapping can strongly influence the efficiency
and the time-dependence of the scintillation, in partic-
ular, the creation of self-trapping holes (V, centers) and
self-trapped excitons (STE). Energy transfer isvery fast
through direct correlated e-h capture, while it is fast
through binary e-h recombination V, + e on the scin-
tillation center and much longer through STE diffusion.

Trapping effects on the scintillation may be very
spectacular. Thisisthe casein YAG : Yb*, in which the
charge transfer luminescence is strongly quenched at
low temperature where glow peaks arise reflecting the
presence of traps. At the temperature of these peaks, a
long component in the fluorescence decay profiles is
observed dueto detrapping and retrapping processes|[8].

Closely spaced electronic excitations can be formed
inaninsulator after high-energy excitation[9, 10]. This
is due to the fact that the mobility of holes is much
smaller than the mobility of electrons. The formation of
acluster of electronic excitationsisillustrated in Fig. 3.
Interactions between closely spaced electronic excita-
tions may lead to a substantial decrease in the number
of correlated and noncorrelated e-h pairs and conse-
guently of the light yield of the scintillator. For exam-
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Fig. 3. Clusters of closely spaced electronic excitations created in an insulating crystal after excitation by a high energy particle.

ple, an exciton may disappear after interaction with a
close low-energy electron or hole; a core hole may
interact with a low energy electron or a valence band
hole and no more excitations are created [10].

3.3. Third Step: Emission of Scintillation Centers

Many processes may limit the luminescence effi-
ciency, and most of them are well known: (i) electron—
phonon coupling resulting in competition between radi-
ative and nonradiative transitions, (ii) concentration

PHYSICS OF THE SOLID STATE Vol. 47 No. 8
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quenching due to interaction between luminescence
centers, (iii) reabsorption process where the lumines-
cence traveling through the scintillator can be reab-
sorbed either by identical or by unlike centers, and
(iv) photo- and thermal-ionization quenching processes.

These |atter processes can beillustrated through two
examples.

3.3.1. Electron ionization in cerium-doped crys-
tals. Thelocation of thelowest 5d emitting state may be
close or degenerated in the conduction band. It was

1409



1410 PEDRINI
"""""" T YAG-15% Yb (a)
________ S s : , 35000
CB 30000/ CT luminescence IR luminescence
-------- i 125000
AE
""""""""" Sd 20000} |
i +415000
o 10000F .
B +45000
O 1 1 1 1 O
0 100 200 300
T,K
VB (b)

Fig. 4. Thermostimulated ionization process in cerium-
doped crystals.

demonstrated that the autoionization rate from a 5d
stateislarge in many cases[11-13] and the delocaliza-
tion of the electron may lead to quenching of the lumi-
nescence. The photoionization process is an important
limiting factor for the light yield.

When all the 5d states are degenerated in the con-
duction band (the case of Ce-doped sesguioxides
La,0;, Y,0;, Lu,03), the onset of the room-tempera
ture and liquid-nitrogen-temperature photoconductiv-
ity coincides with the onset of the lowest absorption
band and the cerium emission is totally quenched [14].

When the lowest 5d state is close to the conduction
band, thermal gquenching is governed mainly by ther-
mostimulated ionization (Fig. 4). For a Ce-doped
Lu,SiO; scintillator, AE is a few tenths of an electron-
volt and efficient emission is observed even at room
temperature. However, the light yield strongly
decreasesfor T above room temperature. For Ge-doped
Lal;, AE < 0.1 eV and no emission is detected at room
temperature; efficient emission is only detected at T <
100K [15].

Of course, when the lowest 5d state is well below
the conduction band, the photoionization process does
not occur. Thisisthe case for most Ce-doped fluorides,
chlorides, and oxides. Therma guenching is then gov-
erned by nonradiative relaxation to the ground state.
High luminescence efficiency can be exhibited at high
temperature by some scintillators, such asLUAIO; : Ce?*
and Lu,Si,O, : Ce*.

3.3.2. Hole ionization in ytterbium-doped crys-
tals. The temperature dependence of the chargetransfer
and IR luminescence yield under excitation in the
chargetransfer (CT) band (Fig. 5a) showsthat the feed-
ing of 2F5,, and ?F, states through radiative and nonra-
diative transitions from the CT state (Fig. 5b) can
explain both the CT and IR luminescences thermal
dependence for T > 150 K, but not the behavior of the
IR luminescence at lower temperature. Another

PHYSICS OF THE SOLID STATE Vol. 47

_/

Fig. 5. (8) Temperature dependence of the charge transfer
and IR luminescence yield under excitation in the CT state
(6.2 eV). (b) CT states and emission transitions.

guenching mechanism must be involved. After taking
into account hole ionization with the formation of the
CT state after thermal dissociation, a good simulation
of the IR luminescence at low temperature is obtained.
It seems that the dominant thermal quenching process
of CT luminescencein most Y b**-doped oxide systems
could be due to hole thermostimulated ionization from
the charge transfer state [16].

4. CONCLUSIONS

Scintillation mechanisms are described using sim-
ple schemes deduced from appropriate models. Multi-
plication of electronic excitations is described using
kinetic equations. Modeling of energy relaxationis per-
formed using the Monte Carlo technique describing the
thermalization, separated diffusion, and spatial correla-
tion of electronic excitations.
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It has been shown that a good estimation of the light
yield can be obtained provided some considerations are
taken into account, such as the fact that created elec-
tronic excitations are not all useful excitations in sys-
tems with a complicated band structure and clusters of
closely spaced electronic excitations can be formed.

Many limiting factorsfor thelight yield and the time
dependence of the scintillation must be considered at
each stage of the energy relaxation.
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Abstract—The photoluminescence (PL), PL excitation, and PL decay kinetics of 8Li,0-MgO-SiO,—Ce
glasses were studied using time-resolved VUV spectroscopy. The Ce®* ion PL excitation spectrum contains a
known group of structural bands at 4.4-5.2 €V caused by 4f — 5d transitions. Moreover, features at 6.4—
7.7 eV were detected and their nature is discussed. At an exciting photon energy Eg,. > 25 €V, the photon mul-
tiplication effect manifests itself. Based on SLi-silica glasses, a scintillation neutron detector with improved
parameters was developed and produced. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Neutron radiation detection remains an important
problem in radiation monitoring. To solve this problem,
there has been a search for low-cost glass-based scintil-
lation detectors. While zirconium silicate— and beryl-
lium phosphate-based glasses developed at the Ural
State Technical University (USTU) [1, 2] exhibit
increased radiation resistance and light yield, their
manufacturability leaves much to be desired. Glasses
that are more manufacturable have been developed at
the Vavilov State Optical Institute [3] on the basis of
cerium-doped lithium silica. These glasses have a better
sensitivity to neutrons. At aLi,O content of 22.5 mol %,
the glass light yield has a radioluminescence spectrum
maximum at 3.2 eV and exceedsthat of NE-905 glasses
(currently accepted as the most appropriate scintilla-
tors) by a factor of 1.8 [3]. Thermal neutrons are
detected by the reaction SLis(n, a)®H,. The reaction
products (alpha particles) cause 60-ns scintillations in
glass. Despite the fact that certain spectral and kinetic
performance parameters of cerium-doped lithium-sil-
icaglasses as scintillators have been studied previously
[3], their basic propertiesin the expanded VUV spectral
range have not yet been studied. It also seems expedient
to study the neutron detection efficiency of these
glasses and use them to develop scintillation neutron
detectors with an increased efficiency.

2. EXPERIMENTAL

Li,0-MgO-SiO—Ce glasses prepared at the
Vavilov Institute contain 0.8 mol % Ce (calculated for
CeO,) and 22.5 to 30 mol % Li (in the form of Li,0).
The glass melting point is 1500°C, the density is

2.52 g/lem?, therefractive index is 1.55, and the SLi iso-
tope concentration is as high as 1.15 x 10%? cm™3. The
samples under study were prepared as 10 x 10 x 1. mm
plates.

The Photoluminescence (PL) and PL excitation
spectra were measured at temperatures of 295 and 9—
10K at the SUPERLUMI station (HASYLAB Labora
tory, DESY, Hamburg) using synchrotron radiation
(SR). A 2-m vacuum monochromator with replaceable
Al or Pt gratingswas used to excite PL in therange 3.7—
33 eV. The PL excitation spectra were normalized to a
fixed number of photonsincident on a sample. The PL
spectrawere analyzed using a0.3-m ARC Spectra Pro-
308i monochromator and an R6358P photomultiplier
tube. The PL and PL excitation spectra were measured
for time-integrated luminescence and for luminescence
that was detected in gated time windows (of width At)
correlated with respect to an exciting SR pulse (the
delay from the SR pulse start is 8,). Reasoning from the
decay kinetics, the parameters o, and At were set as 2.3
and 22 nsfor the fast PL component and 72 and 104 ns
for the slow PL component, respectively. The neutron
detection efficiency was measured (at USTU) using a
stand with a #>?Cf neutron source certified for measure-
ments.

3. RESULTS AND DISCUSSION

Figure 1 shows the time-resolved PL spectra mea-
sured for an excitation energy E, . =4.7eV a T=9K.
The fast-component spectrum characterizing the Ce*
ion luminescence is an asymmetric band (asis aso the
case a T = 295 K) with amaximum at hv,,,, = 3.2 eV
(FWHM = 0.5 eV) caused by interconfigurational tran-
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sitions from the lowest level of the 5d shell to the 4f-
configuration ground-state levels. The shape of the PL
spectrais independent of the excitation photon energy
intherange 3.7-33 eV, and the PL yield isalmost inde-
pendent of temperature. We note that the luminescence
spectra of these glasses excited by 3-MeV He* ion
beams or 150-keV electron beams are identical to the
PL spectra.

Figure 2 shows time-resolved 3.2-eV PL excitation
spectra. The fast PL component is efficiently excited in
the glass transmission band, where a structured broad
band at 3.7-8.5 eV is observed in the PL excitation
spectrum. This band has a feature near 6.9 €V that is
most pronounced at low temperatures. Almost no lumi-
nescence is excited in the range of interband transitions
(Eoe = 922 eV). The cause of thisisasignificant non-
radiative energy loss at the sample surface, as is the
case for many dielectrics with mobile electronic excita-
tions. Photon multiplication begins at energies exceed-
ing 25 eV and manifestsitself asanincreasein the Ce*
PL yield.

Figure 3 shows the 3.2-eV PL decay kinetics of
glass at various values of E,,.. The PL was established
to decay exponentially with atime constant T = 37.5ns
under excitation immediately in the impurity absorp-
tion band, i.e., a E, . = 46 eV. Under excitation in the
region of the fundamental absorption edge, the PL
kinetics exhibits a microsecond-range component.
Under excitation in the photon multiplication region
(Eec > 25-33 eV), the decay time decreases and the
kinetics becomes naticeably nonexponentia (A, =
20.8 ns).

An analysis of the Ce®* PL excitation spectraand a
comparison with the data on the spectrum of the free
Ce3* ion show that there are two groups of structural
bands: one at 3.7-5.2 eV and one a 6.4—7.7 eV. The
former band is caused by interconfigurational 4f —»
5d transitions, and the latter can be associated either
with transitions to higher energy states of the 5d shell
or with transitions to the states of the empty 6s shell.
The band in the PL excitation spectra caused by 4f —
6s transitions in Ce** ions (in the LaF; lattice) was
interpreted for the first time by Pedrini, Belsky, and
coworkers [4-6]; this band was detected at ~7.7 €V. For
the glass under study, this excitation band is observed
in the range 6.4—7.7 €V, which does not contradict the
datafrom [4-7].

In [5], a model of configuration curves of the Ce®*
ion in crystals was proposed (Fig. 4a). With a certain
modification, this model can be used to explain the PL
spectrum of Ce* ions in the glasses under study
(Fig. 4b). This model takes into account the Ce**
recharging effect [8], aswell asthe charge-transfer and
photoionization effectsin the crystals considered in [5].

Thus, the photo- and radioluminescence spectra of
Li,O-MgO-SiO,—Ce glasses revea a common [umi-
nescence center associated with the Ce®* ion. In [8], it
was shown that, in glasseswith Ce** ions, ionizing radi-
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ation causes recharging and the onset of recombination
luminescence with a spectrum typical of the Ce** ion.
Under ionizing radiation, which generates separate
electron-hole pairs in glasses, the Ce** recharging can
occur in the following sequence: Ce** + h* — Ce*,
Ce* + e — (Ce*)*, and (Ce*)* — Ce* + hvyyn,
[6]. The above data on the luminescence excitation
spectra of the glasses under study in a wide energy
range, as well as the data on ion-beam-induced and
cathodoluminescence, show that only the kinetics of
radiation-induced recharging of an activator and the
recombination luminescence kinetics depend on the
nature of the luminescence excitation. This finding
explains the difference in duration between neutron
scintillations (in fact, a scintillations, T 0060 ns) and
scintillations caused, e.g., by an electron beam (1 O
108 ns). The final step of intracenter luminescence is
amost the same for any type of excitation. The
decrease in the decay time observed both in a scintilla-
tions and under photoexcitation in the fundamental
absorption range is caused by a high local excitation
density. These effects have been observed and studied
for some inorganic scintillators[9].

Studying the PL, PL decay kinetics, and radiolumi-
nescence made it possible to devel op efficient scintilla
tion media based on ©Li silica glasses and create a neu-
tron detector. The scintillation glass in the detector is
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38 mm in diameter and 5-mm thick. The main perfor-
mance parameter of the scintillation detector—the neu-
tron detection efficiency (sensitivity)—was deter-
mined, using the technique proposed in [10], to be
12.3 cm?/neutron. Testing of the device using a 25°Cf
neutron source (fission neutrons) showed that the effi-
ciency of the developed scintillation detector exceeds
that of MKS-A02 commercial neutron detectors based
on 3He counters.

4. CONCLUSIONS

The luminescence properties of Ce**-doped 6Li sil-
icaglasses have been studied using time-resolved VUV
spectroscopy. An anaysis of the results has demon-
strated the crucial role of the intracenter transitions in
the complex scintillation process. The strongest |umi-
nescence excitation band of cerium ions in the glasses
under consideration in the range 3.7-6.2 €V is associ-
ated with the 4f — 5d transitions. The band observed
at 6.4-7.7 eV can be associated with the transitions
both to high-energy states of the 5d shell and to the 6s
shell. This finding made it possible to improve the
model of configuration curves for Ce* ions in glasses
with inclusion of charge transfer and photoionization.
By analyzing the PL excitation spectrain awide energy
range, the photon multiplication effect has been found
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to occur at E,, . > 25 eV. Therefore, these glasses can be
applied as an efficient scintillation material. Based on
the glasses under study and using their basic properties,
a scintillation neutron detector with improved perfor-
mance parameters has been devel oped and tested.
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Abstract—VUV 4f" — 4f"-15d transitions of Gd®*, Er3*, Tm3*, and Lu®* in fluoride matrices have been
analyzed with high-resolution luminescence and excitation spectroscopy. In trifluorides, strong electron—
phonon coupling has been found. In the other matrices, the luminescence spectra clearly yield zero-phonon
lines and phonon replica, indicating intermediate coupling. The energies of the zero-phonon lines observed are
compared with theoretical predictions. Near the threshold of f — d excitations, some of the excitation spectra
yield sharp structures which cannot be explained with phonon replica but will be discussed in terms of the

energy levels of the 4f"~15d configuration. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Already as of 1966, 4f" — 4f"-15d transitions of
trivalent rare-earth (RE®*) ions in a CaF, matrix had
been reported [1]. Except for Ce®* and Pré*, the transi-
tion energies are in the vacuum ultraviolet (VUV)
range. Inthe past, theVUV 4f" —» 4f "~ 15d transitions
have not attract as much attention as the 4f" —
4f "~ 14f* transitions because no application was forsee-
able. In recent years, however, 4f" — 4f"-15d transi-
tions gained much interest, being an essential aspect of
guantum cutting phosphors [2].

Concerning the experimental difficulties in VUV
spectroscopy, the pioneering work of Yen et al. [3] dem-
onstrated the potential of synchrotron radiation (SR)
for luminescence experiments. It was applied for the
first time to RE3* 4f" —» 4f"~15d excitations by Elias
et al. and Heaps et al. [4, 5]. Thefirst 4f"-15d — 4f"
VUV luminescence spectra of Nd*, Er3*, and Tm3*
were published by Yang and DelLuca [6]. For the first
half of the lanthanide series, transitions from the lowest
4fn-15d level into the 4f " ground state are spin-allowed
with short lifetimes (up to =50 ns). In the second half,
such transitions are spin-forbidden (lifetimes in the
microsecond range). Depending on theion and the host,
spin-forbidden emission from the lowest high-spin and
spin-allowed emission from the lowest low-spin
4fn-15d state coexist [2, 7]. In the past, VUV RE®*
emission has been detected only from Nd**, Er¥*, and
Tm3* [2, 7-10].

L This article was submitted by the authorsin English.

RE3* 4fn-14f* excitations couple weakly to the lat-
tice because the 4f wave functions are shielded by the
filled 5s and 5p shells. The 5d wave functions are more
extended. Therefore, 4f"~15d excitations are expected
to interact stronger with the lattice. TheVUV d — f
emission bands observed in the past were broad, nearly
Gaussian shaped, indicating at first sight strong cou-
pling. However, already Schlesinger and Szczurek [11]
observed zero-phonon lines (ZPLs) in f — d absorp-
tion spectra. Wegh et al. [2] also found ZPLs in lumi-
nescence excitation spectra and pointed out that the
smooth shape of the emission bands originates from a
rather poor spectral resolution. SR-excited experiments
recording high-resolution spectra were lacking until
recently [12]. In the meantime, laser-excited spectra
have also been reported [13, 14]. In the present paper,
high-resol ution spectra of d —» f luminescence of Er3*
[12] and Tm3* [14] will be discussed. The first d —» f
spectra of Gd®* and Lu®* [15] will also be presented.
Gd** isof particular interest because Gd®* d — f emis-
sion was not expected at all for the reasons given bel ow.
The sample include RE** doped fluorides and stoichio-
metric fluorides. Strong and intermediate coupling was
established. The results agree well with predictions
based on papers by Dorenbos[16, 17].

2. EXPERIMENT

Most of the experiments were performed under
selective SR excitation at the SUPERLUMI setup at
HASYLAB (Hamburg) [18]. Theresolutionintervalsin
excitation A\, were chosen between 3 and 0.5 A. The

1063-7834/05/4708-1416$26.00 © 2005 Pleiades Publishing, Inc.
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time structure of SR with its short pulses (width 150 ps)
at arepetition rate between 1 and 5 MHz isthe basis of
time-resolved spectroscopic methods [19]. High-reso-
[ution VUV-luminescence analysis was performed with
a 1-m monochromator equipped with a position-sensi-
tive channel-plate detector. M ost spectra were recorded
infirst order with AA,,, =1 A. In some cases, lumines-
cence analysis was carried out in second order (AAg, =
0.5A). Inmost of the experiments, the temperature was
near LHe temperature (710 K).

For excitation spectra of VUV luminescence, the
Pouey-type VUV monochromator of SUPERLUMI
was used to select the respective emission band. This
monochromator has a large f number (2.8), at the
expense, however, of spectral resolution (AAg,, = 10—
20 A). Therefore, in the spectral range of ZPLs, scat-
tered light from excitation falsifies the spectra. In the
case of spin-forbidden d — f emission with its long
lifetime, the spectra can be measured in the time-
resolved mode, with the emission recorded within a
time window avoiding any contribution from the
(prompt) scattered light of excitation. Spin-allowed
emission, however, strongly overlaps in time with the
scattered light. Therefore, discrimination between both
contributions is difficult. Some experiments were per-
formed under soft x-ray excitation at the undulator
beamline BW3 of HASYLAB, where luminescence
was analyzed with A\, = 6 A.

Tm3* doped crystals have also been investigated
under F,-laser excitation (157.6 nm/63452 cm™) at the
University of Utrecht [14]. The spectrayield an excel-
lent signal-to-noise ratio. The spectral resolution of
f — f spectra under laser excitation exceeds the one
available at the SUPERLUM I station at least by afactor
of 2. IntheVUV, acomparableresolution is achieved at
both setups. Laser excitation is superior to SR excita
tion in those cases where the excitation wavelength fits
the requirements. However, VUV-excitation spectra,
which presently can be measured only with SR, are of
similar importance. Both excitation sources are com-
plementary and should be used in parallel for the spec-
troscopy of RE3* VUV d — f luminescence.

3. RESULTS AND DISCUSSION
3.1. Er3* d — f Luminescence

LiYF,: Er® was chosen asamodel for two reasons:
(i) there exists only one site for the RE ion, and (ii) al
kinds of Er®* luminescence coexist. Moreover, the
Stark splitting of the 4f1* 41,5, ground state is known
with high accuracy (8 Stark levels) [20, 21]. Thisisan
essential condition for an analysis of the high-resolu-
tion spectra. In Fig. 1, thed — f luminescence spectra
of LiYF,: Er®* (1%) are shown. They yield narrow lines
and broad sidebands. For comparison, the excitation
spectrum of the spin-forbidden d — f emission is
plotted as well. The relative calibration in excitation
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Fig. 1. Spin-allowed (a), spin-forbidden (b), and 4Sy, —
41 15/,Er3* f — fluminescence (c) of LiYF, : Er* (1%) at
T = 6 K. The bars indicate the Stark levels of the 45/,
ground state with 2|[M;3| =5, 15, 3,1, 9, 7, 11, 13 [21] (from
right to left). The resolution intervals are A\, = 0.6 A and
Men=06A.

and in emission is correct within 0.2 A (+8 cm? at
64000 cml). The d —~ f emission is compared with
LiYF, : Er¥* (1%) *S;, — “l;5, emission. The bars
correspond to an assignment of the 4S;;, emission lines
to the Stark levels of the ground state [20, 21]. Sy,
emission was positioned with respect to the d — f
emissionsin order to obtain the best agreement with the
linesin thed — f spectra.

As the emission and excitation spectra are in scale,
we are able to compare the sharp structures with the
bars. In the spin-allowed casg, the Stark level 2|M,|=5
(the only one being populated at liquid-helium temper-
ature!) agreeswith the shoulder at the low-energy onset
of excitation (64 265 cm™). This shoulder isascribed to
the ZPL in excitation, being strongly suppressed by
reabsorption. In emission, the respective ZPL is also
indicated by a shoulder. The sharp structures at lower
energy correspond to barsindicating the Stark levels of
the ground state. They are ascribed to ZPLs aswell. In
the spin-forbidden case, the bar 2|M;| = 5 is energeti-
cally below the first maximum of the excitation spec-
trum at 61013 cm. Provided this maximum arises
from the ZPL in excitation, there is a shift of the order
of 60 cm between excitation and emission, indicating
an emission originating from disturbed centers. In the
spin-forbidden case, not all linesare resolved. Thismay
indicate avariety of disturbed centers.

Phonon sidebands are not clearly resolved. Asan esti-
mate of the effective phonon energy, wy = 330 cm
measured by Renfro et al. [22] for the coupling of f lev-
elstothe LiYF, host may be considered. Then, thefirst
sidebands of the ZPLs with 2|M;| = 5, 15, 3, 1 are
expected to overlap with the second group of ZPLs. The
second group of phonon sidebands of the ZPLs 2|M;| =
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Fig. 2. Excitation spectra of the spin-forbidden LiYF, : Er®* (1%) d — f and °Sy, —> 5/, emission at the onset of (a) spin-
forbidden and (b) spin-allowed f — d excitation. T=9K, A\g, = 0.6 A.

5, 15, 3, 1 would roughly coincide with the first group
of sidebands of the ZPLs 2|M,| =9, 7, 11, 13. Thismay
explain the maximum at 63650 cm™ (spin-allowed)
and the shoulder at 60350 cm (spin-forbidden).

In Fig. 2, excitation spectra are presented in the
range of the lowest spin-forbidden and spin-allowed
f — d excitations. An excitation spectrum of
4S;, — 415, emission is included for comparison. In
the spin-allowed case, the spectrum has afast rise (with
the shoulder discussed above) to aflat plateau. The pla-
teau arises from total absorption (saturation). In the
spin-forbidden case, saturation is not reached but afine
structureis observed. At first sight, it seems straightfor-
ward to ascribe the structures to vibronic sidebands.
Note, however, that the maxima in the excitation spec-
trum have no counterpart in the spin-forbiddend — f
emission. Therefore, phonon replica cannot account for
the fine structure; it originates from a coupling of the d
excitations with the f1° core of the Er3* ion. Pieterson
et al. calculated the energy levels of the Er3* 4f105d
configuration [23]. In Fig. 2, the respective energy lev-
elsareindicated by bars. The height of abar isarelative
measure of the oscillator strength. The numerical val-
ues were communicated to us by Meijerink [24].

Concerning the peak positions, good agreement is
found between the calculated |evel s and the maxima of
the excitation spectrum. The peaks represent the ZPLs
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in excitation for the spin-forbidden 4f95d levels. The
relative heights, however, are in disagreement with
experiment. Thisis explained as follows. Like in [lumi-
nescence, each ZPL is accompanied by phonon side-
bands, merging together into a background in the exci-
tation spectrum. The spin-forbidden d — f emission
of LiYF, : Er®* has also been measured by Peijzel [13]
in good agreement with the results of [12].

3.2. Tm** d — f Luminescence

Tm® d —= f emission has been investigated in
LiCaAlFg (LICAF). The choice of LiCAF was moti-
vated by the fact that this matrix offers a divalent and a
trivalent site, which makesit a promising candidate for
codoping with a RE®* and a divalent ion as in Mn?*
doped LiSrAlFg [25]. Figure 3 shows VUV-emission
spectra of LiCAF : Tm3* (0.04%) with afine structure,
merging into a smooth wide band. At first sight, it may
be tempting to ascribe the fine structure to f — f tran-
sitions. However, in the respective energy range, the
Tm? ion has no f levels[26]. In particular, the 1S, level
at ~75000 cm[26, 27] cannot contribute to the spectra
shown (hote also that both excitation energies are well
below the 'S, level). At LHET, the emission has a life-
time T =7 ps[14]. Therefore, it is ascribed to the spin-
forbidden transition into the *Hg ground state. Only
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spin-forbidden d — f emission was observed, whereas
other systems also emit spin-allowed luminescence [7,
8]. In view of the low Tm®* concentration, weak spin-
alowed d — f luminescence in LiCAF cannot be
excluded.

Comparedto LiYF, : Er®*, the Tm3 doped systemis
more complicated. Depending on the symmetry of the
site, up to 13 Stark levels can exist for the *Hg ground
state. In order to get more insight into the origin of the
fine structure, a spectrum of the ‘G, — 3Hg lumines-
cence around 21000 cm* was plotted in Fig. 3 for com-
parison. The scales were arranged such that the sharp
lineswith the highest energies coincided. True[14] ten-
tatively assigned the sharp structuresinthe'G, —» 3Hg
spectrum to 12 Stark levels, covering a range of
~400 cm. In the context of the present paper, this
means that the peaks in the d — f spectra below
61000 cm™ cannot originate from ZPLs; they are
ascribed to vibronic sidebands. Only the sharp maxima
above ~61000 cn%, in particular, the one at 61 410 c™,
originate from ZPLs. The assignment of the peak at
61410 cm™ is further supported by an analysis of the
spin-forbidden d — f emission terminating at °F,
(inset to Fig. 3). Two closely spaced peaksat 55797 and
55766 cm were observed, having an energy differ-
ence to the first ZPL terminating at *Hg of 5613 cm
and 5644 cm™, respectively. These energies coincide
well with the energy of the first excited f state in
LaF;: Tm3 at 5615 cm™ [26], a vaue that hardly
changesin different matrices. Both peaks may be dueto
electronic transitions to closely spaced Stark levels of
3F,; however, they can also be due to ZPLs of Tm®* on
different occupational sites.

3.3. Gd®* d — f Luminescence

The case of Gd®* is of special interest because Gd®*
d — f emission was not expected at all due to the fact
that the 4f 7 energy levels are very dense at higher ener-
gies [13, 28]. Such a dense level system is an idead
acceptor for energy transfer from d excitations and sub-
sequent nonradiative relaxation into the emitting f lev-
els of Gd®, thus quenching radiative d — f transi-
tions. Nevertheless, the final answer is given by an
experiment. In Fig. 4, VUV-luminescence spectra of
Gd* ions in LiGdF, and GdF; are presented [15]. At
T =10 K, the following lifetimes were measured: T =
2.8 ns(LiGdF,) and t = 0.97 ns (GdF;) [15]. The lumi-
nescence observed is ascribed to spin-allowed Gd®*
d — f emission. The arguments are as follows.

(i) The emission is clearly correlated to Gd®*
4f 7 —~ Af65d excitation (see below).
(i) In the case of GdF, in spite of the high spectral

resolution, only abroad band is observed which is typ-
ical for strong coupling to the lattice, excluding an
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Fig. 3. Spin-forbidden d — f luminescence of Tm®* in
LiCaAlFg. (a) SR excitation at 67 659 cm™, A\ gy = 0.8 A,
and T = 7.4 K; (b) laser excitation at 63 452 cm%, A\gy =
0.3 A, and T=7.3K; and (c) G, —= 3Hg luminescence
in LiCaFg : Tm3*, Mn?*; laser excitation like in (b), at
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Fig. 4. Gd®" d — f emission of (a) LiYF, : Gd®* (10%),
(b) LiGdF,, and (c) GdFs, excited by (a b) 84 034 and
(c) 85470 cm™L. Resolution interval Ahgy, = 0.8A, T=10K.

Energy levels of the Gd3* 4f 7 configuration in the range of
the onset of f — d excitation [24] are included as bars.



1420

Energy, 10° cm™!

35.0 34.5 34.0 33.5
T T T
"]
LiGdF, : Ce o
>
g
=
g
=
o
-
2 10
5
E
=
.S
LTEJ 0 L L
78.0 78.5 79.0 79.5

Energy, 103 cm™!

Fig. 5. Comparison of Gd®* d — f luminescence in
LiGdF, (excited at 84034 cm™, Ay, = 0.8 A) withaCe®*
f —> d excitation spectrum in LiGdF, : Ce>* (0.05%)
measured with A\, = 2.9 A. For both spectra, T= 10K.

f — f nature of the emission. In the case of LiGdF,,
sharp lines and a broad sideband are observed. Thisis
typical for intermediate coupling.

(i) Thereis good agreement with an estimate of the
transition energies according to the phenomenol ogical
approach by Dorenbos[16, 17].

As aready mentioned, the Gd** results are really
unexpected. In order to demonstrate why, we included
in Fig. 4 recently calculated 4f energy levels of the Gd®*
ion in LaF; which should be a good approximation to
thecaseof LiYF,: Gd®* [24]. Thelevelsare all doublet
or quartet levels, whereasthe emitting d level isan octet
level. Therefore, nonradiative transitions from the emit-
ting d level to these high-lying f levels are highly spin-
forbidden. Thismay qualitatively explain why the emit-
ting d level is not quenched by the f levels. In this con-
text, we would like to point out that the Gd® d — f
luminescenceisthermally quenched, disappearing near
200 K.

We have to discuss now the fine structure of Gd**
emission. Contrary to the case of Er3*, the level struc-
ture of the Gd* 8S,, ground state is simple (no Stark
splitting in first order) and only one ZPL is expected.
The fine structures may arise from (i) phonon side-
bands, (ii) site effects, or (iii) a mixture of both. More
insight could be obtained from excitation spectra. Inthe
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stoichiometric, aswell asin LiYF, : Gd* (10%), in the
range of alowed excitations, the sample is opticaly
thick, thus preventing an analysis of the spectral shape
of absorption. What can be done, however, is doping of
the crystal with another RE3* ion as atest ion to probe
electron—phonon interaction. Therefore, Ce** doped
LiGdF, has been investigated. Due to the small Ce*
concentration (0.05%), the excitation spectrum of the
Ce** d — ftrangitionsin the transparency range of the
host could be measured? without saturation effects.
Thisyields a fine structure with a ZPL at 33615 cm™.
In Fig. 5, the excitation spectrum of the Ce** d — f
emission is compared with the Gd** d — f emission.
The scale of the Ce** spectrum is opposite to the scale
of the Gd® spectrum, and the scales are shifted such
that the Ce®* ZPL coincides with the first sharp line of
the Gd** emission. The spectra agree well within the
range of the pronounced lines. Therefore, the line at
79377 cm? is assigned to the ZPL of Gd** d — f
emission.

The sidebands in the Ce** f —» d excitation spec-
trum most probably originate from phonon replica. The
fine structure is spread over ~500 cm™, which is in
good agreement with the energy spread of phonon
spectra of isostructural scheelite compounds LiLnF,
(Ln=Y, Ho, Er, Tm, Yb) [29]. (The energies are not in
agreement with the phonon spectra; in particular, there
are no phonons with such small energies. Data on
LiGdF, are not available in the literature.) The close
similarity between both spectrain Fig. 5 indicates that
the fine structure of the Gd** d — f emission mainly
originates from vibronic modes. The smooth shape of
the luminescence at longer wavelengthsisassigned to a
superposition of vibronic modes with more that one
phonon involved. The general behavior is typical for
intermediate electron—phonon coupling. A Huang—
Rhys parameter S~ 1 was estimated in [15].

GdF; emits a broad band centered at ~80 000 cm2.
It is ascribed to spin-allowed Gd* d — f emission as
well. The same spectrawere obtained from single crys-
tals and powder samples. The spectral shape indicates
much stronger electron—phonon coupling than in
LiGdF,. Similar observations were reported in [7],
where stronger electron- attice coupling was found for
some REF; as compared to LiYF, : RE®. In [15], an
estimate of the Huang—Rhys parameter is given, S> 5.
The shift of the Gd** d — f emission of GdF; to higher
energies as compared to LiGdF, is ascribed to the dif-
ferent coordination numbers for the Gd* ion (9 in

PHYSICS OF THE SOLID STATE Vol. 47

2To be more precise, in LiGdF, : Ce®*, Ce®* d — f emission is
quenched by energy transfer to 4f%4f*Gd®* levels, leading to
Gd®* 8p;, — 85, emission at 311 nm. This emission was

monitored while measuring the Ce®* f — d excitation spec-
trum.
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GdF;, 8in LiGdF,), causing asmaller crystal field split-
ting of the d excitation in GdF;.

InFig. 6, the Gd* d — f luminescence and excita-
tion spectra are plotted together. For LiGdF,, the ZPL
in emission coincides with the steep onset of the exci-
tation spectrum, which supports our assignment. In the
stoichiometric material, the system is optically thick;
therefore, no fine structure can be observed. In GdF;,
the excitation spectrum consists of a single band which
is much broader than the luminescence band. At first
sight, this seems to indicate linear-quadratic electron—
phonon coupling (different phonons coupling in the
excited and the ground state [30]). Nevertheless, we
hesitate to draw this conclusion because, at higher ener-
gies, the system is opticaly thick, preventing a line-
shape analysis. More than one el ectronic transition may
be hidden in the maximum. The decrease in intensity
towards higher energies may be ascribed to the onset of
band-to-band transitions (it seems to be a genera rule
that RE3* d — f luminescenceis hardly excited at the
onset of band-to-band excitations). The smooth onset,
however, originates from strong electron—phonon cou-

pling.

3.4. Lu** d — f Luminescence

The electronic structure of Lu with its 4f 24 configu-
ration issimple. Thefilled f shell givesriseto only one
energy level, 1S,. At the onset of electronic excitation,
an f electron is promoted to a d orbital. The lowest
excited state is an S= 1 state (the spin of the electron
changes its direction), and the next state is a singlet
state (the spin keeps its direction). In other words, con-
cerning the d excitations, we have a situation like that
in al other RE® ions in the second half of the series.
The important differenceisthat, in therange of f — d
excitations, there are no other energy levels of Lu®*
available for energy transfer and subsequent quenching
of the Lu®* d — f emission.

The reason why Lu®* d — f emission has never
been detected before may arise from the fact that the
energy is the highest among all RE®* ions (free ion
value near 100 000 cm™) [16, 17]. InFig. 7, VUV-lumi-
nescence spectraof aLiLuF,: Ce* crystal, aLuF; : Ce®*
crystal, and of LuF; powder are shown (see also [15]).
As a consequence of the Ce** doping, the LiLuF,VUV
luminescence was weak; therefore, the spectrum was
measured at the BW3 beamline, providing high-inten-
sity excitation by XUV photons (130 eV). LiLuF, emits
two broad emission bands at 80200 and 82600 cm.
The band at 82600 cm™ has a lifetime in the nanosec-
ond range and is ascribed to spin-allowed 4f 13%5d —
4f4 emission. The band at 80 200 cm™ has a consider-
ably longer lifetime and is ascribed to spin-forbidden
4f135d — 4f14 emission. The different nature of both
bands is demonstrated in Fig. 7. The open circles are
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tation (Ao = 2.9 A) in GdF;. T=10K.

time-integrated measurements, and thefull circleswere
obtained within atime window of 0.8 ns after the exci-
tation pulses. The assignments will be established in
Subsection 3.5.

Due to the weak luminescence intensity, the excita-
tion spectra around the threshold of Lu®* f — d exci-
tation could not be measured in LiLuF, : Ce*. The
moderate spectral resolution of 6 A and the absence of
excitation spectra prevent an analysis of the electron—
phonon interaction. The VUV emission from the
LuF; : Ce** single crystal and from the undoped LuF;
powder consists of a broad band (~80 500 cm™) with
slow decay (longer than the accessible range). The
emission was intense enough to measure high-resolu-
tion luminescence and excitation spectraat the SUPER-
LUMI station. No fine structure was found, indicating
strong electron—phonon coupling. The results of the
crystal and of the powder sample agree well. On the
basis of the long lifetime, the emission is ascribed to
spin-forbidden Lu3* 4f 135d — 4f 14 emission.

Although e ectron—phonon interaction of the Lu®*
4f 135d excitation in LiLuF, was not analyzed for the

reasons given above, information is obtained from Ce**
emissionin LiLuF, : Ce** [31]. The Ce* luminescence
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LiLuRy : Ce®* excited by 130-eV photons recorded within

0.8 ns after the excitation pulse (full circles) and time-inte-
grated (open circles). High-resolution (AAgy = 0.8 A) lumi-

nescence excited at 86 210 cm‘l, and high-resolution exci-
tation spectra (Mg, = 1.0 A) of (b) LuF5 : Ce>* crystal and
(c) LuFz powder at T=10K.

clearly yields a ZPL with phonon replica and a smooth
low-energy sideband, asis characteristic for intermedi-
ate coupling. Moreover, in the energy range corre-
sponding to Lu®* 4f 14 — 4f 135d excitation, the excita-
tion spectra of the Ce* emission yield pronounced
sharp lines, which were assigned by Kirikovaet al. [31]
to ZPLs of Lu® 4f4 —~ 4f135d transitions because
their energies agree well with calculations based on the
model of Dorenbos [16, 17].

3.5. Comparison with Theory

The energies of the lowest spin-allowed 5d states of
RE®* ionsin ahost crystal can be predicted if at least for
one RE®** ion in the particular crystal this value is
known [16, 17]. Dorenbos collected spectroscopic data
on f —» d transitions of RE®* ionsin various hosts and
tabulated average values for each host. As a reference
ion, Ce** has been chosen because this ion has been
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investigated extensively. The predicted energy for the
spin-allowed transition of a RE®* ion is given by

AEF®% = 49340 cm ™ —D(A) + AETF®, (1)

where 49 340 cm isthe energy of thefirstf — d tran-
sition of the free Ce* ion, D(A) is the crystal field
depression of compound A, and AEREC® is the energy
difference between the first spin-allowed f — d tran-
sition of the RE®* ion and of Ce*. The basis of this
approximation is the fact that the crystal field depres-
sionisnot sensitiveto theindividual ion, D(A) being an
average of the D(RE®*, A) values for different RE®*
ions. The quantity AERE®® is in first approximation
independent from the host and can be regarded as an
intrinsic property of the respective ion. The values used
by Dorenbos are average val ues over many compounds.

Inthetable, datafor part of the crystalsinvestigated
are listed. Ce** f — d excitation energies measured
separately are given aswell. The estimates according to
Eg. (1) are then compared with the experimental
results. For those cases where we measured the Ce®*
values, the transition energies were also calculated
according to

AEgrs * = E®+AET®, )

The cal culations can be extended to the spin-forbid-
den f — d transitions. Dorenbos showed that the

energy difference, AEZ | between the spin-allowed

and the spin-forbidden f — d excitation energy is
merely a property of the respective ion but is nearly
independent from the host. The values for Er¥* and
Tms* are 3050 and 2350 cm™, respectively. Subtracting
these values from the results obtained from Egs. (1) and
(2) resultsin AERE s=f which is also given in the table.

Dorenbos treated the data in the strong coupling
limit, which means absorption and emission are
approximated by Gaussian bands energetically sepa-
rated by the Stokes shift AS(A). It turns out that AS(A)
ischaracteristic for host A but nearly independent of the
RE®* ion. Consequently, the AEREC® are energetical dif-
ferences between such Gaussian-shaped peaks. The
results from Eq. (1) should therefore not be compared
with the energies of ZPLs without further correction.
Dorenbosincluded in [17] averaged values of S(A). For
linear coupling to the lattice, the ZPL would be in the
middle between the absorption (excitation) and the
luminescence maximum. The corrected results are then
given by

AEXES"2 = AERE’S_a—%AS(A). ©)

Equation (2), however, should provide us with reliable
results without any correction if EC¢isthe energy of the
ZPL.

In most cases, the predictions agree within 600 cm
with the experimental results [16, 17]. Comparing the
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Comparison between calculated and experimental values of the lowest spin-forbidden and spin-allowed f — d excitation
energies of Er®*, Tm®*, Gd®*, and Lu®* ionsin various fluoride-type hosts (ZPLS)

Energy LiYF, (Er¥) | LiCaAlFs (Tm®) | LiGdF, (Gd®) | LiYF,(Gd™) | LiLuF,(Lu®)

D(A) [15] 15262 13344 15093 15262 15140
AERE Ce [14] 30000 29300 45800 45800 49170
AS(A) [15] 1597 1389 1597 1242
AERE:s-2a 64078 65296 80047 79878 83370
AEG® 63279 64601 79079 82749
AERE ST 61028 62946

AERS ST 60229 62251

ECe (ZPLs) 33615 33450[31] 33130(31]
AEGS® (ZPL9) 79415 79250 82300
AES-2 (ZPLs) 64265 63200 79377 79250 82900 [31]
AES—' (ZPLs) 61020 61410 81550[31]

Note: Experiment: this paper and [31]. Energies are givenin cmt

estimates according to Eq. (2) with the measured ZPLs
(LiGdF,, LiYF, : Gd®, LiLuF,) yields agreement
within this limit, which strongly supports our assign-
ments. For LiYF, : Gd* and LiLuF,(Lu®), the agree-
ment between the results of Eq. (3) and experiment is
also very good. For LiYF, : Er®*, the experimental val-
ues and the predictions differ by 800-1000 cm. In the
case of LiCAF : Tm®*, the disagreement is somewhat
larger. Concerning the ZPLs of the spin-forbidden
d — fluminescenceof LiYF,: Er®* and LiCAF : Tm¥,
the agreement is better. Estimates have also been made
for GdF; and LuF; [15]. Good agreement has been
obtained.

4. CONCLUSIONS

High-resolution 4f"-15d — 4f" VUV-lumines-
cence spectra of fluorides doped with Gd®*, Tm3*, and
Er3* and of stoichiometric Gd** and Lu* fluorides have
been presented. Only for GdF; and for LuF; has strong
coupling of the 4f"-15d configuration to the lattice
been established. In all other cases, ZPLs and vibronic
sidebands have been observed, indicating intermediate
coupling. In some cases, the coupling of RE®* d levels
to the lattice has been analyzed with a“test ion” (Ce**)
doped into the respective matrix at alow doping level.
This is a promising method that could be applied in
other cases where the excitation spectra are saturated.
The detailed comparison with the predictions of d exci-
tation energies by the empirical method of Dorenbos
[16, 17] underlines the potential power of the method,
but in addition it seems to be a worthwhile goal to
extend the method to ZPLs. The observation of Gd**
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d — f emission requires revision of the stand point
that adensef level system behind the d excitations gen-
erally quenches d emission. A strong influence of spin
selection rules on energy transfer has been established.
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Abstract—The absorption spectra of Yb,Ti,O; single crystals and the luminescence and luminescence excita
tion spectra of Y,Ti,O : Yb (1%) polycrystals were studied in the temperature range 4.2—300 K. The spectra
were analyzed in terms of the crystal-field theory and the exchange-charge model. Based on the set of crystal-
field parametersfound for Y b, Ti,O,, analogous sets of parameters were determined for other rare-earth titanates
and proved to bein reasonable agreement with all available experimental data. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Rare-earth (RE) double oxides R,A,O, (where A =
Ti, Sn, Zn, Hf; Risarare-earth element or yttrium) have
a pyrochlore structure [1]. In this fcc structure (space

group Fd3m), rare-earth R®* ions form a sublattice of
tetrahedra, which are linked together by shared vertices
(Fig. 1a). Since the magnetic dipole—dipole interaction
between R** ions does not favor a specific configuration
of magnetic moments, the ground state is multiply
degenerate. This situation is illustrated in Fig. 1b,
which shows one of the six possible configurations of
four spins situated at the vertices of a regular tetrahe-
dron, with two spins pointing toward the center of the
tetrahedron and with the other two pointing away from
the center. As aresult, in compounds R,A,O; (R = Ho,

Dy, Th, Yb) where R®* ions are in the magnetic ground
state, long-range magnetic order does not occur at tem-
peratures down to 0.05 K and structures like aspin lig-
uid or aspinicewith short-range order are observed [2—
4]. In order to explain the low-temperature magnetic
structure and spin dynamics, we need to know the ener-
gies of the low-lying RE ion states, which are dictated
by the crystal field (CF). Available experimental data
on the position of the RE ion energy levels in pyro-
chlore-structure compounds are scarce and have been
obtained predominantly from neutron-scattering stud-
ies [5-8]. Two sets of CF parameters obtained for
Yb,Ti,O; in [9, 10] agree well with the experimental
data on magneti zation, magnetic susceptibility, specific

heat, and the electric-field gradient at the 172Y b nucleus
sites but differ strongly from each other. Furthermore,
both sets of CF parametersdiffer dramatically from that
obtained for Ho, Ti,O, [5], which isdifficult to explain.
When determining the CF parameters, it isimportant to
use experimental data on the RE ion energy levels over
the maximum possible energy range. These data can be
derived from optical measurements.

In this work, we perform a spectroscopic study on
Y b, Ti,O;, determine the CF parameters for this com-
pound, and analyze the variations in the CF parameters

(b)

Fig. 1. (a) Sublattice of R, tetrahedra in RyTioOx(Ti and
O atoms are not shown). (b) Spin “frustration.”

1063-7834/05/4708-1425$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 3. Transmission spectrum of Yb,Ti,O; at 5 K. Numer-

als above the figure indicate the positions (cm™) of the
peaks in phonon wings relative to the zero-phonon line.

as one goes from one pyrochlore-structure R,Ti,O;
compound to another.

2. EXPERIMENTAL

Transparent, high optical quality Yb,Ti,O, single
crystalstypically ~10 mm in size were grown using the
floating-zone technique. Absorption spectra were mea-
sured over a wide spectral range (9000-14000 cm?)
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and awide temperature range (4.5-300 K) with areso-
lution of 0.15 cm™ using a BOMEM DA3.002 Fourier
spectrometer and an optical cryostat from aspecial con-
struction department in Kiev. Three tailor-made plane-
parallel plates with thicknesses of 1.55, 0.60, and
0.09 mm were employed in the experiment.

Luminescence spectra were measured on the
Y,Ti,O; : Yb (1%) compound, because concentration
quenching of luminescence occurs at high dopant con-
centrations. Polycrystalline (Y g g9Y bp,01)- Ti-O; samples
were prepared using solid-state synthesis at 1400°C.
X-ray analysis confirmed the pyrochlore structure;
however, asmall quantity of theY ,O5 impurity wasalso
detected. Powders obtained were compressed into pel-
lets, which were attached to the cold finger of aclosed-
cycle liquid-helium cryostat. Luminescence spectra
were excited by acw Coherent 890 (Ti : sapphire) laser,
which was pumped by an argon laser, and were
recorded with a cooled InGaAs photodiode.

3. EXPERIMENTAL RESULTS

The free Yb* ion has only two energy levels, 2Fs,
and °F;,, which correspond to the 4f 13 electronic con-
figuration. The energy spacing between these levelsis
~10000 cm™ [11]. In the pyrochlore structure, the
ytterbiumionisinaDgy symmetry position (Fig. 2a). In
the crystal field, the °F-,, ground level is split into four
Kramers doublets, 3l , + g, and the excited °F 5, level
issplit into three Kramersdoublets, 2, + 55 (Fig. 2b).
One might expect the absorption spectrum at low tem-
peratures to have three lines corresponding to transi-
tionsfrom the ground Stark sublevel of the 2F,, multip-
let to the sublevels of the 2F5, multiplet. Accordingly,
the luminescence spectrum would have four lines.
Zero-phonon transitions are allowed in the magnetic-
dipole approximation only. Electronic—vibrational
(vibronic) transitions are alowed in the electric-dipole
approximation, and the intensity of these transitions
can be high if the electron—phonon interaction is fairly
strong. This is the case in the Yb,Ti,O; compound
under study.

Figure 3 shows the absorption spectrum of an
Yb,Ti,O; single crystal taken at 5 K (lower spectrum).
Instead of the expected three spectral lines, the spec-
trum is seen to exhibit a complex structure. In this
structure, the three narrowest lines are at 10297,
10821, and 11005 cm* and can be assigned to the tran-
sitionsfrom the ground sublevel of the 2F,,, multiplet to
the Stark sublevels of the 2Fg, multiplet. Thisinterpre-
tation is confirmed by thefact that these threelineshave
similar phonon wings. In Fig. 3, the portions of the
spectrum corresponding to these narrowest lines are
shifted along the wavenumber axis in such away asto
bring them into coincidence. The positions of the peaks
in the phonon wings of these lines are seen to coincide.
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The width of each phonon wing is about 600 cm,
which is approximately equal to the width of the
phonon spectrum of Y b, Ti,O; [12]. The strongest peak
in aphonon wing located at ~52 cm is observed for all
three lines and also manifests itself on the anti-Stokes
side, with the anti-Stokes component vanishing as the
temperature decreases (Figs. 4a, 4b).

The positions of the two excited Stark sublevels of
the 2F,;, ground state were determined from the temper-
ature dependence of the anti-Stokes vibronic structure
of the spectral line at 10297 cm (Fig. 4c). In Figs. 4a
and 4c, other narrow lines are also seen (near
10297 cm™); these lines can be assigned to other Y b%*
centers present in the crystal under study.

Figure 5 shows the luminescence and luminescence
excitation spectraof theYb3* ioninanY ,Ti,O, sample.
Spectrum a is taken at an excitation wavelength of
920 nm and is seen to consist of more than four lines at
low temperatures. Interpretation of the spectrum (sepa-
ration of zero-phonon lines) is hampered both by the
presence of the spectral lines of ytterbium embedded in
the Y ,O5 impurity matrix and by the fact that the zero-
phonon lines are comparable in intensity to their
phonon wings. The data on the positions of the energy
levels of ytterbium embedded in 'Y ,O; taken from [13]
are presented in Fig. 5 (f). The luminescence line at
9700 cm in spectrum a is related to Y,05 : Yb [13].
The narrower line at 9630 cm™* can be assigned to the
ytterbium ion in the Y,Ti,O; matrix under study. In
order to verify this assignment, we studied the excita-
tion spectra of the luminescence at frequencies of 9700
(Yb® in Y,Og spectrum b) and 9630 cm (Yb* in
Y,Ti,O;; ¢). The lines at 10510 and 11030 cm™ in
spectrum b correspond to the data from [13] and sup-
port the validity of our assignment. The other narrow
lines in spectrum b can be associated with the lumines-
cence at afrequency of 9700 cm™, which can belong to
the phonon wing of the line at 9630 cm™ from Yb3* in
Y ,Ti,O,. Spectrum c can be considered to consist of
three zero-phonon lines (indicated by arrows) each of
which has phonon wings on both the Stokes and anti-
Stokes sides, with the strongest peak in the phonon
wing lying at 52 cm, asisthe case in the transmission
spectra. Table 1 givesthe positions of the 2F5, multiplet
Stark sublevels of the ytterbium ion in the titanate as
determined from the spectrum c. In order to find the
luminescence spectrum of ytterbium in Y,Ti,O;, we
measured luminescence spectra using selective excita-
tion at wavelengths of 967 nm (spectrum d; excitation
of the phonon wing with significant detuning from the
level of ytterbium inY,03) and 972 nm (spectrum e,
exact excitation of the level of Yb inY,Ti,O, but with
small detuning from the wide level of Yb in Y,0,).
Spectrad and e do not differ significantly, and we can
separate four lines corresponding to transitions to the
four Stark sublevels of the ground multiplet (indicated
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Yb3* levelsin Y, Ti,O.

by arrows). The energies of the Stark sublevels of the
2F,,, multiplet as calculated from the positions of these
lines are listed in Table 1. Note that the strongest lines
have clearly defined satellites at £52 cm™.

Thus, based on the experimental transmission and
luminescence spectra, we determined the energy levels
of the ytterbium ion in Yb,Ti,O; and Y, Ti,O,, respec-
tively. Furthermore, we detected strong electron—
phonon interaction, which should be taken into account
when analyzing the spin dynamics in the frustrated
Y b, Ti,O; magnet.
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Table 1. Energies (cm™), symmetry (irreducible representations of the D44 group), and g factors for the Stark sublevels

of rare-earthionsin R, Ti,0O;

Y3Ti,07: YD (1%) | Yb,Tin07 (3F7, ?Fsp) Er,Ti07 (11512) Ho,Ti,07 (°lg) Th,Ti,0; ("Fe)
experiment experiment | calculation expe[rziainent calculation exF5e’ri2T]ent calculation expfir’ig}ent calculation
0 o) 0 0 0(E) 0(E) 0(E) 0(E)
g;=179 g,= 1836 () g,=18.70 | g;=19.32 |g;=102+06| g,;=10.4
gn=4.27 gn=4.282 g=232 - 166(A,) | 12.1+0.5(E)| 12.1(E)
2Fyp [10] g;>6 g;=6.8 177.4E) | 177(E) |g=118+16| g;=134
481 476 528(T ) 51 51.6(Fs5) | 209.7(E) | 213(E) 835%0.7 76.4(A,)
657 655 649(" 56) 59 58.8(",) - 224(A) 116.7 120(A,)
976 - 972(T" ) - 135(I,) 475.8(E) | 471(E) 284(E)
10291 10297 10293 - 447(T ) - 545(A;) 314(A,)
(M) - 458(I"55) - 564(A2) 318(A1)
%Fg,| 10847 10821 10736 - 490(T ) 572.6(E) | 565(E) 439(E)
() - 710(T sg) 621(E) 617(E) 510(A,)
11014 11005 11004 - 647(Aq)
(Ms6) -

4. CALCULATION OF THE ENERGY SPECTRUM
USING THE CRY STAL-FIELD THEORY

The effective Hamiltonian of aRE ioninaDgy sym-
metry crystal field can be written as

BiCo” + BoCo’ + BoCy + B3(Cs” —C5)

Her = (1)
+B3(C - C9) + vg(cP + i)

This Hamiltonian contains six independent nonzero

parameters Bg (Cgk’ are spherical tensor operators). In
order to estimate the CF parameters, we use the
exchange-charge model (ECM) [14], in which

(el)k
q

()k

By = B+ B, @)

where Bff')k and are the contributions from the

electrostatic field of the lattice and from exchange
charges, respectively. When calculating Bff”k , we take
into account screening [15] and the spatial distribution
of the ligand charges [16]. The potentia produced by
the exchange charges is found as a linear combination
of the squares of the overlap integrals S, S, and S;; of
the RE-ion 4f orbitals and the 2s and 2p orbitals of the
nearest neighbor oxygen ions, which determine the
exchange effectiveness[14]:

S(R) = GIS(R)I*+ G,[S,(R)I*
+[2=k(k+ 1)/12] G,[S(R)]>.

(e0k
Bq

3
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Here, R _isthedistance from the RE ion to aligand and
G, G,, and G, are phenomenol ogical ECM parameters.
The overlap integrals are calculated using the radial
wave functions taken from [17] (for the 4f orbitals of
RE ions) and [18] (for O% ions). The ECM parameters
are significantly different for the two nonequivalent
oxygen-ion positions O1 and O2 (Fig. 24): G, = G, =
G,=13.5for 01, and G, = G, = G,/0.8 = 20 for O2.
These values are obtained using relations between the
parameters G, found earlier [14, 19] and the dataon the
CF parameters for Ho,Ti,O; [5] and on the ECM
parameters for Yb** in Y bsAl;O,, [20].

The CF parameters found within the exchange-
charge model are then varied to attain the best fit of the
eigenvalues of Hamiltonian (1) to the experimental
energy levels of Yb** inYb,Ti,O,. Based on the results
of calculations for Yb,Ti,O;, we also determined the
CF parameters for Tb,Ti,0O;, Er,Ti,O,, Ho,Ti,O,, and
Tm,Ti,O,. The values of the CF parameters obtained
using the variation procedure arelisted in Table 2. Note
that the dependence of the CF parameters on the ionic
radius of a RE ion and on the distance to the nearest
neighbor ligands is found to be aimost monotonic. The
energy levels and g factors calculated with these CF
parameters are compared with experimental data in
Table 1.

The calculated wave functions of the Yb%* ionin a
crystal field are used to determine the el ectric-field gra-
dient at the 12Y b nucleus sites in Y b, Ti,O; as a func-
tion of temperature. The results agree well with experi-
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Table 2. Crystal-field parameters B‘; (cm™) and the bond lengths (nm) between the rare-earth ion and the nearest neighbor
oxygen ions [R(RE-O1) = Ry, R(RE-02) = R,] in rare-earth titanates R, Ti,O;

BS Bs Bq B; BS Bq R1 R2
Tb,Ti,O, 440 2535 850 735 —630 850 0.2194 0.2496
Ho,Ti,0O, [5] 550 + 18 |2216+ 14| 701+7 | 675+9 | -504+5 | 819+9
ECM 552 2476 782 700 -583 845 0.2187 0.2489
532 2475 805 716 —596 838
Er,Ti,O, 534 2524 748 698 521 755 0.2182 | 0.2488
Tm,Ti,0, 540 2510 850 670 -505 775 0.2179 | 0.2474
Yb,Ti,O, [10] 539 569 1568 916 -510 790 0.2172 0.2454
ECM 590 2186 822 611 —498 701 0.2187 0.2477
(Y,Ti,0; : Yb3*) 546 2540 840 602 —462 757
mental data [10]. The calculated relative intensities of REFERENCES

magnetic-dipole transitions in the transmission spec-
trum (1 : 0.171 : 0.298) are in reasonable agreement
with the experimental integrated intensities of the zero-
phonon lines(1: 0.09: 0.22; Fig. 3).

5. CONCLUSIONS

Thus, we have measured the absorption spectra of
Yb,Ti,O; and the luminescence spectra of Y,Ti,O; :
Yb3 (1%). The results have been used to find the
energy levelsof the 4f 12 configuration of theYb** ionin
the pyrochlore-structure titanates. It has been found
that, in the absorption and luminescence spectra, the
zero-phonon lines are comparable in intensity to their
phonon wings, which is evidence of strong electron—
phonon coupling in Yb,Ti,O,. The energy levelsand g
factors have been calculated for titanates Yb,Ti,O,,
Y,Ti,0; : Yb, Tb,Ti,O,, Er,Ti,O; Ho,Ti,0; and
Tm,Ti,O; using a variation procedure for the CF
parameters initially calculated within the exchange-
charge model. The results agree with the experimental
data obtained in this work and that available in the lit-
erature.
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Abstract—In solid solutions of alkaline- and rare-earth fluorides with afluorite structure, ions of most elements
of the rare-earth (RE) row form hexameric clusters that assimilate the minor component of the solid solutions
(fluorine) and build it into the cubic fluorite | attice without changing its shape. An analysis of the EPR spectra
of paramagnetic RE ions (Er3*, Tm®*, Yb®") in clusters of diamagneticions (Lu3*,Y3*) confirmstheir hexagonal
structure, which was established when studying the superstructures of the compounds under study. In such a
cluster, aRE ionisin anearly tetragonal crystal field, with the parameters of thisfield differing radically from
those of single cubic and tetragonal RE centersin crystalswith afluorite structure. In particular, thisfield causes
high (closeto limiting) values of the g factors of the ground states of the paramagnetic RE ions. Computer sim-
ulation is used to determine the atomic structure of a hexameric cluster in MF, crystals (M = Ca, Sr, Ba). The
crystal field and energy spectrum of Er®*, Tm®*, and Yb3* ions in such clusters are calculated, and the spectro-
scopic parameters of the ground states of these ions are determined. The calculations confirm the earlier
assumption that the unusual EPR spectra of nonstoichiometric fluorite phases are related to RE ions in hexam-

eric clusters. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Crystals of akaline-earth fluorides have a simple
cubic fluorite lattice, which can be represented as an
infinite sequence of fluorine cubes where half the cen-
tral positions are occupied by cations. These crystals
can easily be activated by trivalent rare-earth (RE) ions
(lanthanides, Ln) and yttrium [1]. Ln (Y) ions occupy
the normal cation position, and the excess charge (+1)
of theimpurity is compensated for by additional F-ions
situated in interstices of the anion sublattice. At low
activator concentrations (~0.01 mol % or less), simple
centers with local (Ln%—F, tetragonal and/or trigonal
centers) and nonlocal (Ln*, cubic center) charge com-
pensation form in the fluorite lattice. At a high concen-
tration, clusters of Ln®>" and Fionsform [1].

Based on neutron scattering [2, 3] and EXAFS[4, 5]
data, researchers have proposed more than 20 models
for clusters of several (two to six or more) Ln ions,
vacancies, and interstitials. The possible realization of
these model s has been confirmed by calculations [3-5].
However, it should be noted that, in essence, most of
these models are based on indirect experimental data.

The most reliable structura information has been
obtained for hexameric clusters. With x-ray diffraction,
Fedorov et al. [6] showed that, under specia synthesis
conditions, nonstoichiometric fluorite-like solid solu-

tions exhibit superstructure ordering. The main statisti-
cal motif of these superstructures is an RgF3; cluster,
which is actually identical to the MgF5, building block
(M = Ca, Sr, Ba) of the fluorite lattice in terms of both
volume and shape and, hence, can easily penetrate into
the lattice.

Direct information on the structure of impurity cen-
tersin crystals can be obtained with electron paramag-
netic resonance (EPR). However, RE ions in clusters
were not detected earlier by traditional EPR methods
[1]. Using optical detection to fix the circular dichroism
of the optical absorption spectraof RE ions, the authors
of [7-9] could observe unusual EPR spectra of Er®,
Tm3, andYb* ionsin M, _,LnF,,, (Lh=Lu,Y; M=
Ca, Sr, Ba) solid solutions. Studies have shown that,
over the entire solid-solution range, the symmetry of
the crystal field (CF) at aRE ion site is close to tetrag-
onal. The paramagnetic ions under study have the high-
est principal value of the g, tensor (whichis comparable
to the theoretical limit), and gy = O for them. Moreover,

the EPR spectrum of non-Kramers Tm3* ions was
detected in those studies for thefirst time. Based on the
spectrum symmetry and an analysis of the structures of
the ordered phases characteristic of solid solutions of
ions from the second half of the RE row, the authors of
[7-9] attributed the anomalous EPR spectra to para

1063-7834/05/4708-1431$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. RgF37 hexameric cluster with an inner Fy5 . 1 cuboc-
tahedron that substitutes for the MgF3,, building block (inner
fluorine cube) of the fluorite lattice.

magnetic ions located in hexameric clusters formed by
diamagnetic Ln** and Y3* ions. These clusters contain
an F? cuboctahedron made of twelve F~ anions with
one Fion inside. The cuboctahedron is surrounded by
six square antiprisms, and the six Ln (Y) ionsthat form
the octahedron are located at their centers (Fig. 1).

