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Experimental data on the spectra of ethyl sulfates and molybdates are reported and analyzed
on the basis of a hypothesis that a reduction in the distance between the central rare-earth ion
and a ligand to R<2.38 A makes the f electrons responsible for the chemical binding. Since the
ground state of the rare-earth ion is degenerate or pseudodegenerate, the spectrum associated
with the 4f configuration manifests a vibronic state, i.e., a state in which the nuclear and
electron motions cannot be regarded separately. In this situation the experimental results
demonstrate a strong reduction in the intensity of the lines due to “purely electronic”
transitions in the absorption spectrum and those due to low-frequency vibrations in the Raman
scattering spectrum. Thermal broadening and an increase in the distance in question above
2.38 A results in a situation when the chemical binding is again governed by the d electrons
and the vibronic lines disappear from the spectrum associated with the 4f configuration.

A phase transition occurring in rare-earth ethyl sulfates
under the influence of pressure was reported in 1979-80
(Refs. 1and 2). Later” a similar effect was revealed also by a
spectroscopic study of CsDy(MoO,),. We shall attempt to
develop a model of microprocesses occurring as a result of
phase transitions initiated by temperature and pressure in
these two groups of substances.

1. APPARATUS

The main part of the present investigation was con-
cerned with obtaining results at various pressures and tem-
peratures. The only original feature was the apparatus used
to generate high pressures. Figure 1 shows a high-pressure
chamber used to record the Raman spectra. We can consider
this chamber as representative of all the main features of the
chambers employed in the present study.

a. The chamber was a modification of a structure pro-
posed by Drickamer and Balchan.* The main advantage of
this structure was that the plate windows made of hard but
brittle materials, such as quartz, sapphire, or diamond, were
now made of a material that became plastic at high pressures
(single-crystal sodium chloride) and was placed in a narrow
long channel. Consequently, the axial pressure was replaced
by a hydrostatic pressure and increase in the latter increased
the friction of the window material against the channel
walls. The adhesion between this material and the walls re-
duced the pressure from the center of the chamber to the
atmospheric value at the periphery. Windows of this kind
were capable of withstanding any pressure that could be sup-
ported by the walls of the chamber, but cooling caused the
outer surface of the window to become covered by a fine
network of cracks and partial spallation could be observed.
These processes made it practically impossible to carry out
optical investigations at low temperatures. Another short-
coming of the Drickamer and Balchan chamber (which ap-
plied also to our apparatus) was the depolarization of light
transmitted by rock salt layers subjected to different stresses
and reflected repeatedly from the channel walls.
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b. In the chamber shown in Fig. 1 the windows did not
crack even at the lowest temperatures. This was due to the
fact that the external layers were compressed so much that
they exhibited preferential thermal contraction. Tests car-
ried out over a period of years indicated that a compressed
sample could not crack.’

c. Tool steels are known to flow or fracture at pressures
of 25 kbar. Therefore, higher pressures were reached in our
chamber by employing a second state. The working volume
in the first stage was under a pressure of ~20 kbar. The
working volume of the second stage was under a pressure of
~45 kbar (Ref. 6).

2. ANALYSIS OF THE PROCESSES OCCURRING IN THE
CASE OF AN ISOLATED 47 CONFIGURATION IN A RARE-
EARTH ION IN ETHYL SULFATE UNDER COMPRESSION

Rare-earth ethyl sulfates are among the few single crys-
tals whose absorption spectra have been interpreted most
reliably.”® Thin films exhibit only fine lines corresponding
to transitions within the 4f configuration (Fig. 2). From this
point of view the spectrum can be regarded as due to an
isolated 4f configuration, which is understood to be a config-
uration of equivalent electrons subject to internal atomic
and external crystal fields if the number of states in the spec-
trum is determined precisely by the number of electrons in
this configuration. The energy of the electrostatic interac-
tion between the two f electrons can be described by the
expression (Ref. 9, p. 50)

CLS|1/ry 2| LS)= Z. HhQL L), k=0,2,4,6,
13

where the angular coefficient is
= (—1)L —4) (2l+R)/2 lkl)]z{ll[’}
D= (1) [ @ (e O]{EIEY
and F°, F? and F © are the radial Slater integrals. In fitting
these expressions to the experimental data it is assumed that
these integrals are independent parameters.
In the case of the spin-orbit interaction the matrix ele-
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ment is (Ref. 9, pp. 125, 431)
KLSI\H,,|L'S'1>=y (LS, L'S']) .1,
where

x(LS,L'S'T)

LSJ}
s L1l

= (—1)¥*S+[1(1+1) (20+1) [<LS| V“[]L’S’){

and § 4 is a fitting parameter.

