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Abstract—Factors which determine the luminescence efficiency of activated wide band gap materials are dis-
cussed in general terms. These materials find usage in a large variety of luminescent devices. The factors 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
concerns interactions leading to the delocalization and the transport of optical energy away from the originally
excited state. Recent spectroscopic results from these studies have allowed the absolute placement of the ground
state of the active centers with respect to the intrinsic bands of the host crystal and have allowed us to 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. Developments in these materials, as well as a num-
ber of new applications, will be touched upon. © 2005 Pleiades Publishing, Inc.
1 1. INTRODUCTION

In this article, 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 basis for our
understanding of this subject. This article, then, is pre-
pared as a tribute to his memory and to his influence 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. The first 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 a bonus, we have developed 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

1 This article was submitted by the author in English.
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(crystalline field) produced by the neighboring host
ions, which lead to the shifting and splitting of the ion
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)n and
(4f)n 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 a mate-
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 processes in 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].
© 2005 Pleiades Publishing, Inc.
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In our new reclassified picture, we consider these
intraionic and ion–phonon interactions to be of a local-
ized nature inasmuch as they are confined to an individ-
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 crucial role in
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Fig. 1. (a) Schematic diagram of the energy levels of Ce3+.
The splitting of the ground state is approximately 2500 cm–1;
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 LaF3 obtained through
excitation using synchrotron radiation; the luminescence as
a function of temperature is shown in part [3].
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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].

The importance of the second class of processes will
become evident when we consider the luminescence
behavior of a simple system, e.g., Ce3+ activated insula-
tors. Ce3+ belongs to the (4f)1 configuration and pos-
sesses a very simple energy level structure (shown in
Fig. 1a) consisting of a ground-state doublet (2F5, 7/2)
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 allowed; 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 Ce3+ 5d compo-
nent was first observed in LaF3 and is also shown in Fig.
1b [3]. When excited, the energy structure of Ce is such
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 Ce3+ in a variety of
host lattices, it came as a surprise that, though strong
emissions were observed in some lattices, no 5d lumi-
nescences were observed in some others (see table). For
our purposes, it is interesting to compare and contrast
the behavior of Ce3+ in two lattices from the table,
LuSiO5 (LSO) and Lu2O3, where the band gaps of the
hosts are about the same. In both cases, Ce3+ replaces
Lu3+ and their local coordination is also roughly analo-
gous. As the table shows, Ce3+ in LSO luminesces
strongly whereas no 5d emission is observed in
Lu2O3 : Ce3+ [4].

The optical spectra of these two 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 : Ce3+ originates from the
lowest d state of the manifold and reflects the ground-
state structure of the cerium ion, also as expected. Since
there is no emission at any temperature, Fig. 3 shows
the absorption of pure as well as trivalent and tetrava-
lent Ce-doped Lu2O3.

Photoconductivity (PC) measurements were con-
ducted on these two compounds, which revealed 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 Lu2O3 : Ce3+

is shown in Fig. 3 plotted against the 5d absorption; it
can be seen from there that the PC spectra track the
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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absorption faithfully; this implies that promotion of Ce
electrons from the ground state to the 5d state is akin to
promoting charges directly into the conduction band. It
follows that in this case all 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 a single ion site [5].

Figure 4 shows the PC observed in LSO : Ce3+,
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 level, lie
within the conduction band, and optical energy can be
stored in this lowest 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 absolute 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 a critical role in 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 Lu2O3 : Ce3+

was investigated as a function of hydrostatic pressure.
The rationale behind these experiments is shown in
Fig. 5; hydrostatic pressure of the magnitudes attain-
able with a diamond anvil cell decreases the dimensions
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Fig. 2. Ce3+ luminescence observed in Lu2SiO5 (LSO); the
excitation spectrum for the emission is also 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 this 5d state with the conduction band edge will
occur. Under these circumstances, the energy level
scheme of Lu2O3 : Ce3+ begins replicating that encoun-
tered in LSO; i.e., luminescence from the lowest 5d
state will occur. Also in analogy to LSO, the pressure-

Emission of Ce3+ doped compounds

Efficient Quenched

Y3Al5O12(YAG) Nitrates

LuAlO3(LuAP) Vanadates

YAlO3(YALO) Tungstates

Lu2, Y2(SiO4)O Lanthanum oxide

CaF2, LaF3 Gadolinium oxide

250 350 450 550 650
Wavelength, nm

Ph
ot

oc
ur

re
nt

0

0.5

1.0

1.5

2.0

A
bs

or
pt

io
n

5 4 3 2
Energy, eV

a: Lu2O3 : Ce3+

b: undopped Lu2O3

c: Lu2O3 : Ce4+

d: photocurrent

a

b

c

d

Fig. 3. Absorption and the PC spectra of Lu2O3 : Ce3+. The

absorption spectra of pure Lu2O3 and Lu2O3 : Ce4+ are also
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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induced lowest 5d state in the oxide will be subject to
quenching through thermal activation back into the
conduction band [7].

Recalling that Lu2O3 : Ce3+ shows no luminescence
at ambient pressure, the result from the pressure studies

225 275 325 375 425
Wavelength, nm

(a)

(b)

(c)

0

1

2

3

4

0

1000

2000

3000

4000

Ph
ot

oc
ur

re
nt

, a
rb

. u
ni

ts
5.6 5.1 4.6 4.1 3.6 3.1

Energy, eV

433 K

293 K

A
B

C

D

393 K

353 K

373 K

433 K

273 K133 K

253 K

233 K

273 K

3020 40 50 60 70 80 90
1/kT, eV

101

102

103

104

105

106

107

108

Ph
ot

oc
ur

re
nt

, a
rb

. u
ni

ts

50
0

57
5

42
5

35
0

27
5

20
0

12
5

T, K

29
3 

K

22
5 

K

5d

5d

CB

1

2

3 4

5
e + Ce4+

C
D

D'
C'

a/b

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-
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is shown in Fig. 6. Figure 6a shows the luminescence
observed in the oxide material when a pressure of
71 kbar is applied at various temperatures. The behav-
ior of the luminescence is seen to be similar to that
observed in LSO, and with thermal quenching also
apparent. Thermal activation curves such as those
shown in Fig. 6b allow the determination of the posi-
tion of the 5d level below the band edge.

As argued in an earlier section, the luminescence of
the 5d state of Ce3+ signals the localization of the opti-
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 a level crossing is induced between a 5d state and
the conduction band edge, correspond to a transition
between localized and delocalized states of the elec-
tronic excitations. This type 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 as a
function of pressure will evince a sharp edge (the
mobility edge); though our pressure control has not

Conduction
band

5d state

Emission

Ground state

Delocalized Localized

Pressure increase, kbar

Fig. 5. Rationale behind the high pressure experiments on
Lu2O3 : Ce3+ showing the crossover of the lowest 5d state
and the bottom of the conduction band. This crossover
results in the emergence of 5d luminescence and signals the
localization of the optical energy.
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been sufficiently refined to allow 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 is important to be able to locate
the ground state of the active ions absolutely within the
band gap of the host material. The placement of the lev-
els may be accomplished by considering factors such as
those represented in Fig. 3 for Lu2O3; the absorption of
the undoped lattice, of course, corresponds to the band
gap of the material. The tetravalent Ce ion 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 Ce4+ 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 a trivalent ion in the ground state.
This fact coupled with the absorption due to the 5d
states of Ce3+ allows us to make an absolute energy
placement for the ground state [9]. Such a placement
for the ground of Ce3+ is illustrated in Fig. 7a for
Y2O3 : Ce3+.

It has become clear that the absolute placement of
the ground state of impurity ions in solids relative to 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-
niques have been developed 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
are illustrated in Fig. 7a and entail the measurement of
photoconductivity from selectively designated excited
states of specific impurity centers, i.e., excited state PC
[11]. This figure illustrates two-step PC measurements
in Y2O3 : Ce3+ (as noted above) and Y2O3 : Er3+; in the
latter, the first laser photon selectively excites the Er ion
from its 4I15/2 ground state to the metastable 4S3/2 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
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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 Er3+ ion relative to the intrinsic bands of the
host, as is indicated in Fig. 7b. As can be seen from the
figure, the Er3+ ground state actually falls within the
valence band of the host Y2O3.
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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
the ions in 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-
ize ions into a higher valence through charge transfer 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

Fig. 7. (a) Placement of the ground state of Ce3+ and Er3+

in Y2O3 using two excitation photons and inducing photo-
conductivity from a metastable state [11]. (b) PC spectra of
Er3+ in Y2O3. A—PC observed with a UV lamp only show-
ing ground-state and intrinsically induced currents; B is the
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
4S3/2 state only allowing the placement of the ground state
as in part (a).
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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

As we 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 phosphors which display
phosphorescence persisting for tens of hours. One such
material is SrAl2O4 : Eu2+, Dy3+, where a strong green
emission arising from the d to f transition of Eu2+ is
observed that persists for nearly twenty hours following
excitation. The persistence has been ascribed to a
mechanism in which the Dy3+ ions trap holes, thereby
creating excess electrons, which can then transfer their
energy to a Eu2+ 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 Tb3+

for Dy3+ in this aluminate destroys the persistence; Tb3+

is more likely to trap electrons [13]. We believe that the
above developments will likely influence the way we
look at electroluminescence behavior.

As a summary, 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 delocalization 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 materials are developed. New crystals for picosecond and nanosecond SRS lasers are proposed, fabricated,
and characterized. These materials have the highest SRS cross section, a low SRS threshold, and a wide spectral
range of operation. © 2005 Pleiades Publishing, Inc.
Raman scattering (RS) was discovered almost
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]. This process is inelastic
light scattering by molecular vibrations or phonons in a
medium; so the scattered-light frequency is lower than
that of the incident light by the molecular vibration fre-
quency (e.g., by the vibration frequency of a SiO4 tetra-
hedron in quartz), which usually ranges from 100 to
3000 cm–1 for condensed matter. The quantum yield of
this two-photon process is very low (10–10%). There-
fore, it takes several tens of minutes for this radiation 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 has been
found that, when the pumping intensity increases to
10–100 MW/cm2, 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. Ng in 1962 [3] inside a ruby laser with a nitroben-
zene-filled cell in the form of powerful coherent radia-
tion at a frequency shifted toward the red spectral
region.

Initially (in the 1960s), SRS was studied in natural
diamond and calcite (CaCO3) 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
1063-7834/05/4708- $26.00 1400
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(NO3)2 and
KGd(WO4)2 (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(NO3)2) 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 optical cavity. The
entrance mirror is transparent to pumping radiation
with, e.g., λ = 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 a result, 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(NO3)2, KGW] were the best materials for Raman
lasers and how they could create better crystals for such
lasers. To this end, dozens of different single crystals
have been studied and compared. We have investigated
© 2005 Pleiades Publishing, Inc.
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the scattering spectra of crystals formed by the cations
of alkali and rare-earth metals and by complex quasi-
molecular anions like (CO3), (NO3), (PO4), (ClO3),
(SiO4), (NbO3), (IO3), (BrO3), (SO4), (WO4), and
(MoO4) [19–27].

The most intense Raman lines are known to be
caused by the internal 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(NO3)2] and operate badly at picosecond pumping
times [28] (and vice versa for KGd(WO4)2), and to find
ways 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 tpump is much longer than the
time of loss of the coherency of molecular vibrations T2
(dephasing time), which is proportional to the recipro-
cal width of the spontaneous RS spectrum, tpump @ T2.

(2) A transient mode, where the pumping pulse is
shorter than the dephasing time, tpump < T2.

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 σR (one of the most important parameters
of a nonlinear 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 ∆ν (another important parameter).

The product of the peak SRS cross section σR by the
gain spectral width ∆νR is the integrated SRS cross sec-
tion (a third 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 RS intensity is maximum 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–lattice coupling. These
crystals include iodates, molybdates, and tungstates.
Nitrates and carbonates have smaller sizes of quasi-
molecular anions and, correspondingly, a lower inte-
grated RS intensity. In turn, silicates and borates have a
low degree of isolation of tetrahedral and triangle com-
plexes, easily form skeleton or network structures
(crystalline or glasslike), and have a low 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 several dozen compounds having different
structures of the Raman scattering spectra. A compari-
son of the Raman spectra of crystals of sodium–lantha-
num and potassium–lanthanum molybdates and stron-
tium molybdate shows that all the spectra have a uni-
formly broadened low-frequency Raman line near
330 cm–1. However, the high-frequency 880-cm–1 line
of the totally symmetric vibration is uniformly broad-
ened only in a SrMoO4 crystal with a scheelite structure
and the spectral disordering in the two other crystals is
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 alkaline-earth cations, which decrease the
lattice vibration frequencies. In this case, a larger num-
ber of lattice phonons is required to relax a high-fre-
quency SRS-active vibration mode. Therefore, the
phase relaxation rate decreases, which, in turn,
decreases the spectral broadening.

Indeed, using the Sr2+ and Ba2+ cations (which are
two and three times heavier than the Ca2+ 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 due to an increase in the lattice param-
eter for cations with a larger 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 BaWO4 and
SrWO4 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 cm3/h. We
used a charge with excess 1.0–1.5 wt % WO3. Oriented
rectangular experimental samples having a Brewster
cut were cut from crystalline boules.

Samples of the new BaWO4 and SrWO4 crystals
[29–36] were subjected to laser tests under nanosecond
and picosecond pumping along with well-known
5
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Comparative SRS and thermomechanical properties of Ba(NO3)2, KGd(WO4)2, SrWO4, and BaWO4 crystals

Property
Crystal

Ba(NO3)2 KGd(WO4)2 SrWO4 BaWO4

RS vibration frequency νR, cm–1 1047 901; 767 922 924

RS line width ∆νR, cm–1 0.4 5.4; 6.4 2.74 1.6

Dephasing time TR, ps 28 2.0 4 6.6

Gain g, cm/GW:

g (0.53 µm) steady-state (ns) 47 11 36–40

g (0.53 µm) transient (20 ps) 4.7 11 14.4

g (1.06 µm) steady-state (ns) 11 4 5 8.5

g (1.06 µm) transient (30–50 ps) 1.1 3 3.8

g (1.3 µm) steady-state (ns) 5.8

Transmission band, µm 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 1.17 2.5–3.4 3 3.0

Thermal expansion coefficient α, 1/K 13 × 10–6 (1.6–8.5) × 10–6 6 × 10–6

Hardness 19.2
(NaNO3 Knoop)

4–4.5 (Mohs) 4 (Mohs) 4 (Mohs)
400 (Knoop)
Ba(NO3)2 and KGd(WO4)2 crystals. For nanosecond
pumping, the threshold for the generation of powerful
SRS radiation is lower even in shorter BaWO4 and
SrWO4 crystals as compared to a KGW crystal and
approaches the lowest threshold characteristic of a
Ba(NO3)2 crystal. This behavior is related to the higher
peak SRS gain cross sections as compared to that in
KGW.

Picosecond tests also showed that the SRS gain in
the BaWO4 and SrWO4 crystals was close to the record
value (typical of KGW crystals), whereas the SRS gain
of Ba(NO3)2 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 optical transparency (0.25–
5 µm), higher moisture resistance, higher thermal con-
ductivity and hardness, and lower thermal expansion
coefficients than Ba(NO3)2 crystals. All these properties
specify the outstanding output parameters of solid-state
SRS lasers.

The application of infrared nanosecond 1.34-µm
pumping lasers allowed us for the first time to move
deep into the IR spectral range using SRS in BaWO4
crystals [37].

For example, we observed the generation of coher-
ent first Stokes radiation with a wavelength λ1 =
P

1.54 µm, second Stokes radiation with λ2 = 1.78 µm,
and third Stokes radiation with λ3 = 2.13 µm. 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 Er3+ ions
in glass and Tm3+ and HO3+ ions in crystals.

An important advantage of the new Raman crystals
developed is the fact that they can be doped by laser-
active rare-earth ions, such as Nd3+ ions, with a heterov-
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 Nd3+ ions (which is the 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–1 involving the vibrations of
the [WO4]2– complex (which is the function of an SRS
medium). These new multifunctional Raman-laser
media can generate powerful coherent radiation at
many wavelengths and make it possible to tune the radi-
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 a long-wavelength tun-
ing-range limit of 1.3–1.4 µm, whereas Raman laser
converters extend the tuning range to 1.5–1.7 µm for
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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first and second Stokes radiation and to 2.2 µm 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 5 W
at a peak power above 1 MW has been attained for
Raman radiation in a BaWO4 crystal [38]. Using a
pumping loop laser based on highly efficient large
GGG : Nd crystals, a Raman laser based on a 6 × 8 ×
95-mm BaWO4 crystal has been realized for the first
time with a train energy of 2 J and more than 50 pulses
per train [39].

The last two types of solid-state Raman laser sys-
tems can serve as a good 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 a wavelength of 588.9 µm, which is in 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 a wavelength λ = 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 artificial 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 telescope, which increases the
resolution of the system by several tens of times.

Our analysis has shown that the combination of
highly efficient GGG : Nd laser crystals and BaWO4
SRS crystals is the 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 λ = 588.9 nm using fre-
quency doubling in a nonlinear crystal (e.g., LBO). In
[40], it was shown that the laser radiation spectrum cor-
responds well to the Na+ resonance. A peak power of
several 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 GdVO3 and YVO3 crystals was
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
found to be extremely high (close to that of BaWO4)
[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 Nd3+ ions in tungstate
crystals made it possible to realize a microlaser based
on a GdVO4 : Nd laser with passive Q-switching on a
LiF :  crystal, which generates self-SRS first Stokes
radiation pulses (λ1 = 1174.4 nm) shorter than 400 ps
with a peak power of 10 kW at a repetition frequency of
20 kHz [43]. This method for generating single
ultrashort pulses with a high repetition frequency in
microlasers with a cavity several millimeters long 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 a minimum pulse 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 us was that crystals of
lead molybdate and tungstate have SRS thresholds 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 a pumping 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 pulses.

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, a low SRS threshold, and a wide spectral region
of operation have been proposed.

F2
–
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(4) A process for growing SRS single crystals for the
next generation of solid-state Raman lasers and optical
amplifiers has been developed.

(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 mechanisms in insulating materials are described in the general case of a simple elec-
tronic band structure and in special cases of most interest for applications: rare-earth-containing crystals and
cross-luminescent materials with a more 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 1. INTRODUCTION

Scintillating materials are ideal devices for detect-
ing elementary particles and for measuring their param-
eters. Therefore, they are playing a major 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 a given 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 special 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]. In a general scheme (Fig. 1), a core level, 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 γ-ray photon, a deep core
hole and a hot electron are produced. The first stage of

1 This article was submitted by the author in English.
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relaxation of the electronic excitation occurs in a very
short time through inelastic electron–electron (e–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 holes with 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. As a result, 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 final stage).

In many cases, strong luminescence is obtained by
crystals containing luminescent ions like rare-earth
(RE) ions. In this case (Fig. 2), the scheme must involve
the 4f band of the RE located in general in the band gap.
During the first 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 ions is 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.
© 2005 Pleiades Publishing, Inc.
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Fig. 1. General scheme of relaxation of electronic excitations in an insulating material.
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Vk + e → exc
Another interesting case is cross-luminescent crys-
tals. Cross luminescence is due to a radiative 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
BaF2. Such crystals give rise to very short subnanosec-
ond luminescence decays, which can be of interest for
some applications. Unfortunately, the light yield is usu-
ally 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 η
can be described as the product of three terms, each one
representing a step in the energy relaxation:

(1)

where Neh is the conversion efficiency (number of elec-
tron–hole (e–h) pairs or excitons), S is the probability
of transfer to emitting centers, and Q is the lumines-
cence quantum yield.

η NehSQ,=
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3.1. First Step: Creation of Electronic Excitations

The number of e–h pairs can be written as

where Einc is the energy deposited by an ionizing parti-
cle and Eeh is the average energy required for the cre-
ation of a thermalized e–h pair.

A general accepted estimation of Eeh is around (2–
3)Eg (Eg is the forbidden energy band gap) for the sim-
ple case presented in Fig. 1 [2, 3]. So, Eg is a limiting
factor for the production of e–h pairs and excitons.

However, Neh is a relevant factor only in the case of
a simple insulator for which thermalized electrons and
holes are the only types of electronic excitations and Eg

is the only parameter characterizing the conversion effi-
ciency. We have seen that this is not the case for scintil-
lators with a core-valence transition. For example, in
BaF2, the relevant factor is not Neh but the number of
uppermost Ba2+ 2p core holes. In the case of cerium
compounds, for example CeF3, 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

Neh Einc/Eeh,=
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Fig. 2. Relaxation of electronic excitations in rare-earth-containing crystals.

electron–electron

Vk + e → exc
a result, the number of useful excitations is reduced by
a factor of around 5 in CeF3, which explains its rela-
tively low light yield.

3.2. Second Step: Transfer to Luminescence Centers

This is a very 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. This is, for exam-
ple, the case for Na- and Tl-doped CsI. In the case of
Ce3+-doped or -based crystals, a limiting factor is the
energy difference ∆E between the Ce4f level in the for-
bidden bandgap and the top of the valence band. In
oxides and halides, ∆E is weak and the cross section for
hole capture may be high. In fluorides, ∆E 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 Mn+ with two or more stable valence states is harm-
ful. Charge transfer may occur between Mn+ and Ce3+

according to the following process: (Ce3+, Mn+) 
(Ce4+, M(n – 1)+). Furthermore, Mn+ ions may act as traps
for charge carriers. It is known that the presence, along
with Ce3+, of ions like Yb3+, Eu3+, W6+, and V5+ most
P

often kill the Ce3+ fluorescence. It was shown that the
presence of Ir4+ in Lu2Si2O7 : Ce3+ strongly quenches
the scintillation of this crystal [7]. The coexistence of
Ce4+ with Ce3+ is harmful as well because Ce4+ 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 (Vk centers) and
self-trapped excitons (STE). Energy transfer is very fast
through direct correlated e–h capture, while it is fast
through binary e–h recombination Vk + e– on the scin-
tillation center and much longer through STE diffusion.

Trapping effects on the scintillation may be very
spectacular. This is the case in YAG : Yb3+, 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 due to detrapping and retrapping processes [8].

Closely spaced electronic excitations can be formed
in an insulator 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
a cluster of electronic excitations is illustrated 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-
quently of the light yield of the scintillator. For exam-
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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E ≥ 1 keV,E ≥ 1 keV,E ≥ 1 keV,
l ≥ 10 nm,l ≥ 10 nm,l ≥ 10 nm,
t ≈ 10–17 st ≈ 10–17 st ≈ 10–17 s

E ≈ 20–100 eV,E ≈ 20–100 eV,E ≈ 20–100 eV,
l ≈ 1 nm,l ≈ 1 nm,l ≈ 1 nm,
t ≈ 1t ≈ 1t ≈ 1000–15–15–15 s s s
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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      200
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 latter processes can be illustrated through two
examples.

3.3.1. Electron ionization in cerium-doped crys-
tals. The location of the lowest 5d emitting state may be
close or degenerated in the conduction band. It was
5
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demonstrated that the autoionization rate from a 5d
state is large 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 sesquioxides
La2O3, Y2O3, Lu2O3), 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 quenching is governed mainly by ther-
mostimulated ionization (Fig. 4). For a Ce-doped
Lu2SiO5 scintillator, ∆E is a few tenths of an electron-
volt and efficient emission is observed even at room
temperature. However, the light yield strongly
decreases for T above room temperature. For Ge-doped
LaI3, ∆E < 0.1 eV and no emission is detected at room
temperature; efficient emission is only detected at T <
100 K [15].

Of course, when the lowest 5d state is well below
the conduction band, the photoionization process does
not occur. This is the case for most Ce-doped fluorides,
chlorides, and oxides. Thermal quenching is then gov-
erned by nonradiative relaxation to the ground state.
High luminescence efficiency can be exhibited at high
temperature by some scintillators, such as LuAlO3 : Ce3+

and Lu2Si2O7 : Ce3+.
3.3.2. Hole ionization in ytterbium-doped crys-

tals. The temperature dependence of the charge transfer
and IR luminescence yield under excitation in the
charge transfer (CT) band (Fig. 5a) shows that the feed-
ing of 2F5/2 and 2F7/2 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

CB

VB

∆E

5d

5d

4f

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

quenching 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 luminescence in most Yb3+-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 relaxation is per-
formed using the Monte Carlo technique describing the
thermalization, separated diffusion, and spatial correla-
tion of electronic excitations.
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Fig. 5. (a) 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.
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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 factors for the light 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 6Li2O–MgO–SiO2–Ce
glasses were studied using time-resolved VUV spectroscopy. The Ce3+ ion PL excitation spectrum contains a
known group of structural bands at 4.4–5.2 eV 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 Eexc > 25 eV, the photon mul-
tiplication effect manifests itself. Based on 6Li-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 a Li2O content of 22.5 mol %,
the glass light yield has a radioluminescence spectrum
maximum at 3.2 eV and exceeds that 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 6Li3(n, α)3H1. 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-
ica glasses as scintillators have been studied previously
[3], their basic properties in 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

Li2O–MgO–SiO2–Ce glasses prepared at the
Vavilov Institute contain 0.8 mol % Ce (calculated for
CeO2) and 22.5 to 30 mol % Li (in the form of Li2O).
The glass melting point is 1500°C, the density is
1063-7834/05/4708- $26.00 1412
2.52 g/cm3, the refractive index is 1.55, and the 6Li iso-
tope concentration is as high as 1.15 × 1022 cm–3. The
samples under study were prepared as 10 × 10 × 1 mm
plates.

The Photoluminescence (PL) and PL excitation
spectra were measured at temperatures of 295 and 9–
10 K at the SUPERLUMI station (HASYLAB Labora-
tory, DESY, Hamburg) using synchrotron radiation
(SR). A 2-m vacuum monochromator with replaceable
Al or Pt gratings was used to excite PL in the range 3.7–
33 eV. The PL excitation spectra were normalized to a
fixed number of photons incident on a sample. The PL
spectra were analyzed using a 0.3-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 ∆t)
correlated with respect to an exciting SR pulse (the
delay from the SR pulse start is δt). Reasoning from the
decay kinetics, the parameters δt and ∆t were set as 2.3
and 22 ns for 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 252Cf neutron source certified for measure-
ments.

3. RESULTS AND DISCUSSION

Figure 1 shows the time-resolved PL spectra mea-
sured for an excitation energy Eexc = 4.7 eV at T = 9 K.
The fast-component spectrum characterizing the Ce3+

ion luminescence is an asymmetric band (as is also the
case at T = 295 K) with a maximum at hνlum = 3.2 eV
(FWHM = 0.5 eV) caused by interconfigurational tran-
© 2005 Pleiades Publishing, Inc.
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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
spectra is independent of the excitation photon energy
in the range 3.7–33 eV, and the PL yield is almost 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 eV that is
most pronounced at low temperatures. Almost no lumi-
nescence is excited in the range of interband transitions
(Eexc = 9–22 eV). The cause of this is a significant 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 manifests itself as an increase in the Ce3+

PL yield.
Figure 3 shows the 3.2-eV PL decay kinetics of

glass at various values of Eexc. The PL was established
to decay exponentially with a time constant τ = 37.5 ns
under excitation immediately in the impurity absorp-
tion band, i.e., at Eexc = 4–6 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
(Eexc > 25–33 eV), the decay time decreases and the
kinetics becomes noticeably nonexponential (∆1/2 =
20.8 ns).

An analysis of the Ce3+ PL excitation spectra and 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 at 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 Ce3+ ions (in the LaF3 lattice) was
interpreted for the first time by Pedrini, Belsky, and
coworkers [4–6]; this band was detected at ~7.7 eV. For
the glass under study, this excitation band is observed
in the range 6.4–7.7 eV, which does not contradict the
data from [4–7].

In [5], a model of configuration curves of the Ce3+

ion in crystals was proposed (Fig. 4a). With a certain
modification, this model can be used to explain the PL
spectrum of Ce3+ ions in the glasses under study
(Fig. 4b). This model takes into account the Ce3+

recharging effect [8], as well as the charge-transfer and
photoionization effects in the crystals considered in [5].

Thus, the photo- and radioluminescence spectra of
Li2O–MgO–SiO2–Ce glasses reveal a common lumi-
nescence center associated with the Ce3+ ion. In [8], it
was shown that, in glasses with Ce3+ ions, ionizing radi-
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
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Fig. 1. PL spectra of a Li2O–MgO–SiO2–Ce glass at T =
9 K. (1) Time-integrated spectrum and (2) the fast and
(3) slow components.
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Fig. 2. Time-resolved excitation spectrum of the fast PL
component (at 3.2 eV) of a Li2O–MgO–SiO2–Ce glass
measured at (1) 295 and (2) 9 K.
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Ce glass at excitation photon energies of (1) 7.8, (2) 5.0,
(3) 13.8, and (4) 31.0 eV; T = 9 K.
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ation causes recharging and the onset of recombination
luminescence with a spectrum typical of the Ce3+ ion.
Under ionizing radiation, which generates separate
electron–hole pairs in glasses, the Ce3+ recharging can
occur in the following sequence: Ce3+ + h+  Ce4+,
Ce4+ + e–  (Ce3+)*, and (Ce3+)*  Ce3+ + hνlum
[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, α scintillations, τ ≅  60 ns) and
scintillations caused, e.g., by an electron beam (τ ≅
108 ns). The final step of intracenter luminescence is
almost the same for any type of excitation. The
decrease in the decay time observed both in α 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 develop efficient scintilla-
tion media based on 6Li silica glasses and create a neu-
tron detector. The scintillation glass in the detector is
P

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 cm2/neutron. Testing of the device using a 252Cf
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 Ce3+-doped 6Li sil-
ica glasses have been studied using time-resolved VUV
spectroscopy. An analysis of the results has demon-
strated the crucial role of the intracenter transitions in
the complex scintillation process. The strongest lumi-
nescence excitation band of cerium ions in the glasses
under consideration in the range 3.7–6.2 eV 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 Ce3+ ions in glasses
with inclusion of charge transfer and photoionization.
By analyzing the PL excitation spectra in a wide energy
range, the photon multiplication effect has been found
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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to occur at Eexc > 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 developed and tested.
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Abstract—VUV 4f n  4f n – 15d transitions of Gd3+, Er3+, Tm3+, and Lu3+ 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 n – 15d configuration. © 2005 Pleiades Publishing, Inc.
1 1. INTRODUCTION

Already as of 1966, 4f n  4f n – 15d transitions of
trivalent rare-earth (RE3+) ions in a CaF2 matrix had
been reported [1]. Except for Ce3+ and Pr3+, the transi-
tion energies are in the vacuum ultraviolet (VUV)
range. In the past, the VUV 4f n  4f n – 15d transitions
have not attract as much attention as the 4f n 
4f n − 14f* transitions because no application was forsee-
able. In recent years, however, 4f n  4f n – 15d transi-
tions gained much interest, being an essential aspect of
quantum 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 n  4f n – 15d excitations by Elias
et al. and Heaps et al. [4, 5]. The first 4f n – 15d  4f n

VUV luminescence spectra of Nd3+, Er3+, and Tm3+

were published by Yang and DeLuca [6]. For the first
half of the lanthanide series, transitions from the lowest
4f n – 15d level into the 4f n 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 the ion and the host,
spin-forbidden emission from the lowest high-spin and
spin-allowed emission from the lowest low-spin
4f n − 15d state coexist [2, 7]. In the past, VUV RE3+

emission has been detected only from Nd3+, Er3+, and
Tm3+ [2, 7–10].

1 This article was submitted by the authors in English.
1063-7834/05/4708- $26.00 ©1416
RE3+ 4f n – 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 n – 15d excitations are expected
to interact stronger with the lattice. The VUV 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-resolution spectra of d  f luminescence of Er3+

[12] and Tm3+ [14] will be discussed. The first d  f
spectra of Gd3+ and Lu3+ [15] will also be presented.
Gd3+ is of particular interest because Gd3+ d  f emis-
sion was not expected at all for the reasons given below.
The sample include RE3+ 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]. The resolution intervals in
excitation ∆λex were chosen between 3 and 0.5 Å. The
 2005 Pleiades Publishing, Inc.
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time structure of SR with its short pulses (width 150 ps)
at a repetition rate between 1 and 5 MHz is the basis of
time-resolved spectroscopic methods [19]. High-reso-
lution VUV-luminescence analysis was performed with
a 1-m monochromator equipped with a position-sensi-
tive channel-plate detector. Most spectra were recorded
in first order with ∆λem ≈ 1 Å. In some cases, lumines-
cence analysis was carried out in second order (∆λem ≈
0.5 Å). In most of the experiments, the temperature was
near LHe temperature (7–10 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 (∆λem = 10–
20 Å). 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 ∆λem = 6 Å.

Tm3+ doped crystals have also been investigated
under F2-laser excitation (157.6 nm/63452 cm–1) at the
University of Utrecht [14]. The spectra yield an excel-
lent signal-to-noise ratio. The spectral resolution of
f   f spectra under laser excitation exceeds the one
available at the SUPERLUMI station at least by a factor
of 2. In the VUV, a comparable resolution 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

LiYF4 : Er3+ was chosen as a model for two reasons:
(i) there exists only one site for the RE ion, and (ii) all
kinds of Er3+ luminescence coexist. Moreover, the
Stark splitting of the 4f 11 4I15/2 ground state is known
with high accuracy (8 Stark levels) [20, 21]. This is an
essential condition for an analysis of the high-resolu-
tion spectra. In Fig. 1, the d  f luminescence spectra
of LiYF4 : Er3+ (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
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
and in emission is correct within ±0.2 Å (±8 cm–1 at
64000 cm–1). The d  f emission is compared with
LiYF4 : Er3+ (1%) 4S3/2  4I15/2 emission. The bars
correspond to an assignment of the 4S3/2 emission lines
to the Stark levels of the ground state [20, 21]. 4S3/2
emission was positioned with respect to the d  f
emissions in order to obtain the best agreement with the
lines in the d  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 case, the Stark level 2|MJ | = 5
(the only one being populated at liquid-helium temper-
ature!) agrees with the shoulder at the low-energy onset
of excitation (64 265 cm–1). This shoulder is ascribed 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 bars indicating the Stark levels of
the ground state. They are ascribed to ZPLs as well. In
the spin-forbidden case, the bar 2|MJ | = 5 is energeti-
cally below the first maximum of the excitation spec-
trum at 61013 cm–1. Provided this maximum arises
from the ZPL in excitation, there is a shift of the order
of 60 cm–1 between excitation and emission, indicating
an emission originating from disturbed centers. In the
spin-forbidden case, not all lines are resolved. This may
indicate a variety of disturbed centers.

Phonon sidebands are not clearly resolved. As an esti-
mate of the effective phonon energy, ωeff = 330 cm–1

measured by Renfro et al. [22] for the coupling of f lev-
els to the LiYF4 host may be considered. Then, the first
sidebands of the ZPLs with 2|MJ | = 5, 15, 3, 1 are
expected to overlap with the second group of ZPLs. The
second group of phonon sidebands of the ZPLs 2|MJ | =
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Fig. 1. Spin-allowed (a), spin-forbidden (b), and 4S3/2 
4I15/2Er3+ f  f luminescence (c) of LiYF4 : Er3+ (1%) at
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5, 15, 3, 1 would roughly coincide with the first group
of sidebands of the ZPLs 2|MJ | = 9, 7, 11, 13. This may
explain the maximum at 63650 cm–1 (spin-allowed)
and the shoulder at 60350 cm–1 (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
4S3/2  4I15/2 emission is included for comparison. In
the spin-allowed case, the spectrum has a fast rise (with
the shoulder discussed above) to a flat plateau. The pla-
teau arises from total absorption (saturation). In the
spin-forbidden case, saturation is not reached but a fine
structure is 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-forbidden d  f
emission. Therefore, phonon replica cannot account for
the fine structure; it originates from a coupling of the d
excitations with the f 10 core of the Er3+ ion. Pieterson
et al. calculated the energy levels of the Er3+ 4f 105d
configuration [23]. In Fig. 2, the respective energy lev-
els are indicated by bars. The height of a bar is a relative
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 levels and the maxima of
the excitation spectrum. The peaks represent the ZPLs
P

in excitation for the spin-forbidden 4f 105d levels. The
relative heights, however, are in disagreement with
experiment. This is 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 LiYF4 : Er3+ has also been measured by Peijzel [13]
in good agreement with the results of [12].

3.2. Tm3+ d  f Luminescence

Tm3+ d  f emission has been investigated in
LiCaAlF6 (LiCAF). The choice of LiCAF was moti-
vated by the fact that this matrix offers a divalent and a
trivalent site, which makes it a promising candidate for
codoping with a RE3+ and a divalent ion as in Mn2+

doped LiSrAlF6 [25]. Figure 3 shows VUV-emission
spectra of LiCAF : Tm3+ (0.04%) with a fine 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
Tm3+ ion has no f levels [26]. In particular, the 1S0 level
at ~75000 cm–1 [26, 27] cannot contribute to the spectra
shown (note also that both excitation energies are well
below the 1S0 level). At LHeT, the emission has a life-
time τ = 7 µs [14]. Therefore, it is ascribed to the spin-
forbidden transition into the 3H6 ground state. Only
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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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 Tm3+ concentration, weak spin-
allowed d  f luminescence in LiCAF cannot be
excluded.

Compared to LiYF4 : Er3+, the Tm3+ doped system is
more complicated. Depending on the symmetry of the
site, up to 13 Stark levels can exist for the 3H6 ground
state. In order to get more insight into the origin of the
fine structure, a spectrum of the 1G4  3H6 lumines-
cence around 21000 cm–1 was plotted in Fig. 3 for com-
parison. The scales were arranged such that the sharp
lines with the highest energies coincided. True [14] ten-
tatively assigned the sharp structures in the 1G4  3H6
spectrum to 12 Stark levels, covering a range of
~400 cm–1. In the context of the present paper, this
means that the peaks in the d  f spectra below
61000 cm–1 cannot originate from ZPLs; they are
ascribed to vibronic sidebands. Only the sharp maxima
above ~61000 cm–1, in particular, the one at 61 410 cm–1,
originate from ZPLs. The assignment of the peak at
61410 cm–1 is further supported by an analysis of the
spin-forbidden d  f emission terminating at 3F4
(inset to Fig. 3). Two closely spaced peaks at 55797 and
55766 cm–1 were observed, having an energy differ-
ence to the first ZPL terminating at 3H6 of 5613 cm–1

and 5644 cm–1, respectively. These energies coincide
well with the energy of the first excited f state in
LaF3 : Tm3+ at 5615 cm–1 [26], a value that hardly
changes in different matrices. Both peaks may be due to
electronic transitions to closely spaced Stark levels of
3F4; however, they can also be due to ZPLs of Tm3+ on
different occupational sites.

3.3. Gd3+ d  f Luminescence

The case of Gd3+ is of special interest because Gd3+

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 ideal
acceptor for energy transfer from d excitations and sub-
sequent nonradiative relaxation into the emitting f lev-
els of Gd3+, thus quenching radiative d  f transi-
tions. Nevertheless, the final answer is given by an
experiment. In Fig. 4, VUV-luminescence spectra of
Gd3+ ions in LiGdF4 and GdF3 are presented [15]. At
T = 10 K, the following lifetimes were measured: τ =
2.8 ns (LiGdF4) and τ = 0.97 ns (GdF3) [15]. The lumi-
nescence observed is ascribed to spin-allowed Gd3+

d  f emission. The arguments are as follows.

(i) The emission is clearly correlated to Gd3+

4f 7  4f 65d excitation (see below).
(ii) In the case of GdF3, in spite of the high spectral

resolution, only a broad band is observed which is typ-
ical for strong coupling to the lattice, excluding an
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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f  f nature of the emission. In the case of LiGdF4,
sharp lines and a broad sideband are observed. This is
typical for intermediate coupling.

(iii) There is good agreement with an estimate of the
transition energies according to the phenomenological
approach by Dorenbos [16, 17].

As already mentioned, the Gd3+ results are really
unexpected. In order to demonstrate why, we included
in Fig. 4 recently calculated 4f energy levels of the Gd3+

ion in LaF3 which should be a good approximation to
the case of LiYF4 : Gd3+ [24]. The levels are all doublet
or quartet levels, whereas the emitting d level is an octet
level. Therefore, nonradiative transitions from the emit-
ting d level to these high-lying f levels are highly spin-
forbidden. This may 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 Gd3+ d  f
luminescence is thermally quenched, disappearing near
200 K.

We have to discuss now the fine structure of Gd3+

emission. Contrary to the case of Er3+, the level struc-
ture of the Gd3+ 8S7/2 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. In the
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Fig. 5. Comparison of Gd3+ d  f luminescence in
LiGdF4 (excited at 84034 cm–1, ∆λem = 0.8 Å) with a Ce3+

f  d excitation spectrum in LiGdF4 : Ce3+ (0.05%)

measured with ∆λex = 2.9 Å. For both spectra, T = 10 K.
P

stoichiometric, as well as in LiYF4 : Gd3+ (10%), in the
range of allowed excitations, the sample is optically
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 a test ion to probe
electron–phonon interaction. Therefore, Ce3+ doped
LiGdF4 has been investigated. Due to the small Ce3+

concentration (0.05%), the excitation spectrum of the
Ce3+ d  f transitions in the transparency range of the
host could be measured2 without saturation effects.
This yields a fine structure with a ZPL at 33615 cm–1.
In Fig. 5, the excitation spectrum of the Ce3+ d  f
emission is compared with the Gd3+ d  f emission.
The scale of the Ce3+ spectrum is opposite to the scale
of the Gd3+ spectrum, and the scales are shifted such
that the Ce3+ ZPL coincides with the first sharp line of
the Gd3+ emission. The spectra agree well within the
range of the pronounced lines. Therefore, the line at
79377 cm–1 is assigned to the ZPL of Gd3+ d  f
emission.

The sidebands in the Ce3+ f  d excitation spec-
trum most probably originate from phonon replica. The
fine structure is spread over ~500 cm–1, which is in
good agreement with the energy spread of phonon
spectra of isostructural scheelite compounds LiLnF4
(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
LiGdF4 are not available in the literature.) The close
similarity between both spectra in Fig. 5 indicates that
the fine structure of the Gd3+ d  f emission mainly
originates from vibronic modes. The smooth shape of
the luminescence at longer wavelengths is assigned 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].

