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The methods of vacuum-ultraviolet spectroscopy were used to study the optical properties of
rare-earth molybdates in the photon energy range £ = 1.0-35.0 eV at temperatures 7 = 10-600
K. The results were used to calculate the optical functions of these compounds. A study of the
influence of temperature revealed anomalies (at temperatures in the region of the phase
transition) in the spectrum of the characteristic energy losses in gadolinium molybdate. A scheme
of energy transitions in RE, (M0O,),; compounds was constructed on the basis of the results
obtained and the dominant role of the MoO, tetrahedra in the formation of the energy band

structure of these crystals was demonstrated.

INTRODUCTION

There have been many investigations of the electron
structure of complex compounds of d-transition metals.'-
One of the most important groups among these compounds
is a family of rare-earth molybdates which are oxygen-tetra-
hedral ferroelectrics.

The ferroelectricity of rare-earth molybdates RE,
(Mo00,), (RE = Gd, Dy, Tb, Eu, and Sm) was first discov-
ered in the temperature range 420 K< T. <460 K and investi-
gated by Borchard and Bierstedt.> These crystals have a
number of interesting physical properties and have been at-
tracting the attention of investigators for a long time.* Ear-
lier studies of these crystals®® have shown that RE,
(Mo00,), are suitable media for the emission of stimulated
radiation, i.e., they can be used as laser materials.” However,
theinterest in these compounds goes well beyond their appli-
cations. The presence in RE, (M00,); of three independent
groups of MoO, tetrahedra with different MO-O bonds and
the relative displacements of the RE** ions and the MoO,
sublattices as a result of a phase transition alter many macro-
scopic and microscopic parameters of these compounds.®®
The question of the nature of the ferroelectric state of these
oxides is closely related to the electron interactions in them.®
It would be of interest to study the electron structure and the
nature of chemical bonds in RE, (M0O,) ,, as well as the role
of the MoO, tetrahedra in the formation of the energy spec-
trum of electrons.

We used the methods of ultraviolet and vacuum-ultra-
violet spectroscopy to investigate for the first time the elec-
tron structure of isostructural complex compounds RE,
(Mo0O,); of d-transition elements in the photon energy
range E=1.0-35.0 eV at temperatures 7 = 10-600 K,
which included the phase transition region.

EXPERIMENTS

Our RE, (M00O,); crystals were grown by the Czoch-
ralski method and had phase transition temperatures 420
K<T,. <460 K deduced from dielectric measurements. The
samples of RE, (M00O,); used in determination of the reflec-
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tion (R) and transmission spectra were cut from boules and
had dimensions of 6 X 6 Xd mm. The thickness d was varied
within the range 100-1500 . Crystals were subjected first to
mechanical grinding and polishing, and this was followed by
annealing in an inert medium in order to relieve the elastic
stresses. Immediately before measurements they were sub-
jected to ionic cleaning in ultrahigh vacuum. All the mea-
surements were carried out on mirror-smooth polished faces
of Z-cut crystals of RE, (M00O,); reduced to the single-do-
main state.

Measurements of the optical properties of RE,
(MoO,); were made using apparatus described in detail in
Refs. 10 and 11. The sources of polarized light in the form of
synchrotron radiation were SPEAR and TANTALUS stor-
age rings in the USA. The apparatus was modernized and
improved so as to carry out spectroscopic measurements in a
wide range of temperatures.

REFLECTION AND ABSORPTION SPECTRA

The normal reflection spectra of RE, (M0O,); crystals
determined in the photon energy range £ = 3.0-35.0 eV are
shown in Fig. 1. Itis clear from this figure that the spectra of
R of all the investigated RE, (M00Q,); compounds have a
structure concentrated in two wide bands at E = 3.0-16.0
eV (T = 300 K) where the reflectivity is =30%. The spec-
tra of R are similar for the various RE, (MoO,); com-
pounds.