In this work, we study Tm3* ions in these clusters
using traditional EPR in the Q range and EPR at high
frequencies (65-100 GHz). For this purpose, a spec-
trometer is used that has a quasi-optical channel for
recording microwave radiation absorption. Moreover,
we calculate the ground-state parameters for al three
paramagnetic RE ions (Er*, Tm3*, Yb3) in an RsFs;
cluster. The calculations confirm the assumption that
the anomal ous EPR spectra belong to the paramagnetic
ions located in the cluster.

2. EPR SPECTRUM OF A Tm®* ION
IN HEXAMERIC CLUSTERSIN FLUORITE-TYPE
CRYSTALS

The crystals to be studied were grown using the
Bridgman—Stockbarger method in graphite cruciblesin
a setup with graphite heaters. To remove the traces of
oxygen, the initial high-purity materials were calcined
along with lead fluoride. The crystals grown did not
exhibit absorption bands of oxygen or hydroxyl and did
not have growth defects characteristic of oxygen con-
tamination.

The EPR spectra of paramagnetic RE ions in dia-
magnetic-ion clusters were studied on an E-12 Varian
spectrometer (Q band; microwave-field frequency,
~37 GHz) and on a spectrometer with a quasi-optical
channel for recording microwave radiation absorption
[10] in the frequency range 65100 GHz.

PHYSICS OF THE SOLID STATE Vol. 47

NIKIFOROV et al.

We reliably detected EPR spectra from RE clusters
only in thulium-containing samples. To measure spec-
tra with a Varian spectrometer, we used the following
crystals. CaF, : (1 mol %Y, 0.05 mol % Tm) and CaF, :
(5 mol %Y 0.1 mol % Tm). The samples under study
were4 x 2 x 0.5 mmin size. The EPR signals were the
most intense for parallel polarization of the static and
microwave magnetic fields.

We measured the dependences of the resonance fre-
guencies on magnetic field for the B || [001] orienta-
tion on a quasi-optical spectrometer for the following
crystals: CaF, : (1 mol %Y, 0.05 mol % Tm) and SIF, :
(3mol % Lu, 0.1 mol % Tm). Since this spectrometer
had no resonator, the samples must have large sizes for
EPR to berecorded. The usual sample dimensionswere
10 x 10 x 10 mm, which results in a substantially
increased number of microblocks. However, the angu-
lar dependence of the EPR spectrais weak for the By, ||
[001] orientation and spectra taken from different
blocks merge to form one line.

Theresults obtained for crystalswith Tm3* areinter-
preted under the assumption that the ground-state non-
Kramers doublet is sufficiently remote from the other
excited levels. In this case, the behavior of the non-
Kramers doublet in a magnetic field is described by
only one factor g, (97 = 0) [11]. The effective spin
Hamiltonian of asystem consisting of one electron spin
(S= 1/2) and one nuclear spin (I = 1/2) in a magnetic
field hasthe form

H = AS +gUsS;Boz + AS; 15, N

whereAistheinitial splitting and Aisthe hyperfineinter-
action constant of aTm?®* ion (A =0.1550(+0.002) cm™).

The resonance frequency is
Vi = [(gHeBoz + Am)* + A%/, )

where m = +£1/2 is the projection of the nuclear spin.

The EPR spectra of Tm** ions consist of relatively
narrow lines forming characteristic doublets due to
hyperfine interaction. The distance between doublet
componentsis approximately constant and equal to the
hyperfine interaction constant in units of the magnetic
field By || C, (Fig. 2). The EPR spectraof Tm3* ionsin
clusters can contain both a single doublet and a few
closely or widely spaced doublets, depending on the
host cation of the fluorite crystal (Ca, S, or Ba), the
type of diamagnetic ionsforming the clusters(LnorY),
and the conditions of crystal growth. The presence of a
few doublets indicates a scatter of the initial splittings
of the ground state of the non-Kramers Tm** ion in a
zero magnetic field.

The spectroscopic parameters measured by opti-
cally detected EPR [7-9] and by traditional EPR are
given in thetable.
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3. CRYSTAL FIELD AND SPECTROSCOPIC
PARAMETERS OF THE GROUND STATES
OF RE IONS IN HEXAMERIC CLUSTERS

When an RgF5; cluster forms, the crystal structure
changes substantially both inside the cluster and fairly
far fromitinthecrystaline matrix. Theionsinacluster
are in low-symmetry positions, which leads to the
appearance of dipole moments. Thus, a preliminary
stage of calculating the CF at a RE ion site is the self-
consistent determination of the coordinates and dipole
moments of ions in the large crystal region around the
cluster. To calculate the atomic structure of hexameric
clustersin MF, crystals (M = Ca, Sr, Ba), we used the
embedded-cluster method within the shell model in the
pair-potential approximation [12—14]. The center of the
defect region was taken to be an interstice occupied by
the central fluorine ion. The equilibrium positions of
theion cores and shellsin the defect region were found
by minimizing the crystal energy. In the shell model in
the pair-potential approximation, the energy of the
crystal lattice with an embedded cluster is

E=12% 5 v+ 1/22ki|i2,

ij(#) i

©)

wherethefirst term takesinto account the interaction of
ion pairs and the second term is the interaction energy
between the core and shell of an individual ion (I; isthe
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Fig. 2. Effect of an applied magnetic field By on the

resonance frequency of the Tm3" doublet in crystals
CaF, : (1 mol %Y, 0.05mol % Tm) and SrF, : (3 mol % Lu,

0.1 mol % Tm).

shell shift of the ith ion with respect to its core). The
pair potential Vj; includes the Coulomb interaction,
Born-Mayer repulsion, and van der Waals attraction
between the ith and jth ions. The R— potentials for al
the RE ions under study were approximated by the
Gd**—F potential. The pair-potential parameters were
taken from [13].

Experimental values of the spectroscopic parameters of the ground states of paramagnetic Er®*, Tm**, and Yb** ionsin clusters
of diamagnetic Lu®* and Y3* ions in fluorite-type crystals and the calculated values of these parameters for LnRgF5; (Ln = Er¥*,

Tm®, Yb3") clustersin these crystals

_ Experimental values Calculated values
lon Crystal |Groundstate] — g" — —
q 5, cm qi o, cm
Ers* CaF, +15/2 18 155+ 0.3* - 17.9 -
SrF, 16 + 0.5* - 17.9 -
BaF, 17.2+0.3* - 18.0 -
Tms* CaF, 16 14 13.62+0.03** | 6, =0.20+ 0.07** 13.8 0.9
13.8+0.3* 0, =03+0.1*
0, =2+ 1*
SrF, 13.62+0.03** | 6, =0.20+ 0.07** 13.8 2.2
13.8+0.3* 0, =03+02*
0,2 1*
BaF, 13.8+0.3* 0.2+0.1* 13.8 19
Yb3* GaF, 6.8+ 0.2 - 8.0 -
Sk, +7/2 8 Experimentally - 7.9 -
undetected
BaF, The same - 7.9 -

* Optically detected EPR results (v = 36 GHz) for solid solutions over awide range (y = 0.001-0.4) [9].
** EPR data (v4 = 37-100 GHz) for CaF, : (1 mol %Y, 0.05 mol % Tm).
*** EPR data (v, = 37-100 GHz) for SrF, : (3 mol % Lu, 0.1 mol % Tm).
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Fig. 3. Nearest symmetric environment of aRE ionin ahex-
americ cluster.

Our calculations show that it is sufficient to consider
a defect region consisting of 12—14 coordination shells
(~250ions). Inall MF, crystals (M = Ca, Sr, Ba), relax-
ation results in the formation of a stable configuration
of the RgF5; cluster and surrounding ions. As aresult of
relaxation, the F;, cuboctahedron increasesin size and
is attracted to R;. Weak distortions in the structure are
observed as far away as the defect-region boundary
(~12 coordination shells of the center of the cluster),
and the strongest dipole moments are induced on the
fluorineions.

For further analysis, the structure of the nearest
environment of aRE ion in the hexameric cluster is par-
ticularly important. When the cluster forms, the fluo-
rine cube surrounding an M ion in the fluorite structure
transforms into a square antiprism with a different base
area and with the C,, local symmetry of the CF at the
RE ion site (Fig. 1). The nearest symmetric environ-
ment is a regular antiprism with identical bases and a
RE ion at its center. In this case, the symmetry of the
local environment of the REionis D,y with aneightfold
reflection axis (Fig. 3). Therefore, the CF should have
axial symmetry, which can only be violated by anti-
prism distortions. The antiprism local environment of a
RE ion in the hexameric cluster gives rise to a substan-
tial difference between the CFsin the cluster and in a
simple tetragonal center (which aso has C,, symme-
try), where the nearest neighbor symmetrical configu-
ration is a fluorine cube. The Hamiltonian of the inter-
action between the RE ion and the CF has the form

H = z zquogz Z ap%Bqu, (4)

p=246 ¢ p=24,6

where o, are the Stevens parameters, O‘; areequivalent
operators, whose tabulated matrix elements can be

found in [15]; and B; arethe CF parameters that deter-

mine the interaction between the 4f electrons of the RE
ion and its crystalline environment.

In this work, we use the exchange charge model
(ECM) [16-18], which includes the long-range contri-
butions to the CF coming both from point charges and
dipoles and from the nonorthogonality of the wave
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functions of the 4f electrons and ligands. The parame-
ters B} contain the electrostatic and exchange contri-

butions. The ECM parameters for Er¥*, Tm3*, and Y b3*
ions are taken from [17, 18].

Let us analyze in more detail the case where a Tm?*
ionisin CaF,. The *Hg ground state is split in the axial
field of the regular compressed antiprism (a = 3.07 A,

b=2.07A; b<a) (BY =-561.27, By =—69.01, BY =
27.17) to form Kramers doublets (M) and one singlet
(M = 0). The ground-state doublet |+6[is 381.7 cm™
from the next doubl et; therefore, the criterion for appli-
cability of the spin Hamiltonian (1) iswell satisfied.
The ground-state doublet is then split by the tetrag-
onal CF component (BY =-438.71, B) =-47.40, B, =

544.55, BY = 19.19, By = —184.61) caused both by the
distortion of the local environment (due to the different
bases of the antiprism and a shift of the RE ion from the
center) and by the CF contribution from the rest of the
crystal. The ground level becomes a singlet with wave
function Y, = 0.701(}-6+ [60) + 0.072(|]2 |-20), and
the nearest excited state is a singlet with wave function
Y, = 0.701(|60+ |-600 — 0.072(]20+ |-20) and energy
A =0.9 cm™. Magnetic dipole transitions (which are
detected with EPR) can occur between the singlets.
Calculations of the g factors for the singlets with the
wave functions Y); and ), give g, = 13.8 and g; = 0.

Asfollows from calculations of the Tm3* spectrum,
the ground level in either cubic or tetragonal simple
centers is a singlet with an excited state spaced far
away; therefore, we failed to detect EPR spectra from
simple centersin the fluorites.

For the Er3* and Y b®* ions with an odd number of f
electrons, the lower levels are found to be doublets with
maximum projections, £15/2 and £7/2; for them, the
principal value of the g factor is close to the maximum
valuesof g (18 and 8, respectively) and g, = 0. The cal-
culated spectroscopic parameters for the Er3*, Tm?,
and Y b, ions in hexameric clusters in CaF,, SrF,, and
BaF, crystals are given in the table.

4. CONCLUSIONS

We have discussed the experimental EPR spectra of
ions of the elements from the second half of the rare-
earth (RE) row (Er—Lu, Y). It has been shown that the
study of the EPR spectra and their theoretical analysis
can successfully be applied to determine the structures
of random crystalline media, nonstoichiometric fluorite
phases. The EPR lines of al RE ions except Tm3* are
found to be broad. Here, it is helpful to use an EPR
method where asignal is optically detected using mag-
netic circular dichroism in the absorption bands of RE
ionsin solid solutions. It has been found that, over the
entire range of solid solutions, the symmetry of the RE
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ionsin clustersis nearly tetragonal and the crystal field
isanomalous. Thisbehavior resultsin the highest (com-
parableto the theoretical limit) principal values of theg
tensor for the paramagnetic ions under study and in the
appearance of the EPR spectrum from non-Kramers
Tmg, ions, which was not detected earlier in fluorite-
type crystals.

Using computer simulation, we have determined the
atomic structure of an RgF;; hexagonal cluster in crys-
talsand calculated the crystal field and the energy spec-
trum of Er®*, Tm3*, and Y b3* ionsin such clusters. The
calculations confirmed the earlier assumption that the
unusual EPR spectra of nonstoichiometric fluorite
phases are related to RE ions in hexameric clusters.
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Abstract—This work is a continuation of studies of the Pr3* cascade emission in various matrices. The effect
of the environment of the luminescence center on the mutual position of the lowest 5d and the 4f level 1S, of
Pr3* is considered. PrF; clustering in BaF, is observed at a high praseodymium concentration. The promising
potential of magnesium as a charge compensator for praseodymium in SrAlF5 is demonstrated. © 2005 Pleia-

des Publishing, Inc.

1. INTRODUCTION

Considerable attention is currently being focused on
ecological problems and energy-saving technologies,
including the development of environmentally friendly
materials and new approaches to reducing power con-
sumption in domestic appliances. This accounts for the
increasing interest in luminophors that exhibit cascade
emission of photons (CPE). These luminophors are
capable of producing one photon (ideally two photon)
in the visible range for each absorbed VUV photon. In
many present gas discharge devices (mercury-free
luminescent lamps, plasma display panels), VUV light
is generated in a Ne—Xe discharge plasma. The radia
tion intensity of this plasma is maximum at 170 nm.
The excitation (and absorption) spectrum of the Pr*ion
overlaps the emission spectrum of aNe-Xe plasma[1],
and the Pr3* level diagram is convenient for producing
CPE. The cascade emission in Pr3* consists of two con-
secutive radiative transitions: 1S, — 1l (thefirst stage
of the cascade) and 3P, — 3F;, 3H, (the second stage).
About 20 luminophors capable of cascade emission
have recently been discovered (see, eg., [2-4]). To
facilitate searching for new CPE luminophors, asystem
of requirements for matrices favoring the onset of cas-
cade emission has been developed [5]. The main
requirement set for matrices to produce 'S, lumines-
cence is aweak crysta field that which would provide
ahigher position of the lower 5d level relative to the 4f
level 1§, of the praseodymium ion. To meet thisrequire-
ment, the matrix should possess the following proper-
ties: a large ionic radius of the substituted cation, a
large Pr3* anion distance, a high coordination number
of the substituted cation, low anisotropy of the emitting
center, high anion electronegativity, and alarge charge
and small ionic radius of a cation in the second coordi-
nation shell. These rules are actually not rigorous. For

instance, the Ba?* ion hasalarger ionic radiusthan Sr2*.
However, strontium is preferable to barium for substi-
tution by praseodymium, because the ionic radius of
strontium is closer to that of Pr3*. The second stage in
CPE requires for its onset that two additional condi-
tionsbe met, namely, alow phonon energy in the matrix
as compared to the energy spacing between the 4f levels
of the praseodymium ion and arelatively low activator
concentration.

I n this communication, we consider the influence of
various factors on the CPE efficiency in the particular
examples of BaF, : Pr and SrAlF; : Pr.

2. EXPERIMENTAL CONDITIONS

BaF, : Pr crystals were grown using the Stockbarger
method at the Vavilov State Optical Institute. We stud-
ied single crystals of undoped barium fluoride and of
barium fluoride activated by 0.3 and 3% praseody-
mium.

SrAlFs : Pr samples were obtained through solid-
phase synthesis at the Physicochemical Institute,
National Academy of Ukraine, by calcining carefully
prepared mixtures of strontium and aluminum fluo-
rides. The polycrystalline samples thus produced were
subjected to x-ray structural analysis. The samples used
in subsequent measurements were al single-phase.

Luminescence spectra were measured on a setup
with cw x-ray excitation (U = 40 kV, | = 14 mA) [6].
The luminescence kinetics curves were measured on a
setup with pulsed x-ray excitation (pulse duration T =
1ns, U=30kV)[7].

3. EXPERIMENTAL RESULTS

Figure 1 displays the luminescence spectra of bar-
ium fluoride, more specifically, of an undoped crystal

1063-7834/05/4708-1436$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Luminescence spectra of (1) undoped barium fluo-
ride, (2) BaF, : Pr(0.3%), and (3) BaF, : Pr(3%).

(curve 1), a crystal doped with 0.3% praseodymium
(curve 2), and a crystal doped with 3% praseodymium
(curve 3). All spectra contain a broad band peaking at
about 300 nm. In addition, the luminescence spectrum
of BaF, : Pr(0.3%) features a strong line with a maxi-
mum at 480 nm and the luminescence spectrum of
BaF, : Pr(3%) has astrong line peaking at 392 nm.

Figure 2 shows the luminescence kinetics of the
BaF, : Pr(3%) sample obtained in a 800-ns time win-
dow. Two components can be isolated in the lumines-
cencekinetics: afast onewith adecay constant of 39 ns
and a dow one with adecay constant of 690 ns.

Shown in Fig. 3 are the luminescence spectra of
SrAlF; : Pr(0.5%) samples obtained with different
charge compensators, namely, magnesium (Fig. 3a) and
sodium (Fig. 3b). The emission line due to the 3P, —
3H, transition is seen to remain strong in both cases,
while the efficiency of the first cascade stage turns out
to be substantially higher in the case where magnesium
is used as a charge compensator.

4. ANALY SIS OF THE EXPERIMENTAL DATA

A broad band peaking at about 300 nm is present in
al three of the barium fluoride spectra (Fig. 1) and
derives from intrinsic exciton luminescence. The decay
constant of this luminescence is 680 ns (the slow com-
ponent in Fig. 2), which fits the earlier datawell [8].

Estimation of the mutual position of the lowest 5d
and the 4f level 1S, of the Pr3* ion in barium fluoride
shows that the 'S, level overlaps with the 5d subband.
Thus, the 'S, luminescence in praseodymium-doped
barium fluoride should be quenched. This suggestionis
strengthened by the shape of the BaF, : Pr(0.3%)
luminescence spectrum (curve 2 in Fig. 1). A similar
curve was obtained earlier [9]. To explain the presence
of the line associated with 1S, — 1l transitionsin the
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Fig. 2. Luminescence kinetics of BaF : Pr(3%).

BaF, : Pr(3%) spectrum (curve 2inFig. 1), we note that
the luminescence of praseodymium in this material is
similar to that in undoped Pri; [10].
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Fig. 3. Luminescence spectrum of SrAlFs : Pr(0.5%) (a)

with aMg?* charge compensator and (b) with aNa* charge
compensator.
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The praseodymium substituting for barium in bar-
ium fluoride is surrounded by eight fluorine ions. This
small coordination number of praseodymium accounts
for the CPE not being observed [5]. For CPE to be
observed in fluorides, the coordination number of
praseodymium should be no smaller than 9. Substitu-
tion of the trivalent praseodymium for the divalent bar-
ium requires charge compensation. Interstitial fluorine
may act as such a charge compensator. In praseody-
mium fluoride, the cation is surrounded by nine anions.
The similarity between the luminescence spectra of
BaF, : Pr(3%) and PrF; gives us grounds to suggest
that, in the presence of a high praseodymium concen-
tration, barium fluoride undergoes local lattice rear-
rangement involving the formation of PrF; clusters.
The formation of analogous clustersin Me; _,Ln,F,, .
systems (Me = Ca, Sr, Ba; Lnisalanthanide) was dis-
cussed in detail in [11]. This suggestion accounts for
the absence of 3P, luminescence in BaF, : Pr(3%);
namely, this luminescence in Pri; is quenched by cross
relaxation. The presence of afast component with T =
39 nsin the luminescence kinetics of BaF, : Pr(3%) can
be explained as being due to the partial admixture of 5d
states to the 1S, state of the Pr3* ion [12].

The luminescence lines of SrAlFs : Pr turn out to be
broader than those of other praseodymium-doped mate-
rials, which should be assigned to the fact that, in this
material, there are four inequivalent positions for the
praseodymium substituting for strontium [13]. In addi-
tion, the luminescence lines in the spectrum of SrAlF;:
Pr,Na(Fig. 3b) are broader than those of SrAlFs: Pr,Mg
(Fig. 3a) and the 1S, luminescence intensity becomes
lower in the sample containing a sodium compensator.
These features reflect the strong effect of the charge
compensator on the shape of the luminescence spec-
trum. We believe that, in the case of magnesium, there
occurs local charge compensation. The Na“ ion pos-
sessing a large ionic radius (1.30 A) substitutes for
strontium (1.46 A), whereas the Mg?* ion with an ionic
radius of 0.86 A substitutes for aluminum (0.67 A). In
the SrAIF; lattice, the Sr—Al distanceis smaller than the
Sr—Sr distance. Thus, charge compensation with mag-
nesium takes place at a smaller distance. The local
charge compensation results in a smaller distortion of
the luminescence center and, as a consequence, in
favorable conditions for the onset of S, luminescence.
In the presence of sodium, charge compensation takes
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place at a larger distance, thus giving rise to high
anisotropy of the luminescence center. As a result, the
intensity of the first cascade stage islow in the case of
SrAlF; : Pr,Na. The dipole moment of the compensa
tor—emitting-center system in the case of magnesiumis
smaller than with sodium, which can entail larger line
broadening in the SrAlF; : Pr,Na case.

5. CONCLUSIONS

In most CPE luminophors, the energy spacing
between the lowest level of the 5d configuration and the
4f level 1S, turns out to be very small (0.1-0.2 eV). As
aresult, avery small change in the environment of the
luminescence center affects the efficiency of the first
stage of the cascade (the 1§, —= 1l transition).
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Abstract—Thelocal structure of Tm?* and Y b®* cubic impurity centersin MeF, : Tm?* and MeF, : Yb%* (Me =
Ca, Sr, Ba) fluoride crystals, aswell asYb3* trigonal and tetragonal impurity centersin MeF, : Yb®* crystals, is
calculated within the shell model in the pair potential approximation. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The considerable interest expressed by researchers
in rare-earth impurity centersin wide-band-gap dielec-
tric crystalsMeF, (Me = Ca, Sr, Ba) stemsfrom the fact
that these materials have been widely used as laser
media, detectors of ionizing radiation, and scintillators.
Upon doping of a fluoride crystal, a rare-earth ion
(Tm?*, Yb®) substitutes for an Me?* cation to form a
cubic impurity center in the crystal lattice [1-3]. Het-
erovaent substitution of Yb%" ions for Me?* cations
leads to the formation of trigonal and tetragonal impu-
rity centers[4—6], in which an excess chargeis compen-
sated for by an additional lattice defect. The role of an
additional defect is played by a F~ ion located at the
nearest interstice on the C; or C, crystallographic axis
(Fig. 1). Thelocal structure of Yb* and Tm?* impurity
centers in MeF, : Yb® and MeF, : Tm?* crystals has
been investigated using ligand el ectron—nuclear double
resonance (ENDOR) spectroscopy [1-6]. However, the
positions of F~ions surrounding the impurity ion can-
not be determined to sufficient accuracy by the ENDOR
technique due to the coval ence and overlapping effects.
Moreover, it isimpossible to determine the positions of
cations with zero nuclear spin. Since other methods
have also not provided reliable information on the local
structure of rare-earth impurity centersin fluorides, itis
expedient to calculate the local structure of these cen-
tersin theframework of the shell model. One of thefirst
calculations of thelocal structure of rare-earth impurity
centersin MeF, compounds was carried by Malkin and
coworkers[7, 8]. Inthe present work, thelocal structure
of impurity centerswas determined in the framework of
the shell model in the pair interaction approximation.

2. MODEL CALCULATION OF THE ENERGY
OF A CRYSTAL

The equilibrium positions of ionsin acrystal can be
determined by minimizing the energy of the crystal lat-
tice. Within the framework of the shell model in the pair

Cy

004

Fig. 1. Positions of F~ compensating ions in the fluoride
structure. Closed and open circles indicate anions and cat-
ions, respectively.

1063-7834/05/4708-1439$26.00 © 2005 Pleiades Publishing, Inc.
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Table 1. Radial coordinates of ionsin the vicinity of the Tm?* cubic impurity center in MeF, : Tm?* fluorides (pm)

Shell CaF, SiF, BaF,
(iontype) pure crystal | experiment [3] | calculation | purecrystal | experiment [3] | calculation | pure crystal | calculation
1(F) 2358 2385 250.3 244.3 267.5 2511
2 (Me) 385.1 386.0 408.8 407.1 436.9 434.0
3(F) 451.6 452.4(6) 452.0 479.3 479.0(14) 479.3 512.3 514.2

Note: Numbersin parentheses denote the error in units of the last decimal place.

Table 2. Radial coordinates of ionsin the vicinity of theYb%* cubic impurity center in MeF, : Yb3* fluorides (pm)

CaF, SF, BaF,
Shell
(ion type) pure experi- ; pure experi- ; pure experi- :
crystal ment [1] calculation crystal ment [1] calculation crysta ment [1] calculation
1(F) 235.8 235.5 250.3 238.7 267.5 241.8
2 (Me) 385.1 391.6 408.8 412.6 436.9 439.7
3(F) 451.6 448.7(7) 449.7 479.3 475.3(6) 476.8 512.3 | 506.5(18) | 512.2

Note: Numbersin parentheses denote the error in units of the last decimal place.

potential approximation, the lattice energy can be rep-
resented in the form

Uga = %Z Z Vik+%zki6i21

i k(i) i

(D)

wherek; 6? isthe energy of the core—shell interaction of
the ith ion, & is the displacement of the shell with
respect to the core of theion, and V,, isthe energy of the

interaction between the ith and kth ions. This energy
can be written in the form

XX Y
e Iri—rd |ri—re+9|
XY Yi Y (2
Iri—=r=3 [ri—rc+9 -5
+Fu(ri=rd) + gu(|ri—re+ 8 —3y).
Here, the function
fir(r) = —Aiexp(=Byr)/r ©)

describes the short-range screening of the electrostatic
interaction of the ion cores; the function

gik(r) = Ciyexp(=Dyr) —7\ik/r6

characterizes the short-range repulsion between theion
shells (which iswritten in the form of the Born—Mayer
potential) and the van der Waals interaction; X; and ;
are the charges of the core and the shell of theith ion,
respectively; and r; isthe vector specifying the position
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of the core of theithion. In thiswork, we used the fol-
lowing values of the core charges: Xg = +5, Xy = +8,
Xyp = +11, and X;,, = +10. The shell charges were
determined from the condition Z, = X; + Y,, where Z; is
the charge of the ion in the compound. The energy of
the Coulomb interaction between the ions was calcu-
lated using the Ewald method. The parameters of the
short-range interaction for MeF, compounds are given
in [9]. When calculating the Yb¥*—F and Tm?*—F-
short-rangeinteractions, the el ectrostatic screening was
ignored and the parameters C and D, as well as the
parameter k; for the Yb3* ion, were obtained from the
best fitting of the results of calculations to the experi-
mental data on the radial and angular displacements of
the anions in the Yb®* and Tm?* impurity centers in
MeF, : Yb* and MeF, : Tm?* fluorides (Cyp, tmr =
262.594, Dy, = 2.054, Dy = 2181, k¢, =
25.020 au). The local structure of the impurity centers
in the crystal was calculated by the embedded-cluster
method, and the defect region included seven or more
coordination shells.

3. CUBIC IMPURITY CENTERS
IN MeF, : Tm?* CRYSTALS

For Tm?* cubic impurity centersin the MeF, : Tm?*
compounds (Table 1), the calculations predicted that,
compared to pure crystals, the distance from the rare-
earth ion to the ligands should increase by 3 pmin the
CaF, compound and decrease by 6 and 10 pm in the
SrF, and BaF, compounds, respectively. According to
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Fig. 2. Displacements of anions in the tetragonal impurity
center.

these calculations, the nearest cation environment of
the Tm?* ion expands in the CaF, crystal and contracts
in the SrF, and BaF, crystals. The angular coordinates
of theions change only slightly (by no more than 0.02°)
in the CaF, crystal and increase by 0.06° and 0.12° in
the third coordination shell of the SrF, and BaF, com-
pounds, respectively.

4. CUBIC, TETRAGONAL, AND TRIGONAL
IMPURITY CENTERS IN MeF, : Yb* CRYSTALS

As follows from our calculations, the Yb%-ligand
distance in the cubic impurity centers (Table 2)
decreases in such away that the change in this distance
in the series of MeF, compounds increases with an
increase in the difference between the ionic radii of the
Y b3* impurity ion and the substituted cation. The near-
est cation environment of theimpurity ion expands. The
angular coordinates of theionsin thethird coordination
shell of the CsF,, SrF,, and BaF, compounds increase
by 0.18°, 0.26°, and 0.33°, respectively.

For an Yb® tetragonal impurity center in the
CaF, : Yb* compound, the calculations demonstrated
that the rare-earth ion is displaced by 23 pm toward the
compensating fluorine ion (Fig. 2). In this case, the
compensating ion is displaced by 11 pm toward the
impurity ion and pushes apart the four ligands located
between this compensating ion and the ytterbium ion.
The angle between the C, axis and the straight line
passing through the compensating fluorine ion and the
ion of the four ligands increases. The cations surround-
ing the impurity ion are displaced in the following way.
Thetetragon formed by four ions of the 220 type (Fig. 1)
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Fig. 3. Displacements of anions in the trigonal impurity
center.

expandsin the plane perpendicular to the C, axisand is
displaced downward along this axis. Tetragons of the

202 and 202 type contract in the plane perpendicul ar to
the C, axis and are displaced upward and downward
along this axis, respectively.

For Yb3* trigonal impurity centersin the SrF, : Yb**
and BaF, : Yb* compounds, the calculations predicted
similar displacements (Fig. 3). TheYb*" impurity ionis
displaced away from the compensating fluorine ion
along the C; axis by 4.4 pm in the StF, : Yb** crystal
and by 4.6 pm in the BaF, : Yb® crystal. The compen-
sating fluorineion is displaced with respect to the inter-
stice in the pure crystal toward the Yb3* ion by 44 and
27 pm in the BaF, and SrF, crystals, respectively. The
nearest environment of the impurity ion contracts so
that the largest displacement is observed for the 111 ion
(Fig. 1), which is displaced toward the Yb** ion by 45
and 31 pm in the BaF, and SrF, crystals, respectively.
The angle between the C; axis and the straight line
passing through the compensating fluorine ion and the

Table3. Coordinatesof anionsinthevicinity of theY b3* tet-
ragonal impurity center in the CaF, : Y b3* fluoride (the origin
of the coordinates coincides with the impurity ion)

(nSSrﬁtl{ezrogf%%i) R.pm 6, deg ¢, deg
1,111 (4) 235.2 63.92 45
1, 111(4) 247.9 129.94 45
Fe 238.4 0 0

2005
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Table4. Coordinatesof anionsin thevicinity of theY b trig-
onal impurity center in StF, : Yo% and BaF, : Yb* fluorides
(the origin of the coordinates coincides with the impurity ion)

StF, : Yb3* BaF, : Yb3
Shell, ion
ber of ions)| calcula- | calcula | experi- | calcula | calcular
tion tion |ment[5]| tion tion
1,111 (1) | 224.2 0 0 226.7 0
1,111(1) | 2394 | 180 |180 2433 | 180
1, 111(3) 241.9 70.57 | 71.0(1)| 245.9 70.97
1, 111(3) 238.9 | 109.03 |109.6(1)| 241.4 | 109.14
Fe 478.8 0 0 499.9 0

ligand increases for a triad of the 111 ligands and

decreases for a triad of the 111 ligands. The coordi-
nates of the anionsin the vicinity of the tetragonal and
trigonal Y b% impurity centers are listed in Tables 3 and
4, respectively.

5. CONCLUSIONS

Thus, the structure of both cubic and low-symmetry
impurity centers is described in the framework of the
shell model using the same set of parameters for the
Y b%*—F and Tm?*—F short-range interactions.
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Abstract—Pulsed cathodoluminescence (PCL) of CeF; crystals was studied using a KLAV I-type setup. PCL
was excited by bombarding samplesin air at room temperature using a 2-ns pul sed el ectron beam at an electron
energy of 170 keV, current density of 160 A/cm?, and repetition rate of 2.5 Hz. Luminescence and phosphores-
cencewere observed inthe UV and visible spectral regions. The phosphorescenceistentatively associated with
the Ce?* ion formation. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The development of fast-response scintillators
requires materials with fast luminescence decay kinet-
ics. Among the materials holding most promise in this
respect are those producing val ence—core luminescence
(which derives from radiative transitions between the
valence band and the nearest core band of the crystal)
and complex compounds activated by the rare-earth
ionsCe*, Nd®*, and Pré* [1]. Ce**-activated crystalsare
also considered promising for the development of fast
scintillators whose operation involves 5d —» 4f inter-
configuration transitionsin cerium ions[2]. These scin-
tillators can be employed for the detection of eventsin
the physics of elementary particles, nuclear physics,
and other areasrequiring afast detector time resolution.

Studies of cerium fluoride—based detectors have
been carried out using various methods, more specifi-
cally, luminescence, optical methods, and exoelectron
emission [1-3]. Along with having such propertiesas a
high density and high mechanical and radiation
strength, CeF; crystals also exhibit effects that restrict
their use as detectors. These include comparatively
long luminescence times (~30 ns) [3], alow light yield
in the Ce** band, and hole burning in the luminescence
excitation profile [2]. These effects have been attributed
to the existence of traps, assumed tentatively to be flu-
orine vacancies, the O? ion, impurities, and cerium
centers. It was also pointed out in [3] that, since cerium
fluoride is a concentrated system, possible interaction
between cerium centers and the manifestation of inter-
mediate-valence effects should be taken into account.
These conjectures have not been experimentally con-
firmed.

2. MEASUREMENTS AND RESULTS
2.1. Experimental Technigue and Samples

Experiments were conducted on a KLAVI-type
setup (pulsed cathodoluminescent analyzer) [4]. The
observed pulsed cathodoluminescence (PCL) was
excited by bombarding samplesin air at room temper-
ature using an el ectron beam with apulselength of 2 ns,
electron energy of 170 keV, and current density of
160 A/cm? at a repetition rate of 2.5 Hz. The error in
wavelength measurement was AN = £ 0.75 nm. The
spectral resolution was no worse than 2 nm. Additional
experiments were carried out in the gated regime to
measure afterglow times.

The CeF; crystals chosen for the study were of var-
ious grades. (i) OSCh, (ii) Ch, and (iii) with low and
(iv) a high oxyfluoride contents. The samples were
kindly provided by B.P. Sobolev (Institute of Crystal-
lography, Russian Academy of Sciences, Moscow).

2.2. Experimental Results

The PCL spectrum of cerium fluoride in the UV
region (Fig. 1a) istypically a set of broad bands: (1) an
intense asymmetric band peaking at 295 nm and (2) a
broad band centered at 413 nm, which is most clearly
pronounced in crystals containing oxyfluoride. The
characteristic decay time of the 295-nm band is T =
3 ms, which differs markedly from the values given in
the literature. In the visible range, all the samples used
in this study feature a broad asymmetric luminescence
band with a peak near 445 nm. Only Ch-grade samples
produce an additional peak at 543 nm (Fig. 1b). The
asymmetry of the bands at A = 295 and 445 nm indi-
catesthat they are not elementary. The former band was
deconvolved, using the Peakfit code, into three Gauss-
ian bands centered at 285, 305, and 328 nm (Fig. 1a),
and the latter band was unfolded into two constituents

1063-7834/05/4708-1443$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Typical PCL spectrum of CeF3; measured in (a) the
UV and (b) visible regions.

with wavelengths of 433 and 487 nm (Fig. 1b). The
possible deviation of these datafrom thevaluesgivenin
the literature should be assigned to ambiguities in the
unfolding into Gaussians.

2.3. Discussion of the Results

An earlier study of CeF; crystals [3] revealed two
systems of luminescence bands, namely, fast (at 286
and 305 nm, T =5 ns) and slow (at 305 and 325 nm, T =
30 ns) components. The ?F-level splitting was esti-
mated to be AE = 2300 cm . The fast luminescence is
produced in the Ce*(5d) — Ce*(?F) transition (pro-
cesslinFig. 2) andis present in the PCL spectrum but
cannot be spectrally resolved from the sow compo-
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Fig. 2. Energy level diagram of cerium ions in CeF; and
possible electronic transitions.

nents. It isthisluminescence that isdesirablein design-
ing ascintillator.

The presence of the slow components and the dom-
inant role they play imply, however, the existence of
other pathways for excitation energy conversion. We
believe that they involve the formation of pairs of Ce**
and Ce?* ions. The latter ion is active in luminescence
and, hence, is detectable. The conversion of excitation
energy can occur in the following two ways.

(1) A Ce**(?F) ionis excited by an electron beam to
the Ce**(5d) state. In this process, the 5d electron can
transfer resonantly to a neighboring Ce**(?F) ion (pro-
cess 2 in Fig. 2) to form a pair of ions, Ce** (1S, and
Ce?*(®H,). Thisprocess will be efficient if the energy of
the Ce?*(*H,) ground state is close to that of the
Ce**(5d) state. Unfortunately, data on the Ce** energy
structure in CeF; are lacking. We made an attempt to
determine the energy structure from the diagram of Pr3*
levels, which have the same electronic configuration
4f 2 asthe Ce?* ion, and to find the position of the energy
levelsfrom the dips observed in the luminescence exci-
tation spectrum of CeF; crystals[2]. Theresultsare pre-
sented in Fig. 2. Electron transfer from the Ce?*(3H,)
ion back through the 5d band of the Ce** ion (process 3
in Fig. 2) gives rise to the formation of a pair of Ce**
ions, with one of them being in the 5d state and the
other being in one of the ?F states. This s followed by
aradiative transition from the 5d to ?F levels. The end
result is the formation of two Ce* ionsin identical or
different 2F states (process 1 in Fig. 2). In this case,
there can be emission at three wavelengths, namely,
285, 305, and 328 nm, which are observed in phospho-
rescence. The presence of the slow component in the

luminescence decay may be ascribed to the Ce** ion
being metastable.

(2) The ground-state Ce** ion isionized by an elec-
tron beam either directly or viathe 6s state (process 4
in Fig. 2) to become Ce**. A conduction band electron
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is captured by another Ce**(?F) ion to form a Ce** ion
in an excited state, which is then de-excited via aradi-
ative transition to the Ce**(°*H,) ground state (process 5
in Fig. 2). Asaresult, two broad bands centered at 433
and 487 nm appear. The band broadening indicates that
the observed transitions originate from radiating levels
located in or close to the conduction band. Charge
transfer can also occur to the D, level of the Ce?* ion
via nonradiative transitions from the conduction band
or resonantly from the 6s band, which is followed by a
radiative transition from the D, to the 3H, level. This
transition produces a narrow band with awavelength of
543 nm (process 6 in Fig. 2), which is observed only in
Ch-grade samples. The narrowness of the band implies
an intercombination transition. The process subse-
guently occurs following the second of the two vari-
ants.

Theionization process described aboveis character-
istic of the conditions created by an electron beam in
the KLAVI chamber. These conditions are similar to
those in which a scintillator operates but are difficult to
realize, however, in a photoluminescence study. Photo-
luminescence is most likely dominated by the first pro-
cess involving the formation of Ce?*(®H,).

3. CONCLUSIONS

The above hypothesis assuming an alternate path-
way for thetransfer of the Ce**(5d) excitation energy to
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theformation of Ce?* and Ce** ion pairsis corroborated
by the results obtained in luminescence studies and
accounts for the low scintillation light yield in CeF;
crystals. It is conceivable that Ce?* forms only in crys-
tals with a high Ce content. Therefore, this hypothesis
has to be tested in crystals with a low Ce content
(BaF, : Ce, CaF,: Ce, etc.), wherethisreaction may not
be dominant.
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Abstract—Time-resolved excitation and emission spectra of SrF, : Er®* upon selective excitation with syn-
chrotron radiation in the VUV and ultrasoft x-ray ranges at T = 8 K were studied. The VUV luminescence of
SrF, : Er®* derives from high-energy interconfiguration 4f 105d—4f 1! transitionsin the Er®* ion. The VUV emis-
sion spectrum revealed, in addition to the 164.5-nm band (millisecond-range kinetics), aband at 146.4 nm (with
adecay time of less than 600 ps). The formation of excitation spectra for the f—f and f—d transitionsin the Er®*

ion is discussed. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

SrF, crystals doped with rare-earth (RE) elements
have long been known to be promising scintillators[1].
Present studies of RE-doped crystals pay particular
attention to VUV spectroscopy, primarily because of
the growing need to develop a new class of fast VUV
scintillators and VUV phosphors for plasma display
panels and mercury-free fluorescent lamps, as well as
solid-state VUV lasers [2—4].

These considerations have motivated our study of
low-temperature time-resolved excitation spectra of
Er®* luminescence in StF, : Er¥* in the range 4-25 eV
(50-309 nm), aswell asof VUV luminescencein the 7—
9-eV region (138-175 nm). By properly varying the
excitation, we succeeded in detecting a new lumines-
cence band at 146 nm with fast decay kinetics in addi-
tion to the previously known 164.5-nm band [5, 6].

2. SAMPLES AND EXPERIMENTAL
TECHNIQUES

SrF, : 1% Er®* single crystals were Stockbarger-
grown by K.K. Rivkina and E.G. Morozov at the
Pyshma GIREDMET pilot plant.

The excitation and VUV emission spectra were
measured under selective excitation by synchrotron
radiation (SR) in the VUV and ultrasoft x-ray (USX)
regions at the SUPERLUMI station and in the BW3
beamlineat HASYLAB (DESY, Hamburg). A 2-m vac-
uum monochromator with a resolution of 3.2 A was
employed for excitation in therange 4-25 €V. Lumines-
cence in the visible range was detected with a 0.3-m
monochromator (ARC Spectra Pro-308i) and an
R6358P PM tube (Hamamatsu). Luminescence in the

VUV region was measured with an 0.5-m vacuum
monochromator and a sun-blind R6836 PM tube.
Undul ator radiation and aZeiss SX 700 monochromator
in the BW3 beamline provided excitation in the USX
region. The VUV luminescence was measured with a
0.4-m monochromator (Seya-Namioka arrangement)
and a microchannel detector (MCP 1645 U-09,
Hamamatsu). The excitation and emission spectra
could be obtained both without time resolution (time-
integrated) and in time windows At, (fast component)
and At, (slow component) wide delayed with respect to
the SR pulse by ot; and &t,, respectively. The excitation
spectraare normalized against an equal number of pho-
tonsincident on the sample with the use of sodium sal-
icylate. The VUV emission spectra are presented with-
out correction for spectral sensitivity of the optical
channel. Measurements were conductedat T=8K ina
cryostat providing an oil-free vacuum of (2-5) x
107° Torr.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The main features of the excitation spectra of the
551-nm [uminescence, which derives from the stron-
gest f—f transition 4S;, —= 415, in the Er¥* ion in a
SrF, : 1% Er3* crystal, are seen in the region of crystal
transparency and the long-wavelength fundamental
absorption edge (curve 1 in figure). In the range 177-
309 nm, the excitation spectrum consists of anumber of
narrow bands of various intensities. The f—f transition
bands in the SrF,: Er®* excitation spectrum were
assigned by us in accordance with calculations and
experimental data on the energy levels of the 4f 1! con-
figuration of the Er®* ion in LiYF, [7, 8]. In the UV

1063-7834/05/4708-1446$26.00 © 2005 Pleiades Publishing, Inc.
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PE spectra (1) of the 551-nm f—f luminescence (*Sy, — “l15/,) and (2) of the 164.5-nm d—f luminescence (4f 195d(HS) —
41 15/,) measured in a slow time window (3t, = 0.68 ns, At, = 103 ns); VUV emission spectra measured in (3) a fast time window
(3t; = 0.6 ns, At; = 1.8 ns) and (4) aslow time window (3t, = 12 ns, At, = 19.3 ns). StF, : 1% Er¥*, T=8K.

region, transitions are observed to the multiplet levels
4Gy, (292 nm), °Dy), (287 nm), 2H(2)g, (273 nm), *Ds),
(259 nm), “D, (256 nm), 21,5/, (243 nm), nonresolv-
able 2,7, and *Dy, (235-241 nm), and 2,5, (230 nm).
In the VUV region, distinct lines are observed corre-
sponding to transitions to the multiplets 2H(1),y,
(195 nm) and 2F(2);, (183 nm). The band deriving
from the transition to the 2F(2)s, level and mentioned
in [8] isvery weakly seen at 158 nm against the back-
ground of a strong, broad, structured band extending
from 155 to 173 nm. A strong narrow line at 164 nm
stands out in this band. As the incident-light wave-
length decreases, broad excitation bands appear in the
excitation spectrum at 145-153 and 134-142 nm. At
the fundamental absorption edge, the excitation inten-
sity falls off with a sharp drop at 119 nm. At higher
excitation energies, the luminescence is suppressed.

In addition to the luminescence in the visible range,
Er®* ions exhibit luminescence bands in the VUV
region, which are due to interconfiguration transitions
both from the low-spin (LS) level (2S+ 1 = 4) (spin-
allowed transitions) and from the high-spin (HS) level
(2S + 1 = 6) (spin-forbidden transitions) to the

PHYSICS OF THE SOLID STATE Vol. 47 No. 8
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4f 1-configuration ground-state levels [5, 6, 9-11]. We
measured |ow-temperature time-resolved VUV emis-
sion spectra of SrF, : Er®* in the spectral region 135—
175 nm under excitation in the USX region with a pho-
ton energy of 140 eV (curves 3, 4 in the figure). In the
“dow” time window, the well-known 164.3-nm band is
observed; this band is produced by the 4f 195d(HS) —
415, transition [5, 6]. In the fast time window, we suc-
ceeded in observing a band at 146.4 nm emitted in the
SrF, : Er* system. The decay time constant of this
luminescence band, as derived from the convolution
integral, does not exceed 600 ps.

In the dow time window, the strongest excitation
bands of the d—f luminescence, 4f °°5d(HS) — 41,5,
were observed under excitation near 154, 144, and
134 nm (curve 2 in the figure). One can also see aweak
band at 159 nm, which signalsthe onset of excitation of
d—f luminescence (4f 1°5d(HS) — “l,5,). Note also the

presence of fairly weak bands at 129 and 139 nmin the
spectrum.

An analysis of the VUV luminescence and the exci-
tation spectra of d—f and f—f luminescence revealed the
following features.
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(1) The luminescence bands at 164.3 and 146.4 nm
coincide in position with the narrow lines in the
551-nm-luminescence excitation spectra (*S;, —
4,5/,) Observed against the background of broad intense
bands.

(20 The dAf and f+ luminescence yield
(4f lOSd(HS) - 4| 15/2 and 453/2 I 4| 15/2 '[ranSl'[IOI’]S,
respectively) falls off near the long-wavelength funda-
mental absorption edge and subsequently drops sharply
when excited by photons with a wavelength of below
119 nm (thisregion is not shown in the figure).

(3) The difference in energy position between the
maxima of the slow (at 164.3 nm; 4f1°5d(HS) —
4 15,) and fast (at 146.4 nm) d—f luminescence is fairly
large (0.91 eV).

(4) The excitation spectra of the 4f1°5d(HS) —~
415, and 4S;, — 41,5, luminescence follow opposite
patternsin the range 126-161 nm.

(5) The difference in energy position between the
beginning of the strongest broad excitation bands at
155-173 nm in the excitation spectrum of f—f lumines-
cence and at 154 nm in the excitation spectrum of d—f
luminescence in the nearest VUV region is 0.91-
0.95eV.

The opposite patterns of the excitation spectraof the
f—f and d—f luminescence refl ect the competitive excita-
tion energy transfer to radiating levels of the 4f1°5d and
4f1* configurations, which is characteristic of the Er3*
ionin SrF, : Er3*.

The suppression of impurity luminescence observed
to occur under excitation at the onset of interband tran-
sitionsin SrF, (E; = 11.2 eV [12]) up to 20 eV should
be identified with the low efficiency of energy transfer
via the electron—hole mechanism, as well as with the
low involvement of excitons in energy transfer to the
levels of the 4f1° 5d configuration of the Er®* ion in
QFZ.

In terms of its pattern, the 159-nm band in the exci-
tation spectrum of 4f °5d(HS) — 41,5, luminescence
can be assigned to the spin-forbidden f—d transition.
According to the Hund rul e, this suggeststhat this spec-
tral region correspondsto the lowest energy statein the
4f 105d configuration of the Er3* ion in SrF, and that the
strong 154-nm band indi cates the onset of spin-allowed
f—d transitions. If thisis so, then the nature of the 155-
to 173-nm structured band in the 4S;;, — %15, lumi-
nescence excitation spectrum remains unclear.

We estimated the Stokes shift for the low-spin
excited state of the 4f 195d configuration of the Er®* ion
in SrF, as 1800 cm™. Assuming the quartet and sextet
excited states to have the same Stokes shifts, one could
expect the existence of ad—f band with fast decay kinet-
ics in the range 155-158 nm associated with the spin-
allowed transition from the lowest LS excited state.
However, this band was not observed either in our
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experiments or in the SrF, : Er®* studied in [5, 6]. This
may be accounted for by the existence of strong nonra-
diative cross relaxation between the LS and HS Er3*
levelsin SrF,, which are separated by about 2150 cm2.
This value is substantially smaller than, for instance,
that in the LiYF, crystal, where both d—f luminescence
bands are seen and the differenceis about 3300 cm™ [5,
6, 11]. A similar explanation was advanced in [9],
where the Er®* d—f luminescence in KY F, was found to
follow the same pattern. This suggeststhat the observed
fast 146.4-nm luminescence in SrF, : Er®* should most
probably be assigned to a higher lying radiating low-
spin 4f 195d configuration. Asfar aswe are aware, how-
ever, information on the observation of thesetransitions
is presently lacking.

4. CONCLUSIONS

The low-temperature VUV emission spectra of
SrF, : 1% Er®* have been found to reveal, in addition to
the well-known 164.5-nm band associated with the
4f195d(HS) — 41,5, transition, a new luminescence
band at 146.4 nm (t < 600 ps), which derives from a
transition from one of the high-lying low-spin excited
states of the 4f 105d configuration. Competitive excited-
state relaxation in the 4f1°5d configuration has been
found to occur viathe radiative d—f and f—f transitions.
More reliable establishment of the nature of the
observed fast 146.4-nm d—f luminescence and of the
mechanisms governing relaxation of the excited states
in the 4f195d configuration of Er®* ionsin SrF, would
require additional studies, in particular, of the excita-
tion spectra of the fast 146.4-nm band, as well as of the
emission spectra obtained under selective excitation of
the upper excited states of the 4f 195d configuration.

Observation of the fast VUV luminescence band in
SrF, : Er®* crystalsis of interest in connection with the
development of fast VUV scintillators for detectors
with high time resolution .
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Abstract—EPR studies of Y 3Cag g7F2 03 : GA®* and Y  53Cdo.97F2 03 : GA®* single crystals revealed the pres-
ence of Gd®* ions embedded in yttrium clusters. The symmetry of the paramagnetic centers was determined,
and the fine-structure parameters were estimated both experimentally and theoretically. © 2005 Pleiades Pub-

lishing, Inc.

1. Long-standing studies of fluorite structure crys-
talsdoped with Group 11 elements, primarily rare-earth
elements and yttrium, have revealed that they contain
large clusters of activator ions, which account for the
new properties of these materials [1-7]. Three types of
rare-earth clusters[3-5], which are essentially the cores
of superclusters [6], are currently known: rare-earth
octahedral RsMgFgg o, rare-earth tetrahedral RyMyoFs,
and akaline-earth octahedral RyMgF;;, where R stands
for arare-earth element or yttrium and M is Ca, Se, Ba,
Cd, or Ph. Due to their shape and size, which are prac-
tically identical to those of the fluorite building block
M4Fes, superclusters are easily incorporated into a
crystal lattice. Coherent matching of superclusters and
of their associations to the matrix accounts for the non-
stoichiometric phases RM; _,F, ., becoming a novel
class of nanosized materials that retain their single-
crystal character both in outer appearance and as evi-
denced by electron, neutron, and x-ray diffraction mea-
surements [1]. For certain values of x, these crystals
exhibit superstructural lattice ordering.

Studies of optically detected EPR [2, 8, 9] have
revealed that the main cluster type in Y,Ca, _,F, ., is
Y ¢F37 (supercluster Y ¢MgFgg); thisis borne out, in par-
ticular, by the existence of Tm3*, Er3*, and Y b®* tetrag-
onal centers with anomalously large values of g, and,
hence, with an environment structure not typical of a
fluorite.

The present paper reports on the use of EPR spectra
of high-spin rare-earth Gd** centersto study the cluster
formation in nonstoichiometric fluorites in the absence
of an ordered structure.

2. To suppress the spin—spin interaction, the mag-
netic impurity wasdiluted, asin[2], by Y 3* diamagnetic

ions; i.e., we studied CaF, and CdF, single crystals
doped by 3 mol % YF; and 0.01 (samples 3, 3) or
0.1 mol % GdF; (samples4, 4), aswell ascrystalswith
the same GdF; doping levels but without YF; (CaF,
samples 1, 2; CdF, samples 1', 2'). Measurements were
conducted on a 3-cm EPR spectrometer at temperatures
ranging from 150 to 450 K. No substantial differences
were revealed in the EPR spectra of annealed (for 20 h
at 600°C) and quenched (cooled from 900°C together
with the growth furnace) crystals.

3. All Y,Ca_,F,., : Gd* samples exhibit well-
known EPR spectraof cubic centers[10] (asingle Gd®*
ion occupying the Ca?* position) and simple tetragonal
centers (a Gd** ion in the Ca&?* position and a fluorine
ion in the nearest neighbor interstice on the C, axis)
with S= 7/2. The only difference is that samples 1 are
dominated by tetragonal centers, whilein crystals 2 the
EPR intensities of the cubic and tetragonal centers are
of the same order of magnitude. In yttrium-doped sam-
ples 3 and 4, traces of tetragona centers are barely
detectable, whereas the EPR spectra of cubic centers
arevery strong (although they are noticeably broadened
as compared to those of samples 1 and 2).

The spectrum of acubic center isdescribed by aspin
Hamiltonian with the parameterslisted in thetable. The
integrated intensity of the spectrum of cubic centers
increases by nearly two orders of magnitude as one
goesfrom samples 1 to samples 2. The concentration of
cubic centers in samples 1 and 3 is about the same,
while that in samples 4 is higher by afactor of 2 to 3.

Samples 1' and 2' exhibit a strong EPR spectrum of
the Gd®** cubic center, which differs only slightly from
that of the CdF, : Gd®* studied in [11].

1063-7834/05/4708-1450$26.00 © 2005 Pleiades Publishing, Inc.
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As one goes from samples 1' to samples 2' (unlike
Y,Ca, _,F,., : Gd*), the integrated EPR intensity of
the Gd** cubic center grows by more than 20%. Sam-
ples 3' and 4' doped by yttrium exhibit aweak spectrum
similar to that of the Gd** cubic center characteristic of
samples 1' and 2'. Note that the width of the cubic-cen-
ter linesin sample 4’ isapproximately threetimeslarger
and their integrated intensity is one order of magnitude
weaker than the respective values in sample 2'. In
yttrium-doped crystals, the +7/2 <— +5/2 transitions
(in contrast to other signals) exhibit a pattern (Fig. 1)
which could be attributed to a crystal block structure or
weak distortions of the cubic environment. This pattern
accountsfor the sharp increasein the rmsdeviation (see
table).

An analysis of the values of AB,./AB and dB,./db,
for various transitions, as well as the constancy of the
structure of signals obtained in different samples, sug-
gests that the observed pattern of £7/2 <~ £5/2 tran-
sitionsis due to the existence of afamily of quasi-cubic
centers. The misorientation of the principal g-tensor
axes of the low-spin tetragonal centers studied in [2],
which becomes manifest in a structure of optically
detected EPR lines, is also most likely caused by the
specific environment (with a lower than tetragonal
symmetry) of the rare-earth ions localized in Y gFz5 37
clusters (for instance, as a result of the association of
several clusters).

Notethat our crystalswithout yttrium reveal an even
larger number of weak signals whose pattern varies
with gadolinium concentration. These signals can be
tentatively assigned to gadolinium ion associates.

4. Crystals with yttrium exhibit, in addition to the
spectra of Gd®* cubic centers, new unknown EPR sig-
nals. In calcium and cadmium fluorides, these spectra
differ substantially in pattern (Figs. 2, 3).

An increase in gadolinium concentration (as one
goes from sample 3 to sample 4 or from 3' to 4') does
not bring about a change in the intensity ratio between
the cubic-center and additional spectra. This argues for
the new spectrabeing dueto single Gd** ionsthat arein
an environment not typical of a stoichiometric fluorite.
The assignment of transitions in both crystals is com-
plicated by the large number of signals, their superpo-
sition, and, as a result, the impossibility of studying a
signal over alarge enough range of magnetic field ori-
entations.

Investigation of the angular dependence of the spec-
trum of Y,Ca, _,F, ., : Gd®* showed that the resonance
positions of the family of new EPR signalswith similar
parameters reach an extremum at B || C, and that prac-
tically all new signals split as one moves away from
B || Cs5. Thisbehavior of the EPR spectrum suggests the
observed centers to have tetragonal symmetry. The
averaged axial parameter b,, of a group of tetragonal
centersis found to be about 600 MHz.

PHYSICS OF THE SOLID STATE Vol. 47 No. 8

2005

1451

Parameters of the spin Hamiltonian of Gd®* cubic centers
(b, and rms deviation of f are given in MHz)

Crystal g by, bg f
CaF, [10] 1.993| —140.08(40) | —0.04(4)
CaF, (nos. 1, 2) 1.992| —139.7 -024 |28
Y,Ca _yF> 44 (nos. 3,4) {1.991| —139.2 -0.3 3.7
CdF, [11] 1.992| —142(1) 0(2)
CdF, (nos. 1', 2) 1.992| —142.4 -04 17
Y,Cd; _,F> . (nos. 3,4)|1.992| -141.7 -0.3 34

In the Y,Cd, _,F, ., : Gd® spectrum, we isolated
several signals that passed through an extremal reso-
nance position at B || C;. Theinterpretation of these sig-
nals as trangitions in a trigonal center with by, =
300 MHz made it possible to qualitatively explain the
observed spectrum, in particular, the strong centra
group of signals standing out in Fig. 3, whose compo-
nents split under deviation from the B || C, orientation.

5. Summing up the results of a comparison of the
intensities of simple cubic and tetragonal centers (see
Section 3), we can conclude that doping CaF, and CdF,
crystalswith yttrium givesrise to asubstantial decrease
in the concentration of simple Gd** centers and, in the

1 1
240 260
B, mT

L
220

Fig. 1. Pattern of the -5/2 <—— —7/2 EPR transition of the
Gd3* cubic center. (a) CaF,, sample4at 8=0(Bistheangle
themagnetic field B makeswith the C, axis). (b) CdF, spec-
tra: (1) sample 2 for 6 =0, (2) sample 4' for 6 =0, (3) sam-
ple 4' for 6 = 2°, (4) sample 4' for 6 = 4°, (5) sample 4' for
6 =6°, and (6) sample 4' for 6 = 8°.
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Fig. 2. Fragment of the EPR spectrum of Gd* (0.1%) in
yttrium-doped (sample 4) and undoped CaF, (sample 2)
obtained with B || C4. Arrowsidentify signalsdueto yttrium
doping.

350 400
B, mT

300

Fig. 3. Central part of the EPR spectrum of Gd®* (0.1%) in
yttrium-doped (sample 4) and undoped CdF, (sample 2)
obtained with B || Cy.

case of CaF,, to adecreasein the concentration of inter-
dtitial fluorine ions as well. In view of this, the forma-
tion of Gd®* spectra not characteristic of weakly doped
materials in yttrium-doped calcium and cadmium fluo-
rides suggests that in both crystals there are yttrium
clustersthat includeinterstitia fluorineions. Under the
chosen impurity concentrations, it is most likely that
Y3 in only one position is replaced by the Gd** ion in
these clusters and that it is its EPR spectra that are
observed. The multiplicity of paramagnetic centers
may be dueto the fact that various mechanisms of com-
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pensation of a charged cluster are operative and that
several clusters coalesce.

The observation of tetragona gadolinium centersin
Y,Ca _,F,.«: Gd® isinaccord with areport 2] suggest-
ing theexistence of Y gF5; clustersin thiscrystal. Thetrig-
onal pattern of the EPR spectrum of Y,Cd, _,F, ., : Gd®*
indicates the formation of clusters of another type in
cadmium fluoride. Note that the symmetry of the rare-
earth ion in clusters of the two other known types is
trigona [4, 5].

The structure of the nearest environment of therare-
earthioninthe GdgF; cluster wasderived in [8] for cal-
cium fluoride by minimizing the energy of acrystal lat-
tice with the embedded cluster. Assuming that the dif-
ference in structure between the GdY sF55 and GdgF4g
clustersisinessential, we use the results obtained with
a semiempirical superposition model [9, 12], which
proves valid for the second-rank fine-structure parame-
ters of rare-earth ionsin the Sstate. For the Gd** ionin
this environment, we obtain b,y = 2400 MHz; theinclu-
sion of aninterstitial fluorine ion embedded at the clus-
ter center (i.e., the transition to the GdY sF5; cluster)
reduces b,, by one order of magnitude to bring it close
to the experimental value.

In CaF, clusterswith 3mol %Y F5, inthe casewhere
al yttrium ions reside in isolated Y gF5-type clusters,
the average distance between the centers of the clusters
is~2.4 nm (the clustersare ~0.5 nm in size). According
to the superposition model, a fluorine ion localized at
the second and third interstices away from the Gd** ion
on thetetragonal axis (R= 0.8 and 1.4 nm, respectively)
brings about an initial splitting b,, = —-150 and
—35 MHz, respectively (the shift of the £7/2 ~—— +5/2
transitions in the latter case is 6by/gB = 7/5 mT).
Neglecting the cluster strain field, we assume a singly
charged cluster Y ¢F5; to cause about the same Gd** per-
turbation as an interstitial fluorine ion. To obtain cubic
centers exhibiting a structured spectrum similar to the
experimental spectrum of CdF, with yttrium (the split-
ting of the—7/2<~— —5/2 transitionin Fig. 1Lis~4 mT),
the average cluster separation should be larger than
3 nm, which is possible only when groups of clusters
form. The smaller distortion of cubic centersin yttrium-
doped CaF, crystals (Fig. 1) indicates an even more
pronounced cluster association. This conclusion is sup-
ported by the observation that theintegrated intensity of
the spectrum of cubic centers in yttrium-doped CaF,
crystalsis 5 to 10 times higher than that in CdF,.
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Abstract—This paper discusses the possibility of detecting the selective averaging of spin packetsin thevicin-
ity of coincidence of the electron paramagnetic resonance signals associated with transitions of Gd®* dipole
centers due to orientational relaxation. © 2005 Pleiades Publishing, Inc.

As was shown earlier in [1-5], an additional EPR
signal appears between the initial signals when the ori-
entation of a polarizing magnetic field corresponds to
accidental coincidence of the resonance lines associ-
ated with two electron paramagnetic resonance (EPR)
transitions (the initial signals were attributed either to
different transitions of a high-spin center or to hyper-
fine components of two off-center configurations
related through transitions of alow-spin center). In our
previous works [2, 6], we demonstrated that the origin
of an additional signal both in the EPR spectrum of
Gd** trigonal centers in ferroelectric lead germanate
and in the spectrum of Gd®* tetragonal centersin crys-
tals with a CawO,-type structure is associated with
averaging (due to relaxation spinattice transitions
between resonant doubl et states) of the internal part of
the spin packets corresponding to the initial signals. A
necessary condition for the appearance of athree-com-
ponent EPR spectrum is a quasi-symmetric structure of
the spin packets for a pair of initial lines. This arrange-
ment of the spin packetsis determined by the spread of
the spin Hamiltonian parameters b,; and b,, for the
Pb;Ge;0,; : Gd** compound and by the mosaic struc-
ture of crystals for scheelites. Analysis of the observed
three-component EPR spectrum allowed us to deter-
mine the rate of exchange between accidentally coin-
ciding resonances.

Crystals with a fluorite-type structure contain Gd**
dipole (trigonal and tetragonal) centers in the form of
associates with charge-compensating interstitial fluo-
rine ions that undergo thermally stimulated transitions
between different orientational configurations (due to
fluorine ion hopping) [7—-10]. Owing to these features,
crystals with a fluorite-type structure are promising
model objects for use in analyzing the influence of
interacting resonances (reorientation of the dipole cen-

ters) on the EPR spectrum in the vicinity of the coinci-
dence of the resonance lines attributed to centers of dif-
ferent orientations.