GdF3 emits a broad band centered at ~80 000 cm–1.
It is ascribed to spin-allowed Gd3+ d  f emission as
well. The same spectra were obtained from single crys-
tals and powder samples. The spectral shape indicates
much stronger electron–phonon coupling than in
LiGdF4. Similar observations were reported in [7],
where stronger electron–lattice coupling was found for
some REF3 as compared to LiYF4 : RE3+. In [15], an
estimate of the Huang–Rhys parameter is given, S > 5.
The shift of the Gd3+ d  f emission of GdF3 to higher
energies as compared to LiGdF4 is ascribed to the dif-
ferent coordination numbers for the Gd3+ ion (9 in

2 To be more precise, in LiGdF4 : Ce3+, Ce3+ d  f emission is

quenched by energy transfer to 4f 64f *Gd3+ levels, leading to
Gd3+ 6P7/2  8S7/2 emission at 311 nm. This emission was

monitored while measuring the Ce3+ f  d excitation spec-
trum.
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GdF3, 8 in LiGdF4), causing a smaller crystal field split-
ting of the d excitation in GdF3.

In Fig. 6, the Gd3+ d  f luminescence and excita-
tion spectra are plotted together. For LiGdF4, 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 GdF3,
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 optically thick, preventing a line-
shape analysis. More than one electronic 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 general rule
that RE3+ d  f luminescence is hardly excited at the
onset of band-to-band excitations). The smooth onset,
however, originates from strong electron–phonon cou-
pling.

3.4. Lu3+ d  f Luminescence

The electronic structure of Lu with its 4f 14 configu-
ration is simple. The filled f shell gives rise to only one
energy level, 1S0. 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 all other RE3+ ions in the second half of the series.
The important difference is that, in the range of f  d
excitations, there are no other energy levels of Lu3+

available for energy transfer and subsequent quenching
of the Lu3+ d  f emission.

The reason why Lu3+ d  f emission has never
been detected before may arise from the fact that the
energy is the highest among all RE3+ ions (free ion
value near 100 000 cm–1) [16, 17]. In Fig. 7, VUV-lumi-
nescence spectra of a LiLuF4 : Ce3+ crystal, a LuF3 : Ce3+

crystal, and of LuF3 powder are shown (see also [15]).
As a consequence of the Ce3+ doping, the LiLuF4 VUV
luminescence was weak; therefore, the spectrum was
measured at the BW3 beamline, providing high-inten-
sity excitation by XUV photons (130 eV). LiLuF4 emits
two broad emission bands at 80200 and 82600 cm–1.
The band at 82 600 cm–1 has a lifetime in the nanosec-
ond range and is ascribed to spin-allowed 4f 135d 
4f 14 emission. The band at 80 200 cm–1 has a consider-
ably longer lifetime and is ascribed to spin-forbidden
4f 135d  4f 14 emission. The different nature of both
bands is demonstrated in Fig. 7. The open circles are
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
time-integrated measurements, and the full circles were
obtained within a time 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 Lu3+ f  d exci-
tation could not be measured in LiLuF4 : Ce3+. The
moderate spectral resolution of 6 Å and the absence of
excitation spectra prevent an analysis of the electron–
phonon interaction. The VUV emission from the
LuF3 : Ce3+ single crystal and from the undoped LuF3

powder consists of a broad band (~80 500 cm–1) with
slow decay (longer than the accessible range). The
emission was intense enough to measure high-resolu-
tion luminescence and excitation spectra at 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 electron–phonon interaction of the Lu3+

4f 135d excitation in LiLuF4 was not analyzed for the
reasons given above, information is obtained from Ce3+

emission in LiLuF4 : Ce3+ [31]. The Ce3+ luminescence
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clearly yields a ZPL with phonon replica and a smooth
low-energy sideband, as is characteristic for intermedi-
ate coupling. Moreover, in the energy range corre-
sponding to Lu3+ 4f 14  4f 135d excitation, the excita-
tion spectra of the Ce3+ emission yield pronounced
sharp lines, which were assigned by Kirikova et al. [31]
to ZPLs of Lu3+ 4f 14  4f 135d 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
RE3+ ions in a host crystal can be predicted if at least for
one RE3+ ion in the particular crystal this value is
known [16, 17]. Dorenbos collected spectroscopic data
on f  d transitions of RE3+ ions in various hosts and
tabulated average values for each host. As a reference
ion, Ce3+ has been chosen because this ion has been
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Fig. 7. (a) Lu3+ d  f luminescence (∆λem = 6 Å) from

LiLuF4 : Ce3+ excited by 130-eV photons recorded within
0.8 ns after the excitation pulse (full circles) and time-inte-
grated (open circles). High-resolution (∆λem = 0.8 Å) lumi-

nescence excited at 86 210 cm–1, and high-resolution exci-
tation spectra (∆λex = 1.0 Å) of (b) LuF3 : Ce3+ crystal and

(c) LuF3 powder at T = 10 K.
P

investigated extensively. The predicted energy for the
spin-allowed transition of a RE3+ ion is given by

(1)

where 49 340 cm–1 is the energy of the first f  d tran-
sition of the free Ce3+ ion, D(A) is the crystal field
depression of compound A, and ∆ERE,Ce is the energy
difference between the first spin-allowed f  d tran-
sition of the RE3+ ion and of Ce3+. The basis of this
approximation is the fact that the crystal field depres-
sion is not sensitive to the individual ion, D(A) being an
average of the D(RE3+, A) values for different RE3+

ions. The quantity ∆ERE,Ce 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 values over many compounds.

In the table, data for part of the crystals investigated
are listed. Ce3+ f  d excitation energies measured
separately are given as well. The estimates according to
Eq. (1) are then compared with the experimental
results. For those cases where we measured the Ce3+

values, the transition energies were also calculated
according to

(2)

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

energy difference, , 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 Er3+ and
Tm3+ are 3050 and 2350 cm–1, respectively. Subtracting
these values from the results obtained from Eqs. (1) and
(2) results in ∆ERE, 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 ∆S(A). It turns out that ∆S(A)
is characteristic for host A but nearly independent of the
RE3+ ion. Consequently, the ∆ERE,Ce 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.
Dorenbos included 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

(3)

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

In most cases, the predictions agree within 600 cm–1

with the experimental results [16, 17]. Comparing the

∆ERE s a–, 49 340 cm 1– D A( )– ∆ERE,Ce,+=

∆Edirect
RE s a–, ECe ∆ERE,Ce.+=

∆ERE
sa sf,

∆Ecorr
RE s a–, ∆ERE s a–, 1

2
---∆S A( ).–=
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Comparison between calculated and experimental values of the lowest spin-forbidden and spin-allowed f  d excitation
energies of Er3+, Tm3+, Gd3+, and Lu3+ ions in various fluoride-type hosts (ZPLs)

Energy LiYF4 (Er3+) LiCaAlF6 (Tm3+) LiGdF4 (Gd3+) LiYF4 (Gd3+) LiLuF4 (Lu3+)

D(A) [15] 15262 13344 15093 15262 15140

∆ERE, Ce [14] 30000 29300 45800 45800 49170

∆S(A) [15] 1597 1389 1597 1242

∆ERE, s – a 64078 65296 80047 79878 83370

63279 64601 79079 82749

∆ERE, s – f 61028 62946

60229 62251

ECe (ZPLs) 33615 33450 [31] 33130 [31]

(ZPLs) 79415 79250 82300

∆Es – a (ZPLs) 64265 63200 79377 79250 82900 [31]

∆Es – f (ZPLs) 61020 61410 81550 [31]

Note: Experiment: this paper and [31]. Energies are given in cm–1. Numbers to be compared are given in bold type.

∆Ecorr
RE s a–,

∆Ecorr
RE s f–,

∆Edirect
RE s a–,
estimates according to Eq. (2) with the measured ZPLs
(LiGdF4, LiYF4 : Gd3+, LiLuF4) yields agreement
within this limit, which strongly supports our assign-
ments. For LiYF4 : Gd3+ and LiLuF4(Lu3+), the agree-
ment between the results of Eq. (3) and experiment is
also very good. For LiYF4 : Er3+, the experimental val-
ues and the predictions differ by 800–1000 cm–1. In the
case of LiCAF : Tm3+, the disagreement is somewhat
larger. Concerning the ZPLs of the spin-forbidden
d  f luminescence of LiYF4 : Er3+ and LiCAF : Tm3+,
the agreement is better. Estimates have also been made
for GdF3 and LuF3 [15]. Good agreement has been
obtained.

4. CONCLUSIONS

High-resolution 4f n – 15d  4fn VUV-lumines-
cence spectra of fluorides doped with Gd3+, Tm3+, and
Er3+ and of stoichiometric Gd3+ and Lu3+ fluorides have
been presented. Only for GdF3 and for LuF3 has strong
coupling of the 4f n – 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 RE3+ d levels
to the lattice has been analyzed with a “test ion” (Ce3+)
doped into the respective matrix at a low 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 Gd3+
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
d  f emission requires revision of the stand point
that a dense f 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 Yb2Ti2O7 single crystals and the luminescence and luminescence excita-
tion spectra of Y2Ti2O7 : 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 parameters found for Yb2Ti2O7, analogous sets of parameters were determined for other rare-earth titanates
and proved to be in reasonable agreement with all available experimental data. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Rare-earth (RE) double oxides R2A2O7 (where A =
Ti, Sn, Zn, Hf; R is a rare-earth element or yttrium) have
a pyrochlore structure [1]. In this fcc structure (space

group Fd m), rare-earth R3+ ions form a sublattice of
tetrahedra, which are linked together by shared vertices
(Fig. 1a). Since the magnetic dipole–dipole interaction
between R3+ 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 a result, in compounds R2A2O7 (R = Ho,
Dy, Tb, Yb) where R3+ 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 a spin liq-
uid or a spin ice with 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
Yb2Ti2O7 in [9, 10] agree well with the experimental
data on magnetization, magnetic susceptibility, specific

3
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heat, and the electric-field gradient at the 172Yb nucleus
sites but differ strongly from each other. Furthermore,
both sets of CF parameters differ dramatically from that
obtained for Ho2Ti2O7 [5], which is difficult to explain.
When determining the CF parameters, it is important 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
Yb2Ti2O7, determine the CF parameters for this com-
pound, and analyze the variations in the CF parameters

a

c

b

a b

c

(a) (b)

Fig. 1. (a) Sublattice of R4 tetrahedra in R2Ti2O7(Ti and
O atoms are not shown). (b) Spin “frustration.”
© 2005 Pleiades Publishing, Inc.
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as one goes from one pyrochlore-structure R2Ti2O7
compound to another.

2. EXPERIMENTAL

Transparent, high optical quality Yb2Ti2O7 single
crystals typically ~10 mm in size were grown using the
floating-zone technique. Absorption spectra were mea-
sured over a wide spectral range (9000–14000 cm–1)
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Fig. 2. (a) Nearest neighbors of the ytterbium ion in
Yb2Ti2O7 (symmetry D3d); the contributions from O2– ions
in the two nonequivalent positions to the crystal field are
different. (b) Stark sublevels of the Yb3+ ion in a D3d sym-
metry crystal field. Solid arrows indicate transitions associ-
ated with absorption and luminescence at low temperatures.
Dashed arrows indicate transitions associated with absorp-
tion at elevated temperatures, where the population of the
excited Stark sublevels becomes noticeable.
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and a wide temperature range (4.5–300 K) with a reso-
lution of 0.15 cm–1 using a BOMEM DA3.002 Fourier
spectrometer and an optical cryostat from a special 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
Y2Ti2O7 : Yb (1%) compound, because concentration
quenching of luminescence occurs at high dopant con-
centrations. Polycrystalline (Y0.99Yb0.01)2Ti2O7 samples
were prepared using solid-state synthesis at 1400°C.
X-ray analysis confirmed the pyrochlore structure;
however, a small quantity of the Y2O3 impurity was also
detected. Powders obtained were compressed into pel-
lets, which were attached to the cold finger of a closed-
cycle liquid-helium cryostat. Luminescence spectra
were excited by a cw 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 Yb3+ ion has only two energy levels, 2F5/2

and 2F7/2, which correspond to the 4f 13 electronic con-
figuration. The energy spacing between these levels is
~10 000 cm–1 [11]. In the pyrochlore structure, the
ytterbium ion is in a D3d symmetry position (Fig. 2a). In
the crystal field, the 2F7/2 ground level is split into four
Kramers doublets, 3Γ4 + Γ56, and the excited 2F5/2 level
is split into three Kramers doublets, 2Γ4 + Γ56 (Fig. 2b).
One might expect the absorption spectrum at low tem-
peratures to have three lines corresponding to transi-
tions from the ground Stark sublevel of the 2F7/2 multip-
let to the sublevels of the 2F5/2 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 allowed 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 Yb2Ti2O7 compound
under study.

Figure 3 shows the absorption spectrum of an
Yb2Ti2O7 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,
10 821, and 11005 cm–1 and can be assigned to the tran-
sitions from the ground sublevel of the 2F7/2 multiplet to
the Stark sublevels of the 2F5/2 multiplet. This interpre-
tation is confirmed by the fact that these three lines have
similar phonon wings. In Fig. 3, the portions of the
spectrum corresponding to these narrowest lines are
shifted along the wavenumber axis in such a way as to
bring them into coincidence. The positions of the peaks
in the phonon wings of these lines are seen to coincide.
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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The width of each phonon wing is about 600 cm–1,
which is approximately equal to the width of the
phonon spectrum of Yb2Ti2O7 [12]. The strongest peak
in a phonon wing located at ~52 cm–1 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 2F7/2 ground state were determined from the temper-
ature dependence of the anti-Stokes vibronic structure
of the spectral line at 10297 cm–1 (Fig. 4c). In Figs. 4a
and 4c, other narrow lines are also seen (near
10297 cm–1); these lines can be assigned to other Yb3+

centers present in the crystal under study.

Figure 5 shows the luminescence and luminescence
excitation spectra of the Yb3+ ion in an Y2Ti2O7 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 Y2O3 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 Y2O3 taken from [13]
are presented in Fig. 5 (f ). The luminescence line at
9700 cm–1 in spectrum a is related to Y2O3 : Yb [13].
The narrower line at 9630 cm–1 can be assigned to the
ytterbium ion in the Y2Ti2O7 matrix under study. In
order to verify this assignment, we studied the excita-
tion spectra of the luminescence at frequencies of 9700
(Yb3+ in Y2O3; spectrum b) and 9630 cm–1 (Yb3+ in
Y2Ti2O7; c). The lines at 10510 and 11030 cm–1 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 a frequency of 9700 cm–1, which can belong to
the phonon wing of the line at 9630 cm–1 from Yb3+ in
Y2Ti2O7. 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–1, as is the case in the transmission
spectra. Table 1 gives the positions of the 2F5/2 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 Y2Ti2O7, 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 in Y2O3) and 972 nm (spectrum e;
exact excitation of the level of Yb in Y2Ti2O7 but with
small detuning from the wide level of Yb in Y2O3).
Spectra d 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
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
by arrows). The energies of the Stark sublevels of the
2F7/2 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–1.

Thus, based on the experimental transmission and
luminescence spectra, we determined the energy levels
of the ytterbium ion in Yb2Ti2O7 and Y2Ti2O7, respec-
tively. Furthermore, we detected strong electron–
phonon interaction, which should be taken into account
when analyzing the spin dynamics in the frustrated
Yb2Ti2O7 magnet.
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Fig. 5. (a) Luminescence spectrum of the Yb3+ ion in a
Y2Ti2O7 sample; (b, c) luminescence excitation spectra for
luminescence measured at frequencies of 9700 and
9630 cm–1, respectively; (d, e) selectively excited lumines-
cence spectra; (f) Yb3+ levels in a Y2O3 sample [13]; and (g)

Yb3+ levels in Y2Ti2O7.
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Table 1.  Energies (cm–1), symmetry (irreducible representations of the D3d group), and g factors for the Stark sublevels
of rare-earth ions in R2Ti2O7

Y2Ti2O7 : Yb (1%) Yb2Ti2O7 (2F7/2, 2F5/2) Er2Ti2O7 (4I15/2) Ho2Ti2O7 (5I8) Tb2Ti2O7 (7F6)

experiment experiment calculation experiment
[8] calculation experiment

[5, 21] calculation experiment
[4, 6] calculation

0 0(Γ4) 0 0 0(E) 0(E) 0(E) 0(E)

g|| = 1.79 g|| = 1.836 (Γ4) g|| = 18.70 g|| = 19.32 g|| = 10.2 ± 0.6 g|| = 10.4

g⊥  = 4.27 g⊥  = 4.282 g|| = 2.32 – 166(A2) 12.1 ± 0.5(E) 12.1(E)
2F7/2 [10] g⊥  > 6 g⊥  = 6.8 177.4(E) 177(E) g|| = 11.8 ± 1.6 g|| = 13.4

481 476 528(Γ4) 51 51.6(Γ56) 209.7(E) 213(E) 83.5 ± 0.7 76.4(A2)

657 655 649(Γ56) 59 58.8(Γ4) – 224(A1) 116.7 120(A1)

976 – 972(Γ4) – 135(Γ4) 475.8(E) 471(E) 284(E)

10291 10297 10293 – 447(Γ4) – 545(A1) 314(A2)

(Γ4) – 458(Γ56) – 564(A2) 318(A1)
2F5/2 10847 10821 10736 – 490(Γ4) 572.6(E) 565(E) 439(E)

(Γ4) – 710(Γ56) 621(E) 617(E) 510(A1)

11014 11005 11004 – 647(A1)

(Γ56) –
4. CALCULATION OF THE ENERGY SPECTRUM 
USING THE CRYSTAL-FIELD THEORY

The effective Hamiltonian of a RE ion in a D3d sym-
metry crystal field can be written as

(1)

This Hamiltonian contains six independent nonzero

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

(2)

where  and are the contributions from the
electrostatic field of the lattice and from exchange

charges, respectively. When calculating , we take
into account screening [15] and the spatial distribution
of the ligand charges [16]. The potential produced by
the exchange charges is found as a linear combination
of the squares of the overlap integrals Ss, Sσ, and Sπ of
the RE-ion 4f orbitals and the 2s and 2p orbitals of the
nearest neighbor oxygen ions, which determine the
exchange effectiveness [14]:

(3)

HCF B0
2C0

2( ) B0
4C0

4( ) B0
6C0

6( ) B3
4 C3

4( ) C 3–
4( )–( )+ + +=

+ B3
6 C3

6( ) C 3–
6( )–( ) V6

6 C6
6( ) C6

6( )+( )+

Bq
k Cq

k( )

Bq
k Bq

el( )k Bq
ex( )k,+=

Bq
el( )k Bq

ex( )k

Bq
el( )k

Sk RL( ) Gs Ss RL( )[ ] 2 Gσ Sσ RL( )[ ] 2+=

+ 2 k k 1+( )/12–[ ] Gπ Sπ RL( )[ ] 2.
P

Here, RL is the distance from the RE ion to a ligand and
Gs, Gσ, and Gπ are phenomenological 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 O2– ions). The ECM parameters
are significantly different for the two nonequivalent
oxygen-ion positions O1 and O2 (Fig. 2a): Gσ = Gs =
Gπ = 13.5 for O1, and Gσ = Gs = Gπ/0.8 = 20 for O2.
These values are obtained using relations between the
parameters Gα found earlier [14, 19] and the data on the
CF parameters for Ho2Ti2O7 [5] and on the ECM
parameters for Yb3+ in Yb3Al5O12 [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 Yb3+ in Yb2Ti2O7. Based on the results
of calculations for Yb2Ti2O7, we also determined the
CF parameters for Tb2Ti2O7, Er2Ti2O7, Ho2Ti2O7, and
Tm2Ti2O7. The values of the CF parameters obtained
using the variation procedure are listed 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 almost 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 Yb3+ ion in a
crystal field are used to determine the electric-field gra-
dient at the 172Yb nucleus sites in Yb2Ti2O7 as a func-
tion of temperature. The results agree well with experi-
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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Table 2.  Crystal-field parameters  (cm–1) and the bond lengths (nm) between the rare-earth ion and the nearest neighbor
oxygen ions [R(RE–O1) = R1, R(RE–O2) = R2] in rare-earth titanates R2Ti2O7

R1 R2

Tb2Ti2O7 440 2535 850 735 –630 850 0.2194 0.2496

Ho2Ti2O7 [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

Er2Ti2O7 534 2524 748 698 –521 755 0.2182 0.2488

Tm2Ti2O7 540 2510 850 670 –505 775 0.2179 0.2474

Yb2Ti2O7 [10] 539 569 1568 916 –510 790 0.2172 0.2454

ECM 590 2186 822 611 –498 701 0.2187 0.2477

(Y2Ti2O7 : Yb3+) 546 2540 840 602 –462 757

Bp
k

B0
2 B0

4 B0
6 B3

4 B3
6 B6

6

mental data [10]. The calculated relative intensities of
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
Yb2Ti2O7 and the luminescence spectra of Y2Ti2O7 :
Yb3+ (1%). The results have been used to find the
energy levels of the 4f 13 configuration of the Yb3+ ion in
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 Yb2Ti2O7. The energy levels and g
factors have been calculated for titanates Yb2Ti2O7,
Y2Ti2O7 : Yb, Tb2Ti2O7, Er2Ti2O7, Ho2Ti2O7, and
Tm2Ti2O7 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.

ACKNOWLEDGMENTS

This study was supported by the Russian Founda-
tion for Basic Research (project nos. 04-02-17346, 03-
02-16449), the Presidium of the Russian Academy of
Sciences (program “Quantum Macroscopic Physics”),
and the Department of Physical Sciences of the Russian
Academy of Sciences (program “Strongly Correlated
Electrons in Semiconductors, Metals, Superconduc-
tors, and Magnetic Materials”).
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
REFERENCES
1. O. Knop, F. Brisse, and L. Castelliz, Can. J. Chem. 47,

971 (1969).
2. S. T. Bramwell, M. J. Harris, B. C. Den Hertog,

M. J. P. Gingras, J. S. Gardner, D. F. McMorrow,
A. R. Wildes, A. L. O. Cornelius, J. D. M. Champion,
R. G. Melko, and T. Fennell, Phys. Rev. Lett. 87 (4),
047205 (2001).

3. A. P. Ramirez, A. Hayashi, R. J. Cava, R. Siddharthan,
and B. S. Shastry, Nature 399, 333 (1999).

4. M. J. P. Gingras, B. C. Den Hertog, M. Faucher,
J. S. Gardner, S. R. Dunsiger, L. J. Chang, B. D. Gaulin,
N. P. Raju, and J. E. Greedan, Phys. Rev. B 62 (10), 6496
(2000).

5. S. Rosenkranz, A. P. Ramirez, A. Hayashi, R. J. Cava,
R. Siddharthan, and B. S. Shastry, J. Appl. Phys. 87 (9),
5914 (2000).

6. J. S. Gardner, B. D. Gaulin, A. J. Berlinsky, P. Waldron,
S. R. Dunsiger, N. P. Raju, and J. E. Greedan, Phys. Rev.
B 64 (22), 224 416 (2001).

7. J. S. Gardner, S. R. Dunsiger, B. D. Gaulin, M. J. P. Gin-
gras, J. E. Greedan, R. F. Kiefl, M. D. Lumsden,
W. A. MacFarlane, N. P. Raju, J. E. Sonier, I. Swainson,
and Z. Tun, Phys. Rev. Lett. 82 (5), 1012 (1999).

8. J. D. M. Champion, M. J. Harris, P. C. W. Holdsworth,
A. S. Wills, G. Balakrishnan, S. T. Bramwell, E. Cizmar,
T. Fennell, J. S. Gardner, J. Lago, D. F. McMorrow,
M. Orendac, A. Orendacova, D. McK. Paul, R. I. Smith,
M. T. F. Telling, and A. Wildes, Phys. Rev. B 68 (2),
020401 (2003).

9. A. Sengupta, J. Jana, and D. Ghosh, J. Phys. Chem. Sol-
ids 60, 331 (1999).

10. J. A. Hodges, P. Bonville, A. Forget, M. Rams, K. Krolas,
and G. Dhalenne, J. Phys.: Condens. Matter 13, 9301
(2001).

11. G. H. Dieke, Spectra and Energy Levels of Rare Earth
Ions in Crystals (Interscience, New York, 1968).

12. M. T. Vandemborre, E. Husson, J. P. Chatry, and
D. Michel, J. Raman Spectrosc. 14 (2), 63 (1983).



1430 KLIMIN et al.
13. E. Antic-Fidancev, J. Holsa, and M. Lastusaari, J. Phys.:
Condens. Matter 15, 863 (2003).

14. B. Z. Malkin, in Spectroscopy of Solids Containing Rare
Earth Ions, Ed. by A. A. Kaplyanskiœ and
R. M. Macfarlane (North-Holland, Amsterdam, 1987),
Chap. 2.

15. R. P. Gupta and S. K. Sen, Phys. Rev. A 7 (3), 850
(1973).

16. D. Garcia and M. Faucher, Phys. Rev. B 30 (4), 1703
(1984).

17. A. J. Freeman and R. E. Watson, Phys. Rev. 127 (6),
2058 (1962).
P

18. E. Clementi and A. D. McLean, Phys. Rev. 133 (2A),
A419 (1964).

19. M. Faucher, D. Garcia, and C. K. Jørgensen, Chem.
Phys. Lett. 129, 387 (1986).

20. G. A. Bogomolova, L. A. Bumagina, A. A. Kaminskii,
and B. Z. Malkin, Sov. Phys. Solid State 19, 1428
(1977).

21. R. Siddharthan, B. S. Shastry, A. P. Ramirez, A. Hayashi,
R. J. Cava, and S. Rosenkranz, Phys. Rev. Lett. 83 (9),
1854 (1999).

Translated by Yu. Epifanov
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005



  

Physics of the Solid State, Vol. 47, No. 8, 2005, pp. 1431–1435. Translated from Fizika Tverdogo Tela, Vol. 47, No. 8, 2005, pp. 1381–1385.
Original Russian Text Copyright © 2005 by Nikiforov, Zakharov, Ugryumov, Kazanski

 

œ

 

, Ryskin, Shakurov.

                                                                                                

PROCEEDINGS OF THE XII FEOFILOV WORKSHOP
“SPECTROSCOPY OF CRYSTALS ACTIVATED 

BY RARE-EARTH AND TRANSITION-METAL IONS”

 

(Yekaterinburg, Russia, September 22–25, 2004)
Crystal Fields of Hexameric Rare-Earth Clusters in Fluorites
A. E. Nikiforov*, A. Yu. Zakharov*, M. Yu. Ugryumov*, S. A. Kazanskiœ**, 

A. I. Ryskin**, and G. S. Shakurov***
* Ural State University, pr. Lenina 51, Yekaterinburg, 620083 Russia

e-mail: Anatoliy.Nikiforov@usu.ru
** Vavilov State Optical Institute, St. Petersburg, 199034 Russia

*** Zavoœskiœ Physicotechnical Institute, Kazan Scientific Center, Russian Academy of Sciences, 
Sibirskiœ trakt 10/7, Kazan 29, 420029 Tatarstan, Russia

Abstract—In solid solutions of alkaline- and rare-earth fluorides with a fluorite 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 lattice without changing its shape. An analysis of the EPR spectra
of paramagnetic RE ions (Er3+, Tm3+, Yb3+) in clusters of diamagnetic ions (Lu3+, Y3+) confirms their hexagonal
structure, which was established when studying the superstructures of the compounds under study. In such a
cluster, a RE ion is in a nearly tetragonal crystal field, with the parameters of this field differing radically from
those of single cubic and tetragonal RE centers in crystals with a fluorite structure. In particular, this field causes
high (close to 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 MF2 crystals (M = Ca, Sr, Ba). The
crystal field and energy spectrum of Er3+, Tm3+, 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 alkaline-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 the impurity 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 (Ln3+–F–, tetragonal and/or trigonal
centers) and nonlocal (Ln3+, cubic center) charge com-
pensation form in the fluorite lattice. At a high concen-
tration, clusters of Ln3+ and F– ions form [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 models 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 structural information has been
obtained for hexameric clusters. With x-ray diffraction,
Fedorov et al. [6] showed that, under special synthesis
conditions, nonstoichiometric fluorite-like solid solu-
1063-7834/05/4708- $26.00 1431
tions exhibit superstructure ordering. The main statisti-
cal motif of these superstructures is an R6F37 cluster,
which is actually identical to the M6F32 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-
ters in 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 spectra of RE ions, the authors
of [7–9] could observe unusual EPR spectra of Er3+,
Tm3+, and Yb3+ ions in M1 – xLnxF2 + x (Ln = 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 a RE ion site is close to tetrag-
onal. The paramagnetic ions under study have the high-
est principal value of the g|| tensor (which is comparable
to the theoretical limit), and g⊥  ≈ 0 for them. Moreover,
the EPR spectrum of non-Kramers Tm3+ ions was
detected in those studies for the first 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-
© 2005 Pleiades Publishing, Inc.
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magnetic ions located in hexameric clusters formed by
diamagnetic Ln3+ and Y3+ ions. These clusters contain
an F12 cuboctahedron made of twelve F– anions with
one F– ion inside. The cuboctahedron is surrounded by
six square antiprisms, and the six Ln (Y) ions that 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 all three
paramagnetic RE ions (Er3+, Tm3+, Yb3+) in an R6F37
cluster. The calculations confirm the assumption that
the anomalous EPR spectra belong to the paramagnetic
ions located in the cluster.

2. EPR SPECTRUM OF A Tm3+ ION
IN HEXAMERIC CLUSTERS IN FLUORITE-TYPE 

CRYSTALS

The crystals to be studied were grown using the
Bridgman–Stockbarger method in graphite crucibles in
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 65–100 GHz.

,

Ln

F

Fig. 1. R6F37 hexameric cluster with an inner F12 + 1 cuboc-
tahedron that substitutes for the M6F32 building block (inner
fluorine cube) of the fluorite lattice.
PH
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: CaF2 : (1 mol % Y, 0.05 mol % Tm) and CaF2 :
(5 mol % Y 0.1 mol % Tm). The samples under study
were 4 × 2 × 0.5 mm in 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-
quencies on magnetic field for the B0 || [001] orienta-
tion on a quasi-optical spectrometer for the following
crystals: CaF2 : (1 mol % Y, 0.05 mol % Tm) and SrF2 :
(3 mol % Lu, 0.1 mol % Tm). Since this spectrometer
had no resonator, the samples must have large sizes for
EPR to be recorded. The usual sample dimensions were
10 × 10 × 10 mm, which results in a substantially
increased number of microblocks. However, the angu-
lar dependence of the EPR spectra is weak for the B0 ||
[001] orientation and spectra taken from different
blocks merge to form one line.

The results obtained for crystals with Tm3+ are inter-
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|| (g⊥  = 0) [11]. The effective spin
Hamiltonian of a system consisting of one electron spin
(S = 1/2) and one nuclear spin (I = 1/2) in a magnetic
field has the form

(1)

where ∆ is the initial splitting and A is the hyperfine inter-
action constant of a Tm3+ ion (A = 0.1550(±0.002) cm–1).

The resonance frequency is

(2)

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

The EPR spectra of Tm3+ ions consist of relatively
narrow lines forming characteristic doublets due to
hyperfine interaction. The distance between doublet
components is approximately constant and equal to the
hyperfine interaction constant in units of the magnetic
field B0 || C4 (Fig. 2). The EPR spectra of Tm3+ ions in
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, Sr, or Ba), the
type of diamagnetic ions forming the clusters (Ln or Y),
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 Tm3+ ion in a
zero magnetic field.

The spectroscopic parameters measured by opti-
cally detected EPR [7–9] and by traditional EPR are
given in the table.

H ∆Sx g||µBSZB0Z ASZIZ,+ +=

νM g||µBB0Z Am+( )2 ∆2+[ ] 1/2
/h,=
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3. CRYSTAL FIELD AND SPECTROSCOPIC 
PARAMETERS OF THE GROUND STATES 
OF RE IONS IN HEXAMERIC CLUSTERS

When an R6F37 cluster forms, the crystal structure
changes substantially both inside the cluster and fairly
far from it in the crystalline matrix. The ions in a cluster
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
clusters in MF2 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
the ion cores and shells in 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

(3)

where the first term takes into account the interaction of
ion pairs and the second term is the interaction energy
between the core and shell of an individual ion (li is the

E 1/2 Vij

j ≠i( )
∑

i

∑ 1/2 kili
2,

i

∑+=
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shell shift of the ith ion with respect to its core). The
pair potential Vij includes the Coulomb interaction,
Born–Mayer repulsion, and van der Waals attraction
between the ith and jth ions. The R–F potentials for all
the RE ions under study were approximated by the
Gd3+–F– potential. The pair-potential parameters were
taken from [13].

Fig. 2. Effect of an applied magnetic field B0 on the

resonance frequency of the Tm3+ doublet in crystals
CaF2 : (1 mol % Y, 0.05 mol % Tm) and SrF2 : (3 mol % Lu,
0.1 mol % Tm).

10 2 3 4 5
B0, kG

0

1

2

3

1

2

3

ν 1
, c

m
–

1

g = 13.62
∆ = 0.20 cm–1

A|| = 0.155 cm–1

SrF2 : Lu3+, Tm3+

CaF2 : Y3+, Tm3+

Fitting
Experimental values of the spectroscopic parameters of the ground states of paramagnetic Er3+, Tm3+, and Yb3+ ions in clusters
of diamagnetic Lu3+ and Y3+ ions in fluorite-type crystals and the calculated values of these parameters for LnR6F37 (Ln = Er3+,
Tm3+, Yb3+) clusters in these crystals

Ion Crystal Ground state
Experimental values Calculated values

g|| δ, cm–1 g|| δ, cm–1

Er3+ CaF2 ±15/2 18 15.5 ± 0.3* – 17.9 –

SrF2 16 ± 0.5* – 17.9 –

BaF2 17.2 ± 0.3* – 18.0 –

Tm3+ CaF2 ±6 14 13.62 ± 0.03** δ1 = 0.20 ± 0.07** 13.8 0.9

13.8 ± 0.3* δ1 = 0.3 ± 0.1*

δ2 = 2 ± 1*

SrF2 13.62 ± 0.03** δ1 = 0.20 ± 0.07** 13.8 2.2

13.8 ± 0.3* δ1 = 0.3 ± 0.2*

δ2 ≥ 1*

BaF2 13.8 ± 0.3* 0.2 ± 0.1* 13.8 1.9

Yb3+ GaF2 6.8 ± 0.2* – 8.0 –

SrF2 ±7/2 8 Experimentally
undetected

– 7.9 –

BaF2 The same – 7.9 –

*Optically detected EPR results (ν1 = 36 GHz) for solid solutions over a wide range (y = 0.001–0.4) [9].
**EPR data (ν1 = 37–100 GHz) for CaF2 : (1 mol % Y, 0.05 mol % Tm).

***EPR data (ν1 = 37–100 GHz) for SrF2 : (3 mol % Lu, 0.1 mol % Tm).

g||
lim
5



1434 NIKIFOROV et al.
Our calculations show that it is sufficient to consider
a defect region consisting of 12–14 coordination shells
(~250 ions). In all MF2 crystals (M = Ca, Sr, Ba), relax-
ation results in the formation of a stable configuration
of the R6F37 cluster and surrounding ions. As a result of
relaxation, the F12 cuboctahedron increases in size and
is attracted to R6. 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
fluorine ions.

For further analysis, the structure of the nearest
environment of a RE 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 C4v 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 RE ion is D4d with an eightfold
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 CFs in the cluster and in a
simple tetragonal center (which also has C4v 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

(4)

where αp are the Stevens parameters;  are equivalent
operators, whose tabulated matrix elements can be

found in [15]; and  are the 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

H BpqOp
q

q

∑
p 2 4 6, ,=

∑ α p Bp
q Qp

q ,
q

∑
p 2 4 6, ,=

∑= =

Op
q

Bp
q

Fig. 3. Nearest symmetric environment of a RE ion in a hex-
americ cluster.

S8
a

b

a

P

functions of the 4f electrons and ligands. The parame-

ters  contain the electrostatic and exchange contri-
butions. The ECM parameters for Er3+, Tm3+, and Yb3+

ions are taken from [17, 18].

Let us analyze in more detail the case where a Tm3+

ion is in CaF2. The 3H6 ground state is split in the axial
field of the regular compressed antiprism (a = 3.07 Å,

b = 2.07 Å; b < a) (  = –561.27,  = –69.01,  =
27.17) to form Kramers doublets (±M) and one singlet
(M = 0). The ground-state doublet |±6〉  is 381.7 cm–1

from the next doublet; therefore, the criterion for appli-
cability of the spin Hamiltonian (1) is well satisfied.

The ground-state doublet is then split by the tetrag-

onal CF component (  = –438.71,  = –47.40,  =

544.55,  = 19.19,  = –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 ψ1 = 0.701(|–6〉  – |6〉) + 0.072(|2〉  – |–2〉), and
the nearest excited state is a singlet with wave function
ψ2 = 0.701(|6〉  + |–6〉) – 0.072(|2〉  + |–2〉) and energy
∆ = 0.9 cm–1. 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 ψ1 and ψ2 give g|| = 13.8 and g⊥  = 0.

As follows 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 centers in the fluorites.

For the Er3+ and Yb3+ 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
values of g|| (18 and 8, respectively) and g⊥  = 0. The cal-
culated spectroscopic parameters for the Er3+, Tm3+,
and Yb3+ ions in hexameric clusters in CaF2, SrF2, and
BaF2 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 all RE ions except Tm3+ are
found to be broad. Here, it is helpful to use an EPR
method where a signal is optically detected using mag-
netic circular dichroism in the absorption bands of RE
ions in solid solutions. It has been found that, over the
entire range of solid solutions, the symmetry of the RE

Bp
q
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0 B4

0 B6
0

B2
0 B4

0 B4
4
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0 B6
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ions in clusters is nearly tetragonal and the crystal field
is anomalous. This behavior results in the highest (com-
parable to the theoretical limit) principal values of the g
tensor for the paramagnetic ions under study and in the
appearance of the EPR spectrum from non-Kramers
Tm3+ ions, which was not detected earlier in fluorite-
type crystals.

Using computer simulation, we have determined the
atomic structure of an R6F37 hexagonal cluster in crys-
tals and calculated the crystal field and the energy spec-
trum of Er3+, Tm3+, and Yb3+ ions in 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 1S0 of
Pr3+ is considered. PrF3 clustering in BaF2 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 Pr3+ ion
overlaps the emission spectrum of a Ne–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: 1S0  1I0 (the first stage
of the cascade) and 3P0  3FJ, 3HJ (the second stage).
About 20 luminophors capable of cascade emission
have recently been discovered (see, e.g., [2–4]). To
facilitate searching for new CPE luminophors, a system
of requirements for matrices favoring the onset of cas-
cade emission has been developed [5]. The main
requirement set for matrices to produce 1S0 lumines-
cence is a weak crystal field that which would provide
a higher position of the lower 5d level relative to the 4f
level 1S0 of the praseodymium ion. To meet this require-
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 a large charge
and small ionic radius of a cation in the second coordi-
nation shell. These rules are actually not rigorous. For
1063-7834/05/4708- $26.00 1436
instance, the Ba2+ ion has a larger ionic radius than 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-
tions be met, namely, a low phonon energy in the matrix
as compared to the energy spacing between the 4f levels
of the praseodymium ion and a relatively low activator
concentration.

In this communication, we consider the influence of
various factors on the CPE efficiency in the particular
examples of BaF2 : Pr and SrAlF5 : Pr.

2. EXPERIMENTAL CONDITIONS

BaF2 : 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.

SrAlF5 : 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 all single-phase.

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

3. EXPERIMENTAL RESULTS

Figure 1 displays the luminescence spectra of bar-
ium fluoride, more specifically, of an undoped crystal
© 2005 Pleiades Publishing, Inc.
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(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 BaF2 : Pr(0.3%) features a strong line with a maxi-
mum at 480 nm and the luminescence spectrum of
BaF2 : Pr(3%) has a strong line peaking at 392 nm.

Figure 2 shows the luminescence kinetics of the
BaF2 : Pr(3%) sample obtained in a 800-ns time win-
dow. Two components can be isolated in the lumines-
cence kinetics: a fast one with a decay constant of 39 ns
and a slow one with a decay constant of 690 ns.

Shown in Fig. 3 are the luminescence spectra of
SrAlF5 : Pr(0.5%) samples obtained with different
charge compensators, namely, magnesium (Fig. 3a) and
sodium (Fig. 3b). The emission line due to the 3P0 
3H4 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. ANALYSIS OF THE EXPERIMENTAL DATA

A broad band peaking at about 300 nm is present in
all 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 data well [8].

Estimation of the mutual position of the lowest 5d
and the 4f level 1S0 of the Pr3+ ion in barium fluoride
shows that the 1S0 level overlaps with the 5d subband.
Thus, the 1S0 luminescence in praseodymium-doped
barium fluoride should be quenched. This suggestion is
strengthened by the shape of the BaF2 : 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 1S0  1I0 transitions in the
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Fig. 1. Luminescence spectra of (1) undoped barium fluo-
ride, (2) BaF2 : Pr(0.3%), and (3) BaF2 : Pr(3%).
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BaF2 : Pr(3%) spectrum (curve 2 in Fig. 1), we note that
the luminescence of praseodymium in this material is
similar to that in undoped PrF3 [10].
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Fig. 2. Luminescence kinetics of BaF2 : Pr(3%).
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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
BaF2 : Pr(3%) and PrF3 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 PrF3 clusters.
The formation of analogous clusters in Me1 – xLnxF2 + x
systems (Me = Ca, Sr, Ba; Ln is a lanthanide) was dis-
cussed in detail in [11]. This suggestion accounts for
the absence of 3P0 luminescence in BaF2 : Pr(3%);
namely, this luminescence in PrF3 is quenched by cross
relaxation. The presence of a fast component with τ =
39 ns in the luminescence kinetics of BaF2 : Pr(3%) can
be explained as being due to the partial admixture of 5d
states to the 1S0 state of the Pr3+ ion [12].

The luminescence lines of SrAlF5 : 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 SrAlF5 :
Pr,Na (Fig. 3b) are broader than those of SrAlF5 : Pr,Mg
(Fig. 3a) and the 1S0 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 Å) substitutes for
strontium (1.46 Å), whereas the Mg2+ ion with an ionic
radius of 0.86 Å substitutes for aluminum (0.67 Å). In
the SrAlF5 lattice, the Sr–Al distance is 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 1S0 luminescence.
In the presence of sodium, charge compensation takes
PH
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 is low in the case of
SrAlF5 : Pr,Na. The dipole moment of the compensa-
tor–emitting-center system in the case of magnesium is
smaller than with sodium, which can entail larger line
broadening in the SrAlF5 : Pr,Na case.