A characteristic feature which we encounter on apply-
ing the central-field appoximation to the configuration of
equivalent electrons is that the experimental results yield
more numerical data than there are different radial integrals.
For example, the f * configuration has 47 terms and the ener-
gies of all these terms can be described only using four Slater
integrals F, . Naturally, if an allowance is made for the spin-
orbit interaction, the situation becomes somewhat more
complicated because this interaction splits terms into a large
number (107) of separate levels. However, from our point of
view , when the amount of experimental data becomes much
greater, the theory exhibits still one new parameter which is
the spin-orbit interaction constant § (Ref. 10). This is true
also when calculations include several parameters of the
crystal field (it should be noted that the total number of
states in an isolated 4 configuration is 1001).

If the approximation of an isolated 4f configuration is
valid, the discrepancy between calculations and experiments
is less than 1%. This means that the fitting parameters de-
scribe satisfactorily the mechanisms postulated in the var-
ious theories, i.e., the quantities F, do indeed govern the
Coulomb repulsion between two f electrons and £ ,, repre-
sents the spin-orbit interaction. Moreover, it should be noted
that the parameters F, are dependent variables for any type
of wave function. Therefore, if we adopt one of the relation-
ships following from this dependence, we can reduce the
number of fitting parameters.

We shall assume the following relationships: F,/
F, =0.15287 and F,/F, = 0.01522 (they follow from the
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9 FIG. 1. Six-window low-temperature two-stage
/’zlz chamber: 1) casing; 2), 12) piston; 3), 11), 22), 30)
> o0 windows made of single-crystal halides; 5), 13), 16)

A——2 nut; 6), 14) removable piston; 7) piston in the second
stage: 8), 9), 23) can made of single-crystal potassium
22 bromide; 10) casing of the second stage (“ball”); 15)
piston made of sapphire; 17)-21), 25)-28) spacer
made of single-crystal halide; 24) sample; 29) manom-
eter made of ruby.

experimental values of the parameters F obtained for the
gaseous state of triply charged praseodymium ions).'' The
interaction between the 4/2 electrons and the external crys-
tal field is described by'?
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(SLIM|H|S'L'I'M'">= Ba(—1 ""(
|| X ecn(y

X(—1) S+ HIHR[ (2] +1) (2]’+1)]"'{Ij, '; 'I’J}
X (=D (=)*+(=1)*]

LkL'}

x[(2L+1) (2L'+1)]"‘{l 1

x (=0 @) (L F 1) g

000
b
5, 247 2 — ]
2 22428 0 22395 e

P g 22377
T 272262 +7 21244
21222

g, 20691 0
' 20639

16956 7
n, 16662 x7 16922
16711 g 10626
! 16663
E/ J 7
He G 47 7

FIG. 2. Part of the scheme of the 4f 2 configuration of the praseodymium
ion in lanthanum ethyl sulfate at zero pressure (a) and 22 kbar (b);
Gruber interpretation.” The frequencies of the doublet *P, in Fig. 2a are
21282and 21291 cm™".
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FIG. 3. Change in the spectrum of the 4f 2 configuration of the praseody-
mium ion in lanthanum ethyl sulfate compressed by a pressure of 25 kbar;
1) experiment; 2) additional population relationship; 3)Savukinas rela-
tionship. '

It follows from the properties of the 3j and 6j symbols that
—M+qg+M=0,k<2J, k<2L, and k<2I.
The parameters of the crystal field are

2k+14 \* ee
Bnq=( 4t ) 2 R,,’%‘th(ah@i),

where the indices k and g are related to the use of the Le-
gendre polynomials.

In the subsequent comparison of the experimental and
calculated data (see Table II below) it is important that the
quantitites B ¢ should include R;, 8,, and ®,, which are the
coordinates of the atoms surrounding the central ion.