Anincreasein the energy of the incident photons results
in arapid fall of the reflectivity and there is no clear structure
in the spectra of R at energies above 16 eV, which corre-
sponds to failure of the sum rule and excitation of plasma
oscillations in the valence band. The absence of singularities
in the spectra of R of RE, (M00,) at photon energies above
16 eV shows that the valence and conduction bands are sepa-
rated by large gaps from the other energy bands or that tran-
sitions from deeper levels to the conduction band are forbid-
den by the selection rules.

The first (4) band in the R spectra of RE, (Mo00O,); is
located at E~4.5 eV and has singularities on the low- and
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FIG. 1. Reflection spectra of rare-earth molybdates recorded at different
temperatures 7: 300 K (room temperature R); 15 K (low temperature,
denoted by L).

high-energy sides (Table I). The band 4 has a small half-
width and a large oscillator strength. The second (B) band
in the spectra of R is located at E ~ 8.3 eV and has singulari-
tieson the high-energy side (TableI). Theband B hasalarge
half-width and a small (compared with the band 4) oscilla-
tor strength. Cooling complicates the spectra of R, causes
splitting of some of the peaks, and gives rise to new singulari-
ties. All this is accompanied by a reduction in the reflectivity
of single crystals. By way of example, Fig. 1 shows the spec-
trum of gadolinium molybdate (GMO) at T = 15 K. We
can see that the maximum of the band 4 shifts toward higher
photon energies, and the temperature coefficient dEg /dT
describing this shift is ~ — 1X 1072 eV/K. The value of
dEg /dT is of the same order of magnitude for the other
investigated molybdates. The band B splits into three weaker
bands with maxima at E; = 7.01, E, = 9.05, and E, = 13.80

eV. A further increase in the energy of the incident photons
increases the reflectivity. In the range E = 18-25 eV there is
a band with a maximum at E = 19.68 eV and low-intensity
peaks in the high-energy wing of this band. The profile of this
band in the spectrum of GMO is characteristic of transitions
from deep-lying f energy bands.!? The major difference
between the low-temperature spectrum of R (T = 15 K) of
GMO and the spectrum of R at room temperature can be
explained as follows. A strong temperature dependence of
elastic deformation is characteristic of GMO: this results in
considerable displacements of the Mo and Gd ions in a unit
cell and it alters also the Mo-O bonds.*® Therefore, we may
assume that strong cooling of a crystal splits the valence
band formed by the 2p electrons of oxygen and results in
diffuse broadening of the f'states of the rare earth.

We also investigated in detail the transmission spectra
of single-domain GMO crystals using polarized light of pho-
ton energy E = 2.5-4.5 eV. These measurements were car-
ried out in a wide temperature range (7 = 15-600 K). The
recorded transmission spectra and the R spectra determined
earlier were used to calculate the absorption coefficient a by
the usual method.'® The results of our determination of the
photon-energy dependence of a of single-domain GMO
samples are presented in Fig. 2 for two polarizations of light.
The dependence of a on E is plotted on a semilogarithmic
scale at three temperatures T 80, 330, and 480 K. We can see
from this figure that in the case of both polarizations of light
the absorption coefficient in the range @ = 10-10° cm ™" de-
pends on the photon energy in accordance with the law

a=a, exp[S(E—E,) ], (1
where a, and E, are the characteristic constants of a given
substance, and S is the slope of the absorption edge. These
GMO single crystals exhibited an absorption anisotropy.
The absorption edge obtained in the E||c case is shifted to-
ward higher energies. The difference between the energy po-

TABLE I Energy positions (eV) of principal singularities of reflectivity (R) of oxygen-tetrahe-

dral-ferroelectrics at photon energies 3.0-17.0 eV.