5. CONCLUSIONS
In most CPE luminophors, the energy spacing

between the lowest level of the 5d configuration and the
4f level 1S0 turns out to be very small (0.1–0.2 eV). As
a result, a very small change in the environment of the
luminescence center affects the efficiency of the first
stage of the cascade (the 1S0  1I0 transition).
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Abstract—The local structure of Tm2+ and Yb3+ cubic impurity centers in MeF2 : Tm2+ and MeF2 : Yb3+ (Me =
Ca, Sr, Ba) fluoride crystals, as well as Yb3+ trigonal and tetragonal impurity centers in MeF2 : Yb3+ 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 centers in wide-band-gap dielec-
tric crystals MeF2 (Me = Ca, Sr, Ba) stems from 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
(Tm2+, Yb3+) substitutes for an Me2+ cation to form a
cubic impurity center in the crystal lattice [1–3]. Het-
erovalent substitution of Yb3+ ions for Me2+ cations
leads to the formation of trigonal and tetragonal impu-
rity centers [4–6], in which an excess charge is 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 C3 or C4 crystallographic axis
(Fig. 1). The local structure of Yb3+ and Tm2+ impurity
centers in MeF2 : Yb3+ and MeF2 : Tm2+ crystals has
been investigated using ligand electron–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 covalence and overlapping effects.
Moreover, it is impossible 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 centers in fluorides, it is
expedient to calculate the local structure of these cen-
ters in the framework of the shell model. One of the first
calculations of the local structure of rare-earth impurity
centers in MeF2 compounds was carried by Malkin and
coworkers [7, 8]. In the present work, the local structure
of impurity centers was determined in the framework of
the shell model in the pair interaction approximation.
1063-7834/05/4708- $26.00 1439
2. MODEL CALCULATION OF THE ENERGY
OF A CRYSTAL

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

+

+

+

x y

z
C4

Fk

004

224

111000

220

C3

Fk

111

Fig. 1. Positions of F– compensating ions in the fluoride
structure. Closed and open circles indicate anions and cat-
ions, respectively.
© 2005 Pleiades Publishing, Inc.
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Table 1.  Radial coordinates of ions in the vicinity of the Tm2+ cubic impurity center in MeF2 : Tm2+ fluorides (pm)

Shell
(ion type)

CaF2 SrF2 BaF2

pure crystal experiment [3] calculation pure crystal experiment [3] calculation pure crystal calculation

1 (F) 235.8 238.5 250.3 244.3 267.5 251.1

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

Table 2.  Radial coordinates of ions in the vicinity of the Yb3+ cubic impurity center in MeF2 : Yb3+ fluorides (pm)

Shell
(ion type)

CaF2 SrF2 BaF2

pure 
crystal

experi-
ment [1] calculation pure

crystal
experi-

ment [1] calculation pure
crystal

experi-
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: Numbers in parentheses denote the error in units of the last decimal place.
potential approximation, the lattice energy can be rep-
resented in the form

(1)

where ki  is the energy of the core–shell interaction of
the ith ion, δi is the displacement of the shell with
respect to the core of the ion, and Vik is the energy of the
interaction between the ith and kth ions. This energy
can be written in the form

(2)

Here, the function

(3)

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

characterizes the short-range repulsion between the ion
shells (which is written in the form of the Born–Mayer
potential) and the van der Waals interaction; Xi and Yi

are the charges of the core and the shell of the ith ion,
respectively; and ri is the vector specifying the position

U lat
1
2
--- Vik

k ≠i( )
∑

i

∑ 1
2
--- kiδi

2,
i

∑+=

δi
2

Vik

XiXk

ri rk–
-----------------

YiXk

ri rk– δi+
---------------------------+=

+
XiYk

ri rk– δk–
----------------------------

YiYk

ri rk– δi δk–+
--------------------------------------+

+ f ik ri rk–( ) gik ri rk– δi δk–+( ).+

f ik r( ) Aik Bikr–( )/rexp–=

gik r( ) Cik Dikr–( )exp λ ik/r
6–=
P

of the core of the ith ion. In this work, we used the fol-
lowing values of the core charges: XF = +5, XMe = +8,
XYb = +11, and XTm = +10. The shell charges were
determined from the condition Zi = Xi + Yi, where Zi 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 MeF2 compounds are given
in [9]. When calculating the Yb3+–F– and Tm2+–F–

short-range interactions, the electrostatic screening was
ignored and the parameters C and D, as well as the
parameter ki 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 Yb3+ and Tm2+ impurity centers in
MeF2 : Yb3+ and MeF2 : Tm2+ fluorides (CYb, Tm–F =
262.594, DYb–F = 2.054, DTm–F = 2.181; kYb =
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 MeF2 : Tm2+ CRYSTALS

For Tm2+ cubic impurity centers in the MeF2 : Tm2+

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 pm in the
CaF2 compound and decrease by 6 and 10 pm in the
SrF2 and BaF2 compounds, respectively. According to
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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these calculations, the nearest cation environment of
the Tm2+ ion expands in the CaF2 crystal and contracts
in the SrF2 and BaF2 crystals. The angular coordinates
of the ions change only slightly (by no more than 0.02°)
in the CaF2 crystal and increase by 0.06° and 0.12° in
the third coordination shell of the SrF2 and BaF2 com-
pounds, respectively.

4. CUBIC, TETRAGONAL, AND TRIGONAL 
IMPURITY CENTERS IN MeF2 : Yb3+ CRYSTALS

As follows from our calculations, the Yb3+–ligand
distance in the cubic impurity centers (Table 2)
decreases in such a way that the change in this distance
in the series of MeF2 compounds increases with an
increase in the difference between the ionic radii of the
Yb3+ impurity ion and the substituted cation. The near-
est cation environment of the impurity ion expands. The
angular coordinates of the ions in the third coordination
shell of the CsF2, SrF2, and BaF2 compounds increase
by 0.18°, 0.26°, and 0.33°, respectively.

For an Yb3+ tetragonal impurity center in the
CaF2 : Yb3+ 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 C4 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.
The tetragon formed by four ions of the 220 type (Fig. 1)

C4

Fk

R3+

Fig. 2. Displacements of anions in the tetragonal impurity
center.
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expands in the plane perpendicular to the C4 axis and is
displaced downward along this axis. Tetragons of the

202 and  type contract in the plane perpendicular to
the C4 axis and are displaced upward and downward
along this axis, respectively.

For Yb3+ trigonal impurity centers in the SrF2 : Yb3+

and BaF2 : Yb3+ compounds, the calculations predicted
similar displacements (Fig. 3). The Yb3+ impurity ion is
displaced away from the compensating fluorine ion
along the C3 axis by 4.4 pm in the SrF2 : Yb3+ crystal
and by 4.6 pm in the BaF2 : Yb3+ crystal. The compen-
sating fluorine ion is displaced with respect to the inter-
stice in the pure crystal toward the Yb3+ ion by 44 and
27 pm in the BaF2 and SrF2 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 Yb3+ ion by 45
and 31 pm in the BaF2 and SrF2 crystals, respectively.
The angle between the C3 axis and the straight line
passing through the compensating fluorine ion and the

202

Fig. 3. Displacements of anions in the trigonal impurity
center.

Table 3.  Coordinates of anions in the vicinity of the Yb3+ tet-
ragonal impurity center in the CaF2 : Yb3+ fluoride (the origin
of the coordinates coincides with the impurity ion)

Shell, ion type 
(number of ions) R, pm θ, deg ϕ, deg

1, 111 (4) 235.2 63.92 45

1, (4) 247.9 129.94 45

Fk 238.4 0 0

111

C3

R3+

Fk
5
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ligand increases for a triad of the  ligands and

decreases for a triad of the  ligands. The coordi-
nates of the anions in the vicinity of the tetragonal and
trigonal Yb3+ 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
Yb3+–F and Tm2+–F short-range interactions.

111

111

Table 4.  Coordinates of anions in the vicinity of the Yb3+ trig-
onal impurity center in SrF2 : Yb3+ and BaF2 : Yb3+ fluorides
(the origin of the coordinates coincides with the impurity ion)

Shell, ion 
type (num-
ber of ions)

SrF2 : Yb3+ BaF2 : Yb3+

R, pm θ, deg R, pm θ, deg

calcula-
tion

calcula-
tion

experi-
ment [5]

calcula-
tion

calcula-
tion

1, 111 (1) 224.2 0 0 226.7 0

1, (1) 239.4 180 180 243.3 180

1, (3) 241.9 70.57 71.0(1) 245.9 70.97

1, (3) 238.9 109.03 109.6(1) 241.4 109.14

Fk 478.8 0 0 499.9 0

111

111

111
PH
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Abstract—Pulsed cathodoluminescence (PCL) of CeF3 crystals was studied using a KLAVI-type setup. PCL
was excited by bombarding samples in air at room temperature using a 2-ns pulsed electron beam at an electron
energy of 170 keV, current density of 160 A/cm2, and repetition rate of 2.5 Hz. Luminescence and phosphores-
cence were observed in the UV and visible spectral regions. The phosphorescence is tentatively associated with
the Ce2+ 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 valence–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
ions Ce3+, Nd3+, and Pr3+ [1]. Ce3+-activated crystals are
also considered promising for the development of fast
scintillators whose operation involves 5d  4f inter-
configuration transitions in cerium ions [2]. These scin-
tillators can be employed for the detection of events in
the physics of elementary particles, nuclear physics,
and other areas requiring a fast 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 properties as a
high density and high mechanical and radiation
strength, CeF3 crystals also exhibit effects that restrict
their use as detectors. These include comparatively
long luminescence times (~30 ns) [3], a low light yield
in the Ce3+ 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 O2– 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.
1063-7834/05/4708- $26.001443
2. MEASUREMENTS AND RESULTS

2.1. Experimental Technique and Samples

Experiments were conducted on a KLAVI-type
setup (pulsed cathodoluminescent analyzer) [4]. The
observed pulsed cathodoluminescence (PCL) was
excited by bombarding samples in air at room temper-
ature using an electron beam with a pulse length of 2 ns,
electron energy of 170 keV, and current density of
160 A/cm2 at a repetition rate of 2.5 Hz. The error in
wavelength measurement was ∆λ = ± 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 CeF3 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) is typically 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 τ ≈
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 λ = 295 and 445 nm indi-
cates that 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
 © 2005 Pleiades Publishing, Inc.
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with wavelengths of 433 and 487 nm (Fig. 1b). The
possible deviation of these data from the values given in
the literature should be assigned to ambiguities in the
unfolding into Gaussians.

2.3. Discussion of the Results

An earlier study of CeF3 crystals [3] revealed two
systems of luminescence bands, namely, fast (at 286
and 305 nm, τ ≈ 5 ns) and slow (at 305 and 325 nm, τ ≈
30 ns) components. The 2F-level splitting was esti-
mated to be ∆E = 2300 cm–1. The fast luminescence is
produced in the Ce3+(5d)  Ce3+(2F) transition (pro-
cess 1 in Fig. 2) and is present in the PCL spectrum but
cannot be spectrally resolved from the slow compo-
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Fig. 1. Typical PCL spectrum of CeF3 measured in (a) the
UV and (b) visible regions.
P

nents. It is this luminescence that is desirable in design-
ing a scintillator.

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 Ce4+

and Ce2+ 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 Ce3+(2F) ion is excited by an electron beam to
the Ce3+(5d) state. In this process, the 5d electron can
transfer resonantly to a neighboring Ce3+(2F) ion (pro-
cess 2 in Fig. 2) to form a pair of ions, Ce4+(1S0) and
Ce2+(3H4). This process will be efficient if the energy of
the Ce2+(3H4) ground state is close to that of the
Ce3+(5d) state. Unfortunately, data on the Ce2+ energy
structure in CeF3 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 as the Ce2+ ion, and to find the position of the energy
levels from the dips observed in the luminescence exci-
tation spectrum of CeF3 crystals [2]. The results are pre-
sented in Fig. 2. Electron transfer from the Ce2+(3H4)
ion back through the 5d band of the Ce4+ ion (process 3
in Fig. 2) gives rise to the formation of a pair of Ce3+

ions, with one of them being in the 5d state and the
other being in one of the 2F states. This is followed by
a radiative transition from the 5d to 2F levels. The end
result is the formation of two Ce3+ ions in 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 Ce2+ ion
being metastable.

(2) The ground-state Ce3+ ion is ionized by an elec-
tron beam either directly or via the 6s state (process 4
in Fig. 2) to become Ce4+. A conduction band electron

eee

eee
eee

333
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56s
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1

2
4

1D2
3F43F2
3H63H5

1G43F3

2F7/2
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Ce3+ Ce4+ Ce2+

Fig. 2. Energy level diagram of cerium ions in CeF3 and
possible electronic transitions.

3H4
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is captured by another Ce3+(2F) ion to form a Ce2+ ion
in an excited state, which is then de-excited via a radi-
ative transition to the Ce2+(3H4) ground state (process 5
in Fig. 2). As a result, 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 1D2 level of the Ce2+ ion
via nonradiative transitions from the conduction band
or resonantly from the 6s band, which is followed by a
radiative transition from the 1D2 to the 3H4 level. This
transition produces a narrow band with a wavelength 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-
quently occurs following the second of the two vari-
ants.

The ionization process described above is 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 Ce2+(3H4).

3. CONCLUSIONS
The above hypothesis assuming an alternate path-

way for the transfer of the Ce3+(5d) excitation energy to
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
the formation of Ce2+ and Ce4+ ion pairs is corroborated
by the results obtained in luminescence studies and
accounts for the low scintillation light yield in CeF3
crystals. It is conceivable that Ce2+ forms only in crys-
tals with a high Ce content. Therefore, this hypothesis
has to be tested in crystals with a low Ce content
(BaF2 : Ce, CaF2 : Ce, etc.), where this reaction may not
be dominant.
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Abstract—Time-resolved excitation and emission spectra of SrF2 : Er3+ 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
SrF2 : Er3+ derives from high-energy interconfiguration 4f 105d–4f 11 transitions in the Er3+ ion. The VUV emis-
sion spectrum revealed, in addition to the 164.5-nm band (millisecond-range kinetics), a band at 146.4 nm (with
a decay time of less than 600 ps). The formation of excitation spectra for the f–f and f–d transitions in the Er3+

ion is discussed. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

SrF2 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
Er3+ luminescence in SrF2 : Er3+ in the range 4–25 eV
(50–309 nm), as well as of VUV luminescence in 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

SrF2 : 1% Er3+ 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
beamline at HASYLAB (DESY, Hamburg). A 2-m vac-
uum monochromator with a resolution of 3.2 Å was
employed for excitation in the range 4–25 eV. 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
1063-7834/05/4708- $26.00 1446
VUV region was measured with an 0.5-m vacuum
monochromator and a sun-blind R6836 PM tube.
Undulator radiation and a Zeiss SX700 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 ∆t1 (fast component)
and ∆t2 (slow component) wide delayed with respect to
the SR pulse by δt1 and δt2, respectively. The excitation
spectra are normalized against an equal number of pho-
tons incident 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 conducted at T = 8 K in a
cryostat providing an oil-free vacuum of (2–5) ×
10−10 Torr.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The main features of the excitation spectra of the
551-nm luminescence, which derives from the stron-
gest f–f transition 4S3/2  4I15/2 in the Er3+ ion in a
SrF2 : 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 a number of
narrow bands of various intensities. The f–f transition
bands in the SrF2 : Er3+ excitation spectrum were
assigned by us in accordance with calculations and
experimental data on the energy levels of the 4f 11 con-
figuration of the Er3+ ion in LiYF4 [7, 8]. In the UV
© 2005 Pleiades Publishing, Inc.
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(δt1 = 0.6 ns, ∆t1 = 1.8 ns) and (4) a slow time window (δt2 = 12 ns, ∆t2 = 19.3 ns). SrF2 : 1% Er3+, T = 8 K.
region, transitions are observed to the multiplet levels
4G7/2 (292 nm), 2D5/2 (287 nm), 2H(2)9/2 (273 nm), 4D5/2

(259 nm), 4D7/2 (256 nm), 2I11/2 (243 nm), nonresolv-
able 2L17/2 and 4D3/2 (235–241 nm), and 2I13/2 (230 nm).
In the VUV region, distinct lines are observed corre-
sponding to transitions to the multiplets 2H(1)11/2

(195 nm) and 2F(2)7/2 (183 nm). The band deriving
from the transition to the 2F(2)5/2 level and mentioned
in [8] is very 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,
Er3+ 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      200
4f 11-configuration ground-state levels [5, 6, 9–11]. We
measured low-temperature time-resolved VUV emis-
sion spectra of SrF2 : Er3+ 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
“slow” time window, the well-known 164.3-nm band is
observed; this band is produced by the 4f 105d(HS) 
4I15/2 transition [5, 6]. In the fast time window, we suc-
ceeded in observing a band at 146.4 nm emitted in the
SrF2 : Er3+ system. The decay time constant of this
luminescence band, as derived from the convolution
integral, does not exceed 600 ps.

In the slow time window, the strongest excitation
bands of the d–f luminescence, 4f 105d(HS)  4I15/2,
were observed under excitation near 154, 144, and
134 nm (curve 2 in the figure). One can also see a weak
band at 159 nm, which signals the onset of excitation of
d–f luminescence (4f 105d(HS)  4I15/2). Note also the
presence of fairly weak bands at 129 and 139 nm in the
spectrum.

An analysis of the VUV luminescence and the exci-
tation spectra of d–f and f–f luminescence revealed the
following features.
5
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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 (4S3/2 
4I15/2) observed against the background of broad intense
bands.

(2) The d–f and f–f luminescence yield
(4f 105d(HS)  4I15/2 and 4S3/2  4I15/2 transitions,
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 (this region is not shown in the figure).

(3) The difference in energy position between the
maxima of the slow (at 164.3 nm; 4f 105d(HS) 
4I15/2) and fast (at 146.4 nm) d–f luminescence is fairly
large (0.91 eV).

(4) The excitation spectra of the 4f 105d(HS) 
4I15/2 and 4S3/2  4I15/2 luminescence follow opposite
patterns in 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–
0.95 eV.

The opposite patterns of the excitation spectra of the
f–f and d–f luminescence reflect the competitive excita-
tion energy transfer to radiating levels of the 4f105d and
4f11 configurations, which is characteristic of the Er3+

ion in SrF2 : Er3+.
The suppression of impurity luminescence observed

to occur under excitation at the onset of interband tran-
sitions in SrF2 (Eg = 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 4f10 5d configuration of the Er3+ ion in
SrF2.

In terms of its pattern, the 159-nm band in the exci-
tation spectrum of 4f 105d(HS)  4I15/2 luminescence
can be assigned to the spin-forbidden f–d transition.
According to the Hund rule, this suggests that this spec-
tral region corresponds to the lowest energy state in the
4f 105d configuration of the Er3+ ion in SrF2 and that the
strong 154-nm band indicates the onset of spin-allowed
f–d transitions. If this is so, then the nature of the 155-
to 173-nm structured band in the 4S3/2  4I15/2 lumi-
nescence excitation spectrum remains unclear.

We estimated the Stokes shift for the low-spin
excited state of the 4f 105d configuration of the Er3+ ion
in SrF2 as 1800 cm–1. Assuming the quartet and sextet
excited states to have the same Stokes shifts, one could
expect the existence of a d–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
PH
experiments or in the SrF2 : Er3+ studied in [5, 6]. This
may be accounted for by the existence of strong nonra-
diative cross relaxation between the LS and HS Er3+

levels in SrF2, which are separated by about 2150 cm–1.
This value is substantially smaller than, for instance,
that in the LiYF4 crystal, where both d–f luminescence
bands are seen and the difference is about 3300 cm–1 [5,
6, 11]. A similar explanation was advanced in [9],
where the Er3+ d–f luminescence in KYF4 was found to
follow the same pattern. This suggests that the observed
fast 146.4-nm luminescence in SrF2 : Er3+ should most
probably be assigned to a higher lying radiating low-
spin 4f 105d configuration. As far as we are aware, how-
ever, information on the observation of these transitions
is presently lacking.

4. CONCLUSIONS

The low-temperature VUV emission spectra of
SrF2 : 1% Er3+ have been found to reveal, in addition to
the well-known 164.5-nm band associated with the
4f 105d(HS)  4I15/2 transition, a new luminescence
band at 146.4 nm (τ < 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 4f 105d configuration has been
found to occur via the 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 4f 105d configuration of Er3+ ions in SrF2 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 105d configuration.

Observation of the fast VUV luminescence band in
SrF2 : Er3+ crystals is 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 Y0.03Ca0.97F2.03 : Gd3+ and Y0.03Cd0.97F2.03 : Gd3+ single crystals revealed the pres-
ence of Gd3+ 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-
tals doped with Group III 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 R6M8F68, 69, rare-earth tetrahedral R4M10F67,
and alkaline-earth octahedral R8M6F71, where R stands
for a rare-earth element or yttrium and M is Ca, Se, Ba,
Cd, or Pb. Due to their shape and size, which are prac-
tically identical to those of the fluorite building block
M14F64, 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 RxM1 – xF2 + x 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 YxCa1 – xF2 + x is
Y6F37 (supercluster Y6M8F69); this is borne out, in par-
ticular, by the existence of Tm3+, Er3+, and Yb3+ 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 Gd3+ centers to 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 was diluted, as in [2], by Y3+ diamagnetic
1063-7834/05/4708- $26.00 1450
ions; i.e., we studied CaF2 and CdF2 single crystals
doped by 3 mol % YF3 and 0.01 (samples 3, 3') or
0.1 mol % GdF3 (samples 4, 4'), as well as crystals with
the same GdF3 doping levels but without YF3 (CaF2
samples 1, 2; CdF2 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 YxCa1 – xF2 + x : Gd3+ samples exhibit well-
known EPR spectra of cubic centers [10] (a single Gd3+

ion occupying the Ca2+ position) and simple tetragonal
centers (a Gd3+ ion in the Ca2+ position and a fluorine
ion in the nearest neighbor interstice on the C4 axis)
with S = 7/2. The only difference is that samples 1 are
dominated by tetragonal centers, while in 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 tetragonal centers are barely
detectable, whereas the EPR spectra of cubic centers
are very strong (although they are noticeably broadened
as compared to those of samples 1 and 2).

The spectrum of a cubic center is described by a spin
Hamiltonian with the parameters listed in the table. The
integrated intensity of the spectrum of cubic centers
increases by nearly two orders of magnitude as one
goes from 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 a factor of 2 to 3.

Samples 1' and 2' exhibit a strong EPR spectrum of
the Gd3+ cubic center, which differs only slightly from
that of the CdF2 : Gd3+ studied in [11].
© 2005 Pleiades Publishing, Inc.



        

PARAMAGNETIC RESONANCE OF Gd

 

3+

 

 IONS 1451

                                                        
As one goes from samples 1' to samples 2' (unlike
YxCa1 – xF2 + x : Gd3+), the integrated EPR intensity of
the Gd3+ cubic center grows by more than 20%. Sam-
ples 3' and 4' doped by yttrium exhibit a weak spectrum
similar to that of the Gd3+ cubic center characteristic of
samples 1' and 2'. Note that the width of the cubic-cen-
ter lines in sample 4' is approximately three times larger
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
accounts for the sharp increase in the rms deviation (see
table).

An analysis of the values of ∆Bres/∆θ and dBres/db4
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-
sitions is due to the existence of a family 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 Y6F36, 37
clusters (for instance, as a result of the association of
several clusters).

Note that our crystals without 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 Gd3+ 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 spectra being due to single Gd3+ ions that are in
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 a large enough range of magnetic field ori-
entations.

Investigation of the angular dependence of the spec-
trum of YxCa1 – xF2 + x : Gd3+ showed that the resonance
positions of the family of new EPR signals with similar
parameters reach an extremum at B || C4 and that prac-
tically all new signals split as one moves away from
B || C3. This behavior of the EPR spectrum suggests the
observed centers to have tetragonal symmetry. The
averaged axial parameter b20 of a group of tetragonal
centers is found to be about 600 MHz.
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In the YxCd1 – xF2 + x : Gd3+ spectrum, we isolated
several signals that passed through an extremal reso-
nance position at B || C3. The interpretation of these sig-
nals as transitions in a trigonal center with b20 ≈
300 MHz made it possible to qualitatively explain the
observed spectrum, in particular, the strong central
group of signals standing out in Fig. 3, whose compo-
nents split under deviation from the B ||
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case of CaF2, to a decrease in the concentration of inter-
stitial fluorine ions as well. In view of this, the forma-
tion of Gd3+ spectra not characteristic of weakly doped
materials in yttrium-doped calcium and cadmium fluo-
rides suggests that in both crystals there are yttrium
clusters that include interstitial fluorine ions. Under the
chosen impurity concentrations, it is most likely that
Y3+ in only one position is replaced by the Gd3+ ion in
these clusters and that it is its EPR spectra that are
observed. The multiplicity of paramagnetic centers
may be due to the fact that various mechanisms of com-
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Fig. 3. Central part of the EPR spectrum of Gd3+ (0.1%) in
yttrium-doped (sample 4') and undoped CdF2 (sample 2')
obtained with B || C4.
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Fig. 2. Fragment of the EPR spectrum of Gd3+ (0.1%) in
yttrium-doped (sample 4) and undoped CaF2 (sample 2)
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doping.
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pensation of a charged cluster are operative and that
several clusters coalesce.

The observation of tetragonal gadolinium centers in
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 is in accord with a report [2] suggest-
ing the existence of Y
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 clusters in this crystal. The trig-
onal pattern of the EPR spectrum of Y
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Cd
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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
trigonal [4, 5].

The structure of the nearest environment of the rare-
earth ion in the Gd

 

6

 

F

 

36

 

 cluster was derived in [8] for cal-
cium fluoride by minimizing the energy of a crystal lat-
tice with the embedded cluster. Assuming that the dif-
ference in structure between the GdY
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F

 

36

 

 and Gd

 

6

 

F

 

36

 

clusters is inessential, 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 ions in the S state. For the Gd3+ ion in
this environment, we obtain b20 ≈ 2400 MHz; the inclu-
sion of an interstitial fluorine ion embedded at the clus-
ter center (i.e., the transition to the GdY5F37 cluster)
reduces b20 by one order of magnitude to bring it close
to the experimental value.

In CaF2 clusters with 3 mol % YF3, in the case where
all yttrium ions reside in isolated Y6F37-type clusters,
the average distance between the centers of the clusters
is ~2.4 nm (the clusters are ~0.5 nm in size). According
to the superposition model, a fluorine ion localized at
the second and third interstices away from the Gd3+ ion
on the tetragonal axis (R ≈ 0.8 and 1.4 nm, respectively)
brings about an initial splitting b20 ≈ –150 and
−35 MHz, respectively (the shift of the ±7/2  ±5/2
transitions in the latter case is 6b20/gβ ≈ 7/5 mT).
Neglecting the cluster strain field, we assume a singly
charged cluster Y6F37 to cause about the same Gd3+ per-
turbation as an interstitial fluorine ion. To obtain cubic
centers exhibiting a structured spectrum similar to the
experimental spectrum of CdF2 with yttrium (the split-
ting of the –7/2  –5/2 transition in Fig. 1 is ~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 centers in yttrium-
doped CaF2 crystals (Fig. 1) indicates an even more
pronounced cluster association. This conclusion is sup-
ported by the observation that the integrated intensity of
the spectrum of cubic centers in yttrium-doped CaF2

crystals is 5 to 10 times higher than that in CdF2.
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Abstract—This paper discusses the possibility of detecting the selective averaging of spin packets in the vicin-
ity of coincidence of the electron paramagnetic resonance signals associated with transitions of Gd3+ 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 a low-spin center). In our
previous works [2, 6], we demonstrated that the origin
of an additional signal both in the EPR spectrum of
Gd3+ trigonal centers in ferroelectric lead germanate
and in the spectrum of Gd3+ tetragonal centers in crys-
tals with a CaWO4-type structure is associated with
averaging (due to relaxation spin–lattice transitions
between resonant doublet states) of the internal part of
the spin packets corresponding to the initial signals. A
necessary condition for the appearance of a three-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 packets is determined by the spread of
the spin Hamiltonian parameters b43 and b21 for the
Pb5Ge3O11 : Gd3+ 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 Gd3+

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-
1063-7834/05/4708- $26.00 1454
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 || C2, two tetragonal centers
become equivalent; in this case, the polar angular
dependence of the magnitude dBres/dθ for the 3  4
transition in the CaF2 compound and the 4  5 tran-
sition in the SrF2 compound exhibits a pronounced
maximum (Fig. 1). A similar behavior of the linewidth
∆Bpp (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 || C2 is small.
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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 450 K for
strontium fluoride (0.14 mol % Gd). Under these con-
ditions, according to the data obtained in [7, 9], the fre-
quency of reorientations of Gd3+ tetragonal dipole cen-
ters exceeds 100 MHz and, hence, part of the spin pack-
ets should be effectively averaged. For the CaF2
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 tetragonal 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 Gd3+ tetragonal centers, i.e., the second
derivatives of the absorption signals with opposite
phases, turned out to be inefficient. A better situation
occurred with the SrF2 compound. However, in this
case also, no additional signal was observed in the
vicinity of the coincidence of the electron paramagnetic
resonances. It is worth noting that the intensities of the
signals attributed to the two tetragonal centers turned
out to be noticeably different from each other, which is
most likely caused by the difference in the populations
of these configurations [11] due to the different binding
energies.

An external electric field E aligned with the mag-
netic field B (E || B || C4) leads to splitting of the 5  7
transition of the Gd3+ tetragonal centers in the CaF2
compound [12]. In a nonuniform electric field, the split
components are broadened with a symmetric arrange-
ment of equifield spin packets. The measurements were
carried out using a CaF2 (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 Gd3+ trigonal
centers in the BaF2 compound were revealed in the
spectrum measured in the magnetic field B || C4.

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 wells in
the multiwell potential of the dipole center (the tetrag-
onal center is characterized by a six-well potential). For
this purpose, we simulated the EPR spectra in the vicin-
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 potentials
according to the expressions derived in our earlier work
[2]. The results of this simulation are compared in
Fig. 2. The initial lines correspond to a symmetric spin-
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packet structure with a Lorentzian packet width of
1.15 mT and a Gaussian intensity distribution of
2.73 mT. In all cases, the lifetime of the relative transi-
tion to the neighboring wells is equal to 2 × 10–8 s. The
resonance lines of the transitions undergone by the
paramagnetic centers in 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 wells leads to a decrease in the rate
of exchange between interacting resonances (according
to estimates, the effective lifetime increases by a factor
of 1.5 upon changing over to the triple-well potential),
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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Abstract—The photochemical properties of CaF2 crystals activated by Ce3+ and Yb3+ 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 nature in
crystals activated by cerium and the mechanism of suppressing of solarization processes after additional acti-
vation of the samples by Yb3+ 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 is to substantiate the model of
suppression of the solarization processes induced by
UV pumping in media activated by Ce3+ ions. For our
investigation, we chose the best studied fluorite CaF2
matrices. CaF2 crystals activated by trivalent Ce3+ and
Yb3+ ions were prepared at the Crystal Growth Labora-
tory, Kazan State University. The concentration of Ce3+

ions in the charge components was 0.5 wt %, and the
concentration of Yb3+ ions varied from 0 to 2 wt %.

It is known that the incorporation of trivalent rare-
earth ions into a CaF2 crystal lattice leads to the forma-
tion of tetragonal and cubic impurity centers (with local
compensation of the excess positive charge by an inter-
stitial F– ion and with nonlocal compensation of the
charge, respectively) [2, 3]. It is also known that, in
CaF2 : Ce3+ crystals, color centers of both electronic
and hole types form under UV pumping resonant with
the interconfiguration 4f–5d transitions in Ce3+ ions
1063-7834/05/4708- $26.00 ©1457
(see references in [1, 4]). In spite of the expected ion-
ization of the activator ions, spectroscopic experiments
do not detect any changes in the concentration of Ce3+

ions. Within the model proposed here, we assume that,
after photoionization, an impurity center quickly
restores its valency to 3+ by accepting an electron from
the valence band (Fig. 1). Thus, almost 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.
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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.
 2005 Pleiades Publishing, Inc.
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Calculated parameters of impurity centers (e is the elementary charge, a = 5 × 10–10 m is the lattice constant)

Parameter
Cubic center Tetragonal center

Yb3+ + e– Yb2+ + hole Yb3+ + e– Yb2+ + hole

Effective center charge 0.65 + 1e –0.51e 0.65e –1.51e

Capture sphere radius 4.6a 19a 2a ?

Capture cross section, 10–15 cm2 192.5 11.9 20 ?
                   
The idea behind the crystallochemical method for
suppressing solarization processes consists in addi-
tional activation of the crystals by ions that, 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 Yb3+ 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, the Yb3+ ion has a high electron affinity and, there-
fore, is a good electron trap (as compared to other rare-
earth ions), which decreases the probability of reduc-
tion of Ce3+ ions to Ce2+ ions. However, it follows both
from the results obtained earlier [6] and from the results
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 Yb impurity
centers, an Yb3+ 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 becomes a trap for free holes. The formation
of a cubic impurity center with nonlocal charge com-
pensation will, apparently, stabilize the Yb2+ ion, since
in this case the impurity center is electrically neutral.
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Fig. 2. (1, 3) Absorption and (2) luminescence spectra of (1,
2) CaF2 : Ce3+ and (3) CaF2 : (Yb3+ + Ce3+) crystals. A
YAG : Nd laser (λ = 266 nm) was used for pumping.
P

The capture cross section can be roughly estimated
using the formula [7]

(1)

where l is the mean free path of a charge carrier in the
matrix and R is the capture radius where the kinetic
energy of a free carrier becomes equal to its potential
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 cubic Yb3+ impurity center is greater 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 this cen-
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 Yb2+ 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 CaF2 : Ce3+ crystal; this spectrum is typical of a tet-
ragonal 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
320–470 nm, which overlaps with the band of the radi-
ative 5d–4f transition of the Ce3+ ion and is associated
with pumping-induced color centers. However, this
band is absent in the spectra of crystals additionally
activated by Yb3+ 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 transitions in the
Yb2+ ion. For samples exposed to radiation with wave-
lengths resonant with the interconfiguration transitions
either in the Ce3+ ion (in our experiments, 266 nm) or in
the Yb2+ ion (353 nm), the intensity of this band
changes (Fig. 3). This fact indicates that the Yb3+ 
Yb2+ recharging processes are reversible. Since the
absorption band of the Yb2+ ion overlaps with the lumi-

σ 4πRl
3

------------1.5,=
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nescence band of the Ce3+ ion, the concentration of
Yb2+ ions in the samples is determined by the dynamic
equilibrium between these recharging processes.

A straightforward observation of the change in the
Yb ion valency (Yb3+  Yb2+) under resonant UV
excitation in the region of the 4f  5d transitions in
the Ce3+ ion confirms the above model for the photody-
namic processes in fluorite crystals and the role of Yb3+

ions as recombination centers for free carriers. In com-
paring Figs. 2 and 3, we see that the free-carrier recom-
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Fig. 3. Change in the equilibrium concentration of Yb2+

ions with varying pumping conditions in a CaF2 : (Yb3+ +

Ce3+) crystal. A YAG : Nd laser was used for pumping at a
wavelength λ equal to (1, 2) 266 and (3) 353 nm; (1) the ini-
tial curve and (2) the curve after exposure for 1 h.
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bination on Yb3+ 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 Ce3+ ions in double-fluoride
crystals with a scheelite 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
Ce3+ ions in LiYF4 and LiLuF4 crystals is 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 Yb3+ ions can increase the carrier recombination rate in the crystals.
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It is well known that the main advantage that makes
LiLuF4 : Ce3+ a better material for lasers than its closest
chemical relative LiYF4 : Ce3+ is that the luminescence
quantum efficiency of Ce3+ ions in LiLuF4 crystals is
twice as large. However, the positions of the spectral
bands of rare-earth ions in LiYF4 : Ce3+ and LiLuF4 : Ce3+

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 transitions is beyond
doubt by virtue of the mere effect of solarization of the
samples by exciting radiation resonant with the internal
4f–5d transitions in Ce3+ 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 Ce3+ ions in a
sequence of LiY1 – xLuxF4 and LiLu1 – xYbxF4 crystals
are reported and the reasons for the difference in the
spectral kinetic properties between Ce3+ ions in 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 Ce3+

ions in scheelite-structure double-fluoride crystals
LiMeF4 : Ce3+ (Me = Yb, Lu), series of LiYF4 : Ce3+,
LiLuF4 : Ce3+, and LiLu1 – xYbxF4 : Ce3+ crystals were
1063-7834/05/4708- $26.00 1460
grown in the Crystal Growth Laboratory at Kazan State
University. The Ce3+ ion content in the samples varies
from 0.1 to 1 at. %, and the content of Yb3+ ions ranges
from 0 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
λex = 266 nm or the second harmonic of a tunable dye
(Rhodamine-6G) laser at λex = 297, 300, 301.5, or
303.3 nm. The exciting-pulse duration did not exceed
7 ns. The kinetics of the luminescence was recorded
with a BORDO-211 digital oscilloscope and a FÉU-87
fast photomultiplier. Luminescence was observed at the
wavelength corresponding to the long-wavelength peak
in the luminescence spectrum of Ce3+ ions in the crys-
tals under study (λlum = 325 nm).

According to the experimental data, the Ce3+ lumi-
nescence kinetics in the samples is nonexponential
(Fig. 1) and can be adequately described by the equation

(1)

where the short-lifetime exponential component is due
to the 5d–4f transitions in Ce3+ ions, τlum is the lifetime
of an excited 5d state, and the relatively long-lifetime
hyperbolic part of the time-dependent luminescence
intensity I(t) is due to the recombination of free carriers
of both signs at Ce3+ ions [3]. According to the model
of photodynamic processes in cerium-activated crystals
[4], free carriers appear in the conduction and valence
bands due to the photoionization of impurities by the
exciting radiation and as a result of destruction of short-

I t( ) A1e

t
τ lum
---------–

A2

σrecω
σtrapν
------------- 1

t2
---,+=
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living color centers [4]. The weighting factors A1 and
A2, according to the same model, are linear and qua-
dratic in the excitation intensity, respectively. In
Eq. (1), σrec is the recombination cross section, σtrap is
the capture cross section of free carriers by traps, ω is
the thermal-ionization rate of color centers, and ν is the
concentration of defect states (traps) in the crystal.

Fitting of the experimental luminescence kinetics
curves by Eq. (1) shows that the lifetime of an excited 5d
state of the Ce3+ ion in LiLuF4 : Ce3+ and LiYF4 : Ce3+

crystals is not dependent on either the sample tempe-
rature or the exciting radiation wavelength and is 28 ±
2.4 ns rather than 40 ns as reported previously [1]. This
new value of the radiative lifetime of the 5d states of the
Ce3+ 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, experimental difficulties prevent quantitative
determination of the above microscopic parameters of
the samples under study. However, for our purpose, it is
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 LiLuF4 : Ce3+ crystals is
much shorter than that in LiYF4 : Ce3+ 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 Ce3+ luminescence kinetics (weighting fac-
tor A2) of samples with different chemical compositions
under equivalent excitation conditions shows that the
recombination of free carriers is the most effective in
LiLuF4 : Ce3+ crystals. This is the reason for the appar-
ent doubling of the energy yield of Ce3+ ion lumines-
cence in LiLuF4 crystals as compared to that in LiYF4
crystals. This conclusion is supported by measurements
of the relative quantum yield under various excitation
conditions. For example, in the case of high-energy
exciting photons (λex = 266 nm) or high-power pump-
ing by lower-energy photons (λex = 297 or 300 nm), the
values of the quantum yield in LiYF4 : Ce3+ and
LiLuF4 : Ce3+ differ by a factor of almost 2. However,
when the wavelength increases (at λex > 301.5 nm) or
the excitation power density decreases, the difference
in the luminescence quantum yield between the crystals
under study nearly disappears.
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
The luminescence kinetics curves of Ce3+ ions in
crystals additionally activated by Yb3+ 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 Yb3+ 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
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that Yb3+ ions cause quenching of the 5d–4f lumines-
cence of Ce3+ ions.
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Abstract—The results of spectral kinetic studies of several fluoride crystals activated by Yb3+ and Tm3+ ions
are presented, and their possible application as cooling elements of optical refrigerators is discussed. Optimum
excitation conditions for the laser cooling effect in these crystals are 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
quantum electronic systems (in particular, radiation-
balanced self-cooling lasers) are of special 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 : Yb3+ 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 : Yb3+ 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 a sample at a given temperature T is given by
1063-7834/05/4708- $26.00 1463
(1)

where Pcool is the cooling power, Pinc is the power of the
pumping (incident) radiation, η is the quantum yield of
luminescence, L is the length of the sample, and α(λ) is
the absorption coefficient at the wavelength λ of pump-
ing radiation. The quantity 〈λ F〉  in Eq. (1) is an average
luminescence wavelength, which can be estimated
from the luminescence spectrum IF(λ) of the sample as

(2)

In the case of excitation by radiation with a wavelength
greater than 〈λ F〉 , 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 is greater for a smaller 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 〈λ F〉), 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 a result, the
temperature dependence of the OCE will vary from
sample to sample. In our experiments, the OCE was
estimated at room temperature. Special attention
should also be paid to the fact 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-

Pcool

Pinc
---------- η T( ) 1 α λ T,( )L–( )exp–[ ]

λ λ F〈 〉 T( )–
λF〈 〉 T( )

-----------------------------,=

λF〈 〉
λ IF λ( ) λd∫
IF λ( ) λd∫

--------------------------.=
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Fig. 1. Absorption and luminescence spectra for the optimum concentrations of active ions in crystals (a) LiLuF4 : Yb3+ (c = 10%),

(b) KY3F10 : Yb3+ (c = 5%), (c) LiYF4 : Tm3+ (c = 4%), and (d) N4Y6F22 : Yb3+ (c = 5%).
eration in the samples. Since luminescence reabsorp-
tion and excitation capture result in additional heat gen-
eration, these possible effects should also be
eliminated.