In a magnetic field B || C,, two tetragonal centers
become equivalent; in this case, the polar angular
dependence of the magnitude dB,/d0 for the 3~— 4
transition in the CaF, compound and the 4 < 5 tran-
sition in the SrF, compound exhibits a pronounced
maximum (Fig. 1). A similar behavior of the linewidth
AB,, (Fig. 1) indicates that the mosaic structure of the
crystal makes a noticeable contribution to the EPR lin-
ewidth. It is this mosaicity of the crystal structure that
is responsible for the symmetric arrangement of the
spin packets corresponding to signals from the afore-
mentioned two centers when the misorientation with
respect to B || C, issmall.

41 420
18]
3
[ g
£ B
§ 2+ 110 c_g
S
0 1 1 1 0
30 40 50
0, deg

Fig. 1. Polar angular dependence of thelinewidth AB, (cir-
cles) and the magnitude dB,«/d6 (solid line) for the 3«~——> 4

transition of the Gd®* tetragonal centers in the CaF, com-
pound at T =300 K.
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The spectral measurements in the range close to the
intersection of the angular dependences of the positions
of the EPR signals attributed to the above transitions
were performed at temperatures higher than 370 K for
calcium fluoride (0.016 mol % Gd) and above 450K for
strontium fluoride (0.14 mol % Gd). Under these con-
ditions, according to the dataobtained in[7, 9], thefre-
quency of reorientations of Gd** tetragonal dipole cen-
tersexceeds 100 MHz and, hence, part of the spin pack-
ets should be effectively averaged. For the CaF,
compound, the measurements were hampered by the
fact that the EPR spectrum contained signals associated
with cubic centers whose intensity decreased consider-
ably slower than that of the tetragona centers as the
temperature increased. The use of additional angular
magnetic modulation made it possible to suppress sig-
nals from the cubic centers; however, analysis of the
spectrum of Gd** tetragona centers, i.e., the second
derivatives of the absorption signals with opposite
phases, turned out to be inefficient. A better situation
occurred with the SrF, compound. However, in this
case also, no additional signal was observed in the
vicinity of the coincidence of the el ectron paramagnetic
resonances. It isworth noting that the intensities of the
signals attributed to the two tetragonal centers turned
out to be noticeably different from each other, whichis
most likely caused by the difference in the populations
of these configurations [11] dueto the different binding
energies.

An externa electric field E aligned with the mag-
neticfield B (E || B || C,) leadsto splitting of the 5 ~— 7
transition of the Gd** tetragonal centers in the CaF,
compound [12]. In anonuniform electric field, the split
components are broadened with a symmetric arrange-
ment of equifield spin packets. The measurementswere
carried out using a CaF, (0.016 mol % Gd) single crys-
tal 0.54 mm thick with electrodes partially covering the
sample at 380 K. (Note that the maximum longitudinal
field was 185 kV/cm, and the accompanying transverse
fields at even such a field strength did not induce a
noticeable pseudo-Stark effect.) No additional signal
between the electric-field—split components of the
5« 7 transition was observed. Furthermore, no fea-
tures associated with the transitions of Gd** trigonal
centers in the BaF, compound were revealed in the
spectrum measured in the magnetic field B || C,.

In order to understand why an additional signal was
not observed in the EPR spectrum, we analyzed the
spectral shape as a function of the number of wellsin
the multiwell potential of the dipole center (the tetrag-
onal center ischaracterized by asix-well potential). For
this purpose, we simulated the EPR spectrain thevicin-
ity of the coincidence of the resonance lines attributed
to transitions of a paramagnetic center in two wells of
the double-, triple-, and quadruple-well potentias
according to the expressions derived in our earlier work
[2]. The results of this simulation are compared in
Fig. 2. Theinitial lines correspond to asymmetric spin-
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Fig. 2. Comparison of the simulated EPR spectra for
(1) double-, (2) triple-, and (3) quadruple-well potentials.

packet structure with a Lorentzian packet width of
1.15mT and a Gaussian intensity distribution of
2.73 mT. In all cases, the lifetime of the relative transi-
tion to the neighboring wellsis equal to 2 x 108 s, The
resonance lines of the transitions undergone by the
paramagnetic centersin the third and fourth wells were
found to be 12 mT away from those of the simulated
transitions and, therefore, are not seen in Fig. 2.

As is clearly seen from Fig. 2, an increase in the
number of potential wellsleadsto adecreasein therate
of exchange between interacting resonances (according
to estimates, the effective lifetime increases by afactor
of 1.5 upon changing over to the triple-well potentia),
thus making the additional signal less noticeable.
Moreover, the relaxation processes and the reorienta
tion of the dipole center [13] induce transitions of the
paramagnetic ion to spin states that do not contribute to
the observed resonances, which, in turn, further slows
down the exchange between them.

Naturally, an increase in the temperature can accel-
erate the reorientation of dipole centers. However, the
width of the spin packet will also increase accordingly.
Since the width of the additional signal is of the same
order of magnitude but somewhat exceeds the width of
the spin packet, the observation of the additional signal
in the EPR spectrum is also unlikely in this case.
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Abstr act—The photochemical properties of CaF, crystals activated by Ce®* and Y b** ions are studied. A model
of the photodynamic processes induced by pumping UV or VUV radiation in active media is suggested and
experimentally verified. This model explains both the presence of color centers of electronic and hole naturein
crystals activated by cerium and the mechanism of suppressing of solarization processes after additional acti-
vation of the samples by Y b3+ ions. The cross sections of the processes of free-carrier capture by various ytter-
bium impurity centers are estimated. These impurity centers are established to be effective centers of recombi-
nation of free carriers of both signs. © 2005 Pleiades Publishing, Inc.

The various photodynamic processes induced by
exciting UV radiation are the main factors leading to
degradation of the optical properties of active and pas-
sive crystalline media activated by rare-earth ions;
these media are used in UV- and VUV-optical devices.
These photodynamic processes involve two-photon
absorption at the pumping wavelength and the ioniza-
tion and deionization of the activating ions resulting in
the formation of various color centers (Fig. 1).
Recently, we have suggested a crystallochemical
method for suppressing the formation of color centers
in cerium-containing UV-active media exposed to UV
or VUV pumping [1]. However, in spite of successful
practical applications of this method, the mechanism of
the suppression of solarization is still not sufficiently
clear.

The aim of this study isto substantiate the model of
suppression of the solarization processes induced by
UV pumping in media activated by Ce** ions. For our
investigation, we chose the best studied fluorite CaF,
matrices. CaF, crystals activated by trivalent Ce** and
Y b3* ions were prepared at the Crystal Growth Labora-
tory, Kazan State University. The concentration of Ce>*
ions in the charge components was 0.5 wt %, and the
concentration of Yb*" ions varied from 0 to 2 wt %.

It is known that the incorporation of trivalent rare-
earthionsinto a CaF, crystal lattice leads to the forma-
tion of tetragonal and cubic impurity centers (with local
compensation of the excess positive charge by an inter-
gtitial F~ ion and with nonlocal compensation of the
charge, respectively) [2, 3]. It is aso known that, in
CaF, : Ce* crystals, color centers of both electronic
and hole types form under UV pumping resonant with
the interconfiguration 4f-5d transitions in Ce** ions

(see referencesin [1, 4]). In spite of the expected ion-
ization of the activator ions, spectroscopic experiments
do not detect any changes in the concentration of Ce**
ions. Within the model proposed here, we assume that,
after photoionization, an impurity center quickly
restoresits valency to 3+ by accepting an electron from
the valence band (Fig. 1). Thus, ailmost simultaneously
with photoelectrons, free holes are generated in the
valence band. These carriers can be captured by defects
of the crystal lattice, forming color centers of both elec-
tronic and hole nature.

Conduction band

2 o
L 3
4f1 3541 hvpump hvlas
5d
hv
2 3 hvpump las
2P — V, centers ,
Fip 21};7/2:
Yb* o Yb** [f@\ 52 f(’ Ce3t  F centers
Recombinam@& e

Valence band

Fig. 1. Model of solarization caused by UV irradiation of a

medium activated by Ce3* and Yb3* ions. (1) Two-photon
pumping absorption, i.e., photoionization of an impurity
ion; (2) thermalization of free carriers; and (3) capture of
free carriers by defects and the formation of color centers.

1063-7834/05/4708-1457$26.00 © 2005 Pleiades Publishing, Inc.



1458

NIZAMUTDINOV et al.

Calculated parameters of impurity centers (e is the elementary charge, a =5 x 10~X° m is the | attice constant)

Cubic center Tetragonal center
Parameter
Yot + e Yb?* + hole Yb¥ + e Yb?* + hole
Effective center charge 0.65+ 1e -0.51e 0.65e -1.51e
Capture sphere radius 4.6a 19a 2a ?
Capture cross section, 1071° cm? 192.5 11.9 20 ?

The idea behind the crystallochemical method for
suppressing solarization processes consists in addi-
tional activation of the crystals by ionsthat, by virtue of
their physical and chemical properties, would stimulate
the recombination of the majority carriers competing
with their capture by the defects of the crystal lattice
(Fig. 1) [5]. The Yb* ion may be one of the ions that
inhibit the solarization process, since the states of its
mixed 4f 5d configuration are localized near the bottom
of the conduction band or even overlap with it. More-
over, theY b* ion hasahigh electron affinity and, there-
fore, isagood electron trap (as compared to other rare-
earth ions), which decreases the probability of reduc-
tion of Ce** ionsto Ce?* ions. However, it follows both
from the results obtained earlier [6] and from theresults
of this study that additional activation of the crystals by
Yb3* ions increases the photochemical stability with
respect to the formation of color centers not only of
electronic but also of hole nature. This can be explained
if we assume that, in the case of tetragonal Y b impurity
centers, an Y b3 ion is a recombination center for both
free electrons and holes. Indeed, after the capture of an
electron from the conduction band and reduction to the
bivalent state, the ytterbium ion has an excess negative
charge and becomesatrap for free holes. The formation
of a cubic impurity center with nonlocal charge com-
pensation will, apparently, stabilize the Yb?* ion, since
in this case the impurity center is electrically neutral.

its

B2, 11250 &
Sas[ 1 £
e 11000 %
15 L o >
5 25 ; 1750 Z
% B Color center §
S 15r | [ ___absorption 1500 =
§ o TV 8
25 [\ ypr4fsduansiion |20 3
S F 4 Y do &
2 0] . 3 £
< 5 | | | | | | | -—2505
300 400 500 600
A, nm

Fig. 2. (1, 3) Absorption and (2) luminescence spectraof (1,
2) CaF, : Ce* and (3) CaF, : (Yb3* + Ce®) crystals. A
YAG : Nd laser (A = 266 nm) was used for pumping.
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The capture cross section can be roughly estimated
using the formula[7]

g=4R,5 (1)
3
where | is the mean free path of a charge carrier in the
matrix and R is the capture radius where the kinetic
energy of afree carrier becomes equal to its potentia
energy in the field of the capture center.

To calculate R, we introduce the concept of the
effective charge of a capture center, which takes into
account the electron affinity and the type of impurity
center involved. The results of the calculations are
listed in the table.

The calculations show that the efficiency of electron
capture by the cubicY b3 impurity center isgreater than
that by the tetragonal Yb center. We also see that the
smallest cross section corresponds to the hole capture
by the cubic center; therefore, the formation of thiscen-
ter will stabilize the ytterbium ion in the bivalent state.
In the model of point charges, it is difficult to estimate
the hole capture cross section for the Yb?* ion in a tet-
ragonal environment due to the presence of a compen-
sating ion at the nearest neighbor interstitial site. How-
ever, a high efficiency of free-hole capture should be
expected in this case.

The above assumptions are fully confirmed experi-
mentally. Figure 2 shows the luminescence spectrum of
a CaF, : Ce* crystal; this spectrum is typical of atet-
ragona impurity center [2]. In the absorption spectrum
of samples exposed to the fourth harmonic of YAG : Nd
laser radiation, a wide band is observed in the range
320470 nm, which overlaps with the band of the radi-
ative 5d-4f transition of the Ce** ion and is associated
with pumping-induced color centers. However, this
band is absent in the spectra of crystals additionally
activated by Yb** ions and exposed to UV radiation
under the same conditions. For these crystals, an
absorption band with a maximum at 360 nm is
observed; according to the data from [3], this band is
related to the interconfiguration 4f—5d transitionsin the
Y b?* ion. For samples exposed to radiation with wave-
lengths resonant with the interconfiguration transitions
either inthe Ce* ion (in our experiments, 266 nm) or in
the Yb?* ion (353 nm), the intensity of this band
changes (Fig. 3). This fact indicates that the Y b ~—
Yb? recharging processes are reversible. Since the
absorption band of theY b?* ion overlaps with the lumi-
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1 1 1 1 1 1
315 330 345 360 375 390
A, nm

Fig. 3. Change in the equilibrium concentration of Yb?*
ions with varying pumping conditionsin a CaF, : (Yb%* +
Ce3+) crystal. A YAG : Nd laser was used for pumping at a
wavelength A equal to (1, 2) 266 and (3) 353 nm; (1) theini-
tia curve and (2) the curve after exposure for 1 h.

nescence band of the Ce®* ion, the concentration of
Y b?* ionsin the samplesis determined by the dynamic
equilibrium between these recharging processes.

A straightforward observation of the change in the
Yb ion valency (Yb3 <— Yb?") under resonant UV
excitation in the region of the 4f ~—— 5d transitions in
the Ce?* ion confirms the above model for the photody-
namic processes in fluorite crystals and the role of Y b3*
ions as recombination centers for free carriers. In com-
paring Figs. 2 and 3, we see that the free-carrier recom-

PHYSICS OF THE SOLID STATE Vol. 47 No.8 2005

bination on Yb** ions competes successfully with the
formation of color centers.
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Abstract—The influence of the cation composition on the spectral kinetics of Ce* ions in double-fluoride
crystals with a scheslite structure is studied. The importance of the photodynamic processes induced in these
crystals by the exciting radiation is demonstrated. The difference in luminescence quantum efficiency between
Ce**ionsin LiYF, and LiLuF, crystalsis found to be due to the different lifetimes of color centers produced
in the samples by the exciting radiation and to the different efficiency of the free-carrier recombination at
cerium impurity centers. It is shown that Y b%* ions can increase the carrier recombination rate in the crystals.

© 2005 Pleiades Publishing, Inc.

It iswell known that the main advantage that makes
LiLuF, : Ce** abetter material for lasersthan its closest
chemical relative LiYF, : Ce** isthat the luminescence
quantum efficiency of Ce* ionsin LiLuF, crystals is
twice as large. However, the positions of the spectra
bands of rare-earthionsin LiYF,: Ce* and LiLuF, : Ce**
and the widths of their phonon spectra are almost iden-
tical [1]. Therefore, there is no obvious reason for such
a drastic difference in the luminescence quantum effi-
ciency of these crystals within the model of isolated
impurity centers, without taking into account the tran-
sitions between the states of the activator ion and crys-
tal lattice. The occurrence of these transitionsis beyond
doubt by virtue of the mere effect of solarization of the
samples by exciting radiation resonant with theinternal
4f-5d transitions in Ce* ions [1, 2]. However, up to
now, manifestation of the former transitions in spec-
troscopy experiments with low-intensity excitation (as
compared to that in laser tests) has been considered
unlikely.

In the present paper, the results of investigating the
kinetics of the 5d—4f luminescence of Ce** ions in a
sequence of LiY,_,LulF, and LiLu,_,YbF, crystals
are reported and the reasons for the difference in the
spectral kinetic properties between Ce* ionsin various
double-fluoride crystals with a scheelite structure are
explained.

In order to study how the cation composition of the
matrix influences the spectral kinetic properties of Ce®*
ions in schedlite-structure double-fluoride crystals
LiMeF, : Ce** (Me =Yb, Lu), series of LiYF, : Ce*,
LiLuF, : Ce*, and LiLu, _,YbF, : Ce* crystals were

grown in the Crystal Growth Laboratory at Kazan State
University. The Ce* ion content in the samples varies
from 0.1 to 1 at. %, and the content of Y b** ionsranges
from O to 10 at. %. All samples were grown and pro-
cessed under identical conditions.

Luminescence was excited by either the fourth har-
monic of a YAG : Nd laser working at a wavelength
Ao = 266 nm or the second harmonic of a tunable dye
(Rhodamine-6G) laser at A, = 297, 300, 301.5, or
303.3 nm. The exciting-pulse duration did not exceed
7 ns. The kinetics of the luminescence was recorded
withaBORDO-211 digital oscilloscope and a FEU-87
fast photomultiplier. Luminescence was observed at the
wavel ength corresponding to the long-wavelength peak
in the luminescence spectrum of Ce* ionsin the crys-
tals under study (A, = 325 nm).

According to the experimenta data, the Ce** lumi-
nescence kinetics in the samples is nonexponential
(Fig. 1) and can be adequately described by the equation

t
“Tium OrecW
(1) = Ae ™+ A =2l

Vtz’

(D

Otrap

where the short-lifetime exponential component is due
to the 5d-4f transitions in Ce** ions, 1, isthe lifetime
of an excited 5d state, and the relatively long-lifetime
hyperbolic part of the time-dependent Iuminescence
intensity I(t) is dueto the recombination of free carriers
of both signs at Ce** ions [3]. According to the model
of photodynamic processesin cerium-activated crystals
[4], free carriers appear in the conduction and valence
bands due to the photoionization of impurities by the
exciting radiation and asaresult of destruction of short-

1063-7834/05/4708-1460$26.00 © 2005 Pleiades Publishing, Inc.
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living color centers [4]. The weighting factors A, and
A,, according to the same model, are linear and qua-
dratic in the excitation intensity, respectively. In
Eq. (1), Ore IS the recombination cross section, Oy, iS
the capture cross section of free carriers by traps, wis
the thermal-ionization rate of color centers, and v isthe
concentration of defect states (traps) in the crystal.

Fitting of the experimenta luminescence kinetics
curves by Eq. (1) showsthat thelifetime of an excited 5d
state of the Ce** ionin LiLuF,: Ce** and LiYF, : Ce**
crystals is not dependent on either the sample tempe-
rature or the exciting radiation wavelength and is 28 £
2.4 nsrather than 40 ns as reported previously [1]. This
new value of theradiative lifetime of the 5d states of the
Ce** ion removes the discrepancy between the stimu-
lated-radiation cross-section values for the 5d-4f tran-
sitions calculated using the luminescence spectra and
derived from laser tests.

As for the hyperbolic part of the luminescence
kinetics, experimenta difficulties prevent quantitative
determination of the above microscopic parameters of
the samples under study. However, for our purpose, itis
sufficient to consider the dependence of this component
on the experimental conditions qualitatively.

First, the effective decay time of the hyperbolic part
of the luminescence kinetics (the time during which the
luminescence intensity decrease by e times), as
expected for recombination processes, is strongly
dependent on temperature, activator ion concentration,
sample history, and excitation energy. Second, the life-
time of the color centers in LiLuF, : Ce* crystals is
much shorter than that in LiYF, : Ce* crystals. This
conclusion can be drawn from the slope of the long
(recombination) luminescence kinetics components
plotted in semilogarithmic coordinates, which charac-
terizes the thermal-ionization rate of short-living color
centers. Third, an analysis of the recombination compo-
nent of the Ce** luminescence kinetics (weighting fac-
tor A,) of sampleswith different chemical compositions
under equivalent excitation conditions shows that the
recombination of free carriers is the most effective in
LiLuF, : Ce* crystals. Thisisthe reason for the appar-

ent doubling of the energy yield of Ce** ion lumines-
cencein LiLuF, crystals as compared to that in LiYF,
crystals. Thisconclusion is supported by measurements
of the relative quantum yield under various excitation
conditions. For example, in the case of high-energy
exciting photons (A, = 266 nm) or high-power pump-
ing by lower-energy photons (A, = 297 or 300 nm), the
values of the quantum vyield in LiYF, : Ce* and
LiLuF, : Ce* differ by afactor of amost 2. However,
when the wavelength increases (at A, > 301.5 nm) or
the excitation power density decreases, the difference
in the luminescence quantum yield between the crystals
under study nearly disappears.
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Fig. 1. Typical luminescencekinetics curvesof LiYF, : ce?*

and LiLuF, : Ce®* crystals measured at 300 K at an excita-

tion wavelength of 266 nm. Vertical lines show the time
intervals corresponding to the intracenter 5d-4f transitions

in the Ce>* ion in LiYF, : Ce®* (dash lines), ~88-125 ns,
and in LiLuF, : Ce>* (solid lines), ~105-175 ns.
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Fig. 2. Luminescence kineticscurves of LiLu; _ YbF,: Ce>*

(x=0, 0.01, 0.05) crystals measured at 300 K at an excita-
tion wavelength of 266 nm.

The luminescence kinetics curves of Ce* ions in
crystals additionally activated by Yb** ions (Fig. 2) do
not exhibit the recombination component. This fact
confirms the model of suppression of solarization pro-
cesses proposed earlier in [4]. According to this model,
additional activation by Y b** ions creates a supplemen-
tary recombination channel for free carriers, which suc-
cessfully competes with the capture of carriers by
impurities and cerium ions. It is also seen from Fig. 2



1462 NIZAMUTDINOV et al.
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Abstract—The results of spectral kinetic studies of several fluoride crystals activated by Yb®* and Tm3* ions
are presented, and their possible application as cooling elements of optical refrigeratorsis discussed. Optimum
excitation conditionsfor the laser cooling effect in these crystalsare found. The cooling efficiency is established
to depend on the degree of order in the active medium. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Optical cooling has a number of advantages over
traditional methods for attaining low temperatures due
to the possibility of local heat removal and to the fact
that optical cooling does not require mechanical con-
tact between a cooled element and a cooling system
containing energy sources. The prospects of using the
optical cooling effect in the development of various
guantum electronic systems (in particular, radiation-
balanced self-cooling lasers) are of specia interest.

The idea of optical cooling based on anti-Stokes
luminescence was first suggested by Pringsheim in
1929 [1, 2]. However, this idea could be implemented
only with the appearance of lasers. By 1999, the best
achievement in this field had been cooling of optical
fibers of metal fluoride glass ZBLANP : Yb* by 65 K
from room temperature [2, 3]. However, the maximum
efficiency of laser cooling for this medium (determined
by the absorption and luminescence spectra of activat-
ing ions) appears to be quite low. The choice of the
ZBLANP : Yb® material for experiments was deter-
mined by the development of the preparation technol-
ogy rather than by the spectroscopic characteristics of
the optical fiber. Studies indicate that the maximum
cooling efficiency in other activated materials can be
much greater [2].

The aim of this study is to estimate the prospects of
applying fluoride crystals activated by trivalent ytter-
bium and thulium ions as cooling elements of optical
refrigerators.

2. EXPERIMENTAL RESULTS
AND DISCUSSION

According to [1-4], the optical cooling efficiency
(OCE) for asample at agiven temperature T isgiven by

I:)cool A— D‘F[(T)
I:>inc |:)\F[(T)

where P, isthe cooling power, P, isthe power of the
pumping (incident) radiation, n isthe quantum yield of
luminescence, L isthe length of the sample, and a(A) is
the absorption coefficient at the wavelength A of pump-
ing radiation. The quantity [A[in Eq. (1) isan average
luminescence wavelength, which can be estimated
from the luminescence spectrum I(A) of the sample as

Al(A)dA
[)\FD—IL (2)

B [ '

In the case of excitation by radiation with awavelength
greater than [A L] the emitted luminescence photon
energy is, on the average, greater than the absorbed
pumping photon energy (anti-Stokes luminescence),
which can result in cooling of the sample. It follows
from Eq. (1) that the OCE isgreater for asmaller Stokes
shift of the luminescence spectrum with respect to the
absorption spectrum (i.e. for a greater area of the anti-
Stokes wing of the absorption spectrum bounded on the
short-wavelength side by the weighted average lumi-
nescence wavelength [A [, for a higher quantum yield,
and for a greater fraction of excitation radiation
absorbed by the sample. Obviously, the quantum yield
varies and the absorption and luminescence spectra
transform with decreasing temperature. As aresult, the
temperature dependence of the OCE will vary from
sample to sample. In our experiments, the OCE was
estimated at room temperature. Specia attention
should also be paid to thefact that formula (1) estimates
only the maximum possible OCE for a given material,
which really can be much smaller because of the pres-
ence of foreign impurities causing additional heat gen-

= n(M[1-exp(-a(A, T)L)] » (1)
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Fig. 1. Absorption and luminescence spectrafor the optimum concentrations of activeionsin crystals (a) LiLuF,:Y b3+ (c=10%),
(b) KY 3F10: YB3 (c = 5%), (C) LiYF4: Tm3* (c = 4%), and (d) N,Y gFop : YB3 (C = 5%).

eration in the samples. Since luminescence reabsorp-
tion and excitation capture result in additional heat gen-
eration, these possible effects should aso be
eliminated.

As the abjects to be studied, with due regard to the
above arguments, we chose well-known crystalline
laser mediawith awell-devel oped preparation technol -
ogy [5-7]. The samples under study with chemical
compositionsKY 3F;5: YB3 (KYF:Yb), N,YgF,, : Yb3*
(NYF:Yb), LiLuF,: Yb* (LLF:Yb),and LiYF,: Tm3*
(YLF: Tm) were grown at the Crystal Growth Labora-
tory, Kazan State University. To find the optimum (for
attaining a maximum OCE) concentration of activating
ions, the content of Y b% and Tm3* ions in the samples
was varied from 0.5 to several tens of atomic percent.
The absorption and luminescence spectra of the sam-
plesintheregion of the ?F,,—?F, transitionin theY b3
ion and the *Hg—F, transition in the Tm> ion were
recorded using a scanning spectrometer on the basis of

PHYSICS OF THE SOLID STATE Vol. 47

an MDR-23 monochromator. The luminescence of the
samples activated by Y b* and Tm3* ionswas excited by
ahalogen lamp or by the third harmonic of aYAG : Nd
laser. The recorded spectra are shown in Fig. 1. From
Figs. laand 1c, we seethat, in order to obtain the max-
imum OCE for anisotropic crystals, one must use T
polarized pumping radiation.

Luminescence kinetics at room and liquid-nitrogen
temperatures were also studied. Using the results of
these studies, we established that, in LLF : Yb and
YLF: Tm crystas, the quantum yield fals with
increasing Yb%* and Tm3* concentration. On the con-
trary, theluminescencelifetimeof Ybin NY Fincreases
with concentration because of the excitation capture
effect. Thus, the optimum (for OCE) concentrations of
Yb3* ions were found to be 10 at. % for LLF crystals
and 5 at. % for KYF and NYF and the optimum con-
centration of Tm* ionsfor YLF crystalswas 4 at. %.
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Fig. 2. Optical cooling efficiency for the optimum concentrations of Yb%* and Tm3* ions in the crystal's under studly.

Numerica estimates of the cooling efficiency for the
optimum concentrations of Y b and Tm3* ions are shown
inFig. 2. It can be seen that, among the investigated crys-
talline media activated by Yb** ions, LLF : Yb®* crystals
have the maximum OCE (of about 0.16%) when
excited by tepolarized radiation in the wavelength
range 1018-1030 nm. For NYF : Yb and KYF : Yb
crystals, the cooling efficiency does not exceed 0.05%
and reaches a maximum when the samples are excited
over the wavelength ranges 1005-1017 and 1002—
1008 nm, respectively. A'Y LF crystal activated by Tm3*
ions has a substantially greater OCE efficiency as com-
pared to the ytterbium-containing samples studied ear-
lier. The expected OCE inthiscrystal isaslarge as 0.55
and 0.3% when samples are excited with = and
o-polarized pumping radiation, respectively.

Thus, for our fluoride crystals activated by Yb** and
Tm?3* ions, the OCE is more than two times the OCE for
the above-mentioned ZBLANP glass [4] calculated
using the same method as for our samples. Moreover,
we established that the cooling efficiency in crystals
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with a high degree of order, YLF and LLF, is much
higher than that in disordered glassy materias, KYF
and NYF (Fig. 3).
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Fig. 3. Optical cooling efficiency in the crystalline media
under study.
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3. CONCLUSIONS

We have shown experimentally that fluoride crystals
activated by Yb* and Tms3* ions are promising for use
as cooling elements of optical refrigerators. It has been
shown that the maximum cooling efficiency of these
crystals as determined from the absorption and lumi-
nescence spectra of the investigated samples exceeds
the corresponding efficiency of the known media for
which the laser cooling effect has aready been demon-
strated in practice. We have determined the optimum
excitation conditions for the laser cooling effect in the
investigated samples and established that the cooling
efficiency depends on the degree of order of the active
medium.
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Abstract—The electron paramagnetic resonance (EPR) spectra of mixed crystals (BaFy); _ x_y(LaF3)(CeF3)y
(y=0.001=0.1%, x = 0-0.02) areinvestigated inamagneticfield H || C, at afrequency of 9.5 GHz. Theangular
dependence of the EPR spectrum is measured for the samplewith x = 0.02. Thelines attributed to Ce** impurity cen-
terswith tetragonal symmetry and g factors (g = 0.75, g = 2.4) closeto those measured for the K 3Fy : Ce* com-
pound are separated in the complex EPR spectrum. The assumption is made that the af orementioned impurity
centers are cubooctahedral clusters of the LagF5; typein which one of the La®* ionsis replaced by the Ce>* ion.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Direct observations of the formation of rare-earth
(RE) clustersin paramagnetic crystals (MeF,), _ ,(REF3),
with the use of electron paramagnetic resonance (EPR)
have been practically impossible because of the consid-
erable broadening of the resonance lines at atrifluoride
content above x = 0.1%. From this standpoint, binary
solid solutions (MeF,); __(RF3)(REF;), with dia-
magneticionsR (R=La, Lu, Y) at alow content y of
the paramagnetic rare-earth component seem to be
more convenient objects. Kazanskii [1] analyzed opti-
cally detected EPR in absorption bands for a series of
fluoride compounds and made the inference that the
cluster formation is determined by the total trifluoride
content x + y and that the EPR spectra of RE** ionsin
these compounds at a total content x + y = 0.001 are
associated with the tetragonal positions of diamagnetic
ions in the RgF4-type clusters. In order to clarify the
potentials of the EPR method in more detail, it is expe-
dient to analyze the EPR spectra of mixed crystals
(MeF,); _«_(RF3)(REF;), with trifluoride contents x
and y varying over the widest possible ranges.

In our recent work [2], we studied the EPR spectra
of mixed crystals (BaF,), _(LaFs), activated with 0.1%

Yb3*. It was found that, even at alow content x = 0.001,
the EPR spectra exhibit additional resonance lines due
to the formation of trigonal clustersinvolving two triva-
lent ionsin barium positions and two compensating flu-
orine ions of the La®*-F—Yb*—F type. Analysis of
these lines was complicated by the fact that the initial
EPR spectrum, which was observed even at x = 0, had

a hyperfine structure caused by *Yb and ®Yb iso-
topes. However, we did not revea indications of the
lines associated with tetragonal impurity centers that
could beidentified withY b®* ionsin the L agF5; clusters.

In the present work, we studied the same mixed
crystals (BaF,), _(LaF;), but with Ce* ions serving as
paramagnetic probes. The Ce** ions do not have mag-

netic isotopes; consequently, the EPR spectrum of Ce**
does not exhibit a hyperfine structure.

2. SAMPLES AND EXPERIMENTAL TECHNIQUE

In our experiments, we used 0.1% Ce**-activated
samples at trifluoride contents x = 0, 0.001, 0.002,
0.005, 0.01, and 0.02. The EPR spectrawere measured
by the stationary method on an IRES-1003 spectrome-
ter at afrequency of =9.5 GHz and at a temperature of
=15 K. In addition, the samples at trifluoride contents
x = 0 and 0.02 were examined using the pulsed method
of electron spin echo at afrequency of =9.8 GHz and at
atemperature of =7 K.

3. RESULTS AND DISCUSSION

For pure BaF, (x = 0), werevealed asingle EPR cen-
ter with tetragonal symmetry (g, = 2.601, g, = 1.555;
for comparison, see the results obtained earlier in [3]).
Inamagnetic field applied paralld to the fourfold sym-
metry axis (H || C,), the characteristic EPR spectrum
exhibits a single line at a magnetic field strength of
=2.603 kG and adoubleline at amagnetic field strength

1063-7834/05/4708-1467$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 2. EPR spectrum of the Bay _,LaF, , « + 0.1%Ce>*
(x=0.02) sampleat different angles8 inthe plane C,~C3-C,.
The angle 6 = 0 corresponds to the magnetic field H || Cy.

of 4.355 kG (lines O, and O, in Fig. 1, respectively). It
is worth noting that the intensity of the EPR line asso-
ciated with Ce** ions in pure BaF, (x = 0) is severa
times lower than that of Yb* ionsin pure BaF,. At x =
0.001, the intensity of the line attributed to the initia
Ce** tetragonal center decreases. Moreover, there
appear additional lines, among which the two most

PHYSICS OF THE SOLID STATE Vol. 47
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intense lines are observed at magnetic field strengths
H = 3.070 and 3.188 kG (lines A and B in Fig. 1a,
respectively). A further increase in the LaF; content
leadsto asubstantial decreasein theintensity of theini-
tial lines attributed to the tetragonal impurity centers
(by approximately one order of magnitude at x = 0.01;
see Fig. 1c) and to the appearance of new additional
lines at magnetic field strengths in the range 2.5-
3.2kG. In order to determine the actual concentration
dependence of theintensity of the EPR lines of interest,
we measured the EPR spectraof Ba, _,LaF, ., , samples
at different contents x and simultaneously recorded the
EPR spectrum of the reference sample. As a reference
sample, we used a CaF, + 0.8% Er single crystal. This
crystal is a convenient reference sample, because its
EPR spectrum is characterized by only one intense line
assigned to the Er3* cubic impurity center (i.e., the iso-
tropic EPR line with g = 6.78, H ~ 1.0 kG, and aline-
width of =40 G, which is close to the linewidth for the
Ce* ions under investigation).

Aswas noted above, the sample at atrifluoride con-
tent x = 0.02 was studied in more detail. The electron
spin echo measurements demonstrated that the spec-
trum of this sample does not contain the broad isotropic
line, which was previously observed in the spectra of
the (BaF,), _,(LaF;), + 0.1% Yb** (x = 0.01) samples
[2]. Thus, there are grounds to believe that no paramag-
netic centers whose environment has a disordered
structure are formed in the (BaF,); _(LaF3), + 0.1%

Ce** (x = 0.02) samples studied in the present work.

Analysis of the angular dependence of the EPR
spectrum for the sample at x = 0.02 (Fig. 2) reveaed
additional resonance lines that correspond to paramag-
netic centers of tetragonal symmetry with g, = 0.75 and
05 = 2.4. The width of the lines attributed to these cen-
ters (~200 G) isone order of magnitude larger than that
of the O centers, whereas the intensity of these linesis
comparable to the intensity of the lines assigned to the
O centersin the sample at x = 0. The former centerscan
be associated with the formation of LagF;; clusters.
Thisis confirmed by the fact that the g factors obtained
in our case are close to those previously observed for
the KY3F,, : Ce** compound, whose lattice involves
Y sF3 cubooctahedral clusters with Ce** ions occupy-

ingY3* sites (g, = 0.77, gy = 2.46 [4]).

4. CONCLUSIONS

Thus, the EPR spectra of mixed crystas
(BaF,), _4(LaFs;), indicate that the structure of these
crystals can involve LagF;; cubooctahedral clusters.
However, the appearance of additional EPR linesis not
necessarily associated with the formation of these clus-
tersinthe crystal structure. A more compl ete identifica-
tion of the EPR spectra calls for further investigation.

No. 8 2005



ELECTRON PARAMAGNETIC RESONANCE IN MIXED CRYSTALS 1469

ACKNOWLEDGMENTS

This work was supported by the US Civilian
Research and Development Foundation for the Inde-
pendent States of the Former Soviet Union (grant no.
CRDF REC-007) and by the Research and Experimen-
tal Development (NIOKR) Foundation of the Tatarstan
Republic (project no. 0.6-6.1-192/2004(F)).

REFERENCES

1. S. A. Kazanskii, Zh. Eksp. Teor. Fiz. 89, 1258 (1985)
[Sov. Phys. JETP 62 (4), 727 (1985)]; S. A. Kazanskii
andA. I. Ryskin, Fiz. Tverd. Tela(St. Petersburg) 44 (8),
1356 (2002) [Phys. Solid State 44 (8), 1415 (2002)].

PHYSICS OF THE SOLID STATE Vol. 47 No.8 2005

2. L. K. Aminov, R. Yu. Abdulasabirov, M. R. Gafurov,

S. L. Korableva, I. N. Kurkin, S. P. Kurzin, R. M. Rakh-
matullin, and A. G. Ziganshin, in Specialized Colloque
Ampere “ NMR and EPR of Broad-Line Solids’” (Por-
toroz, Slovenia, 2003), p. 114.

. A. A. Antipin, 1. N. Kurkin, G. K. Chirkin, and

L. Ya. Shekun, Fiz. Tverd. Tela (Leningrad) 6 (7), 2014
(1964) [Sov. Phys. Solid State 6 (7), 1590 (1964)].

. V. A. lvan'shin, |I. N. Kurkin, |I. Kh. Salikhov, and

Sh. 1. Yagudin, Fiz. Tverd. Tela(Leningrad) 28 (8), 2580
(1986) [Sov. Phys. Solid State 28 (8), 1448 (1986)].

Trandated by N. Korovin



Physics of the Solid Sate, Vol. 47, No. 8, 2005, pp. 1470-1472. Translated from Fizika Tverdogo Tela, \ol. 47, No. 8, 2005, pp. 1415-1416.
Original Russian Text Copyright © 2005 by Dzholdoshov, Kidibaev, Koroleva, Cherepanov, Raikov, Ivanov, Ryabukhin.

PROCEEDINGS OF THE XII FEOFILOV WORKSHOP

“SPECTROSCOPY OF CRYSTALS ACTIVATED

BY RARE-EARTH AND TRANSITION-METAL IONS’
(Yekaterinburg, Russia, September 22-25, 2004)

| onoluminescence of Eu#*—Eu3* Clusters
in NaF : Eu Single Crystals

B. K. Dzholdoshov*, M. M. Kidibaev*, T. S. Koroleva**, A. N. Cherepanov***,
D. V. Raikov*** V. Yu. lvanov***, and O. V. Ryabukhin***
* |ssyk-Kul Sate University, ul. Abdrahmanova 103, Karakol, 722360 Kyrgyzstan
** |ngtitute of Physics, National Academy of Sciences of Kyrgyzstan, Chui pr. 265A, Bishkek, 720071 Kyrgyzstan
*** Ural State Technical University (UPI), ul. Mira 19, Yekaterinburg, 620002 Russia
e-mail: tch@dpt.ustu.ru

Abstract—The radiation-impurity modification of NaF : Eu crystals resultsin the formation of optically active
planar heterostructures with a complex set of luminescence centers, including, in particular, clusters of the

Eu**—Eu®* type. The luminescence spectra of Eu?*—Eu®* centers exhibit bands at wavelengths of 409 and
442 nm, which are associated with Eu?* ions in nonequivalent crystallographic positions, and aband at awave-
length of 610 nm, which is attributed to Eu* ions. The luminescence spectra of irradiated NaF : Eu samples
contain a broad band with a maximum at 506 nm due to the presence of F, + F; color centersin the crystal.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In 1955, Ranciman [1] and, afew years later, Kap-
lyanskii and Feofilov [2] started investigations into the
optical and luminescence properties of NaF : U crys-
tals. These investigations were continued by other
researchers [3-9], who used new effective d- and f-ele-
ment coactivators for impurity uranium ions and
revealed a low isomorphic capacity of NaF crystals
with respect to rare-earth ions, such as Eu®*, Sm®,
Gd**, Ce?**, and Tb** [5, 6, 8]. The photoluminescence
and excitation spectra of these crystals were investi-
gated, the electronic structure of the luminescence cen-
ters was elucidated, and their spatial models were pro-
posed in [1-8]. In particular, Pisarenko and Potapenko
[5, 6] observed the photoluminescence spectrum of
NaF : Eu crystalsin the wavel ength range 500700 nm.
This spectrum exhibits a minimum at a wavelength of
608.7 nm, which corresponds to the transition °Dy —
’F, in Eu®* ions, and contains bands at wavelengths of
612.8, 614.9, 624.6, 635.6, 640.6, 649.6, and 654.1 nm.
It has been found that NaF activated crystals contain
Eut*—Ce?**, Sm3**—Ce**, and Ho**-Ho** pair centers[8].
In the present work, we studied the NaF : Eu crystals
used earlier by Pisarenko [8]. Our investigations were
performed using the radiation-impurity modification of
these crystals with excitation sources characterized by
a higher radiation density (nitrogen ion beams), which
allowed us to observe luminescence bands associated
with the Eu?*—Eu®* clusters against the background of
the intense bands attributed to radiation-induced color

centers. This paper reports on the results of these inves-
tigations.

2. SAMPLE PREPARATION AND
EXPERIMENTAL TECHNIQUE

We studied NaF : Eu single crystals with the
europium (Eu,Os3) content in the batch being as high as
0.01%. The crystals were grown in air in platinum cru-
cibles by the Stockbarger—Bridgman method. These
crystals were placed at our disposal by V.F. Pisarenko.
The absorption spectra of the sampleswere recorded on
a Helios Alfa spectrophotometer. The samples were
irradiated with 10-MeV nitrogen ions at 300 K. The
ionoluminescence spectra of NaF : Eu samples were
measured using a setup designed on the basis of a
cyclotron situated at the Ural State Technical Univer-
sity (Yekaterinburg, Russia). The setup includes abom-
bardment chamber and a detection system, which con-
sists of an Oriel polychromator and a charged-coupled
device (CCD) linear array. Surface layers of the sam-
pleswere colored during irradiation with fluences of up
to 10% cm=2.

3. RESULTS AND DISCUSSION

Figure 1 shows the absorption spectra of the
NaF : Euinitial sample and the same sample irradiated
with nitrogen ions during recording of theionolumines-
cence spectrum. The initial crystals were transparent
over the entire visible and near-infrared ranges.
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Europium impuritiesin the NaF crystalswereidentified
from the absorption band located in the range 295—
305 nm, which is associated with charge transfer in
Eu®*—0? complexes [6, 8]. The absorption spectrum of
the NaF : Eu crystals irradiated with accelerated nitro-
gen ion beams exhibits dominant bands assigned to
radiation-induced color centers. These bands are
observed at a wavelength of 340 nm (F centers) and at

506 nm (F, + F; centers).

The ionoluminescence spectrum of the NaF : Eu
crystals (Fig. 2) includes a series of intrinsic and impu-
rity luminescence bands. A weak ultraviolet lumines-
cence band is observed in the range 275-330 nm with
maximain the vicinity of 300 nm. This band coincides
both with the band attributed to charge transfer in the
Eu**-0O?* complex, which manifests itself in the
absorption spectra (Fig. 1), and with the well-known
Fischer band located at a wavelength of 285 nm and
assigned to O? ions. The luminescence band observed
at a wavelength of 479 nm is attributed to H centers,
which are associated with interstitial halogen atoms|[3],
whereas the band revealed at 660 nm is due to the lumi-
nescence of F, + F; centers [3]. Apart from these
bands of intrinsic luminescence, the ionoluminescence
spectrum contains several bands with maxima in the
blue spectral range at wavelengths of 409 and 442 nm,
which can be attributed to Eu?* ions located in non-
equivalent crystallographic positions, and aband in the
red spectral range (at ~610 nm). Thelatter band is posi-
tioned close to the band attributed to Eu® ions
(608.4 nm), which was previoudy revealed for the
same crystals by Pisarenko [8]. The other bands of the
Eu®* ions, which were observed by Pisarenko [8], very
weakly manifest themselves in the spectrum because of
the intense luminescence of color centers. The appear-
ance of the luminescence band attributed to Eu?* ions
can be associated with the formation of Eu?* ionsdueto
the reaction Eu®* + e in surface layers of the NaF : Eu
crystals. This brings about the formation of heterova-
lent cluster centers in the form of Eu?*—Eu®* pair cen-
ters, which are similar to the Eu>*—-Ce?*, Sm?*—Ce**,
and Ho**—Eu3* pair centersinthe NaF crystals[8]. Asa
model of pair centers in NaF and other alkali halide
crystals, Pisarenko proposed to use heterovalent cluster
centers consisting of apair of unlikerare-earth ions, for
example, Ho** and Eu?* in NaBr [8]. By analogy with
thismodel, we can also propose two possible model s of
aheterovalent cluster center consisting of an Eu?*—Eu®*
pair with vacancy—i mpurity compensation for an excess
charge of Eu?* and Eu®* activators (Fig. 3). The excess
charge of the cluster (Eu?*, Eu®*) in the NaF lattice is
compensated for either through the vacancy mecha-
nism (Fig. 3a) or by the impurity O* ions (Fig. 3b).
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Fig. 1. Absorption spectra of (1) unirradiated and (2) irradi-
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Fig. 2. lonoluminescence spectrum of the NaF : Eu crystal.

Fig. 3. Models of Eu¥*—Eud* pair centers in NaF crystals
with compensation for an excess charge by (a) vacancies of
sodium ions and (b) impurity oxygen ions substituting for
fluorine ions: (1) F, (2) Na*, (3) Na vacancy, (4) 0%,
(5) Eu?*, and (6) Eu®*.

4. CONCLUSIONS

Thus, we investigated the radiation-stimulated
effectsin NaF : Eu crystals activated by europium ions.
The investigations demonstrated that the radiation-
impurity modification of these crystals results in the
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formation of active surface planar heterostructureswith
a set of effective luminescence centers over a wide
spectral range (250-650 nm).
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Abstract—The results of comparative investigations into the scintillation and optical properties of bulk, fiber,
and nanosized NaF-U crystals are presented. Fiber and nanosized samples of the NaFU crystals are prepared
for thefirst time and show considerable promise for practical applicationsin radiation technology. © 2005 Ple-

iades Publishing, Inc.

1. INTRODUCTION

Sodium fluoride single crystals activated by d and f
elements have been known as promising optical mate-
rials for various practical applications. The most
research attention has been focused on uranium-acti-
vated sodium fluoride crystals. In the late 1950s, Feo-
filov [1] initiated active research into these materialsin
Russia. A characteristic feature of NaF-U crystalsis a
high specific light yield of scintillations, which makes
it possible to use these materials for effective detection
of ionizing radiation. However, practical implementa-
tion of the results of investigationsinto the properties of
Na—U materials presents considerable difficulties
associated with the geometric shape and sizes of the
crystals. One method for solving this problem is to
design NaF—U materials of known compositionsin new
geometric configurations, for example, in the form of
fibers or nanoobjects. A distinguishing feature of fibers
and nanoobjectsisan increased ratio of the surface area
to the volume of the crystal. Since the surface of the
crystal structure is considered a defect, it can be
expected that a number of the physical properties of
fiber and nanosized crystals will differ from those of
bulk samples.

In this work, we compared the main optica and
scintillation properties of bulk, fiber, and nanosized
Na—U crystals.

2. OBJECTS OF INVESTIGATION
AND EXPERIMENTAL TECHNIQUE

The objects of our investigation were bulk, fiber, and
nanosized crystals of uranium-activated sodium fluo-
ride.

Bulk Na—U single crystals were grown using a
modified Kyropoulos method (the step growth method
[2]) from a melt (special-purity grade) in a platinum
cruciblein air at the Institute of Physics of the National
Academy of Sciences of Kyrgyzstan (Bishkek, Kyrgyz-
stan).

Fiber NaF-U single crystals were grown by the
micro-pulling-down (MPD) and laser-heated pedestal
prepared (LHPG) methods from previously grown bulk
NaF-U single crystals at the Physicochemical Labora-
tory of Luminescent Materials of Lyon University
(Lyon, France) for thefirst time. The MPD method con-
sists in pulling the melt of a raw materia through a
microorifice with the use of a crystal seed. The pulling
speed and the temperature of the melt determine the
thickness of the fiber. In essence, the LHPG method is
asfollows. A previously prepared thin single crystal is
subjected to local heating with a laser beam under
simultaneous stretching. It is in this region of laser
heating that a new crystal structure is formed in the
sample and the sample itself lengthens and thins.

1063-7834/05/4708-1473$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Optical absorption spectra of NaFU crystals: (1)
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Fig. 3. Pulsed cathodoluminescence spectraof Na—U crys-
tals: (1) bulk crystals, (2) MPD fibers, (3) LHPG fibers, and
(4) nanocrystals.

Nanosized NaF—U crystals were prepared by laser
sputtering of previousy grown bulk NaFU single
crystals at the Institute of Electrophysics (Ural Divi-
sion, Russian Academy of Sciences, Yekaterinburg,
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Russia). Nanocrystals were deposited on a molybde-
num substrate in the form of athin layer. The nanocrys-
tals were 20-30 nm in size (estimate).

Theluminescence and optical properties of the sam-
ples were investigated by measuring and analyzing the
optical absorption, x-ray luminescence, pulsed cathod-
oluminescence, thermally stimulated luminescence,
and thermally stimulated exoel ectron emission spectra.

3. RESULTS AND DISCUSSION

Figure 1 shows the optical absorption spectra of the
bulk and fiber Na—U crystals. As can be seen from this
figure, the spectra contain three absorption bandsin the
wavelength ranges 200-390, 500-560, and 900-
1050 nm. The absorption band observed in the range
200-390 nm can be caused by charge transfer from
impurity centersto color centers (F centers). This band
most clearly manifests itself in the spectra of the bulk
crystals and LHPG fibers. The absorption bands of F
color centers in the MPD fibers are characterized by a
considerably lower intensity. The absorption band
located in the range 500-560 nm is attributed to the ura
nium impurities and exhibits identical intensity for dif-
ferent types of samples. In the range 900-1050 nm, the
absorption is enhanced in the MPD fibers and is
reduced in the LHPG fibers as compared to the bulk
crystals, which is most probably associated with the
surface effects.

Thex-ray luminescence spectraof the bulk and fiber
NaFU crystalsare presentedin Fig. 2. Themajor lumi-
nescence centersin these samples are uranium ions that
exhibit characteristic luminescence in the range 520—
600 nm. It is evident from these spectra that the shape
and sizes of the samples affect theintensity of the bands
attributed to uranium ions. For example, the bands
located for the bulk samples at wavelengths of 538,
541, 549, and 571 nm are practically absent in the x-ray
luminescence spectra of the fiber crystals. This can be
associated with the profound effect of the surface onthe
energy and charge states of uranium ions and on the
conditions providing for compensation of an excess
charge of the U%* ions.

The pulsed cathodoluminescence spectra of the
NaF-U samples are depicted in Fig. 3. Sincethe energy
density observed upon excitation of pulsed cathodolu-
minescence was substantially higher than that of x-ray
luminescence, it became possible to initiate lumines-
cence even in nanosamples. The higher density of the
excitation energy gained by the crystal in the form of
pulses favors the manifestation of electron—phonon
interactions: the pulsed cathodoluminescence spectra
exhibit many additional narrow peaks against the back-
ground of the broad luminescence bands. In our exper-
iments, the intensity of the peaks attributed to electron—
phonon interactions exceeded the instrumentation
noise level by two to three orders of magnitude. The
differences in the pulsed cathodoluminescence spectra

No. 8 2005
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Fig. 4. (1) Thermally stimulated luminescence spectra and
(2-4) thermally stimulated exoelectron emission spectra of
NaFU crystals: (2) bulk crystals, (3) LHPG fibers, and
(4) nanocrystals.

of the bulk, fiber, and nanosized crystals can be caused
by the mutua influence of radiation-induced impurity
centers and the surface of the samples.

Figure 4 shows the thermally stimulated lumines-
cence and exoelectron emission spectra of the Na—U
crystals. These spectra differ significantly for the bulk,
fiber, and nanosized samples. This can be explained by
the fact that surface traps in samples of different geo-
metric configurations have different structures.
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4. CONCLUSIONS

The results of investigations into the scintillation
and optical properties of fiber and nanosized crystals
indicate possible fields for their application. In particu-
lar, scintillation screens of high spatial resolution have
been fabricated on the basis of fiber NaF—U crystalsand
probes for cytological, microbiological, and medical
investigations have been designed on the basis of
nanocrystals.
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Abstract—The local structure of Zn?* impurity centers in a uranium-activated lithium fluoride crystal LiF :
U,Zn is calculated in the framework of the shell model in the pair potential approximation. © 2005 Pleiades

Publishing, Inc.

1. INTRODUCTION

Uranium-activated lithium fluoride crystals LiF :
U,Me (Me = Zn, Cu, Ti, Sr, Sc, etc.) have been impor-
tant objects of investigation for many years [1, 2].
These materials are widely used as scintillators and
radiation detectors. The main component of lumines-
cencecentersin LiF : U,Mecrystalsisthe Us*ioninthe
form of aUOgF [2] or UOg [1] complex. Oxygenisaso
a necessary component of the uranium-containing
luminescence center. The UO, complexes can be stabi-
lized and, in some cases, sensibilized by coactivating
impurities, such as Zn, Cu, S, Ti, etc. This indicates
that, in LiF : U,Me fluoride crystals, the luminescence
center asawholeis acomplex cluster.

Hexavalent uraniumions U%* in the crystal lattice of
lithium fluoride exhibit intense luminescence in the
green spectral range. In this case, the luminescence
spectrum consists of severa tens of lines associated
with the U®* ions. The intensity redistribution of these
lines is primarily affected by coactivating impurity
ions. However, the luminescence spectraof LiF : U,Me
do not contain lines characteristic of the mgjority of the
af orementioned coactivatingions. The exceptionispro-
vided by Ti** [3], Cu* [3], and Zn?* [4] ions. In the
luminescence spectra, the first two types of ions mani-
fest themselves in the form of weak broad lines
observed in the wavelength range 460-500 nm,
whereas zinc ions are characterized by a single narrow
line at awavelength of 487 nm. This characteristic fea-
ture of Zn?* ions distinguishes them from the other
coactivating ions in LiF : U,Me fluorides and makes it
possible to investigate their local structure.

Inthis paper, we analyze thelocal structure of aZn?*
impurity center in a uranium-activated lithium fluoride
crystal LiF : U,Zn. Thision is considered as a regional
center in acomplex cluster involving Zn?* and U%* ions

with their nearest environment (several hundreds of
ions).

2. CALCULATION TECHNIQUE AND RESULTS

The structure of an ionic crystal composed of ions
with closed shells can be adequately described in the
framework of the shell model in the pair interaction
approximation [5]. Within thismodel, we cal cul ated the
local structure of aZn?* impurity center inaLiF : Zn?*
crystal.

Theenergy of pair interactions can berepresented in
the form

B = Aexp(_rij/p)_Cri_je+qiqj/rija 1

where thetwo first terms describe a short-range interac-
tion, namely, the short-range repulsion (in the form of
the Born—-Mayer potential), and the van der Waal sinter-
action, respectively, and the third term characterizesthe
Coulomb interaction. The quantities A, p, and C are
parameters of the model.

In our calculations, the Li* cations are considered to
berigid and the F-anions are treated in the shell model.
Theion charges correspond to an ionic bond, the charge
of thelithiumionistaken as +e, and the sum of charges
of the core and the shell of the F~ion is equal to —e.
Within the shell model, the interaction between the core
and the shell of the F~ion can be written as

1
Ecore—shell = ékrzl (2)

where r isthe displacement of the shell with respect to
the core of the fluorineion and k is the parameter of the
model. The short-range interaction between the cations
is disregarded because they are separated by large dis-
tances.

1063-7834/05/4708-1476$26.00 © 2005 Pleiades Publishing, Inc.
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The calculation was performed with the GULP pro-
gram [6] taking into account the interaction parameters
and the charges of the core and the shell of the fluorine
ions. The numerical values of these parameters are pre-
sented in Table 1. The Coulomb interaction included in
the GULP progran was calculated by the Ewad
method. The use of the above parameters for calculat-
ing the structure of the pure LiF crystal leads to good
results (Table 2).

The Zn?* impurity ion substitutes for the Li* cationin
the hogt lattice of the crysta (Fig. 1) with the generation
of an excess positive charge. In these calculations, the
charge compensation was considered to be nonlocal.

Thelocal structure of an impurity center in the crys-
tal was calculated with the GULP program using the
Mott—Littleton method. According to the computa
tional agorithm, region 1 includes an impurity center
and its surrounding ions, has aradius of 10 A, and con-
tains485ions. Region 2, inwhich the relaxation of ions
islimited, has aradius of 20 A. The coordinates of the
ions in region 1 are determined by minimizing the
energy of the crystal lattice. The calculations demon-
strated that the replacement of the Li* ion by the Zn?*
ion, which has a close value of the radius (0.76 and
0.74 A [7], respectively) but an excess positive charge,
resultsin asignificant distortion of the crystal latticein
the vicinity of theimpurity center. Figure 2 presentsthe
radial displacements of the ions in the vicinity of the
Zn?* impurity center. Here, it is convenient to use the
notion of an orbit, namely, a group of ions capable of
transforming into each other through any symmetry
operation of the point group of animpurecrystal. Inthis
case, each of the first eight coordination shells around
theimpurity ion is considered an orbit and more distant
coordination shells can involve two orbits.

* Zn2+
@

O Lt

Fig. 1. %t impurity center in the LiF crystal.
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Table 1. Parameters of the model
Core—core interaction
lons AoV 0. A C. eV A Irrl;erz]rggtign
Li*—F 443.830 | 0.2714 0.00 10.0
—F 911.690 | 0.2707 13.80 10.0
Zn**—F~ | 1482.300 | 0.2664 0.00 10.0
Core—shell interaction
k,ev A= | Shell charge, e| Core charge, e
FeoreFsnll 24.36 -1.378 0.378

Table 2. Lattice parameter a, elastic constants C;;

ij» and per-
mittivities € of the LiF crystal

a A

Cy1, GPa

Cy GPa

Cas GPa

€

€

Calculation
Experiment

4.024
4.028

125
112

58.9
63.2

58.9
45.6

8.5
8.9

19
19

2005

The first orbit (six fluorine ions) contracts (Fig. 1),
whereas the second orbit (12 Li* ions) expands. This
orbit experiences the maximum displacements (by
approximately 0.13 A) due to the repulsion from the
impurity ion with an excess positive charge. After the
seventh orbit (Fig. 2), the radia displacements become
small and do not exceed 0.02 A. The coordinates of the
ions in the orbits of the pure and distorted lattices are
listed in Table 3 (given are the coordinates of one ion
from each orbit).

As follows from the calculations, the radial dis
placements of the orbits in the vicinity of the Zn?*

0.04 T T T T

1 1
0 5 10 15 20 25
Orbit number

Fig. 2. Radia displacements of the orbitsin the vicinity of
theimpurity center. The positive sign of the quantity dR cor-
respondsto adecreasein theradial coordinate (the displace-
ment toward the impurity center).
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Table 3. Coordinates of theionsin the orbits for the pure and distorted LiF lattices (in A)

Orbit lon LiF (pure lattice) LiF : Zn?* (distorted lattice) Number
number type X y z X y z inctn;wézogrsbit
Zn 0 0 0 0 0 0
1 F 2.0119 0 0 2.0046 0 0 6
2 Li 2.0119 2.0119 0 2.1045 2.1045 0 12
3 F 2.0119 2.0119 2.0119 1.9948 1.9948 1.9948 8
4 Li 4.0238 0 0 4.0658 0 0 6
5 F 4.0238 2.0119 0 4.0295 2.0108 0 24
6 Li 4.0238 2.0119 2.0119 4.0521 2.0257 2.0257 24
7 Li 4.0238 4.0238 0 4.0554 4.0554 0 12
8 F 4.0238 4.0238 2.0119 4.0189 4.0189 2.0086 24
9 F 0 6.0358 0 0 6.0367 0 6
10 Li 6.0358 2.0119 0 6.0546 2.0188 0 24
11 F 6.0358 2.0119 2.0119 6.0347 2.0119 2.0119 24
12 Li 4.0238 4.0238 4.0238 4.0347 4.0347 4.0347 8
13 F 6.0358 4.0238 0 6.0364 4.0253 0 24
14 Li 6.0358 4.0238 2.0119 6.0486 4.0309 2.0181 48
15 Li 0 8.0477 0 0 8.0576 0 6
16 F 6.0358 4.0238 4.0238 6.0342 4.0236 4.0236 24
17 F 2.0119 8.0477 0 2.0115 8.0458 0 24
18 Li 8.0477 2.0119 2.0119 8.0570 2.0153 2.0153 24
19 Li 6.0358 6.0358 0 6.0462 6.0462 0 12
20 F 6.0358 6.0358 2.0119 6.0325 6.0325 2.011 24
21 Li 8.0477 4.0238 0 8.0587 4.0292 0 24
22 F 8.0477 4.0238 2.0119 8.0436 4.0218 2.0113 48
23 Li 6.0358 6.0358 4.0238 6.0439 6.0439 4.0300 24
24 Li 8.0477 4.0238 4.0238 8.0605 4.0304 4.0304 24

impurity ion are stabilized beginning from the eighth or
ninth orbit, i.e., beginning at a distance of ~4—6 A from
the central Zn?* ion (Table 3). This suggests that the
nucleus of the Zn?* regional impurity center can consist
of 116-122 ions involved in its nearest environment
and located in these eight or nine orbits. These orbits
can be treated as a boundary between the stable Zn?*
region and the region around the (UOg)® ion responsi-
ble for the nonlocal compensation for an excess posi-
tive charge of the Zn?* ion.
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Abstract—Initially motivated by the commercial need for cheaper and environmentally friendly luminescent
materials for application in fluorescent lamps and cathode ray tubes, the search for new matrices for optically
active species has penetrated a scope far beyond “classical” solid-state materials. Porous matrices with voids
ranging from the nano- to the microscale have become the subject of recent investigations. Crystalline, amor-
phous, organomorphous, nanosized matrices and matrices, which are amorphous on the atomic level but have
atrangdlational superstructure on the microscale (zeolites, sol-gel materials, polymers, nanoparticles and pho-
tonic crystals), are addressed. The optical technologies covered in this research range from mercury free dis-
charge lamps, plasma displays, organic and polymeric light emitting diodes, and novel laser materials to bio-
photonics and the new generation of white emitting AlGaN solid-state light emitting diodes (LEDs). Due to
their specific properties (e.g., high quantum yields, narrow line emission), rare-earth ions are indispensable
components of these approaches, be it in the nanoscaling zeolites, sol-gel matrices, or as the active component
in optically functional polymers. Optical properties of hybrid materials composed of either rare-earth ions as
such, their complexes, or nanoparticlesin these matrices, with potential application in the fields mentioned, will

form the scope of the present report. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The major applications of luminescent materials
have traditionally been in lighting, displays, and fluo-
rescent paints. In the last decades, several high-tech and
completely new applications have added to this scope,
e.g., communication technologies, organic light emit-
ting diodes (OLEDs), biolabels, or the recent white
light emitting diodes, of which rare-earth ions, in par-
ticular, phosphors, are an essential component. Pres-
ently applied phosphors are highly optimized materials,
often at the physical boundaries. However, some
visions, such as quantum yields in excess of 100%
(multiphoton emitters, [1]) or appreciably cheaper
material costs, remain to be tackled. In many applica
tions of phosphors, maintenance of high efficiencies on
reducing the grain size to the nanoscale is desirable
(e.g., in OLEDs [2], in biolabels based on fluorescent
nanoparticles [3], or in the production of transparent
polymer hybridsfor fiber communication [4] and phos-
phor-converted white LEDs).

Considering the enormous amount of known and
documented luminescent materials and phosphors,
respectively, it seems worthwhile to assume a some-
what more distant view of the matter when evaluating
approaches to surpass “classical” materials in one or
another optical property. The view taken in this report,
as summarized in Fig. 1, should be considered a guide-

L Thisarticle was submitted by the authorsin English.

line for the imagination rather than one of high preci-
sion. While the rare-earth ions in the mentioned classi-
cal applications are guests in various (micro-) crystal-
line solids, the sizes of occupied sites enter the
consideration mostly as arestricting factor. The effects
imparted by the size restriction may very well be bene-
ficia, e.g., viathedesired crystal field splitting, rigidity,
etc. However, asizerestriction to afew hundred picom-
eters at best excludes a wide range of highly efficient
luminescent entities from the corresponding classical
applications. It is worth mentioning dye molecules,
molecular ions, and nanoparticles, which cannot be
used in many applications due to morphological, chem-
ical, textural, handling, or stability problems.