Band . T=15 K T=300 K

designa- Singu-

tion larity GMO | GMO | DMO | TMO EMO SMO
Ay 3.16 - - - - -
A, 3.62 3,68 3.45 335 3.70 3.40
As 4,07 - - - - -

A A, 4.30 - - - - -
As 5.20 4.54 440 4.37 4.60 4.60
Ag 5.65 - - - - -
Aq 6,00 5.29 5.52 5.30 5,52 -
As 6.45 - - - - -
B, - - 7.43 6.70 6.67 7.00
B, 7.01 7.59 7.82 - 736 -
Bs 7.41 - - - - -
B, 8.54 8.30 8.20 8,30 8.40
Bs 8.60 - 8,62 - - 8.74
By - - 8.97 ‘9,25 8.95 -
B B; 9,05 9.60 - 9.65 9.45

Bg 9.95 10.35 10.12 10.35 10.81 10.10
By 10,85 11,73 - - - -
By, 12,00 12,65 12.20 12,90 12,00 12.65
Bi i - 13.10 - - -
BiZ 13.80 13‘80 - - - -
Bys 15,16 16,00 — 16.30 15.90
By, - 17.25 17.00 - 17,00 17.50
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FIG. 2. Dependences of the absorption coefficient a on the energy of
photons incident on gadolinium molybdate at temperatures 480 K (1),
330K (2), and 80 K (3) in the two cases Elc (a) and E ||c ().

sitions of the absorption edge obtained for the two orienta-
tions of the plane of polarization of light amounts to 50 meV
ata = 2% 10 cm™!. An analysis of the spectral dependence
of a shows that the slope of the optical absorption edge is
almost the same for both polarizations of light and at room
temperature it amounts to a value of the order of 16 eV ™",
An investigation of the temperature dependence of a
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FIG. 3. Temperature dependences of the band gap E, (@), slope of the

absorption edge S (A), and characteristic energy loss function — Im £~'
(O) of gadolinium molybdate; @ = 200 cm~".
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FIG. 4. Spectra of the £, (curve 1) and imaginary €, (curve2) parts of the
permittivity (£), and of the characteristic energy loss function —Ime™!
(curve 3) of gadolinium molybdate at 7= 300 K.

showed that the photon energy dependence of a obeys an
exponential law throughout the investigated temperature
range. The slope of the absorption edge depends strongly on
temperature: the value of S ~' is directly proportional to
temperature (Fig. 3). It is also clear from Fig. 3 that the
spectral dependence of a both above the phase transition
point (paraelectric phase) and below this point (ferroelec-
tric phase) is exponential, i.e., the nature of the optical tran-
sitions is not altered by the phase transition.

The average temperature shift of the absorption edge
dE_ /dT calculated from the temperature dependence of the
energy position of @ at @ = 2X 10? cm ™~ amounts to dE, /
dT = —1.1x1073 eV/K in the ferroelectric phase and
dE,/dT = —3Xx107*eV/K in the paraelectric phase.

DISCUSSION OF RESULTS

Kramers-Kronig relationship and optical functions of GMO

The experimental data were analyzed and the optical
functions were obtained using the Kramers-Kronig differ-
ence method.'* The phase of the reflected wave and the opti-
cal constants (refractive index and extinction coefficient)
made it possible to determine the spectral dependences
(Figs. 4 and 5) of the real €, and imaginary ¢, parts of the
permittivity € = £, — i,, of the function representing the
characteristic energy losses — Im £/, of the effective per-

Eon €262 €V2
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FIG. 5. Energy dependences of the quantity ,E > proportional to the com-
bined interband density of states (continuous curve), of €., representing
the effective optical permittivity (O), and of the effective numbers of the
valence electrons governing the intensities of optical transitions (N, A)
and the appearance of plasma oscillations in the bulk (¥,, A) and on the
surface (V,, @) of a Gd,(MoQ,); crystal.
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mittivity ., and of the quantity €, E ? proportional to the
combined interband density of states found by us from the
sum rule'® for the functions &, E; —Ime™'E and
— Im(e + 1) 'E are the effective numbers of the valence
electrons which govern respectively the intensities of optical
transitions (V.4 ) and the appearance of plasma oscillations
in the bulk (N,) and on the surface (N, ) of GMO single
crystalsat 7 = 300 K. Unfortunately, the absence of data on
the behavior of the optical constants in the long-wavelength
parts of the spectra of the remaining RE, (MoO,); com-
pounds prevented us from calculating their optical func-
tions. However, we shall assume that the similarity of the
spectra of R of all the investigated RE, (Mo0Q,); com-
pounds justifies extension of the results obtained for GMO
to all other RE, (M0O,);. The spectra of R provide a rea-
sonable opportunity for identification of the main interband
transitions on the basis of these functions. However, the
most important optical function representing the energy
spectrum of electrons is &,.