As the objects to be studied, with due regard to the
above arguments, we chose well-known crystalline
laser media with a well-developed preparation technol-
ogy [5–7]. The samples under study with chemical
compositions KY3F10 : Yb3+ (KYF : Yb), N4Y6F22 : Yb3+

(NYF : Yb), LiLuF4 : Yb3+ (LLF : Yb), and LiYF4 : 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 Yb3+ 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-
ples in the region of the 2F7/2–2F5/2 transition in the Yb3+

ion and the 3H6–3F4 transition in the Tm3+ ion were
recorded using a scanning spectrometer on the basis of
P

an MDR-23 monochromator. The luminescence of the
samples activated by Yb3+ and Tm3+ ions was excited by
a halogen lamp or by the third harmonic of a YAG : Nd
laser. The recorded spectra are shown in Fig. 1. From
Figs. 1a and 1c, we see that, in order to obtain the max-
imum OCE for anisotropic crystals, one must use π-
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 crystals, the quantum yield falls with
increasing Yb3+ and Tm3+ concentration. On the con-
trary, the luminescence lifetime of Yb in NYF increases
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 Tm3+ ions for YLF crystals was 4 at. %.
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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Fig. 2. Optical cooling efficiency for the optimum concentrations of Yb3+ and Tm3+ ions in the crystals under study.
Numerical estimates of the cooling efficiency for the
optimum concentrations of Yb3+ and Tm3+ ions are shown
in Fig. 2. It can be seen that, among the investigated crys-
talline media activated by Yb3+ ions, LLF : Yb3+ crystals
have the maximum OCE (of about 0.16%) when
excited by π-polarized 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 YLF 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 in this crystal is as large as 0.55
and 0.3% when samples are excited with π- and
σ-polarized pumping radiation, respectively.

Thus, for our fluoride crystals activated by Yb3+ and
Tm3+ 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
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
with a high degree of order, YLF and LLF, is much
higher than that in disordered glassy materials, KYF
and NYF (Fig. 3).
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under study.
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3. CONCLUSIONS

We have shown experimentally that fluoride crystals
activated by Yb3+ and Tm3+ 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 already 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 (BaF2)1 – x – y(LaF3)x(CeF3)y
(y = 0.001 = 0.1%, x = 0–0.02) are investigated in a magnetic field H || C4 at a frequency of 9.5 GHz. The angular
dependence of the EPR spectrum is measured for the sample with x = 0.02. The lines attributed to Ce3+ impurity cen-
ters with tetragonal symmetry and g factors (g|| = 0.75, g⊥  = 2.4) close to those measured for the KY3F10 : Ce3+ com-
pound are separated in the complex EPR spectrum. The assumption is made that the aforementioned impurity
centers are cubooctahedral clusters of the La6F37 type in which one of the La3+ ions is replaced by the Ce3+ ion.
© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Direct observations of the formation of rare-earth
(RE) clusters in paramagnetic crystals (MeF2)1 − x(REF3)x

with the use of electron paramagnetic resonance (EPR)
have been practically impossible because of the consid-
erable broadening of the resonance lines at a trifluoride
content above x ≈ 0.1%. From this standpoint, binary
solid solutions (MeF2)1 – x – y(RF3)x(REF3)y with dia-
magnetic ions R (R = La, Lu, Y) at a low content y of
the paramagnetic rare-earth component seem to be
more convenient objects. Kazanskiœ [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 RE3+ ions in
these compounds at a total content x + y ≥ 0.001 are
associated with the tetragonal positions of diamagnetic
ions in the R6F37-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
(MeF2)1 – x – y(RF3)x(REF3)y 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 (BaF2)1 – x(LaF3)x activated with 0.1%
Yb3+. It was found that, even at a low content x = 0.001,
the EPR spectra exhibit additional resonance lines due
to the formation of trigonal clusters involving two triva-
lent ions in barium positions and two compensating flu-
orine ions of the La3+–F––Yb3+–F– type. Analysis of
these lines was complicated by the fact that the initial
EPR spectrum, which was observed even at x = 0, had
1063-7834/05/4708- $26.00 1467
a hyperfine structure caused by 171Yb and 173Yb iso-
topes. However, we did not reveal indications of the
lines associated with tetragonal impurity centers that
could be identified with Yb3+ ions in the La6F37 clusters.

In the present work, we studied the same mixed
crystals (BaF2)1 – x(LaF3)x but with Ce3+ ions serving as
paramagnetic probes. The Ce3+ ions do not have mag-
netic isotopes; consequently, the EPR spectrum of Ce3+

does not exhibit a hyperfine structure.

2. SAMPLES AND EXPERIMENTAL TECHNIQUE

In our experiments, we used 0.1% Ce3+-activated
samples at trifluoride contents x = 0, 0.001, 0.002,
0.005, 0.01, and 0.02. The EPR spectra were measured
by the stationary method on an IRÉS-1003 spectrome-
ter at a frequency 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 a frequency of ≈9.8 GHz and at
a temperature of ≈7 K.

3. RESULTS AND DISCUSSION

For pure BaF2 (x = 0), we revealed a single EPR cen-
ter with tetragonal symmetry (g|| = 2.601, g⊥  = 1.555;
for comparison, see the results obtained earlier in [3]).
In a magnetic field applied parallel to the fourfold sym-
metry axis (H || C4), the characteristic EPR spectrum
exhibits a single line at a magnetic field strength of
≈2.603 kG and a double line at a magnetic field strength
© 2005 Pleiades Publishing, Inc.
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of 4.355 kG (lines O1 and O2 in Fig. 1, respectively). It
is worth noting that the intensity of the EPR line asso-
ciated with Ce3+ ions in pure BaF2 (x = 0) is several
times lower than that of Yb3+ ions in pure BaF2. At x =
0.001, the intensity of the line attributed to the initial
Ce3+ tetragonal center decreases. Moreover, there
appear additional lines, among which the two most

0 1000 3000 5000 7000
H, G

O1 (a)

(b)

(c)
x = 0.01

x = 0.005

x = 0.001

O2

A B

Fig. 1. Ce3+ EPR spectrum of mixed crystals
Ba1 − xLaxF2 + x + 0.1%Ce3+ at different contents x in the
magnetic field H || C4. Lines O1 and O2 correspond to the

Ce3+ tetragonal impurity center. Lines A and B are the most
intense additional EPR lines at low contents x. The intense
line observed in a magnetic field of ~1 kG is the EPR spec-
trum of the reference sample CaF2 + 0.8% Er3+.

2000 3000 4000 5000 6000 7000
H, G

θ = 0°

θ = 20°

θ = 50°

θ = 90°

Fig. 2. EPR spectrum of the Ba1 – xLaxF2 + x + 0.1%Ce3+

(x = 0.02) sample at different angles θ in the plane C4–C3–C2.
The angle θ = 0 corresponds to the magnetic field H || C4.
P

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 LaF3 content
leads to a substantial decrease in the intensity of the ini-
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–
3.2 kG. In order to determine the actual concentration
dependence of the intensity of the EPR lines of interest,
we measured the EPR spectra of Ba1 – xLaxF2 + x samples
at different contents x and simultaneously recorded the
EPR spectrum of the reference sample. As a reference
sample, we used a CaF2 + 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 a line-
width of ≈40 G, which is close to the linewidth for the
Ce3+ ions under investigation).

As was noted above, the sample at a trifluoride 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 (BaF2)1 – x(LaF3)x + 0.1% Yb3+ (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 (BaF2)1 – x(LaF3)x + 0.1%
Ce3+ (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) revealed
additional resonance lines that correspond to paramag-
netic centers of tetragonal symmetry with g|| ≈ 0.75 and
g⊥  = 2.4. The width of the lines attributed to these cen-
ters (~200 G) is one order of magnitude larger than that
of the O centers, whereas the intensity of these lines is
comparable to the intensity of the lines assigned to the
O centers in the sample at x = 0. The former centers can
be associated with the formation of La6F37 clusters.
This is confirmed by the fact that the g factors obtained
in our case are close to those previously observed for
the KY3F10 : Ce3+ compound, whose lattice involves
Y6F36 cubooctahedral clusters with Ce3+ ions occupy-
ing Y3+ sites (g|| = 0.77, g⊥  = 2.46 [4]).

4. CONCLUSIONS

Thus, the EPR spectra of mixed crystals
(BaF2)1 − x(LaF3)x indicate that the structure of these
crystals can involve La6F37 cubooctahedral clusters.
However, the appearance of additional EPR lines is not
necessarily associated with the formation of these clus-
ters in the crystal structure. A more complete identifica-
tion of the EPR spectra calls for further investigation.
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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Abstract—The radiation-impurity modification of NaF : Eu crystals results in the formation of optically active
planar heterostructures with a complex set of luminescence centers, including, in particular, clusters of the
Eu2+–Eu3+ type. The luminescence spectra of Eu2+–Eu3+ centers exhibit bands at wavelengths of 409 and
442 nm, which are associated with Eu2+ ions in nonequivalent crystallographic positions, and a band at a wave-
length of 610 nm, which is attributed to Eu3+ ions. The luminescence spectra of irradiated NaF : Eu samples
contain a broad band with a maximum at 506 nm due to the presence of F2 +  color centers in the crystal.
© 2005 Pleiades Publishing, Inc.
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1. INTRODUCTION

In 1955, Ranciman [1] and, a few years later, Kap-
lyanskiœ 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 Eu3+, Sm3+,
Gd3+, Ce3+, and Tb3+ [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 crystals in the wavelength range 500–700 nm.
This spectrum exhibits a minimum at a wavelength of
608.7 nm, which corresponds to the transition 5D0 
7F2 in Eu3+ 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
Eu3+–Ce3+, Sm3+–Ce3+, and Ho3+–Ho3+ 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 Eu2+–Eu3+ clusters against the background of
the intense bands attributed to radiation-induced color
1063-7834/05/4708- $26.00 1470
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 (Eu2O3) 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 samples were 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 a bom-
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-
ples were colored during irradiation with fluences of up
to 1015 cm–2.

3. RESULTS AND DISCUSSION

Figure 1 shows the absorption spectra of the
NaF : Eu initial sample and the same sample irradiated
with nitrogen ions during recording of the ionolumines-
cence spectrum. The initial crystals were transparent
over the entire visible and near-infrared ranges.
© 2005 Pleiades Publishing, Inc.
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Europium impurities in the NaF crystals were identified
from the absorption band located in the range 295–
305 nm, which is associated with charge transfer in
Eu3+–O2– 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 (F2 +  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
maxima in the vicinity of 300 nm. This band coincides
both with the band attributed to charge transfer in the
Eu3+–O2– 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 O2– 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 F2 +  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 Eu2+ ions located in non-
equivalent crystallographic positions, and a band in the
red spectral range (at ~610 nm). The latter band is posi-
tioned close to the band attributed to Eu3+ ions
(608.4 nm), which was previously revealed for the
same crystals by Pisarenko [8]. The other bands of the
Eu3+ 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 Eu2+ ions
can be associated with the formation of Eu2+ ions due to
the reaction Eu3+ + e in surface layers of the NaF : Eu
crystals. This brings about the formation of heterova-
lent cluster centers in the form of Eu2+–Eu3+ pair cen-
ters, which are similar to the Eu3+–Ce2+, Sm2+–Ce2+,
and Ho3+–Eu3+ pair centers in the NaF crystals [8]. As a
model of pair centers in NaF and other alkali halide
crystals, Pisarenko proposed to use heterovalent cluster
centers consisting of a pair of unlike rare-earth ions, for
example, Ho3+ and Eu2+ in NaBr [8]. By analogy with
this model, we can also propose two possible models of
a heterovalent cluster center consisting of an Eu2+–Eu3+

pair with vacancy–impurity compensation for an excess
charge of Eu2+ and Eu3+ activators (Fig. 3). The excess
charge of the cluster (Eu2+, Eu3+) in the NaF lattice is
compensated for either through the vacancy mecha-
nism (Fig. 3a) or by the impurity O2– ions (Fig. 3b).

F3
+

F3
+

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

Thus, we investigated the radiation-stimulated
effects in 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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Fig. 1. Absorption spectra of (1) unirradiated and (2) irradi-
ated NaF : Eu crystals.
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formation of active surface planar heterostructures with
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 NaF–U crystals are prepared
for the first time and show considerable promise for practical applications in 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 materials in
Russia. A characteristic feature of NaF–U crystals is 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 investigations into the properties of
NaF–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 compositions in new
geometric configurations, for example, in the form of
fibers or nanoobjects. A distinguishing feature of fibers
and nanoobjects is an 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 optical and
scintillation properties of bulk, fiber, and nanosized
NaF–U crystals.
1063-7834/05/4708- $26.00 1473
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 NaF–U single crystals were grown using a
modified Kyropoulos method (the step growth method
[2]) from a melt (special-purity grade) in a platinum
crucible in 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 the first time. The MPD method con-
sists in pulling the melt of a raw material 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
as follows. 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.
© 2005 Pleiades Publishing, Inc.
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Nanosized NaF–U crystals were prepared by laser
sputtering of previously grown bulk NaF–U single
crystals at the Institute of Electrophysics (Ural Divi-
sion, Russian Academy of Sciences, Yekaterinburg,
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Fig. 1. Optical absorption spectra of NaF–U crystals: (1)
bulk crystals, (2) MPD fibers, and (3) LHPG fibers.
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Fig. 2. X-ray luminescence spectra of NaF–U crystals:
(1) bulk crystals, (2) MPD fibers, and (3) LHPG fibers.
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Fig. 3. Pulsed cathodoluminescence spectra of NaF–U crys-
tals: (1) bulk crystals, (2) MPD fibers, (3) LHPG fibers, and
(4) nanocrystals.
P

Russia). Nanocrystals were deposited on a molybde-
num substrate in the form of a thin layer. The nanocrys-
tals were 20–30 nm in size (estimate).

The luminescence 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 exoelectron emission spectra.

3. RESULTS AND DISCUSSION

Figure 1 shows the optical absorption spectra of the
bulk and fiber NaF–U crystals. As can be seen from this
figure, the spectra contain three absorption bands in 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 centers to 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.

The x-ray luminescence spectra of the bulk and fiber
NaF–U crystals are presented in Fig. 2. The major lumi-
nescence centers in 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 the intensity 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 on the
energy and charge states of uranium ions and on the
conditions providing for compensation of an excess
charge of the U6+ ions.

The pulsed cathodoluminescence spectra of the
NaF–U samples are depicted in Fig. 3. Since the 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
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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of the bulk, fiber, and nanosized crystals can be caused
by the mutual 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 NaF–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.

Fig. 4. (1) Thermally stimulated luminescence spectra and
(2–4) thermally stimulated exoelectron emission spectra of
NaF–U crystals: (2) bulk crystals, (3) LHPG fibers, and
(4) nanocrystals.
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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 crystals and
probes for cytological, microbiological, and medical
investigations have been designed on the basis of
nanocrystals.
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Abstract—The local structure of Zn2+ 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-
cence centers in LiF : U,Me crystals is the U6+ ion in the
form of a UO5F [2] or UO6 [1] complex. Oxygen is also
a necessary component of the uranium-containing
luminescence center. The UO6 complexes can be stabi-
lized and, in some cases, sensibilized by coactivating
impurities, such as Zn, Cu, Sr, Ti, etc. This indicates
that, in LiF : U,Me fluoride crystals, the luminescence
center as a whole is a complex cluster.

Hexavalent uranium ions U6+ in the crystal lattice of
lithium fluoride exhibit intense luminescence in the
green spectral range. In this case, the luminescence
spectrum consists of several tens of lines associated
with the U6+ ions. The intensity redistribution of these
lines is primarily affected by coactivating impurity
ions. However, the luminescence spectra of LiF : U,Me
do not contain lines characteristic of the majority of the
aforementioned coactivating ions. The exception is pro-
vided by Ti4+ [3], Cu+ [3], and Zn2+ [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 a wavelength of 487 nm. This characteristic fea-
ture of Zn2+ ions distinguishes them from the other
coactivating ions in LiF : U,Me fluorides and makes it
possible to investigate their local structure.

In this paper, we analyze the local structure of a Zn2+

impurity center in a uranium-activated lithium fluoride
crystal LiF : U,Zn. This ion is considered as a regional
center in a complex cluster involving Zn2+ and U6+ ions
1063-7834/05/4708- $26.00 1476
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 this model, we calculated the
local structure of a Zn2+ impurity center in a LiF : Zn2+

crystal.

The energy of pair interactions can be represented in
the form

(1)

where the two 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 Waals inter-
action, respectively, and the third term characterizes the
Coulomb interaction. The quantities A, ρ, and C are
parameters of the model.

In our calculations, the Li+ cations are considered to
be rigid and the F– anions are treated in the shell model.
The ion charges correspond to an ionic bond, the charge
of the lithium ion is taken 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

(2)

where r is the displacement of the shell with respect to
the core of the fluorine ion 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.

Eij A rij/ρ–( )exp Crij
6–– qiq j/rij,+=

Ecore–shell
1
2
---kr2,=
© 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 program was calculated by the Ewald
method. The use of the above parameters for calculat-
ing the structure of the pure LiF crystal leads to good
results (Table 2).

The Zn2+ impurity ion substitutes for the Li+ cation in
the host lattice of the crystal (Fig. 1) with the generation
of an excess positive charge. In these calculations, the
charge compensation was considered to be nonlocal.

The local 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 algorithm, region 1 includes an impurity center
and its surrounding ions, has a radius of 10 Å, and con-
tains 485 ions. Region 2, in which the relaxation of ions
is limited, has a radius of 20 Å. 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 Zn2+

ion, which has a close value of the radius (0.76 and
0.74 Å [7], respectively) but an excess positive charge,
results in a significant distortion of the crystal lattice in
the vicinity of the impurity center. Figure 2 presents the
radial displacements of the ions in the vicinity of the
Zn2+ 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 an impure crystal. In this
case, each of the first eight coordination shells around
the impurity ion is considered an orbit and more distant
coordination shells can involve two orbits.

Zn2+

F–

Li+

Fig. 1. Zn2+ impurity center in the LiF crystal.
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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 Å) due to the repulsion from the
impurity ion with an excess positive charge. After the
seventh orbit (Fig. 2), the radial displacements become
small and do not exceed 0.02 Å. 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 Zn2+

Table 1.  Parameters of the model

Ions

Core–core interaction

A, eV ρ, Å C, eV Å6 Interaction 
range, Å

Li+–F– 443.830 0.2714 0.00 10.0

F––F– 911.690 0.2707 13.80 10.0

Zn2+–F– 1482.300 0.2664 0.00 10.0

Core–shell interaction

k, eV Å–2 Shell charge, e Core charge, e

Fcore–Fshell 24.36 –1.378 0.378

Table 2.  Lattice parameter a, elastic constants Cij, and per-
mittivities ε of the LiF crystal

a, Å C11, GPa C12, GPa C44, GPa ε∞ ε0

Calculation 4.024 125 58.9 58.9 8.5 1.9

Experiment 4.028 112 63.2 45.6 8.9 1.9

50 10 15 20 25
Orbit number

–0.12

–0.08

–0.04

0

0.04

dR
, Å

Fig. 2. Radial displacements of the orbits in the vicinity of
the impurity center. The positive sign of the quantity dR cor-
responds to a decrease in the radial coordinate (the displace-
ment toward the impurity center).
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Table 3.  Coordinates of the ions in the orbits for the pure and distorted LiF lattices (in Å)

Orbit
number

Ion
type

LiF (pure lattice) LiF : Zn2+ (distorted lattice) Number
of ions

in the orbitx y z x y z

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 Å from
the central Zn2+ ion (Table 3). This suggests that the
nucleus of the Zn2+ 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 Zn2+

region and the region around the (UO6)6– ion responsi-
ble for the nonlocal compensation for an excess posi-
tive charge of the Zn2+ 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
a translational 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 nanoparticles in these matrices, with potential application in the fields mentioned, will
form the scope of the present report. © 2005 Pleiades Publishing, Inc.
1 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 hybrids for 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-

1  This article was submitted by the authors in English.
1063-7834/05/4708- $26.001479
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 a restricting factor. The effects
imparted by the size restriction may very well be bene-
ficial, e.g., via the desired crystal field splitting, rigidity,
etc. However, a size restriction to a few 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 polymers in 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
applications in which, on one hand, materials with typ-
ical solid-state properties will be desirable but, on the
other hand, the molecular or nanoscale properties of the
guests will need to be retained. In summary, the goals
in investigating the luminescence in microporous hosts
are as follows:

(i) to make chemically “impossible” luminescent
species possible (isolated ions, complex ions, imbed-
ded and stable nanoparticles);
 © 2005 Pleiades Publishing, Inc.
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(ii) 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
aspects indicated in Fig. 1 and the goals in 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 structural features, they
exhibit useful intrinsic chemical and physical proper-
ties (e.g., easy accessibility, relatively good stability,
and a large band gap). In the area of optical materials,
zeolites will be of particular interest when specific dis-
tances or a spatial pattern of atomic, ionic, molecular,

Fig. 1. Range of voids provided for the accommodation of
luminescent entities.
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Photonic
crystals
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dyes, nano-particlesSol–gel (SiO2)
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PolymersPolymersPolymers

GlassesGlassesGlasses

Ions, complexesIons, complexesIons, complexes
dyes, particles,dyes, particles,dyes, particles,
nano-particlesnano-particlesnano-particles

Zeolites Ions, complexes, dyes,
small nano-particles

Ions
Classical
crystals

0.1 1 10 100 1000 10000
Matrix cavity size range, nm
P

or nanoscaled quest species are required in order to
obtain the desired physical effects.

Free ions can be readily accommodated into the cav-
ities of zeolite X and Y (Fig. 2a, [5]). To this end, very
efficient UV emitters based on Ce3+ incorporation and
green emitters using the pair Ce3+, Tb3+ with quantum
efficiencies near 100% in the UV and 80% in the visible
range have been realized [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 Ce3+

as sensitizers can be used to improve the absorptivity.
As ligands we have investigated aromatic carboxylates
and β-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+VI charge transfer states in
the UV range, which can be exploited for sensitization
[7–9]. The organic ligands studied provide high absorp-
tivities due to the allowed π–π* 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 the rare-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)2phen, 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 commercial UV–LED with the excitation
band: obviously, 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

As opposed to zeolites, SG materials are amorphous
hosts with additional degrees of freedom in guest size.
While nearly all of the inclusion candidates depicted in
Fig. 1 are a subject of ongoing research, we will present
here a recent example of fluoride nanoparticle synthesis
in the SG matrix. Our studies have thus far been
restricted to SiO2-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 lattice
is often the most efficient or even indispensable, as is
the case for rare-earth-based multiphoton emission
(MPE), which addresses the desire for quantum yields
in excess of 100% [1, 13, 14]. As high energy excitation
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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Fig. 2. Intrazeolite luminescence: (a) Tb3+, Ce3+ doped and calcined zeolite X (up to 16 Ln3+/UC [6]); (b) Eu(ttfa)3phen; (c) model
of Eu(ttfa)3phen occluded in the zeolite X supercage, [Eu(ttfa)3phen-X]; and (d) optical properties of [Eu(ttfa)3phen-X]; the hatched
area corresponds to the emission of a commercial UV LED (Nichia).
sources are required for MPE, from the point of view of
application, only the Xe2-excimer emission with a max-
imum at 172 nm seems feasible. At this wavelength, the
absorptivity of most fluorides is unsatisfying. One
approach to the problem is to 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
enable 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 particles in the SG
matrix is particularly promising, because, on one hand,
the matrix can be made transparent to the Xe2 excimer
discharge and, on the other hand, secondary chemical
manipulation of the particles in this open pore structure
should be possible without risk of uncontrolled particle
growth.

The synthesis of the (Cd, Eu)F3 nanoparticles, one
promising MPE candidate, was performed by altering a
method in the literature describing the preparation of
nano-LaF3 in a SiO2-based SG matrix [15]. As the aim
was not to manufacture glassy monoliths, the use of the
inhibiting DMF was refrained from; additionally, triflu-
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
oracetic acid (H(tfa)) only yielded oxfluorides after
thermal decomposition of the Ln(tfa)3-SG precursor in
our experiments. The particles formed are in the range
of 20 nm as revealed by XRD and TEM analysis
(Fig. 3; obtained on a “Holey–Carbon”-copper net,
JEM 3010, 300 kV). Fluorides could only be obtained
by replacing acetic acid with HCl and using bis(perflu-
ormethanesulfonimide) H[(F3C–SO2)2N] (H(pms))
instead of H(tfa). Coincidentally, Ln(pms)3 converts
into LnF3 at almost the same temperature, 400°C, as
Ln(tfa)3. 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 Eu3+

in a glassy matrix dominated by Eu3+ 5D0  7F2 with
a weaker and broad 5D0  7F2 emission (compare,
e.g., with [16]). As opposed to that, pure fluoride parti-
cles are characterized by a 5D0  7F1/5D0  7F2
emission ratio near 1 or even larger [17] (see Fig. 3).

Calcined (Gd, Eu)F3 nanoparticle embeddings in an
amorphous, porous SiO2 matrix were consecutively
treated for the generation of a shell in an aqueous sus-
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Fig. 3. Fluoride nanoparticles in a SG matrix: (a) HRTEM of an oxifluoride particle in a SG matrix obtained from thermolysis of a
Eu(O2C–CF3)3 precursor. (b) Preparation of SG-hosted fluorides (see text for details) and (c) emission spectra of fluorides; the
dashed line is the Eu(pms)3 precursor, and the solid line is occluded fluoride particles.
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pension. We found the following scheme to yield the
first acceptable results (S.G. = sol–gel matrix):

1. (Eu0.1Gd0.9F3)nano-S.G. + Gd3+

 {[(Eu0.1Gd0.9F3)nano]Gd(OH)3}-S.G.

2. (Eu0.1Gd0.9F3)nano-S.G. + Gd3+

∆, 80–90°C
(N4CH2)6

Fig. 4. Core modifications on SG-embedded fluoride parti-
cles: Gd(OH)3-coated particles after calcination; Eu3+

emission at λexc = 395 (top) and 274 nm (bottom).
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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 Gd3+

(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)3 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)3 pre-
cipitates on the particles. After calcination at 500°C, the
resulting product shows a small amount of penetration
of oxygen into the core, leading to a slight decrease in
the Eu3+ (5D0  7F1/5D0  7F2) emission ratio on
core excitation at 392 nm, whereas on Gd3+ excitation
(274 nm, 8S7/2  6IJ) 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 effects in 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.

∆, 500°C
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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Fig. 5. Polymer (polyurethane)-embedded complexes: Tb(sal)3 coupled to various backbones. Only the emission in HDI polyure-
thane is given; other emission spectra are practically identical.
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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)3phen (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 salicylate Ta(O2C–C6H4–OH)3 (Tb(sal)3) and
terbium p-amino-benzoate Tb(O2C–C6H4–NH2)3
(Tb(paba)3), e.g., with hexamethylenediisocyanate
(HDI): Ta(O2C–C6H4–OH)3 + 3OCN–[(CH2)6]–
NCO      Tb(O2C–C6H4–O(C=O)NH–[(CH2)6]–
NCO)3; Tb(O2C–C6H4– )3 + 3OCN–[(CH2)6]–

NCO  Tb(O2C–C6H4–NH(C=O)NH–[(CH2)6]–
NCO)3.

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 spectral
features of Eu(ttfa)3 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

NH2
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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 materials in
this context with respect to pore sizes, examples of the versatility of sodalites in 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 this report. © 2005 Pleiades
Publishing, Inc.
1 1. INTRODUCTION

Zeolites are crystalline alumosilicates in which tet-
rahedral  and  are arranged such as to yield
a microporous framework. Each negative charge of the
lattice brought about by an  building unit is com-
pensated by a cationic species in 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 simplicity 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 aqueous 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 ions in the zeolite X matrix ([Ln–X]) have been
extensively investigated, only little is known about the
potential of rare-earth fictionalized sodalites.

1 This article was submitted by the authors in English.
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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]), [Tb–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

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.

1200 pm1200 pm1200 pm

Al, Si atoms (corners)

O atoms (edges) Ln3+
© 2005 Pleiades Publishing, Inc.
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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 nm in the 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 neodymium 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 ions in the zeolite
X matrix on complexation of Nd3+ with bis-(perfluo-
rmethanesulfonimide), H[(F3C–SO2)2N] [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 a modification of the rare-earth envi-
ronment in crystal alumosilicate matrices in such a way
as to allow luminescence processes, including electron
transitions within low-energy states.

Al, Si atoms (corners)
O atoms (edges)

Fig. 2. Simplified sketch of the sodalite structure.
P

2.1. Fluoride Complexes in 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 Ho3+/Yb3+ 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-
allowed) electronic transition of the Yb3+ ion (2F7/2 
2F5/2), followed by an energy transfer to a nearby elec-
tronic level of the Ho3+ ion (5I6). At sufficiently high
excitation densities, i.e., with sufficient population of
the 5I6 state, a consecutive transition on the same ion
can occur (5I6  5F4 or 5S2), followed by an emissive
return to the ground state with the yield of a visible
541-nm photon. Alternatively, the Ho3+ can undergo an
intermediate relaxation to the 5F5 state, which emits a
650-nm photon. Similar processes may also be
observed for the pair Er3+/Yb3+. Encaged, pure fluoro-
complexes were obtained from excess NH4F and rare-
earth-doped zeolite X for a composition of [Y8Ho8–X]
loaded with 10 NH4F (250°C, sealed under vacuum in
a glass ampoule, X denotes the unit cell of zeolite X
with composition Na87Al87Si105O384; for the preparation
of [Ln–X], refer to, e.g., [2]). Partially independent of
the rare-earth content, analytically ratios of 5 to 6 F– per
rare-earth ion are obtained, 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 [(NH4)48(Eu4Gd12)F96–X]. Assum-
ing an even distribution of the fluoride species through-
out the zeolite, this would yield aggregates of
(NH4)6Eu0.5Gd1.5F12 within each of the eight supercages
of the unit cell. Figure 3 depicts the upconverted emis-
sion obtained from exciting Yb3+ with a 50 mW/980 nm
diode laser focussed on an area of approximately
2.5 mm2 (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.
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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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 Nd3+ emission. Instead, we were rewarded
with upconversion and NIR emission, respectively,
after the solid state conversion to sodalite derivatives
(Hauyne [Ln4(Al8Si4O24)(WO4)2] and Noseane
[Ln3(Al7Si5O24)WO4]) [7]. This synthesis may be per-
formed by heating a solid mixture of rare-earth-doped
zeolite X and WO3 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 WO4
ions in neighboring cages complete the coordination
sphere to eight, as represented in Fig. 4. The composi-
tion of zeolite X slightly differs from the composition
required for the sodalite, which leads to small amounts
of undesired foreign phases [8] and mediocre crystal
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 crystalline
powders of good quality (crystal sizes of ~20 µm) and
purity. The corresponding Nd3+ excitation and emission
spectra are reproduced in Fig. 5 (emission excited with
a pulsed 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 BaSO4 were used as ref-
erences. Comparison with a commercial Nd3+ glass
suggests that the novel material, already in this nonop-
timized state (see also the remarks below), is an inter-
esting candidate for optical applications in the NIR.

In attempts to optimize the efficiency of the
sodalites, problems arose with the dilution/substitution
of the active ions with La3+ or Y3+ within the sodalite;
correspondingly, pure [La4(Al8Si4O24)(WO4)2] or
[Y4(Al8Si4O24)(WO4)2] could not be obtained either; in
the case of La3+, 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 Gd3+ as a dilutant, which gave phase pure mate-
rials, but at a high cost to crystallinity. Bearing this
problem in mind, the concentration dependence of the
Nd3+ emission intensity as a function of dilution with
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
(Gd3+/La3+), as given in Fig. 6, suggests that dramatic
improvements might be possible, if pure and well-crys-
tallized [La3.8Nd0.2(Al8Si14O24)(WO4)2] were available.

Only recently, we discovered that readily accessible
nitrite sodalites [9] can also serve as starting materials
for the preparation of [Ln4(Al8Si4O24)(WO4)2], in that
at 800°C the thermally labile NO2– can be replaced by

. We expect this to be a feasible route to opti-WO4
2–
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mize, e.g., the Nd3+ content in the sodalite system and
thus develop an efficient NIR-emitting material, which
we hope to use eventually in the manufacture of a NIR
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. Yb3+/Ho3+ and
Yb3+/Er3+ 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-
quently 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 Nd3+ transitions, including those from the doublet levels.
© 2005 Pleiades Publishing, Inc.
1. Single crystals of yttrium aluminum garnet
(YAG) activated by Nd3+ 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
investigations into the luminescence properties of these
materials [2–4] revealed only intense luminescence in
the infrared range due to transitions between the Stark
components of the 4F3/2 and 4I9/2–11/2 multiplets. In later
works [5–7], luminescence was observed in the ultravi-
olet and visible ranges. Kolomiœtsev et al. [5] assumed
that, whatever the type of high-energy excitation, the
luminescence is governed by radiative transitions only
from the 2F25/2 and 2P3/2 levels.

In this work, we studied the pulsed cathodolumines-
cence spectra of YAG : Nd3+ in the visible and ultravio-
let ranges. Pulsed cathodoluminescence combines
almost all 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 : Nd3+. Therefore, the pulsed
cathodoluminescence spectra can exhibit lines corre-
sponding to transitions not only from the 4F3/2, 2F25/2,
and 2P3/2 levels but also from other levels.

2. The luminescence properties of YAG : Nd3+ 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 electron 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(λ) =

( (λ, t)dt)/N, where N is the number of pulses

and Te is the exposure time (10 ms). The spectral reso-

I
0

Te∫i 1=
N∑
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lution of the instrument was 2 nm. The absolute system-
atic deviation from the linearity of the scale (the differ-
ence between the tabulated wavelengths and the values
measured on this scale) was equal to ±0.75 nm.

The measurements were performed with a YAG : Nd3+

single crystal grown at Polyus TsNII (Moscow, Russia),
YAG : Nd3+ nanopowders were prepared using the sol–
gel method at the Institute for Low Temperatures and
Structural Research (Wroclaw, Poland), and a YAG : Nd3+

micropowder was prepared at GIRedMet NII (Moscow,
Russia).

3. Figure 1 presents the pulsed cathodolumines-
cence spectrum of the YAG : Nd3+ single crystal in the
wavelength range 250–650 nm. Analysis demonstrates
that the spectrum contains only bands associated with
the Nd3+ intracenter luminescence. The multiplets of
Nd3+ ions in the yttrium aluminum garnet have a well-
developed Stark structure. Consequently, the spec-
trum also has a complex structure with a large number
of narrow bands attributed to Nd3+ ions. Identical
bands at wavelengths coinciding to within the limits
of experimental error are also observed in the spectra
of YAG : Nd3+ 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-
tions is of the order of 1 ms, and the bands assigned to
these transitions exhibit two maxima in the lumines-
cence intensity [8]. The system of bands observed in the
wavelength range 250–350 nm corresponds to the tran-
sitions from the 2F25/2 level to the I9/2–15/2 levels, which
is in good agreement with the data obtained by Kolo-
miœtsev et al. [5]. The results of the identification are
© 2005 Pleiades Publishing, Inc.
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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 Nd3+ ions in the spectra of the
yttrium aluminum garnet. The specific features of the
former spectra can be seen in 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
(Y4Al2O9), perovskite (YAlO3), and garnet (Y3Al5O12).

300 400
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Wavelength, nm
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Fig. 1. Pulsed cathodoluminescence spectrum of the
YAG : Nd3+ single crystal.

0

P

It was assumed that the aforementioned new bands are
associated with the presence of Nd3+ ions in the YAlO3

perovskite, because, in our case, the perovskite is the
main phase. The multiplets of Nd3+ ions in the yttrium
aluminum garnet and in the perovskite are virtually
identical to each other. Although the energy spectra of
the identical multiplets differ only slightly, 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 Nd3+ ions in the per-
ovskite. This identification was carried out taking into
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Fig. 2. Pulsed cathodoluminescence spectra of the single
crystal (solid line) and the micropowder (dashed line).
Table 1.  Identification of the pulsed cathodoluminescence bands of Nd3+ ions in YAG

Wavelength, nm Transition Wavelength, nm Transition

265.6 2F25/2(37850)  4I9/2(199) 495.3 4G11/2(21029)  4I9/2(857)

278.5 2F25/2(37850)  4I11/2(2002) 517.8 2K13/2 + 2G9/2(19620)  4I9/2(308)

295.2 2F25/2(37850)  4I13/2(3930) 525.7 2K13/2 + 2G9/2(19154)  4I9/1(130)

300.6 2F25/2(37850)  4I13/2(4507) 540.4 4G7/2(18822)  4I9/2(308)

310.8 2F25/2(37850)  4I15/2(5757) 549.8 4G9/2(20730)  4I11/2(2521)

319.4 2F25/2(37850)  4I15/2(6570) 558.0 2D5/2(23674)  4I15/2(5757)

398.2 2P3/2(25994)  4I9/2(857) 563.8 2D5/2(23674)  4I15/2(5933)

434.5 2P1/2(23155)  4I9/2(130) 577.2 2P1/2(23155)  4I15/2(5812)

456.3 4D3/2(27670)  4I15/2(5757) 588.5 4G5/2(16992)  4I9/2(0)

461.5 4D3/2(27670)  4I15/2(5963) 595.2 4G5/2(16992)  4I9/2(199)

480.1 4G11/2(21029)  4I9/2(199) 601.3 4G5/2(16849)  4I9/2(199)

488.6 4G9/2(20773)  4I9/2(308) 618.9 4G5/2(16992)  4I9/2(857)
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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account that the new bands in the spectrum of the per-
ovskite are associated with the same multiplets as in the
yttrium aluminum garnet.

Thus, detailed investigation of the pulsed cathodolu-
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.

Table 2.  Identification of the pulsed cathodoluminescence
bands of Nd3+ ions in perovskite

Wave-
length, nm Transition

455.7 2P3/2(25981)  4I13/2(4021)

478.0 4G11/2 + 2K15/2 + 2D3/2(21580)  4I9/2(671)

486.4 4G11/2 + 2K15/2 + 2D3/2(21231)  4I9/2(671)

541.9 4G7/2(18975)  4I9/2(500)

545.0 4G7/2(18846)  4I9/2(500)

546.9 4G7/2(18975)  4I9/2(671)

554.7 2D5/2(23759)  4I15/2(5757)

603.3 4G9/2(20865)  4I13/2(4291)

606.1 4G9/2(20955)  4I13/2(4446)

608.0 4G9/2(20894)  4I13/2(4446)

644.3 4G11/2 + 2K15/2 + 2D3/2(21276)  4I15/2(5757)
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
REFERENCES

1. B. I. Minkov, Influence of Ionizing Radiation on Optical
and Laser Properties of Single Crystals (Nauch. Issl.
Inst. Tekh. Éksp. Khim. Mashinostr., Moscow, 1985) [in
Russian].

2. A. A. Kaminskii, Laser Crystals: Their Physics and
Properties (Nauka, Moscow, 1975; Springer, Berlin,
1981).

3. P. P. Feofilov, V. A. Timofeeva, M. N. Tolstoœ, and
L. M. Belyaev, Opt. Spektrosk. 19 (5), 817 (1965).

4. D. T. Sviridov, R. K. Sviridova, and Yu. F. Smirnov, Opti-
cal Spectra of Transition Metal Ions in Crystals (Nauka,
Moscow, 1976) [in Russian].

5. A. I. Kolomiœtsev, M. L. Meœl’man, I. S. Volodina,
M. V. Chukichev, A. G. Smagin, and Kh. S. Bagdasarov,
Luminescence of Yttrium Aluminum Garnet Crystals
Activated by Neodymium in the Ultraviolet and Visible
Ranges under High-Energy Excitation (Vsesoyuzn.
Zaochn. Inzhen.-Striot. Inst., Moscow, 1982) [in Rus-
sian].

6. Kh. S. Bagdasarov, I. S. Volodina, A. I. Kolomiœtsev,
M. L. Meœl’man, and A. G. Smagin, Kvantovaya Élek-
tron. (Moscow) 9 (6), 1158 (1982).

7. A. I. Kolomiœtsev, M. L. Meœl’man, I. S. Volodina,
M. V. Chukichev, A. G. Smagin, and Kh. S. Bagdasarov,
Opt. Spektrosk. 56 (2), 365 (1984) [Opt. Spectrosc. 56
(2), 222 (1984)].

8. V. I. Solomonov and S. G. Mikhaœlov, Pulsed Cathodolu-
minescence and Its Application to Analysis of Con-
densed Materials (Ural Otd., Ross. Akad. Nauk, Yekat-
erinburg, 2003) [in Russian].

Translated by O. Moskalev



  

Physics of the Solid State, Vol. 47, No. 8, 2005, pp. 1492–1496. Translated from Fizika Tverdogo Tela, Vol. 47, No. 8, 2005, pp. 1435–1439.
Original Russian Text Copyright © 2005 by Ivanov, Pustovarov, Kirm, Shlygin, Shirinski

 

œ

 

.

                                                                                                                                  

PROCEEDINGS OF THE XII FEOFILOV WORKSHOP
“SPECTROSCOPY OF CRYSTALS ACTIVATED 

BY RARE-EARTH AND TRANSITION-METAL IONS”

 

(Yekaterinburg, Russia, September 22–25, 2004)
Energy Transfer in Gd2SiO5–Ce, Y2SiO5–Ce, and Be2La2O5–Ce 
Crystals during Selective VUV and Core Excitation

V. Yu. Ivanov*, V. A. Pustovarov*, M. Kirm**, E. S. Shlygin*, and K. I. Shirinskiœ*
* Ural State Technical University, ul. Mira 19, Yekaterinburg, 620002 Russia

e-mail: ivy@dpt.ustu.ru
** Institute of Physics, University of Tartu, Tartu, 51014 Estonia

Abstract—Luminescence vacuum ultraviolet time-resolved spectroscopy is used to study electronic excita-
tions and energy transfer in Ce3+-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 (τ = 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 Ce3+-doped crystals of gadolinium oxyorthosil-
icate and lanthanum beryllate indicates that the nature of the charge carriers involved in the recombination pro-
cesses of energy transfer to luminescence centers is diverse. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Energy transfer to luminescence centers by second-
ary charge carriers is 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 Gd2SiO5–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 (Eexc = 6–35 eV) and core
(Eexc = 50–200 and 500–630 eV) electronic excitations
in Y2SiO5–Ce, Gd2SiO5–Ce, and Be2La2O5–Ce scintil-
lation crystals at temperatures of 6–10 and 300 K.