It has long been known that the parameters of the crys-
tal field calculated ab initio do not agree with the experimen-
tal results. However, for almost the same time it has also
been known that the ratios of the parameters with identical
values of k but different values of g are very close to the
corresponding experimental ratios. We can therefore as-
sume that the ratios of like parameters obtained experimen-
tally at different pressures, for example at 20 kbar and at the
atmospheric pressure, are even closer to the calculated ra-
tios. Therefore, if the approximation of an isolated 4f config-
uration is justified, the spectrum can be described by a point
with the coordinates F, and { 4. Figure 3 shows the change
in the spectrum of the 4> configuration of Pr** in La(C,H-
s80,);-9H,0 when the sample is compressed from the atmo-
spheric pressure to 25 kbar at helium temperature.

It is clear from this graph that compression reduces the
Coulomb repulsion between the felectrons (F, changes from
303.3 +0.15cm ™' t0302.5 + 0.2cm™ "), but the spin-orbit
interaction is constant within the limits of the experimental
error (4 changes from 740.5 + 0.4 cm~' to 740.3 +£ 0.5
cm™'). It follows from theoretical treatments'>'* that com-
pression of rare-earth insulators is accompanied by dilata-
tion of wave functions. However, the spin-orbit interaction
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constantshould then change very greatly: AS /& = 3AF, /F,
(Savukinas relationship),'* which is represented by the
dashed line 3 and which is in conflict with the experimental
results. We shall therefore assume that ecompression results
in additional population of the 4f orbital because of the over-
lap of the ligand orbitals, i.e., we can expect initial stages of
the process
4P >4f

The Slater integral then changes from 462.62 to 420.04 cm ™!
and the spin-orbit interaction parameter from 932 to 908
cm~' (Ref. 15), as the wave function is expanded from
(r'y =0.9245 to 0.9924 (Ref. 16). This hypothetical pro-
cess of additional population corresponds to the the relation-
ship 3.6A¢ /¢ 7 = A F,/F% and to the dashed line 2 in Fig.
3.

However, if we compare the data for a “free’ praseody-
mium ion'' (F, =31594cm™'and{,, =748.4cm™ '), we
find that on reduction of F, to 303.3 cm ™" the reduction in
§ 4 should be 8.37cm™ !, i.e., this quantity should be exactly
that observed for lanthanum ethyl sulfate containing neody-
mium impurities, i.e., 740 cm ™. This corresponds to an ad-
ditional population representing 0.31 of an electron. It
should be stressed that compression to 25 kbar gives rise to
no new lines in the spectrum.

Clearly, during the initial stages of the additional popu-
lation only the antibonding orbitals correspond to the 4f
electron and the process is accompanied by dilatation of
wave functions and weakening of the Coulomb repulsion
between electrons, but there are no qualitative changes in the
spectrum. However, if these electrons begin to occupy bond-
ing orbitals, the approximation of an isolated fconfiguration
ceases to be valid and the spectrum should exhibit lines rep-
resenting many-particle interactions. Since in the case of
ethyl sulfate this occurs at a pressure of ~25 kbar, it is im-
portant to know how the crystal structure changes'’ as a
result of such compression.

The Pr(H,0), compex is shown in Fig. 4 by black dots.
The rare-earth ion is at the center. Three water molecules
(small triangle) are located above this ion, three are in the
same plane (large triangle), and three are below the ion
(once again a small triangle). The water molecules are
linked by hydrogen bonds to the oxygen ions in the SO;~
radical. The radical C,H; is furthest away (Fig. 4 does not

FIG. 4. Structure of praseodymium ethy! sulfate. The Pr(H,0), com-
plexes are represented by black dots.
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TABLE L. Characteristics of structure groups (radicals).

) Multiplicity of |  Positional  [Symmetry of radical
Radical position symmetry  [in free state Ref.
La3+ W 2c Csp - -
S0.2- 61 c, T4 (18]
H-0 67 C, Cav (19]
H.0 12i Cy Cav
C.Hs~ 6/ C, D34(C:Hs) [20]

show the hydrogen ions of this radical).

Table I gives the various characteristics of the structure
groups. Table II shows how the distances between the cen-
tral rare-earth ion and the oxygen in water change in the
small and large triangles (R, and R,, respectively).