It is clear from Fig. 4 that the spectrum of ¢, is complex
and has a structure concentrated in the photon energy range
E =3.0-14.0eV.

The main structure element in all our crystals is the
MoO, tetrahedron. The presence of the MoO, tetrahedra in
the lattice of GMO, the similarity of the optical spectra of
GMO to those of the other tetraoxyanions of molybdenum
demonstrate an important role of the MoO, tetrahedra in the
formation of the energy spectrum of GMO and other RE,
(Mo00,); compounds. This means that the MoO, tetrahedra
determine the lower edge of the conduction band and the
upper edge of the valence band, and the conduction band is
split into two subbands separated by ~4 eV. Such splitting is
typical of the electron states of the d-transition metals sub-
jected to a crystal field. The spectra of £, and ¢, are in good
agreement with this conclusion.

At photon energies in excess of 10 eV the spectra of R
and &, of GMO single crystals exhibit a fall and there is no
clear structure in the spectrum of ¢, at frequencies exceeding
the frequency of the transition from the valence to the con-
duction band. At this frequency we can expect the influence
of plasmons in GMO. The spectrum of the characteristic
energy loss function — Im £~' of GMO calculated on the
basis of the optical measurements is presented in Fig. 4. It is
clear from this figure that — Im £~"' has a complex spec-
trum with maxima both at the energies of single-particle ex-
citations as well as at the energies of plasma resonances. It is
known that the maxima of — Im £~ correspond to a plas-
ma resonance when ¢, and ¢, tend to zero in the region of a
peak of — Im £~ ! and vary linearly at rates de,/dE > 0 and
de,/dE <0 (Ref. 15). Therefore, the first maximum spec-
trum of the characteristic energy loss function, located at
~6 eV, is most probably associated with interband transi-
tions. At energies in excess of 10 eV the spectrum of the
characteristic energy loss function includes a wide band as-
sociated with the excitation of the 2p valence electrons of
oxygen. It is difficult to determine the energy of plasma os-
cillations E, from the spectrum of — Im £~ "'. Therefore, we
found the correct value of E, using the familiar sum rule's
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—-—i-jEIme“dE=E,,2, (2)

The energy dependence of — Im £~' (Fig. 4) and Eq. (2),
together with the criterion given above, were used to deter-
mine E, for GMO and this gave the value E, = 19.7 V.