2. EXPERIMENTAL

We studied Czochralski-grown Y2SiO5–Ce (0.1 mol %)
and Gd2SiO5–Ce (0.5 mol %) crystals prepared by
A. Korovkin at the Vavilov State Optical Institute [2]
and Be2La2O5–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) in the range 2.5–11 eV, and the LS
decay kinetics during selective excitation were mea-
sured using time-resolved spectroscopy in the VUV
region (4–35 eV) at the SUPERLUMI station [3] and in
the ultrasoft x-ray region (50–200 and 500–630 eV) in
the BW3 channel [4] (HASYLAB, DESY, Hamburg) at
temperatures of 6–10 and 295 K. The LSs and LESs
were recorded for both time-integrated luminescence
and luminescence detected in gated time windows of
width ∆t delayed by δt with respect to an exciting syn-
1063-7834/05/4708- $26.00 1492
chrotron-radiation pulse. The time window parameters
for the VUV region were δt1 = 2.1 ns, ∆t1 = 14.1 ns and
δt2 = 46 ns, and ∆t2 = 155 ns. For excitation in the
ranges 50–200 and 500–630 eV, measurements were
performed in three time windows with δt = 0.2, 19.5,
and 43 ns and ∆t = 6.4, 20.5, and 107 ns, respectively.

3. EXPERIMENTAL RESULTS

3.1. Y2SiO5–Ce Crystals

At T = 300 K, the LS of the Y2SiO5–Ce crystals in
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 (Emax 1 = 2.96 eV) and a
weaker component (Emax 2 = 3.17 eV). The two-compo-
nent structure of this LS, formed by the radiative relax-
ation of the excited state of the Ce3+ ion, is due to the
splitting of the 2F ground state of the Ce3+ ion [5].

At room temperature, the LES of the Ce3+ ions in the
VUV region contains narrow excitation bands with
maxima at 4.15 and 4.71 eV, a broader 6.82-eV band,
and a shoulder near 5.5 eV (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 Ce3+ 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.
© 2005 Pleiades Publishing, Inc.
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The luminescence decay kinetics measured for
Emax = 3.1 eV at a varied excitation energy Eexc can be
fitted by two exponential components (Fig. 2a). The
decay time of the fast component is τ1 = 34 ns (at Eexc =
4.2 eV), 36 ns (Eexc = 6.8 eV), 38 ns (Eexc = 24.7 eV),
and 34 ns (Eexc = 60–200 eV). The slow component has
a decay time of longer than 500 ns, and its contribution
is insignificant but increases at Eexc = 4.2 eV and espe-
cially at Eexc = 60–200 eV.

At low temperatures, an additional elementary band
in the range 3.5–4.5 eV appears in the LSs of the
Y2SiO5–Ce crystals; this band is more pronounced at
Eexc = 6.82 eV (Fig. 1a). By resolving the spectrum into
Gaussians, we estimated the spectral positions and
characteristics of these bands: Emax 3 = 3.5 eV and
Emax 4 = 3.8 eV (FWHM = 0.5 eV for both bands). The
3.5-eV band is more pronounced at Eexc > 20 eV, and
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Fig. 1. (a) Luminescence spectra of Y2SiO5–Ce crystals
excited by photons with an energy of (1) 6.9 and (2, 3)
24.7 eV at a temperature 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 Y2SiO5–Ce crystals recorded at
(1, 3) 3.1 and (2, 4) 3.75 eV at a temperature T = 5.7 K.
Spectra 1 and 2 were measured in the slow window, and
spectra 3 and 4, in the fast window.
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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 Ce3+ ion consists of two components
(Fig. 2b). For the fast component, τ = 29 ns (Eexc =
4.8 eV), 33 ns (Eexc = 6.9 eV), and 35 ns (Eexc =
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
luminescence bands measured for Eemis = 3.7 eV con-
sists of two components (inset to Fig. 2b). The fast
component can be fitted by an exponential function
(with τ = 3 ns), and the relaxation time of the second
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Fig. 2. (a) Decay kinetics of 3.1-eV luminescence of
Y2SiO5–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 Y2SiO5–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. The inset shows the
decay kinetics of luminescence with Eemis = 3.75 eV for exci-
tation by photons with an energy of (5) 6.9 and (6) 24.7 eV.
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component falls in 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-
cence kinetics of the Ce3+ ion during excitation at Eexc >
6.8 eV. Since fast components were not observed in the
kinetics of the 3.1-eV luminescence in this case, we can
assume that the long (microsecond) decay time charac-
terizes the low-temperature luminescence component
with Emax 3 = 3.5 eV that overlaps with the Ce3+ lumi-
nescence, whereas the second component of this lumi-
nescence with Emax 4 = 3.8 eV has a decay time of 3 ns.

3.2. Gd2SiO5–Ce Crystals

At T = 300 K and exciting photon energies Eexc 1 =
6.5 eV and Eexc 2 = 24.7 eV, the photoluminescence
spectrum of the Gd2SiO5–Ce crystals has a structured
band (consisting of two Gaussians with Emax 1 = 2.78 eV
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Fig. 3. (a) Luminescence spectra of Gd2SiO5–Ce crystals
excited by photons with 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 Gd2SiO5–Ce crys-
tals recorded at 2.9 eV at a temperature T = 5.7 K. Spectra 1
and 3 were measured in the fast window, and spectra 2 and
4, in the slow window.
P

and Emax 2 = 2.93 eV; Fig. 3a). As the exciting photon
energy increases to Eexc3 = 140 eV, both bands are
present in the spectrum but the high-energy lumines-
cence is dominant.

Like for the Y2SiO5–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 Eexc >
15 and 21 eV (Fig. 3b). The time-resolved LESs clearly
differ: the 6.5-eV band is absent in the fast time win-
dow. Unlike the Y2SiO5–Ce crystals, the excitation in
the range of core transitions results in a deep dip in the
range 140–160 eV, which is the range of the L1 absorp-
tion edge of Si (149.7 eV) and the N5 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 Ce3+ 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 (τ = 22 ns). An increase in the photon
energy to 6.5 eV leads to the appearance of a rise about
15 ns in length, and the exponential decay time
increases to 32 ns (Fig. 4a). At this excitation, the
6.5-eV band is not observed in the impurity LES in the
fast time window. At Eexc = 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 manifests itself 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 time is ~40 ns. How-
ever, upon excitation in the region of the maximum dip
in the LES at Eexc = 152 eV, the rise stage virtually dis-
appears and the exponential decay time decreases to
30 ns.

As the Gd2SiO5–Ce crystals are cooled to 5.7 K, the
character of the Ce3+ 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 Y2SiO5–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 Ce3+ 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 Gd2SiO5–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 Y2SiO5–Ce
crystals, the spectral region of the low-temperature
luminescence overlaps substantially with the impurity-
luminescence spectrum.
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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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 Eexc = 6.6 eV, the rise stage increases to
25 ns (Fig. 4b). At Eexc = 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
Eexc = 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 Gd2SiO5–Ce [6] and
6.4 eV for Y2SiO5–Ce. Thus, the photon energy spec-
trum used allowed us to perform selective excitation in
various ranges: (i) in the range of crystal transparency,
(ii) at the fundamental 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 LSs, LESs, and decay kinetics
suggests that, at T = 5.7 K, the Gd2SiO5–Ce and
Y2SiO5–Ce crystals exhibit two types of intrinsic
matrix luminescence. This intrinsic luminescence is
excited only above the FAE, and its decay kinetics dif-
fers from that of the Ce3+ 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 compounds with low symmetry of the
oxygen ions, and they are interpreted as the 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 oxides in different directions in the Brillouin zone.
In the reflectance spectra of 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 Ce3+ 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 (τrise = 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
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
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
via the 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 Gd2SiO5–Ce
crystals in the range 140–160 eV and manifests itself at
5.7 and 300 K. The excitation range mentioned above
includes the L1 absorption edge of Si (149.7 eV) and the
N5 absorption edge of Gd (142.6 eV). However, since
this effect was not detected in the Y2SiO5–Ce crystals,
we have to conclude that it is related to the core absorp-
tion of gadolinium. We may assume that the decrease in
the duration of the stages of rise and decay of the Ce3+

luminescence is caused by an increase in the absorption
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Fig. 4. (a) Decay kinetics of 2.8-eV luminescence of
Gd2SiO5–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
Gd2SiO5–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 at 5.7 K.
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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 Be2La2O5–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 Ce3+ luminescence during
photoexcitation with Eexc @ Eg is due 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
holes that form as a result 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 Nd2BaNiO5 were mea-
sured with high resolution (0.1 cm–1) over wide ranges of wavenumbers (1500–20000 cm–1) and temperatures
(4.2–300 K). The energies of 54 Stark sublevels of the Nd3+ ion and exchange splittings of some of them were
determined in the magnetically ordered state of Nd2BaNiO5 (TN = 47.5 ± 1 K). It was shown that the low-tem-
perature magnetic properties of Nd2BaNiO5 are determined by exchange splitting (32 cm–1) of the ground state.
© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Due to their structural properties, chain nickelates
R2BaNiO5 [R is a rare-earth (RE) ion or Y] are interest-
ing model objects for studying one-dimensional mag-
netism in the system of antiferromagnetic (AFM)
chains of atoms with an integer spin (S = 1 for Ni2+) and
the crossover to three-dimensional magnetic order. As
is known, one-dimensional isotropic (Heisenberg)
magnets are 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 there is a
gap in the magnetic excitation spectrum (the Haldane
gap). The conclusions reached by Haldane have been
confirmed by numerical simulations and experiments
with Ni(C2H8N2)2NO2ClO4 (NENP) and CsNiCl3 com-
pounds (see, e.g., [2, 3]). Nickelates R2BaNiO5 allow
smooth variation of the interchain interaction by replac-
ing or partially replacing the rare-earth R3+ ion with the
nonmagnetic Y3+ ion, which offers new opportunities
for studying quasi-one-dimensional Haldane magnets.

Nickelates R2BaNiO5 (R = Pr–Tm, Y) belong to the
orthorhombic crystal system and have space group

Immm  [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 NiO6 octa-
hedra connected together by shared vertices (Fig. 1).
The chains are bound to each other via Ba2+ and R3+

ions. The R3+ ions occupy equivalent positions with

D2h
25( )
1063-7834/05/4708- $26.00 ©1497
local symmetry C2v (Fig. 1b). The compound with R =
Y (Y2BaNiO5) is not ordered at least down to 100 mK
[6]. The temperature dependence of its magnetic sus-
ceptibility is described by a curve with a wide peak typ-
ical of a one-dimensional antiferromagnet (the intrac-
hain interaction was estimated from this curve to be J ≈
25 meV [7]). Neutron inelastic scattering spectra reveal
an excitation with energy ∆ ≈ 10 meV, which is attrib-
uted to the Haldane gap [7]. The upper estimate of the
interchain interaction J' was found in [8] to be J'/J ≤ 5 ×
10–4. Thus, Y2BaNiO5 is an almost ideal model of the
AFM chain of spins S = 1. The substitution of a RE 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 a wave vector k = (1/2, 0,
1/2) for all compounds with R ≠ Y [9]. However, the
directions of the magnetic moments are different in
compounds with different RE elements. For R = Nd,
Tb, Dy, and Ho, the magnetic moments are parallel to
the c axis of the crystal [9], whereas in the Er2BaNiO5
compound they are parallel to the a axis [9, 10]. The
Néel temperatures TN vary from 12.5 K for Tm2BaNiO5
to 65 K for Tb2BaNiO5. For Nd2BaNiO5, TN = 48 K [9,
11, 12]. For the (RxY1 – x)2BaNiO5 systems (0 ≤ x ≤ 1),
TN(x) varies gradually, which makes it possible to study
in detail the crossover from a one-dimensional (1D)
quantum 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
(NdxY1 − x)2BaNiO5 using neutron inelastic scattering.
 2005 Pleiades Publishing, Inc.
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Another neutron experiment (for Nd2BaNiO5) was per-
formed in [15] with the aim of studying the interaction
of 1D magnetic excitations of Ni chains with 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 Nd3+ electronic
states in Nd2BaNiO5.

These data are also needed to explain the magnetic
properties of Nd2BaNiO5. The temperature dependence
of the magnetic susceptibility χ(T) exhibits a very weak
feature at the magnetic ordering temperature TN = 48 K
[11, 16, 17] and a pronounced peak at a significantly
lower temperature, Tmax = 26 K [11, 17], whereas,
according to the neutron scattering data, no changes in

a
b

c

c
a

b

(b)

(a)

O2

O1

Ba
Nd
Ni

Fig. 1. (a) Structure of Nd2BaNiO5 and (b) the nearest

neighborhood of the Nd3+ ion in Nd2BaNiO5. NiO6 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.
P

the magnetic structure are observed. Probably, the peak
in the χ(T) dependence corresponds to depletion of the
upper component of the Nd3+ Kramers doublet, which
is split by exchange interactions in the magnetically
ordered state, as is the case in Er2BaNiO5 [11, 18]. To
test this hypothesis, spectroscopic studies are required.

To our knowledge, the spectroscopic information on
the Nd2BaNiO5 compound is restricted to the positions
of the three lowest Stark sublevels of the ground state
(144, 192, 304 cm–1), which were determined using
neutron inelastic scattering spectra measured with a
resolution of ≈2.5 cm–1 [15]. This study is devoted to
optical high-resolution (0.1 cm–1) spectroscopy of the
Nd2BaNiO5 compound and, for comparison,
Nd0.1Y1.9BaNiO5.

2. EXPERIMENTAL

Polycrystalline Nd2BaNiO5 and Nd0.1Y1.9BaNiO5

samples were prepared using solid-phase synthesis
from powders of Y2O3 (99.99%) and/or Nd2O3

(99.99%), NiO (99.99%), and BaCO3 (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 components in Nd2O3

(~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
Nd0.1Y1.9BaNiO5 sample and the diffraction pattern
corresponded to space group Immm. The diffraction
pattern of Nd2BaNiO5 after treatment at 1350°C also
showed the group Immm; however, traces of other
phases were observed.

High-resolution (to 0.1 cm–1) diffuse transmittance
spectra of Nd2BaNiO5 samples were measured over
wide spectral (1600–20000 cm–1) 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 BaF2 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–1. Two InSb detectors were
used for the range 5000–10000 cm–1. One of them was
conventional; the other, special, detector was posi-
tioned in the cryostat immediately behind the sample.
The range 1600–5000 cm–1 was studied using a mer-
cury cadmium telluride detector.
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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3. OPTICAL SPECTRA 
OF Nd0.1Y1.9BaNiO5 AND Nd2BaNiO5 

IN THE PARAMAGNETIC STATE 
AND THE STARK STRUCTURE 

OF THE Nd3+ ION LEVELS

Figure 2 shows the general transmittance spectrum
of polycrystalline Nd2BaNiO5 samples in the paramag-
netic state. Narrow lines correspond to the f–f transi-
tions in the Nd3+ ion from the 4I9/2 ground state to
excited levels. For comparison, the positions of the
Nd3+ levels in LaCl3 [19] are shown. The positions of
the lower levels 4I11/2, 4I13/2, and 4I15/2 are identical for
Nd2BaNiO5 and LaCl3, while the higher levels of
Nd2BaNiO5 are shifted to lower energies in comparison
with those of LaCl3. This nephelauxetic shift [20, 21] in
Nd2BaNiO5 is caused by the strong overlap of the wave
functions of the Nd3+ excited states with the ligand
wave functions.

In the crystal field with C2v local symmetry, each
level of the free Nd3+ ion with a total angular momen-
tum J is split into J + 1/2 Kramers doublets (see the dia-
gram in Fig. 3). All spectra can be interpreted in terms
of a single neodymium center. To facilitate analysis of
the Stark splittings, we used the diluted
Nd0.1Y1.9BaNiO5 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 Nd3+ ion multiplets as deter-
mined from the spectra are listed in the table. The Stark
sublevels of the 4I9/2 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 levels thus determined (140,
190, 302 cm–1) agree well with the neutron scattering
data (144, 192, 304 cm–1) [15].

The experimentally determined positions of 54
Stark levels of the Nd3+ ion in Nd2BaNiO5 can be used
for performing an analysis in terms of crystal field the-
ory.

4. EXCHANGE SPLITTINGS IN Nd2BaNiO5 
SPECTRA: MOLECULAR-FIELD MODEL

In the magnetically ordered state, magnetic interac-
tions remove the Kramers degeneracy of Nd3+ 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-
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
blets corresponding to the initial and final levels of an
optical transition. The splittings as determined from the
spectra at T = 5 K are listed in the table.

Figure 8 shows the temperature dependences of the
ground-state splitting ∆(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

Fig. 2. Transmittance spectrum of Nd2BaNiO5 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 LaCl3 : Nd3+ compound are shown at the
top [19].

Fig. 3. Schematic diagram of the Nd3+ level splitting in the
crystal field and of the Kramers doublet splitting in the mag-
netically ordered state. The optical transitions frozen out at
low temperatures are indicated by dashed lines.
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Fig. 4. Transmittance spectra of (NdxY1 – x)2BaNiO5 at 100 K in the range of transitions from the 4I9/2 ground state of the Nd3+ ion
to excited states (indicated in the right bottom of each panel). Spectral lines are denoted according to the notation in Fig. 3.
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Stark level energies of the Nd3+ ion in chain nickelates (NdxY1 – x)2BaNiO5 determined from the transmittance spectra at T = 90 K;
the exchange splittings (cm–1) for Nd2BaNiO5 at T = 5 K are given in parentheses

Multiplet
E, cm–1

Multiplet
E, cm–1

x = 1 x = 0.05 x = 1 x = 0.05

4I9/2 0 (32) 0 4F5/2 12241 (<2) 12222

140 130 12251 (<2) 12231

190 180 12330 (3.7) 12306

302 290 2H29/2 12390 12377

~440 440 12438 12410
4I11/2 1901 1909 12490 12470

2029 2018 12552 12521

2046 12580 12551

2104 2100 4F7/2 13190 (5.3) 13183

2183 2178 13200 (5.3) 13187

2224 2222 13258 (4) 13229
4I13/2 3807 4S3/2 13340 (14.5) 13318

3970 3956 13352 (22) 13327

3992 (11) 3978 4F9/2 14390 (2) 14379

4029 4022 14468 (7) 14447

4119 4117 14631 (14) 14603

4169 4160 4G5/2 16640 (6) 16608

4217 4212 16743 (10) 16699
4I15/2 5772 16779 (7) 16738

5912 (16) 2G7/2 16996 16992

5956 (<4) 17015 17026

6163 17057

6220 17168 17132

6248 4G7/2 18585 18600

6353 18625 18704
4F3/2 11188 (11.4) 11182 18748

11323 11290 2G9/2 19114
mNi(T) determined from the neutron scattering data
[14]. The 4-meV mode in Nd2BaNiO5 observed in neu-
tron scattering experiments was initially assigned to the
Stark level of the Nd3+ 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
Nd3+ 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 < 0.9TN, the splitting of the RE-ion ground
state in Nd2BaNiO5 is proportional to the magnetic
moment of the nickel subsystem (Fig. 8), as in the case
of Er2BaNiO5 [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
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
Beff induced by the ordered nickel subsystem [11, 17,
18]. Within this approximation, we can write

(1)

(2)

where  is the magnetic moment of the Nd3+ ion in
the ground state and λ is the molecular-field constant.

Using the experimental values  = 2.65µB and

 = 1.6µB (derived from the neutron scattering data
[9]) and fitting the experimental ∆(T) dependence with
Eqs. (1) and (2), we obtain λ = 7.61µB. This value
agrees well with the value λ = 7.51µB obtained in [17]
by analyzing the Nd2BaNiO5 magnetic susceptibility.

∆ T( ) 2mNd
0( )Beff T( ),=

Beff T( ) λmNi T( ),=

mNd
0( )

mNd
0( )

mNi
0( )
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At T > TN, 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 ∆(T)
dependence [23, 24]. A comparison of the optical and
neutron scattering data for Nd2BaNiO5 (Fig. 8) con-
firms this assumption. Based on the spectroscopic data,
we obtained TN = 47.5 ± 1 K, which agrees with TN =
48 K determined from neutron diffraction studies
[9, 16].

Fig. 5. Transmittance spectrum of Nd2BaNiO5 at various
temperatures. The lines corresponding to transitions from
the excited sublevels of the 4I9/2 multiplet disappear as the
temperature decreases. At 40 K, one can see exchange split-
tings of the IA and IB lines.

Fig. 7. Line IA (Fig. 4d) at various temperatures. The nota-
tion corresponds to that in Fig. 3.
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5. MAGNETIC MOMENT OF THE NEODYMIUM 
SUBSYSTEM IN MAGNETICALLY ORDERED 

Nd2BaNiO5

The excited Stark sublevels of the ground-state mul-
tiplet (140, 190 cm–1, etc.; see table) are almost empty
at T < TN. Therefore, only the ground-state Kramers
doublet contributes to the magnetic moment mNd of the
neodymium subsystem and we can write

(3)mNd T( ) mNd
0( ) n1 n2–

n1 n2+
---------------- mNd

0( ) ∆ T( )
2kT
------------,tanh= =

Fig. 6. Populations of excited levels with energy Ei as calculated

using the formula ni/N = exp(−Ei/kT)/ −Ej/kT)

(solid curves) and experimentally measured intensities of
spectral lines (dots).

(exp
j 1=
5∑

Fig. 8. Temperature dependences of (1) the splitting ∆ 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 mNi. The ∆(T) dependence was obtained
from the spectroscopic measurements in this study, and
E(T) and mNi(T) were plotted using the experimental data
on neutron scattering [14].
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where mNd(T)is the magnetic moment per Nd3+ ion and
n1 and n2 = n1exp(∆/kT) are the populations of the lower
and upper sublevels of the ground-state Kramers dou-
blet.

Figure 9 shows the mNd(T) dependences calculated
from Eq. (3) using the spectroscopic data on the
ground-state splitting ∆(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 data obtained in this study also directly substan-
tiate the approach (proposed for the first time in [11])
applied in [17] to calculate the magnetic susceptibility
χ(T) of Nd2BaNiO5. Moreover, these data show that the
peak in the χ(T) dependence at a temperature Tmax ~
26 K (or at 30 K, according to [11]), which is signifi-
cantly lower than the magnetic ordering temperature
TN = 47.5 K, is caused by depletion of the upper com-
ponent of the Nd3+ ion ground-state Kramers doublet
split by Nd–Ni interactions in magnetically ordered
Nd2BaNiO5. Using this approach, the temperature of
this peak can be estimated from the formula kTmax =
0.65∆(0) without calculating the entire χ(T) depen-
dence [23]. By substituting ∆(0) = 32 cm–1 determined
from the spectra, we obtain an estimate Tmax = 30 K that
is close to the observed value.
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Fig. 9. Temperature dependences of the Nd3+ magnetic
moment in the magnetically ordered state of Nd2BaNiO5 as
obtained (1) from the spectroscopic data using Eq. (3) and
(2) from neutron scattering data.
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Abstract—Based on the results of a comparative analysis of luminescence spectroscopy and EPR spectroscopy
data, it was found for the first time that the wide-band luminescence of Cr3+ ions in a forsterite crystal is due to
the Cr3+–VMg center or, in a crystal additionally doped with lithium, to a Cr3+–Li+ center. For the first time, tun-
able laser action was obtained with Cr3+–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 Mg2+ 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+ : Mg2SiO4 and in (Cr3+, Li) :
Mg2SiO4 crystals, the wide-band luminescence of Cr3+

ions in the spectral range 850–1000 nm is caused by
isolated chromium ions located in the mirror-symmetry
magnesium positions M2 [2, 3].

It was established in [4] that the wide-band lumines-
cence of Cr3+ ions in forsterite crystals doped with
chromium and lithium ions, (Cr3+, Li) : Mg2SiO4, is a
superposition of two bands peaked at wavelengths λmax

of approximately 890 and 950 nm (with polarization
E || c for space group Pbnm). When the lithium concen-

tration reaches a value , the luminescence intensity
in the band at λmax ~ 890 nm decays to zero.

Non-isovalent substitution of Cr3+ for Mg2+ ions in
the forsterite structure should be accompanied by the for-
mation of point defects serving as charge compensators.
In Cr3+ : Mg2SiO4 crystals, these defects are negatively
charged magnesium vacancies VMg. However, the results
of computer modeling show that lithium ions can be
more effective charge compensators. Thus, it is expected
that Cr3+–VMg centers will form in Cr3+ : Mg2SiO4 crys-

CLi
min
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tals and Cr3+–Li+ centers will form in (Cr3+,Li) : Mg2SiO4
crystals [5].

2. Crystals doped either with chromium alone or
with both lithium and chromium were studied. The
crystals were grown using the Czochralski technique in
an atmosphere of highly pure argon (log  ~ –4). The
chromium concentration in a melt was 0.06 ± 0.01 wt %.
The lithium concentration in a melt 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 spectra can be found in [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 alexandrite
(Cr3+ : BeAl2O4) laser operating at a wavelength λp =
750 nm was used for pumping.

3. The wide-band luminescence of Cr3+ ions in
Cr : Mg2SiO4 crystals is polarized predominantly along
the c axis. At CLi = 0, the Cr3+ ion luminescence with
polarization along the c, b, and a axes has a maximum
at λ ~ 890, 860, and 850 nm, respectively [7]. It can be
seen from Figs. 1a and 1b that, in Cr3+ : Mg2SiO4 crys-
tals additionally doped with Li+ ions, the luminescence
with polarization along the c and b axes in the initial

f O2
 2005 Pleiades Publishing, Inc.
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bands with maxima at approximately 850–890 nm
weakens rapidly and finally disappears completely for
samples grown from a melt with a lithium concentra-

tion higher than  = 0.05 wt %. In place of this lumi-
nescence, there appear bands with maxima at 750 nm
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Fig. 1. Transformation of wide-band luminescence spectra
of Cr3+ 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 %.
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(for E || b) and 950 nm (for E || c). Therefore, a forster-
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 the initial Cr3+ center is most clearly observed in
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Fig. 2. Variations in the intensity of Cr3+ wide-band lumi-
nescence (open symbols) and in the concentration of Cr3+

EPR centers having different structure (solid symbols) in
(Cr3+,Li) : Mg2SiO4 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 the relative deviations. The
dotted lines are fits to the normalized dependence of the
luminescence intensity on the lithium concentration in the
melt.
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a sample cooled to a temperature of 77 K (Fig. 1c). In
this case, the band belonging to the initial Cr3+ center
and the new band at λmax ~ 750 nm overlap only weakly.

The EPR spectra of the crystals under study exhibit
signals from seven different Cr3+ paramagnetic centers.
Two of them are well-known isolated Cr3+ centers in the
structurally nonequivalent magnesium positions M1
and M2 with Ci and Cs local symmetry, respectively [1].
Two other centers are typical only of (Cr3+,Li) :
Mg2SiO4 crystals. These were assumed in [6] to be the
Cr3+(M1)–Li+(M2) and Cr3+(M2)–Li+(M1) centers.
This conclusion was based on a comparative analysis of
the angular dependences of the EPR lines and the spin
Hamiltonian parameters of these centers and the
Cr3+(M1) and Cr3+(M2) centers. Three more centers
exist both in Cr3+ : Mg2SiO4 and in (Cr3+,Li) : Mg2SiO4
crystals [8]. The concentration of these three centers
decreases rapidly to zero for samples grown from a
melt with a Li+ ion concentration CLi > 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 CLi correlate most closely
with the variations in the concentration of Cr3+–Li+ cen-
ters (Fig. 2b) rather than the concentration of isolated
Cr3+ centers (Fig. 2a). Moreover, in the range of CLi 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 CLi can be identified with one of the detected
chromium–vacancy centers (Fig. 2c).

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+–VMg

center in Cr3+ : Mg2SiO4 crystals and to the Cr3+–Li+

center in (Cr3+,Li) : Mg2SiO4 crystals. Contrary to a
wide-spread belief, the isolated Cr3+(M2) centers do not
have a significant effect on the formation of the wide-
band luminescence spectrum.

The results of the analysis of the spectral properties
of the (Cr3+,Li) : Mg2SiO4 crystals studied were con-
firmed directly by laser action studies. The absorption
associated with the 4A2–4T2 transition in a crystal at the
P

pumping wavelength was ~2.5 cm–1 (for E || c). Laser
radiation with polarization E || c, 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+ : Mg2SiO4 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+–VMg centers in
crystals with CLi = 0 and to the Cr3+–Li+ centers in crys-

tals with CLi >  = 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—The impact of photodynamic processes induced by pump radiation in crystals doped with rare-earth
(RE) ions on the possibility of generating stimulated radiation in the UV and VUV spectral ranges is 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 n – 15d–4f n 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 criteria oriented to search for new solid-state UV and VUV active media are formulated. © 2005 Ple-
iades Publishing, Inc.
1. INTRODUCTION

One of the most attractive methods for generating
tunable radiation in the UV and VUV spectral ranges is
the use of parity-allowed interconfigurational
4f n − 15d1–4f n (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
1063-7834/05/4708- $26.00 1507
trivalent cerium and neodymium ions (see table) [1–
13]. Other numerous attempts to obtain UV and VUV
lasing due to 5d–4f transitions in other ions and in other
crystals have failed. Moreover, it is not always 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 n – 15d1 – 4f n transitions
in trivalent RE ions

Active
medium Detection date Date of reproduction 

of the laser test results Note

LiYF4 : Ce3+ Ehrlich et al., 1979 [1] Dubinskii et al., 1994 [4] Solarization of samples, short lasing

LaF3 : Ce3+* Ehrlich et al., 1980 [2] Not reproduced Strong solarization of samples

LaF3 : Nd3+* Waynant et al., 1985 [3] Dubinskii et al., 1992 [9] Photorefractive effect; not reproduced 
in several laboratories

LiLuF4 : Ce3+ Dubinskii et al., 1994 [4] Sarukura et al., 1995 [10]
Rambaldi et al., 1998 [11]

Solarization; differential efficiency 
of up to 55%

LiCaAlF6 : Ce3+ Dubinskii et al., 1993 [5] Marshall et al., 1994 [12] Solarization has not been observed; 
differential efficiency of up to 46%. 
The single UV-active medium used for 
producing commercial UV lasers

LiSrAlF6 : Ce3+ Pinto et al., 1994 [6] Marshall et al., 1994 [12] Solarization; differential efficiency 
of up to 47%

LiLu0.99Y0.01F4 : Ce3+ Semashko et al., 2000 [7] Laroche et al., 2003 [13] Improved photochemical stability in 
comparison with LiLuF4 : Ce3+; differ-
ential efficiency of up to 62%

KY3F10 : Ce3+* Semashko et al., 2001 [8] No data Solarization of samples, short lasing

* The laser test results depend on the crystal-growth technology and experimental technique.
© 2005 Pleiades Publishing, Inc.
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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 media for which the operating electron tran-
sitions are the interconfigurational 5d–4f transitions in
RE ions.

2. RESULTS AND DISCUSSION

The nonreproducibility of the results of studies
aimed at obtaining 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 4fn – 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 CCs that 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, due to the accumu-
lation of CCs induced by pump radiation in active
media, it becomes important to consider the experi-

Fig. 1. Simplified schematic diagram for photodynamic
processes induced by pump radiation in UV- and VUV-
active media in which the laser transitions are the intercon-
figurational 5d–4f transitions in trivalent RE ions.
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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
shown in Fig. 2. The model is based on the conventional
four-level scheme of a laser 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 a pulse-pumped active medium placed
in a high-Q laser cavity, the population of each energy
level at the instant t and the stimulated-emission photon
density Ulas is determined by the balance kinetic equa-
tions

(1)

d
dt
-----n1 –R t( )σpumpn1 P31n3 P41n4 P51n5,+ + +=

d
dt
-----n2 R t( )σpumpn1 P23 σionR t( )+( )n2– P52n5,+=

d
dt
-----n3 P23n2 P31 σionR t( )+–=

+ 1
τ rad
------- σlas σlas

ESA–( )cU las+ 
  n3 σlascU lasn4,+

d
dt
-----n4

1
τ rad
------- σlascU las+ 

  n3 P41 σlascU las+( )n4,–=

d
dt
-----n5 R t( )σionn2 R t( )σion σlas

ESAcU las+( )n3+=

– P51 P52 P56+ +( )n5

+ σpump
cc R t( ) σlas

cc cU las
1

τcc

------+ + 
  n6,
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4
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Fig. 2. Probabilistic model of photodynamic processes in
UV-active crystals doped with RE ions.
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where n1–n6 are the instantaneous populations of the
corresponding states; R(t) is the pump photon density
(the time profile of the pump pulse); σpump and σion are
the absorption and ionization cross sections of the acti-
vator ion at the pump radiation frequency, respectively;

σlas and  are the cross sections of the laser transi-
tion and absorption from the upper laser level at the

stimulated-radiation frequency, respectively;  and

 are the CC absorption cross sections at the pump
radiation and lasing frequencies, respectively; τrad and
τcc are the lifetimes of the upper laser level and CC,
respectively; Pij are the corresponding transition proba-
bilities; c is the speed of light; L is the active-medium
length; R is the reflectance of the cavity output mirror;
ρ0 is the passive cavity loss factor; and Ndef is the num-
ber of defect states responsible for the CC formation in
the crystal.

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

mental values of σpump, σlas, , τrad, τcc, P23, and P41

available for crystals of fluoride scheelite [7, 8, 10, 11,
13] and colquirite [8, 10, 12]. The other parameters
were tabulated to within two orders of magnitude using

d
dt
-----n6 P56

Ndef n6–
Ndef

--------------------n5=

– σpump
cc R t( ) σlas

cc cU las
1

τcc

------+ + 
  n6,

d
dt
-----U las U las 1+( ) σlas n3 n4–( ) σlas

ESAn3–[=

– ρ0 σlas
cc n6

1
2L
------ 1

R
--- 

 ln+ + 
  c,

σlas
ESA

σpump
cc

σlas
cc

σlas
ESA

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

Above all, it is clear that lasing is impossible only in
the case where the cross section of absorption from the
excited 4f 5d state (the upper laser level) exceeds the
stimulated-emission 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.

Analysis shows that the answer depends on the
number Ndef 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 shows the 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 are filled (dark curves in Fig. 3).

Figure 4 shows the calculated lasing evolution at a
fixed pump pulse energy for two values of the lattice
defect concentration, 1016 and 1017 cm–3 (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 has a low Q factor

Fig. 4. Typical evolution of the laser UV radiation energy at
a fixed pump energy for two values of the defect concentra-
tion, 1016 and 1017 cm–3 (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–3), respec-
tively.
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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 is likely that the lasing excitation will
not occur at all 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 a long time and that previous results had been con-
sidered incorrect. In particular, attempts to reproduce
the laser test results for LiLuF4 : Ce3+ 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 PDPs in 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 (σion <
σlas), the free-carrier recombination rate is high (P51,
P52 > P56), and the number of lattice defects Ndef is
small, then the pump-energy dependence of the lasing
event probability has the classical form plotted in Fig. 5
(dashed curve). In this case, there exists a threshold
energy for stimulated emission excitation and each
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Fig. 5. Pump-energy dependence of the lasing-excitation
probability at various values of the microscopic parameters
of photodynamic processes in active media.
P

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 crystalline
media. The sole exception to this is provided by UV-
active LiCaAlF6 : Ce3+ crystals, which is explained by
the extraordinarily wide band gap (~100000 cm–1) of
the matrix and the low probability of multiphoton ion-
ization of the Ce3+ ion [15].

When the lattice defect density Ndef is comparable to
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 have the classical form. For example, if
the activator ion ionization cross section is equal to or
higher than the cross section of the laser transition
(σion ≥ σlas) and, simultaneously, the recombination rate
of free carriers is lower than the CC generation proba-
bility (P51, P52 > P56), 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 LiYF4 : Ce3+, LiLuF4 : Ce3+, and
LiSrAlF6 : Ce3+ crystals.

Finally, if the CC generation probability signifi-
cantly exceeds the free-carrier recombination rate (P51,
P52 ! P56) and σion @ σlas, then there exists a narrow
pump energy range in which stable lasing becomes pos-
sible (solid curve in Fig. 5). In this case, experimenters
are especially 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 typical of the
majority of known crystalline 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
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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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 lattice defects, and with high free-car-
rier recombination rates, all 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 a crucial role in forming the magnetic structure. The
H–T phase diagrams for the magnetic structure are drawn. © 2005 Pleiades Publishing, Inc.
1 1. INTRODUCTION

The interest in pure rare-earth orthorhombic manga-
nites and manganite compounds doped by alkaline-
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 frequencies 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 structure and 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 frequencies, we use a recently developed 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 value 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 frequencies without an external magnetic field

1 This article was submitted by the authors in English.
1063-7834/05/4708- $26.00 1512
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, c) are drawn,
which show antiferromagnetic, ferromagnetic, and
paramagnetic regions of the magnetic structure of pure
manganite.

2. CRYSTAL AND ORBITAL STRUCTURES
OF LaMnO3

Manganite crystal (Fig. 1) has a distorted 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 e type [5]. The strong electron–lat-
tice interaction causes the presence of e-type distor-
tions due to the degenerate trivalent manganese-ion
ground state and helps the orbital structures to be estab-
lished.

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

(1)

where ϕnθ and ϕnε are the eigenfunctions of the degen-
erated 5E term. The values of φn 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,

(2)

where φ characterize the orbital state of the Mn3+ sub-
lattice according to Eq. (2).

ψn φn/2( )ϕnθsin φn/2( )ϕnε,cos+=

φ1 –φ2 φ3– φ4 φ,= = = =
© 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:

(3)

where

(4)

(5)

the parameters of dependences are [4] J0 = 1.69 ×
104 K Å10, α = 1.0, and β = 4.5; and the experimental
structural parameters are ϕb = 155.1° and ϕac = 154.8°
(Mn–O–Mn bond angles), rb = 1.97 Å and rac = 2.05 Å
(mean Mn–O distances), and φ = 107.8° (angle of
orbital mixing without ambient pressure [5]). The sin-
gle-ion anisotropy of manganese ions in the octahedral
oxygen environment is given by

(6)

where P = –1.15 K [4], n enumerates manganese ions,
and the index l 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:

(7)

where (x) is the Brillouin function and

(8)

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 AxFyGz type (in
Pnma notation) [4]. The molecular field theory gives
overestimated critical temperatures for magnetic transi-
tions. For LaMnO3, we obtained TN = 216 K, while
experimentally TN ≈ 140 K is observed [2, 3]. However,

H Jn m, Sn Sm⋅( )
n m>
∑ Hn

anis gµB H Sn⋅( ),
n

∑+ +=

) )

Jb J0

ϕbcos
2

rb
10

---------------- 1 2α φcos β φcos
2

+ +[ ] ,=

Jac J0

ϕaccos
2

rac
10

------------------ 1 α φcos– β φcos
2

3/4–( )+[ ] ,=

Hn
anis DnSnzl

2 En Snxl
2 Snyl

2–( ),+=

Dn 3P φ, Encos 3P φ,sin= =

)

Si〈 〉 SiBSi

gµB Hi
eff〈 〉 Si

kT
----------------------------- 

  ,=

BSi

Hi
eff JijS j ∂Hi

anis/∂Si gµBH+ +
j

∑=
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
qualitatively, our results are in good agreement with
experiment (see Figs. 2, 3). The temperature depen-
dence of total magnetization is given in Fig. 3.

The slight discrepancy for the AFMR frequencies
temperature dependence is reasoned to be caused by an

Fig. 1. Crystal and orbital structures. Lanthanum ions are
omitted. Manganese ions are drawn as e orbitals. Arrows
show e-type distortions of oxygen octahedral. Numbers
enumerate orbital and magnetic sublattices.
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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 LaMnO3 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 a mixture 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 almost 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–

Fig. 3. Temperature dependence of total magnetization.
Experimental data are taken from paper [6].
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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], there is a slight step in the correspond-
ing diagram. The point is that there are two structures
that are close energetically (AxFyGz and GxCyAz) 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 LaMnO3
was performed within the framework of the spin Hamil-

0

50

100

150

200

250

T,
 K

(a)

(b)

PM

FMAFM A

Spin-flop

FM

PM

PM

FM

AFM A

0 200 400 600 800
H, kOe

50

100

150

200

250

300

T,
 K

FM

Fig. 4. H–T phase diagram. (a) H || x; (b) H || y. AFM A is
the A-type antiferromagnet.
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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
magnetizations in 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 structure in
the compound. Different magnetic parameters were
varied to determine their influence on the behavior of
the system in a magnetic field. It was found that single-
ion anisotropy plays a crucial role in the reaction of the
magnetic system with the external magnetic field along
the easy axis of magnetization (where a spin–flop tran-
sition is observed). Thus, this factor does not seem to be
as important as antiferromagnetic exchange when we
investigate the perpendicular direction (hard direction)
of the external magnetic field. Thereby, it is evident that
LaMnO3 possesses a nontrivial, strongly anisotropic
magnetic structure caused by its orbital and crystal
structures.
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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Abstract—In this work, a review of recent experimental data and their interpretation for NicMg1 – cO solid
solutions is given. In particular, the influence of exchange interactions between Ni2+ ions on the structural, opti-
cal, magnetic, and vibrational properties is discussed. © 2005 Pleiades Publishing, Inc.
1 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, as well as on the
signs and strengths of the nearest neighbor (NN) JNN

and next-to-nearest-neighbor (NNN) JNNN 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 Ni2+ ions in
NicMg1 − cO solid solutions.

Pure nickel oxide (NiO) is a classical example of a
type-II antiferromagnet having a high Néel temperature
TN = 523 K [3]. Below TN, the spins of the Ni2+ ions are
ordered ferromagnetically in the {111} planes, where

they lie along the  axes [4, 5]. In the paramag-
netic phase, pure NiO has a rock-salt-type crystal struc-
ture with nickel ions located at the center of the NiO6
octahedra. In the antiferromagnetic (AF) phase, the
structure of NiO undergoes a week cubic-to-rhombohe-
dral distortion due to the magnetostriction effect. The
AF structure of NiO is determined by dominating
superexchange interactions in linear Ni2+–O2––Ni2+

1  This article was submitted by the authors in English.
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atom chains (JNNN ≈ 150 cm–1) and weak 90° superex-
change Ni2+–O2––Ni2+ interactions (JNN ≈ 11 cm–1) [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 3d8 levels of the Ni2+ ion subject
to the crystal field [8].

Substitution of nickel ions by magnesium ions leads
to the formation of a continuous series of NicMg1 – cO
solid solutions and stabilizes the cubic structure [9, 10].