Nano-, meso-, and microporous matrices (gener-
ously including glasses and polymersin this scope) can
provide a solution to the size dilemma. We believe that
hybrid materials composed of a porous matrix and
occluded guests as listed above will open a range of
applicationsin which, on one hand, materials with typ-
ical solid-state properties will be desirable but, on the
other hand, the molecular or nanoscal e properties of the
guests will need to be retained. In summary, the goals
in investigating the luminescence in microporous hosts
are asfollows:

(i) to make chemically “impossible’” luminescent
species possible (isolated ions, complex ions, imbed-
ded and stable nanoparticles);

1063-7834/05/4708-1479$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Range of voids provided for the accommodation of
luminescent entities.

(i) to describe the confinement behavior (cavity and
size dependence, influence of matrix);

(iii) to search for possibilities for exploitation, i.e.,
potential fields of application: new (VUV) phosphors
(for plasma display panels, quantum cutters downcon-
verters for lighting), transparent luminescent polymer
rare-earth composites from the dissolution/dispersion
of complexes and nanophosphors (for OLEDS, signal-
ing, marking, safety, fiber amplifiers, LEDs), and near
infrared (NIR) and upconverted emission (for lasers,
biolabeling).

As it would be the scope of this report to cover all
aspectsindicated in Fig. 1 and the goalsin the previous
list, we will exemplarily focus on the accommodation
of metalloorganic complexes and fluoride nanoparticles
in zeolites, the sol—gel (SG) matrix, and polymers.

2. METALLOORGANIC ZEOLITE HYBRIDS

Zeolites are microcrystalline solids mainly com-
posed of Si, Al, and O, which form typical cavities and
channels of molecular dimensions within the crystals.
Certainly the most striking feature of zeolite structures
is their unique topology with well-ordered, hospitable
cages and channels with diameters in the nanometer
regime; in addition to their structura features, they
exhibit useful intrinsic chemical and physica proper-
ties (e.g., easy accessihility, relatively good stability,
and alarge band gap). In the area of optical materials,
zeolites will be of particular interest when specific dis-
tances or a spatia pattern of atomic, ionic, molecular,
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or nanoscaled quest species are required in order to
obtain the desired physical effects.

Freeions can bereadily accommodated into the cav-
ities of zeolite X and Y (Fig. 2a, [5]). To this end, very
efficient UV emitters based on Ce** incorporation and
green emitters using the pair Ce*, Th* with quantum
efficienciesnear 100% inthe UV and 80%inthevisible
range have been redlized [5, 6]. However, these investi-
gations also reveal the need for alternative sensitization
schemes, e.g., for lamp applications.

Rare-earth complexes with ligands rather than Ce**
as sensitizers can be used to improve the absorptivity.
As ligands we have investigated aromatic carboxylates
and 3-diketonates; for completeness, the work on inor-
ganic anions (vanadates, molybdates, tungstates)
should also be mentioned, in which the transition met-
alates possess the O —» M*V! charge transfer statesiin
the UV range, which can be exploited for sensitization
[7-9]. The organic ligands studied provide high absorp-
tivities due to the allowed T—1t* transitions; the corre-
sponding molecular singlet states after spin—orbit-cou-
pling-mediated intersystem crossing into a molecular
triplet state could very efficiently transfer their energy
to therare-earth in [10] and yielded very high quantum
efficiencies. Such complexes cover a wide range of
excitation wavelengths, both through appropriate
choice of the parent ligand itself or appropriate substi-
tution. Metalloorganic inclusion complexes have
recently been reviewed [11]. Figures 2b and 2c¢ present
an illustrative example of the inclusion of
Eu(ttfa),phen, which exhibits a quantum yield of
approximately 80% [12]. Of interest is the overlap of
the hatched area, which represents the emission spec-
trum of a commerciad UV-LED with the excitation
band: obvioudly, this rare-earth-complex—zeolite
hybrid can be an interesting component in UV-LED
driven optical devices, e.g., in phosphor-converted
white LEDs, if imbedded in the polymer dome in front
of the LED chip.

3. FLUORIDE NANOPARTICLES
IN AN SG MATRIX

Asopposed to zeolites, SG materia s are amorphous
hosts with additional degrees of freedom in guest size.
While nearly all of the inclusion candidates depicted in
Fig. 1 are asubject of ongoing research, we will present
here arecent exampl e of fluoride nanoparticle synthesis
in the SG matrix. Our studies have thus far been
restricted to SiO,-based matrices.

The use of rare-earth fluorides in optical applica
tions is often hampered by hydrolytic and photochemi-
cal instability, but due to their intrinsic properties (low
phonon frequencies, wide band gap), the fluoride | attice
is often the most efficient or even indispensable, asis
the case for rare-earth-based multiphoton emission
(MPE), which addresses the desire for qguantum yields
inexcessof 100% 1, 13, 14]. Ashigh energy excitation
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Fig. 2. Intrazeolite luminescence: (a) Th%*, Ce>* doped and calcined zeolite X (up to 16 Ln®*/UC [6]); (b) Eu(ttfa)gphen; (c) model
of Eu(ttfa)sphen occluded in the zeolite X supercage, [ Eu(ttfa)sphen-X]; and (d) optical properties of [Eu(ttfa)sphen-X]; the hatched
area corresponds to the emission of acommercial UV LED (Nichia).

sources are required for MPE, from the point of view of
application, only the Xe,-excimer emission with amax-
imum at 172 nm seemsfeasible. At thiswavelength, the
absorptivity of most fluorides is unsatisfying. One
approach to the problem isto coat the fluoride particles
to protect and at the same time sensitize the emission.
In order to accomplish energy transfer from the coating
to the interior, the coating has to be very thin, which
would in turn again be at the cost of absorptivity. To
enabl e short transfer distances but high coating-to-core
ratios, the particles have to be very small. Thus, core-
shell nanoparticles may offer a conceivable solution.
The generation of rare-earth fluoride particlesin the SG
matrix is particularly promising, because, on one hand,
the matrix can be made transparent to the Xe, excimer
discharge and, on the other hand, secondary chemical
mani pulation of the particlesin this open pore structure
should be possible without risk of uncontrolled particle
growth.

The synthesis of the (Cd, Eu)F; nanoparticles, one
promising MPE candidate, was performed by altering a
method in the literature describing the preparation of
nano-LaF; in a SiO,-based SG matrix [15]. Astheaim
was not to manufacture glassy monoliths, the use of the
inhibiting DMF was refrained from; additionally, triflu-
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oracetic acid (H(tfa)) only yielded oxfluorides after
thermal decomposition of the Ln(tfa);-SG precursor in
our experiments. The particles formed are in the range
of 20 nm as revealed by XRD and TEM anaysis
(Fig. 3; obtained on a “Holey—Carbon”-copper net,
JEM 3010, 300 kV). Fluorides could only be obtained
by replacing acetic acid with HCI and using bis(perflu-
ormethanesulfonimide) H[(F;C-SO,),N] (H(pms))
instead of H(tfa). Coincidentally, Ln(pms); cornverts
into LnF; at ailmost the same temperature, 400°C, as
Ln(tfa),. Typically, the rare-earth content was adjusted
to 5% of the tetraethyorthosilicate used. The chemical
identity of the sample (oxifluoride vs. fluoride) was
determined by the analytical Ln : F ratio but could be
determined more readily by the emission spectra,
which in the case of the Eu-oxifluorides yield an emis-
sion pattern characteristic of oxygen-coordinated Eu®*
in aglassy matrix dominated by Eu®* D, — “F, with
a weaker and broad D, — ’F, emission (compare,
e.g., with [16]). As opposed to that, pure fluoride parti-
cles are characterized by a Dy —= F,/°Dy —= 'F,
emission ratio near 1 or even larger [17] (see Fig. 3).

Calcined (Gd, Eu)F; nanoparticle embeddingsin an
amorphous, porous SiO, matrix were consecutively
treated for the generation of a shell in an aqueous sus-
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pension. We found the following scheme to yield the
first acceptable results (S.G. = sol—gel matrix):

1. (Eug1Gdy oF3)nane-S-G. + Gd*

A, 80-90°C
—_—
(N4CHo)e

2. (EUp ;G0 oF5)ne-S.G. + GA¥*

{ [(Eup 1Gdg gF3)nano] GA(OH)3} -S.G.

/G

NG N - NN

Intensity, arb. units

0.1

1 1 1
550 600 650
Wavelength, nm

|
500

Fig. 4. Core modifications on SG-embedded fluoride parti-
cles: Gd(OH)s-coated particles after calcination; Eus*
emission at Ag, = 395 (top) and 274 nm (bottom).
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BT {[(Eo1GdyoFs)nanol GdO3} -S.G.

The calcined gels containing the fluoride particle
described in the previous paragraph (300 mg) were sus-
pended in 40 ml of a dilute aqueous solution of Gd®*
(3-10 mol/l) and a sevenfold excess of urotropine or
urea, respectively. On heating such suspensions (2 h,
80°C), homogeneous precipitation of Gd(OH); with
urotropine occurs, which is preferably formed on sur-
faces that can serve as nuclei. In the present case, the
nanoparticles adopt the role of the nucleating surface
and at least an appreciable amount of the Gd(OH); pre-
cipitateson the particles. After calcination at 500°C, the
resulting product shows a small amount of penetration
of oxygen into the core, leading to a dight decrease in
the Eu®* (°D, — "F,/°D, — F,) emission ratio on
core excitation at 392 nm, whereas on Gd®* excitation
(274 nm, 8s,, — 1) the ratio is reversed (Fig. 4).
These results show that it is possible to build up shells
around the occluded particles on one hand and, further-
more, that energy transfer is observed from the shell to
the core on the other hand. The particle efficiency
increases by some 30% on deposition of the coating,
but we expect that optimally adjusted preparative
parameters will allow even further improvements. We
would like to mention briefly that, after having taken
advantage of the unique possibility of studying these
coating effectsin the porous matrix under stable condi-
tions, we were also able to transfer some of the results
to free standing nanoparticles, whose efficiency now
very closely approaches that of their microsized coun-
terparts.
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thane is given; other emission spectra are practically identical.

4. METALLOORGANIC COMPLEXES
IN POLYMERS

Polymers are probably the most flexible host matrix
with regard to guest size. To this end, we investigated
the insertion of complexes and small phosphor nano-
particles into polyurethanes and silicones. While nano-
particles typically require surface modifications to ren-
der them compatible with hydrophobia polymers, com-
plexes with organic ligands can be readily dissolved in
the prepolymers. We can distinguish between solid
solutions and backbone anchored complexes. Dis
solved complexes will preferentially be formed with
such systems, which are coordinatively saturated, such
as the complex Eu(ttfa)gphen (see also above, metal-
loorganic zeolite hybrids). The latter could be success-
fully incorporated into silicones and polyurethanes.
Backbone support may be realized by letting reactive
substituents on the ligands react with the prepolymers.
Also conceivable would be donor—acceptor interactions
by allowing polymer donor atoms to fill the coordina
tion sphere of coordinatively saturated complexes.
Examples for backbone support are the reactions of ter-
bium saicylate Ta(O,C-C¢H,~OH); (Tb(sa);) and
terbium  p-amino-benzoate = Th(O,C-CgH,—NH,)4
(Tb(paba);), e.g., with hexamethylenediisocyanate
(HDI): Ta(O,CCgH,—OH); + 30CN-[(CH,)¢—
NCO);; Th(O,C-C¢Hs,~NH, )3 + 30CN—{(CH,)e]—-

NCO —~ Tb(O,C-CeH,~NH(C=0O)NH-[(CH,)d]-
NCO)s.

Both of the intermediates can react with polyols or
amines to form the eventual polymer [18]. The silicone
(not plotted) as well as the polyurethane composites
show very efficient luminescence (Fig. 5). The spectra
features of Eu(ttfa); are practically identical to those of
the zeolitic complexes above. Worth pointing out in
Fig. 5 is the tunable excitation obtained through the
reaction with different diisocyanates, which again
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extends into the spectral range accessible with recent
UV LEDs.

5. SUMMARY AND CONCLUSIONS

Generally, classical phosphors or luminescent crys-
tals have not yet been outperformed by host—guest sys-
tems, nanoparticles, etc. Exceptions are fields where
conventional phosphors are not applicable and thus
comparison does not apply (e.g., rare-earth-based bio-
labels, thin film electroluminescence, (metallo) organic
LEDs). However, as we tried to show with the few
examples selected, inorganic or polymer host—guest
chemistry can provide access to luminescent hybrid
materials that are impossible or difficult to employ in
conventional applications: the very efficient diketo-
nates or aromatic carboxylates may in inorganic porous
matrices or polymers become applicable to, e.g., opti-
cal sensors, luminescent paint dispersions, luminescent
markers, etc., while matrix-stabilized fluoride particles
may eventually be developed into VUV excitable phos-
phors and applications based on NIR excitation. The
evolution of an increasing demand for rare-earth-acti-
vated nanophosphors for, e.g., biolabels or transparent,
optically functional polymers currently promotes the
study of improved surface control and core-shell parti-
cles.
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Abstract—In the recent past, numerous attempts have been made to utilize nano-, meso-, and microporous
materials as hosts for luminescent guest species. The accessible spectral range now spreads from the vacuum
ultraviolet to the near infrared (NIR), if sodalites are included in this scope. Although borderline materialsin
this context with respect to pore sizes, examples of the versatility of sodalitesin accommodating small but effi-
cient luminescent entities are discussed. In particular, optical materials whose spectral range of operation is
allocated in the NIR have recently attracted our attention and will form the focus of thisreport. © 2005 Pleiades

Publishing, Inc.

1. INTRODUCTION

Zeolites are crystalline alumosilicates in which tet-
rahedral SIO, and AlO, are arranged such asto yield
amicroporous framework. Each negative charge of the
lattice brought about by an AIO, building unit is com-

pensated by a cationic speciesin the voids of the struc-
ture (see, e.g., Fig. 1); additionally, most zeolites also
readily occlude remarkable amounts of water. One of
the most prominent zeolitic materials is synthetic zeo-
lite X, which exhibits rather large supercages with a
diameter of 1200 pm. These are capable of containing
not only a high number of ions but also complexes of
these ions. The second representative in this context are
the sodalites and their derivatives, which assume a bot-
tom position with respect to the accessible cavity size
of approximately 900 pm (the distance from the center
of opposite six ring windows; see Fig. 2). Zeolites in
general are interesting as matrices for luminescence
centers owing to their stability; transparency in the UV
and visible spectral ranges; relative ssimplicity and,
therefore, cheapness of synthesis; and, last but not least,
ease of accommodation of luminescent components.
The simplest way to accomplish optical activation is by
means of an agueous ion exchange in the case of rare-
earth ions or via gas phase loading in the case of vola-
tile organic substances.

While the luminescence properties of some lan-
thanide ionsin the zeolite X matrix ([Ln—X]) have been
extensively investigated, only little is known about the
potential of rare-earth fictionalized sodalites.

L This article was submitted by the authorsin English.

With regard to luminescence efficiency, it has been
shown that the quantum output of zeolite-occluded
rare-earth ions decreases in the series [Ce-X] (100%
[1]), [Th-X] (18% [2]), [Eu-X] (<5% [3]), and [Nd-X]
(ca. 0%, own results) with decreasing energy of emis-
sion. This tendency is connected to the increase in the

Al, Si atoms (corners)

O atoms (edges\)‘ \ '.

Fig. 1. Sketch of the Faujasite structure (zeolite X). Cation
sites are indicated by spheres. Positions outside of the cub-
octahedral sodalite cages are not occupied in the zeolites X
discussed in this report.

1063-7834/05/4708-1485%$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 2. Simplified sketch of the sodalite structure.

probability of radiationless processes, in particular,
vibration relaxation [4]. In the present work, we inves-
tigate luminescence processes involving electronic
transitions of rare-earth ions in the spectral energy
range between 800—1200 nminthe near infrared (NIR),
for which the probability of vibrational relaxation will
be particularly high.

2. RESULTS AND DISCUSSION

In the zeolite X matrix, at room temperature, no
emission is observed in the case of heodymium or cou-
pled holmium—ytterbium ions. Within the zeolite, the
coordination sphere of rare-earth ions is completed by
the coordination of lattice oxygen atoms and, depend-
ing on the state of (re)hydration, occluded water. In
order to decrease the probability of radiationless pro-
cesses, it is necessary to introduce ligands with low
vibrational energies. Recently, Hasegawa and cowork-
ers observed emission of neodymium ionsin the zeolite
X matrix on complexation of Nd®* with bis-(perfluo-
rmethanesulfonimide), H[(F;C-SO,),N] [5], a ligand
without protons and thus devoid of high-frequency C—
H or N-H vibrations. Analogously, the approach cho-
sen in our work is amodification of the rare-earth envi-
ronment in crystal alumosilicate matricesin such away
asto allow luminescence processes, including electron
transitions within low-energy states.

PHYSICS OF THE SOLID STATE  Vol. 47
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2.1. Fluoride Complexesin Zeolite X

According to the literature, such processes have
good intensity in fluorides, or more generally halides,
and tungstates[6, 7]. We have thus carried out fluorida-
tion of the pair Ho**/Yb** in doped zeolite X. This pair
is of interest due to upconversion processes, the emis-
sion of a high energy photon on excitation with two or
three low energy photons; particularly desirable are
upconversion materials enabling visible emission on
excitation with NIR laser diodes.

The excitation of this system is based on a (spin-
alowed) electronic transition of theYb** ion (°F;, —=
2F,), followed by an energy transfer to a nearby elec-
tronic level of the Ho* ion (lg). At sufficiently high
excitation densities, i.e., with sufficient population of
the %l state, a consecutive transition on the same ion
can occur (°lg — 5F, or °S,), followed by an emissive
return to the ground state with the yield of a visible
541-nm photon. Alternatively, the Ho** can undergo an
intermediate relaxation to the °F state, which emits a
650-nm photon. Similar processes may aso be
observed for the pair Er®*/Y b%". Encaged, pure fluoro-
complexes were obtained from excess NH,F and rare-
earth-doped zeolite X for a composition of [Y gHog—X]
loaded with 10 NH,F (250°C, sealed under vacuum in
a glass ampoule, X denotes the unit cell of zeolite X
with composition Nag;Alg;Si 10503s4; TOr the preparation
of [Ln=X], refer to, e.q., [2]). Partially independent of
the rare-earth content, analytically ratiosof 5to 6 F~ per
rare-earth ion are abtained, while the crystal structure
of the zeolite is mostly conserved (XRD). For the
example given, this corresponds to an overall composi-
tion of the zeolite of [(NH,)4(Eu,Gd;,)Feg—X]. AsSsum-
ing an even distribution of the fluoride species through-
out the zeolite, this would yield aggregates of
(NH,)eEu, 5Gd, s, within each of the eight supercages
of the unit cell. Figure 3 depicts the upconverted emis-
sion obtained from exciting Y b®* with a50 m\W/980 nm
diode laser focussed on an area of approximately
2.5 mm? (Acton Monochromator SP 150 with a focal
length of 150 mm and a 1200-g/mm grating Acton Pho-
tomultiplier tube P2). This green upconverted emission
could also clearly be seen in bright daylight; storage
under ambient atmosphere did not alter the emission
intensities.

One problem with the material is that the ammo-
nium complexes are unstable thermally and it is thus
not suitable for further application. Unfortunately,
attempts to decompose the complexes to zeolite-
encaged fluoride proceed under partial destruction of
the zeolite matrix and the formation of rare-earth oxif-
luoride nanoparticles, which no longer exhibit the
upconversion phenomenon.
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2.2. Upconversion in Sodalites

Recently, we detected an unexpected access to
tungstate-loaded zeolite X [8]. In attempts to find low
vibrational frequency partners for upconverting and
NIR-emitting rare-earth ions, we used the method
described in [3] to synthesize the correspondingly
modified zeolites X [Ln(WO3)—-X] (Ln = Yb/Ho;
Yb/Er; Nd). However, neither of the materials
obtained could be activated to yield the desired upcon-
version or Nd** emission. Instead, we were rewarded
with upconversion and NIR emission, respectively,
after the solid state conversion to sodalite derivatives
(Hauyne [Ln,(AlgSi,0,,)(WO,),] and Noseane
[Lng(Al;Sis0,,)WO,]) [7]. This synthesis may be per-
formed by heating a solid mixture of rare-earth-doped
zeolite X and WO4 to 650°C to allow for the penetration
of tungsten oxide into the zeolite matrix. Followed by
an annealing step at 1000°C, the sodalites crystallize.
Rare-earth ions are located in hexagonal windows of
the sodalite cage, thus being coordinated by six frame-
work oxygens. Additionally, two oxygen atoms of WO,
ions in neighboring cages complete the coordination
sphere to eight, as represented in Fig. 4. The composi-
tion of zeolite X dightly differs from the composition
required for the sodalite, which leads to small amounts
of undesired foreign phases [8] and mediocre crysta
quality at best. However, upconversion and efficient
neodymium emission can be observed for the first time;
for the corresponding upconverted spectra, we refer the
reader to [7]. As opposed to that, the direct synthesis of
tungstate sodalites in analogy to [3] yields crystaline
powders of good quality (crystal sizes of ~20 um) and
purity. The corresponding Nd®* excitation and emission
spectraare reproduced in Fig. 5 (emission excited with
apulsed diode laser at a wavelength of 803 nm, detec-
tion with a CCD camera, excitation spectra with a
450-W Xe lamp, Acton 300 Monochromators with a
focal length of 300 mm, 1200 g/mm (250—700 nm) and
600 g/mm (700-1200 nm) gratings, detection with the
Acton Silicon detector SI-440-UV. Labsphere white
standards and an optical grade BaSO, were used asref-
erences. Comparison with a commercial Nd** glass
suggests that the novel material, already in this nonop-
timized state (see also the remarks below), is an inter-
esting candidate for optical applicationsin the NIR.

In attempts to optimize the efficiency of the
sodalites, problems arose with the dilution/substitution
of the active ions with La®" or Y3* within the sodalite;
correspondingly, pure [La,(AlgSis0,,)(WQ,),] or
[Y 4(AlgSi4O,4)(WQO,),] could not be obtained either; in
the case of La**, the maximum content was restricted to
2.5 ions per unit cell, and Y3* notoriously gave unde-
fined byproducts. We therefore had to fall back on the
use of Gd** as a dilutant, which gave phase pure mate-
rials, but at a high cost to crystalinity. Bearing this
problem in mind, the concentration dependence of the
Nd** emission intensity as a function of dilution with
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Fig. 3. Upconversion spectra of Yb3*/Ho®" fluorocom-
plexes obtained in zeolite X.

Fig. 4. Structure of sodalite with inclusion of rare-earth
tUngStateS [ L n4(A | gsi 4024) (WO4)2] .

(Gd®**/La*), as given in Fig. 6, suggests that dramatic
improvements might be possible, if pure and well-crys-
tallized [Lag gNdy 5(AlgSi140,,)(WO,),] were available.

Only recently, we discovered that readily accessible
nitrite sodalites [9] can also serve as starting materials
for the preparation of [Ln,(AlgSi,O.)(WQO,),], in that
at 800°C the thermally labile NO?~ can be replaced by

WOf[. We expect this to be a feasible route to opti-
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Fig. 6. Nd® (*Fg, — *l1,/,) emission intensity as a
function of Nd®* content.

mize, e.g., the Nd** content in the sodalite system and
thus develop an efficient NIR-emitting material, which
we hope to use eventually in the manufacture of aNIR
microlaser in analogy to the zeolite microlasers
described in combination with organic dyes [10].
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3. SUMMARY AND CONCLUSIONS

Fluoride complexes of rare earths have been synthe-
sized in zeolite X for the first time. Yb%*/Ho* and
Y b3*/Er* fluorides exhibit comparably efficient upcon-
version but are unfortunately too labile thermally.
Instead, tungstate loaded faujasites, which can subse-
quently be converted into the sodalite system and also
showed the upconversion effect, albeit at lower effi-
ciency, proved to be efficient NIR emitters, despite
phase impurities. Phase pure materials were subse-
guently synthesized directly from individual precursors
using a high-temperature route. However, several mor-
phological restrictions have to be overcome and sto-
ichiometric parameters remain to be optimized in strid-
ing for the ultimate goal of a sodalite laser. In view of
the efficient fluoride complexes in zeolite X, the scope
of future experiments will include the synthesis of
sodalite-encaged rare-earth fluorides as well.
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Abstract—The pulsed cathodoluminescence spectra of yttrium aluminum garnet and perovskite activated by
neodymium are investigated at room temperature in the wavelength range 250-750 nm. The luminescence
bands are identified, and all of them are assigned to Nd®* transitions, including those from the doublet levels.

© 2005 Pleiades Publishing, Inc.

1. Single crystals of yttrium aluminum garnet
(YAG) activated by Nd** ions exhibit a unique combi-
nation of luminescence, thermal, and mechanical prop-
erties and, consequently, have found wide application
in modern science and engineering [1, 2]. Previous
investigationsinto the luminescence properties of these
materials [24] reveded only intense luminescence in
the infrared range due to transitions between the Stark
components of the 4F5, and 4lg,_;,,, Multiplets. In later
works [5-7], luminescence was observed in the ultravi-
olet and visible ranges. Kolomiitsev et al. [5] assumed
that, whatever the type of high-energy excitation, the
luminescence is governed by radiative transitions only
from the °F2;;, and 2Py, levels.

In thiswork, we studied the pul sed cathodolumines-
cence spectraof YAG : Nd** in the visible and ultravio-
let ranges. Pulsed cathodoluminescence combines
amost al positive qualities of electro-, x-ray, photo-,
and cathodoluminescence [8]. The use of powerful
pulsed electron beams makes it possible to excite any
energy level in YAG: Nd*. Therefore, the pulsed
cathodoluminescence spectra can exhibit lines corre-
sponding to transitions not only from the “F5,, 2F25,,

and %P, levels but also from other levels.

2. The luminescence properties of YAG : Nd** sam-
ples were examined on a KLAVI pulsed cathodolumi-
nescent spectrograph [8]. The excitation of lumines-
cence was carried out at room temperature in air with
an el ectron beam (pulse width, 2 ns; maximum electron
energy, 150 + 10 keV). The spectrum was recorded in
the form of a dependence of the intensity on the wave-
length in the range 250-750 nm. The measured inten-
sity can be represented in the form I(A) =

( Z|N= 1’['; I (A, t)dt)/N, where N isthe number of pulses
and T, is the exposure time (10 ms). The spectral reso-

[ution of theinstrument was 2 nm. The absol ute system-
atic deviation from the linearity of the scale (the differ-
ence between the tabul ated wavel engths and the values
measured on this scale) was equal to £0.75 nm.

The measurementswere performed with aYAG : Nd®*
single crystal grown at Polyus TsNII (Moscow, Russia),
YAG : Nd** nanopowders were prepared using the sol—
gd method at the Indtitute for Low Temperatures and
Structural Research (Wroclaw, Poland), and aYAG : Nd®*
micropowder was prepared at GIRedMet NI1 (M oscow,
Russia).

3. Figure 1 presents the pulsed cathodolumines-
cence spectrum of the YAG : Nd®** single crystal in the
wavelength range 250-650 nm. Analysis demonstrates
that the spectrum contains only bands associated with
the Nd® intracenter luminescence. The multiplets of
Nd* ionsin the yttrium aluminum garnet have awell-
developed Stark structure. Consequently, the spec-
trum also has a complex structure with alarge number
of narrow bands attributed to Nd*" ions. Identical
bands at wavelengths coinciding to within the limits
of experimental error are also observed in the spectra
of YAG : Nd* nanopowders annealed at temperatures
of 900, 1050, and 1200°C.

The kinetic investigations revealed that the spectra
contain bands corresponding both to intercombination
(forbidden) transitions between the energy levels with
different multiplicities and to allowed transitions. The
characteristic lifetime of the intercombination transi-
tionsis of the order of 1 ms, and the bands assigned to
these transitions exhibit two maxima in the lumines-
cenceintensity [8]. The system of bandsobservedinthe
wavelength range 250-350 nm corresponds to the tran-
sitions from the 2F2;, level to the Ig, 45, levels, which
isin good agreement with the data obtained by Kolo-
miitsev et al. [5]. The results of the identification are

1063-7834/05/4708-1489$26.00 © 2005 Pleiades Publishing, Inc.



1490

Intensity, arb. units
2000}

1600

1200

800+

400+ w

1
0 300

500 600
Wavelength, nm

1
400

Fig. 1. Pulsed cathodoluminescence spectrum of the
YAG : Nd®* single crystal.

given in Table 1. Only one band at a wavelength of
450.2 nm was not identified.

The pulsed cathodoluminescence spectra of the
micropowder exhibit new bands that are different from
the bands attributed to Nd** ions in the spectra of the
yttrium aluminum garnet. The specific features of the
former spectra can be seenin Fig. 2.

With the aim of elucidating the nature of the new
luminescence bands, we carried out x-ray diffraction
analysis. It was found that the micropowder contains
the following three phases: the monoclinic phase
(Y 4Al,0q), perovskite (YAIO;), and garnet (Y 3A150;,).

RASULEVA, SOLOMONOV
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Fig. 2. Pulsed cathodoluminescence spectra of the single
crystal (solid line) and the micropowder (dashed line).

It was assumed that the af orementioned new bands are
associated with the presence of Nd®* ionsin the YAIO,
perovskite, because, in our case, the perovskite is the
main phase. The multiplets of Nd®* ionsin the yttrium
aluminum garnet and in the perovskite are virtually
identical to each other. Although the energy spectra of
the identical multiplets differ only dlightly, this differ-
ence leads to substantial changes in the pulsed cathod-
oluminescence spectrum of the perovskite compound
(Fig. 2). Table 2 presents the most probable identifica-
tion of the luminescence bands of Nd** ions in the per-
ovskite. This identification was carried out taking into

Table 1. Identification of the pulsed cathodoluminescence bands of Nd®* ionsin YAG

Wavelength, nm Transition Wavelength, nm Transition
265.6 2F25/,(37850) — *1¢/5(199) 495.3 4G11/2(21029) — 41o/5(857)
2785 2F25/,(37850) —= *1,1,5(2002) 517.8 2K g2 + 2Gg»(19620) —= 44/5(308)
295.2 2F25/,(37850) — *1,4/5(3930) 525.7 2Kz + 2Gg»(19154) — 414,4(130)
300.6 2F25/,(37850) —= *1,5/5(4507) 540.4 4G/,(18822) —= 44,,(308)
310.8 2F25/,(37850) — *115/5(5757) 549.8 4Gg5(20730) —= 4114/2(2521)
3194 2F25/,(37850) —= *1,5/,(6570) 558.0 2Dg)(23674) —= 4155(5757)
398.2 2P3,(25994) —» 4 ¢,5(857) 563.8 2Dg5(23674) — 41155(5933)
4345 2P15(23155) —= 41¢,5(130) 577.2 2P,5(23155) —= “145,,(5812)
456.3 4Dy5(27670) —= 4l 155(5757) 588.5 4G5/5(16992) — 4 g,5(0)
461.5 4Dy5(27670) —= 4 155(5963) 595.2 4G55(16992) —= 414,,(199)
480.1 4G11/5(21029) — 414/5(199) 601.3 4G55(16849) —= 41¢,,(199)
488.6 4Gg/5(20773) —= 4145(308) 618.9 4G55(16992) —= 4 4,(857)
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Table 2. Identification of the pulsed cathodoluminescence
bands of Nd®* ions in perovskite

Ienvg\;jl?lhim Transition
455.7 | 2P4,(25981) —= “1,5,(4021)
478.0 | *Gyyjp + 2Kygjp + 2D3/(21580) — *lg/(671)
486.4 | 4Gy + Kyspp + 2Dp(21231) — = 4g/0(671)
541.9 | 4G;,(18975) —= 4l4/,(500)
545.0 | “Gy,(18846) —= “145(500)
546.9 | 4Gy,(18975) — 414,(671)
554.7 | 2Dgp(23759) —= Hl15/5(5757)
603.3 | “Gg/p(20865) —= “113,(4291)
606.1 | “*Ggp(20955) — 4l,5/,(4446)
608.0 | “Gg;p(20894) —= “113,(4446)
644.3 | 4Gyyp + 2Kygp + 2D3p(21276) — = 4 15/5(5757)

account that the new bands in the spectrum of the per-
ovskite are associated with the same multipletsasin the
yttrium aluminum garnet.

Thus, detailed investigation of the pulsed cathodol u-
minescence spectrum of neodymium ions has demon-
strated that these ions exhibit intense luminescence in
the ultraviolet and visible ranges. The luminescence
spectrum has the form of narrow lines, which can be
used to reveal neodymium impurities and to control
their content not only in compounds of the garnet type
but also in perovskite.
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Abstract—L uminescence vacuum ultraviolet time-resolved spectroscopy is used to study electronic excita
tions and energy transfer in Ce**-doped crystals of gadolinium and yttrium oxyorthosilicates excited by syn-
chrotron radiation in the vacuum ultraviolet (4-30 eV) and x-ray (50-200 eV) regions. At T = 10 K, both crys-
tals exhibit intrinsic electronic excitations whose radiative relaxation occurs through fast (t = 3 ns) and slow
(microsecond) channels, which correspond to two possible types of self-trapped excitons. A comparison of the
relaxation of above-edge and core electronic excitations in the Ce**-doped crystals of gadolinium oxyorthosil-
icate and lanthanum beryllate indicates that the nature of the charge carriersinvolved in the recombination pro-
cesses of energy transfer to luminescence centersis diverse. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Energy transfer to luminescence centers by second-
ary charge carriersis one of the factors that control the
efficiency of a scintillator. In [1], the relaxation chan-
nels of above-edge secondary electronic excitations
were comprehensively analyzed in Gd,SiOs—Ce (Eg =
6.2 eV) excited by 30-eV photons at room temperature.

The aim of this work is to compare the relaxation
channels of above-edge (E.. = 6-35 eV) and core
(Eexe = 50-200 and 500630 eV) electronic excitations
inY,S0s—Ce, Gd,SiOs—Ce, and Be,La,0s—Ce scintil-
lation crystals at temperatures of 6-10 and 300 K.

2. EXPERIMENTAL

We studied Czochralski-grownY ,SiOs—Ce (0.1 mol %)
and Gd,SiOs—Ce (0.5 mol %) crystals prepared by
A. Korovkin at the Vavilov State Optical Institute [2]
and Be,La,0:—Ce crystals grown by V. Matrosov. The
samples to be studied were of optical grade, 10 mm in
diameter, and 1-mm thick.

Luminescence excitation spectra (LESs), lumines-
cence spectra (LSs) intherange 2.5-11 eV, and the LS
decay kinetics during selective excitation were mea-
sured using time-resolved spectroscopy in the VUV
region (4-35eV) at the SUPERLUM I station [3] and in
the ultrasoft x-ray region (50-200 and 500-630 eV) in
the BW3 channel [4] (HASY LAB, DESY, Hamburg) at
temperatures of 6-10 and 295 K. The LSs and LESs
were recorded for both time-integrated Iuminescence
and luminescence detected in gated time windows of
width At delayed by &t with respect to an exciting syn-

chrotron-radiation pulse. The time window parameters
for the VUV region were dt; = 2.1 ns, At; = 14.1 nsand
ot, = 46 ns, and At, = 155 ns. For excitation in the
ranges 50-200 and 500-630 eV, measurements were
performed in three time windows with ot = 0.2, 19.5,
and 43 ns and At = 6.4, 20.5, and 107 ns, respectively.

3. EXPERIMENTAL RESULTS
3.1. Y,S0OsCe Crystals

At T =300 K, the LS of theY,SiOs—Ce crystalsin
all time windows is represented by a structured band
irrespective of the energy of exciting photons (Fig. 1a).
This band can be resolved into two Gaussians, namely,
a dominating component (Eq..1 = 2.96 €V) and a
weaker component (E,, » = 3.17 eV). The two-compo-
nent structure of thisL S, formed by the radiative relax-
ation of the excited state of the Ce®* ion, is due to the
splitting of the 2F ground state of the Ce** ion [5].

At room temperature, the LES of the Ce** ionsin the
VUV region contains narrow excitation bands with
maxima at 4.15 and 4.71 eV, a broader 6.82-eV band,
and ashoulder near 5.5V (Fig. 1b). Moreover, the effi-
ciency of luminescence excitation increases in two
ranges, at energies above 15 and 21 eV. The excitation
range near 7 eV is much less pronounced as compared
to the low-energy bands when recording in the “fast”
time window. When exciting the Ce** ion luminescence
in the ultrasoft x-ray region (50-200 eV), we failed to
reliably detect the spectral structure corresponding to
energy absorption due to transitions from the core lev-
els of the host or impurity ions.

1063-7834/05/4708-1492$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. (8) Luminescence spectra of Y ,SiOs—Ce crystals

excited by photons with an energy of (1) 6.9 and (2, 3)
24.7 eV at atemperature of (1, 2) 5.7 and (3) 300 K. Spec-
trum 1 was measured in the fast time window. (b) Lumines-
cence excitation spectra of Y ,SiOgs—Ce crystals recorded at

(1, 3) 3.1 and (2, 4) 3.75 €V at atemperature T = 5.7 K.
Spectra 1 and 2 were measured in the ow window, and
spectra 3 and 4, in the fast window.

The luminescence decay kinetics measured for
E.x = 3.1 eV at avaried excitation energy E, can be
fitted by two exponential components (Fig. 2a). The
decay time of the fast component ist; =34 ns (at E,,. =
4.2 eV), 36 ns (Eg = 6.8 €V), 38 ns (Eg,. = 24.7 €V),
and 34 ns (Eg,. = 60-200 eV). The slow component has
adecay time of longer than 500 ns, and its contribution
isinsignificant but increases at E, . = 4.2 eV and espe-
cidly at Eg. = 60-200 eV.

At low temperatures, an additional elementary band
in the range 3.5-4.5 eV appears in the LSs of the
Y ,SiO;—Ce crystals; this band is more pronounced at
E..=6.82¢eV (Fig. 1a). By resolving the spectrum into
Gaussians, we estimated the spectral positions and
characteristics of these bands: E,, 3 = 3.5 eV and
E x4 = 3.8eV (FWHM = 0.5 eV for both bands). The
3.5-eV band is more pronounced at E,,. > 20 €V, and

PHYSICS OF THE SOLID STATE Vol. 47 No. 8

2005

1493

Intensity, arb. units

0.01 ' : '
g
=
£
<
I S
C Z .
w g
z [ = 0 50 100 150
g i Time, ns
o .
< 1 "“»“"0... 3
o ":;"‘"F‘Mm,w
2z | W) Al P "
£0.1 5y L N L TPV
s f 73 4
8 r q vy
g -
— -
i
0.0lﬁ' .
0 50 100 150
Time, ns

Fig. 2. (a) Decay kinetics of 3.1-eV luminescence of
Y ,SiO5—Ce crystals excited by photons with an energy of

(1) 4.2, (2) 6.9, (3) 24.7, and (4) 60-200 eV at 300 K.
(b) Decay kinetics of 3.1-eV luminescence of Y ,SiO5—Ce

crystals excited by photons with an energy of (1) 4.8,
(2) 5.6, (3) 6.9, and (4) 24.7 eV at 5.7 K. Theinset showsthe
decay kinetics of luminescencewith Eqpis=3.75 €V for exci-

tation by photons with an energy of (5) 6.9 and (6) 24.7 eV.

the 3.8-eV band is more pronounced near the funda-
mental absorption edge.

The general character of the impurity-luminescence
excitation spectrum remains unchanged with decreas-
ing temperature, whereas additional |luminescence
bands are not excited at energies below 6.5 eV
(Fig. 1b). The decay kinetics of the impurity lumines-
cence of the Ce* ion consists of two components
(Fig. 2b). For the fast component, T = 29 ns (Ey =
48¢eV), 33 ns (Eyc = 6.9 eV), and 35 ns (Ey¢ =
24.7 eV); at excitation energies above 6.9 eV, this com-
ponent is observed against the background of a micro-
second component. The decay kinetics of the additional
[uminescence bands measured for E,, = 3.7 €V con-
sists of two components (inset to Fig. 2b). The fast
component can be fitted by an exponentia function
(with T = 3 ns), and the relaxation time of the second
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Fig. 3. (@ Luminescence spectra of Gd,SiOs—Ce crystals
excited by photonswith an energy of (1, 2) 6.6, (3) 24.7, and

(4) 140 eV at a temperature of (2—4) 5.7 and (1) 300 K.
(b) Luminescence excitation spectra of Gd,SiOs—Ce crys-

talsrecorded at 2.9 €V at atemperature T = 5.7 K. Spectra 1
and 3 were measured in the fast window, and spectra 2 and
4, in the slow window.

component fallsin the microsecond region. Apparently,
the overlap of the impurity luminescence bands with
the new low-temperature luminescence leads to the
appearance of a background (pedestal) in the lumines-
cencekinetics of the Ce** ion during excitation at Eg,. >
6.8 eV. Since fast components were not observed in the
kinetics of the 3.1-eV luminescencein this case, we can
assume that the long (microsecond) decay time charac-
terizes the low-temperature luminescence component
with E.3 = 3.5 eV that overlaps with the Ce** lumi-
nescence, whereas the second component of this lumi-
nescence with E,., » = 3.8 eV has a decay time of 3 ns.

3.2. Gd,SO~Ce Crystals

At T =300 K and exciting photon energies Eq,.1 =
6.5 eV and E,., = 24.7 eV, the photoluminescence
spectrum of the Gd,SiO-—Ce crystals has a structured
band (consisting of two Gaussianswith E, 1 =2.78 eV
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and E .., = 2.93 eV; Fig. 338). As the exciting photon
energy increases to E, . = 140 eV, both bands are
present in the spectrum but the high-energy lumines-
cence is dominant.

Likefor theY ,SiOs—Ce crystals, the time-integrated
2.81-eV LES contains strong bands at 4.5, 5.1, and
6.5 eV and the luminescence yield increases at Eg, . >
15and 21 eV (Fig. 3b). Thetime-resolved LESsclearly
differ: the 6.5-eV band is absent in the fast time win-
dow. Unlike the Y,SiOs—Ce crystals, the excitation in
the range of core transitions resultsin adeep dip in the
range 140-160 eV, which isthe range of the L, absorp-
tion edge of Si (149.7 eV) and the Ny absorption edge
of Gd (142.6 eV) (Fig. 3b).

The most substantial difference in properties
between the yttrium and gadolinium silicates manifests
itself in the Ce** luminescence kinetics. When excita-
tion is performed in the region of the low-energy 4.5-
and 5.1-eV bands, the decay kinetics is given by one
exponential curve (T = 22 ns). Anincrease in the photon
energy to 6.5 eV leads to the appearance of arise about
15 ns in length, and the exponential decay time
increases to 32 ns (Fig. 44). At this excitation, the
6.5-eV band is not observed in the impurity LESin the
fast time window. At E.. = 24.7 eV, the rise stage dis-
appears and the exponential decay time decreases to
25 ns. The most important fact is that the rise stage of
impurity luminescence manifestsitself during selective
excitation in the region of core transitions (Fig. 4a). At
energies of 140, 145, and 160 eV, the rise phase lasts
~10 ns and the exponential decay timeis~40 ns. How-
ever, upon excitation in the region of the maximum dip
inthe LES at E,,. = 152 eV, therise stage virtually dis-
appears and the exponential decay time decreases to
30 ns.

Asthe Gd,SIO—Ce crystalsare cooled to 5.7 K, the
character of the Ce** LES remains almost unchanged.
The LS shape depends substantially on the photon
energy (Fig. 3a), which suggests the appearance of new
luminescence bands similar to the bands in the low-
temperature luminescence spectra of the Y,SiO;—Ce
crystals. This assumption is supported by the fact that
new decay components, namely, fast (4-ns) and slow
(microsecond) components, appear in the low-temper-
ature decay curves of the Ce* luminescence during
excitation at above 6.0 eV (Fig. 4b), with the slow com-
ponent appearing as an increase in the background. By
analyzing the time-resolved spectra and the decay
kinetics, we established the spectral positions of the
low-temperature luminescence bands for Gd,SiOs—Ce.
They were found to be 2.5 eV for the fast luminescence
with a decay time of about 4 ns and 3.05 eV for the
microsecond luminescence. Unlike the Y,SiO—Ce
crystals, the spectral region of the low-temperature
luminescence overlaps substantially with the impurity-
luminescence spectrum.
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Upon core excitation (at T = 5.7 K), the basic differ-
ence in the impurity-luminescence kinetics consists in
the fact that, at E,. = 6.6 eV, the rise stage increases to
25ns(Fig. 4b). At E.,. = 7.5 eV, the decay kinetics con-
tains a fast 4-ns component. In addition, the lumines-
cence kinetics exhibits a pronounced background (a
microsecond component) for any excitation at an
energy above 6.6 eV. In contrast to the room-tempera-
ture measurements, no rise in luminescence is detected
under core excitation and the luminescence decay
Kinetics has shorter times as compared to the case of
Eoc = 4.4 eV.

4. DISCUSSION OF THE RESULTS

The band-gap widths of the crystals under study
were estimated to be 6.2 eV for Gd,SIOs—Ce [6] and
6.4 eV for Y,SiO—Ce. Thus, the photon energy spec-
trum used allowed usto perform selective excitation in
various ranges: (i) in the range of crystal transparency,
(ii) at the fundamenta absorption edge (FAE), (iii) in
the range of creation of separate electron—hole pairs,
and (iv) at the core absorption edges of host ions. A
combined analysis of the L Ss, LESSs, and decay kinetics
suggests that, a T = 5.7 K, the Gd,SiO-—Ce and
Y,SiOs—Ce crystals exhibit two types of intrinsic
matrix luminescence. This intrinsic luminescence is
excited only above the FAE, and its decay kinetics dif-
fersfrom that of the Ce* ion. One of these two types of
luminescence is characterized by a short exponential
decay time (several nanoseconds), and the other has a
decay time in the microsecond range. The presence of
two types of low-temperature luminescence is typical
of complex oxide compoundswith low symmetry of the
oxygen ions, and they areinterpreted asthe result of the
radiative decomposition of two types of self-trapped
excitons (see, e.g., [7]). One type of self-trapped exci-
tons forms via the recombination assembling of charge
carriers, and the other type forms via the relaxation of
large-radius excitons. The hole components of excitons
are genetically different for many oxides [7], which is
caused by nonuniformity of the valence band of com-
plex oxidesin different directionsin the Brillouin zone.
In the reflectance spectraof the crystals under study, we
did not detect a pronounced exciton structure near the
FAE, which can be explained by the substantial exci-
ton—phonon interaction that controls exciton self-trap-
ping. The occurrence of exciton self-trapping can affect
the processes of energy transfer to luminescence cen-
ters. For example, the Ce* luminescence excitation
spectra measured in the fast time window do not con-
tain the 6.5-eV excitonic excitation band near the FAE.
Furthermore, a significant rise stage of impurity lumi-
nescence (T, = 15 ns) is observed at T = 300 K. We
may assume that free excitons transfer energy to lumi-
nescence centers very ineffectively; they are likely to
decompose with the intermediate capture of the charge
carriers by traps, which delays energy transfer. At low
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Fig. 4. (a) Decay kinetics of 2.8-eV luminescence of
Gd,SiOs—Ce crystals excited by photons with an energy of
(1) 4.4, (2) 6.5, (3) 24.7, (4) 140, (5) 152, and (6) 160 eV at
300 K. (b) Decay kinetics of 2.9-eV luminescence of
Gd,SiOs—Ce crystals excited by photons with an energy of
(1) 4.4, (2) 6.6, (3) 7.5, (4) 24.7, (5) 152, and (6) 140 or
170 eV a 5.7 K.

temperatures, exciton self-trapping further delays the
luminescence rise during excitation in the exciton-
absorption band. On the contrary, exciton self-trapping
of another type that occurs at a low temperature and
favors the recombination assembling of charge carriers
can improve energy transfer to luminescence centers
viathe exciton mechanism proposed, e.g., in[1].

We revealed a new pronounced effect of a decrease
in the duration of the rise stage and the acceleration of
impurity-luminescence decay. This effect was observed
during the selective core excitation of the Gd,SiO;—Ce
crystalsin the range 140-160 eV and manifestsitself at
5.7 and 300 K. The excitation range mentioned above
includesthe L, absorption edge of Si (149.7 eV) and the
N5 absorption edge of Gd (142.6 €V). However, since
this effect was not detected in the Y ,SiO:—Ce crystals,
we haveto concludethat it isrelated to the core absorp-
tion of gadolinium. We may assumethat the decreasein
the duration of the stages of rise and decay of the Ce**
luminescenceis caused by anincreasein the absorption
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coefficient upon excitation near the core level and,
hence, by an increase in the carrier density in the sur-
face layer of the crystal. However, these effects have
not been detected for intrinsic luminescence in oxide
crystals but were observed earlier for impurity lumines-
cence in a Be,La,Os—Ce crystal [8]. Therefore, the
cause can consist in not only the effects of an increase
in the secondary-carrier density but also in their differ-
ent genetic origins. Since the Ce** luminescence during
photoexcitation with E,,. > E isdue to recombination,
we may assume that the effects observed are caused by
the difference in nature between the valence-band holes
that form during ordinary interband transitions and the
holesthat form asaresult of Auger processes occurring
during the selective excitation of the crystals in the
region of core levels. This difference can be related to
significant nonuniformity and, as a consequence, dif-
ferent effective hole masses in the valence bands of the
oxide crystals.
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Abstract—Diffuse transmittance spectra of polycrystalline samples of chain nickelate Nd%BaNiOS were mea-
sured with high resolution (0.1 cm™) over wide ranges of wavenumbers (1500-20000 cmi™t) and temperatures
(4.2-300 K). The energies of 54 Stark sublevels of the Nd®* ion and exchange splittings of some of them were
determined in the magnetically ordered state of Nd,BaNiOg (Ty = 47.5 £ 1 K). It was shown that the low-tem-
perature magnetic properties of Nd,BaNiOs are determined by exchange splitting (32 cm™) of the ground state.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Due to their structural properties, chain nickelates
R,BaNiOs [Risarare-earth (RE) ion or Y] areinterest-
ing model objects for studying one-dimensional mag-
netism in the system of antiferromagnetic (AFM)
chains of atomswith aninteger spin (S= 1 for Ni*) and
the crossover to three-dimensional magnetic order. As
is known, one-dimensional isotropic (Heisenberg)
magnetsare not ordered even at T = 0, because the order
is destroyed by fluctuations. In 1983, Haldane showed
theoretically that the properties of Heisenberg AFM
atomic chains depend strongly on whether the atomic
spins are integer or half-integer [1]. In the former case,
the ground state is a nonmagnetic singlet and thereisa
gap in the magnetic excitation spectrum (the Haldane
gap). The conclusions reached by Haldane have been
confirmed by numerical simulations and experiments
with Ni(C,HgN,),NO,CIO, (NENP) and CsNiCl; com-
pounds (see, e.g., [2, 3]). Nickelates R,BaNiO5 allow
smooth variation of theinterchain interaction by replac-
ing or partially replacing the rare-earth R®* ion with the
nonmagnetic Y3* ion, which offers new opportunities
for studying quasi-one-dimensional Haldane magnets.

Nickelates R,BaNiOs (R = Pr—Tm, Y) belong to the
orthorhombic crystal system and have space group
Immm (D3;) [4, 5]. The most distinctive feature of the
structure is the existence of isolated chains (parallel to
each other and to the a axis) of compressed NiOg octa-
hedra connected together by shared vertices (Fig. 1).
The chains are bound to each other via B&?* and R®*
ions. The R®* ions occupy equivalent positions with

local symmetry C,,, (Fig. 1b). The compound with R =
Y (Y,BaNiOyg) is not ordered at least down to 100 mK
[6]. The temperature dependence of its magnetic sus-
ceptibility isdescribed by acurve with awide peak typ-
ical of a one-dimensional antiferromagnet (the intrac-
hain interaction was estimated from this curveto be J =
25meV [7]). Neutron inelastic scattering spectrareveal
an excitation with energy A = 10 meV, which is attrib-
uted to the Haldane gap [7]. The upper estimate of the
interchain interaction J wasfound in[8] to be J/J< 5 x
104 Thus, Y,BaNiO; is an almost ideal model of the
AFM chain of spins S= 1. The substitution of aRE ele-
ment for nonmagnetic yttrium causes an increase in the
interchain interaction and the onset of magnetic order-
ing. The magnetic structure of both the nickel and RE
subsystem is characterized by awave vector k = (1/2, 0,
1/2) for al compounds with R #Y [9]. However, the
directions of the magnetic moments are different in
compounds with different RE elements. For R = Nd,
Th, Dy, and Ho, the magnetic moments are paralel to
the c axis of the crystal [9], whereas in the Er,BaNiOg
compound they are parallel to the a axis [9, 10]. The
Néel temperatures Ty, vary from 12.5K for Tm,BaNiOs
to 65 K for Th,BaNiOs. For Nd,BaNiOs, Ty =48K [9,
11, 12]. For the (R, Y _,),BaNiOg systems (0 < x < 1),
Tn(X) varies gradually, which makesit possibleto study
in detail the crossover from a one-dimensiona (1D)
guantum antiferromagnet to a three-dimensional (3D)
classical antiferromagnet and the behavior of Haldane
excitations during the 1D-3D crossover.

Such a study was carried out in [13, 14] for
(Nd,Y; _,),BaNiOg using neutron inelastic scattering.

1063-7834/05/4708-1497$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. (@) Structure of Nd,BaNiOs and (b) the nearest

neighborhood of the Nd®* ion in Nd,BaNiOs. NiOg octahe-

dra are bound to each other by shared apical oxygen in
chains along the a axis. Two octahedra are removed to show
the Ni-O—Ni bond in the chains.

Another neutron experiment (for Nd,BaNiOg) was per-
formed in [15] with the aim of studying the interaction
of 1D magnetic excitations of Ni chainswith electronic
excitations of the RE subsystem. Interference of these
two types of excitation was detected and qualitatively
explained. As indicated in [15], the development of a
more comprehensive theory of this phenomenon is
complicated by the lack of data on the Nd** electronic
states in Nd,BaNiOs.

These data are also needed to explain the magnetic
properties of Nd,BaNiOs. The temperature dependence
of the magnetic susceptibility x(T) exhibitsavery weak
feature at the magnetic ordering temperature Ty, =48 K
[11, 16, 17] and a pronounced peak at a significantly
lower temperature, T, = 26 K [11, 17], wheress,
according to the neutron scattering data, no changesin
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the magnetic structure are observed. Probably, the peak
in the x(T) dependence corresponds to depletion of the
upper component of the Nd®* Kramers doublet, which
is split by exchange interactions in the magnetically
ordered state, asis the case in Er,BaNiOg [11, 18]. To
test this hypothesis, spectroscopic studies are required.

To our knowledge, the spectroscopic information on
the Nd,BaNiOs; compound is restricted to the positions
of the three lowest Stark sublevels of the ground state
(144, 192, 304 cm™), which were determined using
neutron inelastic scattering spectra measured with a
resolution of =2.5 cm* [15]. This study is devoted to
optical high-resolution (0.1 cm™) spectroscopy of the
Nd,BaNiO; compound and, for comparison,
Ndp 1Y 1 oBaNiOs.

2. EXPERIMENTAL

Polycrystalline Nd,BaNiOs and Nd;,Y;4BaNiOs
samples were prepared using solid-phase synthesis
from powders of Y,O; (99.99%) and/or Nd,Oq
(99.99%), NiO (99.99%), and BaCOj3 (99.99%), which
were mixed and annealed at 900°C in air for 24 h and
then pelletized under a pressure of 2500 bar. Particular
attention was paid to the volatile componentsin Nd,O;
(~15%). Pellets were sintered at temperatures from
1000 to 1450°C in air for 24-50 h with intermediate
grinding. After each treatment, samples were studied
using an x-ray diffractometer. After sintering at
1450°C, no impurity phases were detected in the
Ndy,Y;1BaNiOs; sample and the diffraction pattern
corresponded to space group Immm. The diffraction
pattern of Nd,BaNiOg after treatment at 1350°C also
showed the group Immm; however, traces of other
phases were observed.

High-resolution (to 0.1 cm™?) diffuse transmittance
spectra of Nd,BaNiOs; samples were measured over
wide spectral (1600-20000 cm™) and temperature
(4.2-300 K) ranges using a high-resolution BOMEM
DA3.002 Fourier spectrometer. Powder samples were
mixed with ethanol and applied onto a BaF, substrate.
Then, the sample was placed into a cryostat with
helium vapor. A silicon detector was used for the spec-
tral range 9000-20000 cm~. Two InSb detectors were
used for the range 5000-10000 cm2. One of them was
conventional; the other, special, detector was posi-
tioned in the cryostat immediately behind the sample.
The range 1600-5000 cm was studied using a mer-
cury cadmium telluride detector.
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STARK STRUCTURE AND EXCHANGE SPLITTINGS

3. OPTICAL SPECTRA
OF Nd,,Y;¢BaNiOs AND Nd,BaNiO,
IN THE PARAMAGNETIC STATE
AND THE STARK STRUCTURE
OF THE Nd® ION LEVELS

Figure 2 shows the general transmittance spectrum
of polycrystalline Nd,BaNiOs samples in the paramag-
netic state. Narrow lines correspond to the f—f transi-
tions in the Nd** ion from the “lo, ground state to
excited levels. For comparison, the positions of the
Nd®* levels in LaCl; [19] are shown. The positions of
the lower levels 41,45, 4135, and 4,5, are identical for
Nd,BaNiOs; and LaCl;, while the higher levels of
Nd,BaNiO; are shifted to lower energiesin comparison
with those of LaCl;. Thisnephelauxetic shift [20, 21] in
Nd,BaNiOs is caused by the strong overlap of the wave
functions of the Nd®* excited states with the ligand
wave functions.

In the crystal field with C,, local symmetry, each

level of the free Nd®* ion with atotal angular momen-
tum Jissplitinto J + 1/2 Kramersdoublets (seethedia-
gramin Fig. 3). All spectra can be interpreted in terms
of a single neodymium center. To facilitate analysis of
the Stark gplittings, we used the diluted
Ndy 1Y 19BaNiOs compound, which is not ordered at
least down to 10 K and whose spectrum is not compli-
cated by exchange splittings. The transmittance spectra
of both compounds are compared in Fig. 4. The Stark
sublevel energies of the Nd** ion multiplets as deter-
mined from the spectraare listed in the table. The Stark
sublevels of the %Iy, ground state were determined from
transmittance spectra at elevated temperatures (Fig. 5).
The intensities of the lines that become stronger as the
temperature increases correlate with the population of
the excited Stark sublevels of the ground state (Fig. 6).
The energies of the lowest level s thus determined (140,
190, 302 cm™) agree well with the neutron scattering
data (144, 192, 304 cm™) [15].

The experimentally determined positions of 54
Stark levels of the Nd** ion in Nd,BaNiOs can be used
for performing an analysisin terms of crystal field the-
ory.

4. EXCHANGE SPLITTINGS IN Nd,BaNiOg
SPECTRA: MOLECULAR-FIELD MODEL

In the magnetically ordered state, magnetic interac-
tions remove the Kramers degeneracy of Nd** levels,
which results in a splitting of spectral lines (Fig. 3).
Figure 7 shows the variation of one of the lines as the
temperature is lowered. The splitting arising at ~50 K
increases and the lines narrow. At T < 35 K, all four
components of the split line are clearly visible, with the
low-frequency components being “frozen out.” By ana
lyzing the spectra, we can determine the exchange split-
tings (due to magnetic ordering) of the Kramers dou-
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Fig. 2. Transmittance spectrum of Nd,BaNiOs at ~100 K.

The operational spectral ranges of the radiation detectors
employed are indicated at the bottom (MCT stands for mer-

cury—cadmium—tellurium). The positions of the Nd3* ion
multiplets in the LaClg : Nd** compound are shown at the
top [19].

2s+1p, *
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. I m
—_—
L |
1 = A
"T
3+
Free Nd Crystal + Exchange

ion ' field Cy,

Fig. 3. Schematic diagram of the Nd®* level splitting in the
crystal field and of the Kramers doubl et splitting in the mag-
netically ordered state. The optical transitions frozen out at
low temperatures are indicated by dashed lines.

blets corresponding to the initial and final levels of an
optical transition. The splittings as determined from the
spectraat T=5K arelisted in the table.

Figure 8 shows the temperature dependences of the
ground-state splitting A(T), of the energy of the 4-meV
mode detected in the neutron scattering spectrum [14],
and of the magnetic moment of the nickel subsystem
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Stark level energies of the Nd®* ion in chain nickelates (Nd, Y ; _,),BaNiOs determined from the transmittance spectraat T= 90K;
the exchange splittings (cm™) for Nd,BaNiOs at T = 5K are given in parentheses

E, cm™ E, cm™
Multiplet v 005 Multiplet v 005
Non 0(32) 0 ey 12241 (<2) 12222
140 130 12251 (<2) 12231
190 180 12330 (3.7) 12306
302 290 2H2,, 12390 12377
~440 440 12438 12410
112 1901 1909 12490 12470
2029 2018 12552 12521
2046 12580 12551
2104 2100 = 13190 (5.3) 13183
2183 2178 13200 (5.3) 13187
2224 2222 13258 (4) 13229
N1z 3807 1S 13340 (14.5) 13318
3970 3956 13352 (22) 13327
3992 (11) 3978 *Far 14390 (2) 14379
4029 4022 14468 (7) 14447
4119 4117 14631 (14) 14603
4169 4160 Gy 16640 (6) 16608
4217 4212 16743 (10) 16699
N1em 5772 16779 (7) 16738
5912 (16) 2G4, 16996 16992
5956 (<4) 17015 17026
6163 17057
6220 17168 17132
6248 4Gy 18585 18600
6353 18625 18704
*Fa 11188 (11.4) 11182 18748
11323 11290 2Gyp 19114

myi(T) determined from the neutron scattering data
[14]. The 4-meV mode in Nd,BaNiOg observed in neu-
tron scattering experimentswasinitially assigned to the
Stark level of the Nd®* ion [22]. However, it is clearly
seen from Fig. 8 that, in actual fact, this mode corre-
sponds to the transition between the components of the
Nd** ground-state Kramers doublet split by the mag-
netic interaction in the magnetically ordered state, i.e.,
to the neodymium magnetic moment being flipped, as
expected in [14].

For T < 0.9T,, the splitting of the RE-ion ground
state in Nd,BaNiOg is proportional to the magnetic
moment of the nickel subsystem (Fig. 8), asin the case
of Er,BaNiOg [11, 18]. Therefore, the molecular-field
model is applicable to this system, according to which
the RE ions are subject to the effective magnetic field
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B induced by the ordered nickel subsystem [11, 17,
18]. Within this approximation, we can write

A(T) = 2mi@Ber(T), 1)
Ber(T) = Amy(T), (2
(0)

where myy is the magnetic moment of the Nd** ionin
the ground state and A is the molecular-field constant.

Using the experimental values m(NOJ = 2.65uz and
m\) = 1.6 (derived from the neutron scattering data
[9]) and fitting the experimental A(T) dependence with
Egs. (1) and (2), we obtain A = 7.61pg. This value
agrees well with the value A = 7.51z obtained in [17]
by analyzing the Nd,BaNiOs; magnetic susceptibility.
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tings of the IA and IB lines.
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Fig. 7. Line IA (Fig. 4d) at various temperatures. The nota-
tion corresponds to that in Fig. 3.

At T > Ty, the spectral line splitting does not disap-
pear completely. The remaining splitting is associated
with the short-range order. Previously, we assumed that
the magnetic ordering temperature could be determined
from the position of the inflection point in the A(T)
dependence [23, 24]. A comparison of the optical and
neutron scattering data for Nd,BaNiO; (Fig. 8) con-
firmsthis assumption. Based on the spectroscopic data,
we obtained Ty = 47.5 £ 1 K, which agrees with Ty =
48 K determined from neutron diffraction studies
[9, 16].