These distances have not yet been determined by x-ray
structure methods at high presures. Their values have been
estimated from changes in the crystal field parameters®' and
from the data on the compressibility of the investigated crys-
tal.?? The results calculated allowing for the parameters of
the crystal field apply effectively only to the complex formed
by the rare-earth ion and nine water molecules, whereas the
data allowing for the compressibility are the average values
for a macroscopic crystal. Therefore, the agreement between
them can be regarded as very good. The transverse com-
pressibility of the complex is almost the same as the com-
pressibility of the whole crystal (17X 10~* and 21X 10™*
kbar !, respectively). On the other hand, the longitudinal
compressibility of the complex is much less than the macro-
scopic compressibility of the whole crystal (6.6 X 10~* and
21X 10~ % kbar~', respectively). If this is correct, it follows
that the water molecules belonging to different complexes
located along the Z axis approach each other much more
closely. In other words, in reality the Pr-O bond becomes
shorter by less than 0.13 A and the “empty”” space between
the complexes decreases by more than 0.19 A.

We shall assume that application of pressures up to 25
kbar reduces the Pr-O, distance from 2.47 to 2.38 A., the
Pr-0O, distance from 2.59 to 2.50 A, and the O,-0, distance
from 3.64 to 3.40 A. This last value is close to the length of

the hydrogen bond in crystals [2.76 A for an H,O crystal
and 3.33 A for a Ca(OH), crystal®*). Therefore, we cannot
exclude the possibility that at pressures above 25 kbar the
hydrogen bonds in a crystal of ethyl sulfate may become
modified forming linear chains: ...Pr..H,0...H,0...Pr... .
(Shishkina nd Novak?®* were the first to investigate the possi-
bility of a redistribution of a hydrogen bond in a crystal un-
der pressure.)

The populations of the other orbitals of the rare-earth
ion can be considered using the EuOg complex as an exam-
ple.?® The calculations are based on the following assump-
tions.

1. Eight oxygen ions are located on a sphere the radius
of which assumes in turn the values 2.8, 2.4, and 2.0 A.

2. Each of these eight oxygen ions is located at the ver-
tex of a polyhedron.

3. The following polyhedra are considered: cube, dode-
cahedron, double prism, antiprism, two-cap prism.

4. The ground state of the europium ion has the 4f°
configuration.

5. It is assumed that the complex in question has one
negative charge.

6. Each europium ion supplies three electrons to the
molecular shells: one from the 4f shell and two from the 6s
shell.

7. One electron is supplied from a hydrogen atom which
is external to the complex.

8. The 2s and 2p shells supply 48 electrons to eight oxy-
gen atoms.

9. The atomic orbitals of oxygen are the radial Slater

TABLE II.Changes of distances between atoms caused by compression of praseodymium ethyl

sulfate.
Deduced from compressibility Deduced from changes in quan-
o data?? tities B ¢ (Ref. 21)
Distance, A

P =0 kbar P = 25 kbar P =0 kbar P =20 kbar
R, 2.47 2,34 2.47 2,41
R 2,59 * 2,46 2.65* 2,56
Pry—Pr, 8.85 8.39 - -
0.-0. 3.64 3.45 - -
H,-H. 2.50 237 - -

*Values of R, at 0 kbar differed somewhat in different investigations.

Note. The following notation is used in the above table: R, = Pr-O, is the distance between the
central ion and an oxygen ion in the small triangle; R, = Pr-0O, is the distance between the
central ion and an oxygen ion in the large triangle; Pr,~Pr, is the distance between the centers of
two complexes in one unit cell: O, — O, is the distance between the oxygen ions in the lower
small triangle of the complex in one unit cell and the upper small triangle of the complex in the
second unit cell located along the Z axis; H,—H, ; is the same but for the hydrogen ions.
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FIG. 5. Postulated redistribution of the electron populations of the atomic
orbitals in the process of compression of a rare-earth-oxygen complex.

functions and the orbitals of the central atom are described
by analytic expressions proposed and programed by A. K.
Kantseryavichus.2¢

The data for an antiprism are presented in Fig. 5. The
dashed curves represent the postulated process of additional
population of the 4f orbital, which should begin when the
rare-earth ion approaches an oxygen ion to a distance of
~2.4 A. Since the radial integrals obtained allowing for the
Hartree-Fock functions are ~ 1.5 times greater than the cor-
responding quantities found experimentally, it is assumed
that the real wave functions are correpondingly dilated. In
going over from the distances obtained using the Hartree-
Fock functions to the real distances, we shall also use the
coefficient 1.5 and this is reflected by the lower scale of the
abscissa in Fig. 5. It is clear from this figure that when the
distance between the rare earth ion and an oxygen is greater
than the real distance in a crystal (~2.4 A), the chemical
binding should be due to the 6s, 6p, and 5d electrons. How-
ever, for a distance of ~3.0 A the binding is almost entirely
due to the 5d electrons. In view of their multiple dumbbell
nature (according to I. B. Bersuker®”), the 5d orbitals dis-
place the 6p orbitals. In other words, the electrons from the
6p orbital fill the 5d orbital. We can assume that on further
reduction in the distance even the 5d orbital begins to lose
electrons to the 4f orbital.