A magnetic phase diagram of the NicMg1 – cO 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) a tricritical region or
a frustrated antiferromagnet (0.04 ≤ c ≤ 0.63), (3) a
spin-glass state (0.25 ≤ c < 0.4), and (4) a diamagnet
(c ≤ 0.2) [11]. Complementary information on the mag-
netic ordering in NicMg1 – cO 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 TN and appears upon cooling at tem-
peratures well below TN (dashed line in Fig. 1) [13].
The aforementioned techniques provide a rather 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
NicMg1 – cO at the microscopic level.
 2005 Pleiades Publishing, Inc.
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2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUES

The NicMg1 – cO 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(NO3)2 · 6H2O
and Ni(NO3)2 · 6H2O salts, which were mixed and
slowly evaporated. The remaining dry “flakes” were
heated up to 500–600°C to remove NO2 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. NicMg1 – cO
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 NicMg1 – cO 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 NicMg1 – cO
solid solutions, whose continuous series can be pre-

0.8

200

0.6 0.4 0.2 01.0
Concentration c

0

400

600
T, K

P

AF + PAF

TN

NicMg1–cO

CSG

Fig. 1. Magnetic phase diagram of the NicMg1 – cO system
according the elastic magnetic neutron scattering [11] and
SQUID magnetometry [11, 12]. The region of the infinite
antiferromagnetic cluster [13] is indicated by open squares.
P is paramagnetic region, AF is antiferromagnetic region,
and CSG is cluster spin glass.
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pared due to the small difference (about 0.02 Å) of the
ionic radii of Ni2+ and Mg2+ ions [9, 10]. It was believed
for a long time that the lattice parameter of the
NicMg1 − cO system depends linearly on the composi-
tion and follows the Vegard rule: a(c) = caNiO + (1 –
c)aMgO [9, 12, 29, 30]. However, the results of Ni
K-edge XAS studies [26, 27] suggested a deviation of
the local environment around Ni2+ 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 NicMg1 – cO series differ from
those predicted by the Vegard model and that the max-
imum deviation is about –0.002 Å for c ~ 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 spectra of NicMg1 – cO for c ≤ 0.2 in the
energy range 7800–8300 cm–1 of the 3A2g  2T2g

band [21]. The existence of the two sharp zero-phonon
                     

0.2

4.18

0.4 0.6 0.8 1.0
Ni concentration c

0
4.17

4.19

4.20

4.21

4.22

NicMg1–cO

Vegard model

Lattice parameter a(c), Å

Fig. 2. Variation of the lattice parameter a(c) (shown by
points) in NicMg1 – cO [25]. The solid line shows the linear
Vegard model. The dashed line corresponds to the model
a(c) = c2aNiO + 2c(1 – c)(b1 + b2c) + (1 – c)2(caNiO + (1 –
c)aMgO) with b1 = 4.206 Å and b2 = –0.014 Å, taking into
account a displacement of nickel atoms upon dilution by
magnesium [25].
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lines (E and T) in the 3A2g  3T2g band at 8005 and
8182 cm–1 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, it is known that at nickel concentra-
tions 0.01 < c < 0.2, additional zero-phonon lines
appears at 7822, 7888, 7921, and 7937 cm–1, which are
attributed to the exchange-coupled Ni2+–Ni2+ pairs
formed due to the 90° superexchange Ni2+–O2––Ni2+

interactions [19–21]. The maximum number of isolated
pairs is observed at c = 0.05, and they aggregate into
clusters at higher nickel concentrations [20, 21].

The optical properties of the NicMg1 – cO solid solu-
tions with a small 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 spectra of NicMg1 – cO
solid solutions can be interpreted using the energy level
diagram of a free nickel ion Ni2+(3d8) in a cubic crystal
field. The observed absorption bands (Fig. 3) are related
to the parity-forbidden d–d transitions, three of which,
3A2g(F)  3T2g(F), 3A2g(F)  3T1g(F), and
3A2g(F)  3T1g(P), are spin-allowed (∆S = 0),
whereas the others are forbidden. We will consider the
two lowest bands, which correspond to the magnetic-
dipole transition 3A2g(F)  3T2g(F) at ~8800 cm–1 and
the electric-dipole transition 3A2g(F)  1Eg(D) at
~13800 cm–1. Note that both bands are sensitive to the
magnetic ordering.

At low temperature, the magnetic-dipole band
3A2g(F)  3T2g(F) consists of two sharp zero-phonon
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Fig. 3. Room-temperature optical absorption in NicMg1 – cO
single crystals [10].
P

lines (peaks A and B in Fig. 4), phonon satellite peaks,
and a broad sideband [16, 19]. The peak A at ~7800 cm–1

is assigned to the pure exciton transition, whereas the
peak B at ~7840 cm–1 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 influences the intensity and the position of
both peaks and of the phonon sideband [35]. An intro-
duction of less than 10% magnesium ions (c > 0.9)
results in a strong damping of the peak B intensity
already at 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 NicMg1 – cO for
c > 0.95 is nearly unchanged and equals that of pure
NiO ω1M ≈ 41 cm–1. There is also some evidence of a
decrease in ω1M by ~8 cm–1 for c = 0.95 (Fig. 4). Note
that a similar variation of 

 

ω

 

1

 

M

 

 with composition has
been observed recently in one-magnon Raman scatter-
ing [24]. For  c   ≤  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 Ni

 

0.90

 

Mg

 

0.10

 

O
(Fig. 4). According to the magnetic phase diagram
(Fig. 1), the antiferromagnetic ordering in Ni

 

c

 

Mg

 

1 – 

 

c

 

O
exists [11, 12] at 

 

T

 

 = 6 K for 

 

c

 

 

 

≥

 

 ~0.4 and, moreover, an
infinite antiferromagnetic domain structure is observ-
able for 

 

c

 

 > ~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

 

c

 

Mg

 

1 

 

−

 

 

 

c

 

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
a temperature increase or dilution by nonmagnetic ions.

The temperature dependence of the electric-dipole
transition 
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)  
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(
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) in Ni

 

0.60

 

Mg

 

0.40

 

O is shown
in Fig. 5, and a variation of the band with composition
is shown in Fig. 3. Note that the 

 

1

 

E

 

g

 

(

 

D

 

) band partially
overlaps with the 

 

3

 

T

 

1

 

g

 

(

 

F

 

) band located at ~15700 cm

 

–1

 

.
The intensity of the 

 

1

 

E

 

g

 

(

 

D

 

) band for 

 

c

 

 = 0.60 experi-
ences an abrupt decrease in the temperature interval
200–275 K, just below the Néel temperature 

 

T

 

N

 

 ~
320 K (Fig. 5). At room temperature, an abrupt change
occurs between 

 

c

 

 = 0.25 and 0.7 (Fig. 3). Our previous
study [36] of this band in KNiF

 

3

 

 single crystals sug-
gests that the 

 

1

 

E

 

g

 

(

 

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, so it is
not visible in the experimental data but is expected to be
at ~12500 cm

 

–1

 

. The two magnons are excited at the
Brillouin zone boundary (BZB), so they are short-

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



MAGNETIC ION EXCHANGE INTERACTIONS 1519
8600 8200 7800
Wavenumber, cm–1

Absorbance, arb. units

(a)

T, K

120

110

90

70

60

40

20

10

B A

Ni0.99Mg0.01O(100)

8200 8000 7800
Wavenumber, cm–1

Absorbance, arb. units

(b)

T = 6 K

0.60

B

ANicMg1–cO

0.90

0.95

0.98

0.99

1.00
c

Fig. 4. (a) Temperature and (b) concentration dependences of the low-energy part of the 3A2g(F)  3T2g(F) absorption band in
NicMg1 – cO single crystals [16]. The peaks due to the pure excition transition and exciton–one-magnon excitation are indicated 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 TN (Fig. 5).
Similar behavior of the two-magnon contribution has
also been found in the Raman spectra of NiO [37] and
KNiF3 [38]. The two-magnon energy ω2M can be
roughly estimated to be ~1400 cm–1, which is much
larger than in KNiF3 (ω2M = 813 cm–1) due to the stron-
ger superexchange interactions between Ni2+ ions.

Contrary to the optical absorption spectra (Fig. 3),
where several bands due to intra Ni2+ ion transitions are
observed (Fig. 3), the photoluminescence spectra [22]
in the range 11000–22000 cm–1 at high nickel concen-
trations consist of only two broad bands (Fig. 6): a red
band at 12500 cm–1 and a green band at 18500 cm–1.
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–1 is related to the transi-
tions from some defect levels located in the gap
between the 3T1g(F) and 1T2g(D) Ni2+ levels. Similarly,
the position of the red band is attributed to the defect
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
levels located in the gap between the 3T2g(F) and 1Eg(D)
Ni2+ 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–1, five vibrational bands [6]—one-
phonon (1P) TO (at 440 cm–1, peak A) and LO (at
560 cm–1, peak B) modes, two-phonon (2P) 2TO modes
(at 740 cm–1, peak C), TO + LO (at 925 cm–1, peak D)
and 2LO (at 1100 cm–1, peak E) modes, and a two-mag-
non (2M) band F at ~1500 cm–1. 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-
quencies 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 c ≥
0.6 is shown in Fig. 7a for a Ni0.8Mg0.2O solid solution
[24]. Here it can be detected up to about 270 K, and the
one-magnon frequency extrapolated to T = 0 K is about
26 ± 1 cm–1. As expected, the one-magnon frequency
5
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decreases and the peak progressively broadens with
increasing temperature. The extrapolation of the tem-
perature dependence of the one-magnon frequency to
ω1M = 0 gives a critical temperature TC ≈ 300 K, which
is much smaller than the Néel temperature [11] TN (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 c = 0.99 and
0.9 and (b) the one-magnon energy for highly diluted
nickel oxide vanishes significantly below the Néel tem-
perature. The abrupt change of the one-magnon fre-
quency 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 NicMg1 – cO 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
slightly 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 ≤ c < 0.9 and disappear

18000

Absorbance, arb. units

Wavenumber, cm–1
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Fig. 5. Temperature dependences of 3A2g(F)  3T1g(F),
1Eg(D) absorption bands in Ni0.60Mg0.40O single crystals
[16].
PH
completely for c ≤ 0.4. Since the crystalline structure of
NicMg1 – cO 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 a lowering of local symmetry at Ni2+ sites caused by
two effects: composition disorder and off-center dis-
placement of nickel ions. The intensity 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
partially responsible for the background contribution
for c < 0.7.

12000
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Fig. 6. (a) Temperature and (b) composition (at room tem-
perature) dependences of the photoluminescence in
NicMg1 – cO solid solutions under a 514-nm excitation laser

wavelength [22]. The luminescence due to Cr3+ ions comes
from the MgO substrate.
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MAGNETIC ION EXCHANGE INTERACTIONS 1521
Intensity, arb. units

10 20 30 40 50
Raman shift, cm–1

Ni0.80Mg0.20O
(a) T, K

25

67

113

172

216

235

256

265

Intensity, arb. units

0 500 1000 1500 2000
Raman shift, cm–1

(b)

MgO

0.3

0.4

0.5

0.6

0.7

0.9

NiO
A B

F
EC D

Fig. 7. (a) Temperature dependence of the one-magnon Raman scattering in a Ni0.80Mg0.20O solid solution [24]. (b) Composition
dependence of the room-temperature Raman spectra of polycrystalline NicMg1 – cO 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 spectra is roughly comparable.
4. SUMMARY AND CONCLUSIONS

We have reviewed the recent experimental data
together with their interpretation for NicMg1 – cO solid
solutions with an emphasis on the exchange interac-
tions between Ni2+ ions. We have shown that different
experimental methods provide complementary infor-
mation and allow a deeper understanding of the
NicMg1 – cO 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 Ni2+ 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.
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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Abstract—Nonempirical calculations of the unpaired-spin density and NMR frequencies for charge-ordered
compounds La0.333Ca0.667MnO3 and La0.5Ca0.5MnO3 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 colossal 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 partially 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 coupled, 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 shifts in 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
La0.5Ca0.5MnO3 and La0.333Ca0.667MnO3 crystals.

2. MODEL

NMR lines are determined by the hyperfine mag-
netic interaction between the electron and nuclear mag-
1063-7834/05/4708- $26.00 1523
netic moments. In crystals, a significant part is also
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.

The isotropic hyperfine interaction constant is given
by

(1)

where g and gN are the electronic and nuclear g factors,
respectively; β and βN are the electronic and nuclear
Bohr magnetons; and ρ 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

(2)

where summation is performed over all spin-polarized
wave functions of the ion and ϕα  and ϕβ 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 complete set of molec-
ular orbitals describing the cluster.
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3. RESULTS AND DISCUSSION

The La0.5Ca0.5MnO3 and La0.333Ca0.667MnO3 com-
pounds studied here are dielectrics possessing a charge-
ordered structure at temperatures below TCO. For the
La0.333Ca0.667MnO3 crystal, the temperature of transi-
tion to the charge-ordered state is TCO = 260 K [4]. The
NMR spectra of both compounds contain two clearly
pronounced lines [3, 5]. The parameters of
La0.5Ca0.5MnO3 can be found in [2], and the parameters
of La0.333Ca0.667MnO3, 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, this ion is
involved in the formation of the orbital structure of the
compound. The actual 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
P21/m and is essentially orthorhombic with a double
unit cell. Thus, the trivalent manganese ion occupies
two structurally inequivalent 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 Mn3+ ion. The Mn–O
bond lengths are chosen, in accordance with [2], to be
2.068 and 1.929 Å for the first center and 2.056 and
1.919 Å for the second center in the case where the in-
plane bond connects the axial oxygen ions and the man-
ganese ion for both centers. We calculated the unpaired
spin density for both Mn3+ positions and determined the
NMR signal frequency. The unpaired spin density was
calculated for a cluster made up of a manganese ion and
its nearest environment, with due account of the effect
of all other ions in the crystal. The ions outside the 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 frequency. Moreover, a decrease of
the distortions arising in the crystal structure entails a

NMR line positions for the Mn3+ and Mn4+ ions

Compound Mn3+, MHz Mn4+, MHz

LaMnO3 (expt.) [13, 14] 350

LaMnO3 (calc.) 427

La0.5Ca0.5MnO3 (expt.) [3] 380 310

La0.5Ca0.5MnO3 (calc.) 473 369

La0.35Ca0.65MnO3 (expt.) [5] 375 290

La0.333Ca0.667MnO3 (calc.) 478 361
PH
lowering of the NMR frequency. The NMR frequencies
related to the manganese ions occupying inequivalent
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-
ence in 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
slightly distorted; therefore, the state of the cluster
approaches that of an undistorted octahedron. The
quadrivalent 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 Å [2].

La0.333Ca0.667MnO3 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 Mn4+. The local distortions of the trivalent ion
environment are close in amplitude to those of the clus-
ter for La0.5Ca0.5MnO3 and can be characterized by the
following bond lengths: 2.024 and 1.916 Å for the in-
plane bonds and 1.902 Å for the oxygen ions on the
orthorhombic axis. A small change in local distortions
of the oxygen octahedron gives rise to a slight shift of
NMR frequencies relative to the NMR frequencies
observed in the La0.5Ca0.5MnO compound. The
quadrivalent ion in La0.333Ca0.667MnO3 occupies an off-
center position. Therefore, the Mn4+ bond lengths are
1.87, 1.89, 1.90, and 2.01 Å for the in-plane oxygen
ions and 1.904 and 1.907 Å for the axial oxygen ions.
However, despite the local structures being substan-
tially different, the corresponding isotropic hyperfine
constants are similar.

The calculated NMR frequencies for both Mn3+ and
Mn4+ are given in the table.

We performed first-principles calculations of the
unpaired spin density and NMR frequencies for
LaMnO3 [15]. The results are listed in the table. The
NMR frequency calculation conducted in terms of the
empirical model is described in [16]. As is evident from
the table, the frequency for the trivalent manganese ion
in LaMnO3 is lower 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-
quencies observed experimentally with those of the tri-
and quadrivalent manganese ions, and to qualitatively
reconstruct the pattern of NMR frequency variations as
YSICS OF THE SOLID STATE      Vol. 47      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 ε(ω)
and the complex permeability µ(ω). 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.

Since the general form of the expression relating the
quantities ε, µ, 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 ε(ω) and the
complex permeability µ(ω).

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

It is known 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 (εxy(ω)) [1]
and permeability (µxy(ω)) [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 εxy(ω)
1063-7834/05/4708- $26.00 1526
and µxy(ω) 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 the real part of the quantity
ω2εxy(ω) [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.
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Real part of the quantity ω2εxy(ω) for iron according to the
measurements made in [1] (dotted line), the calculation per-
formed in [3] (dashed line), and the results obtained in this
work (solid line).
© 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 functions that correspond to the energy den-
sities of transversal electric dipole states: g⇒ , g⇐ , G⇒ ,
and G⇐ .

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

G⇒ E hω–( )G⇒' E( ) Ed

Er

Er hω+

∫

– G⇐ E hω–( )G⇐' E( ) E,d

Er

Er hω+

∫

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 as in [5].
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Abstract—Magnetic ordering and spin reorientation in iron borates NdxGd1 – xFe3(BO3)4 (x = 0.01, 0.04, 0.25,
1.0) are studied using a rare-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(BO3)4 (R = Y, Ln; M = Al, Ga, Cr, Fe, Sc)
are promising materials for quantum- and optoelectron-
ics. YAl3(BO3)4 and GdAl3(BO3)4 crystals are
employed in frequency-doubled and frequency-mixed
lasers, while NdAl3(BO3)4 is a highly effective concen-
trated material for miniature medium-power lasers [1–
3]. The compound obtained by replacing Al3+ with Fe3+

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

( ) [4]. RFe3(BO3)4 crystals are shaped like a hexago-
nal prism and consist of layers perpendicular to the c
axis, which, in turn, consist of RO6 trigonal prisms and
FeO6 octahedra (smaller in size). The RO6 polyhedra
are linked to BO3 groups of two types and to FeO6 octa-
hedra by shared vertices in such a way that each FeO6
octahedron shares two faces, one with each of the two
adjacent layers. The FeO6 octahedra share a common
face with each other in such a way that they form iso-
lated helical chains, which are parallel to the c axis and
are independent of each other. The R3+ ions occupy
equivalent positions with trigonal symmetry (point
group D3).

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
NdFe3(BO3)4 [4] and at 10 and 40 K for GdFe3(BO3)4
[5, 6]. From the temperature dependence of the trans-
mission spectra, it follows that NdFe3(BO3)4 undergoes

D3
7

1063-7834/05/4708- $26.00 1528
magnetic ordering at 33 ± 1 K [7]. Studies of the heat
capacity and Raman scattering in GdFe3(BO3)4 and of
the absorption spectra of a Nd3+ probe in GdFe3(BO3)4,
in combination with measurements of the magnetic
properties of GdFe3(BO3)4 [8], show that gadolinium
iron borate undergoes three phase transitions: a first-
order structural transition at 156 K, magnetic ordering
(a second-order transition) at 37 K, and spin reorienta-
tion (a first-order transition) at 9 K [8]. In [6], the tem-
perature dependences of the heat capacity and mag-
netic susceptibility of several RE iron borates were
measured and the temperatures of the structural phase
transition and magnetic ordering in RM3(BO3)4 were
found as a function of the R3+ ionic radius. In this
paper, we report on the results of spectroscopic studies
on magnetic phase transitions in the mixed system
NdxGd1 – xFe3(BO3)4.

2. EXPERIMENTAL

Transparent dark-green NdxGd1 – xFe3(BO3)4 (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–1
© 2005 Pleiades Publishing, Inc.
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with a resolution of 1 to 0.15 cm–1 on a BOMEM
DA3.002 high-resolution Fourier spectrometer
equipped with a liquid-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 D3 point
group. The Nd3+ ion has an odd number of electrons
and is a Kramers ion. A D3-symmetry crystal field lifts
the degeneracy of the levels of a free ion except the
Kramers degeneracy. The number of levels is 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 Nd3+ ion lev-
els is shown schematically in Fig. 1.

Figure 2 shows the transmission spectra of
NdxGd1 − xFe3(BO3)4 at 50 K (in the paramagnetic
phase) in the region of the transitions 4I9/2  4I15/2 (for
x = 0.25, 1.0) and 4I9/2  4F3/2 (for x = 0.01, 0.04).
With our samples, we could not study one spectral
region for all values of x, because the 4I9/2  4I15/2
transition is not observed in samples with small values
of x, whereas the 4I9/2  4F3/2 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–Fe 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 4I9/2  4I15/2 (for x = 0.25, 1.0) and
4I9/2  4F3/2 (for x = 0.01, 0.04) at various tempera-

Fig. 1. Splitting of the Nd3+ ion levels in a D3-symmetry
crystal field (schematic).
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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 Nd3+ ion is lifted when magnetic ordering
occurs in NdxGd1 – xFe3(BO3)4. The designations of the
components of split lines in Fig. 3 correspond to those
of the energy levels in Fig. 1. In the case of
NdFe3(BO3)4, splitting of the two closely spaced lines
IA and IB in the spectral range 5850–5910 cm–1 is seen
to occur, as can also be clearly seen from a comparison
with the spectrum of the compound with x = 0.25 in this
spectral range (Fig. 2a). The components of these split
lines corresponding to transitions from the upper sub-
level of the Kramers doublet split by the magnetic inter-
action in the magnetically ordered state are “frozen
out” at low temperatures. For the NdxGd1 – xFe3(BO3)4

compounds with x = 0.01, 0.04, and 0.25, a sharp
change in the relative intensity of lines is also seen to
occur within a narrow temperature range (less than 1-K
wide). For the earlier studied compound GdFe3(BO3)4 :
Nd (1 at. %), this change in the relative intensities in the

Fig. 2. Transmission spectra of NdxGd1 – xFe3(BO3)4 in the

region of the transitions (a) 4I9/2  4I15/2 (for x = 0.25,

1.0) and (b) 4I9/2  4F3/2 (for x = 0.01, 0.04). T = 50 K.
The designations of the spectral lines correspond to those of
the energy levels in Fig. 1.
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Fig. 3. Absorption spectra in the region of low-frequency lines of the transitions 4I9/2  4I15/2 (for x = 0.25, 1.0) and 4I9/2 
4F3/2 (for x = 0.01, 0.04) at various temperatures.
RE spectrum (observed at TR = 9 K) was assigned to the
spin reorientation first-order phase transition, during
which the magnetic moments of the Fe ions change
their orientation from the ab plane (at temperatures TR
P

< T < TN) to the c axis (at T < TR) [8]. The temperatures
of the magnetic ordering and the spin-reorientation
transition as determined from the temperature depen-
dences of the splittings and relative intensities of the
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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spectral lines are given in the table. In NdFe3(BO3)4, the
spin-reorientation transition is not observed above 3 K.
The decrease in the magnetic-ordering temperature
with an increase in the Nd3+ ion concentration in
NdxGd1 – xFe3(BO3)4 is due to the fact that the replace-
ment of Gd3+ by Nd3+ (which has a larger ionic radius)
increases the interatomic distances and the lattice
parameters. This behavior is consistent with the varia-
tions in TN of iron borates RFe3(BO3)4 along the row of
RE elements [6] and indicates that the links between the
Fe chains are mainly due to BO3 groups rather than to
RE ions. As for 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 TR to
decrease as the neodymium content increases.
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Temperatures of magnetic ordering (TN) and the spin-reorien-
tation transition (TR) in NdxGd1 – xFe3(BO3)4 as a function of x

x TN, K TR, K

0.01 37.0 ± 0.5 [8] 9.00 ± 0.25
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0.25 36.5 ± 1.0 6.5 ± 0.5

1.0 33 ± 1 [7] –
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Abstract—Specifics of the exchange interaction in mixed-valence Cr2+–Cr3+ 3d-ion pairs in KZnF3 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 KZnF3 : Cr crystals [3, 4] have shown that these crys-
tals contain (Cr2+–Cr3+) 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 the ion pair; i.e. the pair has
no inversion center. The experimental data from [3, 4]
have been explained in terms of the small-radius
polaron [5] and the strong electron–phonon interaction,
which completely reduces the double-exchange inter-
action in first-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
KZnF3 is tetragonal.

It seems that the model of the Cr2+–Cr3+ center in
KZnF3 crystal proposed in [6] is closer to reality. In this
model, the charge is compensated mainly by a K+

vacancy located in the first or second coordination shell
of one of the chromium ions. Possible versions of the
Cr2+–Cr3+ complex with a vacancy in KZnF3 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 KZnF3 : Cr [3].
1063-7834/05/4708- $26.00 1532
2. In an Oh-symmetry crystal field, the 3d3 (Cr3+)
ground state is a 4A2 orbital singlet and the 3d4 (Cr2+)
ground state is a 5E doubly degenerate term. Let us
choose the states |5Eµ(a) × 4A2(b)SM〉  and |4A2(a) ×
5Eµ(b)SM〉  (µ = u, v) as a basis to describe the localiza-
tion of an excess electron on one of the two ions (a or
b). The Hamiltonian of the exchange-coupled mixed-
valence ion pair is given by

(1)

where H(a*b) and H(ab*) are the Hamiltonians corre-
sponding to the case where the excess electron is local-
ized on the ions a and b, respectively, and Vde is the dou-
ble-exchange interaction Hamiltonian of the ion pair.
The Hamiltonian H(a*b) has the form

(2)

where the first term describes the low-symmetry crystal
field produced by the vacancy, the second term corre-
sponds to the low-symmetry tetragonal field exerted on
the Cr2+ ion by the Cr3+ ion (hCr), 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 Eq. (2). The terms Hlsf(a*b) and HCr(a*b)
are given by

(3)

where I is the unit operator and Xµ (µ = u, v) is an
orbital operator acting in the space of the E-term wave
functions. The terms containing h1(a) and h2(a)
describe the tetragonal and orthorhombic components
of the crystal field produced by the vacancy at the Cr2+

ion site, respectively, and ∆c is a parameter characteriz-
ing the degree of inhomogeneity of the crystal field at
the centers a and b. The term Hex(a*b) describes the

H H a*b( ) H ab*( ) Vde,+ +=

H a*b( ) H lsf a*b( ) HCr a*b( ) Hex a*b( ),+ +=

H lsf a*b( ) HCr a*b( )+ ∆c I b( ) I a( )–[ ]=

+ h1 a( ) hCr+[ ] Xu a( ) h2 a( )Xv a( ),+
© 2005 Pleiades Publishing, Inc.
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superexchange interaction between the mixed-valence
ions modified by orbital effects:

(4)

where J0 and J1 are the superexchange interaction con-
stants and Sa and Sb are the spins of the centers a and b,
respectively. The Hamiltonian Vde has the traditional
form

(5)

where indices µ and ν denote summation over eg(u, v )
and t2g(ξ, η, ζ) orbitals and σ = ±1/2. The nonzero
transfer integrals bµν satisfy the relations buu = be,
|buu | @ |bvv |, bξξ = bηη = bt, and |bt | @ |bζζ|. All these
interactions are assumed to be weaker than the inter-
atomic exchange JH.

The constants contained in Hlsf can be estimated
using the crystal-field approximation, because the
Zn2+–K+ and Cr2(3)+–K+ distances in a KZnF3 crystal are
significantly larger than the sums of the corresponding
ionic radii (see table). The value of hCr is about
−240 cm–1. Neglecting the orthorhombic component of
the crystal field in comparison with the tetragonal com-
ponent (h1 + hCr) for the sake of simplicity, the eigenen-
ergies of the mixed-valence ion pair can be found to be

(6)

where t = t(S) = be(S + 1/2)/(2S0 + 1), fs(S) = [S(S + 1) –
Sa(Sa + 1) – Sb(Sb + 1)]/2, S is the total spin of the pair,
and S0 = 3/2 is the spin of the ion core. It can be seen
that there is strong resonant coupling between the
Cr3+(a)–Cr2+(b) and Cr2+(a)–Cr3+(b) configurations in
the case of |t/∆c | @ 1. In the opposite limiting case
|t/∆c | ! 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
due to virtual transitions of t2g electrons from the center
b to the center a. In zero approximation, the excited

state a*( eg)b( ) is separated from the ground state

a( eg)b( ) by Ude ~ 2U instead of U, as in the case
of a pair of identical 3d ions (here, U ~ 5–10 eV is the
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-

Hex a*b( ) J0I a( ) J1Xu a( )+[ ] SaSb( ),=

V res bµνciµσ
+ c jνσ,

i j≠ a b,=

µ ν σ, ,

∑= ) )

E1 ∆c– h1 a( )– hCr– J0 J1–( ) f s S( ),+=

E2 ∆c h1 b( )– hCr– J0 J1–( ) f s S( ),+=

E3 4, hCr J0 J1+( ) f s S( )
h1 a( ) h1 b( )+

2
--------------------------------+ +=

2∆c h1 a( )+ h1 b( )–( )2 4t2+ ,±

t2g
4 t2g

2

t2g
3 t2g

3
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bation theory when the virtual transition of an eg or t2g

electron from the center a to the center b with an exci-
tation energy of about ∆ ≈ JH is taken into account. For

example, the transition of a t2g electron ( e1 ×  

e1 × ) leads to mixing of the ground state (5E × 4A2)
and excited states (4T2 × 3T1, 4T1 × 3T1) of the mixed-
valence ion pair due to the resonance interaction (5).
Obviously, the second factor, for which the electron
excitation energy is ∆ ~ JH < U, can make a significant
contribution to the constants J0 and J1 in Eq. (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.

t2
3 t2

3 t2

t2
2 t2

4

Ia Ib

IIbIIa IIc

IId IIe IIf

IIg

Cr2+, 3+

Zn2+

K+

F–

Vacancy

Schematic structures of various types of Cr2+–Cr3+ ion pair
centers in the KZnF3 crystal for the (I) first and (II) second
coordination shells



1534 BANNIKOV, MITROFANOV
3. According to experimental data, the optical
absorption spectra of the Cr2+–Cr3+ pair in KZnF3 have
intense lines at 16720 and 19880 cm–1, which were
attributed in [3, 4] to the 5E × 4A2  3Ea × 4A2 and 5E ×
4A2  3Eb × 4A2 transitions, respectively. When inter-
preting the optical absorption lines of the Cr2+–Cr3+ pair
at frequencies of 16720 and 19880 cm–1, one should
taken into account not only the excitation of the Cr3+

ion (4A2  4T2, 2E) but also the excitation of the Cr2+

ion (5E  3Ea, b). 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-
valence ion pairs with 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 lines in the optical absorp-
tion spectrum of the mixed-valence ion pairs.

Spectroscopy studies of the mixed-valence Cr2+–
Cr3+ ion pair in KZnF3 subjected to axial strain and
electric fields [3, 6] show unambiguous manifestations
of the pseudo-Stark effect (for an external field E || C4)
and tetragonal symmetry of the ion pair center. The lin-
ear character of the pseudo-Stark effect indicates the
absence of an inversion center in the pair; that is, it indi-
cates predominant localization of the excess electron on
one ion of the pair. These results can be naturally
explained in terms of the proposed model of the mixed-
valence ion pair in KZnF3.

Indeed, the tetragonal field HCr and the resonant
interaction stabilize the excess electron in the u orbital
of the Cr2+ ion and the low-symmetry field (∆c) causes
its predominant localization on one of the 3d ions of the
pair. The low-symmetry orthorhombic fields h2, which
arise from the various paths of excess-charge compen-
sation, are much smaller than the axial component of the

Parameters of the low-symmetry crystal fields for various
types of Cr2+–Cr3+ ion pair centers in KZnF3

Center 
type ∆c, cm–1 h1(a), 

cm–1
h1(b), 
cm–1

h2(a), 
cm–1

h2(b), 
cm–1

Ia 0 0 0 0 0
Ib 7900 0 –40 0 0
IIa 0 20 20 34 34
IIb 2060 –5 20 9 34
IIc 0 11 11 0 0
IId 3130 –12 –40 0 0
IIe 1060 0 11 0 0
IIf 1740 –5 –5 2 9
IIg 1150 3 0 0 0
P

crystal field hCr and do not manifest themselves in the
polarization of the absorption lines of the ion pair center.

The interaction Hamiltonian of the mixed-valence
3d-ion pair oriented along the z axis in an external elec-
tric field can be written as

(7)

where Ez is the external electric field (Ez || C4), p is the
electric dipole moment of the impurity center in which
the excess charge is localized on one of the ions of the
pair, τz is the 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 is related to the
different displacements of the intermediate F– ion for
the states u and v  of the Cr2+ ion when the excess elec-
tron is localized on one ion of the pair. Obviously, the
linear Stark effect in the optical absorption spectrum of
the mixed-valence ion 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
the first 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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Magnetic Resonance in PbxNbyOz Ceramics
as a System Containing Chemical Fluctuation Regions1
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Abstract—Simulation of the chemical fluctuation regions in PMN-like relaxors through growth of the
PbxNbyOz ceramics was performed. Different PbxNbyOz 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 spectra in PbxNbyOz ceramics. Dynamical averaging, light-induced effects, and signif-
icant effects of reduction treatment giving the coexistence of Nb5+ and Nb3+ ions, as well as of a strong internal
magnetic field, were discovered in this ceramics. The latter could be related to antiferromagnetic phase realiza-
tion in PbxNbyOz clusters containing a sufficiently high concentration of magnetic Nb3+ host lattice ions. Such
a situation leads to antiferromagnetic resonance on Nb3+ ions, as well as to EPR of Cr3+-related paramagnetic
complexes in a Nb3+-induced internal magnetic field. Charge transfer vibronic excitons (CTVE) in free and in
CTVE phase states were detected in PbxNbyOz ceramics by photoluminescence studies. © 2005 Pleiades Pub-
lishing, Inc.
1 1. INTRODUCTION

It is known that the ordering in ferroelectric relaxors
is controlled mainly by the cooperative behavior of
polar clusters [1, 2]. One of the polar cluster models is
the cluster of ferro-ordered localized charge transfers
corresponding to bipolaronic electron–hole pairs [3, 4].
This is the 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 PbxNbyOz ceramics con-
sisting only of different-type PbxNbyOz clusters.

The chemical analysis study showed that the aver-
age normalized concentration of the oxygen ion for as-
grown PbxNbyOz ceramics is approximately 3.5. That is,
the Nb3+ ions have here a relatively low concentration
with respect to the Nb5+ 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.
This reflects the coexistence of different PbxNbyOz clus-
ters with chemical compositions inclusive on average

1  This article was submitted by the authors in English.
1063-7834/05/4708- $26.00 ©1535
of Nb5+ as well as Nb3+ ions with approximately the
same concentration. Note that the corresponding signif-
icant Nb3+ ion contribution could be responsible for the
appearance of magnetic behavior for such a PbxNbyOz

ceramics. The latter is related to the paramagnetic prop-
erties of the Nb3+ ion (S = 1). As a result, antiferromag-
netic ordering of Nb3+ ion spins will be predicted here
due to the antiferromagnetic exchange interaction
between these ions.

The coexistence of PbxNbyOz clusters with different
chemical compositions inclusive of Nb5+ as well as
Nb3+ ions in the reduced ceramic Pb–Nb–O samples
(Fig. 1) will be the main supposition of our model. We
assume that PbxNbyOz ceramics consists of nonmag-

netic Pb2+ , , and 
clusters on the one hand and of antiferromagnetic

, , and 
clusters on the other.

2. EXPERIMENTAL RESULTS 
AND INTERPRETATION

Let us consider some new effects detected by EPR
and by photoluminescence in PbxNbyOz.

Nb2
5+O6

2– Pb5
2+Nb4

5+O15
2– Pb2

2+Nb2
5+O7

2–

Pb2
2+Nb2

3+O5
2– Pb2+Nb2

3+O4
2– Pb2+Nb1/2

3+ Nb1/2
5+ O3

2–
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2.1. Light-Induced Effects in EPR

A significant increase in definite EPR lines due to
illumination (for instance, by a mercury lamp for 0.5 h)
takes place for as-grown PbxNbyOz ceramic samples.
Indeed, the b and b' doublet is essentially increased by
such illumination (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 slightly
decreased by light) (Fig. 2). We assume that this behav-
ior could be related to the EPR manifestation of
polaronic and bipolaronic states in PbxNbyOz ceramic
samples. Indeed, the b and b' doublet lines could be
considered to result from the |0〉   |±1〉  transitions of
triplet spin state (S = 1). Here, splitting between the
|0〉   |+1〉  and |0〉   |–1〉  lines formation could be
explained as a result 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 |0〉 , |+1〉, and |–1〉  triplet 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

Pb2+Nb2
5+O6

2–

Pb5
2+Nb4

5+O15
2–

Pb2
2+Nb2

3+O5
2–

Pb2
2+Nb2

5+O7
2–

Pb2+Nb2
3+O4

2–

Pb2+Nb1/2
5+Nb1/2

3+O2–

Fig. 1. Coexistence of different Pb–Nb–O clusters with dif-
ferent chemical compositions and different structure in
PbxNbyOz ceramics.
P

double degenerate state for an oxygen-related hole, 2px

and 2py. Such a ground state decreases its energy due to
an interaction with the 4dxy-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 hole bipolaronic state (the appearance
of a two-hole strong correlation with bipolaron forma-
tion) on the one hand and will increase with the same
illumination due to the direct generation of a free hole
polaron by light on the other. We have to deal here with
competition between these two opposite tendencies,
which lead finally to a rather weak change in the exper-
iment in the intensity of the a line induced by light
under discussion.

2.2. Cr3+-Related Polaron Complexes

In accordance with photoluminescence studies of
the PbxNbyOz 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 3d3 shell
of a Cr3+ ion [6]. Note that some specific charge com-
pensation for the Cr3+ impurity on the Nb5+ site is typi-
cal for the case of PbxNbyOz clusters with a Nb5+ ion

0 2000 4000
Magnetic field, G

T = 75 K

ab b'

b'b a

Light

Fig. 2. EPR spectra of PbxNbyOz ceramics registered at T =
75 K without and with simultaneous light irradiation in the
microwave cavity and manifestation of a light-induced
center.
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state (for PbNb2O6, Pb5Nb4O15, and Pb2Nb2O7 clus-
ters). Indeed, an extra (–2) charge on the Cr3+ site here
requires the corresponding charge compensation. This
is realized due to two oxygen hole trapping on the Cr3+

ion of the Nb3+ site. In reality, we deal 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 a result, 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 Cr3+ ion located on a Nb5+ site is realized namely
due to the trapping of two oxygen-related holes to the
first coordination sphere of this Cr3+ ion. As a result, 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
as in large (intermediate) polaron states. These aspects
were also discussed in [6, 7]. In the present work, we
will extend this model to a real 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 three types of states with total spin val-
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 a complex linear chain geometry h+–Cr3+–
h+ and by ferromagnetic ordering of all 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+. This situation is characterized by near right

angle geometry for the complex, . At last, the S =

1/2 state of the complex is the excited state with respect
to both limiting situations discussed above. Now let us
treat the EPR-related aspects.

Crh
+ 3+

h
+
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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 a change in the spin value, |S = 5/2〉  
|S = 3/2〉 , 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 here is related 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. The latter leads to an important
decrease in the corresponding exchange splitting
between the |S = 5/2〉  and |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 allows to use
the |S = 5/2〉   |S = 3/2〉  relaxation transitions as an
origin for the dynamical averaging phenomenon within
our experiments. Indeed, as shown in Fig. 3, the d 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 = 3/2〉 , could be realized in the framework of the EPR
experiment. Moreover, we have to deal here with not
only a simple coexistence of |S = 5/2〉  and |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 Nb5+ 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〉  state and with the |S = 3/2〉
state take part in the d-line group (Fig. 3) formation but
are responsible for different EPR lines in this group, as
follows from a computer analysis of the powder spectra
mentioned above. We conclude that the |S = 5/2〉  
|S = 3/2〉  fluctuation mechanism could be effective here
for explaining the dynamical averaging effect. Last but
not least, such a model could also explain not only the
averaging effect but also the strong increase in intensity
with temperature of the averaged spectra. The latter
could be due to a direct contribution from the spin-flip
5



1538 VIKHNIN et al.
relaxation transition |S = 5/2〉   |S = 3/2〉  to micro-
wave absorption as a result 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 = 5/2〉   |S = 3/2〉  relaxation 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 PbxNbyOz ceramics, namely, that related to Cu2+

ions, should not be disregarded. The possibility of there
being different types of unwanted paramagnetic centers
in the PbxNbxOz ceramics considered was discussed
previously in [7].

2.4. Antiferromagnetic PbxNbyOz Clusters, 
Antiferromagnetic Resonance, and EPR

in an Internal Magnetic Field

Strong reduction treatment of the PbxNbyOz ceram-
ics under consideration leads to a entirely new situation
for the relative contribution of Nb5+ and Nb3+ charge

0 1000 4000
Magnetic field, G

T = 300 K

2000 3000

T = 230 K

T = 125 K

T = 75 K

d

d

Fig. 3. Temperature dependences of EPR spectra of
PbxNbyOz ceramics at ν = 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.
states of the Nb ion to this ceramics. Namely, the con-
tribution of Nb3+ ions is significantly increased and
reaches the contribution of Nb5+ 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 Nb3+ paramagnetic ions
with the 3d2 shell and S = 1. The antiferromagnetic
ordering is created there due to Nb3+–O–Nb3+ 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

0 2000 4000
Magnetic field, G

T = 279 K

T = 273 K

T = 269 K

T = 263 K

T = 243 K

T = 81 K

T = 71.5 K

1
2

3 4

43

2
1

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 PbxNbyOz ceramics. Essential line shifts,
line broadenings, decreases in intensity, and the appearance
of multiline structure with decreasing temperature are pre-
sented.
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(for example, by  and  clus-
ters), because there are two basic doublets (AFMR lines
1, 2 and 3, 4 in Fig. 3) in the experiment.

The internal local magnetic field in the ferromag-
netic clusters discussed above also leads to a significant
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 holes and Cr3+–  on the one

hand and Cu2+, Cu2+– , and –Cu2+–  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 internal
magnetic field of the Nb3+ ion system. Taking into
account the increase in these internal magnetic fields with
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 Nb3+.