POPOVA et al.

n;/N

0 100

Fig. 6. Populationsof excited levelswith energy E; ascalculated
using the formula n/N = exp(-E/KT)/ zf’: 1exp(—E]-/k'I')

(solid curves) and experimentally measured intensities of
spectral lines (dots).
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Fig. 8. Temperature dependences of (1) the splitting A of the

Nd3* ion ground state, (2) the energy E of the 4-meV mode
observed in the neutron scattering spectrum, and (3) the
magnetic moment my;;. The A(T) dependence was obtained

from the spectroscopic measurements in this study, and
E(T) and my;(T) were plotted using the experimental data

on neutron scattering [14].

5. MAGNETIC MOMENT OF THE NEODYMIUM
SUBSYSTEM IN MAGNETICALLY ORDERED
Nd,BaNiOg

The excited Stark sublevels of the ground-state mul-
tiplet (140, 190 cm, etc.; see table) are almost empty
a T < Ty. Therefore, only the ground-state Kramers
doublet contributes to the magnetic moment myq of the
neodymium subsystem and we can write

_ @i —=Ny _ (g A(T)
Mya(T) = Myg——— = Mmygtanh—=——==, 3
Nd( ) Ndn1+ nz Nd 2kT ( )
PHYSICS OF THE SOLID STATE Vol. 47 No.8 2005
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Mg U

0 20 40

Fig. 9. Temperature dependences of the Nd3* magnetic
moment in the magnetically ordered state of Nd,BaNiOg as
obtained (1) from the spectroscopic data using Eq. (3) and
(2) from neutron scattering data.

where my4(T)is the magnetic moment per Nd** ion and
n, and n, = n;exp(A/KT) are the populations of the lower

and upper sublevels of the ground-state Kramers dou-
blet.

Figure 9 shows the my4(T) dependences calculated
from Eqg. (3) using the spectroscopic data on the
ground-state splitting A(T) and found from the neutron
scattering data [14]. The good agreement confirms the
applicability of the spectroscopic technique for study-
ing the magnetic properties of chain nickelates.

The dataobtained in this study also directly substan-
tiate the approach (proposed for the first time in [11])
applied in [17] to calculate the magnetic susceptibility
X(T) of Nd,BaNiOs. Moreover, these data show that the
peak in the x(T) dependence at a temperature T, ~
26 K (or at 30 K, according to [11]), which is signifi-
cantly lower than the magnetic ordering temperature
Ty = 47.5K, is caused by depletion of the upper com-
ponent of the Nd** ion ground-state Kramers doublet
split by Nd-Ni interactions in magnetically ordered
Nd,BaNiOs. Using this approach, the temperature of
this peak can be estimated from the formula KT, =
0.65A(0) without calculating the entire x(T) depen-
dence [23]. By substituting A(0) = 32 cmr™* determined
from the spectra, we obtain an estimate T, = 30 K that
is close to the observed value.
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Abstract—Based on the results of acomparative analysis of luminescence spectroscopy and EPR spectroscopy
data, it was found for the first time that the wide-band luminescence of Cr3* ionsin aforsterite crystal is dueto
the Cr3*-V,, g center or, in acrystal additionally doped with lithium, to aCr3*—Li* center. For thefirst time, tun-

able laser action was obtained with Cr¥*—Li* centers responsible for the wide-band luminescence. © 2005 Ple-

iades Publishing, Inc.

1. It is well known that, in the forsterite structure,
Cr3* ions substitute for Mg?* ions in two nonequivalent
crystallographic positions, M1 and M2, and form
Cr3(M1) and Cr3(M2) isolated centers with different
spectral luminescent properties [1]. It is generally
agreed that, both in Cr3* : Mg,SiO, and in (Cr®, Li) :
Mg,SiO, crystals, the wide-band luminescence of Cr3*
ions in the spectral range 850-1000 nm is caused by
isolated chromium ionslocated in the mirror-symmetry
magnesium positions M2 [2, 3].

It was established in [4] that the wide-band lumines-
cence of Cr® ions in forsterite crystals doped with
chromium and lithium ions, (Cr3*, Li) : Mg,SiO,, isa
superposition of two bands peaked at wavelengths A,
of approximately 890 and 950 nm (with polarization
E || cfor space group Pbnm). When the lithium concen-
tration reachesavalue C’ ", the luminescenceintensity
in the band at A, ~ 890 nm decays to zero.

Non-isovalent substitution of Cr3* for Mg?* ions in
theforsterite structure should be accompanied by thefor-
mation of point defects serving as charge compensators.
In Cr3* : Mg,S0, crystals, these defects are negatively
charged magnesium vacancies Vy,,. However, the results
of computer modeling show that lithium ions can be
more effective charge compensators. Thus, it is expected
that Cr3*-Vy, centers will formin Cr3* : Mg,SIO, crys-

talsand Cr¥*—Li* centerswill formin (Cr¥* Li) : Mg,S IO,
crystals[5].

2. Crystals doped either with chromium aone or
with both lithium and chromium were studied. The
crystals were grown using the Czochral ski techniquein
an atmosphere of highly pure argon (log fo, ~—4). The
chromium concentration in amelt was 0.06 = 0.01 wt %.
The lithium concentration in amelt varied from 0.01 to
0.42 wt %. In order to study laser action, crystals were
grown from a melt containing approximately 0.25 +
0.01 wt % chromium.

A description of the technique used to measure
polarized luminescence spectracan befoundin[4]. The
structure and relative concentrations of various Cr3*
centers were determined using EPR spectroscopy data
and a technique described in [6]. To study the possible
laser action, a Q-switched single-mode aexandrite
(Cr3* : BeAl,O,) laser operating at a wavelength A, =
750 nm was used for pumping.

3. The wide-band luminescence of Cr3" ions in
Cr: Mg,SIO, crystalsis polarized predominantly along
the c axis. At C; = 0, the Cr®* ion luminescence with
polarization along the c, b, and a axes has a maximum
at A ~ 890, 860, and 850 nm, respectively [7]. It can be
seen from Figs. laand 1b that, in Cr¥* : Mg,SiO, crys-
tals additionally doped with Li* ions, the luminescence
with polarization along the ¢ and b axes in the initial

1063-7834/05/4708-1504%$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Transformation of wide-band luminescence spectra
of Cr®* ions in forsterite crystals grown from a melt with
various lithium concentrations: (1) 0, (2) 0.02, (3) 0.03,
(4) 0.05, (5) 0.10, and (6) 0.32 wt %.

bands with maxima at approximately 850-890 nm
weakens rapidly and finally disappears completely for
samples grown from a melt with a lithium concentra-

min

tion higherthan C;;” =0.05wt %. In place of thislumi-
nescence, there appear bands with maxima at 750 nm
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Fig. 2. Variations in the intensity of Cr3* wide-band lumi-

nescence (open symbols) and in the concentration of cr3t
EPR centers having different structure (solid symbols) in
(Cr3+,Li) : Mg,SiO, crystals with the lithium concentration
in the melt from which the crystals were grown. The nor-
malization factors for the curves are determined by mini-
mizing the sum of the squares of therelative deviations. The
dotted lines are fits to the normalized dependence of the
luminescence intensity on the lithium concentration in the
melt.

(for E || b) and 950 nm (for E || c). Therefore, aforster-
ite crystal contains Cr3* luminescence centers whose
concentration reduces to zero at a certain concentration

of Li* ions. The disappearance of the band correspond-
ing to theinitial Cr3* center ismost clearly observed in
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a sample cooled to atemperature of 77 K (Fig. 1c¢). In
this case, the band belonging to the initial Cr3* center
and the new band at A, ~ 750 nm overlap only weakly.

The EPR spectra of the crystals under study exhibit
signals from seven different Cr3* paramagnetic centers.
Two of them arewell-known isolated Cr3* centersinthe
structurally nonequivalent magnesium positions M1
and M2 with C; and C, local symmetry, respectively [1].
Two other centers are typical only of (Cr®Li) :
Mg,SiO, crystals. These were assumed in [6] to be the
Cr¥*(M1)-Li*(M2) and Cr¥*(M2)-Li*(M1) centers.
This conclusion was based on acomparative analysis of
the angular dependences of the EPR lines and the spin
Hamiltonian parameters of these centers and the
Cr¥(M1) and Cr¥(M2) centers. Three more centers
exist bothin Cr3* : Mg,SiO, and in (Cr¥*,Li) : Mg,SiO,
crystals [8]. The concentration of these three centers
decreases rapidly to zero for samples grown from a
melt with aLi* ion concentration C; > 0.05 wt %.

A comparative analysis of the luminescence and
EPR spectroscopy data demonstrates that the variations
in the intensity of the luminescence bands at 750 and
950 nm with concentration C; correlate most closely
with the variationsin the concentration of Cr3*—Li* cen-
ters (Fig. 2b) rather than the concentration of isolated
Cr3* centers (Fig. 2a). Moreover, intherange of C; val-
ues covered, the concentration of the isolated centers
increases approximately fivefold, whereas the lumines-
cence intensity increases by a factor of about 1.3 [4].
The initial luminescence centers that disappear with
increasing C, ; can beidentified with one of the detected
chromium—vacancy centers (Fig. 2¢).

Thus, the data shown in Fig. 2 give grounds to
believe that the wide-band luminescence observed in

the range 900-950 nm can be assigned to the Cr3*-Vy,,
center in Cr3 : Mg,SiO, crystals and to the Cr3*—Li*
center in (Cr¥,Li) : Mg,SiO, crystals. Contrary to a
wide-spread belief, theisolated Cr3*(M2) centersdo not

have a significant effect on the formation of the wide-
band |uminescence spectrum.

The results of the analysis of the spectral properties
of the (Cr%,Li) : Mg,SiO, crystals studied were con-
firmed directly by laser action studies. The absorption
associated with the “A,—*T, transition in acrystal at the

PHYSICS OF THE SOLID STATE Vol. 47
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pumping wavelength was ~2.5 cm (for E || c). Laser
radiation with polarization E || ¢, tunable in the wave-
length range 1030-1180 nm, was observed in a three-
mirror dispersive resonator with plane mirrors. The
transmittance of the exit mirror varied gradually from
1.4% at a wavelength of 1000 nm to 4% at 1200 nm.
More detailed data on the laser efficiency and its possi-
ble tuning wavelength range (in particular, under the
conditions of continuous wave generation) can be
obtained by optimizing the properties of the crystal and
laser cavity and the pumping conditions.

4. It has been established that an additional lithium
doping of Cr3* : Mg,SiO, crystals changes the mecha-
nism of charge compensation. Based on a comparative
analysis of the data obtained, the wide-band lumines-
cence has been attributed to the Cr3*-V,,, centers in
crystalswith C; = 0 and to the Cr3*—Li* centersin crys-

talswith C; > C['" = 0.05 wt %. Tunable laser action

has been obtained for the first time for Cr3*—Li* centers
in forsterite crystals.
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Abstract—Theimpact of photodynamic processesinduced by pump radiation in crystals doped with rare-earth
(RE) ions on the possibility of generating stimulated radiation in the UV and VUV spectral rangesis analyzed.
It is shown that, in addition to objective factors, one of the main causes preventing the lasing effect from being
obtained using the interconfigurational 4f"~150-4f" transitions of RE ions is insufficient consideration of the
photodynamic processes involved in experiments. It is proposed to correct laser test techniques and “pump-
probe’ experiments aimed at investigating active media appropriate for lasing in the UV and VUV ranges.
Extended criteriaoriented to search for new solid-state UV and VUV active mediaare formulated. © 2005 Ple-

iades Publishing, Inc.

1. INTRODUCTION

One of the most attractive methods for generating
tunableradiation in the UV and VUV spectral rangesis
the use of parity-alowed interconfigurational
4fn-15d%4f" (5d-4f) transitions of rare-earth (RE)
ions in wide-band-gap dielectric crystals. However, to
date, UV and VUV stimulated emission has been
achieved only in few crystalline matrices doped with

trivalent cerium and neodymium ions (see table) [1-
13]. Other numerous attempts to obtain UV and VUV
lasing due to 5d-4f transitionsin other ionsand in other
crystals have failed. Moreover, it is not aways possible
to reproduce the laser test results even in the UV- and
VUV-active media already discovered. Currently, it is
well established that the efficiency of UV and VUV las-
ing and even its possible excitation depend on many,
often poorly controlled factors, including the micro-

Summary table of known crystalline UV- and VUV-active media based on the interconfigurational 4f " ~15d! — 4f " transitions

intrivalent RE ions

Date of reproduction
of the laser test results

Note

Dubinskii et al., 1994 [4]
Not reproduced
Dubinskii et al., 1992 [9]

Sarukuraet al., 1995 [10]

Rambaldi et al., 1998 [11]
Marshall et al., 1994 [12]

Marshall et al., 1994 [12]

Larocheet al., 2003 [13]

Active .
medium Detection date
LiYF,: Ce* Ehrlich et al., 1979 [1]
LaF, : Ce3** Ehrlich et al., 1980 [2]
LaF; : Nd** Waynant et al., 1985 [3]
LiLuF, : ce** Dubinskii et al., 1994 [4]
LiCaAlFg: Ce* Dubinskii et al., 1993 [5]
LiSrAIFg : Ce** Pinto et al., 1994 [6]
LilugggY o1F4: Ce* | Semashko et al., 2000 [7]
KYgFg: Ce¥* Semashko et al., 2001 [8] | No data

Solarization of samples, short lasing
Strong solarization of samples

Photorefractive effect; not reproduced
in several laboratories

Solarization; differential efficiency
of up to 55%

Solarization has not been observed;
differential efficiency of up to 46%.
The single UV-active medium used for
producing commercia UV lasers

Solarization; differential efficiency
of up to 47%

Improved photochemical stability in
comparison with LiLuF, : Ce*; differ-
ential efficiency of up to 62%

Solarization of samples, short lasing

* The laser test results depend on the crystal-growth technology and experimental technique.
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Fig. 1. Simplified schematic diagram for photodynamic
processes induced by pump radiation in UV- and VUV-
active mediain which the laser transitions are the intercon-
figurational 5d-4f transitions in trivalent RE ions.

scopic quality of crystalline samples, their prehistory,
and even their origin.

In this study, we analyze the major factors determin-
ing the results of laser and pump-probe tests of solid-
state active mediafor which the operating el ectron tran-
sitions are the interconfigurational 5d—4f transitions in
RE ions.

2. RESULTS AND DISCUSSION

The nonreproducibility of the results of studies
aimed at abtaining the UV or VUV lasing excitation is
mainly due to the photodynamic processes (PDPs)
induced by intense pump radiation in UV-active media
based on crystals doped with RE ions. Among these
processes are (see Fig. 1) nonlinear two-step absorption
of pump radiation, absorption from the excited 4f"~15d
states at lasing frequencies, multiphoton photoioniza-
tion, reduction of activator ions, the migration of free
carriers of both signs, their trapping by lattice defects
[the formation of color centers (CCs)], and various
types of carrier recombination. The CCsthat are gener-
ated in crystals by UV pumping resonant with the 4f—
5d interconfigurational transitions of RE ions feature
various lifetimes. They can accumulate in the sample
and also be bleached by either the exciting or laser radi-
ation. The dynamic equilibrium between the processes
indicated above controls losses induced by pumping in
active media. These losses, in turn, decrease the UV
and VUV lasing efficiency or even make lasing impos-
sible. Moreover, laser test techniques and our under-
standing of the PDP mechanisms operative in active
materials under conditions of pumping and lasing
become extremely important in basic research aimed at
evaluating the suitability of RE-doped crystals as UV-
or VUV-active media. In particular, dueto the accumu-
lation of CCs induced by pump radiation in active
media, it becomes important to consider the experi-
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Fig. 2. Probabilistic model of photodynamic processes in
UV-active crystals doped with RE ions.

ment prehistory and the sequence of experimenter
operations [8].

We analyzed the influence of PDPs on the laser test
results using a probabilistic method and the model
shownin Fig. 2. Themodel isbased on the conventional
four-level scheme of alaser oscillator (energy levels 1—-
4) in which the above-mentioned PDPs in active media
are additionally taken into account. States 5 and 6 are
the matrix conduction band and the CC ground state,
respectively. For apulse-pumped active medium placed
in ahigh-Q laser cavity, the population of each energy
level at theinstant t and the stimul ated-emission photon
density U, is determined by the balance kinetic equa-
tions

d

d—tnl = —R(t)OpumpNy + PaNg + Py Ny + Py s,
d _
d_tnz - R(t)cpumpnl - (P23 * Oion R(t))nz + P52nS’

d

CTtna = Pzanz—[Pm + OinR(1)

1
+ Etr_ad + (01— GESSA)CUm%} N3+ 01asCU s,

d 1
d_tn4 = a:d + O-Iasculaq%nS —(Py + 015CU )Ny, (1)

d
Gi"s = RGN + (R()Oion + Og Uy

—(Ps; + Pgy + Psg)Nng
1
+ %I;ﬁmpR(t) + O-ICa(':sCUIas + '[_EnG’
CcC
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Fig. 3. Typical evolution of pump-induced losses in UV-
active media without (dark curves) and with laser action
(gray curves). The X, Y, and Z axes show the time (ns), the
pump pulse number, and the defect (color center) concen-

tration (cm™), respectively.

1
%ypump R(t) + ofa(;culas + T_Enen
cc

d
d—tUIas = (Ut 1)[0|as(n3—n4)—0|EasSAn3
oo 2l

where n;—ng are the instantaneous populations of the
corresponding states; R(t) is the pump photon density
(the time profile of the pump pulse); Oyym, and Gy, are
the absorption and ionization cross sections of the acti-
vator ion at the pump radiation frequency, respectively;

0, and OESSA are the cross sections of the laser transi-
tion and absorption from the upper laser Ievel a the

stimulated-radiation frequency, respectively; o pump and

o, are the CC absorption cross sections at the pump
radiation and lasing frequencies, respectively; T,,4 and
T are the lifetimes of the upper laser level and CC,
respectively; P;; are the corresponding transition proba-
bilities; ¢ is the speed of light; L is the active-medium
length; R is the reflectance of the cavity output mirror;
P, isthe passive cavity loss factor; and Ny is the num-
ber of defect states responsible for the CC formationin
the crystal.

To solve Egs. (1) numerically, we used the experi-

mental valUes of Gpumps Oiass Ol » Trach Toor P2z @d Py
available for crystals of fluoride schedlite[7, 8, 10, 11,
13] and colquirite [8, 10, 12]. The other parameters
were tabulated to within two orders of magnitude using
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Fig. 4. Typical evolution of thelaser UV radiation energy at
afixed pump energy for two values of the defect concentra-

tion, 10 and 10 cm2 (gray and dark curves, respec-
tively). The X, Y, and Z axes show the time (ns), pump pulse

number, and the lasing photon flux density (cm™ ) respec-
tively.

typical published values for other crystalline matrices
(see, e.g., referencesin [14]). Calculations were carried
out for 30-ns Gaussian pump pulses.

Aboveadll, itisclear that lasing isimpossible only in
the case where the cross section of absorption from the
excited 4f5d state (the upper laser level) exceeds the
stimul ated-emi ssion cross section. In the opposite case,
stimulated UV emission can be achieved even in the
case of strong solarization of an active medium under
pump radiation. However, it is unclear whether this
emission will remain stable for a long time or the
pump-induced loss will exceed the optical gain in the
course of time and lasing will cease.

Anaysis shows that the answer depends on the
number Ny Of crystal matrix microdefects (causing the
formation of CCs), on the pumping rate, and on
whether or not the excitation threshold for stimulated
emission is reached at once at the first pump pulse. If
lasing occurs, then the pump-induced CCs will be
partly bleached by laser radiation and the induced-loss
factor in the active medium will depend on the dynamic
equilibrium between the generation and destruction of
CCs. Figure 3 showsthe evolution of the CC concentra-
tion in a sample. We can see that, as the stimulated
emission arises, the pump-induced losses decrease
abruptly and the time profile of the “dip” in the gray
curves reproduces the UV lasing profile. If lasing does
not occur, losses will increase from pulse to pulse until
all of the defect states responsible for the formation of
CCs that absorb in the frequency range of stimulated
UV emission arefilled (dark curvesin Fig. 3).

Figure 4 shows the calculated lasing evolution at a
fixed pump pulse energy for two values of the lattice
defect concentration, 10'® and 10'” cm (gray and dark
curves, respectively). We can see that, at a high defect
concentration, lasing is observed only during the first
few pump pulses. If the laser cavity hasalow Q factor
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Fig. 5. Pump-energy dependence of the lasing-excitation
probability at various values of the microscopic parameters
of photodynamic processesin active media.

or is inaccurately aligned or an experimenter slowly
increases the pump energy from pulse to pulse in order
to determine the excitation threshold for stimulated
emission, then it islikely that the lasing excitation will
not occur at al at any reasonable pump energies due to
CC accumulation. In this case, it would be incorrect to
conclude that the sample is unsuitable as an active
medium. The same incorrect conclusion might be
drawn from the results of pump-probe experiments in
which a low-intensity probe beam is used. It was for
these reasons that the application prospects of solid-
state UV and VUV tunable lasers based on interconfig-
urational 5d-4f transitions of RE ions had been doubted
for along time and that previous results had been con-
sidered incorrect. In particular, attempts to reproduce
the laser test results for LiLuF, : Ce** crystals, (which
are currently the most efficient UV-active medium [7,
11]) had failed for several years.

The influence of PDPs on the laser test results
obtained in the UV range becomes clear from Fig. 5,
which shows the dependence of the probability of suc-
cessful lasing excitation on the pump energy at various
values of the microscopic parameters of PDPsin active
media. This probability is determined as the number of
lasing events divided by the number of pumping events.

If the excited-state absorption cross section from the
5d states into the host conduction band is small in com-
parison with the laser transition cross section (Oiq, <
0., the free-carrier recombination rate is high (Ps,,
Ps, > Ps), and the number of lattice defects Ny« is
small, then the pump-energy dependence of the lasing
event probability hasthe classical form plottedin Fig. 5
(dashed curve). In this case, there exists a threshold
energy for stimulated emission excitation and each
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pump pulse with an energy higher than the threshold
causes a lasing event. However, this classical depen-
dence is not typical of most UV-active crystaline
media. The sole exception to this is provided by UV-
active LiCaAlF; : Ce* crystals, which is explained by
the extraordinarily wide band gap (~100000 cm™) of
the matrix and the low probability of multiphoton ion-
ization of the Ce** ion [15].

When the lattice defect density N iscomparableto
the activator ion concentration N, the threshold energy
becomes dependent on the pumping rate, stimulated
radiation intensity, and the prehistory of the active
medium. For this reason, the dependence of the stimu-
lated-emission excitation probability on the pump
energy does not havethe classical form. For example, if
the activator ion ionization cross section is equal to or
higher than the cross section of the laser transition
(Tion = 0,59 and, simultaneously, the recombination rate
of free carriersis lower than the CC generation proba-
bility (Ps;, Ps, > Psg), then there exists a pump energy
range in which lasing will be observed for only a short
time during the first few pump pulses (see, e.g., Fig. 4).
At high pump energies, stimulated radiation can be
observed for an infinitely long time. This situation is
typical of UV-active LiYF, : Ce*, LiLuF, : Ce*, and
LiSrAlF : Ce* crystals.

Finaly, if the CC generation probability signifi-
cantly exceeds the free-carrier recombination rate (Ps;,
Ps, < Psg) and 0;,, > 0y, then there exists a narrow
pump energy range in which stable lasing becomes pos-
sible (solid curvein Fig. 5). In this case, experimenters
are especialy likely to draw incorrect conclusions,
since stimulated radiation outside this range will be
observed for only a short time and CC accumulation
will make it impossible to overcome the lasing excita-
tion threshold, because the next “ stability range” corre-
sponds to very high pumping rates, which are often
unacceptable in practice. This case is typica of the
majority of known crystaline UV- or VUV-active
media, apparently including those in which the lasing
effect has not been observed.

3. CONCLUSIONS

We have explained the results of laser tests of known
solid-state UV- and VUV-active media, including failed
attempts to excite lasing in several of them. It has been
shown that in general the pump-energy dependence of
the probability of generation of UV-stimulated radia-
tion does not have the classical form and is determined
by both objective and subjective factors, depending on
the active-medium prehistory and experimenter opera-
tions. It has been proposed to correct the laser test tech-
niques and “pump-probe” experiments by taking into
account the pump-induced PDPs in active media. In
particular, it was proposed to test new promising active
media beginning from the maximum allowed pumping
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rates to overcome the excitation energy range in which
lasing can be unstable.

When searching for new UV- and VUV-active
media, one should prefer crystals with low cross sec-
tions of multiphoton ionization of impurity ions, with a
small number of |attice defects, and with high free-car-
rier recombination rates, al other things being equal.
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Abstract—This paper presents an investigation into the temperature dependence of magnetic structure and
antiferromagnetic resonance frequencies. Taking into account the crystal and orbital structures of pure lantha-
num manganite, it is shown that the orbital structure plays acrucial rolein forming the magnetic structure. The
H-T phase diagrams for the magnetic structure are drawn. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Theinterest in pure rare-earth orthorhombic manga-
nites and manganite compounds doped by akaline-
earth ions has increased, because many unusual effects
have been studied in experiments and theoretically pre-
dicted. We turn our attention to the interrelation
between crystal, charge, orbital, and magnetic sub-
systems of pure rare-earth manganite.

The present work is aimed at theoretical study of the
magnetic resonance spectra of manganite. The external
magnetic field dependence of the magnetic structure
and AFMR fregquencies show the presence of a spin—
flop transition [1]. Because of the strong effect of the
orbital structure on the magnetic structure, the field
behavior of the magnetic subsystem is more compli-
cated than that of a usual antiferromagnet. The temper-
ature dependences of the magnetic structureand AFMR
frequencies show critical behavior [1-3]. The experi-
mentally determined Néel temperature is 138 K [1-3].
At this temperature, the magnetization and the AFMR
frequencies go to zero.

For description of the external magnetic field and
temperature effects on the magnetic structure and
AFMR freguencies, we use arecently devel oped model
[4] which includes orbitally dependent interactions:
superexchange interaction and single-ion anisotropy.
The temperature dependence is described in the mean-
field approximation. The field dependence and val ue of
the spin—flop transition field are in excellent agreement
with experiment [1]. Taking into account the overesti-
mation of the Néel temperature due to approximation,
the temperature dependences are also in good agree-
ment with experiment [1-3] and explain the splitting of
AFMR freguencies without an external magnetic field

L This article was submitted by the authorsin English.

and the disappearance of this splitting near the Néel
temperature [3].

Using the described calculations, the H-T phase dia-
grams in the main field directions (a, b, ¢) are drawn,
which show antiferromagnetic, ferromagnetic, and
paramagnetic regions of the magnetic structure of pure
manganite.

2. CRYSTAL AND ORBITAL STRUCTURES
OF LaMnO4

Manganite crystal (Fig. 1) has adistorted perovskite
structure (space group Pnma). The distortions are of
two kinds: rotational distortions of oxygen octahedra
and shifts of the lanthanum ion similar to those in
orthoferrite crystals and Jahn—Teller distortions of oxy-
gen octahedra of the etype[5]. The strong electron- at-
tice interaction causes the presence of e-type distor-
tions due to the degenerate trivalent manganese-ion
ground state and helpsthe orbital structuresto be estab-
lished.

The wave function of the ground state of each man-
ganese ion in the distorted perovskite crystal is[4]

LIJn = sin((pn/2)¢ne + COS(([)n/Z)(I)nE, (1)

where ¢, and ¢,,. are the eigenfunctions of the degen-
erated °E term. The values of ¢, can be derived from
experimental data using the parameters of the lattice
distortions[5] within the framework of strong electron—
lattice coupling. The orbital structure is described by a
correlation of orbital angles,

G =0 =0 =@ =0, (2

where @ characterize the orbital state of the Mn®* sub-
lattice according to Eq. (2).

1063-7834/05/4708-1512$26.00 © 2005 Pleiades Publishing, Inc.
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3. ORBITAL-DEPENDENT MAGNETIC
INTERACTIONS

In order to predict the magnetic properties, we use
the following spin -Hamiltonian:

H=5 Jou(Si B + AT+ oy (H B, (3)

where
coszq)
3o = Jo—s 2[1+ 2acosp+ BeoS'ql,  (4)
Iy
coszd)
Jac = Jo—5—=[1—acose+ B(cos’@—3/4)], (5)

ac

the parameters of dependences are [4] J, = 1.69 x
10K A a = 1.0, and B = 4.5; and the experimental
structural parameters are ¢, = 155.1° and ¢, = 154.8°
(Mn—O-Mn bond angles), r, = 1.97 A and r,. = 2.05 A
(mean Mn—O distances), and ¢ = 107.8° (angle of
orbital mixing without ambient pressure [5]). The sin-
gle-ion anisotropy of manganese ionsin the octahedral
oxygen environment is given by

Hz\nis = Dnsizl + En(ﬁxl _Siyl)v
E, = J/3Psing,

where P = —=1.15 K [4], n enumerates manganese ions,
and the index | denotes local axes of octahedra nearly
corresponding to cubic axes. In order to take into
account the rotational distortions, we have to transform
Hamiltonian (6) to the Pnma axes.

The temperature dependence can be taken into

account within the framework of the molecular field
approximation:

(6)
D, = 3Pcoso,

H{"
5= se e (7)

where Bg (X) isthe Brillouin function and
HY = 5 3,8+ 0H™/0S + gugH 8
i

is the effective magnetic field acting on the ith sublat-
tice.

4. RESULTS AND DISCUSSION

These parameters describe a magnetic structure of
the A type. The single-ion anisotropy (or the Dzya
loshinsky—Moria interaction, as in paper [3]) estab-
lishes the magnetic structure to be of A,F,G, type (in
Pnma notation) [4]. The molecular field theory gives
overestimated critical temperaturesfor magnetic transi-
tions. For LaMnO;, we obtained Ty = 216 K, while
experimentally Ty = 140 K isobserved [2, 3]. However,
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Fig. 2. Temperature dependence of AFMR frequencies.

qualitatively, our results are in good agreement with
experiment (see Figs. 2, 3). The temperature depen-
dence of total magnetization isgivenin Fig. 3.

The dlight discrepancy for the AFMR frequencies
temperature dependence is reasoned to be caused by an
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Fig. 3. Temperature dependence of total magnetization.
Experimental data are taken from paper [6].

inaccuracy in the measurements near the edge of the
receptive band at low temperatures. As for Fig. 3, the
divergence between the theoretical and experimental
[6] data (which almost coincide even quantitatively) is
also caused by a twinning of the LaMnO; crystal and
magnetic domains (which could be treated by field
cooling of the sample [7]). Magnetic domains are the
reason for the presence of negative magnetization at
low temperatures and low in-plane fields (see Fig. 3).

In order to determine and explain the different mag-
netic structures of pure lanthanum manganite, magnetic
field-temperature phase diagrams (H-T) in different
directions of the magnetic field were obtained (Fig. 4).
As is known, pure lanthanum manganite is a canted
antiferromagnet. Its magnetic structure, therefore, is
characterized by amixture of basic magnetic structures
(A, C, G—AFM structures and an F—FM structure).
With increasing temperature, the antiferromagnetic A
component decreases but the ferromagnetic F compo-
nent remains aimost constant. That is why the model
predicts an A-antiferromagnetic to F-ferromagnetic
transition (AFM A to FM). While the temperature of
this transition is close to that of the ferromagnetic—
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paramagnetic transition (FM to PM), one can observe a
direct switch from the AFM A to PM phase (for fields
up to 45 kOe for H perpendicular to the easy axis and
up to 190 kOe for H parallel to the easy axis) and the
gap between the AFM A-FM and FM—-PM (FM gap on
the diagrams) transition temperatures widens with
increasing magnetic field. This effect is stimulated by
strong damping of the A component by the magnetic
field.

Due to a spin—flop transition in the external mag-
netic field directed along the easy axis X near H =
190 kOe [1, 4], thereisadight step in the correspond-
ing diagram. The point is that there are two structures
that are close energeticaly (AF,G, and G,C/A) and a
switch in the energy minimum takes place in the spin—
flop field when the magnetic structure is changed

rapidly.

5. CONCLUSIONS

A theoretical investigation of the temperature
dependences of the magnetic properties of LaMnO,
was performed within the framework of the spin Hamil-
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tonian including three parts: isotropic exchange, single-
ion anisotropy, and Zeeman interaction. Mean field
approximation was used to obtain the macroscopic
parameters.

Experimental temperature dependences for the total
magnetizationsin low (0.1 T) and high (5 T) magnetic
fields were reproduced. H-T phase diagrams were
obtained and qualitatively discussed. A rich phase dia-
gram originates from the nontrivial character of the
magnetic interactions caused by the orbital structurein
the compound. Different magnetic parameters were
varied to determine their influence on the behavior of
the system in amagnetic field. It wasfound that single-
ion anisotropy playsacrucia rolein the reaction of the
magnetic system with the external magnetic field along
the easy axis of magnetization (where a spin—flop tran-
sitionisobserved). Thus, thisfactor does not seemto be
as important as antiferromagnetic exchange when we
investigate the perpendicular direction (hard direction)
of the external magnetic field. Thereby, it isevident that
LaMnO; possesses a nontrivial, strongly anisotropic
magnetic structure caused by its orbital and crystal
structures.
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Abstract—In this work, a review of recent experimental data and their interpretation for Ni;Mg; _ O solid
solutionsisgiven. In particular, theinfluence of exchange interactions between Ni2* ions on the structural, opti-
cal, magnetic, and vibrational propertiesis discussed. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Solid solutions in which magnetic ions occupy sites
in a face-centered-cubic (fcc) lattice have been of con-
tinued interest over recent decades[1]. Magnetic order-
ing in these compounds depends on the concentration
and site distribution of magnetic ions, aswell as on the
signs and strengths of the nearest neighbor (NN) Jyy
and next-to-nearest-neighbor (NNN) Jyw Superex-
change interactions [2]. Since superexchange interac-
tions depend on the values of the cation—anion distance
and of the cation-anion-cation angle [2], precise
knowledge of the relationship between the crystallo-
graphic and magnetic structure is important for a deep
understanding of the exchange phenomenon in these
materials. In this paper, we will review the available
experimental data and their interpretation for the case
of exchange interactions between Ni?* ions in
NiMg; _ O solid solutions.

Pure nickel oxide (NiO) isaclassical example of a
type-1l antiferromagnet having ahigh Nédl temperature
Ty =523 K [3]. Below Ty, the spins of the Ni?* ions are
ordered ferromagnetically in the {111} planes, where

they lie along the 11207 axes [4, 5]. In the paramag-
netic phase, pure NiO has arock-salt-type crystal struc-
ture with nickel ions located at the center of the NiOg
octahedra. In the antiferromagnetic (AF) phase, the
structure of NiO undergoes aweek cubic-to-rhombohe-
dral distortion due to the magnetostriction effect. The
AF structure of NiO is determined by dominating
superexchange interactions in linear Ni%*—O>—Ni?*

L This article was submitted by the authorsin English.

atom chains (Jyw = 150 cm™) and weak 90° superex-
change Ni2*—0?—Ni?* interactions (Jyy = 11 cm™) [4,
6, 7]. Second harmonic generation was recently
observed in NiO below the Néel temperature; it is due
to the combined magnetic-dipole and electric-dipole
transitions between the 3d level s of the Ni?* ion subject
to the crystal field [8].

Substitution of nickel ions by magnesium ions leads
to the formation of a continuous series of Ni;Mg; _.O
solid solutions and stabilizes the cubic structure [9, 10].

A magnetic phase diagram of the Ni.Mg; _.O sys-
tem has been established by elastic magnetic neutron
scattering [11] and SQUID magnetometry [11, 12].
There are four domains (Fig. 1): (1) a homogeneous
antiferromagnet (0.63 < c< 1), (2) atricritical region or
a frustrated antiferromagnet (0.04 < ¢ < 0.63), (3) a
spin-glass state (0.25 < ¢ < 0.4), and (4) a diamagnet
(c<0.2) [11]. Complementary information on the mag-
netic ordering in Ni;Mg; _.O single crystals has been
obtained from microscopic investigations of the com-
position and temperature dependence of the domain
structure [13]. It was found that the regular domain
structure is more sensitive to the concentration of mag-
nesium ions than Ty and appears upon cooling at tem-
peratures well below Ty (dashed line in Fig. 1) [13].
The aforementioned techniques provide arather macro-
scopic view on the magnetic structure of solid solu-
tions. In what follows, we discuss experimental results
which shed light on the magnetic interactions in
Ni.Mg; _.O at the microscopic level.

1063-7834/05/4708-1516$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Magnetic phase diagram of the Ni-Mg; _ O system
according the elastic magnetic neutron scattering [11] and
SQUID magnetometry [11, 12]. The region of the infinite
antiferromagnetic cluster [13] isindicated by open squares.
P is paramagnetic region, AF is antiferromagnetic region,
and CSG is cluster spin glass.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUES

The NiMg, _.O samples used in the present work
were green-colored polycrystalline powders or single
crystals [9, 10]. Polycrystalline solid solutions were
prepared using ceramic technology from the appropri-
ate amounts of aqueous solutions of Mg(NOs), - 6H,0
and Ni(NOs), - 6H,0 sdlts, which were mixed and
slowly evaporated. The remaining dry “flakes’ were
heated up to 500-600°C to remove NO, completely.
The obtained polycrystalline solid solutions were
pressed and annealed for 100 h at 1200°C in air and
then rapidly cooled to room temperature. Ni Mg, _ O
single crystals were grown by the method of chemical
transport reactions (the sandwich technique) on the
(100) face of MgO single crystals. The chemical com-
position of samples was controlled by instrumental
neutron-activated analysis [14]; the content of nickel
was in agreement with the stoichiometric content to
within £0.01%. The obtained Ni.Mg; _.O solid solu-
tions were studied by several experimental techniques:
IR-VIS optical absorption [15-17], photolumines-
cence [18-22] and Raman spectroscopy [23, 24], x-ray
[25] and neutron [11] diffraction, and x-ray absorption
spectroscopy (XAS) [26-28]. The details of the exper-
iments are available from the corresponding references.

3. RESULTS AND DISCUSSION

First, let us discuss the influence of magnetic inter-
action on the crystallographic structure of Ni;Mg, _.O
solid solutions, whose continuous series can be pre-
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Fig. 2. Variation of the lattice parameter a(c) (shown by
points) in NicgMg; _ .O [25]. The solid line shows the linear

Vegard model. The dashed line corresponds to the model
a(c) = Payjio + 20(1 - ©)(by + bye) + (1 - ¢f(cayjo + (1~
C)aygo) With by = 4.206 A and b, = -0.014 A, taking into

account a displacement of nickel atoms upon dilution by
magnesium [25].

pared due to the small difference (about 0.02 A) of the
ionic radii of Ni%* and Mg?*ions[9, 10]. It was believed
for a long time that the lattice parameter of the
Ni,Mg; _ O system depends linearly on the composi-
tion and follows the Vegard rule: a(c) = cayio + (1 —
c)a,\,Igo [9, 12, 29, 30]. However, the results of Ni
K-edge XAS studies [26, 27] suggested a deviation of
thelocal environment around Ni?* ions from the Vegard
model. It was observed that, while the nearest inter-
atomic Ni-O and Ni-Mg distances change linearly,
according to the Vegard model, the nearest Ni—Ni dis-
tance remains nearly constant at all compositions [26,
27]. These results stimulated more accurate x-ray dif-
fraction (XRD) study [25], which confirmed the XAS
findings. It was determined that the values of the lattice
parameter a(c) in the Ni;Mg, _.O series differ from
those predicted by the Vegard model and that the max-
imum deviation is about —0.002 A for ¢ ~ 0.4 (Fig. 2)
[25]. Note that this a(c) dependence can be well fitted
by the model assuming constant nearest Ni—Ni distance
[25]. Thus, both XRD and XAS experiments suggest a
distortion of the local environment around the nickel
ion, which progressively increases upon dilution with
magnesium ions. The origin of this distortion is attrib-
uted to the exchange interaction between neighboring
nickel ions, causing them to displace to an off-center
position. We correlate a symmetry lowering at nickel
ion sites with the observed splitting of the zero-phonon
line in the low-temperature optical absorption and pho-
toluminescence spectraof NiqMg; _Oforc<0.2inthe

energy range 7800-8300 cm™ of the 3A,; ~—— 2T,
band [21]. The existence of the two sharp zero-phonon
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Fig. 3. Room-temperature optical absorption in NigMg; _ O
single crystals [10].

lines (E and T) in the 3A,; —— 3T, band at 8005 and
8182 cm has been traditionally explained by the spin-
orbit splitting [18-20, 31]. However, according to cal-
culations [31], four zero-phonon lines are expected
with relative intensities of 0.677, 1.000, 0.790, and
0.235, while only two lines with relative intensities
equal to 0.645 and 1.000 are observed in the experiment
[18-21]. Moreover, itisknown that at nickel concentra-
tions 0.01 < ¢ < 0.2, additional zero-phonon lines
appears at 7822, 7888, 7921, and 7937 cmL, which are
attributed to the exchange-coupled Ni?*—Ni?* pairs
formed due to the 90° superexchange Ni*—0O%—Ni?*
interactions[19-21]. The maximum number of isolated
pairs is observed at ¢ = 0.05, and they aggregate into
clusters at higher nickel concentrations [20, 21].

The optical properties of the Ni_.Mg; _.O solid solu-
tionswith asmall concentration of nickel ions has been
studied in detail previously [18-21, 32—34]. Therefore,
we will further discuss the case of high nickel content
(c>0.05). The optical absorption spectraof Ni.Mg; _.O
solid solutions can beinterpreted using the energy level
diagram of afree nickel ion Ni2*(3d®) in a cubic crystal
field. The observed absorption bands (Fig. 3) arerelated
to the parity-forbidden d—d transitions, three of which,
3A29(F) - STZQ(F), 3A29(F) - 3Tlg(I:)v and
A (F) — 3Tyy(P), are spin-allowed (AS = 0),
whereas the others are forbidden. We will consider the
two lowest bands, which correspond to the magnetic-
dipoletransition 3A,y(F) —» 3T,4(F) at ~8800 cm* and
the electric-dipole transition 3Ay(F) — 'Ey(D) at
~13800 cmL. Note that both bands are sensitive to the
magnetic ordering.

At low temperature, the magnetic-dipole band
3A(F) — 3T,4(F) consists of two sharp zero-phonon

PHYSICS OF THE SOLID STATE Vol. 47

lines (peaks A and B in Fig. 4), phonon satellite peaks,
and abroad sideband [16, 19]. The peak A at ~7800 cm
is assigned to the pure exciton transition, whereas the
peak B at ~7840 cm™ is assigned to the exciton—one-
magnon excitation [16, 19]. Here, the one-magnon
excitation occurs at the Brillouin zone center (BZC)
and its energy is defined by the difference between
peaks A and B. Upon a change in temperature or substi-
tution of nickel ions with magnesium ions, the band
experiences homogeneous and inhomogeneous broad-
ening, which influencestheintensity and the position of
both peaks and of the phonon sideband [35]. An intro-
duction of less than 10% magnesium ions (¢ > 0.9)
results in a strong damping of the peak B intensity
dready a T = 6 K, which is very far below the Néel
temperature (Fig. 1). Within the accuracy of our exper-
imental data, the one-magnon energy in Ni;Mg; _ O for
¢ > 0.95 is nearly unchanged and equals that of pure
NiO wyy = 41 cm™. There is also some evidence of a
decrease in wyy, by ~8 cm for ¢ = 0.95 (Fig. 4). Note
that a similar variation of w,,, with composition has
been observed recently in one-magnon Raman scatter-
ing [24]. For ¢ < 0.9, the one-magnon contribution can-
not be detected as a distinct peak at 6 K; however, a
shoulder on peaks A and B is visible in NiggMgg 100
(Fig. 4). According to the magnetic phase diagram
(Fig. 1), the antiferromagnetic ordering in Ni;Mg, _.O
exists[11, 12] at T=6 K for c= ~0.4 and, moreover, an
infinite antiferromagnetic domain structure is observ-
ablefor ¢ >~0.6 [13]. In pure or lightly doped NiO, an
infinite antiferromagnetic domain structure is present
up to ~450 K [13] and the antiferromagnetic ordering
remains up to 523 K. However, these results reflect the
macroscopic  magnetic  properties of NiO and
Ni:Mg; _ O, whereas optical spectroscopy provides a
microscopic point of view. Our results indicate that
long-wavelength BZC magnons are very sensitive to a
disturbance of long-range spin—spin correlations due to
atemperatureincrease or dilution by nonmagneticions.

The temperature dependence of the electric-dipole
transition *Ag(F) —= *E4(D) in Nig gMg 490 is shown
in Fig. 5, and a variation of the band with composition
is shown in Fig. 3. Note that the 1Eg(D) band partialy
overlaps with the 3T, (F) band located at ~15700 cm™.
The intensity of the 'Ey(D) band for ¢ = 0.60 experi-
ences an abrupt decrease in the temperature interval
200275 K, just below the Néel temperature Ty ~
320 K (Fig. 5). At room temperature, an abrupt change
occurs between ¢ = 0.25 and 0.7 (Fig. 3). Our previous
study [36] of this band in KNiF; single crystals sug-
geststhat the 1E,(D) band has a complex structure, con-
sisting of the exciton—photon background and the exci-
ton—two-magnon contribution sitting on it. The pure
exciton transition is parity- and spin-forbidden, soitis
not visiblein the experimental databut isexpected to be
at ~12500 cm™. The two magnons are excited at the
Brillouin zone boundary (BZB), so they are short-
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Fig. 4. (a) Temperature and (b) concentration dependences of the low-energy part of the 3A29(F) — 3ng(F) absorption band in
Ni.Mg; _ O single crystals[16]. The peaks due to the pure excition transition and exciton-one-magnon excitation areindicated by

the letters A and B, respectively.

wavelength magnons and, thus, are sensitive to the
short-range magnetic ordering. As a result, the two-
magnon contribution remains visible up to Ty, (Fig. 5).
Similar behavior of the two-magnon contribution has
also been found in the Raman spectra of NiO [37] and
KNiF; [38]. The two-magnon energy w,, can be
roughly estimated to be ~1400 cm™, which is much
larger than in KNiF; (c,, = 813 cm™) due to the stron-
ger superexchange interactions between Ni?* ions.

Contrary to the optical absorption spectra (Fig. 3),
where severa bands dueto intraNi?* ion transitions are
observed (Fig. 3), the photoluminescence spectra [22]
in the range 11000-22000 cm™ at high nickel concen-
trations consist of only two broad bands (Fig. 6): ared
band at 12500 cm and a green band at 18500 cm™.
The intensity of both bands decreases with increasing
temperature but is still detectable at room temperature.
Moreover, we found that the intensity ratio for the two
bands depends strongly on the sample composition and
the excitation laser wavelength [22]. We attribute the
two bands to the impurity- or defect-perturbed Ni2*
states, similar to that observed [39, 40] in MnO and
MnS. The band at 12500 cm™ is related to the transi-
tions from some defect levels located in the gap
between the 3T;4(F) and 'T,y(D) Ni?* levels. Similarly,
the position of the red band is attributed to the defect
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levelslocated in the gap between the 3T,y(F) and *Ey(D)

Ni?* levels. The observed luminescence bands experi-
ence inhomogeneous and homogeneous broadening
due to compositional disorder, exciton—phonon and
exciton—magnon interactions. The intensity of the
bands is also determined by an off-center displacement
of nickel ions due to substitution by magnesium.

The room temperature Raman spectrum of pure NiO
consists of several bands (Fig. 7): a one-magnon (1M)
band [41] at 34 cm™, five vibrational bands [6]—one-
phonon (1P) TO (at 440 cm™, peak A) and LO (at
560 cm, peak B) modes, two-phonon (2P) 2TO modes
(at 740 cm, peak C), TO + LO (at 925 cm, peak D)
and 2L O (at 1100 cm, peak E) modes, and atwo-mag-
non (2M) band F at ~1500 cm. The frequency and
shape of the phonon bands do not vary with tempera-
ture, whereas the magnon scattering intensities are
strongly temperature-dependent and shift to lower fre-
guencies and decrease in intensity with increasing tem-
perature, to disappear completely close to the Néel
point [6, 41].

The one-magnon Raman scattering measured for ¢ >
0.6 isshown in Fig. 7afor a NiygMg,,0 solid solution
[24]. Here it can be detected up to about 270 K, and the
one-magnon frequency extrapolated to T= 0K is about
26 + 1 cm. As expected, the one-magnon frequency
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1E4(D) absorption bands in Nig goMgg 400 single crystals
[16].

decreases and the peak progressively broadens with
increasing temperature. The extrapolation of the tem-
perature dependence of the one-magnon frequency to
wy = 0 gives acritical temperature T = 300 K, which
is much smaller than the Néel temperature [11] Ty (c =
0.8) = 420 K. The analysis of one-magnon Raman scat-
tering for other compositions allowed us to conclude
that (a) the one-magnon frequency extrapolated to T =
0 K experiences an abrupt change between ¢ =0.99 and
0.9 and (b) the one-magnon energy for highly diluted
nickel oxide vanishes significantly below the Nédl tem-
perature. The abrupt change of the one-magnon fre-
guency at T = 0 K with composition is unexpected and
requires further study. Also, the behavior of the one-
magnon frequency close to the Néel temperature
requires clarification.

Room-temperature Raman spectra of polycrystal-
line Ni;Mg; _.O solid solutions are shown in Fig. 7b
[24]. The most exciting result is concerned with the
strong decrease of the two-phonon band intensity rela-
tive to the one-phonon contribution for small nickel
concentrations. As one can see, upon dilution with
magnesium ions, the one-phonon bands A and B change
dlightly in shape: mainly, the band A becomes more
pronounced. At the same time, the two-phonon bands
C, D, and E broaden for 0.5 < ¢ < 0.9 and disappear
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Fig. 6. (a) Temperature and (b) composition (at room tem-
perature) dependences of the photoluminescence in
NiMg; _ O solid solutions under a514-nm excitation laser

wavelength [22]. The luminescence due to Cr3* ions comes
from the MgO substrate.

completely for c < 0.4. Since the crystalline structure of
NiMg; _.O solid solutions follows that of NiO and
MgO, no significant changes in the phonon density of
states are expected [24]. Therefore, we suggest that for
increasing magnesium concentration the first-order
Raman scattering becomes more and more allowed due
to alowering of local symmetry at Ni?* sites caused by
two effects: composition disorder and off-center dis-
placement of nickel ions. Theintensity of the two-mag-
non band F decreases with increasing magnesium con-
centration, and its position shifts to the lower frequen-
cies as expected. In fact, the two-magnon band F
becomes located under the phonon bands and could be
partialy responsible for the background contribution
forc<0.7.

No. 8 2005



MAGNETIC ION EXCHANGE INTERACTIONS

Intensity, arb. units

1521

Intensity, arb. units

. (a)
Nig goMgp.200 _.-,.

' 5 .25
N RPN Y
'“.
y -~ % 67
M‘."” - \“‘.Mo ~l

T,K

s
e -

.f L)
113
ew'/’\ N ot

hehalbariit e

20
Raman shift, cm™

40
1

1000 1500
Raman shift, cm™!

2000

Fig. 7. (a) Temperature dependence of the one-magnon Raman scattering in aNig ggMgg 29O solid solution [24]. (b) Composition
dependence of the room-temperature Raman spectra of polycrystalline NicMg; _ O solid solutions [23]. The origin of peaks A—F
is explained in the text. The spectral intensities are scaled so that one-phonon scattering in different spectraisroughly comparable.

4. SUMMARY AND CONCLUSIONS

We have reviewed the recent experimental data
together with their interpretation for Ni;Mg, _ O solid
solutions with an emphasis on the exchange interac-
tions between Ni?* ions. We have shown that different
experimental methods provide complementary infor-
mation and alow a deeper understanding of the
NiMg; _.O system. It was found that dilution of nickel
oxide with magnesium ions strongly affects the atomic
structure and optical, magnetic, and vibrational proper-
ties. Opposite to the conventional point of view, the
local symmetry at Ni%* ions sites does lower upon dilu-
tion due to magnetic interactions between neighboring
nickel ions. The magnetic interactions can be accessed
through the study of optical and Raman spectroscopy,
since both one-magnon and two-magnon excitations
contribute strongly to optical and Raman spectra. We
found that the one-magnon energy, depending on the
composition, shows an unexpected trend that can be
explained by a strong decrease in the spin—spin correla-
tion length upon dilution. However, further studies are
required to fully understand this behavior.
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Abstract—Nonempirical calculations of the unpaired-spin density and NMR frequencies for charge-ordered
compounds L & 333Cag 657MNO3 and L&, sCa, sMNnO; are carried out. The effect of the local-structure parame-
ters on the resonance frequencies is shown to be dominant. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The interest demonstrated initially in undoped lan-
thanum manganite and other manganites can be traced
to the discovery of colossa magnetoresistance [1].
Subsequent studies have also revealed other features
intimately connected with the physics of manganites.
No less attention is being paid to the properties of the
charge-ordered phases observed in these compounds.
Numerous studies have dealt with the crystal structure,
magnetic properties, and orbital ordering in crystals
residing in a charge-ordered state [2—6]. There are sev-
eral commonly accepted models of the crystal struc-
ture, among them the Wigner model [7] and the paired
JT stripe model [8]. Choosing an ordering model for
some charge-ordered compounds remains, however, an
unsolved problem.

Some uncertain aspects can be partialy clarified
using NMR. The sensitivity of this method to changes
in the local structure is high enough to test whether
ordering can exist in a crystal. Regrettably, the reso-
nance lines observed in a sample are strongly broad-
ened, precluding a more detailed investigation of the
crystal structure. Because the charge orbital and lattice
degrees of freedom are coupl ed, charge ordering affects
the formation of crystalline, magnetic, and orbital
structures. Therefore, based on calculations, one can
derive the actual type of ordering involved from analyz-
ing the frequency shiftsin an NMR spectrum. Another
problem is correct assignment of the observed NMR
lines. Nonempirical calculations offer the possibility of
predicting the position of the line related to a charge
state of manganese. In this paper, we report on a
nonempirical calculation of the NMR frequencies for
manganese ions incorporated into charge-ordered
Lay5CaysMnO; and L&y 333Cay 66;MNO; Crystals.

2. MODEL

NMR lines are determined by the hyperfine mag-
netic interaction between the electron and nuclear mag-

netic moments. In crystals, a significant part is aso
played by chemical bonding, which is governed prima-
rily by the interaction with the nearest neighbors.
Therefore, it is appropriate to use the molecular-orbital
formalism, which permits adequate estimation of the
effects associated with chemical bonding. In our model,
we take into account only the isotropic hyperfine inter-
action, because it is this interaction that determines the
position of spectral lines.

Theisotropic hyperfineinteraction constant is given
by

As = LoBouBup, ®)

where g and gy, are the electronic and nuclear g factors,
respectively; 3 and By are the electronic and nuclear
Bohr magnetons; and p is the unpaired-spin density at
the nucleus site. By substituting the wave function
expressed through molecular orbitals, we find the mag-
netic resonance frequency to be

hv = %UngNBN%[Z(M)GilZ_|¢Bi|2):|’ @

where summation is performed over all spin-polarized
wave functions of the ion and ¢a and ¢3 are the spin-
polarized wave functions with spin up and down,
respectively.

Calculations were performed with the GAMESS
code [9, 10]. The bases used for the manganese ions
were taken from [11], and the basis for the oxygen ion
was taken from [12].

We used the SCF approximation of the unrestricted
Hartree—Fock method, which allows one to obtain the
value of the unpaired-spin density at the nucleus site.
Optimization was applied to the compl ete set of molec-
ular orbitals describing the cluster.

1063-7834/05/4708-1523$26.00 © 2005 Pleiades Publishing, Inc.
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NMR line positions for the Mn®* and Mn** ions

Compound Mn3*, MHz | Mn*, MHz
LaMnOg (expt.) [13, 14] 350
LaMnO; (calc.) 427
Lay5CapsMnO; (expt.) [3] 380 310
Lay5CaysMn0O; (calc.) 473 369
L 39.35Cap,6sMNO3 (expt.) [5] 375 200
L 8y.333Ca0,667MNO;3 (calc.) 478 361

3. RESULTS AND DISCUSSION

The LaysCa,sMnO; and L&y 333Cay g5;MNO; com-
pounds studied here are diel ectrics possessing acharge-
ordered structure at temperatures below Too. For the
L&y 333Ca667MNO; crystal, the temperature of transi-
tion to the charge-ordered stateis Too = 260 K [4]. The
NMR spectra of both compounds contain two clearly
pronounced lines [3, 5]. The parameters of
L&y 5sCaysMnO; can befound in[2], and the parameters
of Lag333Cay66;MNO;, in [4]. The crystal structure of
both compounds contains ordered tri- and quadrivalent
manganese ions. Note that the ground state of the triva
lent manganese ion is degenerate; therefore, thision is
involved in the formation of the orbital structure of the
compound. The actua type of orbital structure is
closely connected with the crystal structure; therefore,
selection of the ground state of the trivalent manganese
ion needed to calculate the hyperfine interaction con-
stant is uniquely specified by the type of local distor-
tions of the oxygen environment.

In the case of half-doping, the crystal structure of
lanthanum manganite is described by space group
P2,/m and is essentially orthorhombic with a double
unit cell. Thus, the trivalent manganese ion occupies
two structuraly ineguivalent positions that differ in
terms of the orientation of local distortions. Jahn—Teller
distortion is the dominant type of distortion of the oxy-
gen octahedron located near the Mn®* ion. The Mn-O
bond lengths are chosen, in accordance with [2], to be
2.068 and 1.929 A for the first center and 2.056 and
1.919 A for the second center in the case where the in-
plane bond connectsthe axial oxygen ionsand the man-
ganese ion for both centers. We cal cul ated the unpaired
spin density for both Mn3* positions and determined the
NMR signal frequency. The unpaired spin density was
calculated for acluster made up of amanganeseion and
its nearest environment, with due account of the effect
of all other ionsinthe crystal. Theionsoutsidethe clus-
ter were taken into account in the point-charge approx-
imation. The frequencies thus obtained are listed in the
table. It can be seen that the values calculated in the
nonempirical model are higher than those observed
experimentally. The inclusion of point charges lowers
the calculated NMR freguency. M oreover, adecrease of
the distortions arising in the crystal structure entails a
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lowering of the NMR frequency. The NMR frequencies
related to the manganese ions occupying inequival ent
lattice positions turned out to be similar in magnitude
and cannot be isolated from the strongly broadened
line. This effect should be assigned to the small differ-
encein bond length between the two inequivalent man-
ganese ion positions.

There is only one position for quadrivalent manga-
nese in the crystal. Its nearest environment is only
dightly distorted; therefore, the state of the cluster
approaches that of an undistorted octahedron. The
guadrivalent manganese ions together with the oxygen
octahedra are shifted in the plane with respect to the
complexes containing trivalent ions. The manganese-
oxygen bond length is 1.915 A [2].

L&y.333Ca667MNO; belongs to space group Pnma
and can be described by a triple-content orthorhombic
unit cell in one direction and a double-content unit cell
in another, both being in-plane directions[4]. Thus, this
compound has only one Mn3* center and one center
related to Mn**. Thelocal distortions of thetrivalent ion
environment are closein amplitude to those of the clus-
ter for La,sCaysMnO; and can be characterized by the
following bond lengths: 2.024 and 1.916 A for the in-
plane bonds and 1.902 A for the oxygen ions on the
orthorhombic axis. A small change in local distortions
of the oxygen octahedron gives rise to a dlight shift of
NMR freguencies relative to the NMR frequencies
observed in the LasCasMnO compound. The
quadrivalent ion in Lay 333Cay g5;M NO; occupies an off-

center position. Therefore, the Mn** bond lengths are
1.87, 1.89, 1.90, and 2.01 A for the in-plane oxygen
ions and 1.904 and 1.907 A for the axial oxygen ions.
However, despite the local structures being substan-
tialy different, the corresponding isotropic hyperfine
constants are similar.

The calculated NMR frequencies for both Mn3* and
Mn* are given in the table.

We performed first-principles calculations of the
unpaired spin density and NMR frequencies for
LaMnQO; [15]. The results are listed in the table. The
NMR frequency calculation conducted in terms of the
empirical model isdescribed in [16]. Asisevident from
the table, the frequency for the trivalent manganese ion
in LaMnO; islower than the Mn3* frequency in charge-
ordered compounds. This effect should be assigned to
the magnitude of local distortions in the nearest envi-
ronment of the manganese ion.

4. CONCLUSIONS

To sum up, our calculations make it possible to find
the positions of NMR lines, to compare the NMR fre-
guencies observed experimentally with those of the tri-
and quadrivalent manganese ions, and to qualitatively
reconstruct the pattern of NMR frequency variations as

No. 8 2005
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a function of the extent of local distortions of the oxy-
gen octahedron.
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Abstract—The optical spectrum is calculated for the nondiagonal component of the permittivity tensor of a

ferromagnet. © 2005 Pleiades Publishing, Inc.

When analyzing the mechanisms of optical absorp-
tion in solids, it is necessary to choose an appropriate
set of macroscopic frequency-dependent functions,
which, then, can be used to compare the experimental
and calculated spectra.

These functions are the complex permittivity €(w)
and the complex permeability p(w). However, the bilin-
ear relation between these quantities and the complex
refractive index N = n — ik does not allow one to sepa-
rate their partial spectra from the experimentally
observed spectrum even in a simple isotropic case.

Sincethe genera form of the expression relating the
guantities €, W, and N (for an anisotropic absorbing
medium) remains unknown, the permeability has been
completely eliminated from the phenomenological
description of optical phenomena.

The immaturity of the phenomenology and, as a
consequence, the inadequate interpretation of the
experimental spectra, in turn, have impeded the devel-
opment of unambiguous procedures for microscopic
calculations of the complex permittivity €(w) and the
complex permeability p(w).

In this paper, we will demonstrate one possible way
out of thisimpasse.

Itisknown that, in the equatorial geometry (with the
magnetization M parallel to the z axis and perpendicu-
lar to the plane of light incidence), the effects linear
with respect to the vector M allow one to measure the
nondiagonal components of the permittivity (g,,(w)) [1]
and permeability (. /(w)) [2] tensors separately (in the
latter case, the diagonal components are taken equal to
unity). When comparing the experimental and theoreti-
cal spectra of the nondiagonal components of the ten-
sors, the main difficulties arise in the microscopic cal-
culation of the components. First, the functions g, (w)

and |, (w) are determined by the electronic states with
spin projections that are transverse with respect to the
magnetization direction (an arbitrary direction in the xy
plane). However, calculations have provided informa:
tion about electronic states with spin projections that
are aligned with or opposite to the magnetization direc-
tion (the z axis). The most serious attempt to calculate
the magneto-optical spectra within this discordance
does not show convincing agreement with experiment

[3].

The results of measuring thereal part of the quantity
w’e,(w) [1] for iron (dotted line), the calculation hith-
erto reputed to be best [3] (dashed line), and the results
obtained in this work (solid line) are compared in the
figure.

E=hw,eV

Readl part of the quantity oozsxy(w) for iron according to the

measurements madein [1] (dotted line), the calculation per-
formed in [3] (dashed line), and the results obtained in this
work (solid line).

1063-7834/05/4708-1526$26.00 © 2005 Pleiades Publishing, Inc.
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The spectrum we have calculated is in good agree-
ment with the experimental curve in terms of its main
features and was obtained without any fitting.

In our calculations, we used the energy densities of
states for iron [4] (which are longitudinal in terms of
spin projections with respect to the magnetization) to
obtain new functionsthat correspond to the energy den-
sities of transversal electric dipole states: g5, 95, G,
and G .

The rea and imaginary parts of the nondiagonal
component of the permittivity tensor can be found from
the formula

E, +hw
I G, (E-hw)G} (E)dE

Ef
E, +hw

- [ Gu(E-hw)G} (E)dE,

E

"

PHYSICS OF THE SOLID STATE Vol. 47 No.8 2005

where the integrals relating the occupied and unoccu-
pied (denoted by prime) states are defined in the same
way asin [5].
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Abstract—Magnetic ordering and spin reorientation in iron borates Nd,Gd, _,Fe;(BO3), (x = 0.01, 0.04, 0.25,
1.0) are studied using arare-earth spectroscopic probe. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Owing to their physical properties and their
mechanical and chemical resistance, rare-earth (RE)
borates RM3(BOs;), (R=Y, Ln; M =Al, Ga, Cr, Fe, Sc)
are promising materialsfor quantum- and optoel ectron-
ics. YAl;(BO;), and GdAl;(BO;), crystas are
employed in frequency-doubled and frequency-mixed
lasers, while NdAI;(BO3), isahighly effective concen-
trated material for miniature medium-power lasers [1-
3]. The compound obtained by replacing Al3* with Fe**
ions (which have a magnetic moment) is an interesting
magnetic material containing two magnetic sub-
systems, namely, the RE subsystem and the iron sub-
system, the latter being quasi-one-dimensional.