3. ANALYSIS OF THE PROCESSES RESULTING IN LOSS OF
ISOLATION BY THE 4f CONFIGURATION OF RARE-EARTH
IONS IN ETHYL SULFATES

Naturally, the molecular orbital methods are only very
rough. Therefore, Fig. 5 should be regarded only as a tenta-
tive model. However, we can consider what should happen if
this model describes the reality correctly.

Jahn and Teller?® said that the degeneracy of the ground
state in rare-earth salts is due to the fact that the f electrons
donot participate in the chemical binding, i.e., the symmetry
does not decrease not because there is no corresponding vi-
bration but because there is practically no electron-vibration

786 Sov. Phys. JETP 63 (4), April 1986

interaction. However, as soon as the f electrons become re-
sponsible for the chemical binding, this interaction appears
and the degeneracy should be lifted. Th> spectrum of the
praseodymium ion itself should exhibit vibronic states be-
cause “in the presence of electron degeneracy the adiabatic
approxiamtion is invalid ... the nuclear and electronic mo-
tion is completely mixed and the states of the system become
electron-nuclear (vibronic)” (Ref. 27, p. 201). [ Naturally,
if a crystal contains only 1% of the Pr** impurity, then this
impurity should not affect the energy state of the crystal.
From the point of view of collective interaction we can ex-
pect a major difference between the behavior of LaES (1%
Pr**), PrES (i.e., 100% Pr**), and LaES (10% Nd**)
crystals for which the Kramers degeneracy of the ground
state does not result in the Jahn-Teller effect, but this is con-
trary to the experimental observations. ]

Since the model of Fig. 5 postulates the participation of
the f electrons in the chemical binding only from a certain
distance, it follows that the Pr(H,0), complex should con-
tain bonds of different kinds between the central rare-earth
ion and the ligands. For example, the Pr-O, bond (with an
oxygen in the small triangle) which has the length of 2.38 A
at 25 kbar should be due to the f electrons and should be
manifested in the spectrum by vibronic states, whereas the
Pr-O, bond (with an oxygen in the large triangle) has a
length in excess of 2.50 A and it should be due to the d elec-
trons but should not appear in the spectrum associated with
the 4f configuration. However, we can expect that at pres-
sures above 70 kbar the spectrum will include also the vi-
bronic states associated with the Pr-O, chemical bond.

It is worth making another comment. It is clear from
Fig. 4 that there is a system of chemical bonds between the
rare-earth ions in a crystal cell. At atmospheric pressures
this results in some interaction between the d configurations
of the rare-earth ions because both the Pr-O, and the Pr-O,
bonds are due to the d electrons. In the investigated range of
pressures (25-50 kbar) the f configuration of one ion (the
Pr-O, bond is governed now by the f electrons) interacts
with the d configuration of another ion (the Pr-O, bond is
still governed by the d electrons). Finally, at pressures above
70 kbar the interaction between the f configurations of both
ions should be manifest and this should result in magnetic
ordering at some temperature.

It has been assumed so far that the spectrum of rare-
earth ethyl sulfates can be interpreted reliably and, there-
fore, the theoretical parameters describe it satisfactorily.?®
However, the changes which occur in the spectrum of lanth-
anum ethyl sulfate containing praseodymium or neody-
mium as an impurity on attainment of the critical distance
(2.38 A) between the rare-earth ion and one oxygen ion or a
group of such ions do not fit the approximation of an isolated
4f configuration so that it is necessary to turn back to the
initial information presented by the “‘external” form of the
spectrum.

Figure 6 shows the spectrum of 1% Pr in LaES in the
region of the 3H,( 4+ 2)—3P,(0) transition, i.e., in the re-
gion where one line is exhibited by an isolated 4f > configura-
tion at 4 K. At liquid nitrogen temperature a certain position
of the sample can ensure that a line associated with the first

V. A. Voloshin 786
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FIG. 6. Absorption spectrum of a sample with 1% praseodymium in
lanthanum ethyl sulfate in the region of the *H,( + 2)—>P,(0) transition
in the case of light propagating parallel (upper part of the figure) and
perpendicular (lower part of the figure) to the crystal axis. Pressures from
25to 36 kbar (given by numbers at top of the spectra), T = 78 K, frequen-
cy in reciprocal centimeters.

excited level is also observed.