2.5. CTVE Manifestation in PbxNbyO Ceramics. 
Free CTVE and CTVE Phase States

Charge transfer vibronic excitons (CTVEs) are a
characteristic long-living dipole excitation in ferroelec-
tric oxides (see [3–5] and references therein). They are
polaronic electron–hole pairs or triads. In this work, we
detected CTVEs in PbxNbyOz ceramics (Fig. 5). Here,
CTVEs with O  Nb5+ charge transfer were directly
manifested in photoluminescence studies. Band–band
excitation by a pulse N2 laser was used. We detected a
photoluminescence line related to the recombination of
O  Nb5+ CTVE at ~500 nm. This line coincides to
good approximation with the corresponding photolu-
minescence line of O  Nb5+ CTVE in Nb2O5 ceram-
ics. Note that O  Nb3+ CTVEs were not obtained in
the experiment. This is an indication that O  Nb3+

CTVEs are characterized by a higher excitation energy
than in the O  Nb5+ case.

Special interest is aroused by the detection of two
red luminescence lines (at approximately 740, 760 nm),
which can be connected with the recombination of
O  Nb5+ CTVEs in the CTVE phase state. This
phase is related to the appearance of a system of
strongly correlated CTVEs when the CTVE appears in
each cell [3–5]. Note that recombination of free CTVEs
explains the origin of the green luminescence, which is
a general enough phenomenon for ferroelectric oxides.
As has been shown recently [5], the red luminescence
phenomenon is also related to CTVE recombination but
in the CTVE phase state. Here, a strong red lumines-
cence signal corresponding to a lower luminescence

Pb2
2+Nb2

3+O5
2– Pb2+Nb2

3+O4
2–

VO
2+

VO
2+ VO

2+ VO
2+
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quantum 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 is related to CTVE recombination in
the excited, antiferroelectric CTVE phase.
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Abstract—The orthorhombic modification of SrCuO2 ceramics and its derivatives Sr1 – xAxCuO2 (A = Li+, K+,
La3+) 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 is inhomogeneous. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Depending on the synthesis conditions, the SrCuO2
compound can exist in two modifications. At high pres-
sures, a tetragonal structure with infinite copper–oxy-
gen layers is stabilized which exhibits HTSC 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 modification can transform
into the other [2, 4]. The orthorhombic SrCuO2 modifi-
cation features a very low (~10–4 emu/mol) magnetic
susceptibility that is weakly dependent on temperature
[5, 6], which allows one to ascribe this material 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 SrCuO2, Sr2CuO3, and Li2CuO2, the ESR is
observed much more often than in 2D magnets contain-
ing CuO2 layers [7–9]. In this work, the destruction of
spin correlations and the formation of Cu2+ localized
states are studied using the orthorhombic SrCuO2 mod-
ification as an example.

2. EXPERIMENTAL

Sr1 – xAxCuO2 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
ions were Li+, K+, or La3+, which produce either a defi-
1063-7834/05/4708- $26.00 1540
ciency or excess of positive charges in the 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 II). The x-ray diffraction
patterns of the synthesized samples were measured
using a DRON-2 diffractometer (FeKα 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 a theoretical x-ray
diffraction pattern of the orthorhombic SrCuO2 modifi-
cation calculated using the data from [3]. The results of
fitting of the structural parameters for the samples
under study are shown by a solid line. Possible impurity
of the accompanying Sr2CuO3 and Sr14Cu24O41 phases
was taken 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 I and
II. Repeated measurements were carried out over one -
and a half years. For an initial SrCuO2 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
© 2005 Pleiades Publishing, Inc.
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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 nucleus is not resolved in the observed
spectra. The spectral parameters were determined from
model calculations to be g1 = 2.045, g2 = 2.110, and
g3 = 2.242 for orthorhombic centers and g⊥  = 2.047 and
g|| = 2.260 for axial centers. The ratio 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 BaMnF4 sample was
used as a reference.

Partial substitution of monovalent Li+ or K+ ions for
the Sr2+ ions does not change the signal parameters. The
ratio between the intensities of the orthorhombic- and
axial-center spectra is also retained in most cases. The
deviations observed in certain cases do not depend
directly on the monovalent cation content. For example,
the relative content of axial centers in Sr0.95Li0.05CuO2
was somewhat higher (~1 : 1) than that in SrCuO2. In
Sr0.90Li0.10CuO2, axial centers are almost absent. In
Sr0.85Li0.15CuO2, the ratio again approaches 2 : 1 and the
observed spectrum is identical to that for SrCuO2.
Apparently, these deviations are caused by uncontrolla-
ble features of the redox conditions during synthesis. In
SrCuO2 doped with La3+ ions, only axial centers with
the same parameters were observed (Fig. 2b).

SrCuO2, Sr0.95Li0.05CuO2, Sr0.95K0.05CuO2, and
Sr0.90La0.10CuO2 samples were subjected to sequential
annealings I and II. Annealing I results in the disappear-
ance of previously detected signals and the formation
of a broad single line (∆B ~ 300 Oe; Fig. 2c). After
annealing II, instead of a broad line, a weak anisotropic
signal appears, which is similar to the initial signal in
the corresponding samples. After exposure of the sam-
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
ples to standard conditions (room temperature, atmo-
spheric pressure), the signals measured before anneal-
ing were gradually restored. In this case, if the anisotro-
pic spectrum observed immediately after annealing II
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 SrCuO2 sample, which was filled with
paraffin after annealings I and II and was not exposed
to air during storage. The signal transformation time is
different for samples of different composition and var-
ies from 3.5 weeks to approximately one year. In the
Sr0.90La0.10CuO2 sample, which initially featured only
axial-center spectra, no ESR signals arose even after
long-term storage.

70
2Θ, deg

6050403020

(a)

(b)

(c)

(d)080
040

Fig. 1. X-ray diffraction patterns of Sr1 – xAxCuO2 samples
for (a) A = La, x = 0.10; (b) A = Li, x = 0.10; and (c) x = 0.
(d) A calculated x-ray diffraction pattern of SrCuO2.
Structural parameters of Sr1 – xAxCuO2 and the Cu2+ paramagnetic center content (according to the ESR data)

SrCuO2 Sr0.95Li0.05CuO2 Sr0.90Li0.10CuO2 Sr0.85Li0.15CuO2 Sr0.90La0.10CuO2

a, Å 3.5712 3.5697 3.5711 3.5687 3.5765

b, Å 16.3247 16.3153 16.3241 16.3105 16.3242

c, Å 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

Nax 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 Sr1 – xAxCuO2, Sr14Cu24O41, and Sr2CuO3

phases, respectively; N is the total content of Cu2+ paramagnetic centers according to the ESR data; and Nax is the content of Cu2+

axial centers according to the ESR data.
5
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3. DISCUSSION

An analysis of the x-ray diffraction patterns shown
in Fig. 1 shows that the synthesized compounds belong
to space group Cmcm. However, the experimental x-ray
diffraction patterns slightly differ from the calculated
ones; namely, they include additional low-intensity
peaks which do not belong to the SrCuO2 structure.
Moreover, the intensities of certain peaks differ signifi-
cantly. According to the phase diagram of the SrO–
CuOx system obtained in [12], Sr2CuO3 and

3000
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(c)

(d)
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H, Oe

1
2

Fig. 2. ESR spectra of Sr1 – xAxCuO2 samples at T = 293 K.
(a) SrCuO2, ν = 35.5 GHz: (1) an experimental spectrum
and (2) a theoretical spectrum calculated for g1 = 2.045,
g2 = 2.110, and g3 = 2.242 for orthorhombic centers and
g⊥  = 2.047 and g|| = 2.260 for axial centers; Nrhomb : Nax =
68:32. (b) Sr0.90La0.10CuO2, ν = 35.5 GHz. (c) SrCuO2, ν =
9.4 GHz; after annealing I. (d) SrCuO2, ν = 35.2 GHz; two
months after annealings I and II.
P

Sr14Cu24O41 can be accompanying phases during the
SrCuO2 synthesis. Taking into account this fact
improves the agreement with experiment in the range
2Θ ~ 39°. We failed to explain the peaks in the range 2Θ
~ 35°–36° in SrCuO2 and Sr0.90La0.10CuO2 samples by
the presence of known structures. According to the data
from [13], these features in the x-ray diffraction pattern
are typical of samples synthesized in air and disappear
in the case of synthesis in 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) shows that the ESR signal intensity does not cor-
relate with the impurity phase contents. Therefore, the
observed paramagnetic centers form in the main phase.

Since the ESR signal intensity corresponds to 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 Cu2+ ions is
destroyed and the ESR signal can be observed.

The structure of SrCuO2 contains double binary zig-
zag CuO2 chains (Fig. 3). Magnetic susceptibility mea-
surements [5] showed that the antiferromagnetic
exchange J2 between the copper ions in Cu–O–Cu with
the 180° interaction in chains is ~660 cm–1 and that the
exchange J1 between copper ions of different chains
with the 90° interaction is smaller by one to three orders
of magnitude. Thus, the double zigzag chain can be rep-
resented as two linear chains with antiferromagneti-
cally correlated spins coupled by fairly weak exchange
interactions. The ESR is not observed in such chains.

O2

O1i, j

J1

J2

O1i, j

O1h

b

c

Cu

O

Fig. 3. Double zigzag chain along the c axis in SrCuO2.
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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 ions are most probable. Copper vacancies break
chains, and the correlation of the spins of the end Cu2+

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 CuO4 polyhedron are R(Cu–O1h) =
1.910 Å, R(Cu–O2) = 1.930 Å, R(Cu–O1i, j) = 1.961 Å · 2,
O1h–Cu–O1i, j = 87.5° · 2, and O2–Cu–O1i, j = 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 II seems to be caused by partial removal
of excess oxygen and its migration within the sample.
This suggests that excess oxygen is involved in the for-
mation of axial centers. Excess oxygen should also
exist in samples doped with La3+, 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 is localized in
microscopic regions enriched with oxygen, then the
most probable position of excess oxygen ions seems to
be between two copper atoms along the c axis. This will
increase the coordination number of CuO4 polyhedra to
five or six. In copper–oxygen CuO6 octahedra, the
axial-center signal should be observed, since the posi-
tions of oxygen ions in the ac plane become equivalent.
The observation of ESR axial-center signals in other
samples (not containing La3+ 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.
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
Thus, the possible observation of orthorhombic- and
axial-center ESR signals can be due to the specific fea-
tures in 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 signals do not always agree. For example, only
axial centers were detected in SrCuO2 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
Zn2 − xMnxP2O7 · 5H2O) (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 transitions in Mn2+ ions, which are set in an octahedral oxygen envi-
ronment. The range of concentration quenching of Mn2+ ion radiation is determined. Correlation of the lumi-
nescent and vibration properties of these compounds is discussed. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Zinc and manganese diphosphates, Zn2P2O7 and
Mn2P2O7, 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 electrolytes, 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). In the
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 ZnSO4 · 7H2O, MnSO4 ·
5H2O, and K4P2O7 were used for synthesis. The optimal

proportion was found to be P2 /(Zn2+ + Mn2+) = 0.2;
the k = 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
slightly acid solutions. The phosphorus content was

O7
4–
1063-7834/05/4708- $26.00 1544
measured using the gravimetric quinoline molybdate
method with an accuracy of 0.2%; the Zn2+ and Mn2+

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–1), and Raman
spectra (measured on a DFS-52 spectrometer in the fre-
quency range 20–1700 cm–1). 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 a KBr 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 λexc =
337.1 nm and by a DKsEl-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 substitutional solid solutions
Zn2 − xMnxP2O7 · 5H2O, where x varies from 0 to 2 and
© 2005 Pleiades Publishing, Inc.



        

LUMINESCENCE AND VIBRATION SPECTRA 1545

                                                                                                                                           
zinc and manganese are distributed randomly over the
crystal lattice.

Additional data about the features of the crystal
structure of Zn2 – xMnxP2O7 · 5H2O 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–1 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–1

(curve 1 in Fig.1). The same number of lines (having a
different intensity distribution and, for several of them,
other frequencies) are observed in the Raman spectra in
the same frequency range. Also, under certain condi-
tions, up to 7 Raman lines can be observed in the low-
frequency range 100–400 cm–1. It can be seen in Fig. 1
that the strongest Raman peaks in the frequency range
400–1200 cm–1 coincide in position with the IR absorp-
tion lines (curve 2 in Fig.1).

As for luminescence, the PL spectrum of zinc
diphosphate Zn2P2O7 · 5H2O 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).
Obviously, for Zn2 – xMnxP2O7 · 5H2O, this PL band
consists of 2 or 3 components. Simultaneously, as the
manganese content grows, the red PL band appears
with a maximum at about 700 nm (Fig. 2a). The red-
band intensity maximum Ired and the ratio of the inten-
sity maxima of the blue-green and red bands Igreen/Ired

are shown in Fig. 2b as a function of the manganese
content x.
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Fig. 1. (1) Part of the IR absorption spectrum and (2) the
Raman scattering spectrum of the ZnMnP2O7 · 5H2O com-
pound at room temperature.
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When the sample temperature decreases to 4.2 K,
the long-wavelength 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 bands in the red
PL excitation spectrum (Fig. 3). Indeed, two of the
three strongest bands in the spectrum (namely, the
bands in the ranges 480–580 and 580–630 nm) overlap
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Fig. 2. (a) Luminescence spectra of Zn2 – xMnxP2O7 · 5H2O
at room temperature excited at a wavelength λexc =
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
Igreen/Ired and (7) the maximum intensity of the red PL band
Ired on the manganese content x for Zn2 – xMnxP2O7 · 5H2O
measured at room temperature.
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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 390–480 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 compounds we synthesized.
Therefore, in order to analyze the data obtained, it is
instructive to consider the structure of an analogous
compound, a Mn2P2O7 · 2H2O crystal [6]. In its lattice,
each manganese atom is coordinated to six oxygen
atoms, one of which belongs to a water molecule. The
octahedra are linked together by common edges and
form infinite chains. The anion sublattice consists of

P2  ions, which can be thought of as two PO4 tetra-
hedra linked by a common oxygen, with the P–O–O
bond deviating significantly from a straight line. The
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Fig. 3. (a) Luminescence and (b) luminescence excitation
spectra of ZnMnP2O7 · 5H2O measured at (1) 77 and (2–5)
4.2 K. The PL spectrum was excited at λexc equal to (1, 2)
355 and (3) 545 nm, and the PL excitation spectrum was
recorded at (4) 710 and (5) 500 nm.
P

mean P–O distance is 1.520 Å for terminal P–O bonds
and 1.613 Å for bridge oxygen atoms.

IR absorption and Raman spectra we obtained indi-
cate that the structure of the Zn2 – xMnxP2O7 · 5H2O
compounds is similar to that described above. This fact
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-
quencies related to fixed crystallization water and
hydrogen bonds: there are IR absorption lines at 1640
and 1657 cm–1, at 2125 and 2380 cm–1, and at 3200 and
3365 cm–1.

The low-frequency lines in the Raman spectra (in
the range below 300 cm–1) correspond to interstitial
vibrations. As follows from comparing with the avail-
able data, the IR absorption and Raman lines in the
range 400–1500 cm–1 are related to intramolecular

vibrations of the P2  anion [7, 8]. In interpreting the
luminescence data, it is important to know whether the

bond between the two PO4 tetrahedra within the P2

group is bent or not. In the former case, the P2

group has the D3d symmetry; otherwise, its symmetry is
C2v 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, this rule is not obeyed and the total number of dis-
tinct lines observed in the two types of IR absorption
and Raman scattering spectra within the intramolecular

vibration range of P2  is as large as 18. Therefore,

the P2  molecular anion has low symmetry or no
symmetry at all. 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 P2

group, we can deduce that the oxygen octahedra sur-
rounding the zinc and manganese ions are seriously dis-
torted, which manifests itself in the luminescence spec-
tra. Indeed, the red PL band observed in the presence of
manganese in Zn2 – xMnxP2O7 · 5H2O (x ≠ 0) should be
related to radiative transitions in Mn2+ ions that are in a
near-octahedral oxygen environment [9, 10]. The red
PL excitation spectra are also typical of Mn2+ ions
located in a crystal field with this symmetry and can be
associated with transitions to the 4F2 (320- to 390-nm
range), 4A + 4E + 4F2 (390–480 nm), and 4F1 levels
(480–580 nm). However, the fact that each of the spec-
tral bands has three or more structure components indi-
cates that the degeneracy is lifted and, therefore, con-
firms the conclusion concerning a strong deformation
of the oxygen octahedra.
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Another possible indication of the presence of cer-
tain structural defects in our samples is the fact that the
PL associated with manganese ions is also observed in
the blue spectral range. It is known that the Mn2+ ion
luminescence can be observed in this range when the
ions are in a near-tetrahedral oxygen environment [11,
12]. Probably, in the fairly loose Zn2 – xMnxP2O7 · 5H2O
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 Zn2 – xMnxP2O7 · 5H2O 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 Mn2+ ion. The concentration range of Mn2+ radi-
ation quenching was determined. The optimal compo-
sitions for effective Mn2+ radiation correspond to val-
ues of x less than 0.5.

The ability of the Zn2 – xMnxP2O7 · 5H2O system to
form a continuous sequence of solid solutions is an
important feature for its potential application as a phos-
phor. However, it is necessary to find a way to deal with
the crystallization water, which is most likely a strong
quencher for the luminescence of these compounds.
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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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
CTVEs in the order parameter field. Oxide crystals (SrTiO3, BaTiO3, K3Na(CrO4)2) are considered as an exam-
ple. © 2005 Pleiades Publishing, Inc.
1 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 a well-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 cross relaxation were considered and manifested
in the experiments. As a result, 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 dipole reorient-
ing centers which can directly interact with the soft
polarization mode. It is due to this reason that the
CTVEs in 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] in the low-lying excited state of the ionic-
covalent crystal due to charge transfer and lattice 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 regions in nominally pure SrTiO3

1 This article was submitted by the author in English.
1063-7834/05/4708- $26.00 ©1548
and in BaTiO3 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 a ferroelastic order
parameter that mixes CTVE-I, 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 K3Na(CrO4)2 at low temperature [9].

2. LOCAL AND MACROSCOPIC 
CHARGE-TRANSFER LATTICE INSTABILITY 

CORRESPONDING TO ANHARMONIC CHARGE 
TRANSFER EXCITATIONS

The considerations in 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. As a result,
the CTVE-related free energy has the following form:
 2005 Pleiades Publishing, Inc.
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(1)

TC is the initial ferroelectric phase transition tempera-
ture, and NCTVE is the CTVE concentration. Here, the
CTVE activation energies that are related to the CTVE-
induced lattice polarization for noncritical, ∆0, and for
soft lattice, ∆1(T), degrees of freedom of the ferroelec-
tric, as well as the CTVE effective dipole moment soft

polarization –Pi interaction, all form as a result
of the CTVE-III excitation energy. Related splitting
appears between the lowest CTVE-III-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 [∆0 – (4π/3) Pi0 – ∆1(T)]. Note
also that the temperature dependence for ∆1(T) could be
evaluated here in 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, ~ Pi. Taking into account the

contribution of the soft polarization mode, (T) =
λ(T – TC), we get a rather smooth ∆1(T) dependence for
the parabolic dispersion law for the soft mode and for
fulfilling the inequality a ! RC(T), where RC(T) is the
soft polarization correlation radius and a is a lattice
constant: ∆1(T) ∝  [1 – (a/2RC)].

In general, we could get here the phase transition of
the second order due to sufficiently fast CTVE-III 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-
I 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 (∆0 – ∆1(T)) @

kT @ (4π/3) Pi are fulfilled, becomes

(2)

δFCTVE NCTVEkT–=

× 1 4π/3( )di
CTVE

Pi ∆0– ∆1 T( )+[ ] /kT{ }exp+[ln

+ 4 –∆0 ∆1 T( )+[ ] /kT{ }exp

+ – 4π/3( )di
CTVE

Pi ∆0– ∆1 T( )+[ ] /kT{ }exp ]

+
α0 T TC–( )

2
---------------------------Pi

2 β
4
---Pi

4 … ,+ +

di
CTVE

di
CTVE

di
CTVE

ω0
2

di
CTVE

δFCTVE

α0 T TC–( )
2

---------------------------
=

–
N0 –∆0 ∆1 T( )+( )/kT{ } 4π/3( )di

CTVE{ }
2

exp
6kT

----------------------------------------------------------------------------------------------------------
 Pi

2

+
β
4
---Pi

4 …+
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and leads to the following transcendental equation for
the CTVE-III-induced second-order ferroelectric phase
transition:

(3)

The above equation could be solved numerically.

Now we will discuss the CTVE clustering effects
(see also 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, let 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 is t the requirement that the average CTVE–
CTVE distance, 〈RCTVE–CTVE〉 , 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-

T TC–( )T

=  
N0 –∆0 ∆1 T( )+( )/kT{ } 4π/3( )di

CTVE{ }
2

exp
3kα0

----------------------------------------------------------------------------------------------------------.

Uad(x) (a)

(b)

1

2

3

Uad
Uad

Uad Uad

x

x
x

xx

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: T1 > T2 > T3 ≥ Tloc…, where
Tloc 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 cells in the vicinity of local charge-transfer lattice tran-
sitions.
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ping before its recombination. This condition can be
expressed in the following form:

, (4)

where a is a lattice constant and (1/τcross) and (1/τrecomb)
are the rates of CTVE–CTVE cross relaxation and of
CTVE recombination, respectively. It should be noted
that the latter rate has a tunneling-related nature for the
case of CTVE-III and is rather slow. 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-
III clusters (Ncluster) and with the number of CTVE-III in
each cluster (nCTVE) has the following form:

(5)

Here, the  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, (∆0nCTVE – ∆1(T)nCTVE –

) @ kT @ (4π/3)nCTVE Pi, we obtain the
following approximate free energy equation for its har-
monic part:

(6)

The latter leads to an equation for the second-order fer-
roelectric phase transition temperature induced by
CTVE-III-related reorienting polar clusters:

(7)

The solution of Eq. (7) corresponds to the soft-mode
condensation point. It is seen from this equation that the

RCTVE/CTVE〈 〉 a
1/τcross

1/τ recomb
-------------------≤

δFCTVE NclusterkT–=

× 1 4π/3( )nCTVEdi
CTVE

Pi[{exp+[ln

– ∆0nCTVE ∆1 T( )nCTVE ∆2nCTVE
2

+ + ] /kT }

+ 4 –∆0nCTVE ∆1 T( )nCTVE ∆2nCTVE
2

+ +[ ] /kT{ }exp

+ – 4π/3( )nCTVEdi
CTVE

Pi ∆0nCTVE–[{exp

+ ∆1 T( )nCTVE ∆2nCTVE
2

+ ] /kT }

+
α0 T TC–( )

2
---------------------------Pi

2 β
4
---Pi

4 … .+ +

∆2nCTVE
2

∆2nCTVE
2

di
CTVE
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α0 T TC–( )

2
---------------------------

Ncluster

6kT
--------------–

=

× –∆0nCTVE ∆1 T( )nCTVE ∆2nCTVE
2

+ +( )/kT{ }exp

---× 4π/3( )nCTVEdi
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
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T Tc–( )T
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--------------=

× –∆0nCTVE ∆1 T( )nCTVE ∆2nCTVE
2

+ +( )/kT{ }exp

× 4π/3( )nCTVEdi
CTVE{ }

2
.

P

new critical temperature induced by thermally occu-
pied CTVE-III states increases with the concentration-
dependent factors exp{(–∆0nCTVE + ∆1(T)nCTVE +

)/kT} and Ncluster . On the other hand, it is
namely these factors that increase with clustering
together with a decrease in free energy.

Note also that the total number of CTVEs could
increase if 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. This is the first-order ferroelectric phase transi-
tion. The corresponding critical temperature for this
phase transition will be the solution of the following
equation:

(8)

Here, the equilibrium soft polarization Pi(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 BaTiO3 and
SrTiO3 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-III 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-III with the CTVE-I type state [4] (Fig. 2) for
the case of a proper ferroelastic. For simplicity, we will
discuss the case of a one-component order parameter
η1. Nevertheless, the proper ferroelastic K3Na(CrO4)2
[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-III and
CTVE-I states have minima for the adiabatic potential
that are close to one another. As a result, the overlap of
related vibrational wave functions for CTVE-III and
CTVE-I will be sufficiently high. The latter corre-
sponds to effective mixing of these states under the
action of internal or external fields. For instance, the

∆2nCTVE
2

nCTVE
2

4π/3( )di
CTVE

Pi T( ) ∆0– ∆1 T( ) ∆2nCTVE+ +[ ] 0.=
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ferroelastic order parameter η1 can mix the CTVE-III
and CTVE-I states mentioned above due to linear
vibronic interaction. Such a field can also 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:

(9)

(10)

(11)

where W, V1, are V2 are vibronic constants and the oper-
ators σx, σz, and I have the form σx = |a〉〈 b | + |b〉〈 a |, σz =
|a〉〈 a | – |b〉〈 b |, and I = |a〉〈 a | + |b〉〈 b |; states a and b cor-
respond to the CTVE-I and CTVE-II vibrational states,
respectively. Taking into account Eqs. (9)–(11) and the
initial energy splitting between the CTVE-I and CTVE-
III vibrational states ∆, the final equation for the CTVE-
III energy in the order parameter field will be presented
as

(12)

HIII–I Wη1σx,=

H– V1η1σz,=

H+ V2η1I ,=

ECTVE-III V2η1
∆ V1η1+( )2

4
----------------------------- Wη1( )2

+ .+=

Uad

x

T ! Tc

T < Tc

T < Tc

T ! Tc

CTVE-I

CTVE-III

Fig. 2. Order-parameter-induced repulsion of CTVE-I and
CTVE-III states as a mechanism of local charge-transfer
lattice transition. The arrow corresponds to realization of a
local transition with lowering of the anharmonic state
energy.
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It is important to underline that the ECTVE-III energy can
be equal to zero (at the first-order local transition
point). This important point could be reached taking
into account the temperature dependence of the order
parameter in Eq. (12), η1(T). The corresponding equa-
tion for the temperature of the first-order local transi-
tion point could be derived from Eq. (12):

(13)

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 K3Na(CrO4)2 [9].
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Abstract—Nickel-impurity-induced transverse displacements of ions in a Zn1 – xNixSe 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 〈110〉 direction. The shear instability is assumed to be due
to the hybridization of the sp3 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. The interest 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
Zn1 – xNixSe (x = 0.0025) undergoes a nickel-induced
structural phase transition at a temperature TS = 14.5 K
[2]. This transition indicates that a nickel impurity can
cause significant long-range correlated displacements
of ions in the lattice, which is a surprise because the Ni
concentration is low. The temperature dependence of
the changes in the ultrasound velocity suggests that, as
the temperature decreases, the lattice elastic modulus
c44 begins to decrease at ~120 K, which is significantly
above TS [3]. It is of interest to elucidate the structural
changes in Zn1 – xNixSe at high temperatures that cause
the c44(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 Zn1 – xNixSe solid
solution (x = 0.0025) using thermal-neutron elastic
scattering, which is very sensitive to weak structural
imperfections of crystals. A neutron beam with a wave-
length of 1.568 Å 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
1063-7834/05/4708- $26.00 1552
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 1a 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 half-width of ∆1/2 = 0.014 Å–1 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 Zn1 – xNixSe
(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) reflections is
more intense and less extended in wave-vector space
than that shown in Fig. 1a. It is clearly 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 Zn1 – xNixSe crystal (x = 0.0025). Therefore, the
intensities and widths of the diffuse maxima carry
© 2005 Pleiades Publishing, Inc.
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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]

(1)

where b is the average nuclear scattering amplitude, c is
the concentration of displaced ions, k = (Bhkl + q) is the
scattering vector, Bhkl is a reciprocal lattice vector, q is
the wave vector, and u is the displacement of an atom.

Jd b
2
c k u⋅( )2
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Fig. 1. Rocking curves for a Zn1 – xNixSe single crystal (x =

0.0025) near Bragg reflections (a) (220) (along the 
direction) and (b) (022) (along 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.

110〈 〉
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Note that the geometry of the diffraction experiments is
chosen such that the vector u is parallel to the scattering
vector k and the wave vector q is always perpendicular
to k. In this geometry, static displacements of the atoms
in a crystal manifest themselves if 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. 2. Rocking curves for a Zn1 – xNixSe single crystal (x =
0.0025) near the (400) Bragg reflection taken along the
〈011〉  direction 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.
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tor. Therefore, regions with transverse ionic displace-
ments are characterized by the scanning vector q and
the ionic displacement vector u. Experimentally, it is
easiest to determine the dimensions of distorted regions
along crystallographic directions:

(2)

where ∆qcalc = (  – )1/2, ∆qobs is the half-
width of the observed diffuse maximum, and ∆qinst is
the instrumental half-width. The linear dimensions of
distorted regions in a crystal at room temperature are
found to be

(3)

Here, the directions of the vector q and of ionic dis-
placements u perpendicular to q are indicated in angu-
lar and square brackets, respectively. It follows from
Eqs. (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
one type [L1, L2 in Eqs. (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 [ ] and [001] are v 2[ ] = r–1(c11 –
c12)/2 and v 2[001] = r–1c44, respectively. According to

L 2π/∆qcalc,=

∆qobs
2 ∆qinst

2

L1 25 Å 110〈 〉 110[ ]( ),=

L2 50 Å 011〈 〉 100[ ]( ),=

L3 120 Å 100〈 〉 011[ ]( ).=
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Fig. 3. Elastic moduli of Ge, GaAs, ZnSe, and CuBr crys-
tals: (1) the bulk modulus (c11 + 2c12)/3, (2) the shear mod-
ulus c44, and (3) the effective shear modulus (c11 – c12)/2.
P

the experimental data from [3], the temperature depen-

dence of v [ ] in ZnSe and Zn1 – xNixSe (x = 0.0025)

crystals differs from that of v [001]. Indeed, v [ ] in
a pure and a doped crystal varies with temperature only
weakly, whereas the temperature dependence of v [001]
over the range 15–120 K indicates that the doping
causes the elastic modulus c44 of the crystal to decrease
noticeably. In our opinion, ionic displacements of the
〈011〉[100] type observed in diffuse neutron scattering
are directly related to the elastic modulus c44. In a
doped crystal, the linear dimension L2 of regions with
〈011〉[100] ionic displacements increases from 50 Å at
300 K to 120 Å at 120 K (Fig. 2). Therefore, there is an
apparent correlation between transverse shear ionic dis-
placements in nanosized regions of a crystal 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 sp3 bonds, their length, and the electron-den-
sity distribution along a bond, all of which influence the
properties of crystals with a zinc-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 one takes into account
the long-range interaction that originates in an ionic–
covalent lattice from the sp3 bond charges interacting
with one another and from charge displacement from
the center of a bond 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], in which the ionic–
covalent sp3 bond lengths are approximately equal. It
can be seen that the shear moduli c44 and (c11 – c12)/2
decrease significantly as one goes along this row of
materials. This decrease is related to the magnitude and
position of the charge on a bond or, more exactly, to a
redistribution of electron density over the sp3 bond as
one goes along this row from Ge to 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 along the row Ge, GaAs, and
ZnSe [7]. Therefore, the properties of crystal lattices
with ionic–covalent bonding, including ZnSe, are
highly sensitive to a change in the sp3 bond parameters.
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110
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The influence 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 sp3 bond. The d8 orbitals are
hybridized with sp3 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.
As a result, the nearest neighbors of the impurity center
are displaced. In terms of the NiSe4 cluster model, these
displacements are tetragonal and/or trigonal shear
shifts of Se ions. Due to the effective long-range inter-
action mechanism, local Se ion shear shifts also occur
in the 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 c44. Thus, a multielectron 3d-impu-
rity center in an ionic–covalent crystal causes nonlocal,
large-scale shear strains in the crystal lattice. Determin-
ing these strains is a very complicated problem; its
solution necessitates both detailed studies into struc-
tural lattice distortions in II–VI compounds doped with
3d-metal impurities and ab initio calculations of distor-
tions of MSe4-type clusters.

In summary, large-scale transverse ionic displace-
ments induced by nickel impurity have been detected
for the first time in a Zn1 – xNixSe crystal (x = 0.0025)
over a wide temperature range by studying diffuse neu-
tron scattering. It has been shown that the ionic shear
displacements in the Zn1 – xNixSe lattice are due to a
hybridization of sp3 bonds with the d8 orbitals of the Ni
impurity. The results obtained indicate that multielec-
tron 3d impurities cause nonlocal distortions of the
ionic–covalent crystal lattice, which is a fundamentally
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 crystals in 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 Ni2+ ions is calculated.
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 a temperature T ≈ 14 K. At the same time [3], we
found that the C44 elastic modulus decreases with
decreasing temperature. As a rule, structural phase tran-
sitions bring about considerable changes in the com-
plex elastic moduli in the immediate vicinity of the
phase transition temperature Tc. However, since
changes in the elastic moduli of ZnSe : Ni crystals were
observed over a rather 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 × 1019 cm–3) and Cr (1 × 1021 cm–3) were
grown by the Bridgman method from a melt under an
1063-7834/05/4708- $26.00 1556
excess pressure of a noble gas. For measurements, sam-
ples were prepared in the form of a parallelepiped with
sides a few millimeters in 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-
quency range 33–268 MHz at temperatures T = 4.2–
160 K. Ultrasonic waves were excited and recorded
using LiNbO3 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. As is known, the effec-
tive elastic modulus is a complex quantity. Knowing
this quantity, we can determine the velocity v  and the
absorption Γ of ultrasound according to the formulas

(1)

where ρ is the density of the material and ω is the cir-
cular frequency of the wave. In this case, the effective
elastic modulus is a linear combination of all indepen-
dent components of the elastic modulus tensor for a

cubic crystal: Ceff = (C11 + C12 + 2C44).

v
Re Ceff{ }

ρ
----------------------,=

Γ ω
2v
-------

Im Ceff{ }
Re Ceff{ }
---------------------- ω

2ρv
3

-------------Im Ceff{ } ,= =

1
2
---
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3. RESULTS AND DISCUSSION

The study of ZnSe : Ni crystals revealed that, as the
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
Tc was determined from the temperature corresponding
to the ultrasonic velocity at the minimum. A minimum
or a kink in the curve v (T) and a maximum in the curve
Γ(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
attributed 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 Γ(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

(2)

where A is a parameter that depends only slightly on the
temperature T, k is the Boltzmann constant, and τ is the
relaxation time. The maximum in the dependence Γ(T)
corresponds to the condition ωτ = 1. Therefore, the
measurements performed at different frequencies pro-
vide a means for determining the temperature depen-
dence of the relaxation time τ. 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 relaxation time can be
adequately described by the relationship τ(T) ∝
exp(∆/kT). Here, the energy of the excited state of Ni2+

ions with respect to the ground level ∆ = 3.5 meV is
determined from the slope of the straight line in inset
(b) to Fig. 1. This level can result from the Jahn–Teller
effect for the ground state 3T1 of the Ni2+ ion in the tet-
rahedral environment. The manifestation of this effect
was recently revealed when analyzing the thermal con-
ductivity in II–VI semiconductors doped with 3d met-
als [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 τ, the

Γ A
kT
------ ω2τ

1 ω2τ2
+

--------------------,=
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relaxed elastic modulus CR, and the “instantaneous”
(unrelaxed) elastic modulus CU as follows:

(3)

where ∆C = CU – CR ! CU, CR, and Re{Ceff}. It is evi-
dent that CU and CR are real quantities corresponding to
the limiting values of the effective elastic modulus Ceff
as a function of the parameter ωτ: CU = Ceff(∞) and
CR = Ceff(0). Then, the relationship for the absorption
takes the form

(4)

Ceff CU
∆C

1 ω2τ2
+

-------------------- 1 iωτ–( )–=

=  CR
∆C

1 ω2τ2
+

-------------------- ω2τ2
iωτ+( ),+

Γ 1
2
---∆C

Cv
-------- ω2τ

1 ω2τ2
+

-------------------- 1
2
---∆C

C
--------Re k

ωτ
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Fig. 1. Temperature dependences of the elastic moduli for
the ZnSe : Ni crystal at a frequency of 74 MHz. ∆Ci =
Ci(T) – Ci(0), where Ci(0) is the modulus Ci extrapolated to
0 K. Ci = (1) Re{Ceff}, (2) Im{Ceff}, (3) CU, and (4) CR.
Inset (a) shows the temperature dependences of the absorp-
tion ∆Γ = Γ(T) – Γ(5 K) at frequencies of (1) 33, (2) 53,
(3) 74, (4) 156, and (5) 268 MHz (the curves are shifted
along 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.
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where k = ω/v  – iΓ is the complex wavenumber and C
can be given by the moduli CU, CR, or Re{Ceff} because
of the smallness of the difference CU – CR. This rela-
tionship, with allowance made for formula (2), permits
us to express the relaxation time τ as a function of the
quantities T, Γ, and ω. Moreover, since the maximum of
the absorption Γ is observed at ωτ = 1, the relaxation
time τ can be expressed through the experimentally
measurable parameters; that is,

(5)

where Γm is the absorption Γ(T) at the maximum and
Tm is the temperature corresponding to the absorption
at the maximum. Equations (3) and (4) enable us to

τ T( ) 1
ω
----

ΓmTm

ΓT
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Γm
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Fig. 2. Temperature dependences of the elastic moduli for
the ZnSe : Cr crystal at a frequency of 56 MHz. ∆Ci =
Ci(T) – Ci(0), where Ci(0) is the modulus Ci extrapolated to
0 K. Ci = (1) Re{Ceff}, (2) Im{Ceff}, (3) CU, and (4) CR. The
inset shows the temperature dependences of the absorption
∆Γ = Γ(T) – Γ(0 K) at 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
Γ = 0.4T/[(1 – T/14.75)2 + 0.07]. Curve 1 is shifted along
the vertical axis with respect to curve 2.
PH
write the elastic moduli CU(T) and CR(T) as functions of
the measurable quantities; that is,

(6)

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 this figure, the minimum
observed in the temperature dependence of the real part
of the effective elastic modulus Ceff is absent in the
curves CU(T) and CR(T). Consequently, the minimum in
the dependence Ceff(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 CR(T), namely, to a deviation from the linear
dependence at temperatures somewhat higher than
20 K.

The data obtained for the ZnSe : Cr crystal indicate
that the dependence Γ(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
CU for the ZnSe : Cr crystal increases. At the same time,
this modulus for the ZnSe : Ni crystal initially
decreases and, at temperatures below 10 K, becomes
only slightly dependent on temperature (Fig. 1). Upon
cooling, the modulus CR for the ZnSe : Cr crystal, as for
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
distortions in the ZnSe : Ni crystal.

4. CONCLUSIONS

Thus, the frequency dependence of the maximum in
the curve Γ(T) was analyzed and the energy of the
excited state of Ni2+ ions with respect to the ground
level was determined to be 3.5 meV. It was assumed
that this excited state has a Jahn–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.

CU Re Ceff 2
Γ

Re k
---------- C

ωτ
-------,+=

CR Re Ceff 2
Γ

Re k
----------Cωτ.–=
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Abstract—The results of calculating the electronic structure of semiconductor compounds AIIBVI : 3d (A = Zn;
B = S, 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 AIIBVI 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 T = 14.5 K [6, 7].
1063-7834/05/4708- $26.00 1560
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 (LMTO) 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.
© 2005 Pleiades Publishing, Inc.
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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
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
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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 AIIBVI : 3d (A = Zn; 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 II–VI compound semiconductors doped with 3d transition
metal ions is studied. The observed temperature anomalies are analyzed in terms of the dynamic Jahn–Teller
effect. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Practical application of II–VI 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 : Ni2+ crystals (X = Se, S) undergoes a dramatic
(resonance-like) change at low temperatures [1]. The
nature of this anomaly and the ZnSe : Ni2+ lattice insta-
bility associated with it [2, 3] are not clearly under-
stood. In this work, in order to gain a better understand-
ing of the mechanisms of resonance scattering of
acoustic phonons in ZnX : Ni2+ and the reason for the
instability of the ZnSe : Ni2+ lattice, we measured the
phonon thermal conductivity of ZnX single crystals
doped with various 3d transition metal ions (Ni2+, Cr2+,
Fe2+, Co2+, Ti2+, and V2+).

2. EXPERIMENTAL

Single crystals were grown from a melt using the
Bridgman method under conditions of an excess inert-
gas pressure [4]. The impurity concentration in samples
was determined using optical emission spectroscopy of
an inductively coupled plasma and 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 ≥
10 K with two (Au + 0.012% Fe)–Cu thermocouples
and at T ≤ 10 K with two germanium thermometers.
The average size of the samples was 1.5 × 2.5 × 10 mm.
1063-7834/05/4708- $26.00 1563
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 κ measured on ZnSe crystals
containing Ni2+, Co2+, and Fe2+ ions. It can be seen that
the κ(T) curves for ZnSe : Ni2+ samples have a deep,
resonance-like minimum at Tmin ≅  15 K, with the posi-
tion of this minimum being independent of the Ni2+ ion
concentration. A minimum in κ(T) was also observed
for a ZnSe : Fe2+ sample at Tmin ≅  13 K. Figure 2a shows
the κ(T) dependence for ZnSe : Cr2+ crystals and
undoped ZnSe [5]. It can be seen that the κ(T) curves
for doped crystals have a minimum at Tmin ≅  27 K. In
contrast to Ni2+, Fe2+, and Cr2+ dopants, doping of ZnSe
with cobalt does not cause a resonance-like anomaly in
κ(T) at temperatures of up to Tmin ≅  100 K. Note that,
among the ions for which the data are presented in
Figs. 1 and 2a, Co2+ is the only ion whose ground state
is orbitally nondegenerate in a Td-symmetry crystal
field (singlet 4A2). The ground terms of the Ni2+, Cr2+,
and Fe2+ ions are orbital triplets 3T1 and 5T2 and a dou-
blet 5E, respectively. Another 3d ion whose ground state
is orbitally nondegenerate in a tetrahedral environment
is Ti2+ (a singlet 3A2). It can be seen from Fig. 2b that
the κ(T) dependence for a ZnS : Ti2+ sample, as well as
that for ZnS : Co2+, does not exhibit any pronounced,
resonance-like anomalies. The κ(T) curves for ZnS :
Ni2+ and ZnS : Fe2+ crystals have minima at Tmin ≅  22
and 10 K, respectively. The κ(T) dependence for a ZnS
sample doped with V2+ ions (the ground state is a triplet
4T1) is likewise unusual: doping with vanadium to a
© 2005 Pleiades Publishing, Inc.
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Fig. 1. Temperature dependence of the thermal conductivity
κ at (a) low and (b) higher temperatures for ZnSe samples
doped with various 3d transition metal ions (the doping con-
centration is given in cm–3 in parentheses): (1) Ni2+ (1 ×
1019), (2) Ni2+ (2 × 1019), (3) Ni2+ (5.5 × 1019), (4) Ni2+

(1 × 1020), (5) Ni2+ (2 × 1020), (6) Fe2+ (3.8 × 1020), and
(7) Co2+ (5 × 1019). The arrow indicates the Debye temper-
ature (104 K) for transverse acoustic phonons in ZnSe [10].

concentration of 5 × 1019 cm–3 decreases κ at T ≈ 4 K
by approximately two orders of magnitude relative to
that of undoped ZnS.
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Fig. 2. Temperature dependence of the thermal conductivity
κ (a) for ZnSe : Cr2+ samples with various Cr2+ concentra-
tions: (1) 1 × 1019, (2) 6.5 × 1019, and (3) 1 × 1021 cm–3 and
(b) for ZnS samples doped with various 3d transition metal
ions (the doping concentration is given in cm–3 in parenthe-
ses): (1) Ti2+ (3.8 × 1019), (2) Co2+ (5 × 1019), (3) Ni2+

(2.6 × 1019), (4) Fe2+ (6 × 1019), (5) Fe2+ (3.5 × 1020) [5],
and (6) V2+ (5 × 1019). Solid curves are the data on the ther-
mal conductivity of undoped ZnSe and ZnS taken from [5].