The compounds mentioned above crystallize in the
trigonal system and belong to trigonal space group R32
(D;) [4]. RFe;(BOs), crystals are shaped like ahexago-
nal prism and consist of layers perpendicular to the ¢
axis, which, in turn, consist of RO trigonal prisms and
FeO; octahedra (smaller in size). The ROz polyhedra
arelinked to BO; groups of two types and to FeOg, octa-
hedra by shared vertices in such a way that each FeOg
octahedron shares two faces, one with each of the two
adjacent layers. The FeO, octahedra share a common
face with each other in such away that they form iso-
lated helical chains, which are parallel to the c axisand
are independent of each other. The R®* ions occupy
equivalent positions with trigonal symmetry (point
group D).

The magnetic properties of iron borates were mea-
sured in [4-6]. The temperature dependence of the
magnetic susceptibility exhibits an anomaly at 32 K for
NdFe;(BOs3), [4] and at 10 and 40 K for GdFey(BO;),
[5, 6]. From the temperature dependence of the trans-
mission spectra, it follows that NdFe;(BOs),, undergoes

magnetic ordering at 33 £ 1 K [7]. Studies of the heat
capacity and Raman scattering in GdFe;(BO,), and of
the absorption spectra of aNd** probe in GdFe;(BOs),,
in combination with measurements of the magnetic
properties of GdFey(BO,), [8], show that gadolinium
iron borate undergoes three phase transitions: a first-
order structural transition at 156 K, magnetic ordering
(asecond-order transition) at 37 K, and spin reorienta-
tion (afirst-order transition) at 9 K [8]. In[6], the tem-
perature dependences of the heat capacity and mag-
netic susceptibility of severa RE iron borates were
measured and the temperatures of the structural phase
transition and magnetic ordering in RM3(BO;), were

found as a function of the R®* ionic radius. In this
paper, we report on the results of spectroscopic studies
on magnetic phase transitions in the mixed system
Nd,Gd; _Fe;(BO;),.

2. EXPERIMENTAL

Transparent dark-green Nd,Gd,; _,Fe;(BO3), (X =
0.01, 0.04, 0.25, 1.0) single crystals of high optical
quality were grown using the flux-melt method [9].
From these prism-shaped crystals with x = 0.01, 0.04,
0.25, and 1.0, plates were cut with thicknesses of 0.2,
0.2, 1.0, and 0.15 mm, respectively. The samples were
not oriented, and all subsequent measurements were
performed in unpolarized light.

A sample was mounted on a special insert inside an
optical helium-vapor cryostat. A thermocouple was
located in the immediate vicinity of the sample. The
temperature control system used made it possible to
stabilize the temperature to within £0.05 K and perform
measurements over the range from 4.2 to 300 K to
within £0.05 K. The low-temperature transmission
spectra of the borate single crystals under study were
measured over the spectral range 5000-14000 cm

1063-7834/05/4708-1528%$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Splitting of the Nd®* ion levels in a D3-symmetry
crystal field (schematic).

with a resolution of 1 to 0.15 cm™ on a BOMEM
DA3.002 high-resolution Fourier  spectrometer
equipped with aliquid-nitrogen-cooled InSb detector.

3. RESULTS AND DISCUSSION

As indicated above, the local symmetry of the RE
center in iron borates is described by the D5 point

group. The Nd® ion has an odd number of electrons
and isaKramersion. A Dy-symmetry crystal field lifts
the degeneracy of the levels of a free ion except the
Kramers degeneracy. The number of levelsis dictated
by the value of the total angular momentum J; a (2J +
1)-fold degenerate level is split into (J + 1/2) Kramers
doublets. The crystal-field splitting of the Nd®* ion lev-
elsis shown schematically in Fig. 1.

Figure 2 shows the transmission spectra of
Nd.Gd, _,Fes(BOy), at 50 K (in the paramagnetic
phase) in the region of thetransitions*l g, — *l,5, (for
X = 025, 10) and 4|9/2 I 4F3/2 (fOf X = 001, 004)
With our samples, we could not study one spectral
region for all values of x, because the *lgp, —= “l15,
transition is not observed in samples with small values
of X, whereasthe *lg;, —» “F3, transition is saturated in
samples with large values of x.

In the case where there is magnetic ordering in a
sample, the RE ion is subjected to an effective magnetic
field, which splits the Kramers doublets and thereby
causes splitting of the spectral lines. Therefore, the
optical spectra contain information on magnetic phase
transitions. In iron borates, the RE ions are isolated;
therefore, their interaction with one another is much
weaker than the RE ion—e interaction and the varia-
tions in the RE spectrum are associated, for the most
part, with changes in the magnetic system of Fe ions.
Figure 3 shows in more detail the low-frequency lines
of the transitions 4, —» “l;5, (for x = 0.25, 1.0) and
Hg;, — 4F4, (for x = 0.01, 0.04) at various tempera-
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Fig. 2. Transmission spectra of Nd,Gd; _ ,Fe3(BO3), in the
region of the transitions (a) “lg;, — *l15/, (for x = 0.25,
1.0) and (b) *lg;, —> *Fgy, (for x=0.01, 0.04). T=50 K.

The designations of the spectral lines correspond to those of
the energy levelsin Fig. 1.

tures. At T > 40 K, the spectra are seen to have one
broad line. As the temperature decreases, this line
splits, because the Kramers degeneracy of the Stark
levels of the Nd®* ion is lifted when magnetic ordering
occurs in Nd,Gd; _,Fe;(BO,),. The designations of the
components of split linesin Fig. 3 correspond to those
of the energy levels in Fig. 1. In the case of
NdFe;(BOs),, splitting of the two closely spaced lines
|A and IB in the spectral range 5850-5910 cm is seen
to occur, as can also be clearly seen from a comparison
with the spectrum of the compound withx=0.25inthis
spectral range (Fig. 2a). The components of these split
lines corresponding to transitions from the upper sub-
level of the Kramersdoublet split by the magnetic inter-
action in the magnetically ordered state are “frozen
out” at low temperatures. For the Nd,Gd, _,Fe;(BO5),
compounds with x = 0.01, 0.04, and 0.25, a sharp
change in the relative intensity of linesis also seen to
occur within anarrow temperature range (lessthan 1-K
wide). For the earlier studied compound GdFe;(BOs), :
Nd (1 at. %), thischangein therelativeintensitiesin the
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0.01,

<T<Ty)tothecaxis(at T < Tg) [8]. The temperatures

9K) wasassigned to the

RE spectrum (observed at Ty

reorientation

transition as determined from the temperature depen-
dences of the splittings and relative intensities of the

of the magnetic ordering and the spin

during

which the magnetic moments of the Fe ions change
their orientation from the ab plane (at temperatures Ty

spin reorientation first-order phase transition
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Temperatures of magnetic ordering (Ty) and the spin-reorien-
tationtrangition (Tg) in Nd,Gd; _Fe3(BO,), asafunction of x

X T K T K

0.01 37.0+05[8] 9.00 + 0.25
0.04 370+ 1.0 70+05
0.25 365+ 1.0 65+05
1.0 33+ 1[7] -

spectral linesaregiven inthetable. In NdFe;(BOs),, the
spin-reorientation transition is not observed above 3 K.
The decrease in the magnetic-ordering temperature
with an increase in the Nd® ion concentration in
Nd,Gd, _,Fe;(BOs), is due to the fact that the replace-
ment of Gd** by Nd®* (which has alarger ionic radius)
increases the interatomic distances and the lattice
parameters. This behavior is consistent with the varia-
tionsin Ty of iron borates RFe;(BO3), along the row of
RE elements[6] and indicatesthat the links between the
Fe chains are mainly due to BO; groups rather than to
RE ions. Asfor the spin-reorientation transition, which
is associated with temperature variations in the anisot-
ropy of magnetic interactions [10], the available data
are insufficient to explain the tendency of Ty to
decrease as the neodymium content increases.
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Abstract—Specifics of the exchange interaction in mixed-valence Cr2*—Cr3* 3d-ion pairs in KZnF; crystals
are studied. It is shown that the double-exchange interaction can be significantly reduced by the low-symmetry
crystal field created by a compensator. The features of the exchange interaction and optical absorption spectra
are qualitatively analyzed. © 2005 Pleiades Publishing, Inc.

1. Isolated complexes of exchange-coupled mixed-
valence 3d ions, which are created in crystals due to
non-isovalent substitution or nonstoichiometry with
respect to either cations or anions, are important for
understanding the part the double exchange plays in
various properties of these centers|[1, 2]. Experimental
and theoretical studies of the optical absorption spectra
of KZnF;: Cr crystals[3, 4] have shown that these crys-
tals contain (Cr?*—Cr*) centers composed of mixed-
valence chromium ions. Observations of the pseudo-
Stark effect for the optical absorption lines of this cen-
ter [3, 4] indicate that an excess electron is mainly
localized on one member of theion pair; i.e. thepair has
no inversion center. The experimental data from [3, 4]
have been explained in terms of the small-radius
polaron [5] and the strong el ectron—phonon interaction,
which completely reduces the double-exchange inter-
action infirst-order perturbation theory. It was assumed
that local compensation of the excess charge does not
occur and that the symmetry of the Cr2*—Cr3* center in
KZnF; istetragonal.

It seems that the model of the Cr¥*—Cr3* center in
KZnF; crystal proposed in [6] iscloser to redlity. Inthis
model, the charge is compensated mainly by a K*
vacancy located in thefirst or second coordination shell
of one of the chromium ions. Possible versions of the
Cr2*—Cr3* complex with avacancy in KZnF; are shown
in the figure. Because the positions of the chromium
ions relative to the nearest neighbor vacancy are not
equivalent, the low-symmetry crystal field at the differ-
ent centers of the mixed-valence ion pair is substan-
tially inhomogeneous. It has been shown that the crys-
tal field can significantly reduce the double exchange
and complicates the energy spectrum and exchange
interaction in the mixed-valence 3d-ion pair. Allowance
for this field makes it possible to explain the pseudo-
Stark effect observed in KZnF5 : Cr [3].

2. In an O,-symmetry crystal field, the 3d® (Cr®)
ground state is a “A, orbital singlet and the 3d* (Cr?*)
ground state is a °E doubly degenerate term. Let us
choose the states PE (a) x *Aj(b)SMOand [*Ay(a) x
°E, (b)SMO(u =u, v) asabassto describe the localiza-
tion of an excess electron on one of the two ions (a or
b). The Hamiltonian of the exchange-coupled mixed-
valenceion pair is given by

H = H(a*b) + H(ab*) + Ve, (1)

where H(a*b) and H(ab*) are the Hamiltonians corre-
sponding to the case where the excess electron is local -
ized ontheionsaand b, respectively, and V4 isthe dou-
ble-exchange interaction Hamiltonian of the ion pair.
The Hamiltonian H(a*b) has the form

H(a*b) = H(a*b) + He(a*b) + He(a*b), (2

where thefirst term describesthe low-symmetry crystal
field produced by the vacancy, the second term corre-
spondsto the low-symmetry tetragonal field exerted on
the Cr?* ion by the Cr3* ion (hg,), and the third term is
the superexchange interaction of the mixed-valence
ions of the pair. The Hamiltonian H(ab*) is similar in
structure to Eg. (2). The terms H,4(a*b) and H,(a*b)
are given by

Higs(a*b) + He(a*b) = Ac[l(b)-1(a)]

3

+[hy(a) + he] Xu(a) +hy(a) X, (a), ©
where | is the unit operator and X, (1 = u, v) is an
orbital operator acting in the space of the E-term wave
functions. The terms containing h;(@) and hy(a)
describe the tetragonal and orthorhombic components
of the crystal field produced by the vacancy at the Cr?*
ion site, respectively, and Ac isaparameter characteriz-
ing the degree of inhomogeneity of the crystal field at
the centers a and b. The term H,(a*b) describes the

1063-7834/05/4708-1532$26.00 © 2005 Pleiades Publishing, Inc.
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superexchange interaction between the mixed-valence
ions modified by orbital effects:

He(a*b) = [Jol(a) + J:1 Xy ()] (S:), (4)

where J, and J; are the superexchange interaction con-
stantsand S, and S, are the spins of the centersaand b,
respectively. The Hamiltonian Vg has the traditional
form

Vres = bpvéi‘*paéjvo- (5)
izj=ab
W, Vv,o

where indices 1 and v denote summation over e,(u, v)
and tyy(&, N, ¢) orbitals and o = +1/2. The nonzero
transfer integrals by, satisfy the relations by, = b,
oyl > oy |, bgs = by, = by, and [o | > [or|. All these
interactions are assumed to be weaker than the inter-
atomic exchange J,.

The constants contained in H,4 can be estimated
using the crystal-field approximation, because the
Zn?*—K* and Cr2®*—K* distancesin aK ZnF; crystal are
significantly larger than the sums of the corresponding
ionic radii (see table). The value of hg is about
-240 cmL. Neglecting the orthorhombic component of
the crystal field in comparison with the tetragonal com-
ponent (h; + he,) for the sake of simplicity, the eigenen-
ergies of the mixed-valence ion pair can be found to be

E; = —Ac—hy(a) —he + (Jo— 1) F4(9),
E, = Ac—hy(b) —he + (Jo— ;) F(9),

h h,(b
1(3); 1(b) ©)

+.J(2Ac + hy(a) — hy (b))% + 4t%,

wheret =t(S) = b(S+ 1/2)/(25, + 1), f(S = [S(S+ 1) —
S(S +1) —-§(S +1)]/2, Sisthetotal spin of the pair,
and S, = 3/2 is the spin of the ion core. It can be seen
that there is strong resonant coupling between the
Cr3*(a)—-Cr?*(b) and Cr?*(a)—-Cr*(b) configurations in
the case of |t/Ac| > 1. In the opposite limiting case
[t/Ac| < 1, the orientation degeneracy is lifted and the
excess electron is localized predominantly on one ion
of the pair.

The sign and magnitude of the exchange interaction
constants in Hamiltonian (4) depend on two different
factors. One of them is the potential and Anderson
kinetic exchanges[4]. In our case, the Anderson kinetic
exchange appears in second-order perturbation theory
dueto virtual transitions of t, electrons from the center
b to the center a. In zero approximation, the excited

state a* (13, ,)b(t5, ) is separated from the ground state

a(tsy €,)b(t5,) by Uge ~ 2U instead of U, asin the case
of apair of identical 3d ions (here, U ~5-10 eV isthe
Coulomb repulsion energy of two electrons located on
one center). The second factor is the double-exchange
interaction, which arises in the second order of pertur-

Esq = he+ (Jo+Jp) (S +
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bation theory when the virtual transition of an g, or t,g
electron from the center a to the center b with an exci-
tation energy of about A = J,; istaken into account. For

example, the transition of at,, electron (e x t; 2~

t5 el x t3) leadsto mixing of the ground state (5E x 4A,)
and excited states (*T, x 3T, “T; x °T,) of the mixed-
valence ion pair due to the resonance interaction (5).
Obviousdly, the second factor, for which the electron
excitation energy isA ~ Jy, < U, can make a significant
contribution to the constants J, and J; in EqQ. (4). Notice
that the importance of the double exchange increases
significantly for the excited states of the mixed-valence
3d ion pair due to the relative proximity of the other
excited states.
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Parameters of the low-symmetry crystal fields for various
types of Cr?*—Cr3* ion pair centersin KZnF,

o o] B | T [ | )
la 0 0 0 0 0
Ib 7900 0 -40 0 0
la 0 20 20 34 34
b 2060 -5 20 9 34
llc 0 11 11 0 0
Id 3130 =12 -40 0 0
lle 1060 0 11 0 0
IIf 1740 -5 -5 2 9
lg 1150 3 0 0 0

3. According to experimental data, the optica
absorption spectra of the Cr2*—~Cr3* pair in KZnF; have
intense lines at 16720 and 19880 cm, which were
attributed in [3, 4] to the °E x 4A, — 3E, x %A, and °E x
4A, — SE, x A, transitions, respectively. When inter-
preting the optical absorption lines of the Cr*—Cr3* pair
at frequencies of 16720 and 19880 cm, one should
taken into account not only the excitation of the Cr3*
ion (*A, — “T,, 2E) but also the excitation of the Cr?*
ion (°E — °E, p,). In the case under study, the lowest
state of the pair from which these transitions are possi-
ble is the state with S = 5/2. At low temperatures, the
main contribution to the spectral distribution of optical
transition frequencies should come from mixed-
valenceion pairswith local compensation of the excess
charge, because the double exchange is significantly
reduced by the vacancy crystal field and the S = 5/2
state is populated. The distinguishing feature of this
case is that this field lifts the forbiddenness of transi-
tions between states of a certain parity, thereby causing
the appearance of additional linesin the optical absorp-
tion spectrum of the mixed-valence ion pairs.

Spectroscopy studies of the mixed-valence Cr?*—
Cr3 ion pair in KZnF; subjected to axia strain and
electric fields [3, 6] show unambiguous manifestations
of the pseudo-Stark effect (for an external field E || C,)
and tetragonal symmetry of theion pair center. Thelin-
ear character of the pseudo-Stark effect indicates the
absence of aninversion center inthe pair; that is, it indi-
cates predominant localization of the excess el ectron on
one ion of the pair. These results can be naturally
explained in terms of the proposed model of the mixed-
valenceion pair in KZnF;.

Indeed, the tetragonal field H., and the resonant
interaction stabilize the excess electron in the u orbital
of the Cr?* ion and the low-symmetry field (Ac) causes
its predominant localization on one of the 3d ions of the
pair. The low-symmetry orthorhombic fields h,, which
arise from the various paths of excess-charge compen-
sation, are much smaller than the axia component of the
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crystal field he, and do not manifest themselves in the
polarization of the absorption lines of theion pair center.

The interaction Hamiltonian of the mixed-valence
3d-ion pair oriented along the zaxisin an external elec-
tric field can be written as

HE = z z u — Nu b 71
at,pE +[i(X (a) - Xy(b))E @
p = np,

where E, is the external electric field (E, || C,), p isthe
electric dipole moment of the impurity center in which
the excess charge is localized on one of the ions of the
pair, T, isthe orbital operator responsible for the local-
ization of the excess charge on one ion (a or b), and
n is the unit vector along the pair axis. In Eq. (7), the
first term is self-evident and the second isrelated to the
different displacements of the intermediate F~ ion for
the states u and v of the Cr?* ion when the excess elec-
tron is localized on one ion of the pair. Obvioudly, the
linear Stark effect in the optical absorption spectrum of
the mixed-valenceion pair becomes possible only if the
excess electron is predominantly localized on one ion
of the pair and if the effective dipole moments of the
pair in the ground and excited states are different. Since
thefirst term in Eq. (7) is dominant, a noticeable linear
pseudo-Stark effect in the optical spectrum of the
mixed-valence chromium ion pair is possible only
when the given state is relatively close to other excited
states of the pair.
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Abstract—Simulation of the chemical fluctuation regions in PMN-like relaxors through growth of the
Pb,Nb, O, ceramics was performed. Different Pb,Nb,O, clusters (chemically and structurally) coexist in such

ceramics. Hole polaron and bipolaron (Cr3*—two polaronic-hole) paramagnetic complexes were considered for
explanation of the EPR spectrain Pb,Nb, O, ceramics. Dynamical averaging, light-induced effects, and signif-
icant effects of reduction treatment giving the coexistence of Nb°* and Nb3* ions, aswell as of astrong internal
magnetic field, were discovered in this ceramics. The latter could be related to antiferromagnetic phase redliza-
tion in Pb,Nb,O, clusters containing a sufficiently high concentration of magnetic Nb3* host lattice ions. Such
a situation |eads to antiferromagnetic resonance on Nb** ions, as well asto EPR of Cr3*-related paramagnetic

complexes in a Nb**-induced internal magnetic field. Charge transfer vibronic excitons (CTVE) in freeand in
CTVE phase states were detected in Pb,Nb, O, ceramics by photoluminescence studies. © 2005 Pleiades Pub-

lishing, Inc.

1. INTRODUCTION

Itisknown that the ordering in ferroel ectric relaxors
is controlled mainly by the cooperative behavior of
polar clusters[1, 2]. One of the polar cluster modelsis
the cluster of ferro-ordered localized charge transfers
corresponding to bipolaronic electron-hole pairs[3, 4].
Thisisthe cluster of localized charge transfer vibronic
excitons (CTVE) (see [3-5] and references therein).
Another source of polar cluster formation could be
chemical fluctuation regions with ferro ordering (for
example, some kinds of Nb-rich regions with different
Pb—Nb—O compositions in the ferroelectric relaxor
PMN). To study this situation, we will investigate in
this paper the limiting case of Pb,Nb,O, ceramics con-
sisting only of different-type Pb,Nb,O, clusters.

The chemical analysis study showed that the aver-
age normalized concentration of the oxygen ion for as-
grown Pb,Nb, O, ceramicsis approximately 3.5. That is,
the Nb® ions have here a relatively low concentration
with respect to the Nb®* ion contribution. Nevertheless,
the situation becomes principally different for the sam-
ples after reduction treatment. Indeed, the average oxy-
gen ion concentration becomes approximately 3 after
essential sample reduction in a hydrogen atmosphere.
Thisreflectsthe coexistence of different Po,Nb,O, clus-
ters with chemical compositions inclusive on average

L Thisarticle was submitted by the authorsin English.

of Nb** as well as Nb* ions with approximately the
same concentration. Note that the corresponding signif-
icant Nb** ion contribution could be responsible for the
appearance of magnetic behavior for such a Pb,Nb,O,
ceramics. Thelatter isrelated to the paramagnetic prop-
erties of the Nb* ion (S=1). Asaresult, antiferromag-
netic ordering of Nb3* ion spins will be predicted here
due to the antiferromagnetic exchange interaction
between these ions.

The coexistence of Pb,Nb,O, clusters with different
chemical compositions inclusive of Nb** as well as
Nb®* ions in the reduced ceramic Pb—Nb-O samples
(Fig. 1) will be the main supposition of our model. We
assume that Pb,Nb,O, ceramics consists of nonmag-
netic Pb?*Nb5 0%, Pb2*Nb, 0%, and Pb5"'Nby 03"
clusters on the one hand and of antiferromagnetic
Pb5>'Nbs OZ", Pb’* Nb3 05, and Pb** Nb3,Nb 05
clusters on the other.

2. EXPERIMENTAL RESULTS
AND INTERPRETATION

Let us consider some new effects detected by EPR
and by photoluminescence in Po,Nb,O,.

1063-7834/05/4708-1535$26.00 © 2005 Pleiades Publishing, Inc.
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| Pb#*Nb3*0% |

Fig. 1. Coexistence of different Pb—Nb—O clusters with dif-
ferent chemical compositions and different structure in
Pb,Nb, O, ceramics.

2.1. Light-Induced Effectsin EPR

A significant increase in definite EPR lines due to
illumination (for instance, by amercury lamp for 0.5 h)
takes place for as-grown Pb,Nb,O, ceramic samples.
Indeed, the b and b' doublet is essentially increased by
suchillumination (Fig. 2). In contrast with this, the cen-
tral a line (with respect to doublet b and b') at least is
not increased by the same illumination (or is dightly
decreased by light) (Fig. 2). We assume that this behav-
ior could be related to the EPR manifestation of
polaronic and bipolaronic states in Pb,Nb,O, ceramic
samples. Indeed, the b and b' doublet lines could be
considered to result from the |003— |£1[transitions of
triplet spin state (S = 1). Here, splitting between the
[0 [+10and |00— [-10lines formation could be
explained as aresult of uniaxial in-cluster field action.
It is natural to assume that the photoinduced triplet
could be related to pairs of self-localized carriers.
These self-localized pairs of carriers in ferroelectric
oxides become polaronic pairs. This conclusion seems
quite natural because small polaron states are responsi-
ble for the well-defined carrier ground state in ferro-
electric oxides in accordance with conductivity investi-
gations on the one hand and calculations of the posi-
tions of polaronic levels in many ferroelectric oxides
(for instance, on the basis of the semiempirical Har-
tree—Fock approach in the INDO approximation) on the
other. So, the here active |00) [+10] and [-1Kriplet spin
states could be treated as the states of a photoinduced
triplet hole bipolaron (b and b).

The central a-line (with respect to doublet b and b")
could be interpreted as a free polaronic hole effect. Its
g-factor value (g = 3.015) is high enough and could be
explained as resulting from the direct contribution to
the g factor of the orbital Zeeman effect for the ground
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Fig. 2. EPR spectra of Pb,Nb,O, ceramicsregistered at T =
75 K without and with simultaneous light irradiation in the
microwave cavity and manifestation of a light-induced
center.

double degenerate state for an oxygen-related hole, 2p,
and 2p,. Such aground state decreasesits energy dueto
an interaction with the 4d, -type ground states of two
neighboring Nb ions. The a-line intensity will decrease
with illumination due to transfer of the free hole state
occupation to the hol e bipolaronic state (the appearance
of atwo-hole strong correlation with bipolaron forma-
tion) on the one hand and will increase with the same
illumination due to the direct generation of afree hole
polaron by light on the other. We have to deal here with
competition between these two opposite tendencies,
which lead finally to arather weak change in the exper-
iment in the intensity of the a line induced by light
under discussion.

2.2. Cr¥*-Related Polaron Complexes

In accordance with photoluminescence studies of
the Pb,Nb,O, ceramics under discussion, these samples
contain an unwanted Cr3* impurity [6]. Its existence
was confirmed by the detection of very narrow R-lines
of luminescence that are characteristic of the 3d® shell
of aCr® ion [6]. Note that some specific charge com-
pensation for the Cr3* impurity on the Nb%* siteis typi-
cal for the case of Po,Nb,O, clusters with a Nb>* ion
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state (for PobNb,Og, PbsNb,O,5, and Pb,Nb,O; clus
ters). Indeed, an extra (—2) charge on the Cr®* site here
requires the corresponding charge compensation. This
is realized due to two oxygen hole trapping on the Cr3*
ion of the Nb** site. In reality, we dea with Cr3*-ion
extra-charge compensation under the conditions of
hole-hole correlation, as well as of essential hole-lat-
tice polarization and lattice deformation interactions.
As aresult, hole bipolaron trapping to the first coordi-
nation sphere of the Cr3* impurity ion takes place. We
suppose in the present work that charge compensation
of a Cr® ion located on a Nb®* site is realized namely
due to the trapping of two oxygen-related holes to the
first coordination sphere of this Cr®* ion. Asaresult, a
neutral impurity—two-hole complex with the related
three-particle negative-U effect appears. The corre-
sponding holes can be in small polaron states, as well
asin large (intermediate) polaron states. These aspects
were also discussed in [6, 7]. In the present work, we
will extend this model to areal case of coexistence of
low and high total spin states on the one hand and estab-
lish links between the magnetic states of such a Cr3*—
two-polaronic-hole paramagnetic complex and its
structure with important consequences for this complex
spin-orientation relaxation and the related dynamical
averaging effects on the other.

Let us discuss this aspect in more detail. Here, a
paramagnetic complex with a corelike Cr3* ion (S =
3/2) and with a definite internal magnetic structure due
to the exchange interaction between holes with S= 1/2
within a bipolaron, as well as between the same holes
and the corelike Cr3* ion, occurs. We have the case of
the formation of threetypes of stateswith total spinval-
ues S= 5/2, 3/2, and 1/2, respectively. The ferromag-
netic-type state with S= 5/2 is the ground state of our
system for the case of a weak vibronic interaction for
polaronic holes and of a corresponding weak negative-
U effect, which could not compensate for the Coulomb
hole—hole repulsion in this case. This situation is char-
acterized by acomplex linear chain geometry h*—Cr3*—
h* and by ferromagnetic ordering of al three spins for
the three centers forming the complex under discus-
sion. That is, the geometry corresponds to a total spin
S=5/2. On the contrary, the S = 3/2 complex state is
characterized by antiferro-ordering for trapped h*—h*
holes. This S = 3/2 state becomes a ground complex
state due to the strong negative-U effect for the h*-h*
pair in the framework of strong vibronic coupling for
holes accompanied by an essential decrease in the dis-
tance h*-h*. Thissituation is characterized by near right

angle geometry for the complex, ::Cr3+ .Atlast, the S=
1/2 state of the complex isthe excited state with respect
to both limiting situations discussed above. Now let us
treat the EPR-related aspects.
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2.3. Dynamical Averaging Effect and the Origin
of the Main EPR Spectrum

As is seen, the linear chain and near right angle
geometries are related to different types of hole-hole
exchange interaction and to the corresponding different
spin structures. As a result, a spin-lattice relaxation
transition with achangein the spin value, |S= 5/20<—
|S = 3/20) is accompanied by a spin-flip process for a
single hole. The latter means that the linear chain
geometry—near right angle geometry relaxation transi-
tion in reality is the spin-flip transition, which influ-
ences the EPR. For instance, such a transition could
directly take part in the formation of the EPR-line
dynamical averaging phenomenon and of spin-lattice
relaxation.

The next significant aspect hereisrelated to the suf-
ficiently strong vibronic reduction of the corresponding
exchange interaction due to a strong enough difference
between the contribution of the vibronic effect to the
S=5/2 linear chain and to the S= 3/2 near right angle
states under discussion. Thelatter leadsto an important
decrease in the corresponding exchange splitting
between the |[S = 5/200and |S = 3/2[(state energies up to
the values of the same order as the room-temperature
equivalent value. As a result, we have to deal with a
strong acceleration with the temperature of this spin-
flip relaxation accompanied by linear chain geome-
try—near right angle geometry reorientation transitions
in the room-temperature region. The latter allowsto use
the |S = 5/20=— |S= 3/20relaxation transitions as an
origin for the dynamical averaging phenomenon within
our experiments. Indeed, asshown in Fig. 3, thed group
of EPR lines manifests a transformation with tempera-
ture, which can be treated as the dynamical averaging
effect in the range 75-230 K. It is important for this
explanation that both types of active states, |S=5/2[and
|S=3/2C]could berealized in the framework of the EPR
experiment. Moreover, we have to deal here with not
only a smple coexistence of |S = 5/20and |S = 3/2[
states but with their multiple coexistence, taking into
account the realization of Cr3*—two-polaronic-hole
paramagnetic complexes within three different Pb—Nb—
O clusters containing Nb°* ions (Fig. 1). Namely, this
model has explained the main EPR line spectrum struc-
ture (Figs. 2, 3). The latter was accomplished using the
WINEPR SimFonia Program for powder spectra treat-
ment. It is important to underline that EPR lines con-
nected both with the |S= 5/2[ Etate and with the |S= 3/2[]
state take part in the d-line group (Fig. 3) formation but
areresponsible for different EPR linesin this group, as
followsfrom acomputer analysis of the powder spectra
mentioned above. We conclude that the |S = 5/200«—
|S = 3/2[Fluctuation mechanism could be effective here
for explaining the dynamical averaging effect. Last but
not least, such amodel could also explain not only the
averaging effect but also the strong increasein intensity
with temperature of the averaged spectra. The latter
could be due to a direct contribution from the spin-flip
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Fig. 3. Temperature dependences of EPR spectra of
Pb,NbyO, ceramicsat v = 9.35 GHz in the range 300-75 K.

Manifestation of a broad and intense EPR line (spectrum
denoted by bracket “d”) appearing with temperature for
magnetic fields in the 2150 < H < 3100 G region.

relaxation trangition |S = 5/20<— |S = 3/2[Jto micro-
wave absorption as aresult of mixed absorption transi-
tions. Here, the usual external microwave magnetic
field and the resonance microwave component of the
spectrum of internal magnetic-field fluctuations related
to the |S = 520+ |S = 3/20relaxation transitions
together form the cross-type absorption effect. As a
result, we have a pronounced enhancement of the
microwave absorption, which could be related to the
experiment (Fig. 3).

In concluding this section it should be noted that
another type of unwanted paramagnetic impurity center
in the Pb,Nb,O, ceramics, namely, that related to Cu?*
ions, should not be disregarded. The possibility of there
being different types of unwanted paramagnetic centers
in the Pb,Nb,O, ceramics considered was discussed
previously in [7].

2.4. Antiferromagnetic Pb,Nb,O, Clusters,
Antiferromagnetic Resonance, and EPR
in an Internal Magnetic Field
Strong reduction treatment of the Pb,Nb,O, ceram-
icsunder consideration leadsto aentirely new situation
for the relative contribution of Nb> and Nb** charge

PHYSICS OF THE SOLID STATE Vol. 47

VIKHNIN et al.

T=279K

T=273K

T=269K

T=263K

T=243K

T=81K

M

|
4000

1
0 2000
Magnetic field, G

Fig. 4. Temperature dependence of antiferromagnetic reso-
nance lines (two doublets, 1 and 2, 3 and 4) accompanied by
EPR lines of defects in an internal magnetic field for
strongly reduced Pb,Nb,O, ceramics. Essential line shifts,

line broadenings, decreasesin intensity, and the appearance
of multiline structure with decreasing temperature are pre-
sented.

states of the Nb ion to this ceramics. Namely, the con-
tribution of Nb3* ions is significantly increased and
reaches the contribution of Nb°* ions. Antiferromag-
netic clusters appear here namely on the basis of the
above-mentioned (see Section 1 and Fig. 1) three types
of microregions containing Nb* paramagnetic ions
with the 3d? shell and S = 1. The antiferromagnetic
ordering is created there due to Nb**—O-Nb** superex-
change interaction via intermediate oxygen ions. Such
clusters were detected in the present work by antiferro-
magnetic resonance [8, 9], AFMR (Fig. 4). Note that
the magnetic ordering mentioned above is accompa-
nied by the appearance of an internal local magnetic
field with a characteristic temperature dependence.
Characteristic antiferromagnetic ordering features,
namely, strong AFMR line shifts with a decrease in
temperature up to the appearance of near-zero-field
AFMR lines on the one hand and a decrease in the res-
onance line intensity and an increase in the linewidth
with the same decease in temperature on the other
(Fig. 4), support this interpretation. Moreover, as fol-
lows from Fig. 4, we have to deal with AFMR induced
by two different Nb3* rich antiferromagnetic clusters
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(for example, by Pb3"Nb3* 02 and Pb**Nb3'0% clus-
ters), because there aretwo basic doublets (AFMR lines
1,2and 3, 4in Fig. 3) in the experiment.

The internal local magnetic field in the ferromag-
netic clusters discussed above also leads to asignificant
EPR-line shift for impurity-related paramagnetic cen-
ters located in the intercluster interface regions. We
assume that EPR-active impurity centers Cr3*, Cr3*

with two oxygen-related holesand Cr3+—V(23+ ontheone

hand and Cu?*, Cu*-V5' , and V5 —Cu?*—V5 on the
other are realized in intercluster interfaces for the anti-
ferromagnetic clusters under discussion. So, the AFMR
and EPR signals coexist in the super-high-frequency
response and are both under the action of the interna
magnetic field of the Nb* ion system. Taking into
account theincreasein theseinternal magnetic fieldswith
decreasing temperature and its random behavior in the
framework of a random interface structure, we have to
deal here with an extended distribution for the resonance
magnetic field shifts of the AFMR and EPR lines under
discussion. This type of multiline phenomenon induced
with a decrease in temperature was detected experimen-
tally, namely, in reduced samples containing Nb**.

2.5. CTVE Manifestation in Pb,Nb,O Ceramics.
Free CTVE and CTVE Phase Sates

Charge transfer vibronic excitons (CTVES) are a
characteristic long-living dipole excitation in ferroel ec-
tric oxides (see [3-5] and references therein). They are
polaronic electron-hole pairsor triads. In thiswork, we
detected CTVEs in Pb,Nb,O, ceramics (Fig. 5). Here,
CTVEswith O —= Nb°* charge transfer were directly
manifested in photoluminescence studies. Band-band
excitation by a pulse N, laser was used. We detected a
photoluminescence line related to the recombination of
O — Nb* CTVE at ~500 nm. This line coincides to
good approximation with the corresponding photolu-
minescence line of O — Nb** CTVE in Nb,Og ceram-
ics. Note that O — Nb** CTVEswere not obtained in
the experiment. Thisis an indication that O —> Nb>*
CTVEs are characterized by a higher excitation energy
thaninthe O — Nb® case.

Special interest is aroused by the detection of two
red luminescencelines (at approximately 740, 760 nm),
which can be connected with the recombination of
O — Nb* CTVEs in the CTVE phase state. This
phase is related to the appearance of a system of
strongly correlated CTVEs when the CTVE appearsin
each cell [3-5]. Note that recombination of free CTVES
explainsthe origin of the green luminescence, whichis
ageneral enough phenomenon for ferroel ectric oxides.
As has been shown recently [5], the red luminescence
phenomenon isalso related to CTV E recombination but
in the CTVE phase state. Here, a strong red lumines-
cence signal corresponding to a lower luminescence
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Fig. 5. Photoluminescence intensity spectral dependence
for ceramics powders of PoNb,;0,;. Photoluminescence

was excited by aN, laser (A = 337 nm); T =293 K.

guantum is related to CTVE recombination in the low-
est ferroelectric CTVE phase. Vice versa, a weak red
luminescence signal corresponding to a higher lumi-
nescence quantum isrelated to CTVE recombinationin
the excited, antiferroelectric CTVE phase.
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Abstr act—The orthorhombic modification of SrCuO, ceramics and its derivatives Sr; _,A,CuO, (A =Li*, K*,
La®") were studied using the ESR and x-ray diffraction methods. Orthorhombic and axial-symmetry paramag-
netic centers caused by oxygen defects in samples were detected. From comparing the ESR and x-ray phase
data, it follows that the oxygen distribution in ceramics isinhomogeneous. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Depending on the synthesis conditions, the SrCuO,
compound can exist in two modifications. At high pres-
sures, a tetragonal structure with infinite copper—oxy-
gen layersis stabilized which exhibits HT SC properties
when doped with rare-earth elements[1, 2]. When syn-
thesized under standard conditions, the compound has
an orthorhombic structure and consists of double zig-
zag Cu—O chains and SrO layers[3]. At high pressures
and high temperatures, one madification can transform
into the other [2, 4]. The orthorhombic SrCuO, modifi-
cation features a very low (~10* emu/mol) magnetic
susceptibility that is weakly dependent on temperature
[5, 6], which alows one to ascribe this materia to
strongly correlated antiferromagnets. The electron spin
resonance (ESR) is not observed in strongly correlated
two- and one-dimensional magnets. Described facts of
ESR signal observation in these systems are generally
explained by various structural defects. In 1D systems,
such as SrCuO,, Sr,CuO;, and Li,CuO,, the ESR is
observed much more often than in 2D magnets contain-
ing CuO, layers [7-9]. In this work, the destruction of
spin correlations and the formation of Cu?* localized
states are studied using the orthorhombic SrCuO, mod-
ification as an example.

2. EXPERIMENTAL

Sr; -, ALCUO, ceramic samples with x < 0.15 were
synthesized at standard pressure in air and studied
using the ESR and x-ray diffraction methods. The A
ionswere Li*, K*, or La®*, which produce either a defi-

ciency or excess of positive chargesinthe material. The
description of the synthesis technique can be found in
[10]. Samples (prepared about one year ago) were
annealed in an oxygen atmosphere at 450°C for 10 h
(annealing I') and then annealed in an argon atmosphere
at 870°C for 10 h (annealing I1). The x-ray diffraction
patterns of the synthesized samples were measured
using a DRON-2 diffractometer (FeK, radiation with a
beta filter in the 30-kV/15-mA mode) and were pro-
cessed using the full-profile Rietveld method with the
MAUD 1.9992 code [11].

Figure 1 shows the x-ray diffraction patterns of sev-
eral of the compositions studied and atheoretical x-ray
diffraction pattern of the orthorhombic SrCuO, modifi-
cation calculated using the datafrom [3]. The results of
fitting of the structural parameters for the samples
under study are shown by asolid line. Possibleimpurity
of the accompanying Sr,CuO; and Sr,Cu,,O,; phases
wastaken into account according to[12]. The structural
parameters thus obtained and the relative contents of
the accompanying phases are listed in the table.

ESR measurements were carried out in the X and Q
ranges at temperatures of 10-300 K on samples synthe-
sized previously and also one day after annealings| and
I1. Repeated measurements were carried out over one -
and a half years. For aninitial SrCuO, sample, the ESR
signal is a superposition of two spectra corresponding
to orthorhombic and axial-symmetry centers. In the Q
range, the peaks belonging to these centers are partly
separated in weak magnetic fields and coincide in
strong fields (Fig. 2a). In the X range, the axial centers
manifest themselves only in the increased intensity of
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the strong-field peak in comparison with the spectrum
of purely orthorhombic centers. The hyperfine structure
arising due to the interaction of an unpaired electron
with the copper nucleusis not resolved in the observed
spectra. The spectral parameters were determined from
model calculations to be g; = 2.045, g, = 2.110, and
0; = 2.242 for orthorhombic centersand g5 = 2.047 and
g, = 2.260for axial centers. Theratio between the num-
bers of orthorhombic and axial centers is approxi-
mately 2 : 1. Measurements of the absolute intensity of
the observed signals showed that the amount of para-
magnetic centers in samples varies from 0.5 to ~4% of
all copper ions. A single-crystal BaMnF, sample was
used as areference.

Partial substitution of monovalent Li* or K* ionsfor
the Sr?* ions does not change the signal parameters. The
ratio between the intensities of the orthorhombic- and
axial-center spectrais aso retained in most cases. The
deviations observed in certain cases do not depend
directly on the monoval ent cation content. For example,
the relative content of axial centersin SrqgsLigsCuO,
was somewhat higher (~1 : 1) than that in SrCuO,. In
Srpgoli10CUO,, axial centers are almost absent. In
Sry g5l 15CUO,, theratio again approaches 2 : 1 and the
observed spectrum is identical to that for SrCuO..
Apparently, these deviations are caused by uncontrolla-
ble features of the redox conditions during synthesis. In
SrCuO, doped with La** ions, only axial centers with
the same parameters were observed (Fig. 2b).

SI’CUOZ, Sr0.95|_ | 0_05CU02, Sr0I95K0105CUOZ, and
Sro.90Lk8910CUO, samples were subjected to sequential
annealings| and 1. Annealing | resultsin the disappear-
ance of previously detected signals and the formation
of a broad single line (AB ~ 300 Oe; Fig. 2c). After
annealing l1, instead of abroad line, aweak anisotropic
signal appears, which is similar to the initial signal in
the corresponding samples. After exposure of the sam-

080 (d)
LT | S WA

| | | | | |
20 30 40 50 60 70
20, deg

Fig. 1. X-ray diffraction patterns of Srq _,A,CuO, samples
for (8) A=La, x=0.10; (b) A=Li, x=0.10; and (c) x = 0.
(d) A calculated x-ray diffraction pattern of SrCuO,.

ples to standard conditions (room temperature, atmo-
spheric pressure), the signals measured before anneal -
ing were gradually restored. Inthiscase, if the anisotro-
pic spectrum observed immediately after annealing ||
contains signals from both orthorhombic and axial cen-
ters, then, over the course of time, the axial centers
gradually disappear and only orthorhombic centers
remain (Fig. 2d). The same signal transformation
occurs in the SrCuO, sample, which was filled with
paraffin after annealings | and Il and was not exposed
to air during storage. The signal transformation timeis
different for samples of different composition and var-
ies from 3.5 weeks to approximately one year. In the
Sro.90L8910CUO, sample, which initialy featured only
axial-center spectra, no ESR signals arose even after
long-term storage.

Structural parameters of Sr; _,A,CuO, and the Cu?* paramagnetic center content (according to the ESR data)

SrCuO, Sro.95LiposCUO; | Srogolin10CUO, | SrogslinsCUO, | Srggolap10CUO,

a A 3.5712 3.5697 35711 3.5687 3.5765

b, A 16.3247 16.3153 16.3241 16.3105 16.3242

c, A 3.9113 3.9098 3.9093 3.9076 3.9101

K1 0.894 0.721 0.865 0.843 0.746

K2 0.0996 0.279 0.060 0.154 0.206

K3 0.006 0 0.075 0.002 0.048

N 0.027 0.016 0.004 0.045 0.04

N 0.009 0.008 ~0 0.015 0.04

Note: a, b, and c are the unit cell parameters; K1, K2, and K3 are the relative contents of the Sr; _ A CUO,, Sr14Cux4041, and Sro,CuO3

phases, respectively; N is the total content of Cu?* paramagnetic centers according to the ESR data; and Ny isthe content of cu®*

axial centers according to the ESR data.
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Fig. 2. ESR spectraof Srq _,ACuO, samplesat T =293 K.
(a) SrCu0O,, v = 35.5 GHz: (1) an experimental spectrum
and (2) a theoretical spectrum calculated for g; = 2.045,
g, = 2.110, and gz = 2.242 for orthorhombic centers and
0p = 2.047 and g = 2.260 for axial centers; Nypomp © Nax =
68:32. (b) Srg gl ag,10CUO,, v = 35.5 GHz. (c) SrCuO,, v =
9.4 GHz; after annealing 1. (d) SrCuO,, v = 35.2 GHz; two
months after annealings | and I1.

3. DISCUSSION

An analysis of the x-ray diffraction patterns shown
in Fig. 1 showsthat the synthesized compounds belong
to space group Cmcm. However, the experimental x-ray
diffraction patterns slightly differ from the calcul ated
ones, namely, they include additional low-intensity
peaks which do not belong to the SrCuO, structure.
Moreover, the intensities of certain peaks differ signifi-
cantly. According to the phase diagram of the SrO—
CuO, system obtained in [12], Sr,CuO; and
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Fig. 3. Double zigzag chain aong the ¢ axisin SrCuO,.

Sr14Cu,, 0,4, can be accompanying phases during the
SrCuO, synthesis. Taking into account this fact
improves the agreement with experiment in the range
20 ~ 39°. Wefailed to explain the peaksin therange 20
~ 35°-36° in SrCuO, and Srg goL &y ;0CUO, samples by
the presence of known structures. According to the data
from [13], these featuresin the x-ray diffraction pattern
aretypical of samples synthesized in air and disappear
inthe case of synthesisin vacuum. Apparently, they are
associated with excess oxygen and with the formation
of a modulated structure having a larger unit cell. We
also failed to explain the significant increase in the
(040) and (080) reflection intensity in samples contain-
ing Li* by the presence of additional impurity phases. A
comparison of the x-ray phase analysis data with the
results of the ESR concentration measurements (see
table) showsthat the ESR signal intensity does not cor-
relate with the impurity phase contents. Therefore, the
observed paramagnetic centers form in the main phase.

Sincethe ESR signal intensity correspondsto only a
small fraction (from 0.5 to 4%) of the total introduced
amount of copper, it can be concluded that these signals
do not belong to the basic mass of copper ions but
rather are associated with certain defects that produce
localized copper states. The absence of a hyperfine
structure in the measured ESR spectra suggests that the
detected copper centers are not isolated but rather are
coupled by exchange interactions in microscopic
regions in which the correlation of Cu?* ions is
destroyed and the ESR signal can be observed.

The structure of SrCuO, contains double binary zig-
zag CuQ, chains (Fig. 3). Magnetic susceptibility mea-
surements [5] showed that the antiferromagnetic
exchange J, between the copper ionsin Cu—O—Cu with
the 180° interaction in chainsis ~660 cm and that the
exchange J; between copper ions of different chains
withthe 90° interaction issmaller by oneto three orders
of magnitude. Thus, the double zigzag chain can berep-
resented as two linear chains with antiferromagneti-
cally correlated spins coupled by fairly weak exchange
interactions. The ESR is not observed in such chains.
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The possible existence of Sr and Cu ion vacancies was
confirmed in [3] even for single crystals. It is reason-
able to assume that the necessity of charge stoichiome-
try retention requires an accompanying oxygen
vacancy. According to [3], vacancies of nonbridge O2
oxygen ionsare most probable. Copper vacancies break
chains, and the correlation of the spins of the end Cu?*
ions with the spins of other copper ions can be
destroyed. These defects were considered in [14].
According to the x-ray diffraction data from [3], the
interatomic distances and angles between correspond-
ing bond axes in the CuO, polyhedron are R(Cu-01") =
1.910A, R(Cu—02) =1.930 A, R(Cu-01"/) =1.961A - 2,
O1"—Cu-01"1=87.5° - 2, and O2-Cu-O1"1 =92.5° - 2
(Fig. 3). We can see that a Cu vacancy in combination
with an O2 vacancy could result in an ESR signal of
orthorhombic symmetry even in the case of nonlocal
charge compensation.

Oxygen migration during annealings and after them
will be considered in a later paper. We only note here
that the gradual disappearance of axial-center signals
after annealing |1 seemsto be caused by partial removal
of excess oxygen and its migration within the sample.
This suggests that excess oxygen isinvolved in the for-
mation of axial centers. Excess oxygen should aso
exist in samples doped with La*, in which only axial-
center ESR signals are observed. The excess of oxygen
is associated with the charge stoichiometry violation
caused by trivalent ions. If excess oxygen is not distrib-
uted uniformly over the sample but rather islocalized in
microscopic regions enriched with oxygen, then the
most probabl e position of excess oxygen ions seems to
be between two copper atoms aong the c axis. Thiswill
increase the coordination number of CuO, polyhedrato
five or six. In copper—oxygen CuQg octahedra, the
axial-center signal should be observed, since the posi-
tions of oxygen ionsin the ac plane become equivalent.
The observation of ESR axial-center signals in other
samples (not containing La®* ions) can apparently be
considered an indication of an inhomogeneous oxygen
distribution with the formation of microscopic regions
enriched with oxygen.

The observed ESR signal transformation during
long-term storage after annealing is caused by oxygen
migration. The fact that the processes proceeding in
samples coated with paraffin and in air are identical
allows one to conclude that oxygen migration takes
place inside a sample rather than between a sample and
the ambient air.
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Thus, the possible observation of orthorhombic- and
axial-center ESR signals can be due to the specific fea-
turesin the oxygen distribution over the samples under
study (the existence of microscopic regions depleted or
enriched with oxygen). The oxygen distribution over a
sample depends on many fine synthesis features, which
are difficult to control and poorly reproduced. This
explains the fact that the published data on observed
ESR signas do not aways agree. For example, only
axial centers were detected in SrCuO, in [7]. In our
experiments, it was also impossible to trace a regular
dependence of the observed signal intensity on the dop-
ing ion concentration.
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Abstract—The synthesis conditions for new luminescent materials, zinc manganese diphosphates
Zn, _,Mn,P,05 - 5H,0) (0 < x < 2.0), are considered. The photoluminescence and its excitation spectra, IR
absorption, and Raman spectra of these materials are studied. The red luminescence band with a peak at about
700 nm is shown to be due to the radiative transitionsin Mn?* ions, which are set in an octahedral oxygen envi-
ronment. The range of concentration quenching of Mn?* ion radiation is determined. Correlation of the lumi-
nescent and vibration properties of these compounds s discussed. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Zinc and manganese diphosphates, Zn,P,0; and
Mn,P,0,, are quite different in terms of their mechani-
cal and optical properties. These compounds are well
known as heat-resistant coloring agents, catalysts,
solid-state el ectrolytes, anticorrosive liquids, etc. [1, 2].
Diphosphates containing simultaneously zinc and man-
ganese have different physical and chemical properties
(and, accordingly, different performance) as compared
to single-element diphosphates. Their properties can be
tailored to need by adjusting the relative content of the
transitional elements, zinc and manganese. Preliminary
studies have shown that compounds containing manga-
nese exhibit red-orange photoluminescence (PL). Inthe
present work, we study the nature of this luminescence
and analyze the synthesis conditions for diphosphates
with a continuously variable ratio of the zinc and man-
ganese contents.

2. SAMPLE SYNTHESIS
AND EXPERIMENTAL TECHNIQUE

We used the residual -concentration method to study
the synthesis conditions of the diphosphates [3]. Water
solutions of ChDA-grade ZnSO, - 7H,0, MnSO, -
5H,0, and K ,P,O; were used for synthesis. The optimal

proportion was found to be P,O3™ /(Zn?* + Mn?*) = 0.2;
thek = Zn/Mn ratio was varied in the range 5.67-0.18.

The obtained solid-phase sediment was separated
and rinsed with cool water (until the reaction for sulfate
ions became negative) and then was recrystallized from
dlightly acid solutions. The phosphorus content was

measured using the gravimetric quinoline molybdate
method with an accuracy of 0.2%; the Zn?* and Mn?*
cation contents were determined using the complexo-
metric method, and the anion composition was deter-
mined by paper chromatography [4].

In order to identify the phase composition of the
solid sediment, we analyzed x-ray diffraction patterns
(obtained using a DRON-4M x-ray diffractometer), IR
absorption spectra (taken with a Nexus-470 spectrome-
ter in the frequency range 400-4000 cm?), and Raman
spectra (measured on a DFS-52 spectrometer in the fre-
quency range 20-1700 cm™?). For the PL and Raman
scattering studies, we used molded tablets of the syn-
thesized compounds. The IR absorption spectra were
measured, using a conventional technique, on a fine
powder embedded in aKBr matrix. The PL was studied
at 4.2, 77, and 300 K, and the IR absorption and Raman
spectra were studied at 300 K. Luminescence was
excited by an ILGI-501 laser at a wavelength A, =
337.1 nm and by a DK sEI-1000 xenon lamp. The lamp
radiation was monochromatized by a DMR-4 mono-
chromator, and the PL spectra were measured using
DMR-4 and DFC-12 spectrometers.

3. EXPERIMENTAL RESULTS

According to the x-ray analysis, all compounds
obtained are single-phase with either a zinc or manga-
nese diphosphate pentahydrate structure [5]. The anal-
ysis shows that the synthesized crystals are a continu-
ous sequence of subdtitutiona solid solutions
Zn, _ . Mn,P,0;, - 5H,0, where x varies from 0 to 2 and

1063-7834/05/4708-1544$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. (1) Part of the IR absorption spectrum and (2) the
Raman scattering spectrum of the ZnMnP,05 - 5H,0O com-
pound at room temperature.

zinc and manganese are distributed randomly over the
crystal lattice.

Additional data about the features of the crystal
structure of Zn,_ ,Mn,P,0; - 5H,0 compounds are
obtained from the IR absorption (Fig. 1) and Raman
scattering spectra. The IR absorption spectra exhibit
wide bands in the range 1500-4000 cm associated
with water absorption (which are not analyzed here)
and, irrespective of the x value, 12 peaks with different
intensity and resolution in the range 400-1200 cm !
(curve 1in Fig.1). The same number of lines (having a
different intensity distribution and, for several of them,
other frequencies) are observed in the Raman spectrain
the same frequency range. Also, under certain condi-
tions, up to 7 Raman lines can be observed in the low-
frequency range 100400 cm™. It can be seenin Fig. 1
that the strongest Raman peaks in the frequency range
400-1200 cm* coincide in position with the IR absorp-
tion lines (curve 2 in Fig.1).

As for luminescence, the PL spectrum of zinc
diphosphate Zn,P,0; - 5H,0 at T = 300 K contains a
wide blue-orange radiation band with an envelope max-
imum at about 500 nm. When manganese is added, the
PL intensity decreases and the band shape changes (the
relative intensity of its long-wavelength part grows).
Obvioudly, for Zn,_,Mn,P,0O, - 5H,0, this PL band
consists of 2 or 3 components. Simultaneoudly, as the
manganese content grows, the red PL band appears
with a maximum at about 700 nm (Fig. 2a). The red-
band intensity maximum |, and the ratio of the inten-
sity maxima of the blue-green and red bands | yeen/l req
are shown in Fig. 2b as a function of the manganese
content X.
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Fig. 2. () Luminescence spectraof Zn, _,Mn,P,07 - 5H,0
at room temperature excited at a wavelength Ag. =

337.1 nm for various values of x: (1) 0, (2) 0.7, (3) 1.0,
(4) 1.3, and (5) 2. (b) Dependences of (6) the ratio of the
maximum intensities of the blue-green and red PL bands
I green/lred @nd (7) the maximum intensity of thered PL band

I ;g ON the manganese content x for Zn, _,Mn,P,07 - 5H,0
measured at room temperature.

When the sample temperature decreases to 4.2 K,
the long-wavel ength components begin to dominate the
blue-orange PL and the relative intensity of the red PL
band decreases (Fig. 3). Evidently, the changes are
related to the specifics of the relative positions of the
blue-orange PL band and the strongest bandsin the red
PL excitation spectrum (Fig. 3). Indeed, two of the
three strongest bands in the spectrum (namely, the
bandsin the ranges 480-580 and 580-630 nm) overlap
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Fig. 3. (8) Luminescence and (b) luminescence excitation
spectra of ZNMnP,O; - 5H,0 measured at (1) 77 and (2-5)

4.2 K. The PL spectrum was excited at Ao, equal to (1, 2)

355 and (3) 545 nm, and the PL excitation spectrum was
recorded at (4) 710 and (5) 500 nm.

with the blue-orange PL band. Within these bands,
there are at least three structural peaks in each band (at
506, 517, 535 nm and at 590, 604, 618 nm, respec-
tively). Moreover, the red PL is excited in the shortest
wavelength range of the PL excitation spectrum (in
peaks at 320, 338, 361, 386 nm) and also in the medium
range at 390480 nm, where there is a sharp peak at
403 nm and three weak peaks at 428, 446, and 462 nm
(curve 4 in Fig.3). Unlike the excitation spectra
described above, the excitation spectrum of the blue-
orange PL does not exhibit any features (curve 5 in
Fig. 3).

4. DISCUSSION

We do not yet have precise data about the structure
and spatial geometry of the compoundswe synthesized.
Therefore, in order to analyze the data obtained, it is
instructive to consider the structure of an analogous
compound, a Mn,P,0; - 2H,0 crystal [6]. Initslattice,
each manganese atom is coordinated to six oxygen
atoms, one of which belongs to awater molecule. The
octahedra are linked together by common edges and
form infinite chains. The anion sublattice consists of

PZO‘;_ ions, which can be thought of astwo PO, tetra-

hedra linked by a common oxygen, with the P-O-O
bond deviating significantly from a straight line. The
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mean P-O distanceis 1.520 A for terminal P-O bonds
and 1.613 A for bridge oxygen atoms.

IR absorption and Raman spectra we obtained indi-
cate that the structure of the Zn,_,Mn,P,0O; - 5H,0
compoundsis similar to that described above. Thisfact
can be used to explain the luminescent properties of the
compounds, in particular, the red PL. Indeed, in the
vibration spectrum, it is simple to distinguish high fre-
guencies related to fixed crystalization water and
hydrogen bonds: there are IR absorption lines at 1640
and 1657 cm 2, at 2125 and 2380 cm?, and at 3200 and
3365 cm.

The low-frequency lines in the Raman spectra (in
the range below 300 cm™) correspond to intertitial
vibrations. As follows from comparing with the avail-
able data, the IR absorption and Raman lines in the
range 400-1500 cm™ are related to intramolecular

vibrations of the P20‘7" anion[7, 8]. Ininterpreting the
luminescence data, it isimportant to know whether the
bond between the two PO, tetrahedra within the P,O3"

group is bent or not. In the former case, the P,0%"
group hasthe Dy symmetry; otherwise, itssymmetry is
C,, or lower, depending on the particular crystal struc-
ture. In the first case, the vibration spectrum can have
up to 12 lines (with allowance for the degeneracy) and
the mutual exclusion rule should be obeyed, because
the group has an inversion center. According to our
data, thisruleisnot obeyed and the total number of dis-
tinct lines observed in the two types of IR absorption
and Raman scattering spectrawithin the intramolecular

vibration range of PZO‘;_ is as large as 18. Therefore,

the P,O3 molecular anion has low symmetry or no

symmetry at al. We notice that this can be the case not
only when the P-O-P bond angle is not right but also
when one or a few oxygen atoms are shared by this
group and water molecules.

Based on this conclusion regarding the PZO‘;_
group, we can deduce that the oxygen octahedra sur-
rounding the zinc and manganeseionsare seriously dis-
torted, which manifestsitself in the luminescence spec-
tra. Indeed, thered PL band observed in the presence of
manganese in Zn, _,Mn,P,0O; - 5H,0 (x # 0) should be
related to radiative transitionsin Mn?* ionsthat arein a
near-octahedral oxygen environment [9, 10]. The red
PL excitation spectra are aso typical of Mn?* ions
located in acrystal field with this symmetry and can be
associated with transitions to the 4F, (320- to 390-nm
range), “A + “E + “F, (390480 nm), and “F, levels
(480-580 nm). However, the fact that each of the spec-
tral bands has three or more structure componentsindi-
cates that the degeneracy is lifted and, therefore, con-
firms the conclusion concerning a strong deformation
of the oxygen octahedra.

No. 8 2005



LUMINESCENCE AND VIBRATION SPECTRA

Another possible indication of the presence of cer-
tain structural defectsin our samplesisthe fact that the
PL associated with manganese ionsis also observed in
the blue spectral range. It is known that the Mn?* ion
luminescence can be observed in this range when the
ions are in a near-tetrahedral oxygen environment [11,
12]. Probably, in thefairly loose Zn, _,Mn,P,0O; - 5H,0
structure, some manganese ions can have less then six
oxygen ions in their nearest neighborhood and, there-
fore, are in near-tetrahedral coordination.

5. CONCLUSIONS

Diphosphates Zn, _,Mn,P,O, - 5H,0 with x = 0-2
have been synthesized, and their luminescence and
vibration spectra have been studied. The red lumines-
cence band was found to be due to radiative transitions
in the Mn?* ion. The concentration range of Mn?* radi-
ation quenching was determined. The optimal compo-
sitions for effective Mn?* radiation correspond to val-
ues of x lessthan 0.5.

The ability of the Zn, _,Mn,P,0O; - 5H,0 system to
form a continuous sequence of solid solutions is an
important feature for its potential application asa phos-
phor. However, it is necessary to find away to deal with
the crystallization water, which is most likely a strong
quencher for the luminescence of these compounds.
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Abstract—Two aspects for investigating bipolaronic excitons [charge transfer vibronic exciton (CTVE)] in
ionic-covalent solids are considered. These aspects are predictions of the charge-transfer lattice instability cor-
responding to charge transfer and lattice anharmonicity, as well as to repulsion between different types of
CTVEsinthe order parameter field. Oxide crystals (SrTiOs, BaTiO3, K3sNa(CrOy,),) are considered as an exam-

ple. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Bipolaronic excitons (charge transfer vibronic exci-
ton (CTVE); see, for example, [1-5] and references
therein) are a topic of recent importance for ferroelec-
tric oxides. CTVEs are correlated polaronic electron—
hole pairs or triads. Our first phenomenological models
of CTVEs [1] were based on the validity of the strong
vibronic coupling limit (including charge-transfer lat-
tice coupling). This was confirmed in [2, 3] in the
framework of semiempirical Hartree—Fock calculations
of the CTVE in the INDO approach. These first CTVE
calculations confirmed the realization of CTVE self-
localization with the formation of awell-defined CTVE
dipole moment, as well as its triad structure in model
ferroelectric oxides. Another step was taken in [5],
where CTVE dipole reorientations due to CTVE-
CTVE crossrelaxation were considered and manifested
in the experiments. As aresult, CTVEs have an electric
dipole moment (evaluated, for instance, in [6, 7]) which
can reorient due to CTVE-CTVE cross relaxation.
Hence, CTVEs manifest themselves as dipol e reorient-
ing centers which can directly interact with the soft
polarization mode. It is due to this reason that the
CTVEsin ferroelectric oxides can shift (or induce) fer-
roelectric phase transitions [6, 7]. The main topics of
this paper will be the following.