Figure 7 shows the spectrum of the sample obtained
also for / | Z, but in the region of the *H,( + 2)—'D, transi-
tion. The dashed lines demonstrate a single spectral line due
to the *H,( +2)—'D,(0) transition and the subsequent
splitting of this spectral line. Figure 8 shows the spectrum of
a sample of LaEs with 10% Nd in the region of the
*I5,,( + 5/2)—*P,;,( 4+ 1/2) transition, i.e., in the region
where one line should be observed for an isolated 4/ > config-
uration. The pattern is the same in all these cases. When a
certain pressure is attained, the purely electronic and reli-
ably interpreted spectrum disappears (or its intensity falls
drastically), and instead there is a spectrum which we shall

,L/ il m

15700 16800 6900 17000
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FIG. 8. Absorption spectrum of a sample with 10% neodymium in lanth-
anum ethyl sulfate in the region of the I, ( + 5/2)—?P,,,( + 1/2) tran-
sition. Pressure from 26 to 34 kbar (numbers at the top of the spectra),
temperature from 78 to 185 K, frequency in reciprocal centimeters.

call vibronic and which exhibits a split line (Table III).

When a sample compressed to 40 kbar is heated, the
vibronic state is destroyed at 7= 160 K and we once again
observe the purely electronic spectrum. (It should be noted
that the vibronic state of a sample compressed to 50 kbar is
not destroyed by heating up to 180 K. Clearly, the distance
Pr-0, decreases so much that the thermal vibrations cannot
increase it to R > 2.38 A.)

Table IV gives the results obtained by recording the
Raman scattering spectrum of an LaES single crystal at var-
ious pressures, as well as the results of an analysis of this
spectrum.?®?!

These results can be summarized briefly as follows.

a3
ary
3 FIG. 7. Absorption spectrum of a sample with 1% praseody-
2 mium in lanthanum ethyl sulfate in the region of the
z, 3H,( + 2)—'D, transition for light propagating parallel to
g the crystal axis. Pressures from O to 33 kbar (numbers along-
7; side the axes), T=78 K, frequency in reciprocal centi-
z meters.
JH,,
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TABLE III. Splitting of vibronic line and gap between this line and purely elec-

tronic line.

. Splitting, —1
Region em=" Gap, cm
4f2 1 3H, (£2) - 1D, (0) 35%3 56+3
4f2 1 3H, (£2) - 3P, (0) 8+3 4443
4f2 1 3H (3) - 3Py (1) 16+3 42+3
4f3 1 4loy, (£52) - 2Py, (£/2) 9+3 253

1. A series of low-frequency lines is shifted toward low-
er frequencies at presures up to 27 kbar, but it disappears at
34 kbar, which is attributed to the formation of a vibronic
state, or the intensity of these lines decreases drastically.
(According to Ref. 32, the low-frequency lines exhibit an
anamolous temperature dependence. )

2. The doubly degenerate lines become split explicitly
or are smeared out (in this case the symbol ~ is used in front
of the value in Table IV).

3. The obviously nondegenerate line at 1073 cm ™' re-
mains sharp and strong, indicating that two centers, cell
doubling, or similar effects do not occur.

One should mention also alternative explanations of the
observed behavior.

1. When the phase transition takes place, the symmetry
is reduced, the purely electronic line is shifted, and the
ground state is split. Attempts to account for the splitting of
the spectral absorption lines by lowering of the symmetry
within the framework of the approximation of an isolated 4f

1

TABLE IV. Raman spectra of lanthanum ethyl sulfate at 78 K.

configuration meet directly with many contradictions. Bear-
ing in mind only the observations reported above, these con-
tradictions are as follows. Judging by the transitions to
'D,(0), the splitting of the ground state should be ~ 35
cm ™', whereas judging by the transition to 3P, it should be
~8 cm™~'. Lowering of the symmetry does not lift the
Kramers degeneracy of the levels of the 4 configuration.

2. We may assume that two centers are formed and that
the split line represents the same *H,( 4 2)—>P,(0) transi-
tion, but having somewhat different energies. This is in con-
flict with the absence of the same splitting in the case of the
nondegenerate Raman scattering lines.