The κ(T) dependences at high temperatures (T >
80 K) for ZnSe crystals doped with 3d transition metal
ions are shown in Fig. 1b. It can be seen that the κ(T)
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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curves for ZnSe : Ni2+ samples have a minimum at
Tmin ≅  115 K, with its position being independent of the
impurity concentration. From comparing Figs. 1a and
1b, it follows that the high-temperature minimum in
κ(T) appears at a higher Ni2+ concentration than the
low-temperature minimum. It can be seen from Fig. 1b
that the high-temperature minimum in κ(T) is absent
for ZnSe : Fe2+ and ZnSe : Co2+ crystals and for ZnSe
samples with a relatively low Ni2+ concentration of
about (1–2) × 1019 cm–3.

Thus, the experimental data indicate that the Co2+

and Ti2+ ions do not cause resonance phonon scattering
in ZnX semiconductors and that 3d ions whose ground
state in a tetrahedral environment is orbitally degener-
ate (Ni2+, Cr2+, Fe2+, V2+) have an unusually 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 the ion. This dynamic Jahn–Teller
(JT) effect can cause additional acoustic phonon scat-
tering (which is resonance in nature) and thereby sig-
nificantly influence the κ(T) of semiconductors [6].

If the minimum in κ(T) of ZnX crystals doped with
3d transition metal ions is 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 is well known
that the spin–orbit interaction (SOI) splits the ground
state of the Ni2+ ion in a Td-symmetry crystal field into
four sublevels [7]. To first order in SOI, the spacing δ
between the ground state A1 (or Γ1) and the next upper
sublevel T1 (Γ4) is equal to ≈(3/2)λ, where λ is the SOI
constant. Unfortunately, the value of this parameter for
Ni2+ in cubic II–VI compounds is unknown. Taking λ ≈
100–150 cm–1 (which is likely to be close to the value
of λ for the free Ni2+ ion [8]), we obtain δ ≈ 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 : Ni2+ can become as low as
several millielectronvolts.

Thus, the deep low-temperature minimum in κ(T)
(at Tmin ≈ 15 K) observed for ZnSe : Ni2+ crystals can be
associated with resonance phonon scattering in a sys-
tem with a strong JT coupling.

In interpreting the high-temperature minimum in
κ(T), we take into account that Tmin ≅  115 K is close to
the Debye temperature Θ = 104 K for transverse acous-
tic phonons, which make a dominant contribution to the
phonon thermal conductivity [10]. According to [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-
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
imum, the high-temperature minimum in ZnSe : Ni2+

cannot be of a resonance nature. In our opinion, this
minimum is due to specific scattering of JT phonons in
crystals with a high Ni2+ concentration. This type of
scattering involves the dynamic JT effect, which causes
a reorientation of JT distortions [11]. Based on the
phonon spectra of ZnSe [12], we can assume that the JT
phonons in ZnSe : Ni2+ are either TA(L) or TA(X)
phonons. The interaction 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
5E of the Fe2+ ion in II–VI compounds [14]. Probably,
this is the reason why the high-temperature minimum is
absent in κ(T) of ZnSe : Fe2+.

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 κ(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 κ(T) for ZnSe : Ni2+

crystals at Tmin ≅  115 K, which is close to the Debye
temperature Θ of transverse acoustic phonons. The
observed anomalies in κ(T) of II–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 Zn1 – xNixSe and
Zn1 − yCrySe compounds and for a single-crystal Zn1 – xNixSe (x = 0.0025) sample in the temperature range 5–
140 K. The results obtained are interpreted in terms of large-scale lattice shear strains induced by 3d elements
in these solid solutions. © 2005 Pleiades Publishing, Inc.
The effect of 3d impurities on the structure of II–VI
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 MxBVI solid solutions were
interpreted in terms of local vibrations or as a change in
the TO and LO optical vibration frequencies in the sin-
gle- or two-mode model [1–3].

Recently, a nickel-induced structural phase transi-
tion was observed in the Zn1 – xNixSe (x = 0.0025) sys-
tem at 14.5 K [4].This transition 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
Zn1 – xNixSe (x = 0.0025) system and related com-
pounds, because lattice vibrations are very sensitive to
structural lattice distortions. We report here on a Raman
spectroscopy study of the vibrational lattice states in
Zn1 – xNixSe and Zn1 – yCrySe solid solutions. Raman
spectra were obtained from powder samples of the
Zn1 − xNixSe and Zn1 – yCrySe 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 Zn1 – xNixSe system
(x = 0.0025) was a (110) single crystal; its Raman spec-
tra were taken with a laser operating at a wavelength of
514 nm.

Figure 1 presents the Raman spectra of powder sam-
ples. The spectrum of a ZnSe powder contains the well-

A1 x–
II
1063-7834/05/4708- $26.00 1567
known TO, LO, 2TA(X), and 2LO peaks [5]. The
Raman spectrum of Zn1 – xNixSe powders undergoes a
number of changes. The TO and LO peaks broaden; this
effect is particularly pronounced for the LO peak.
While the second-order 2LO peaks persist, their widths

TO
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2LO
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(a)2TA(X)
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Fig. 1. Raman spectra of powder samples of ZnSe (dotted
lines), Zn1 – yCrySe (y = 0.046; dashed lines), and
Zn1 − xNixSe (x = 0.026; solid lines) observed in the back-
scattering geometry at T = 300 K. The laser excitation wave-
length is (a) 632.8, (b) 514, and (c) 488 nm. All peaks are
normalized against the LO-peak intensity.
© 2005 Pleiades Publishing, Inc.
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also broaden as compared to their initial values. The
2TA(X) peak intensity grows with increasing doping
level, which becomes particularly manifest in the spec-
tra obtained at a wavelength of 633 nm (Fig. 1a). Simi-
lar changes are seen to occur in Zn1 – yCrySe crystalline
powders.

We also observed new, heretofore undetected
changes in the spectra of doped compounds, because
we used powder samples, in which all vibration modes
are manifested simultaneously. Zn1 – xNixSe and
Zn1 − yCrySe crystals reveal 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 2LO peaks. Its intensity increases
as the frequency of scattered light, the nickel impurity
concentration, or the laser photon energy increases.
This implies the onset of additional Raman scattering in
the Zn1 – xNixSe and Zn1 – yCrySe semiconductors as
compared to undoped ZnSe, which is due to the pres-
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Fig. 2. Raman spectra of a single-crystal Zn1 – xNixSe sam-
ple (x = 0.0025) observed in the backscattering geometry
from the (110) plane at temperatures of (a) 5, (b) 20, and
(c) 140 K. Solid curves correspond to the x polarization

(along ) of the incident beam and the y polarization
(along [001]) of the reflected beam; dashed curves relate to
the y polarization (along [001]) of both beams.

110[ ]
P

ence of the Ni and Cr impurities. In what follows, we
discuss only these bands.

We start with the Zn1 – xNixSe system for which dif-
fuse neutron scattering was recently observed [6]. An
analysis of those results led to the understanding that
the Zn1 – xNixSe 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 a large-scale disorder capable of distorting
the phonon modes and producing first-order Raman
peaks activated by lattice disorder [7–9]. The first-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–1 [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 a frequency 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-
quency 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,
d8 + ω  d9 + h, which is approximately 1.85 eV
[11]. The Raman spectrum of Zn1 – yCrySe also features
a broad band whose intensity grows with decreasing
laser photon energy. The energy of chromium ioniza-
tion in ZnSe, d4 + ω  d5 + h, is 2.26 eV [12]. This
energy slightly exceeds the laser photon energy at
632.8 nm. This is probably why the resonance character
is not so distinct here. To verify this conjecture, it
would be desirable to measure the Raman spectrum
with a laser emitting photon of an energy substantially
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
Zn1 − xNixSe and Zn1 – yCrySe can be considered to be of
common origin. In other words, we believe that the
chromium impurity in Zn1 – yCrySe also induces large-
scale transverse displacements of lattice ions.

The Raman spectra of single-crystal Zn1 – xNixSe
(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 (Tc = 14.5 K) clearly exhibit TO-
phonon lines. The LO-phonon lines are very weak and
appeared most probably as a result of crystal misorien-
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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tation and disorder in the Zn1 – xNixSe (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–1. However, the spectra taken at 5 K
exhibit noticeable changes. While the energy of the TO-
phonon line remains practically unchanged, this line is
observed only in the (xy) geometry. Two new lines
became clearly visible. One line with a frequency ν1 =
91 cm–1 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
ν2 = 740 cm–1, appears only in the (xy) geometry. Its
width is seen to be a few times that 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 Zn1 – xNixSe (x = 0.0025) obtained
at 5 and 20 K is yet another convincing argument for the
existence of a phase transition in this compound at
14.5 K. The similarity between the broad low-fre-
quency Raman bands in Zn1 – xNixSe and Zn1 – yCrySe
suggests that at room temperature Zn1 – yCrySe suffers
Cr-induced structural lattice strains, which are possibly
similar to those observed earlier in Zn1 – xNixSe.
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Abstract—Excitonic states, radiative relaxation of electronic excitations, and energy transfer to luminescence
centers in both undoped and rare-earth activated (Pr, Er, Nd, Ho, Tb, Tm) KPb2Cl5 and RbPb2Br5 crystals were
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
quantum 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. KPb2Cl5 (KPC)
and RbPb2Br5 (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 DMR-4 monochromator
and a DDS-400 deuterium lamp.
1063-7834/05/4708- $26.00 1570
The measured reflectance spectra (a fragment of
which is shown in Fig. 1) exhibit a number of features
in the ranges 4.3–4.7 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 transitions in the Pb2+ ion between the states
that, as in 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 Eg

and exciton binding energy R in these crystals within
the hydrogen-like model; namely, at 8 K, Eg = 4.79 and
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Fig. 1. Fragment of the reflectance spectra of (1, 2) KPb2Cl5
and (3–5) RbPb2Br5 crystals measured at various tempera-
tures T: (1, 5) 8, (4) 80, and (2, 3) 300 K.
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4.15 eV and R = 0.34 and 0.37 eV for the KPC and RPB
crystals, respectively. The replacement of the cation,
K  Rb, and of the anion, Cl  Br, brings about a
long-wavelength shift of the exciton peaks and, hence,
a decrease in Eg. In a higher energy region, at 21–23 eV,
the reflectance spectra exhibit clearly pronounced
peaks corresponding to the excitation of Pb2+ cation
core excitons (Ec1, Ec2 in Fig. 2). Note that analogous
peaks were observed earlier in the reflectance spectra of
PbCl2 and PbBr2 [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 Eexc < Eg

(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 Eexc > Eg (Figs. 2, 3). An analysis of the spec-
tra shows that there is efficient energy transfer in these
crystals both via the excitonic mechanism and via elec-
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 Eexc > Eg is increased, the energy transfer
efficiency decreases; this is 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
Eexc > (2–3)Eg. 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-
ters at 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 (τ1 = 0.8 ns, τ2 = 3.5 ns) [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 Eexc > Eg. 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-
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
tons, which are produced as a result 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 centers is 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-
rities in 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 3d impurities in
II–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 excitons in 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–1 in
the region of 24000 cm–1. 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 cm–1; these intervals do not depend on the
isotope composition of the crystal matrix. The relative
line intensities are the same in all samples, thus making
it possible to associate the entire group of lines with the
same center. The half-widths of the lines as determined
without taking their overlap into account increase from
20 cm–1 for the first line (corresponding to the lowest
energy) to 40 cm–1 for the third line. The low intensity
of the fourth line did not allow us to determine its half-
width.

The first line does not involve phonons, and the three
others are phonon replicas involving a local vibration
mode with an energy quantum of 78 cm–1. In Table 1, the
wavenumbers and the interpretation of the peaks in the
absorption spectra of LiH–Rh and LiD–Rh crystals are
listed. In LiH(D)–Ir crystals with an iridium concentra-
tion of 0.08 wt %, the charge-transfer absorption band
1063-7834/05/4708- $26.00 ©1573
is observed in the region of 24500 cm–1. At 80 K, a struc-
ture consisting of a zero-phonon line and a vibrational
wing is also 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)–Ir can be explained by the one-phonon contri-
bution to the electron–phonon interaction in the iridium
impurity center; this follows from comparing the den-
sity of one-phonon states in 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
given in 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 levels in the
band gap of LiH and LiD crystals, which is indicated 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

∆νH/∆νD
νD – νH,

cm–1 Interpretation
νH, cm–1

peak position with respect 
to the zero-phonon line 

∆νH, cm–1
νD, cm–1

peak position with respect 
to the zero-phonon line 

∆νD, cm–1

22700 ± 4 22972 ± 4 272 Zero-phonon line

78 ± 4 78 ± 4 1.00 Local vibration

1240 ± 4 905 ± 4 1.37 Local vibration

Table 2.  Position of the peaks in the donor-excitonic absorption spectrum of LiH(D)–Ir crystals and their interpretation

LiH LiD

∆νH/∆νD
νD – νH,

cm–1 Interpretation
νH, cm–1

peak position with respect 
to the zero-phonon line 

∆νH, cm–1
νD, cm–1

peak position with respect 
to the zero-phonon line 

∆νD, cm–1

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 a donor.

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.
P

impurity ion to an excited state usually result in a line
absorption spectrum. It should be noted that, for impu-
rities having several excited states, the absorption spec-
trum is similar to an excitonic spectrum. Therefore, it is
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+

(4d8 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

  

where the square brackets symbolize the Coulomb
interaction between an electron 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 spectra of LiH(D)–Rh(Ir) crystals
have several lines due to the excitation of an electron

d
8

hν+ d
7
e[ ] ,
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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 results in the forma-
tion of Rh2+ or Ir2+ ions, whose presence can be
detected using the ESR method [6, 7]. The excitation
spectrum of the paramagnetic Rh2+ (Ir2+) 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 (4d7 configuration) form after
the reduction of Ru2+ ions arising under irradiation with
ultraviolet light. In this case, the hole component of the
donor exciton is localized 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
7

hν= d
6
e[ ] .
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
The energy of this transition is equal to 20110 cm–1 for
LiH–Ru crystals and 20440 cm–1 for LiD–Ru crystals.

Thus, 4d and 5d transition metals (Ru, Rh, Ir) create
deep levels in the band gap of lithium hydride and deu-
teride; bound excitons are produced directly by light
during the excitation of these ions.
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Abstract—Crystals of potassium–aluminum (indium) diphosphates KMeP2O7 (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 photoluminescence 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+ ions that replace Al3+ matrix ions and are in an octahedral oxygen envi-
ronment. Parameters of the electron energy level diagram of the Cr3+ ion in the matrices of the investigated crys-
tals are determined. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

When developing new laser materials on the basis of
oxide crystals and glasses, chromium ions are often
chosen as impurities [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 Crn+ (n = 3, 4, 5) occupying different positions in
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 a variety 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 formula KMeP2O7 (Me = Al or In) doped by
chromium ions, which are new promising compounds
for quantum electronics. The lattice of these crystals
admits an isovalent replacement of aluminum or
indium ions by Cr3+ ions; however, in principle, chro-
1063-7834/05/4708- $26.00 1576
mium ions (possibly, having a different charge) can also
be located at the Na+ or P5+ ion positions.

2. EXPERIMENTAL

KMeP2O7 crystals 3 × 3 × 3 mm in size were synthe-
sized from a melt solution using K2O–Me2O3–P2O5–
Cr2O3 oxide mixtures. The concentration of chromium
oxides in the melt did not exceed 1 wt %. A description
of the structure of KMeP2O7 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 λex = 337.1 nm),
LGN-503 lasers (λex = 476.5, 488.4, 514.0 nm), and
DKSL-1000 xenon lamp radiation filtered by a DMR-4
double monochromator and was recorded using a DFS-
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 KAlP2O7 : 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 KInP2O7 : Cr
crystals, the PL spectra are basically the same; how-
ever, in the long-wavelength range mentioned above,
© 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 I), 400–500 (band II), and 530–680 nm (band
III). In bands II and III, structural peaks are observed
(curve 5 in Fig. 1). Thus, band I of the red-PL excitation
spectrum and the green-PL excitation band overlap
strongly. We also note that band II of the red-PL excita-
tion spectrum in crystals KAlP2O7 : 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 (λex = 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 III, the
red PL band narrows and there appear narrow fine-
structure lines at its short-wavelength edge with max-
ima at λmax = 708, 712, and 725 nm (Fig. 2).

4. DISCUSSION

The experimental data obtained allow us to con-
clude that the PL of the KMeP2O7 : 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 in bands II and III and via the 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.

As to the nature of the intrinsic 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
due to radiation of molecular groups of the form [CrO3–
O–PO3]+ created when one of the P5+ ions in the P2O7

group is replaced by a Cr6+ ion. It was shown in [7, 8]

that deformed  tetrahedra in various matrices are
characterized by PL emitted in this spectral region.

CrO4
2–
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The intense red PL of KAlP2O7 : Cr crystals is likely
due to Cr3+ ions occupying the Al3+ ion positions with
octahedral oxygen surroundings. This conclusion fol-
lows from the fact that the spectral characteristics of the
red PL are similar to those of the experimental and the-
oretical spectra of Cr3+ ions in solids, according to
which the unstructured band is due to 4T2  4A2 tran-
sitions and the fine-structure lines (R lines) correspond
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Fig. 1. (1–4) PL spectra and (5) the PL excitation spectrum
of (1–3, 5) KAlP2O7 and (4) KInP2O7 crystals at tempera-
tures of (3) 300, (1, 4) 77, and (2) 4.2 K. The excitation
wavelength λex is (1–3) 337.1 and (4) 488 nm; excitation
spectrum 5 is recorded at a luminescence wavelength λ =
740 nm. The Cr2O3 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 KAlP2O7 : Cr crystals
recorded at λex = 632.8 nm at temperatures of (1) 300,
(2) 77, and (3) 4.2 K. C(Cr) = 0.08 wt %.
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to the 2E  4A2 transitions in the 3d shell of the Cr3+

ion [1–3, 9]. From the positions of the bands and lines
in the PL spectra and PL excitation spectra, we can esti-
mate parameters describing the positions of the Cr3+

energy levels in KAlP2O7 : Cr crystals using the
Tanabe–Sugano model [9]: the crystal-field parameter
Dq = 1342 cm–1, the 2E level splitting ∆(2E) = 80 cm–1,
and the energy spacing between the 4T2 and 2E levels
∆(4T, 2E) = 530 cm–1.

The differences between the PL spectra of KAlP2O7 :
Cr crystals and KInP2O7 : Cr crystals (Fig. 1) agree with
the assumption that the observed red PL is related to
Cr3+ ions. Indeed, according to the crystal-field theory,
the parameter Dq (determining the transition energies
for the Cr3+ ion), can be written as Dq ~ qr4/R5, where q
is the charge of the ligand (O2 ion), R is the distance
from the impurity ion to the ligand, and r is the average
radius of the 3d orbital of the Cr3+ ion [9]. The energy
of the 4T2  4A2 transition (which determines the
position of the red PL band) is proportional to the
parameter Dq. Therefore, knowing the position of this
band for KAlP2O7 : Cr crystals (λmax = 735 nm) and the
quantities R(Al–O) and R(In–O), we can estimate the
position of the red band for KInP2O7 : Cr crystals. The
result is λmax ~ 1300 nm. This value is approximate but
nevertheless explains the strong shift of the red PL band
towards the near IR region.

5. CONCLUSIONS
We have synthesized for the first time chromium-

doped KAlP2O7 and KInP2O7 crystals and studied their
P

main luminescence spectral properties over wide tem-
perature and spectral intervals. We have also estimated
the energy parameters describing the Cr3+ 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)3phen] are investigated. It is revealed that an increase in the Eu(DBM)3phen 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)3phen
complex to the total electroluminescence spectrum of the cell with time is explained by the degradation of
Eu(DBM)3phen 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 electrons 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 structures in which a light-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 a weaker concentration quenching.
Matrices for light-emitting layers can be prepared from
polymers and low-molecular organic compounds.
When fabricating electroluminescent cells, polymer
layers, as a rule, have been produced using spin coating.
For a mixture 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 heating.
The disadvantages of the spin coating method are
unavoidable contamination of the prepared films with
1063-7834/05/4708- $26.00 1579
solvents and also complication of the technology for
fabricating electroluminescent 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 voltage in the former case is considerably 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)3phen] in electroluminescent
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 (Alq3) layer serves as a
conductor of electrons. The layer consisting of a PVK :
Eu(DBM)3phen 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
© 2005 Pleiades Publishing, Inc.
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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

Al

LiF

Alq3

PVK: Eu(DBM)3phen

TPD

CuPc

ITO

Glass substrate

Fig. 1. Design of the electroluminescent diode under inves-
tigation.
P

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 Alq3 and Eu(DBM)3phen
compounds were prepared at our laboratory according
to standard procedures.

A glass plate that was preliminarily coated on one
side by an ITO layer with a specified topology served as
a substrate. The surface resistivity of the ITO layer was
of the order of 50 Ω per square. 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 a desiccator cabinet at a temperature of
70°C for 1 h.

The layers were deposited through thermal evapora-
tion in a vacuum chamber at a pressure of 5 × 10–5 Torr.
The deposition rate was approximately equal to 0.5 Å/s
N
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Fig. 2. Molecular structures of the organic compounds.
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for the LiF layers, 7.0 Å/s for the Al layers, and 2.0–
2.5 Å/s for the organic films. The layer thicknesses
were as follows: Al, ~100 nm; LiF, 0.9 nm; Alq3, 15 nm;
PVK : Eu(DBM)3phen, 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 a rate suit-
able for deposition of layers over a wide 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
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Fig. 3. Electroluminescence spectra of CuPc/TPD/PVK :
Eu(DBM)3phen/Alq3/LiF/Al cells. The mass ratios PVK :
Eu(DBM)3phen for cells A, B, and C are equal to 2 : 1, 10 : 1,
and (> 10) : 1, respectively.
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Fig. 4. Photoluminescence spectrum of the Eu(DBM)3phen
powder.
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for which deposition rate in the temperature range 250–
300°C was equal to 2.0–2.5 Å/s. In this temperature
range, the Eu(DBM)3phen complex had approximately
the same deposition rate. Codeposition of the
Eu(DBM)3phen 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
spectra were recorded in this chamber. All the measure-
ments were carried out at room temperature.

3. RESULTS AND DISCUSSION

We prepared ITO/CuPc/TPD/PVK:Eu(DBM)3phen/
Alq3/LiF/Al electroluminescent cells in which the
light-emitting layers contained the PVK and
Eu(DBM)3phen compounds at three different concen-
trations (cells A, B, C).

The mass ratio of the PVK and Eu(DBM)3phen com-
pounds is equal to 2 : 1 for cell A and 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)3phen compounds
placed in the evaporator was equal to 10 : 1, as is 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)3phen 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
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Fig. 5. Dependence of the ratio between the integrated
intensity of the luminescence of the Eu(DBM)3phen com-
plex and the total intensity of the luminescence of the cell
on the operation time at the mass ratio PVK :
Eu(DBM)3phen = 10 : 1 in the light-emitting layer.
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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 lines that cor-
respond to the Eu(DBM)3phen 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 Alq3

compound. This compound is a good luminescent
material characterized by a broad luminescence band in
the green spectral range. However, the Alq3 compound
in the cells under investigation is used as a conductor 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 Alq3 layer was replaced by another
conductor of electrons.

As the Eu(DBM)3phen 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)3phen compound in cell A is
equal to 80% of the integrated intensity. When the
Eu(DBM)3phen concentration decreases to 10 : 1 (cell
B), the contribution from the luminescence of the
europium complex amounts to 60%. With a further
decrease in the concentration (cell C), the luminescence
of the Eu(DBM)3phen complex in the cell accounts for
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Fig. 6. Dependence of the photoluminescence intensity on
the exposure time for the PVK : Eu(DBM)3phen (10 : 1) film
at a wavelength of 612 nm.
P

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)3phen concentration in
the light-emitting layer. The cell with a high
Eu(DBM)3phen concentration degrades at a higher rate.
For example, the luminescence intensity of cells C, B,
and A at a supply voltage of 20 V is halved for 40, 8, and
approximately 3 min, respectively.

Furthermore, the intensity of the luminescence lines
attributed to the europium complex decreases more rap-
idly than the intensity of the broad-band emission of the
cell. The dependence of the ratio between the integrated
intensity of the luminescence attributed to the
Eu(DBM)3phen 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)3phen molecules undergo deg-
radation to the greatest extent.

Karasev et al. [5] investigated the photodestruction
of europium chelate complexes, including the
Eu(DBM)3phen complex, in poly(methyl methacrylate)
films. It was demonstrated [5] that the photoexcitation
results in the dissociation of coordinated β-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)3phen complex upon photoexcitation, a
film similar to the light-emitting layer in cell B, i.e.,
with the mass ratio PVK : Eu(DBM)3phen = 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 the line cor-
responding to the 5D0–7F2 transition of europium ions
(at 612 nm) in the luminescence spectrum of the
Eu(DBM)3phen complex.

The luminescence intensity of the film under inves-
tigation decreases almost exponentially 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)3phen complex
upon electrical excitation and the quenching of lumi-
nescence of this compound upon photoexcitation due to
the dissociation of molecules, we make the inference
that the Eu(DBM)3phen molecules undergo degradation
irrespective of the type of luminescence excitation.

Thus, the results obtained in this work allowed us to
draw the conclusion that the use of the Eu(DBM)3phen
compound as a light-emitting material in electrolumi-
HYSICS OF THE SOLID STATE      Vol. 47      No. 8      2005
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nescent devices for commercial applications does not
hold promise, because the excitation of this luminophor
is accompanied by partial degradation of the molecules.
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Abstract—The circularly polarized recombination radiation produced by optically oriented electrons in 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 Ehν ≈ Eg + ∆ through a transparent AlGaAs 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 the drift 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
a magnetic 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 a system is possible only at liquid-helium temper-
atures [6].

As far back as the 1980s, experiments were carried
out [7] in which spin filtering was actually demon-
strated in gallium arsenide (a nonmagnetic 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-
dicted in [8].

In this paper, we report on our observation of spatial
separation (filtering) of electrons in spin in the space
charge field near the interface in AlGaAs/GaAs at 77 K,
with the electrons in 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

† Deceased.
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polarization of recombination radiation observed in
transmission (i.e., in the direction of pump beam prop-
agation) has a positive sign and in reflection (i.e., oppo-
site to the pump beam) has a negative sign.1 

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 opposite to 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 a depleted layer in GaAs near the inter-
face.

2. The sample under study was a 0.4-mm-thick
plane-parallel plate cut from a Czochralski-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 × 1018 cm–3. After
this, a layer of an AlxGa1 – xAs solid solution (x ≈ 0.5)
was LPE grown on one of the plate surfaces. This layer
is practically transparent for photons with an energy
Ehν ≤ 2.1 eV pumping GaAs through the interface.

Photoluminescence (PL) was excited by circularly
polarized light using a grating monochromator, a kryp-
ton laser (lines at Ehν = 1.65, 1.92, 2.18 eV), the
1.96-eV line of a He–Ne laser, or a tunable Ti–sapphire
laser. The photon energy Ehν was varied from 1.52 to
2.2 eV, i.e., up to levels in excess of Eg + ∆ (∆ is the

1 Following [9], we assume the sign of circular polarization of
luminescence to be positive if it coincides with the sign of pump
light polarization.
© 2005 Pleiades Publishing, Inc.
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spin–orbit splitting of the valence band). The degree of
circular polarization of the luminescence ρ was mea-
sured using an analyzer consisting of a photoelastic
quartz 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

.

Here, τ is the nonequilibrium electron lifetime and Ts is

the spin orientation lifetime, which is defined as  =

τ–1 + , where τs is the spin relaxation time [12].

In this work, we compare the dependences of the
degree of luminescence circular polarization ρ on pump
light energy Ehν as obtained in transmission and reflec-
tion. The inset to Fig. 1 illustrates the measurement
geometries used in optical carrier pumping through the
AlGaAs layer.

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 α(λ) for p-
GaAs samples in which the acceptor concentration was
close to the value measured for doped surface layers of
the given crystal can be found in [14]. For λ = 850 nm,
α is approximately 400 cm–1. Because the thickness of
our GaAs sample is d = 0.04 cm, nothing would have

ρ 0.25
Ts

τ
-----=

Ts
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τ s
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2

Fig. 1. Degree of circular polarization of photolumines-
cence measured (1) in reflection 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.
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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 µm. The remainder of the crystal
inside the plate is practically undoped [10]. The bulk of
the crystal absorbs the short-wavelength part of the
recombination radiation and is practically transparent
to it in the long-wavelength region [15].

3. Figure 1 shows the ρ(Ehν) 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 curves 1 and 2 is that,
for energies higher than Ehν = Eg + ∆, the degree of cir-
cular polarization ρ starts to decrease rapidly and
reverses sign as Ehν increases further. Both the decrease
in ρ 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
Ehν > Eg + ∆ was observed in [17]. The essence of the
effect consists in 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 Ehν > Eg + ∆
from the heavy- and light-hole band Γ8 can forget their
spin orientation almost completely during thermaliza-
tion, whereas the electrons from the valence band Γ7

split off due to 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. 2. Photoluminescence spectra under excitation from
the interface side measured (1) in reflection and (2) in trans-
mission (see inset).
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Curves 1 and 2 in Fig. 1 differ in that, first, for ener-
gies Eg < Ehν < Eg + ∆, 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 Ehν =
2.06 eV, which is larger than Ehν = 1.92 eV in reflection.
Thus, in the region 1.92 < Ehν < 2.06 eV, the signs of
luminescence circular polarization measured in reflec-
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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 (a) from
the interface side and (b) from the side of the free surface.
P

tion and transmission for the same pump photon energy
(e.g., at Ehν = 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 as a function of transverse
magnetic field under He–Ne laser excitation (Ehν =
1.96 eV). Figure 3a presents luminescence depolariza-
tion curves obtained in a transverse magnetic field.
Filled squares show experimental results obtained in
transmission. Curve 1 describes magnetic depolariza-
tion studied in reflection and is essentially a Lorentzian,

where ωL is the frequency of spin Larmor precession in
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-
itive sign of circular polarization was observed; the cor-
responding curves of depolarization in a magnetic field
are displayed in 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 ×
1018 cm–3). The ρ(Ehν) 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 a dynamic aver-
aging of the effect caused by the effective spin–orbit
interaction fields. For this reason, the D’yakonov–
Perel’ (DP) spin relaxation slows down and we have
ρ > 0 at Ehν = 1.96 eV in both geometries. Thus, in three
cases out of four, the circular polarization at Ehν =
1.96 eV is positive and, only in one case, namely, in the
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 actually 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 this layer, a region that is accessible
for electrons with a higher initial energy.

A study of photoreflectance spectra has shown that,
if a layer 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
a similar situation near the interface. Estimates showed

ρ H( ) ρ 0( )
1 ωL

2
Ts

2
+

----------------------,=
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that the gallium arsenide doping level in the interface
region is approximately 1016 cm–3 [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 Eg <
Ehν < Eg + ∆ (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.

As the excitation energy increases, electrons with 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
provides the dominant contribution to the luminescence
analyzed in transmission, whereas in reflection these
electrons do not manifest themselves. Starting from the
energy Ehν = Eg + ∆, 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 electrons that 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 luminescence in trans-
mission. Most of them are electrons excited from the
fourfold-degenerate Γ8 band, because they are created
with an excess energy. The polarization of these elec-
trons is low, because the DP spin relaxation for hot
electrons is a more 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 Ehν = 2.06 eV do they
begin to surmount the barrier and move toward the
opposite surface. Recombination with their participa-
tion is also detected in transmission. According to [16],
this results in an inversion of the direction of predomi-
nant orientation of thermalized electrons and, 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 polarization 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
PHYSICS OF THE SOLID STATE      Vol. 47      No. 8      200
of the order of the reciprocal absorbance of the recom-

bination radiation, . For λ = 838 nm (maximum of

the luminescence line), we have  ≈ 5–6 µm [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; as a result, there is 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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interface and (b) from the side of the free surface (the excit-
ing photon energy is 1.65 eV). The dashed line is a plot of
Eq. (2) for Le= 4.3 µm and Ls = 2.4 µm.
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nitrogen temperature it should be still lower [21]. The
diffusion lengths Le and Ls are much smaller than the
crystal thickness, so the sample may be treated as semi-
infinite.

In reflection, the degree of circular polarization as a
function of radiation wavelength is defined as

(1)

where S(z) is the spin density and N(z) is the electron
concentration. The functions S(z) and N(z) are solutions
of a system of rate equations [21],

  0,

  0,

where D is the diffusion coefficient and J is the surface
electron-generation rate. Substituting the solution to
this system into Eq. (1), we find the spectral response of
the degree of polarization of the recombination radia-
tion for optically oriented electrons to be

(2)

Because the absorbance αλ varies within the PL line
profile by more than three orders of magnitude, the
degree of polarization ρ should depend on wavelength
in accordance with Eq. (2).

Our earlier study of the Hanle effect performed on
the same sample revealed that, near the interface at
77 K, we have τs = 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 τp = 0.5 ps.2 With this value of τp, we find
the electron mobility µe = eτp/me = 19 500 cm2/V s and
the diffusion lengths of electrons Le = 4.3 µm and of the
electron spins Ls = 2.4 µm (the diffusion coefficient is
derived from the Einstein relation to be D = 130 cm2/s).
In Fig. 4a, the dashed line is calculated from Eq. (2)
using the spectral response of absorbance and the above
values of Le and Ls. It is seen that this line fits the exper-
imental data well everywhere except in the short-wave-
length region of the spectrum.

2 In the DP mechanism,  = Aτp, where the coefficient A
depends on temperature and the electron scattering mechanism.
At T = 77K and for scattering from ionized impurities, we have
A = 3.3 ns–1 ps–1. Therefore, for τs = 0.6 ns, we obtain τp = 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 ρ(λ) 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 relations is 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 reciprocal absor-
bance at the wavelength λ = 820 nm, i.e., about 1 µm.

The ρ(λ) graph obtained under excitation of the free
surface does not have such a region 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 GaAs layer near the AlGaAs/GaAs
interface gives rise to spatial separation of the electrons
excited from the spin–orbit-split valence subbands into
the conduction band. By slightly 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 a manifestation of a first-order ferroelec-
tric phase transition, which can be assigned to the interaction between the spontaneous polarization and the sur-
faces bounding the film. As the film thickness increases, the effect of the surfaces decreases and the ferroelectric
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 (PVDF) is impossible because bulk
samples (films with a thickness of above 100 nm)
undergo melting before the onset of the hypothetical
transition to the ferroelectric 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 shifts toward lower temperatures. It is known [3,
4] that films of pure PVDF have a lower spontaneous
polarization than copolymer films (such as VDF/TrFE).
This can be accounted for by the low crystallinity of
PVDF films (the content of the ferroelectric β phase is
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 a ferroelectric 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 ferroelectric 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).
1063-7834/05/4708- $26.00 1590
2. SAMPLE PREPARATION
AND EXPERIMENT

The PVDF molecule consists of (–CH2–CF2–)
monomer chain links. The total molecular mass of the
polymer chain is approximately 105. LB films of PVDF
were obtained in a setup described in [6]. First, a solu-
tion of 0.01–0.02 wt % PVDF in acetone was prepared.
PVDF monolayers were 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 PVDF
films were deposited under a surface pressure π = 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 a film after its deposition on the substrate turns out to
be larger. Indeed, as follows 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 mm2.

The electric properties of LB PVDF films were mea-
sured on an automated setup. A computer audio card
was used to generate and detect electric signals. The
measurement system consisted of a set of virtual instru-
ments (a generator, a lock-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.
© 2005 Pleiades Publishing, Inc.
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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 parallel, is
inserted in series with a load resistor and the voltage
drop across it (which is proportional to current) is mea-
sured by the detector. The reference signal for lock-in
detection is supplied from a second generator channel.

When a sine voltage U(t) = U0sin(ωt) is applied to a
sample, the total current in the measuring electric cir-
cuit is given by

(1)

where ω = 2πf is the circular frequency, U0 is the ampli-
tude of the voltage U applied to the sample, t is the time,
and f is the frequency of the sine voltage. The first term
is inversely proportional to the Ohmic resistance of the
sample R. The second term is proportional to the sam-
ple capacitance C0 = 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 ferroelectric 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

(2)
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(5)

where S is the electrode overlap area; d is the film thick-
ness; ε0 ≅  8.85 × 10–12 F/m; and Φ1y, Φ2x, Φ3y, Φ4x, and
Φ5y 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 is in phase with
the reference (which, in turn, is proportional to
sin(kωt), where k is the harmonic number), whereas the
y component is proportional to cos(kωt) and, hence, is
shifted with respect to the reference signal by 90°. The
quantities Ak (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]:

(6)

where α0, β, and γ are temperature-independent coeffi-
cients; T0 is the Curie temperature; E is the electric field
amplitude; and P is the polarization. As shown in [8],
quantities (2)–(5) for a uniformly polarized ferroelec-
tric can be expressed as

(7)

(8)

(9)

(10)

where Ps is the spontaneous polarization.

We readily see that the quantity A3 is connected with
the coefficient β, which, together with the coefficient γ,
determines the order of the phase transition. It is known
that, for β > 0 and γ ≥ 0, Eq. (6) describes a second-
order phase transition and, for β < 0 and γ > 0, the first-
order transformation. Thus, in the case of a first-order
phase transition, there is a temperature at which A3 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 a sample
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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3. DISCUSSION OF THE RESULTS

The LB PVDF films exhibit ferroelectric 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-
sis seen in the permittivity of the 5-layer LB PVDF film
(curve 1 in Fig. 2a) indicates a first-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 films varied within a factor of 1.5 to 2
during heating and cooling runs, whereas the variation
in this quantity in the 5-layer PVDF film does not
exceed 10%. As the LB PVDF 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 ferroelectric 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 surface interaction becomes progressively
more significant with decreasing film thickness than
that due to 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 PVDF exhibit a superposition of two fer-
roelectric phase transitions, more specifically, of a sur-
face-induced and a bulk transition. The surface-induced
phase transition is characterized by a Curie temperature
lying below the melting point (Tm ≈ 168–170°C), while

Fig. 1. Oscilloscopic traces of current (left) obtained with
triangular voltage pulses of amplitude U0 = 14 V and fre-
quency f = 96 Hz applied to the sample at various tempera-
tures T: (1) 35, (2) 57, and (3) 88°C.
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in bulk samples a ferroelectric phase transition cannot
be observed, because it is expected to occur in the melt-
ing-temperature region, as indicated in a number of
papers [1, 3].

The existence of a first-order phase transition is also
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, as follows from Eqs. (3) and (8), sign
reversal is possible only for β < 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)
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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 a logarithmic (region of positive response)
part. A distinct sign reversal in the vicinity 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 reveals 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 A3 for 5- and 10-layer PVDF films, respec-
tively. The quantity A3 is expressed through the first and
third current harmonics and is a more revealing charac-
teristic for describing the ferroelectric properties of a
uniform sample [see Eqs. (3), (8)]. The condition A3 =
0 for a 5-layer film is met at 156°C (under heating) and
at 132°C (under cooling). In the paraelectric phase,
where Ps = 0, the quantity A3 is negative and tempera-
ture-independent, according to Eq. (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 ≅  110°C, the value of A3 in the paraelectric
phase is negative and that the A3(T) dependence is weak
(the curve is parallel 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
A3(T) dependence in the temperature regions 120–
150°C (under heating) and 130–90°C (under cooling).
Although A3 > 0, we attribute these temperature regions
to the paraelectric state of the surface layer of the film
(surface-induced ferroelectric phase transition). The
fact that A3 > 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 ferroelectric 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 in the 5-layer LB PVDF film does the A3(T) depen-
dence exhibit features characteristic of the surface-
induced ferroelectric phase transition; these features
are not manifest in thicker films.

The experimental data can 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

(11)

where W2m is the surface energy amplitude, Pi are the
components of the spontaneous polarization vector (the
index i labels the spatial directions x, y, z), and ne, i are
the components of the unit vector ne oriented along the
specific (“easy”) direction on the surface. The concept
of specific direction (easy axis) is introduced here by

W2
1
2
---W2m Pine i,( )2

,=
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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 ns, so ne = ns. Near the surface,
there is 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 ne

aligned with the surface normal ns. With inclusion of
the nonpolar surface interaction, the free-energy den-
sity of a uniform ferroelectric can be written in the form

(12)

where Pz and Ez are the z components of the spontane-
ous polarization and electric field, respectively (the z
axis is directed along the surface normal); δ(z) is a delta
function characterizing the localization of the surface

interaction; and W2m, s1 δ(0) + W2m, s2 δ(z – d) is the
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sum of the quadratic surface energies localized 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 Pz modifies the coefficient α. 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 W2m. Accordingly, the temperature of
the surface-induced phase transition can either increase
or decrease, depending on the sign of W2m. Measure-
ment of the dependence of the first Landau coefficient
α on film thickness in more uniform LB films of the
VDF/TrFE 70/30 copolymer would make it possible to
quantify the quadratic surface interaction.

4. CONCLUSIONS

Using nonlinear dielectric spectroscopy, we have
shown that, as the film thickness is reduced, a ferroelec-
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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