(i) Local (Fig. 1a) and cluster-type (Fig. 1b) transi-
tions connected with first order charge-transfer lattice
instability [4] inthe low-lying excited state of theionic-
covalent crystal dueto chargetransfer and | attice anhar-
monicity will be considered. This phenomenon could
be a candidate for explaining the recently detected [8]
strong order-disorder-type fluctuations in the soft
dynamic temperature regionsin nominally pure SrTiO;

L This article was submitted by the author in English.

and in BaTiO; crystals. (ii) Another mechanism of
charge-transfer lattice instability could be related to the
order parameter induced by the mixing of different
types of CTVES. Namely, it will be aferroelastic order
parameter that mixes CTVE-|, which exists even in the
linear approximation, and pure anharmonic CTVE-III
(in accordance with the classification in [4]). We do
connect this behavior with the recently detected anom-
alous EPR-spectrum transformation in the oxide fer-
roelastic KsNa(CrO,), at low temperature [9].

2. LOCAL AND MACROSCOPIC
CHARGE-TRANSFER LATTICE INSTABILITY
CORRESPONDING TO ANHARMONIC CHARGE
TRANSFER EXCITATIONS

The considerationsin this section will be based on a
dynamical model with an on-center single-well poten-
tial for an active vibration in each cell of the crystal.
Nevertheless, a multiwell potential with off-center
behavior occurs here for low-lying excited anharmonic
state. Such a potential could be induced by charge-
transfer lattice interaction relating to a specific anhar-
monic CTVE due to the ground-state potential anhar-
monicity (so-called CTVE-III; see[4]).

Let us consider the free energy of such a CTVE-III
system interacting with a soft TO polarization for the
typical case of a soft direction of polarization, namely,
along the [001]-type direction. Here, only two of six
possible CTVE orientations (which are parallel and
antiparallel to P orientation) interact with P. Asaresullt,
the CTVE-related free energy has the following form:

1063-7834/05/4708-1548$26.00 © 2005 Pleiades Publishing, Inc.
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OFcrve = —NervekT

x In[1+ exp{ [(4TU3)d " "P, — Ay + A, (T)] KT}
+4exp{ [0 + Ay (T)]/KT}

(1)
+ exp{ [(41U3)d" P, — B + Ay (T)]/KT}
@Pﬁ EP?+ .

T istheinitia ferroelectric phase transition tempera-
ture, and Nerye is the CTVE concentration. Here, the
CTVE activation energiesthat arerelated to the CTVE-
induced lattice polarization for noncritical, A, and for
soft lattice, A,(T), degrees of freedom of the ferroelec-
tric, as well as the CTVE effective dipole moment soft

polarization dic TVE—Pi interaction, all form as a result

of the CTVE-Ill excitation energy. Related splitting
appears between the lowest CTVE-1I1-type excitation
in the off-center potential well located along the total
internal field on the one hand and the on-center ground

state on the other [A, — (4173)d"" = P,, — A,(T)]. Note
also that the temperature dependence for A,(T) could be
evaluated herein the framework of minimization of the
soft mode polarization field induced by the CTVE-III

total electric dipole moment bilinearly interacting with
the soft polarization, ~dic TVE P.. Taking into account the

contribution of the soft polarization mode, w§ (M =
A(T =Tg), we get arather smooth A(T) dependence for
the parabolic dispersion law for the soft mode and for
fulfilling the inequality a < R(T), where R(T) is the
soft polarization correlation radius and a is a lattice
constant: A(T) O [1 - (a/2Ry)].

In general, we could get here the phase transition of
the second order dueto sufficiently fast CTVE-1I1 reori-
entations and the possibility of their alignment with the
mean field effect formation. This phenomenon is simi-
lar to a phase transition induced by reorientable CTVE-
| pumped by irradiation [4]. Here, we have thermal
population of the off-center potential minima. As a
result, the approximate equation for the free energy at
high CTVE-III activation energies, temperatures that
are not very low, and at sufficiently low magnitudes of
soft polarization, when the inequalities (Ay — A(T)) >

KT > (4rv3)d;"" = P, are fulfilled, becomes

UJO(T Tc)
2

Noexp{ (-2 + 8y(T))/KT} { (4103)d " 2%3_2 @
6kT :

6FCTVE -

B4
A
4P'
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Fig. 1. (a) Local charge-transfer lattice transition with occu-
pation of the anharmonic-charge-transfer-related minimum
of the adiabatic potential. Potential curves 1-3 correspond
to the following inequalities: Ty > T, > T3 2 Tigc..., Where
Tioc IS the local transition temperature. (b) Precursor polar
cluster formation due to preferable occupation of low-lying
excited anharmonic charge-transfer states in the neighbor-
ing cellsin the vicinity of local charge-transfer lattice tran-
sitions.

and leads to the following transcendental equation for
the CTVE-Il1-induced second-order ferroelectric phase
transition:

(T-T)T

_ Neexp{ (=B + Ay(T))/KT} { (4U3)dTV] * ()
B 3ka, '

The above equation could be solved numerically.

Now we will discuss the CTVE clustering effects
(see dso Fig. 1b). First, we have to consider the addi-
tional CTVE energy lowering due to the cooperative
negative-U effect. As a result, clustering becomes
advantageous. Second, |et us now take into account that
CTVEs are mobile excitations due to cross-relaxation
processes [5]. Together, these two circumstances lead
to the possibility of clustering for the CTVE-III under
consideration. The necessary condition for its effective
realization ist the requirement that the average CTVE—
CTVE distance, IR-rye_crvell) be less or at least have
the same order as the distance which the CTVE can
pass in the framework of random cross-relaxation hop-



1550

ping before its recombination. This condition can be
expressed in the following form:

1/t Cross
1t recomb

: (4)

where aisalattice constant and (1/Tes0) aNd (/T ecomp)
are the rates of CTVE-CTVE cross relaxation and of
CTVE recombination, respectively. It should be noted
that the latter rate has atunneling-related nature for the
case of CTVE-Ill and is rather dow. This aspect is
favorable for the fulfillment of inequality (4). So, let us
consider now the CTVE-III clustering. For instance, the
free energy of the system with the density of the CTVE-
[11 clusters (Nyuger) @nd with the number of CTVE-II in
each cluster (nerye) hasthe following form:

OFcrve = —NguseKT

CTVE

x In[1+ exp{ [(4TU3)ncrvedy P,
—DoNerve *+ Ay (T)Nerve + BoNerye 1 /KT}
+4exp{ [~Aoncrve + Ay(TNerve + ANcrvel (KT} (5
+ exp{ [~(4TU3)neryed
+Ay(T)Nerve + BoNErve | /KT}

+MPIZ+E
2 4

[(Rervecrvdds a

Pi —AoNerve

Pl ...

Here, the AznéTVE term is related to the cooperative

negative-U effect and leads to an essential decrease in
the off-center CTVE-III minima energies. Under simi-
lar approximations as above, (Aonerve — A (T)Nerve —
A,néye) > KT > (4103)nened” ' © P, we obtain the
following approximate free energy equation for its har-
monic part:

SE — WO(T _TC) _ Ncluster
CTVE — |:| 2 6kT

x exp{ (—QoNcrve + A (T)Nerve + AZnéTVE)/kT} (6)
x{ (4U3)ncrved ™S P+ .

The latter leads to an equation for the second-order fer-
roelectric phase transition temperature induced by
CTVE-IlI-related reorienting polar clusters:

N cluster

(T=TaT = 3iqq

7 (7)

x exp{ (-BoNcrve + A1 (T)Nerve + A2”(2:TVE)/k

x { (4103)neryed ™ 2.

The solution of Eqg. (7) corresponds to the soft-mode
condensation point. It is seen from this equation that the
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new critical temperature induced by thermally occu-
pied CTVE-III states increases with the concentration-
dependent factors exp{(-Aoncrve + Ay(TMNerve +

AznéTVE )KT} and Ny ger nf;TVE . Ontheother hand, itis

namely these factors that increase with clustering
together with adecrease in free energy.

Note aso that the total number of CTVEs could
increaseif the CTVE-III excitation energy becomes not
so high. This occurs, for instance, in the vicinity of the
second-type phase transition in the framework of our
model. Thisisthe first-order ferroelectric phase transi-
tion. The corresponding critical temperature for this
phase transition will be the solution of the following
equation:
[(4TU3)d™"Py(T) = 8o + 8y(T) + AoNcrvel = 0. (8)
Here, the equilibrium soft polarization P;(T) could be
evaluated by minimizing the free energy from Eq. (5).

Note in the conclusion that the distinguishing fea-
ture of the model is the natural coexistence of order—
disorder and displacive-type degrees of freedom. This
coexistence strengthening appears namely in the vicin-
ity of the first-order phase transition mentioned above.
It does not disregard that order—disorder dynamics and
related CTVE fluctuations within such a model could
be a possible explanation for the order—disorder behav-
ior discovered recently by Zalar et al. [8] in BaTiO; and
SITiO; ferroelectric oxides.

3. CHARGE-TRANSFER LATTICE INSTABILITY
INDUCED BY INTERACTION
BETWEEN CHARGE TRANSFER VIBRONIC
EXCITONS OF DIFFERENT NATURE
DUE TO THE ORDER PARAMETER FIELD

Let us consider now another mechanism of charge-
transfer lattice instability of the first order that is like-
wise related to the CTVE-I1I state discussed in the pre-
vious section. This state is characterized by an addi-
tional anharmonic potential well for the potential
branch of the ground state (in accordance with the clas-
sification in [4]). We will consider the coexistence of
CTVE-II with the CTVE-I type state [4] (Fig. 2) for
the case of aproper ferroelastic. For smplicity, we will
discuss the case of a one-component order parameter
n;. Nevertheless, the proper ferroelastic K;Na(CrO,),
[9], which very probably manifests local instability of
the same type as discussed here, belongs to the two-
component order-parameter case. The required gener-
alization of the model will be published later. We will
also consider the situation where the CTVE-IIl and
CTVE-I states have minima for the adiabatic potential
that are close to one another. As aresult, the overlap of
related vibrational wave functions for CTVE-IIl and
CTVE-l will be sufficiently high. The latter corre-
sponds to effective mixing of these states under the
action of internal or externa fields. For instance, the
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Fig. 2. Order-parameter-induced repulsion of CTVE-l and
CTVE-Ill states as a mechanism of loca charge-transfer
lattice transition. The arrow corresponds to realization of a
local transition with lowering of the anharmonic state
energy.

ferroelastic order parameter n, can mix the CTVE-III
and CTVE-l states mentioned above due to linear
vibronic interaction. Such afield can aso form diago-
nal matrix elements of the vibronic interaction on the
basis of both of the CTVE states discussed. These
vibronic interactions can be presented in the following
form:

Hy, = Wn,o,, 9
H_ = Vn,0, (10)
H+ = V2n1|’ (11)

where W, V,, are V, are vibronic constants and the oper-
atorso,, 0,, and | havetheform g, = [allb| + |b[&|, o, =
[al&| — |bb]|, and | = [a&| + |bdb|; states a and b cor-
respond to the CTVE-I and CTVE-II vibrational states,
respectively. Taking into account Egs. (9)—(11) and the
initial energy splitting betweenthe CTVE-I and CTVE-
[11 vibrational statesA, thefinal equation for the CTVE-
[11 energy in the order parameter field will be presented
as

Ecrvean = Vong + +(Wn1)2-

2
/\/(A + Zln 1) (12)
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It isimportant to underline that the E-rg.,, €nergy can
be equa to zero (at the first-order loca transition
point). This important point could be reached taking
into account the temperature dependence of the order
parameter in Eq. (12), n,(T). The corresponding equa-
tion for the temperature of the first-order local transi-
tion point could be derived from Eqg. (12):

2 _ (A+Viny(T))°
(Vony(T))" = +

This is the type of local transition related to charge-
transfer lattice instability of the first order that was
probably detected by EPR at low temperatures for the
proper ferroelastic K;Na(CrO,), [9].

+(Wny(T))% (139
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Abstr act—Nickel-impurity-induced transverse displacements of ionsin azZn, _,Ni,Se lattice (x = 0.0025) were
detected. This type of displacement correlates with macroscopic distortions of a crystal associated with trans-
verse ultrasonic waves that are propagated along the [1100direction. The shear instability is assumed to be due
to the hybridization of the sp® bonds with the 3d states of the impurity centers. © 2005 Pleiades Publishing, Inc.

Semiconductors with ionic—covalent bonding are
attracting interest both for fundamental research and for
practical application. Theinterest in wideband semicon-
ductors of this class (GaN, ZnO, SiC) containing 3d
transition metal impurities (Cr, Mn, Fe, Co, Ni) has
increased rapidly over the past few years, because these
materials undergo ferromagnetic ordering with the
Curie point lying near or above room temperature [1].

It has been believed that 3d impurities in semicon-
ductors can cause only local deformation of the lattice
near isolated impurity centers due to a change in the
interaction between the 3d center and its nearest neigh-
bors. However, it has recently been discovered that
Zn, _,Ni,Se (x = 0.0025) undergoes a nickel-induced
structural phase transition at atemperature Tg= 14.5 K
[2]. Thistransition indicates that a nickel impurity can
cause significant long-range correlated displacements
of ionsin the lattice, which is asurprise because the Ni
concentration is low. The temperature dependence of
the changes in the ultrasound vel ocity suggests that, as
the temperature decreases, the lattice elastic modulus
C4, begins to decrease at ~120 K, which is significantly
above Tg[3]. It is of interest to elucidate the structural
changesin Zn, _,Ni,Se at high temperatures that cause
the c,,(T) anomaly to occur with a decrease in temper-
ature.

In this paper, we report on the results of a study into
the fine details of the structure of a Zn, _,Ni,Se solid
solution (x = 0.0025) using thermal-neutron elastic
scattering, which is very sensitive to weak structural
imperfections of crystals. A neutron beam with awave-
length of 1.568 A was prepared with a double-crystal
monochromator based on pyrolitic graphite and
strained germanium. Using a highly monochromatized
beam and the optimal neutron wavelength made it pos-
sible to suppress higher harmonics. In order to increase

the sensitivity of measurements to weak distortions of
the crystal lattice, rocking curves were recorded near
diffraction peaks with high indices: (220), (022), and
(400). Measurements were performed at 300 and
120 K.

Figure la shows the neutron diffraction pattern
taken from the (001) plane of the reciprocal lattice of a
doped single crystal. The (220) Bragg reflection is a
Gaussian with a haf-width of A, = 0.014 A in
momentum-transfer space. The high resolution attained
in the wave-vector range covered is due to the weak
misorientations (less than 15") of mosaic blocks in the
crystal under study. The diffuse maximum was deter-
mined by subtracting the calculated Bragg peak inten-
sity from the experimentally measured scattering inten-
sity. The accuracy of the profile analysis of the diffrac-
tion pattern in Fig. 1 is better than 2%. Note that the
diffraction pattern taken from an undoped ZnSe crystal
does not have a characteristic diffuse maximum.

The presence of diffuse scattering in Zn, _,Ni,Se
(x =0.0025) suggests that the nickel impurity produces
weak distortions of the crystal structure. In order to
examine the topology of diffuse scattering in the recip-
rocal lattice of the doped crystal more thoroughly, we
also performed measurements near the (022) and (400)
reflections (Figs. 1b and 2a, respectively). Note that the
diffuse scattering near the (022) and (400) reflectionsis
more intense and less extended in wave-vector space
than that shown in Fig. 1a. It isclearly seen that the dif-
fuse scattering peak narrows and becomes stronger as
the temperature decreases (Fig. 2).

In our opinion, the occurrence of diffuse scattering
in the region of the main Bragg reflections indicates
that microscopic regions with displaced ions arise in
the Zn, _,Ni,Se crystal (x = 0.0025). Therefore, the
intensities and widths of the diffuse maxima carry

1063-7834/05/4708-1552$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Rocking curvesfor aZn, _,Ni,Sesinglecrystal (x =

0.0025) near Bragg reflections (a) (220) (along the (1100
direction) and (b) (022) (al ong the [100[direction) obtained
at T = 300 K. Points are experimental data, and the dashed
and solid lines are the profiles of the Bragg reflections and
diffuse maxima, respectively.

information on the number of regions with certain
amplitudes of ionic displacements and on the average
dimensions of these regions along different crystallo-
graphic directions, respectively.

Thus, within our model, the intensity of diffuse scat-
tering from a distorted crystal can be written as [4]

Jq Ob%c(ie [)?, D

where b isthe average nuclear scattering amplitude, cis
the concentration of displaced ions, k = (Byg + q) isthe
scattering vector, By, is areciprocal lattice vector, q is
the wave vector, and u is the displacement of an atom.
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0.0025) near the (400) Bragg reflection taken along the
[0110direction at temperatures of (a) 300 and (b) 120 K.
Points are experimental data, and the dashed and solid lines
are profiles of the Bragg reflections and diffuse maxima,
respectively.

Note that the geometry of the diffraction experimentsis
chosen such that the vector u isparallel to the scattering
vector k and the wave vector g is aways perpendicular
to k. In thisgeometry, static displacements of the atoms
inacrystal manifest themselvesif they are perpendicu-
lar to the wave vector (i.e., if they are transverse). In
principle, there can be regions with two types of trans-
verse static displacements with respect to the wave vec-
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Fig. 3. Elastic moduli of Ge, GaAs, ZnSe, and CuBr crys-
tals: (1) the bulk modulus (¢4 + 2¢4,)/3, (2) the shear mod-

ulus ¢4, and (3) the effective shear modulus (€11 — C12)/2.

tor. Therefore, regions with transverse ionic displace-
ments are characterized by the scanning vector q and
the ionic displacement vector u. Experimentaly, it is
easiest to determine the dimensions of distorted regions
along crystallographic directions:

L = 210AQeyes (2

Where Ade = (A — AGog )2, Alyy is the half-
width of the observed diffuse maximum, and Agjq iS
the instrumental half-width. The linear dimensions of
distorted regions in a crystal at room temperature are
found to be

L, = 25 A (1100110]),
L, = 50 A ([D117100]), ©))
L, = 120 A (100]011]).

Here, the directions of the vector g and of ionic dis-
placements u perpendicular to g are indicated in angu-
lar and sgquare brackets, respectively. It follows from
Egs. (3) that the linear dimensions of a distorted region
along different crystallographic directions differ signif-
icantly. The correlation length L depends not only on
the scanning direction but also on the orientation of the
ionic displacement vector relative to a wave vector of
onetype[L,, L, in Egs. (3)].

This result agrees with the data obtained in [3] on
the propagation of transverse ultrasonic waves along
the [110[direction. The velocities of these waves polar-

ized along [110] and [001] are v[110] = p(cy; —
Cy2)/2 and v2[001] = p~c,,, respectively. According to
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the experimental data from [3], the temperature depen-
dence of v[110] in ZnSe and Zn, _,Ni,Se (x = 0.0025)

crystalsdiffersfrom that of v[001]. Indeed, v[110] in
apure and adoped crystal varieswith temperature only
weakly, whereas the temperature dependence of v[001]
over the range 15-120 K indicates that the doping
causes the el astic modulus c,, of the crystal to decrease
noticeably. In our opinion, ionic displacements of the
[011[]200] type observed in diffuse neutron scattering
are directly related to the elastic modulus c,. In a
doped crystal, the linear dimension L, of regions with
[1101200] ionic displacements increases from 50 A at
300K to 120 A at 120K (Fig. 2). Therefore, thereisan
apparent correlation between transverse shear ionic dis-
placements in nanosized regions of acrystal that mani-
fest themselves in diffuse neutron scattering and mac-
roscopic shear displacements of ions produced by
transverse ultrasonic waves.

This correlation allows us to use extensive experi-
mental data on the shear properties of lattices with a
zinc-blende structure in studying the mechanism of the
variation in the stability of these lattices and, in particu-
lar, the mechanism through which nickel doping lowers
the shear stability of the ZnSe lattice. The ionic—cova
lent crystal lattices are characterized by the spatial ori-
entation of sp® bonds, their length, and the el ectron-den-
sity distribution along abond, all of which influencethe
properties of crystals with azinc-blende structure [5].

It should be noted that the agreement between the
calculated frequencies of transverse acoustic phonons
at the Brillouin zone boundary of Ge and GaAs with
experiment becomes better when onetakesinto account
the long-range interaction that originates in an ionic—
covalent lattice from the sp® bond charges interacting
with one another and from charge displacement from
the center of abond to the anion in the case of GaAs|[6].

Figure 3 presents the elastic moduli at 300 K for Ge,
GaAs, ZnSe, and CuBr crystals[5], inwhich theionic—
covalent sp® bond lengths are approximately equal. It
can be seen that the shear moduli ¢, and (C;; — C1,)/2
decrease significantly as one goes aong this row of
materials. This decreaseisrelated to the magnitude and
position of the charge on a bond or, more exactly, to a
redistribution of electron density over the sp* bond as
one goes along this row from Geto CuBr.

The thermal expansion coefficient of ionic—covalent
crystals is negative at temperatures below 100 K [7].
Therefore, as the temperature decreases, these crystals
expand rather than contract beginning at a certain tem-
perature (about 70 K for ZnSe). The maximum magni-
tude of the negative thermal expansion coefficient
increases as one goes aong the row Ge, GaAs, and
ZnSe [7]. Therefore, the properties of crystal lattices
with ionic—covalent bonding, including ZnSe, are
highly sensitive to achangein the sp® bond parameters.
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Theinfluence of Ni impurities on the stability of the
ZnSe lattice with respect to shear can be explained as
follows. A Ni atom substituting for a Zn atom donates
two electrons to form an sp? bond. The d® orbitals are
hybridized with sp® bonds and thereby distort them,
changing the direction and length of the bonds between
the impurity atom and its nearest neighbors and causing
a redistribution of electron density along these bonds.
Asaresult, the nearest neighbors of the impurity center
aredisplaced. Intermsof the NiSe, cluster model, these
displacements are tetragonal and/or trigonal shear
shifts of Seions. Due to the effective long-range inter-
action mechanism, local Se ion shear shifts also occur
inthe adjacent unit cells, thereby causing the formation
of regions of transverse ionic displacements, which
manifest themselves in diffuse neutron scattering at
room temperature. As the temperature decreases, the
regions of ionic shear shifts expand and coalesce,
which brings about the gradual formation of macro-
scopic regions of lattice shear strains associated with
the shear modulus c,,. Thus, a multielectron 3d-impu-
rity center in anionic—covalent crystal causes nonlocal,
large-scale shear strainsinthe crystal lattice. Determin-
ing these strains is a very complicated problem; its
solution necessitates both detailed studies into struc-
tural lattice distortionsin [1-VI compounds doped with
3d-metal impurities and ab initio calculations of distor-
tions of MSe,-type clusters.

In summary, large-scale transverse ionic displace-
ments induced by nickel impurity have been detected
for the first time in a Zn, _,Ni,Se crystal (x = 0.0025)
over awide temperature range by studying diffuse neu-
tron scattering. It has been shown that the ionic shear
displacements in the Zn, _,Ni,Se lattice are due to a

hybridization of sp® bonds with the d® orbitals of the Ni
impurity. The results obtained indicate that multielec-
tron 3d impurities cause nonlocal distortions of the
ionic—covalent crystal lattice, which isafundamentally
new problem.
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Abstract—This paper reports on the results of temperature investigations into the absorption and velocity of
ultrasound in ZnSe: Ni and ZnSe: Cr crystalsin the frequency range 33-268 MHz. The frequency dependence
of the absorption at the maximum is analyzed, and the energy of the excited state of the Ni?* ionsis cal cul ated.
The dynamic contribution to the effective elastic modulus is determined, and the results obtained are used to
construct the temperature dependences of the relaxed and unrelaxed elastic moduli. © 2005 Pleiades Publish-

ing, Inc.

1. INTRODUCTION

Earlier [1], we carried out neutron diffraction inves-
tigations of ZnSe crystals and revealed a low-tempera-
ture phase transition induced by nickel impurities. Sub-
sequently, this phase transition was examined using
ultrasonic methods. In our recent work [2], it was estab-
lished that the maximum in the absorption and the min-
imum in the phase velocity of ultrasound are observed
at atemperature T = 14 K. At the same time [3], we
found that the C, elastic modulus decreases with
decreasing temperature. Asarule, structural phasetran-
sitions bring about considerable changes in the com-
plex elastic moduli in the immediate vicinity of the
phase transition temperature T. However, since
changesin the elastic moduli of ZnSe: Ni crystalswere
observed over arather wide temperature range and the
temperatures of the observed anomalies were found to
be dependent on the frequency, we undertook further
investigations into the lattice instability effect. In order
to reveal the specific features of the observed phenom-
enon, we measured the ultrasonic characteristics of
ZnSe crystals containing ions of another 3d element,
namely, chromium. This paper reports on the results of
these investigations.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Single crystals of the ZnSe : 3d compound doped
with Ni (5.5 x 10%° cm3) and Cr (1 x 10?2 cm®) were
grown by the Bridgman method from a melt under an

excess pressure of anable gas. For measurements, sam-
ples were prepared in the form of a parallelepiped with
sides afew millimetersin size. The phase velocity and
absorption of longitudinal ultrasonic waves were mea-
sured on an ultrasonic setup operating on the principle
of a frequency-tunable ultrasonic bridge in the fre-
guency range 33-268 MHz at temperatures T = 4.2—
160 K. Ultrasonic waves were excited and recorded
using LiNbO; piezoelectric transducers. The experi-
mental technique, the assumptions made, and their jus-
tification were described earlier in [2]. In the experi-
ments, we used longitudinal waves propagating along
the [110] crystallographic axis. Asis known, the effec-
tive elastic modulus is a complex quantity. Knowing
this quantity, we can determine the velocity v and the
absorption I" of ultrasound according to the formulas

, - [ReCd
Y

w IM{ Cq W
M= — = Im{ Cy ,
2V Re{ Ceff} 2p V3 { eff}

(D

where p is the density of the material and w is the cir-
cular frequency of the wave. In this case, the effective
elastic modulusis alinear combination of all indepen-
dent components of the elastic modulus tensor for a

cubic crystal: Co, = %(C11 +Cpy+ 2C,0).
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3. RESULTS AND DISCUSSION

The study of ZnSe : Ni crystals reveaed that, asthe
frequency increases, the maximum in the absorption
(Fig. 1) and the minimum in the velocity of ultrasound
considerably shift toward the high-temperature range.
In our earlier work [2], the phase transition temperature
T, was determined from the temperature corresponding
to the ultrasonic velocity at the minimum. A minimum
or akink in the curve v(T) and amaximum in the curve
I"(T) have been frequently observed upon phase transi-
tions. The possible origin of the absorption peak has
been analyzed in a number of works. In particular,
Zherlitsyn et al. [4] assumed that the absorption peak is
atributed to the order parameter fluctuations in the
vicinity of the critical temperature; i.e., it is closely
related to the phase transition. However, in this situa-
tion, the position of the absorption peak should not
depend strongly on the frequency. In doped crystals, the
maximum in the dependence I'(T) can be associated
with the relaxation occurring in the system of electron
levels of impurity centers [5]. In this case, the ultra-
sonic absorption can be written in the form

A Wt

F KT1+ w’t® @
where Aisaparameter that dependsonly slightly onthe
temperature T, k isthe Boltzmann constant, and T isthe
relaxation time. The maximum in the dependence I' (T)
corresponds to the condition wt = 1. Therefore, the
measurements performed at different frequencies pro-
vide a means for determining the temperature depen-
dence of therelaxation timeT. Inset (b) to Fig. 1 shows
the dependence of the relaxation time on the reciprocal
of the temperature on the logarithmic scale. It can be
seen from this dependence that the experimental points
fit a straight line fairly well. This means that, in our
case, as in [5], the relaxation occurs through excited
states of impurity centers and the rel axation time can be
adequately described by the relationship t©(T) O
exp(A/KT). Here, the energy of the excited state of Ni%*
ions with respect to the ground level A = 3.5 meV is
determined from the slope of the straight line in inset
(b) to Fig. 1. Thislevel can result from the Jahn—Teller
effect for the ground state 3T, of the Ni?* ion in the tet-
rahedral environment. The manifestation of this effect
was recently revealed when analyzing the thermal con-
ductivity in 11-VI semiconductors doped with 3d met-
as|[6].

Since the ultrasonic absorption is a dynamic effect,
we investigated the possibility of determining the
dynamic contribution to the real part of the elastic mod-
ulus. According to Pomerantz [7], the effective elastic
modulus, with due regard for the dynamic contribution,
can be described in terms of the relaxation time 1, the
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Fig. 1. Temperature dependences of the elastic moduli for
the ZnSe : Ni crystal at a frequency of 74 MHz. AC; =
Ci(T) —C;(0), where C; (0) isthe modulus C; extrapolated to
0 K. G = (1) Re{Cest}, (2) IM{Ce}, (3) Cy, and (4) Cr.
Inset (a) shows the temperature dependences of the absorp-
tion Al = I'(T) — ' (5 K) at frequencies of (1) 33, (2) 53,
(3) 74, (4) 156, and (5) 268 MHz (the curves are shifted
adong the vertical axis with respect to curve 3). Inset (b)
shows the dependence of the relaxation time on the recipro-
cal of the temperature on the logarithmic scale.

relaxed elastic modulus Cg, and the “instantaneous’
(unrelaxed) elastic modulus C; as follows:

AC

Ceff = CU—_22(1—|(A)T)
1+wT
AC (©)
= Cpt+ — (W' +iw),
l1+wT

where AC = C; — Cg < C, Cg, and Re{ C} . It is evi-
dent that C, and Cy are real quantities corresponding to
the limiting values of the effective elastic modulus C
as a function of the parameter wT: C; = Cy () and
Cr = C4/(0). Then, the relationship for the absorption
takesthe form

2
r-1AC_ W't 18Cq., ot

2Cvi+it? 2C 1+’

> (4
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Fig. 2. Temperature dependences of the elastic moduli for
the ZnSe : Cr crystal at a frequency of 56 MHz. AC; =
Ci(T) —C;(0), where C; (0) isthe modul us C; extrapol ated to
OK. Ci = (l) Re{ Ceff} , (2) Im{ Ceff}’ (3) Cu, and (4) CR' The
inset shows the temperature dependences of the absorption
AT MM — IO K) a frequencies of (1) 56 and
(2) 157 MHz. Symbols are the experimental data, and solid
lines indicate the results of fitting according to the formula
I = 0.4T/[(1 — T/14.75)? + 0.07]. Curve 1 is shifted along
the vertical axis with respect to curve 2.

where k = w/v — il isthe complex wavenumber and C
can be given by the moduli C;, Cg, or Re{C} because
of the smallness of the difference C, — Cg. This rela-
tionship, with allowance made for formula (2), permits
us to express the relaxation time 1 as a function of the
quantities T, ', and w. M oreover, since the maximum of
the absorption I is observed at wt = 1, the relaxation
time T can be expressed through the experimentaly
measurable parameters; that is,

lelm |§1|m2 0
= = + —
I(I) F—x PR 10, (5)

where I, is the absorption I'(T) at the maximum and
T, is the temperature corresponding to the absorption
at the maximum. Equations (3) and (4) enable us to

GUDKOV et al.

writethe elastic moduli C,(T) and Cg(T) asfunctions of
the measurable quantities; that is,

_ r C
Cu = ReCai + Zpaiior ©)
r
Cr = ReCeﬁ—ZR—ekar.

The experimental data and the results of their pro-
cessing according to formulas (5) and (6) are presented
in Fig. 1. As can be seen from thisfigure, the minimum
observed in the temperature dependence of the real part
of the effective elastic modulus Cg is absent in the
curves C(T) and Cx(T). Consequently, theminimumin
the dependence C(T) has a dynamic nature and is not
related to the phase transition. Most likely, the critical
temperature corresponds to a change in the behavior of
the curve Ck(T), namely, to a deviation from the linear
dependence at temperatures somewhat higher than
20K.

The data obtained for the ZnSe : Cr crystal indicate
that the dependence I'(T) also exhibits a maximum at
low temperatures (see inset to Fig. 2); however, the
dependences v(T) for this crystal and the ZnSe : Ni
crystal differ in behavior. The temperature dependences
of the elastic moduli calculated from relationships (2)—
(6) are plotted in Fig. 2. It can be seen from Fig. 2 that,
with a decrease in the temperature, the elastic modulus
C, fortheZnSe: Cr crysta increases. At the sametime,
this modulus for the ZnSe : Ni crystal initialy
decreases and, at temperatures below 10 K, becomes
only dightly dependent on temperature (Fig. 1). Upon
cooling, the modulus C, for theZnSe: Cr crystal, asfor
the ZnSe : Ni crystal, decreases significantly. In our
opinion, this situation can be associated with the fact
that different 3d ions bring about Jahn-Teller distor-
tions of different types, namely, tetragonal distortions
in the ZnSe : Cr crystal [8] and, most likely, trigonal
distortionsinthe ZnSe: Ni crystal.

4. CONCLUSIONS

Thus, the frequency dependence of the maximum in
the curve I'(T) was analyzed and the energy of the
excited state of Ni%* ions with respect to the ground
level was determined to be 3.5 meV. It was assumed
that this excited state hasaJahn—Teller nature. The tem-
perature dependences of the relaxed and unrelaxed elas-
tic moduli were obtained for ZnSe : Ni and ZnSe : Cr
crystals. It was demonstrated that these dependences do
not have the minimum observed in the curves v (T). The
inference was made that this anomaly is determined by
the dynamic contribution to the elastic modulus and is
not related to the phase transition.

No. 8 2005
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Abstract—The results of calculating the electronic structure of semiconductor compounds A"BY!: 3d (A = Zn;
B =S8, Se, Te; 3d = Sc—Cu) at a low content of 3d impurities are discussed. The excess charge of an impurity
ion with respect to the charge of the zinc ion is determined for the whole series of 3d impurities. It is found that
the excess charge gradually varies from +0.6|e| for the scandium impurity to —0.2|e| for the copper impurity.
Photoionization of an impurity ion is simulated by adding a hole or an electron to the impurity center. The added
charge is redistributed between the impurity ion and its nearest neighbors, thus decreasing or increasing the total
excess charge of the impurity center by a magnitude of ~0.2|e|. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Over the past several decades, II-VI semiconduc-
tors doped with 3d metals have been studied intensively
[1]. These materials hold considerable promise for use
in spintronics [2].

The introduction of substitutional 3d impurities into
II-VI wide-band-gap semiconductors leads to the for-
mation of additional donor or acceptor impurity levels
in the energy gap. The transition of a carrier between
these levels is referred to as an intracenter transition. It
is worth nothing that the state of the impurity center in
these transitions remains unchanged. The excitation
energy can be high enough to provide photoionization
of impurity centers, which is accompanied either by a
transition of the 3d electron to the conduction band or
by a transition of the 3d hole to the valence band. The
Coulomb field of the impurity center can capture an
electron or a hole into a hydrogen-like orbit. This
excited state of the 3d impurity center is referred to as
an impurity exciton [3-5]. Upon substituting the 3d
impurity for the A component in the ABY! crystal, the
impurity acquires an uncompensated excess charge rel-
ative to the lattice of the semiconductor. Charged impu-
rity centers can initiate displacements of the neighbor-
ing ions and, as a consequence, induce new local vibra-
tions, as has been shown both in the model calculations
and in the experiments performed for ZnSe : Ni and
ZnO : Ni semiconductors in an earlier work by Sokolov
et al. [5]. It has also been found that the ZnSe : Ni semi-
conductor exhibits an anomalous temperature depen-
dence of the phonon heat conductivity and undergoes a
structural phase transition with a deep minimum at a
temperature 7= 14.5 K [6, 7].

The excess charge of a 3d impurity center can be
estimated from the results of calculating the electronic
structure of these compounds. In the framework of the
density functional theory (DFT) [8], it was demon-
strated that semiconductors are adequately described in
the most universal, local density approximation (LDA)
[9]. However, the strong covalency of semiconductor
crystals leads to a minor underestimation of the energy

gap [10].

2. COMPUTATIONAL TECHNIQUE

As is known, ZnS, ZnSe, and ZnTe semiconductors
crystallize in the structure of zinc blende (space group
F-43m). The electronic structure of these compounds
was calculated within the local density approximation
in the orthogonal representation using the tight-binding
(TB) linear muffin-tin orbital (LMTQO) method in the
atomic sphere approximation (ASA) (the TB-LMTO-
ASA program package [11]). For pure compounds ZnS,
ZnSe, and ZnTe, the calculated energy gaps (3.19, 2.70,
and 1.71 eV, respectively) turned out to be close to the
experimental values (3.80, 2.80, and 2.34 eV at T =
4.2 K, respectively).

3. RESULTS AND DISCUSSION

The total and partial densities of states for pure ZnS
are presented in Fig. 1a (similar results were obtained
by Oshikiri and Aryasetiawan [12] with a different cal-
culation technique). In order to simulate the situation
with a single impurity center, a 3d impurity ion was
placed in a supercell of a semiconductor with 32 atoms.

1063-7834/05/4708-1560$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. (a) Total and partial densities of states for ZnS and (b) total and Mn 3d partial densities of states for ZnSe : Mn near the Fermi level.

Figure 2a presents the density of states in the impurity
band near the Fermi level. It should be noted that, as
was shown by Ueda et al. [13], the inclusion of the
magnetic ordering in these compounds can lead to a
change in the location of the impurity levels.

The integrated charge density at the atomic sphere
was obtained from the results of calculating the elec-
tronic structure in the atomic sphere approximation.
This quantity can be considered a difference character-
istic with respect to the charge of the zinc ion substitut-
ing for the impurity center in the semiconductor. The
dependence of this characteristic on the impurity type is
shown in Fig. 2a. The maximum and minimum values
of the excess charge, namely, +0.6|e| and —0.2]e|, are
obtained for the scandium and copper impurities,
respectively.

We also considered the situations in which a charge
equal to the elementary charge was either added to the
impurity center or eliminated from it (Fig. 2b). Experi-
mentally, these variations in the electron configuration
of the impurity ion correspond to photoionization of the
impurity center. For an excess charge of the impurity
center, this leads to a complex redistribution of the elec-
tron density between the impurity center and the near-
est neighbor ions; consequently, the excess charge of
the impurity ion either decreases or increases by a mag-
nitude of ~0.2|e|, respectively. Such a small change in
the excess charge upon photoionization should lead to
a situation where the frequencies of local vibrations
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only slightly change in comparison with the phonon
frequencies, i.e., where resonance vibrations occur.
This phenomenon was actually observed in the experi-
ments conducted in [3-5], and it is precisely this situa-
tion that is unusual considering the assumption that the
charge changes by an integral number of charges of
electrons or holes upon photoionization of the impurity
center.

4. CONCLUSIONS

Thus, in this work, the charge state of a 3d impurity
center in semiconductors AYBY!: 3d (A=7n; B=S, Se,
Te; 3d = Sc—Cu) was estimated from the results of cal-
culating the electronic structure within the local density
approximation in the orthogonal representation with
the TB-LMTO-ASA program package. The spontane-
ous excess charge of the impurity center depends
strongly on the atomic number of the impurity ion and
gradually increases from -0.6|e| for the scandium
impurity to +0.2|e| for the copper impurity. The addi-
tion of an electron or a hole to the electron system of the
impurity center, which corresponds to photoemission
excitation of the impurity ion, leads to a redistribution
of the charge between the impurity ion and its nearest
neighbors. The electron density at the impurity ion
changes by a magnitude of the order of 0.2|e|. There-
fore, the photoinduced local vibrations in the lattice are
resonant in nature.
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Abstract—The phonon thermal conductivity of 11-VI compound semiconductors doped with 3d transition
metal ionsis studied. The observed temperature anomalies are analyzed in terms of the dynamic Jahn-Teller

effect. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Practical application of I1-V1 compound semicon-
ductors doped with 3d transition metal ions requires
comprehensive study of their physical properties,
among which the phonon thermal conductivity is of
great importance as a fundamental characteristic of the
relaxation of lattice vibrations. Recently, it has been
discovered that the phonon thermal conductivity of
ZnX : Ni%* crystas (X = Se, S) undergoes a dramatic
(resonance-like) change at low temperatures [1]. The
nature of this anomaly and the ZnSe : Ni?* lattice insta-
bility associated with it [2, 3] are not clearly under-
stood. Inthiswork, in order to gain abetter understand-
ing of the mechanisms of resonance scattering of
acoustic phonons in ZnX : Ni?* and the reason for the
instability of the ZnSe : Ni?* lattice, we measured the
phonon thermal conductivity of ZnX single crystals
doped with various 3d transition metal ions (Ni%*, Cr?*,
Fe?*, Co?*, Ti%*, and V).

2. EXPERIMENTAL

Single crystals were grown from a melt using the
Bridgman method under conditions of an excess inert-
gas pressure [4]. Theimpurity concentration in samples
was determined using optical emission spectroscopy of
aninductively coupled plasmaand x-ray microanalysis.

The thermal conductivity was measured over the
temperature range 1.8-200 K using the steady-state
heat flow method. The temperature gradient and the
average temperature of a sample were measured at T =
10K with two (Au + 0.012% Fe)—Cu thermocouples
and a T < 10 K with two germanium thermometers.
The average size of the sampleswas 1.5 x 2.5 x 10 mm.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

First, let us discuss the low-temperature data (1.8—
80 K). Figure 1a shows the temperature dependence of
the thermal conductivity kK measured on ZnSe crystals
containing Ni*, Co?*, and Fe** ions. It can be seen that
the k(T) curves for ZnSe : Ni?* samples have a deep,
resonance-like minimum at T,,,;,, 015 K, with the posi-
tion of this minimum being independent of the Ni%* ion
concentration. A minimum in k(T) was also observed
foraZnSe: Fe?* sampleat T, 113 K. Figure 2ashows
the k(T) dependence for ZnSe : Cr?* crystals and
undoped ZnSe [5]. It can be seen that the kK(T) curves
for doped crystals have a minimum at T,;, 027 K. In
contrast to Ni*, Fe?*, and Cr?* dopants, doping of ZnSe
with cobalt does not cause a resonance-like anomaly in
K(T) at temperatures of up to T,,,, 100 K. Note that,
among the ions for which the data are presented in
Figs. 1 and 2a, Co?* isthe only ion whose ground state
is orbitally nondegenerate in a Tg-Ssymmetry crystal
field (singlet “A,). The ground terms of the Ni%*, Cr?*,
and Fe** ions are orbital triplets 3T, and 5T, and a dou-
blet 5E, respectively. Another 3d ion whose ground state
is orbitally nondegenerate in a tetrahedral environment
isTi?* (asinglet 3A,). It can be seen from Fig. 2b that
the k(T) dependence for aZnS: Ti%* sample, aswell as
that for ZnS : Co?*, does not exhibit any pronounced,
resonance-like anomalies. The k(T) curves for ZnS :
Ni?* and ZnS : Fe** crystals have minima at T,;;,, 022
and 10 K, respectively. The k(T) dependence for aZnS
sample doped with V2* ions (the ground stateis atriplet
4T,) is likewise unusual: doping with vanadium to a

1063-7834/05/4708-1563$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 2. Temperature dependence of the thermal conductivity
Fig. 1. Temperature dependence of the thermal conductivity K (a) for ZnSe : Cr?* samples with various Cr?* concentra-
K at (a) low and (b) higher temperatures for ZnSe samples tions: (1) 1 x 10%9, (2) 6.5 x 109, and (3) 1 x 102 cm™ and
doped with various 3d transition metal ions (the doping con- (b) for ZnS samples doped with various 3d transition metal
centration is given in cm™ in parentheses): (1) NiZ* (1 x ions (the doping concentration is given in cmi2 in parenthe-
10%9), (2) Ni%* (2 x 10%9), (3) Ni%* (5.5 x 10%9), (4) Ni%* ses): (1) Ti%* (3.8 x 109), (2) Co?* (5 x 10'9), (3) Ni?*
(1 x 10%9), (5) Ni%* (2 x 10%), (6) Fe?* (3.8 x 10%°), and (2.6 x 1019, (4) Fe?* (6 x 109), (5) Fe?* (3.5 x 10%) [5],
(7) Co?* (5 x 1019). The arrow indicates the Debye temper- and (6) V2* (5 x 1019). Solid curves are the data on the ther-
ature (104 K) for transverse acoustic phononsin ZnSe[10]. mal conductivity of undoped ZnSe and ZnS taken from [5].
concentration of 5 x 10%° cm= decreasesk at T = 4 K The K(T) dependences at high temperatures (T >
by approximately two orders of magnitude relative to 80 K) for ZnSe crystals doped with 3d transition metal
that of undoped ZnS. ions are shown in Fig. 1b. It can be seen that the k(T)
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curves for ZnSe : Ni?* samples have a minimum at
Tmin 0 115K, withits position being independent of the
impurity concentration. From comparing Figs. 1a and
1b, it follows that the high-temperature minimum in
K(T) appears at a higher Ni?* concentration than the
low-temperature minimum. It can be seen from Fig. 1b
that the high-temperature minimum in k(T) is absent
for ZnSe : Fe* and ZnSe : Co?* crystals and for ZnSe
samples with a relatively low Ni?* concentration of
about (1-2) x 10™° cm3.

Thus, the experimental data indicate that the Co?*
and Ti?* ions do not cause resonance phonon scattering
in ZnX semiconductors and that 3d ions whose ground
state in atetrahedral environment is orbitally degener-
ate (Ni%*, Cr*, Fe?*, V) have an unusualy strong
effect on the phonon thermal conductivity. In the latter
case, the interaction of the electronic state of an impu-
rity ion with lattice vibrations removes the degeneracy
of the ground state of theion. Thisdynamic Jahn—Teller
(JT) effect can cause additional acoustic phonon scat-
tering (which is resonance in nature) and thereby sig-
nificantly influence the k(T) of semiconductors[6].

If the minimum in k(T) of ZnX crystals doped with
3d transition metal ionsis caused by resonance phonon
scattering, then the electrons of impurity ions in the
ground state have to transfer to an excited state. As an
example, let us consider ZnSe : Ni2*. It iswell known
that the spin—orbit interaction (SOI) splits the ground
state of the Ni?* ion in a Tg-symmetry crystal field into
four sublevels [7]. To first order in SOI, the spacing 6
between the ground state A; (or I';) and the next upper
sublevel T, (I,) isequal to =(3/2)A, where A isthe SOI
constant. Unfortunately, the value of this parameter for
Ni?* in cubic I1-VI compoundsis unknown. Taking A =
100-150 cm? (which is likely to be close to the value
of A for thefreeNi2*ion [8]), we obtain d = 20-30 meV,
which is far greater than the expected value of the res-
onance energy, 4 meV [3]. The situation can change
radically if the JT effect is taken into account. In the
case where the JT effect is strong and, therefore, the JT
interaction energy is greater than the SOI energy, the
spin—orbit splitting decreases, as shown in [9], and the
resonance energy in ZnSe : Ni?* can become as low as
several millielectronvolts.

Thus, the deep low-temperature minimum in k(T)
(at Tin = 15K) observed for ZnSe: Ni?* crystals can be
associated with resonance phonon scattering in a sys-
tem with astrong JT coupling.

In interpreting the high-temperature minimum in
K(T), we take into account that T,;,, 1115 K isclose to
the Debye temperature © = 104 K for transverse acous-
tic phonons, which make adominant contribution to the
phonon thermal conductivity [10]. Accordingto[6], the
resonance phonon energy for scattering from a two-
level system is at least two to three times greater than
Tmin- Therefore, in contrast to the low-temperature min-
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imum, the high-temperature minimum in ZnSe : Ni?*
cannot be of a resonance nature. In our opinion, this
minimum is due to specific scattering of JT phononsin
crystals with a high Ni?* concentration. This type of
scattering involvesthe dynamic JT effect, which causes
a reorientation of JT distortions [11]. Based on the
phonon spectraof ZnSe[12], we can assumethat the JT
phonons in ZnSe : Ni?* are either TA(L) or TA(X)
phonons. Theinteraction of the Ni2* ion with the former
and latter phonons produces tetragonal [13] and pre-
sumably trigonal lattice distortions, respectively. The
JT interaction is known to be weak for the ground state
SE of the Fe** ion in [1-VI compounds [14]. Probably,
thisisthe reason why the high-temperature minimumis
absent ink(T) of ZnSe: Fe?*.

4. CONCLUSIONS

The phonon thermal conductivity of ZnSe and ZnS
crystals doped with various 3d transition metal ions has
been studied over the temperature range 1.8-200 K.
Two main features of k(T) have been detected:
(i) strong resonance phonon scattering from 3d ions
whose ground state is orbitally degenerate and (ii) a
high-temperature minimum in k(T) for ZnSe : Ni?*
crystals at T, (1115 K, which is close to the Debye
temperature © of transverse acoustic phonons. The
observed anomalies in k(T) of 1I-VI compounds have
been interpreted as a manifestation of the dynamic
Jahn—Teller effect in deep impurity centers.
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Abstract—Room-temperature Raman spectra were obtained for powder samples of Zn;_,Ni,Se and
Zn, - CrySe compounds and for a single-crystal Zn, _,Ni,Se (x = 0.0025) sample in the temperature range 5—
140 K. The results obtained are interpreted in terms of large-scale lattice shear strainsinduced by 3d elements
in these solid solutions. © 2005 Pleiades Publishing, Inc.

The effect of 3d impurities on the structure of 11-V1
semiconductors was earlier treated as the merely local
lattice strain around an impurity center caused by the
3d-center interaction with its nearest neighbors. The

Raman spectra of A;_,M,BY' solid solutions were

interpreted in terms of local vibrations or asachangein
the TO and LO optical vibration frequenciesin the sin-
gle- or two-mode model [1-3].

Recently, a nickel-induced structural phase transi-
tion was observed in the Zn, _,Ni,Se (x = 0.0025) sys-
tem at 14.5 K [4].Thistransition indicates the existence
of appreciable long-range correlated displacements of
the lattice ions induced by the nickel impurity. It thus
appeared of interest to study the vibrational states of the
Zn, _,Ni,Se (x = 0.0025) system and related com-
pounds, because lattice vibrations are very sensitive to
structural lattice distortions. We report here on aRaman
spectroscopy study of the vibrational lattice states in
Zn, _,Ni,Se and Zn,_,Cr,Se solid solutions. Raman
spectra were obtained from powder samples of the
Zn, _,Ni,Se and Zn, _,Cr,Se systems. The atomic frac-
tion of the 3d elements was measured using inductively
coupled plasma atomic-emission spectroscopy [4] and
was found to vary in the samples under study in the
ranges 0 < x < 0.026 and 0 < y < 0.046. The measure-
ments were conducted with a Spex Jvon-Dilor spec-
trometer and lasers operating at 632.8, 514, and
488 nm. One of the samples of the Zn, _,Ni,Se system
(x=0.0025) was a(110) single crystal; its Raman spec-
trawere taken with alaser operating at awavelength of
514 nm.

Figure 1 presents the Raman spectra of powder sam-
ples. The spectrum of aZnSe powder containsthe well-

known TO, LO, 2TA(X), and 2LO peaks [5]. The
Raman spectrum of Zn, _,Ni,Se powders undergoes a
number of changes. The TO and L O peaks broaden; this
effect is particularly pronounced for the LO peak.
While the second-order 2L O peaks persist, their widths

- LO (C)
B TO 2LO
o t i
: "
WA AV
21 ~. 4 0
E ------- =) “ ____________ T~
S Qe Pre el fereaenen [teeen
o)
L i
£ + ©
% i ‘\‘ A
EL N o
= 3 T S U T b e e SR T
5 = 1 1 1 1 1
¥ AMAK) ()
_l\ + + ,
L \4-‘ \ I"
M- -t ol'\.-/ ""\ -
| oeeneenn A A "--,-‘.‘.‘.r.-.-.fT.-.-:?-.f.-.y.,-
0 10 200 300 400 500

Wavenumber, cm™!

Fig. 1. Raman spectra of powder samples of ZnSe (dotted
lines), Zn;_,Cr,Se (y = 0.046; dashed lines), and
Zng _yNi,Se (x = 0.026; solid lines) observed in the back-
scattering geometry at T= 300 K. Thelaser excitation wave-
length is (a) 632.8, (b) 514, and (c) 488 nm. All peaks are
normalized against the LO-peak intensity.
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Fig. 2. Raman spectraof asingle-crystal Zn, _,Ni,Se sam-
ple (x = 0.0025) observed in the backscattering geometry
from the (110) plane at temperatures of (&) 5, (b) 20, and
(c) 140 K. Solid curves correspond to the x polarization
(along [110] ) of the incident beam and the y polarization
(along [001]) of the reflected beam; dashed curves relate to
they polarization (along [001]) of both beams.

also broaden as compared to their initial values. The
2TA(X) pesk intensity grows with increasing doping
level, which becomes particularly manifest in the spec-
tra obtained at awavelength of 633 nm (Fig. 1a). Simi-
lar changes are seen to occur in Zn, _,Cr,Se crystalline
powders.

We dso observed new, heretofore undetected
changes in the spectra of doped compounds, because
we used powder samples, in which al vibration modes
are manifested simultaneously. Zn,_,Ni,.Se and
Zn, _,Cr,Se crystals revea two intense Raman bands.
One of them is seen in the low-frequency part of the
spectrum, where the Raman scattering intensity
increases strongly with a decrease in the frequency of
scattered light. At low frequencies, the scattered light
intensity becomes comparable to or exceeds that of the
most intense LO peaks. The low-frequency scattering
grows with increasing concentration of the nickel and
chromium impurities and with decreasing laser photon
energy. The other band appears at higher frequencies,
between the LO and 2L O peaks. Itsintensity increases
as the frequency of scattered light, the nickel impurity
concentration, or the laser photon energy increases.
Thisimpliesthe onset of additional Raman scatteringin
the Zn, _,Ni,Se and Zn,_,Cr,Se semiconductors as
compared to undoped ZnSe, which is due to the pres-
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ence of the Ni and Cr impurities. In what follows, we
discuss only these bands.

We start with the Zn, _,Ni, Se system for which dif-
fuse neutron scattering was recently observed [6]. An
analysis of those results led to the understanding that
the Zn, _,Ni,Se system (x = 0.0025) has regions with
transversely displaced lattice ions, which measure 3 to
15 nm in different crystallographic directions.

The presence of these regions in a crystal indicates
the onset of alarge-scale disorder capable of distorting
the phonon modes and producing first-order Raman
peaks activated by lattice disorder [7-9]. Thefirst-order
Raman peak intensity is proportional to the phonon
density in the lattice. The broad band starts from low
frequencies; therefore, the dominant contribution to it
comes from, primarily transverse, acoustic phonons
because they produce the first phonon density maxi-
mum near 70 cm [10]. The Raman scattering intensity
is also proportional to the Bose-Einstein factor, which
increases sharply with decreasing energy, and this is
why no maximum is seen in the Raman scattering spec-
trum. The second broad band in the LO-2LO interval
can be interpreted as resulting from a third-order pro-
cess at afrequency equal to the difference between the
two-phonon 2LO vibration frequency and the fre-
quency of a disorder-induced single-phonon vibration
mode.

The increase in the intensity of the broad low-fre-
guency band with increasing laser wavelength implies
that there is resonance at an energy less than the
632.8-nm-laser photon energy. This resonance energy
may be the energy of the nickel impurity ionization,
d®+ w — d® + h, which is approximately 1.85 eV
[11]. The Raman spectrum of Zn, _,Cr,Se also features
a broad band whose intensity grows with decreasing
laser photon energy. The energy of chromium ioniza-
tionin ZnSe, d* + w — d° + h, is 2.26 eV [12]. This
energy dlightly exceeds the laser photon energy at
632.8 nm. Thisis probably why the resonance character
is not so digtinct here. To verify this conjecture, it
would be desirable to measure the Raman spectrum
with alaser emitting photon of an energy substantialy
lower than the resonance energy. In view of the obvious
similarity between the broad low-frequency Raman
bands, the broad bands in the Raman spectra of
Zn, _,Ni,Seand Zn, _,Cr,Se can be considered to be of
common origin. In other words, we believe that the
chromium impurity in Zn, _,Cr,Se also induces large-
scal e transverse displacements of lattice ions.

The Raman spectra of single-crystal Zn, _,Ni,Se
(x=0.0025) are displayed in Fig. 2. The (110) plane
was chosen because backscattering from this plane in
zinc blende crystals produces transverse vibrations
only [13]. The spectra measured above the phase tran-
sition temperature (T, = 14.5 K) clearly exhibit TO-
phonon lines. The LO-phonon lines are very weak and
appeared most probably as aresult of crystal misorien-
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tation and disorder in the Zn, _,Ni,Se (x = 0.0025) crys-
tal. At 20 K, two comparatively broad weak peaks are
seen in the (xy) and (yy) geometries at a frequency of
about 90 cm™. However, the spectra taken at 5 K
exhibit noticeable changes. Whilethe energy of the TO-
phonon line remains practically unchanged, thislineis
observed only in the (xy) geometry. Two new lines
became clearly visible. One line with a frequency v, =
91 cm™ is observed in the (yy) geometry only and is
comparable in width to the TO line observed in the
high- and low-frequency phases. The other new line, at
v, = 740 cmt, appears only in the (xy) geometry. Its
width is seen to be afew timesthat of the first line. We
do not know anything on the low-temperature phase
symmetry. It thus appears impossible to identify the
Raman spectrum peak reliably. One can, however,
safely maintain that the difference between the Raman
spectra obtained at 20 and 5 K is very substantial.

We note in conclusion that the difference between
the Raman spectra of Zn, _,Ni,Se (x = 0.0025) obtained
at 5and 20K isyet another convincing argument for the
existence of a phase transition in this compound at
145K. The similarity between the broad low-fre-
quency Raman bands in Zn, _,Ni,Se and Zn, _,Cr,Se
suggests that at room temperature Zn, _,Cr,Se suffers
Cr-induced structural lattice strains, which are possibly
similar to those observed earlier in Zn, _,Ni,Se.
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Abstract—Excitonic states, radiative relaxation of electronic excitations, and energy transfer to luminescence
centersin both undoped and rare-earth activated (Pr, Er, Nd, Ho, Tb, Tm) KPb,Cl and RbPb,Br5 crystalswere
studied using low-temperature (8 K) time-resolved VUV spectroscopy under selective photoexcitation by syn-

chrotron radiation. © 2005 Pleiades Publishing, Inc.

The use of laser diodes based on rare-earth-doped
crystals for selective pumping of active media stimu-
lates the search for new crystal matrices with narrow
phonon spectra, in which thermal losses would be min-
imal and radiative processes would occur with a high
guantum yield. Such crystals have application potential
as active media for lasers operating in the medium IR
and visible ranges, for telecommunication amplifiers,
and for optical communication lines. KPb,Cl; (KPC)
and RbPb,Br; (RPB) optical crystals belong to a class
of new laser matrices appropriate for rare-earth (RE)
doping. These crystals are not hygroscopic, exhibit a
high resistance to corrosion, have a narrow phonon
spectrum, and possess satisfactory mechanical proper-
ties[1].

In this paper, we report on a study of the excitonic
states, radiative relaxation of electronic excitations, and
energy transfer in both undoped and RE-activated KPC
and RPB crystals.

The KPC and RPB crystals were grown using the
Stockbarger method at a branch of the Institute of Min-
eralogy and Petrography (Novosibirsk, Siberian Divi-
sion, Russian Academy of Sciences) [2]. The time-
resolved VUV spectroscopy of low-temperature (8 K)
optical luminescence under selective excitation by syn-
chrotron radiation was conducted at HASYLAB,
DESY (Hamburg, Germany). The description of the
experimental techniques employed and the data
obtained in our preliminary measurements can be
found in [3, 4]. Steady-state photoluminescence (PL)
and reflectance spectra in the temperature range 80—
300 K were measured with a DM R-4 monochromator
and a DDS-400 deuterium lamp.

The measured reflectance spectra (a fragment of
which is shown in Fig. 1) exhibit a number of features
intheranges 4.34.7 eV (KPC) and 4.9-4.2 eV (RPB).
The shape and temperature dependence of these fea-
tures suggest that they are connected with cation exci-
tonic states. The electronic transitions in the KPC and
RPB crystals at the lowest temperatures derive from the
6s — 6p transitionsin the Pb?* ion between the states
that, asin lead chloride [5], form the valence band top
and conduction band bottom in these crystals. By ana-
lyzing these features in the reflectance spectra of KPC
and RPB crystals, we determined the bandgap width E
and exciton binding energy R in these crystals within
the hydrogen-like model; namely, at 8 K, E; = 4.79 and

Intensity, arb. units

3.5 4.0 4.5 5.0 5.5
Photon energy, eV

Fig. 1. Fragment of thereflectance spectraof (1, 2) KPb,Cls
and (3-5) RbPb,Br5 crystals measured at various tempera-
turesT: (1, 5) 8, (4) 80, and (2, 3) 300 K.
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4.15eV and R=0.34and 0.37 eV for the KPC and RPB
crystals, respectively. The replacement of the cation,
K — Rb, and of the anion, CI — Br, brings about a
long-wavelength shift of the exciton peaks and, hence,
adecreasein E,. Inahigher energy region, at 21-23 eV,
the reflectance spectra exhibit clearly pronounced
peaks corresponding to the excitation of Pb?* cation
core excitons (E, E in Fig. 2). Note that analogous
peakswere observed earlier in the refl ectance spectra of
PbCl, and PbBr, [5].

Doping with RE elements (Pr, Er, Nd, Ho, Tb, Tm)
gives rise to a characteristic activator luminescence,
which depends on the RE element. The impurity lumi-
nescence has a fairly high yield both under selective
intracenter excitation with photons of energy E,. < E4
(the bands in the excitation spectrum in this case refer
to the position of excited impurity-center levels) and
under excitation in the regions of the selective creation
of excitons or electron-hole pair generation by photons
of energy E > Eg (Figs. 2, 3). An anaysis of the spec-
tra shows that there is efficient energy transfer in these
crystals both viathe excitonic mechanism and viaelec-
tron and hole migration followed by their recombina-
tion at the activator.

The energy transfer efficiency is temperature-
dependent. At low temperatures (T = 8 K), as the exci-
tation energy E., > Eg isincreased, the energy transfer
efficiency decreases; thisis usually associated with the
increased kinetic energy of the created electrons and
holes and their nonradiative annihilation at the crystal
surface. The efficiency of this channel in the doped
crystals under study is also indicated by the absence of
multiplication of the electronic excitations at energies
Eec > (2-3)E,. At 8 K, the thermal ionization of exci-
tons in KPC crystals is unlikely; therefore, the energy
transfer mechanisms involving excitons are quite effi-
cient. This scenario is consistent with the excitation
spectra of activator luminescence. Figure 2 exemplifies
these spectra obtained on KPC : Ho and KPC : Er. A
possible excitonic energy transfer to luminescence cen-
tersat low temperatures could be the nonradiative reso-
nance energy transfer from self-trapped excitons
(STEs) to an impurity center through dipole—dipole
interaction. Indeed, low-temperature PL spectra of
undoped KPC crystals contain several bands, namely,
broad overlapping bands peaking at 2.4 and 1.9 eV and
exhibiting microsecond-range decay kinetics and fast
3.75-eV luminescence (1, = 0.8 ns, T,=3.5ns) [4]. The
luminescence at 1.9 eV is excited both in the crystal
transparency region and in the fundamental absorption
region. The PL bands at 2.4 and 3.75 eV are excited
solely near the fundamental absorption edge by pho-
tons of energy E,, > E,. Therefore, we believe that the
1.9-eV PL band in KPC crystals originates from lattice
defects and that the bands at 2.4 and 3.75 eV are due to
radiative annihilation of triplet and singlet STEs,
respectively. Another mechanism of energy transfer at
low temperatures can be associated with bound exci-
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Fig. 2. (1, 2) Excitation spectraof PL at (1) 548 and (2) 665 nm
for KPb,Cls : Ho crystals and (3) the reflectance spectrum

and (4) excitation spectrum of PL at 550 nm (*Sy, —
41,5/, transition) for KPb,Cls : Er crystals measured at 8 K.

The E¢; and E, peaks are due to excitation of Pb?* cation
core excitons.
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Fig. 3. Excitation spectrum of PL at E,, = 2.25 eV for a
KPh,Cls : Er crystal measured at T = 300 K.

tons, which are produced as aresult of the migration of
unrelaxed excitons and their capture by an impurity
center. This is certainly an interesting problem; how-
ever, as with other RE-doped crystals, it would require
additional study.

At room temperature, STE luminescence in KPC
crystals is thermally quenched and, in addition, unre-
laxed excitons can undergo thermal dissociation. In
these conditions, the electron-hole mechanism of
energy transfer dominates and the recombination lumi-
nescence of impurity centersis observed.
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Abstract—The formation of bound excitons of the donor type was observed in LiH and LiD single crystals
activated by 4d or 5d transition elements (Rh, Ru, Ir). The bound excitons were found to form under direct opti-
cal excitation of impurity ions. © 2005 Pleiades Publishing, Inc.