The optical functions of ferroelectrics are very sensitive
to the characteristic mechanisms of the appearance of fer-
roelectricity.' This is confirmed by our data on the optical
absorption edge of GMO obtained in the present study. It is
worth noting the importance of the effect of temperature on
the spectra of the characteristic energy loss functions of im-
proper ferroelectrics and identification of possible changes
in this function at the phase transition point. Such measure-
ments also make it possible to reveal how the phase transi-
tions affect the energy position of the bottom of the conduc-
tion band and of the deep-lying levels of the atomic cores. An
analysis of the influence of temperature on the spectra of the
characteristic energy loss function of GMO showed that the
temperature dependence obtained at a fixed value of the pho-
ton energy (E = 23.0 eV) revealed an anomalous increase
in the intensity of — Im £~ in the phase transition region
(Fig. 3). We can see from this figure that the intensity of
—Im e~ rises slowly in the phase transition region and
then falls steeply. Unfortunately the complexity of the ex-
periments and the large volume of computations, as well as’
difficulties encountered in the stabilization of the tempera-
ture in the region of 7T, prevented us from investigating in
detail the anomalous behavior of — Im £~' in the phase
transition region of GMO. Recent papers'”'® reported ex-
perimental observations of a similar effect in barium titanate
and triglycine sulfate crystals'’ and an attempt to use the
phenomenological theory of ferroelectricity to account for
this anomaly in the temperature dependence of the charac-
teristic energy loss function.'® The anomalous behavior of
this function of GMO single crystals was first described in
Ref. 11, but we were unable to account for this effect. How-
ever, we could draw one definite conclusion. The effect in
question is more complex than assumed in Ref. 18. This is
manifested both by the fact that it is exhibited by such a
classical material as barium titanate, which has a strong
anomaly of the low-frequency permittivity £(0, T'), and by
improper ferroelectrics such as GMO.

Atomic core levels (4f electrons in rare earths)

At photon energies in excess of 20 eV the spectra of
rare-earth molybdates exhibit a weak but strongly broad-
ened structure with a low reflectivity, which can not be attri-
buted to 2p—4d transitions between O and Mo. We shall
therefore attempt to classify the observed transitions on the
basis of the experimental data obtained by us earlier in stud-
ies of x-ray photoelectron spectra of tetraoxyanions of tran-
sition elements and rare earths.'*-2! The most probable opti-
cal transitions in this range of photon energies are those
between the 4f'electron states of the rare earth and the vacant
d states of Mo (or the O 2s—Mo 3d transitions).

In view of the above comments, we shall use the data on
the energy levels of the atomic cores (2s levels of O and 4f
levels of RE) and the positions of the maxima of the density
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TABLE II. Energy positions (eV) of principal singularities of reflectivity (R) of oxygen-tetra-

hedral ferroelectrics at photon energies 17.0-35.0 eV.

. T=15K T=300 K

Band des- | Singu-

ignation larity GMO | GMO | DMO | TMO EMO SMO
c, 18.10 18.78 - - 18.40 -
C, - 19.70 - - - -
Cs 19.68 20.58 20.36 - - 20,00
C, - 21.72 21.94 - 21.75 21.49
Cs - 22.62 - - - -

c Cs 23.07 23.75 - 2375 2307 23.90

s 24.43 - - - - -
Cs - 26.47 27.15 - 26.70 26.70
Co 26.70 - - - - -
Cro — - 29.41 28.28 29,85 -
Ci 30.31 31.90 | 31.00 - - -
Cis 32.80 34.61 - 33.93 33.42 34.00

of the valence states of the 2p levels of O from the x-ray
photoelectron spectra reported in Refs. 1, 19, and 20. Then,
in a simple atomic analysis the bands observed in the energy
range E = 20-35 eV may be attributed to transitions from
the 4fstates of rare earths and the 2s states of O to the vacant
states of Mo forming the conduction band. A comparison of
our data with the results deduced from x-ray photoelectron
spectra made it possible to attribute the transitions to the d
states of Mo (in the photon energy E = 20-35 eV) to the
atomic core levels: 4/ RE—3d Mo (for example, peaks Cy
and C,,), as shown in Table II.

The R spectra of samarium (SMO), terbium (TMO)
and dysprosium (DMO) molybdates show that in the region
of 25-35 eV there are no maxima associated with the 4f'states
of the rare earths, but only weak singularities in the optical
spectra of these compounds, whereas in the case of GMO
and europium molybdates (EMO) there are maxima due to
the 4f states of the rare earth.

Sum rule and effective number of valence electrons per MoO,
tetrahedron

The known sum rules'’ can be used to determine some
quantitative parameters, particularly the effective number
of the valence electrons N (and also the values of N, and
N, ) as well as the optical permittivity £.4, which make con-
tributions to the optical constants of a crystal at an energy
E,. We recall that

Eq

jEez dE =

0

2n*h?