The presence of transition-metal (d-element) impu-
ritiesin semiconductor and dielectric crystals can cause
various optical phenomena due to the rich energy spec-
trum of the partially occupied d shells in these materi-
als. In some studies, exciton binding by 3dimpuritiesin
[1-VI semiconductors has been observed [1, 2]. By
studying the spectra of bound excitons, one can deter-
mine the energy positions of impurity levels and iden-
tify the structure of the impurity energy states.

In this paper, we describe the experimental data on
the formation of donor excitonsin LiH and LiD single
crystals activated by 4d elements (Rh, Ru) and 5d ele-
ments (Ir).

Figure 1 shows the optical absorption spectrum of
LiH-Rh single crystals. The rhodium content in these
crystals is 0.05 wt %. The high-intensity absorption
band has a maximum with a half-width of 3000 cm in
the region of 24000 cm™. The intensity of the band is
practically the same at 80 and 300 K. This band is
related to charge-transfer transitions of the impurity—
band type. At 80 K, a vibrational structure appears in
the low-energy part of the charge-transfer band. This
structure consists of four lines separated by equal inter-
vals of 76-80 cmr!; theseintervals do not depend on the
isotope composition of the crystal matrix. The relative
lineintensities are the samein all samples, thus making
it possible to associate the entire group of lineswith the
same center. The half-widths of the lines as determined
without taking their overlap into account increase from
20 cm* for the first line (corresponding to the lowest
energy) to 40 cm™ for the third line. The low intensity
of the fourth line did not alow usto determine its half-
width.

Thefirst line does not involve phonons, and the three
others are phonon replicas involving a local vibration
mode with an energy quantum of 78 cm™. In Table 1, the
wavenumbers and the interpretation of the peaksin the
absorption spectra of LiH-Rh and LiD-Rh crystals are
listed. In LiH(D)—Ir crystalswith aniridium concentra-
tion of 0.08 wt %, the charge-transfer absorption band

isobservedin theregion of 24500 c. At 80 K, astruc-
ture consisting of a zero-phonon line and a vibrational
wing is aso observed on the low-energy edge of the
absorption band. However, in contrast to LiH(D)-Rh
crystals, the structure of the vibrational wing in
LiH(D)-r can be explained by the one-phonon contri-
bution to the electron—phonon interaction in theiridium
impurity center; this follows from comparing the den-
sity of one-phonon statesin LiH and LiD crystals with
the features of the vibrational wing (Fig. 2). This con-
clusion agrees with the weaker electron—phonon cou-
pling for a more extended orbital of the 5d shell of an
iridium ion.

The positions of the peaks in the vibrational struc-
ture of the optical absorption of LiH(D)—Ir crystals are
givenin Table 2.

The analysis of the experimental data on optical
absorption spectra shows that 4d and 5d transition ele-
ments create one or several deep energy levelsin the
band gap of LiH and LiD crystals, which isindicated by
the occurrence of charge-transfer (impurity—band or
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Fig. 1. Absorption spectrum of LiH-Rh crystals at 80 K.
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Table 1. Positions of the peaks in the donor-excitonic absorption spectrum of LiH-Rh and LiD—Rh crystals and their inter-
pretation
LiH LiD
peak position with respect pesk position with respect | Av/Avg | V2. ZYH | Interpretation
vy, cmt | tothe zero-phononline | vp, cm™t | to the zero-phonon line cm
Avy, cmt Avp, cmt
22700+ 4 22972+ 4 272 | Zero-phonon line
78+ 4 78+ 4 1.00 Local vibration
1240+ 4 905+ 4 137 Local vibration

Table 2. Position of the peaks in the donor-excitonic absorption spectrum of LiH(D)-r crystals and their interpretation

LiH LiD
peak position with respect peak position with respect | Av,/Avp | YD -YH | Interpretation
vy, cmt to the zero-phonon line Vp, cmt to the zero-phonon line cm
Avy, cm Avp, cmt
22800+ 4 23064+ 4 264 | Zero-phonon line
310+ 10 310+ 10 1.00 TA(X)
410+ 10 410+ 10 1.00 LA(X)
710+ 10 TO(L)
800+ 10 580 + 10 1.38 TO(X)
950+ 10 710+ 10 1.34 LO(X)
1380+ 10 1000+ 10 1.38 Local vibration
1520 + 10 1110+ 4 1.37 Local vibration

band-impurity) transitions [3]. These transitions can
form electron and hole bound states or excitons bound
to an acceptor or adonor.

The Rh* ions in lithium hydride and deuteride are
isoelectronic impurities. An isoelectronic impurity can
create bound states depending on the ratio of the band-
width to the magnitude of the attractive potential [4].
Transitions of an electron from the ground state of the
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Fig. 2. Donor-excitonic absorption spectrum of LiH-Ir
crystals.
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impurity ion to an excited state usually result in aline
absorption spectrum. It should be noted that, for impu-
rities having several excited states, the absorption spec-
trum issimilar to an excitonic spectrum. Therefore, itis
difficult to separate the spectra attributed to bound exci-
tons and to hydrogenic impurities. In the case consid-
ered, the terms “bound exciton” and “excited impurity
state” have the same meaning, since an excited state of
an impurity is directly created by light in our experi-
ments [5].

Optical measurements showed that univalent Rh*
(4d® shell) and Ir* (5d8 shell) impurity ions have char-
acteristic line absorption spectra indicating the forma-
tion of donor excitons. A photoinduced transition of an
electron into a bound hydrogenic state is described by
the reaction

d®+hv — [d'd],

where the square brackets symbolize the Coulomb
interaction between an el ectron and a hole on the donor.

The energy levels of univalent Rh* and Ir* ions lie
far from the edge of the conduction band of lithium
hydride (deuteride); therefore, the absorption involving
these levels corresponds to the visible part of the spec-
trum. The absorption spectraof LiH(D)-Rh(Ir) crystals
have severa lines due to the excitation of an electron

No. 8 2005
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from the ground level and there is also a continuous
absorption band related to the photoionization of the
impurity center.

The first absorption line corresponds to the transi-
tion of the donor from the ground state to the first
excited state. The other absorption peaks correspond to
the phonon replicas caused by interaction with local
impurity vibrations [in LiH(D)-Rh] or with crystal
vibrations [in LiH(D)-Ir]. The high-energy absorption
lines merge with the band corresponding to full donor
ionization. The decrease in absorption with increasing
energy is due to the decrease in the probability of tran-
sitions to the states located far from the bottom of the
conduction band.

The irradiation in the region corresponding to full
ionization of Rh* or Ir* impurities resultsin the forma
tion of Rh?* or Ir?* ions, whose presence can be
detected using the ESR method [6, 7]. The excitation
spectrum of the paramagnetic Rh?* (Ir?*) ion state coin-
cides with the full-ionization band of the Rh* (Ir*) ion.

Analogous features are observed in the absorption
spectra of LiH(D)—Ru crystals in the case where exci-
tons bound to Ru* ions (4d’ configuration) form after
the reduction of Ru?* ions arising under irradiation with
ultraviolet light. In this case, the hole component of the
donor exciton islocalized on the Ru* ion; therefore, the
Ru* ion is charged positively with respect to the lattice
and the electron is captured by the Coulomb field of this
charge. The electron transition responsible for the band
induced by ultraviolet light is described by the reaction

d’ = hv —» [d°].
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The energy of thistransitionis equal to 20110 cm for
LiH-Ru crystals and 20440 cm for LiD—Ru crystals.

Thus, 4d and 5d transition metals (Ru, Rh, Ir) create
deep levelsin the band gap of lithium hydride and deu-
teride; bound excitons are produced directly by light
during the excitation of these ions.

REFERENCES

1. P.Dean and D. Herbert, Top. Curr. Phys. 14, 55 (1979).

2. K.A.Kikain, V.. Sokolov, and T. P. Surkova, Spectros-
copy of Crystals (Nauka, Leningrad, 1989), pp. 148-161
[in Russian].

3. G. I. Pilipenko, A. A. Sabirzynov, D. V. Oparin,
V. G. Stepanov, and F. F. Gavrilov, J. Phys.: Condens.
Matter 4, 4055 (1992).

4. F. Bassani and G. Pastori Parravicini, Electronic States
and Optical Transitionsin Solids (Pergamon, New York,
1975; Nauka, Moscow, 1982).

5. R. S. Knox, Theory of Excitons (Academic, New York,
1963; Mir, Moscow, 1966).

6. G. I. PRilipenko, A. A. Sabirzyanov, D. V. Oparin, and
V. G. Stepanov, in Proceedings of XXVII Congress
Ampere on Magnetic Resonance and Related Phenom-
ena, Kazan, 1994 (Kazan, 1994), Vol. 1, pp. 488-489.

7. G. |. Pilipenko, A. A. Sabirzyanov, V. G. Stepanov,
D. V. Oparin, V. V. Izotov, and F. F. Gavrilov, J. Phys.:
Condens. Matter 4, 4047 (1992).

Trandlated by 1. Zvyagin



Physics of the Solid Sate, Vol. 47, No. 8, 2005, pp. 1576-1578. Translated from Fizika Tverdogo Tela, \ol. 47, No. 8, 2005, pp. 1515-1517.

Original Russian Text Copyright © 2005 by Nedelko, Gomenyuk, Sobodyanik, Sus'.

PROCEEDINGS OF THE XII FEOFILOV WORKSHOP

“SPECTROSCOPY OF CRYSTALS ACTIVATED

BY RARE-EARTH AND TRANSITION-METAL IONS’
(Yekaterinburg, Russia, September 22-25, 2004)

L uminescence Centers Generated by Chromium lons
in Potassium-Aluminum (Indium) Diphosphates

S. Nedelko, O. Gomenyuk, N. Slobodyanik, and N. Stus
Shevchenko National University, Vladimirskaya ul. 64, Kiev, 03680 Ukraine
e-mail: SNedilko@univ.kiev.ua

Abstract—Crystals of potassium—auminum (indium) diphosphates KMeP,O; (Me = Al, In) doped by chro-
mium ions are synthesized for the first time, and their main spectral luminescence properties are described. The
luminescence of these crystals is studied in the temperature range 4.2—-300 K under excitation by light with a
wavelength of 270-650 nm. The luminescence spectrum has two wide bands in the ranges 450-650 nm
(“green” photoluminescence) and 700-800 nm (“red” photoluminescence). The green photol uminescence band
is assumed to be a superposition of the intrinsic radiation of the matrix and the radiation of molecular centers
generated by chromium ions that are surrounded by four oxygen atoms. At low temperatures, the red photolu-
minescence band consists of a wide unstructured band and narrow lines on its short-wavelength wing and is
associated with the radiation of Cr3* jons that replace Al®* matrix ions and are in an octahedral oxygen envi-
ronment. Parameters of the el ectron energy level diagram of the Cr3* ion in the matrices of theinvestigated crys-

tals are determined. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

When devel oping new laser materials on the basis of
oxide crystals and glasses, chromium ions are often
chosen asimpurities[1-3]. In spite of the fact that there
are numerous data on the physical and chemical prop-
erties and quite a good understanding of the physics of
absorption and emission of light and energy dissipation
in these systems, certain physical problems remain
unsolved. Among them is the problem of the simulta-
neous existence of chromium ions in different charge
states Cr™ (n = 3, 4, 5) occupying different positionsin
the matrix. This problem is especially important in the
case of a complicated oxide matrix where the cationic
sublattice is formed by cations of different types and
where oxygen molecular groups occupy anionic sites.
In such matrices, the bonding is mainly ionic between
the cations and anions and covalent inside the molecu-
lar groups. The presence of the two types of bonding
gives rise to specific features of the centers of intrinsic
photoluminescence (PL); to avariety of charge states of
impurity ions; and, as a consequence, to a variety of
spectral luminescence properties of such compounds
[4,5].

This study deals with the luminescence spectral
properties of aluminum or indium diphosphates with
the general formulaKMeP,O, (Me=Al or In) doped by
chromium ions, which are new promising compounds
for quantum electronics. The lattice of these crystals
admits an isovaent replacement of aluminum or
indium ions by Cr3* ions; however, in principle, chro-

mium ions (possibly, having adifferent charge) can also
be located at the Na* or P°* ion positions.

2. EXPERIMENTAL

KMeP,0; crystals 3 x 3 x 3 mm in size were synthe-
sized from a melt solution using K,0-Me,O;—P,05—
Cr,0O4 oxide mixtures. The concentration of chromium
oxidesin the melt did not exceed 1 wt %. A description
of the structure of KMeP,O; crystals can be found in
[6]. Photoluminescence was investigated at 4.2, 77, and
300 K. Photoluminescence was excited using ILGI-501
lasers (with radiation wavelength A, = 337.1 nm),
LGN-503 lasers (Ao = 476.5, 488.4, 514.0 nm), and
DKSL-1000 xenon lamp radiation filtered by aDMR-4
double monochromator and was recorded using aDFS-
12 spectrometer. The spectrometers, signal recording,
and data processing were computer-controlled.

3. EXPERIMENTAL RESULTS

At room temperature, the PL spectrum of chro-
mium-doped KAIP,O; : Cr crystals consists of two
(green and red) wide bands in the wavelength regions
450-650 and 700-800 nm, respectively. The green
band is undoubtedly structured; what more, its short
wavelength components are also observed under the
same excitation and temperature conditions for crystals
not doped with chromium (Fig. 1). For KInP,O; : Cr
crystals, the PL spectra are basically the same; how-
ever, in the long-wavelength range mentioned above,

1063-7834/05/4708-1576$26.00 © 2005 Pleiades Publishing, Inc.
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we failed to resolve the structure of the red band, prob-
ably because of the insufficient resolution of the spec-
tral equipment used (Fig. 1). With increasing chromium
content, the maximum of the envelope curve of the
green band shifts to longer wavelengths, since the
intensity of the long-wavelength component increases.
Simultaneously, the red PL band increases in intensity.

The excitation spectra of these PL bands are differ-
ent. The short-wavelength part of the green PL band is
excited in a wide smeared band in the range 270-
350 nm, whereas in the excitation spectra of red PL
there are three distinct bands in the regions 270-345
(band 1), 400-500 (band 1), and 530-680 nm (band
[11). In bands Il and Ill, structural peaks are observed
(curve5inFig. 1). Thus, band | of thered-PL excitation
spectrum and the green-PL excitation band overlap
strongly. We also note that band |1 of the red-PL excita-
tion spectrum in crystals KAIP,O, : Cr overlaps with
the green PL band of undoped crystals (curves 1, 5 in
Fig. 1).

As the temperature decreases from 300 to 77 and
further to 4.2 K, the shapes and intensities of both PL
bands change; more specifically, under short-wave-
length excitation (A, = 310-350 and 375-500 nm), the
intensities of the long-wavelength components of the
green band decrease and the intensity of the red band
increases (Fig. 1) and, under excitation in band 111, the
red PL band narrows and there appear narrow fine-
structure lines at its short-wavelength edge with max-
imaat Ay, = 708, 712, and 725 nm (Fig. 2).

4. DISCUSSION

The experimental data obtained allow us to con-
clude that the PL of the KMeP,O, : Cr crystals is a
superposition of the intrinsic luminescence of the
undoped matrix (the short-wavelength components of
the green PL band) and the PL of the centers related to
chromium ions (long-wavelength components of the
green band, the wide red unstructured band, and the
fine-structure lines). The red PL can be excited both
directly inbands|l and I11 and viathe matrix by light in
the range 270-350 nm. With increasing temperature,
the excitation energy is likely to transfer more effec-
tively from the centers of intrinsic PL to the red-PL cen-
ters.

Asto the nature of theintrinsic PL of the matrix, this
luminescence (typical of the systems in question) is
commonly accepted to be related to various intrinsic
defects of the matrix and uncontrollable impurities.
Therefore, we do not analyze it here. The impurity
long-wavelength components of the green band can be
dueto radiation of molecular groupsof theform [CrO4—
O-PO4]* created when one of the P°* ions in the P,0O,

group is replaced by a Cr®* ion. It was shown in [7, §]
that deformed CrOi_ tetrahedrain various matrices are
characterized by PL emitted in this spectral region.

PHYSICS OF THE SOLID STATE Vol. 47 No. 8

2005

1577

1.00

0.751

0.50

Ipy, arb. units

0.251

O |

0.5

1., arb. units

x 100
AN
300

1 1 1
600 700 800
A, nm

1 1
400 500

Fig. 1. (1-4) PL spectraand (5) the PL excitation spectrum
of (1-3, 5) KAIP,07 and (4) KInP,O7 crystals at tempera-
tures of (3) 300, (1, 4) 77, and (2) 4.2 K. The excitation
wavelength Ag is (1-3) 337.1 and (4) 488 nm; excitation
spectrum 5 is recorded at a luminescence wavelength A =
740 nm. The Cr,03 concentration C(Cr) in the melt was
(1) 0, (2, 3, 5) 0.08, and (4) 1 wt %. Curve 4 does not
include the correction for the spectral sensitivity of the
spectrometer.
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Fig. 2. Luminescence spectra of KAIP,O; : Cr crystals
recorded at Ay, = 632.8 nm at temperatures of (1) 300,
(2) 77, and (3) 4.2 K. C(Cr) = 0.08 wt %.

Theintensered PL of KAIP,O; : Cr crystalsislikely

due to Cr®* ions occupying the AI®* ion positions with
octahedral oxygen surroundings. This conclusion fol-
lowsfrom thefact that the spectral characteristics of the
red PL are similar to those of the experimental and the-
oretical spectra of Cr* ions in solids, according to
which the unstructured band is due to 4T, — #A, tran-
sitions and the fine-structure lines (R lines) correspond
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to the 2E — “A, transitions in the 3d shell of the Cr3*
ion [1-3, 9]. From the positions of the bands and lines
inthe PL spectraand PL excitation spectra, we can esti-
mate parameters describing the positions of the Cr3*
energy levels in KAIRP,O; : Cr crystals using the
Tanabe-Sugano model [9]: the crystal-field parameter
Dg = 1342 cm™, the %E level splitting A(’E) = 80 cm™,
and the energy spacing between the “T, and %E levels
A(*T, °E) =530 cm 2.

The differences between the PL spectraof KAIP,O; :
Cr crystalsand KInP,O; : Cr crystals (Fig. 1) agreewith
the assumption that the observed red PL is related to
Cr3* ions. Indeed, according to the crystal-field theory,
the parameter D, (determining the transition energies
for the Cr3* ion), can be written as D, ~ qr#/R°, where g
is the charge of the ligand (O? ion), R is the distance
from theimpurity ion to the ligand, and r isthe average
radius of the 3d orbital of the Cr3* ion [9]. The energy
of the 4T, — %A, transition (which determines the
position of the red PL band) is proportiona to the
parameter D,. Therefore, knowing the position of this
band for KAIP,O; : Cr crystals (A, = 735 nm) and the
guantities R(Al-0) and R(In-0), we can estimate the
position of the red band for KInP,O; : Cr crystals. The
result is A ~ 1300 nm. This value is approximate but
neverthel ess explainsthe strong shift of thered PL band
towards the near IR region.

5. CONCLUSIONS

We have synthesized for the first time chromium-
doped KAIP,0O, and KInP,O, crystals and studied their

PHYSICS OF THE SOLID STATE Vol. 47

NEDELKO et al.

main luminescence spectral properties over wide tem-
perature and spectral intervals. We have also estimated
the energy parameters describing the Cr®* impurity
luminescence of these crystals.
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Abstract—The electroluminescence spectra of thin-film organic diodes with light-emitting layers that consist
of poly(N-vinylcarbazole) (PVK) doped by the tris complex of europium with dibenzoylmethane and 1,10-
phenanthroline [Eu(DBM)sphen] are investigated. It is revealed that an increase in the Eu(DBM);phen concen-
tration in the light-emitting layer leads to an increase in the decay rate of electroluminescence of the cell. A
decrease in the contribution from the intensity of the luminescence lines associated with the Eu(DBM)sphen
complex to the total electroluminescence spectrum of the cell with time is explained by the degradation of
Eu(DBM)sphen molecules upon excitation. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Electroluminescence in structures consisting of thin
organic films has been extensively investigated since
the pioneering work by Tang and VanSlyke [1].

Luminescence in thin-film organic structures is
caused by radiative recombination of eectrons and
holes injected from a cathode and an anode, respec-
tively. At present, a large number of works have been
devoted to the study of structuresin which alight-emit-
ting layer consists of a mixture of two or more com-
pounds. The use of mixtures for fabricating light-emit-
ting layers makes it possible to combine individual
properties of different compounds (such as a high con-
ductivity provided by charge carriers, a high quantum
yield of electroluminescence, and necessary spectral
characteristics) in a single layer. Moreover, mixtures
are characterized by aweaker concentration quenching.
Matrices for light-emitting layers can be prepared from
polymers and low-molecular organic compounds.
When fabricating electroluminescent cells, polymer
layers, asarule, have been produced using spin coating.
For amixture of compounds, this method allows one to
control simply and very accurately the concentrations
of components in the mixture by adding a required
amount of each compound to the solution. Further-
more, unlike thermal evaporation, the low-temperature
preparation of layers by spin coating makes possible
the use of compounds that decompose upon hesating.
The disadvantages of the spin coating method are
unavoidable contamination of the prepared films with

solvents and also complication of the technology for
fabricating el ectroluminescent cells due to the employ-
ment of an additional process that differs substantially
from the processes of vacuum thermal evaporation used
for producing other layers of the cell. Ouro Djobo et al.
[2] compared the electroluminescence properties of
poly(N-vinylcarbazole) (PVK) layers prepared by ther-
mal evaporation and spin coating and revealed that the
turn-on voltagein theformer caseisconsiderably lower
than the turn-on voltage in the latter case.

In this work, we investigated the electrolumines-
cence of poly(N-vinylcarbazole) doped by the tris com-
plex of europium with dibenzoylmethane and 1,10-
phenanthroline [ Eu(DBM)4phen] in el ectroluminescent
diodes entirely fabricated using thermal evaporation.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The design of an organic electroluminescent diode
is shown in Fig. 1. The lithium fluoride (LiF) layer
located under an aluminum cathode is used to decrease
the energy barrier to injection of electrons. The tris(8-
hydroxyquinoline) aluminum (Algs) layer serves as a
conductor of electrons. The layer consisting of aPVK :
Eu(DBM)sphen mixture is a light-emitting layer. The
N,N'-bis(3-methylphenyl)-N,N'-diphenylbenzylidene
(TPD) layer acts as a conductor of holes. The copper
phthalocyanine (CuPc) layer is used as a buffer layer
that prevents diffusion of oxygen from the transparent

1063-7834/05/4708-1579$26.00 © 2005 Pleiades Publishing, Inc.
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oA
LiF
Alg;
PVK: Eu(DBM)sphen
TPD
CuPc
ITO

Glass substrate

IR

Fig. 1. Design of the electroluminescent diode under inves-
tigation.

anode based on an indium-tin oxide (ITO) solid solu-
tion and decreases the energy barrier to injection of
holes from the anode into the TPD layer. This leads to

ZHURAVLEV, YAKOVLEV

an increase in the luminance and the lifetime of light-
emitting diodes [3, 4].

The molecular structures of the compounds used are
shown in Fig. 2. The CuPc and TPD compounds were
purchased from the Aldrich Chemical Co. The PVK
polymer was synthesized at the NPO Organic Interme-
diaries and Dyes, and the Alg; and Eu(DBM);phen
compounds were prepared at our laboratory according
to standard procedures.

A glass plate that was preliminarily coated on one
side by an I TO layer with a specified topology served as
asubstrate. The surface resistivity of the ITO layer was
of the order of 50 Q per sguare. Substrate washing
involved three stages. At the first stage, the substrate
was wiped using a cloth moistened with ethanol. At the
second stage, the wiped substrate was treated in an
ultrasonic bath in isopropanol. At the third stage, the
substrate was washed in a stream of distilled water.
Thereafter, the substrate was dried initially in a centri-
fuge and then in adesiccator cabinet at atemperature of
70°Cfor 1 h.

The layerswere deposited through thermal evapora-
tion in avacuum chamber at a pressure of 5 x 10-° Torr.
The deposition rate was approximately equal to 0.5 A/s

TPD

Fig. 2. Molecular structures of the organic compounds.
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Fig. 3. Electroluminescence spectra of CuPc/TPD/PVK :
Eu(DBM)zphen/Algs/LiF/Al cells. The mass ratios PVK :

Eu(DBM)zphen for cellsA, B, and Careequal to2:1,10: 1,
and (> 10) : 1, respectively.

for the LiF layers, 7.0 Al/s for the Al layers, and 2.0—
2.5 A/s for the organic films. The layer thicknesses
wereasfollows: Al, ~100 nm; LiF, 0.9 nm; Algg, 15 nm;
PVK : Eu(DBM);phen, 54 nm; TPD, 36 nm; and CuPc,
15 nm.

All the compounds, except for the PVK polymer,
were used without preliminary purification and treat-
ment. Poly(N-vinylcarbazole) evaporated at arate suit-
able for deposition of layers over awide range of tem-
peratures. It is evident that this polymer contained oli-
gomers with different masses and lengths of polymer
chains. Preliminary sublimation of the initial PVK
polymer under vacuum allowed us to obtain a fraction

3 <
L
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g v
.2+
)
8
Z
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g
0O+
| | | | |
450 500 550 600 650 700

Wavelength, nm

Fig. 4. Photoluminescence spectrum of the Eu(DBM)zphen
powder.
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for which deposition rate in the temperature range 250—
300°C was equal to 2.0-2.5 A/s. In this temperature
range, the Eu(DBM)sphen complex had approximately
the same deposition rate. Codeposition of the
Eu(DBM)sphen compound and the obtained fraction of
the PVK polymer was performed from the same evapo-
rator. In this case, we assumed that, at identical deposi-
tion rates, the concentration ratio of the compounds in
the deposited film is equal to the concentration ratio of
the compounds placed in the evaporator.

The light-emitting diode thus fabricated was placed
in a hermetic chamber, which was filled with an inert
medium (dried nitrogen). The electroluminescence
spectrawere recorded in this chamber. All the measure-
ments were carried out at room temperature.

3. RESULTS AND DISCUSSION

We prepared | TO/CuPc/TPD/PVK:Eu(DBM)sphen/
Algy/LiF/Al eectroluminescent cells in which the
light-emitting layers contained the PVK and
Eu(DBM)sphen compounds at three different concen-
trations (cells A, B, C).

The massratio of the PVK and Eu(DBM)phen com-
poundsisequal to 2: 1 for cell Aand 10 : 1 for cell B.
Cell C was prepared using the PVK polymer without
preliminary separation into fractions. For cell C, the
mass ratio of the PVK and Eu(DBM)sphen compounds
placed in the evaporator was equal to 10 : 1, asis the
case with cell B. However, the PVK polymer contained
fractions that evaporate at temperatures lower and
higher than the evaporation temperature of the
Eu(DBM)sphen complex. Since, after the sample prep-
aration, a portion of the material remains in the evapo-
rator, we assume that, for the most part, light fractions

W
=)
T

N
[@)
T

[95]
o]
T

Intensity(Eu)/Intensity(total), %
N N
N S}

T T

0 10 20 30 40 50
Time, min

Fig. 5. Dependence of the ratio between the integrated
intensity of the luminescence of the Eu(DBM)sphen com-
plex and the total intensity of the luminescence of the cell
on the operation time a the mass ratio PVK :
Eu(DBM)gphen = 10 : 1 in the light-emitting layer.
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Fig. 6. Dependence of the photoluminescence intensity on
the exposure timefor the PVK : Eu(DBM)sphen (10: 1) film

at awavelength of 612 nm.

of the PVK polymer evaporate during deposition of the
light-emitting layer and the mass fraction of the
europium complex deposited on the substrate appears
to be considerably lower than that in the initial mixture.

The electroluminescence spectra of the prepared
samples (Fig. 3) involve narrow emission linesthat cor-
respond to the Eu(DBM)sphen compound and follow
the shape of its photoluminescence spectrum (Fig. 4).
Moreover, the electroluminescence spectra contain
broad bands attributed both to impurities in the PVK
polymer and to the adjacent layer consisting of the Algs
compound. This compound is a good |uminescent
material characterized by abroad luminescence bandin
the green spectral range. However, the Alg; compound
inthe cellsunder investigation is used as aconductor of
electrons and makes an insignificant contribution to the
luminescence. This was confirmed by comparing the
electroluminescence spectra of the given cells and the
cells in which the Alg; layer was replaced by another
conductor of electrons.

As the Eu(DBM)sphen concentration in the light-
emitting layer decreases, the total intensity of the lumi-
nescence of the cell increases but the fraction of the
luminescence corresponding to the europium complex
decreases. In particular, the contribution from the lumi-
nescence of the Eu(DBM);phen compound in cell Ais
equal to 80% of the integrated intensity. When the
Eu(DBM)sphen concentration decreases to 10 : 1 (cell
B), the contribution from the luminescence of the
europium complex amounts to 60%. With a further
decreasein the concentration (cell C), the luminescence
of the Eu(DBM)sphen complex in the cell accounts for
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only 10% of the integrated intensity of the electrolumi-
nescence, which becomes yellowish green.

The degradation rate of the cell upon electrical exci-
tation depends on the Eu(DBM)zphen concentration in
the light-emitting layer. The cel with a high
Eu(DBM)sphen concentration degrades at a higher rate.
For example, the luminescence intensity of cells C, B,
and A at asupply voltage of 20V ishalved for 40, 8, and
approximately 3 min, respectively.

Furthermore, the intensity of the luminescence lines
attributed to the europium complex decreases morerap-
idly than theintensity of the broad-band emission of the
cell. The dependence of theratio between theintegrated
intensity of the luminescence attributed to the
Eu(DBM)zphen compound and the total intensity of the
luminescence of the cell on the operation time for cell
B at a supply voltage of 20 V is plotted in Fig. 5. A
decrease in the contribution of the europium lumines-
cence to the total spectrum suggests that, in the light-
emitting layer, Eu(DBM)phen molecul es undergo deg-
radation to the greatest extent.

Karasev et al. [5] investigated the photodestruction
of europium chelate complexes, including the
Eu(DBM)sphen complex, in poly(methyl methacrylate)
films. It was demonstrated [5] that the photoexcitation
results in the dissociation of coordinated B-diketones,
diimine, or phosphine oxide. Note that, for a series of
similar compounds, the photodestruction is enhanced
when the lifetime of the excited state of molecules
increases.

In order to examine the degradation of luminescence
of the Eu(DBM)zphen complex upon photoexcitation, a
film similar to the light-emitting layer in cell B, i.e,
with the massratio PVK : Eu(DBM);phen=10: 1, was
deposited on a quartz plate through vacuum thermal
evaporation. The photoexcitation was produced by
radiation of a mercury lamp. The photoluminescence
intensity was measured at the maximum of theline cor-
responding to the Dy—'F, transition of europium ions
(at 612 nm) in the luminescence spectrum of the
Eu(DBM)zphen complex.

The luminescence intensity of the film under inves-
tigation decreases amost exponentialy with an
increase in the time of exposure to light (Fig. 6). An
increase in the power of exciting radiation leads to a
shortening of the decay time of photoluminescence.

Taking into account the dominant decay of the lumi-
nescence associated with the Eu(DBM)sphen complex
upon electrical excitation and the quenching of lumi-
nescence of this compound upon photoexcitation dueto
the dissociation of molecules, we make the inference
that the Eu(DBM)sphen mol ecul es undergo degradation
irrespective of the type of luminescence excitation.

Thus, the results obtained in thiswork allowed usto
draw the conclusion that the use of the Eu(DBM);phen
compound as a light-emitting material in electrolumi-
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Abstract—The circularly polarized recombination radiation produced by optically oriented electronsin GaAs
and viewed in the direction of and opposite to the pump light propagation was found to have opposite signs of
polarization. The excitation was effected by photons of energy Ey,, = Ej + A through atransparent AIGaAs win-
dow. The opposite signs of circular polarization and its complex dependence on the luminescence wavelength
are accounted for by the influence of the space charge field created by the depleted layer near the interface.

© 2005 Pleiades Publishing, Inc.

1. Investigation of spin transport has proved to be of
considerable interest for spin electronics (spintronics)
[1] and has been ongoing practically from the very out-
set of studies of the optical orientation in semiconduc-
tors. The effect of diffusive electron spin transport on
the shape of the magnetic depolarization curve was
studied theoretically in [2] and observed experimen-
tally in[3]. A study of thedrift of optically oriented car-
riers and of its manifestation in the polarization of
recombination radiation in variband structures was
reported in [4].

A substantial part of present research in this area
deals with the spatial separation of carriers with oppo-
sitely directed spins. Most of the devices proposed for
spin filtering make use of magnetic materials [5] or of
amagnetic field (which lifts the spin degeneracy of car-
riers) in order to pass the carriers that are predomi-
nantly in one spin state while creating a barrier for the
carriers in the other spin states. Efficient operation of
such asystem is possible only at liquid-helium temper-
atures [6].

Asfar back as the 1980s, experiments were carried
out [7] in which spin filtering was actualy demon-
strated in gallium arsenide (a honmagnetic semicon-
ductor) at 77 K through asymmetric scattering of elec-
trons with respect to the plane containing the spin and
the initial angular momentum. This effect was pre-
dictedin [8].

In this paper, we report on our observation of spatial
separation (filtering) of electrons in spin in the space
chargefield near theinterfacein AlGaAs/GaAsat 77K,
with the electronsin GaAs excited simultaneously from
both valence subbands by circularly polarized light. It
is this effect that accounts for the seemingly paradoxi-
cal observation that, in such an experiment, the circular

T Deceased.

polarization of recombination radiation observed in
transmission (i.e., in the direction of pump beam prop-
agation) has apositive sign and in reflection (i.e., oppo-
site to the pump beam) has a negative sign.

In what follows, we present the results of measure-
ments performed in both the transmission and reflec-
tion geometries, where we succeeded in showing that
the luminescence propagating along and oppositeto the
pump beam can (under certain conditions) have oppo-
site signs of circular polarization. This effect is
accounted for by the difference in the transport of hot
generated electrons and of electrons that are created in
a nearly thermalized state at the conduction band bot-
tom. In the concluding part of this paper, the compli-
cated dependence of the degree of polarization on the
luminescence wavelength is explained as being due to
the existence of adepleted layer in GaAs near the inter-
face.

2. The sample under study was a 0.4-mm-thick
plane-parallel plate cut from a Czochral ski-grown gal-
lium arsenide crystal. Doping was effected by zinc dif-
fusion from both sides [10]. The near-surface dopant
concentration was determined to be 3 x 108 cm =, After
this, alayer of an Al,Ga, _,As solid solution (x = 0.5)
was L PE grown on one of the plate surfaces. Thislayer
is practically transparent for photons with an energy
E, < 2.1 eV pumping GaAs through the interface.

Photoluminescence (PL) was excited by circularly
polarized light using a grating monochromator, akryp-
ton laser (lines at E,,, = 1.65, 1.92, 2.18 eV), the
1.96-eV line of aHe-Nelaser, or atunable Ti—sapphire
laser. The photon energy E;,, was varied from 1.52 to
22eV,ie, uptolevelsin excess of E, + A (A isthe

lFollowing [9], we assume the sign of circular polarization of
luminescence to be positive if it coincides with the sign of pump
light polarization.

1063-7834/05/4708-1584$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Degree of circular polarization of photolumines-
cence measured (1) inreflection and (2) in transmission (see
inset) as a function of exciting photon energy for the case
where excitation is performed from the side of the interface.

spin—orbit splitting of the valence band). The degree of
circular polarization of the luminescence p was mea-
sured using an analyzer consisting of a photoelastic
guartz modulator and a linear polarizer [11]. For p-
GaAs under quasi-resonant excitation and with a uni-
form average spin distribution in the region where non-
equilibrium electrons undergo recombination, this
quantity is

— TS
p = 0.25T .

Here, T isthe nonequilibrium electron lifetimeand T is
the spin orientation lifetime, which is defined as T;l =
T+ Ts_l , where 1. isthe spin relaxation time [12].

In this work, we compare the dependences of the
degree of luminescence circular polarization p on pump
light energy E,,, as obtained in transmission and reflec-
tion. The inset to Fig. 1 illustrates the measurement
geometries used in optical carrier pumping through the
AlGaAslayer.

The luminescence band peaking at 838 nm derives
from transitions from the conduction band to the zinc
acceptor level [13]. When observed in transmission, the
recombination radiation is partially absorbed, thus
shifting the luminescence maximum toward longer
wavelengths. Figure 2 shows the luminescence bands
measured in reflection (curve 1) and transmission
(curve 2). With respect to band 1, band 2 is shifted
12 nm toward longer wavelengths.

The spectral response of absorbance a(A) for p-
GaAs samplesin which the acceptor concentration was
close to the value measured for doped surface layers of
the given crystal can be found in [14]. For A = 850 nm,
a is approximately 400 cm. Because the thickness of
our GaAs sample is d = 0.04 cm, nothing would have
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Fig. 2. Photoluminescence spectra under excitation from
theinterface side measured (1) inreflection and (2) intrans-
mission (seeinset).

been left from the recombination radiation in transmis-
sion but one ten-millionth part if the dopant had been
uniformly distributed over the crystal volume.

Rough estimates suggest that the total thickness of
the doped gallium arsenide layer near both surfaces
does not exceed 5 um. The remainder of the crystal
inside the plateis practically undoped [10]. The bulk of
the crystal absorbs the short-wavelength part of the
recombination radiation and is practically transparent
toit in the long-wavelength region [15].

3. Figure 1 showsthe p(E,,) dependences measured
in reflection (curve 1) and in transmission (curve 2) at
liquid-nitrogen temperature. While these dependences
do have common features, they also exhibit noticeable
differences. A common feature of curves1 and 2 isthat,
for energies higher than E,,, = E; + A, the degree of cir-
cular polarization p starts to decrease rapidly and
reverses sign as E,,, increases further. Both the decrease
in p and the reversal of the sign of polarization with
increasing pump photon energy are well known and are
due to the onset of optical transitions from the valence
band split off due to spin—orbit coupling [16].

Reversal of the sign of electron spin orientation at
En, > Ey + A was observed in [17]. The essence of the
effect consistsin that, in crystals lacking inversion cen-
ter, the efficiency of spin relaxation due to spin—orbit
interaction in the conduction band grows strongly with
increasing electron energy [16]. As a result, the elec-
trons excited by photons with energies E,, > E; + A
from the heavy- and light-hole band I can forget their
spin orientation almost completely during thermaliza-
tion, whereas the electrons from the valence band I,
split off dueto spin—orbit coupling retain their opposite
orientation. The net result is that the overall spin orien-
tation reverses sign to become negative.
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Fig. 3. Photoluminescence depolarization in a transverse
magnetic field (the Hanle effect) measured (1) in reflection
and (2) in transmission (see insets) under pumping (@) from
the interface side and (b) from the side of the free surface.

Curves1and 2inFig. 1 differ in that, first, for ener-
gies By < E,, < Ey + A, the degree of luminescence
polarization observed in reflection is smaller than that
in transmission and, second, the circular polarization
observed in transmission reverses sign at energy E,, =
2.06 eV, whichislarger than E;,, = 1.92 €V inreflection.
Thus, in the region 1.92 < E,,, < 2.06 eV, the signs of
luminescence circular polarization measured in reflec-
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tion and transmission for the same pump photon energy
(eq., a E,, =1.96 eV) are opposite.

The fact that the signs of polarization are indeed
opposite also follows from measurements of the degree
of luminescence polarization asafunction of transverse
magnetic field under He—Ne laser excitation (E;, =
1.96 eV). Figure 3a presents luminescence depolariza-
tion curves obtained in a transverse magnetic field.
Filled sguares show experimental results obtained in
transmission. Curve 1 describes magnetic depolariza-
tion studiedin reflection and isessentially alL orentzian,

p(H) = 2O
1+w,. T,
where wy_isthe frequency of spin Larmor precessionin
a magnetic field [12]. Both the positive and negative
circular polarizations decrease almost to zero in a suffi-
ciently strong magnetic field.

Similar experiments were carried out in the same
two geometries by pumping the rear surface, which was
free of the GaAlAs solid solution. In both cases, a pos-
itivesign of circular polarization was observed; the cor-
responding curves of depolarization in amagnetic field
aredisplayedin Fig. 3b. On the side of the free surface,
there is no depleted layer and no near-surface localiza-
tion of thermalized electrons. The near-surface zinc
concentration on this side is fairly high (p ~ 3 x
10 cm®). The p(E;,) dependences in heavily doped
samples were measured earlier in [18] in reflection and
in[19] in transmission (on the sample under study here
with the free surface pumped). It was established that
frequent electron collisions give rise to adynamic aver-
aging of the effect caused by the effective spin—orbit
interaction fields. For this reason, the D’yakonov—
Perdl’ (DP) spin relaxation slows down and we have
p >0at E,, =1.96 eV in both geometries. Thus, inthree
cases out of four, the circular polarization a E,, =
1.96 eV ispositive and, only in one case, namely, inthe
reflection geometry with pumping done through the
AlGaAs layer, it is negative and tends to zero with
increasing field.

4. The above experimental results can be explained
if one considers that, in both reflection and transmis-
sion geometries, recombination is actualy detected
from different regions of the crystal. In reflection, the
recombination radiation is emitted primarily from the
pocket formed at the interface by the layer depleted in
equilibrium holes, while in transmission measurements
it exits from under thislayer, aregion that is accessible
for electrons with ahigher initia energy.

A study of photoreflectance spectra has shown that,
if alayer depleted in equilibrium carriers (in particular,
by holes) forms near the surface of gallium arsenide
doped by an acceptor impurity, then an energy barrier
arises for electrons; the height of this barrier can be
estimated as about 0.3 eV [20]. It appears that we have
asimilar situation near the interface. Estimates showed
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that the gallium arsenide doping level in the interface
region is approximately 10% cm [14]. The deeper
lying doped layer should have an acceptor concentra-
tion that decreases away from the interface [10]. Thus,
near the surface, there is a potential well and the elec-
trons with energies lower than the barrier height
become confined at the interface surface. The smaller
polarization observed in reflection at energies E; <
En < Ey+ A (Fig. 1) likewise suggests the presence of
a space charge field drawing electrons and holes in
opposite directions. The recombination probability
decreases, thus bringing about an increase in the non-
equilibrium carrier lifetime.

Asthe excitation energy increases, electronswith an
initial energy in excess of the barrier height appear in
the conduction band and a sizable part of them over-
come the barrier. Recombination with these electrons
providesthe dominant contribution to the luminescence
analyzed in transmission, whereas in reflection these
electrons do not manifest themselves. Starting from the
energy E, = E; + A, the electrons excited from the
spin—orbit-split-off valence band turn out to be con-
fined at the interface and it is these electrons that now
contribute heavily to the luminescence intensity in
reflection. The electronsthat have succeeded in moving
from the pumped surface (at the interface) toward the
opposite surface free of the solid solution account for
the dominant contribution to the luminescencein trans-
mission. Most of them are electrons excited from the
fourfold-degenerate I'g band, because they are created
with an excess energy. The polarization of these elec-
trons is low, because the DP spin relaxation for hot
electronsis amore efficient mechanism [16]. The elec-
trons excited from the split-off valence band with ener-
gies within a certain interval cannot overcome the bar-
rier. Only starting with an energy E;,, = 2.06 eV do they
begin to surmount the barrier and move toward the
opposite surface. Recombination with their participa-
tion isalso detected in transmission. According to [16],
thisresultsin an inversion of the direction of predomi-
nant orientation of thermalized electronsand, therefore,
in the reversal of the sign of the luminescence circular
polarization observed in transmission.

5. Figure 4a shows the dependence of the degree of
polarization on luminescence wavelength obtained in
reflection under pumping through a transparent win-
dow. Figure 4b displays an analogous dependence mea-
sured under excitation of the surface free of the solid
solution. Both relations reveal an increase in polariza-
tion with decreasing wavelength. The difference
between these curves is greatest in the short-wave-
length region. As seen in Fig. 4a, after reaching a max-
imum, the pol arization decreases again with decreasing
wavelength.

One can derive a straightforward analytical expres-
sion for the dependence of the degree of polarization on
luminescence wavelength in reflection. The lumines-
cence is emitted from a surface layer with a thickness
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Eq. (2) for Le= 4.3 pmand Lg= 2.4 um.

of the order of the reciprocal absorbance of the recom-
bination radiation, 0(;1. For A = 838 nm (maximum of

the luminescence line), we have 0(;1 = 56 um [14].

Assuming reflection geometry and excitation from the
side of the AlGaAs coating, the reradiation of the edge
luminescence can be neglected, because the solid solu-
tion reduces the reflection from the gallium arsenide
surface; asaresult, thereis almost no backscattering of
the recombination radiation from the interface [21].
The surface recombination can likewise be disregarded.
Indeed, the surface recombination rate at the interface
is negligible even at room temperature and at liquid-
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nitrogen temperature it should be still lower [21]. The
diffusion lengths L, and L are much smaller than the
crystal thickness, so the sample may be treated as semi-
infinite.

In reflection, the degree of circular polarization asa
function of radiation wavelength is defined as

A\

J’ dzS(z)e
pA) = F—, D
I dzN(z)e ™
0
where §2) is the spin density and N(2) is the electron

concentration. The functions §z) and N(2) are solutions
of asystem of rate equations [21],

dN N _ dN

DE—?—O, —DE Z:OZJ, N|Z”,HO,
d°s s _ ds|  _J
Da-z—z—i—o, _Ddzzzo_4’ S,.. —0,

where D isthe diffusion coefficient and J is the surface
electron-generation rate. Substituting the solution to
thissysteminto Eq. (1), wefind the spectral response of
the degree of polarization of the recombination radia-
tion for optically oriented electrons to be

Ts (1+ C‘)\l—e)
T+1(1+a,lL,)’

p(A) = 0.25 2
Because the absorbance a, varies within the PL line
profile by more than three orders of magnitude, the
degree of polarization p should depend on wavelength
in accordance with Eq. (2).

Our earlier study of the Hanle effect performed on
the same sample reveadled that, near the interface at
77 K, we have 1, = 0.6 ns and that the DP mechanism
dominates in electron spin relaxation [14]. In this case,
the electron momentum relaxation time can be esti-
mated to be T, = 0.5 ps.2 With this value of 1, we find
the electron mobility p, = et,/m, = 19500 cm?/V sand
the diffusion lengths of electronsL, = 4.3 um and of the
electron spins L = 2.4 um (the diffusion coefficient is
derived from the Einstein relation to be D = 130 cm?/s).
In Fig. 4a, the dashed line is calculated from Eg. (2)
using the spectral response of absorbance and the above
valuesof L, and L. It isseen that thislinefitsthe exper-
imental datawell everywhere except in the short-wave-
length region of the spectrum.

21n the DP mechanism, T;l = Arp, where the coefficient A

depends on temperature and the electron scattering mechanism.
At T = 77K and for scattering from ionized impurities, we have

A=33ns™ ps . Therefore, for 15= 0.6 ns, we obtain T, = 0.5 ps.
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When luminescence is excited from the side of the
interface, the experiment is seen to disagree noticeably
with the calculated p(A) graph in the short-wavelength
region. Here, the measured degree of luminescence
polarization is substantially lower than follows from
the calculations (Fig. 4a). The disagreement between
the theoretical and experimental relationsis a result of
the existence of a built-in electric field at the interface;
this field separates the electrons from holes in space,
thus bringing about an increase in the lifetime and,
hence, a decrease in the degree of polarization of the
recombination radiation. The thickness of the depleted
layer is approximately equal to the reciproca absor-
bance at the wavelength A = 820 nm, i.e., about 1 pum.

The p(A) graph obtained under excitation of the free
surface does not have such aregion at the short-wave-
length edge (Fig. 4b). Here, the polarization grows
monotonically with decreasing luminescence wave-
length, because the electrons diffuse away from the sur-
face into the bulk of the crystal.

Thus, the electric field created by the space charge
field of the depleted GaAslayer near the AIGaAs/GaAs
interface givesriseto spatial separation of the electrons
excited from the spin—orbit-split valence subbands into
the conduction band. By dlightly varying the pump
energy, one can control the direction and mutual orien-
tation of the spins of electrons located in different
regions of the crystal.
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Abstract—Temperature dependences of the dielectric properties of ultrathin polyvinylidene fluoride films pre-
pared using the Langmuir—Blodgett method were studied by linear and nonlinear dielectric spectroscopy. It is
shown that ultrathin Langmuir films of polyvinylidene fluoride exhibit amanifestation of afirst-order ferroelec-
tric phase transition, which can be assigned to the interaction between the spontaneous pol arization and the sur-
faces bounding the film. Asthefilm thicknessincreases, the effect of the surfaces decreases and theferroel ectric
phase transition shifts to high temperatures to vanish altogether when the temperature region of the transition
rises above the melting point. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Numerous experimental studies seem to suggest that
observation of the ferroelectric phase transition in poly-
vinylidene fluoride (PV DF) isimpossible because bulk
samples (films with a thickness of above 100 nm)
undergo melting before the onset of the hypothetical
transition to the ferroel ectric phase [1-3]. It was shown
in [4] that, as one crosses over to ultrathin (less than
5-nm-thick) Langmuir—Blodgett (LB) films [5] of
70/30 vinylidene fluoride copolymer with trifluoroeth-
ylene (VDF/TrFE), the ferroelectric phase transition
region shiftstoward lower temperatures. It isknown [3,
4] that films of pure PVDF have a lower spontaneous
polarization than copolymer films (such asVDF/TrFE).
This can be accounted for by the low crystallinity of
PV DF films (the content of the ferroelectric 3 phaseis
approximately 50%). We believe that the effect of the
bounding surfaces on the sample properties increases
with decreasing PVDF film thickness. The fact is that
surface layers of aferroelectric behave differently from
the bulk of the material. Because boundary layers of
thin films contribute more to the sample characteristics
under study than those of thick films, the properties of
the sample on the whole change. Thus, it is thin films
that offer the possibility of studying the ferroelectric
phase transition in films prepared of pure PVDF. Note
that the ferroel ectric phase transition has been observed
previously only in copolymers (such as VDF/TrFE) of
different compositions (from 37/63 to 73/27) [2-4].

The present paper reports on a study of the temper-
ature dependences of the dielectric properties of PVDF
ferroelectric films prepared using the LB method by
linear and nonlinear dielectric spectroscopy (NDS).

2. SAMPLE PREPARATION
AND EXPERIMENT

The PVDF molecule consists of (—-CH,—CF,-)
monomer chain links. The total molecular mass of the
polymer chain is approximately 10°. LB films of PVDF
were obtained in a setup described in [6]. First, a solu-
tion of 0.01-0.02 wt % PV DF in acetone was prepared.
PV DF monolayerswere transported from the water sur-
face, using the Langmuir—Schaffer method [5] (hori-
zontal lifting), onto glass substrates with 1-mm-wide
aluminum electrodes evaporated in vacuum. The PV DF
films were deposited under a surface pressure 1= 1.5~
3 mN/m at a temperature of 17—19°C. The number of
layers (from 5 to 36) was varied depending on the
desired total film thickness. The thickness of one mono-
layer as estimated from the size of the PVDF molecule
is 0.5 nm [4]. It is known, however, that the thickness
of afilm after its deposition on the substrate turns out to
be larger. Indeed, asfollows from capacitance measure-
ments, the thickness of one transported layer exceeds
the calculated value by two to three times[7]. After the
layer deposition, a top aluminum electrode was evapo-
rated such that the electrode overlap area was 1 *
0.0025 mm?.

Theé€lectric propertiesof LB PVDF filmswere mea-
sured on an automated setup. A computer audio card
was used to generate and detect electric signals. The
measurement system consisted of aset of virtual instru-
ments (a generator, alock-in detector, a digital oscillo-
scope, etc.) realized with the PhysLab computer code
[6]. The setup included a thermostat, whose tempera
ture was monitored by means of a Peltier element and
measured with a platinum resistance thermometer. The
sample temperature was varied from 30 to 185°C.

1063-7834/05/4708-1590$26.00 © 2005 Pleiades Publishing, Inc.



MANIFESTATION OF A FERROELECTRIC PHASE TRANSITION

The dielectric properties of LB PVDF films were
studied by NDS, the principles of which are explained
in detail in[8, 9].

The NDS method is based on phase-sensitive mea-
surements of the fundamental and higher harmonics of
the current flowing through a sample to which a har-
monic voltage is applied. Therefore, lock-in detection
was employed for current measurement [8]. In this
method, the sample, which can generally be considered
a capacitance and a resistance connected in parald, is
inserted in series with a load resistor and the voltage
drop acrossit (whichis proportional to current) is mea-
sured by the detector. The reference signal for lock-in
detection is supplied from a second generator channel.

When asine voltage U(t) = Ugsin(wt) isapplied to a
sample, the total current in the measuring electric cir-
cuit is given by

Uysinwt

| = + wU,C,cos(wt)

dc (1)
+wU§sin(2wt)m,

where w = 211 isthe circular frequency, U, isthe ampli-
tude of thevoltage U applied to the sample, t isthetime,
and f isthe frequency of the sine voltage. Thefirst term
isinversely proportional to the Ohmic resistance of the
sample R. The second term is proportional to the sam-
ple capacitance C, = C(U = 0). These terms are easily
separated in lock-in detection, because they are shifted
in phase by 90°. The third term is the nonlinear contri-
bution connected with the ferroel ectric properties of the
sample under study.

Ferroelectricity can be conveniently studied by
introducing quantities that are defined through the
ratios of the Fourier components [8] measured by the
lock-in detector. In the case where the fourth and the
fifth current harmonics are negligible (at the noise
level), the intermodulation contributions to the first
three harmonics are small and we can write

_’\/ECDZX

A, = 3 ( wS)*, 2
d
Zmﬁfbly—wso 05[7]
J20
A3 - = %4 d ( S) (3)
3D\/§¢>1y &= 2
J20,,
A4 - 0 2 %ls d ( S) (4)
0
15D\/§q31y wSOTD
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A, = —2./2®s,

= S 5
Ty T O

where Sisthe electrode overlap area; d isthefilm thick-
ness; €, 18.85 x 102 F/m; and ®yy, ®,,, D5, Py, and
®;, are the effective values of the Fourier x and y com-
ponents detected by the lock-in detector, from the first
to the fifth harmonic. Recall that the x component
should be identified with the signal that isin phase with
the reference (which, in turn, is proportional to
sin(kwt), where k is the harmonic number), whereasthe
y component is proportional to cos(kwt) and, hence, is
shifted with respect to the reference signal by 90°. The
guantities A, (k = 2, 3, 4, 5) were obtained in the
approximation of infinite sample resistances.

The convenience of using the above quantities
becomes obvious when one learns their relation to the
Landau—Ginzburg coefficients in the equation for the
free energy of the ferroelectric [10]:

Flg = %0( P’ + %BP“ + %yP6— EP, ©

o =0y(T-Ty),

where d,, B, and y are temperature-independent coeffi-
cients; Ty isthe Curietemperature; Eistheelectricfield
amplitude; and P is the polarization. As shown in [8],
guantities (2)—«(5) for a uniformly polarized ferroelec-
tric can be expressed as

A, = Py(3B + 10yP2), ©)
A, = B+ 10yP?2, (8)
A, = yP;, (C)

As =, (10)

where P; is the spontaneous polarization.

We readily seethat the quantity A5 is connected with
the coefficient 3, which, together with the coefficient y,
determinesthe order of the phasetransition. It isknown
that, for B > 0 and y = 0, Eqg. (6) describes a second-
order phase transition and, for 3 <0 and y > 0, thefirst-
order transformation. Thus, in the case of a first-order
phase transition, there is atemperature at which A; can
vanish and reverse sign.

In addition to NDS, polarization switching in films
was probed using the classical Merz method [11], in
which triangular voltage pulses are applied to asample
and the current response is measured as the voltage
drop across the load resistor connected in series with
the sample. In addition to the capacitive and resistive
current contributions, the current response contains
characteristic nonlinear contributions originating from
switching of the spontaneous polarization (Fig. 1).
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Fig. 1. Oscilloscopic traces of current (left) obtained with
triangular voltage pulses of amplitude Uy = 14V and fre-

quency f = 96 Hz applied to the sample at various tempera-
tures T: (1) 35, (2) 57, and (3) 88°C.

3. DISCUSSION OF THE RESULTS

The LB PVDF films exhibit ferroel ectric properties.
This is borne out by observation of the characteristic
current responses obtained using the Merz technique
[11] (Fig. 1).

Figure 2 shows the temperature dependences of the
first and third current harmonics. The thermal hystere-
sisseen in the permittivity of the 5-layer LB PVDF film
(curve 1in Fig. 2a) indicates afirst-order phase transi-
tion similar to the one observed in LB films of a
VDF/TrFE 70/30 copolymer [12]. However, the ampli-
tude of the first current harmonic in the VDF/TrFE
70/30 copolymer filmsvaried within afactor of 1.5t0 2
during heating and cooling runs, whereas the variation
in this quantity in the 5-layer PVDF film does not
exceed 10%. Asthe LB PV DF film thickness increases
to 10 layers (curve 1 in Fig. 2b), the thermal hysteresis
becomes less pronounced, with the maxima shifting
toward higher temperatures. For instance, the maxi-
mum at 147°C (Fig. 2a, heating run) shifts to 160°C
(Fig. 2b, heating) and the maximum at 108°C (Fig. 2a,
cooling run) shifts to 119°C (Fig. 2b, cooling). A fur-
ther increase in the LB PVDF film thickness to 36 lay-
ers entails a shift of the ferroel ectric phase transition to
high temperatures, where melting occurs and the tran-
sition becomes virtual. We explain these experimental
data as due to the fact that the free-energy contribution
generated by surfaceinteraction becomes progressively
more significant with decreasing film thickness than
that dueto the bulk of the sample. The low-temperature
shift of the phase transition is caused by the polariza-
tion interacting with the surface. Because the surface
interaction is localized, there occurs a surface-induced
phase transition in thin surface layers. Thus, ultrathin
films of pure PV DF exhibit a superposition of two fer-
roelectric phase transitions, more specifically, of a sur-
face-induced and abulk transition. The surface-induced
phase transition is characterized by a Curie temperature
lying below the melting point (T,,= 168-170°C), while
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Fig. 2. Temperature dependences of (1) the fundamental
and (2) third harmonicsin the current for PVDF films with
various thicknesses: (a) 5, (b) 10, and (c) 36 layers. U =
0.5V and f = 1 kHz. Arrows refer to sample heating and
cooling. The right-hand scale in panels (b, c) is linear near
zero and logarithmic otherwise.

in bulk samples a ferroelectric phase transition cannot
be observed, becauseit is expected to occur in the melt-
ing-temperature region, as indicated in a number of

papers[1, 3].

The existence of afirst-order phase transition isalso
corroborated by the clearly pronounced sign reversal of
the third harmonic in the current response (curve 2 in
Fig. 2a) observed at 156°C on heating and at 132°C on
cooling, because, asfollowsfrom Egs. (3) and (8), sign
reversal is possible only for 3 < 0. In 10- and 36-layer-
thick LB films, however, it becomes difficult to reliably
detect sign reversal of the third harmonic (Figs. 2b, 2c)

No. 8 2005



MANIFESTATION OF A FERROELECTRIC PHASE TRANSITION

during heating. At temperatures below 100°C, the sig-
nal is very low. Note that the right-hand scale in
Figs. 2b and 2c is divided into a linear (near the zero
signal) and alogarithmic (region of positive response)
part. A distinct sign reversal inthevicinity of T=132°C
in 10- and 36-layer films could be identified only in the
cooling run. Thus, measurement of the third harmonic
in the current response again reveas the above-men-
tioned interplay between the surface-induced and bulk
ferroelectric phase transitions with increasing film
thickness.

Figures 3a and 3b display the temperature depen-
dences of A; for 5- and 10-layer PVDF films, respec-
tively. The quantity A; isexpressed through thefirst and
third current harmonics and isamore revealing charac-
teristic for describing the ferroelectric properties of a
uniform sample [see Egs. (3), (8)]. The condition A; =
Ofor a5-layer filmis met at 156°C (under heating) and
at 132°C (under cooling). In the paraelectric phase,
where P, = 0, the quantity A; is negative and tempera-
ture-independent, according to Eg. (8) for the uniform
model. It has indeed been found that, in LB films of the
VDF/TrFE 70/30 copolymer above the transition tem-
perature T [1110°C, the value of A in the paraelectric
phaseis negative and that the A;(T) dependenceisweak
(the curve is pardlel to the horizontal axis) and
switches sign only on cooling to 70°C [8]. In our case,
the 5-layer LB PVDF film (Fig. 3a) exhibits a weak
As(T) dependence in the temperature regions 120-
150°C (under heating) and 130—90°C (under cooling).
Although A; > 0, we attribute these temperature regions
to the paraglectric state of the surface layer of the film
(surface-induced ferroelectric phase transition). The
fact that A; > 0 in these regions may be explained as
being due to the positive background produced by the
bulk of the film, which resides in the ferroel ectric state.
It is because of the dominant background due to the
bulk of the film that analysis of the surface-induced fer-
roelectric phase transition is hampered (Fig. 3b). Thus,
only inthe5-layer LB PVDF film doesthe As(T) depen-
dence exhibit features characteristic of the surface-
induced ferroelectric phase transition; these features
are not manifest in thicker films.

The experimental datacan be qualitatively treated in
terms of the quasi-uniform model with inclusion of the
nonpolar part of the surface energy. Using the approach
explicated in [9], the nonpolar contribution to the sur-
face energy can be found to be

1 2

W2 = §W2m( I:)i Ne, i) )

where W, is the surface energy amplitude, P; are the
components of the spontaneous pol arization vector (the
index i labels the spatial directionsx, y, z), and n, ; are
the components of the unit vector n, oriented along the
specific (“easy”) direction on the surface. The concept
of specific direction (easy axis) is introduced here by

(11)
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Fig. 3. Temperature dependences of the coefficient A3 for
PVDFfilms(a) 5- and (b) 10-layersthick. U=0.5V andf =
1 kHz. Arrows refer to sample heating and cooling. In the
inset, the coefficient A is shown in an enlarged scale.

analogy with the description of surface interaction
(cohesion) in the theory of liquid crystals [13]. The
easy axis corresponds to extremal values of surface
interaction. For instance, in the particular case of an
isotropic substrate surface, the only preferred direction
is the surface normal n,, so n, = n.. Near the surface,
thereis always an electric field, and its spatial distribu-
tion is dependent on the symmetry properties of this
surface. The surface energy quadratic in polarization
reflects the nonpolar interaction of this field with the
polarization.

Let us consider the free energy of a planar uniform
ferroelectric domain, with the easy axis vector ng
aligned with the surface normal ng. With inclusion of
the nonpolar surface interaction, the free-energy den-
sity of auniform ferroelectric can bewrittenintheform

1

2,1 4. 1 _6
F = EG P, + ZBPZ + éypz -E,P,

— Wi 61P28(0) + Wap, o P78(z—d)],

(12)

where P, and E, are the z components of the spontane-
ous polarization and electric field, respectively (the z
axisisdirected along the surface normal); (z) isadelta
function characterizing the localization of the surface

interaction; and Wy, P> 8(0) + Way, o P2 8(z—d) isthe
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sum of the quadratic surface energieslocalized near the
two surfaces of the d-thick film. Obviously enough, the
sum of quadratic surface energies describing the non-
polar interaction between the surface and the polariza-
tion vector P, modifies the coefficient a. The sign of
this sum in Eq. (12) can be either positive or negative,
depending on which (normal or planar) orientation of
the polarization vector is preferred for a given surface.
We chose the minus sign in order for the polarization
orientation along the surface normal to be favorable at
positive values of W, Accordingly, the temperature of
the surface-induced phase transition can either increase
or decrease, depending on the sign of W,,. Measure-
ment of the dependence of the first Landau coefficient
o on film thickness in more uniform LB films of the
VDF/TrFE 70/30 copolymer would make it possible to
guantify the quadratic surface interaction.

4. CONCLUSIONS

Using nonlinear dielectric spectroscopy, we have
shown that, asthe film thicknessisreduced, aferroelec-
tric phase transition (which is absent in bulk samples)
begins to appear. A qualitative theoretical model based
on the Landau—Ginzburg theory with inclusion of sur-
face interaction has been proposed for describing this
surface-induced phase transition.
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