N.&N,g (3)

Eo

2 (Ete,dE= 65 4)
a 0

(where N, is the density of atoms in a crystal; e and m are,
respectively, the charge and mass of an electron), we shall
determine NV 4 and €. from the data obtained by us earlier.

The physical meaning of ¢.4 is quite clear: €. is the
effective optical permittivity governed by interband transi-
tions in the energy range from O to E,,, i.e., by the polariza-
tion of the electron shells. The photon energy dependence of
£.¢ obtained by us for GMO is a curve (Fig. 5) which can be
separated into two regions. The first is characterized by a
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rapid rise and it extends up to 17 eV. In the second region the
value of .4 rises more smoothly and slowly and tends to
saturation at energies 35 eV. This means that the greatest
contribution to £.4 is made by transitions corresponding to
the bands at 4.5 and 8.3 eV (their contribution amounts to
=~85%).

The contribution made to the static permittivity £(0)
by optical transitions at photon energies E > E, can be deter-
mined by comparing the maximum value of £.; with the
square of the refractive index n”> measured in the transparen-
cy range. The difference

de=n’—¢g.q4 #0

shows the need to allow for the polarizability of deep-lying
levels. The difference 8¢ = 0.65 indicates that a large contri-
bution to the static permittivity is made by interband transi-
tions with E > E,, (for example, the transitions involving the
4f states of the rare earth).

The value of N4 determined from the sum rule (4) is
the effective number of the valence electrons per each atom
in a crystal at an energy E, (on condition that at this energy
E, all the possible interband transitions have already taken
place). In the case of GMO the number N rises almost
monotonically on increase in the photon energy (Fig. 5) and
shows no tendency to saturation throughout the investigated
energy range. Therefore, it is not possible to select some in-
dependent criteria for estimating the number of the valence
electrons per one unit cell. Bearing in mind that the two
conduction subbands are separated from cne another and
also from higher-lying states in the conduction band, we may
postulate a tendency to saturation at energies where the
transitions to the corresponding subbands have already tak-
en place (E =5.1, 7.9, 10.0, 14.2 eV). Our values of N4
(calculated using the nominal ion charges) are of the same
order of magnitude at these energies as the calculated values
(the number of the valence electrons forming the 2p band of
oxygen is 24).

Application of the sum rules' to the calculation of N,
and N, gave us values which behaved in the same way as
N4, but the corresponding curves were located below N 4.
A formal analysis of the relationships used in the calcula-
tions of N, N,, and N; (Ref. 15) shows that integration
over the energy range covering all the transitions from the
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FIG. 6. Interband transitions in RE,(MoO, ) ; compounds. Here, CB and
VB denote the conduction and valence bands, respectively.

valence bands to the conduction band should ensure that
Nes, N,, and N, converge to the same value, which is equal
to the number of the valence electrons. Therefore, the low
values of N, and N,, compared with N, and also the ab-
sence of the tendency of N, to reach saturation at high pho-
ton energies indicate that in the energy range £ > 20 eV we
can expect not only transitions from the 2p° band of O~ but
also from the 4f'band of RE, for example, transitions which
are orbitally promoted or those involving charge transfer
between the RE ions. It also follows that the transitions from
the 2p and 2s bands of O?~ and from the 4f'band of RE can
occur even beyond 35 eV. This is confirmed by the fact that
the value of ¢,E ? at the high-energy edge not only remains
large but continues to rise even at the range £ > 30 eV.

Electron structure of MoO, tetrahedron

Studies of the structure of GMO and other RE,
(Mo0,), compounds were reported by Keve et al.® They
showed that RE,(MoO,); consists of three independent
groups of the MoO, tetrahedra forming consecutive layers
along the ¢ axis. The RE** ions occupy positions close to the
centers of REO, polyhedra with an average RE-O distance
of about 0.233 nm. The average Mo-O distance is approxi-
mately 0.175 nm. All this shows that the crystal structure of
GMO is very complex and a calculation of the energy band
structure of GMO would be a difficult task not yet carried
out.

However, as pointed out earlier, the presence of the BO,
tetrahedra (B = Ti, Mo, Mn, Cr, etc.) in tetraoxyanions of
transition metals and the similarity of their optical proper-
ties?? indicate that the BO, tetrahedra play the dominant
role in the formation of the energy spectrum of tetraoxyan-
ions of transition metals, including those in RE,(Mo0Q,),
compounds. This hypothesis can be tested and the results
obtained by us can be interpreted using the theoretical and
experimental data on the electron structure of transition
metal tetraoxyanions.">?*> We shall assume that this ap-
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proach is valid in the light of the above discussion.

Several nonempirical calculations of the ground state of
tetraoxyanions of the d-transition metals have yielded the
following sequence of the valence states: 4¢,, 5a,, 5¢,, le, 6¢,,
6a,, 1¢, (Ref. 23). Calculations carried out by the X, scat-
tered wave method confirm this scheme.?® Calculations®
made for MnQOj ~ allowing for the relaxation effect reduce
monotonically the energies of the levels of this complex and
predict no significant changes in the sequence of the molecu-
lar orbitals. They show however that the main changes are in
the form of inversion of nonbonding ligand orbitals 1¢, and
6a,. It is known that the chemical binding in tetraoxyanions
is due to the s, p, and d electrons of the metal and the 2p
electrons of oxygen. In this case the x-ray spectra of the cen-
tral atom and the ligand should give a full picture of the
distribution of their electron densities between the molecu-
lar orbitals. In the case of complex tetraoxyanions the d-
electron density of the central atom transforms in accor-
dance with the irreducible symmetry representations 7, and
e, whereas the 2p electrons of oxygen transform by irreduci-
ble representation of the symmetries ¢,, e, ¢,, and a,. The
relative positions of oxygen and molybdenum?® suggest that
in the case of the (MoO,)>~ tetrahedra the upper filled lev-
els are the molecular orbitals which include the 2p electron
density of oxygen, whereas the d states of Mo represent the
vacant molecular orbitals of this complex. A combined anal-
ysis of the theoretical calculations of the electron structure
and x-ray spectra of molybdenum tetraoxyanions was made
in Ref. 26 and the following sequence of molecular orbitals
was suggested: 5¢,, le, 6¢,, 1¢,, 6a,. Since GMO contains a
fundamental structure element in the form of the MoO, te-
trahedra, the main features of the energy spectrum calculat-
ed for transition-element tetraoxyanions should be retained
also in the case of GMO. Naturally, because of the 4f wave
functions of RE** and the various types of 4/-bonds, there
should be some changes. This is confirmed also by the opti-
cal data; as in the case of transition-metal tetraoxyanions,
the two principal optical oscillators corresponding to the
photon energies 4.7 and 8.5 eV (Fig. 2) represent transitions
from the valence to the conduction band, the latter consist-
ing of two subbands. The presence of other finer structures in
the optical spectra of RE,(MoO,); at photon energies
E = 3.0-15.0 eV is due to the distortion of the BO, tetrahe-
dra, since this causes changes in the symmetry group from
T,toD3, and thento C§,. '

The results obtained in our analysis thus provide a sim-
ple scheme of interband transitions in RE,(Mo00,),, shown
in Fig. 6, which describes the results obtained.

CONCLUSIONS

Synchrotron radiation was used in a study of the optical
properties of improper ferroelectrics in the form of rare-
earth molybdates at photon energies 1.0-35.0 eV and their
optical functions were calculated. Anomalous behavior of
the characteristic energy loss function of gadolinium molyb-
date was detected and investigated. The results obtained
made it possible to construct the energy transition scheme
for RE,(Mo0Q,); crystals and to confirm the dominant role
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of the MoO, tetrahedra in the formation of the energy band
structure of these compounds.
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