3. Itis possible that “new’’ lines represent the spectrum
of pair centers, i.e., the result of the interaction of the nearest
rare-earth ions (this would seem particularly likely because
pair centers have been observed in rare-earth ethyl sulfates
although by methods more sensitve than optical spectrosco-
py).**** However, in this case the relative intensities of the
“new”” lines should differ strongly in the case of 1% Pr in

P = 0 kbar

Ag Eyg By, |P=17kbar|P=34Kbar Ref.

- - 36,5 - -

- - 67 4% -

- - 92 69 -

- _ 114 - -

- 128 130 - -

166 166 - 152 - La0,

- - 197 189 -

- 221 - - -

- - 233 - -

263 263 263 263 -

% - 313 320 ~316

6 - — - —

- 353 - 357 357 0...H-0

363 - - 361 373

- 423 421 - -

427 -~ 433 433 ~441

489 485 - 494 - 502~

576 - 576 581 ~573

- 616 617 -

809 809 (809) 828 824/g50 CoHs™

- 928 - - -

936 - - 947 947
1012 1012 - 1027 1019/, 00 C.Hs™
1073 - - 1091 1087
1113 1111 - 1122 1122 S0z~

- . 1202 1200 1200

- - 1292 1300 1300/ 307
1394 1397 - 1408/, 408 1402/, 145 _
1448 1448 | 1448 1450 143800 C.Hs
1467 1476 - 1475 1471

*Results obtained at 27 kbar.
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TABLE V. Spectrum of cesium dysprosium molybdate at 1300 cm ™' obtained under different

thermodynamic conditions.

P = Q kbar P = 8 kbar P = 13.6 kbar
T=42K T=7TH T=42HK T=7TR T=42 K T=1TTK

A 13939000 - 13336/, 4597 13 320 13329/, 0954 -
B - 13 244 13262/, 0555 13 245 13261/, 5958 13 250
C - 13 202 - 13 205 13246/, 3202 13203
D -~ 13 158 - 13158 13 152
13 115

lanthanum ethyl sulfate and of pure praseodymium ethyl
sulfate, which is not found experimentally. Moreover, we
checked this hypothesis by growing a mixed crystal contain-
ing Pr and Nd impurities in lathanum ethyl sulfate. In the
case of formation of pairs, in addition to the spectrum of Pr-
Pr and Nd-Nd pairs there should be also a spectrum of Pr-
Nd pairs. However, the spectrum of a mixed crystal was fully
additive at high pressures.

It thus follows that the hypothesis of a vibronic state is
so far the only possible explanation, but it needs further con-
firmation. This confirmation should be provided, in particu-
lar, by the appearance of a second vibronic line in the spec-
trum of praseodymium ethyl sulfate on reductions of the Pr—
O, distance to 2.38 A and naturally by observations of a
similar pattern in the case of other samples.

4. ANALYSIS OF THE PROCESSES OCCURRING IN CESIUM
DYSPROSIUM MOLYBDATE DUE TO CHANGES IN
THERMODYNAMIC CONDITIONS

The crystal structure not of CsDy(MbQ,), but of
CsPr(Mo0,), has been described in detail.>* The praseody-
mium ion is inside a figure with eight oxygens at the vertices
in which four distances at room | temperature and atmospher-
ic pressure are Pr-O, = 2.38 A and the other four are Pr-
0, = 2.54 A. Therefore, already at atmospheric pressure the
f electrons should participate in the chemical binding
between the praseodymium ion and four oxygen atoms, and

5.8 8 13.6 kbar

FIG. 9. Spectrum of cesium dysprosium molybdate in the region of

13 100-13 400 cm ~'. Pressure from O to 14 kbar, temperature from 4.2 to
78 K, frequency in reciprocal centimeters.
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the spectrum associated with the 4f configuration should be
manifested by the appearance of a vibronic state.

At a constant atmospheric pressure and on increase in
the temperature from 4 to 40 K the CsDy(MoO,), spectrum
recorded in the region of 1300 cm ™! is characterized by one
split (~7 cm~"') line 4, whereas at higher temperatures
three diffuse lines B, C, and D are observed (Fig. 9, Table V).
The nature of changes in the temperature dependence of the
specific heat shows that at atmospheric pressure and 42 K a
first-order phase transition takes place.**3’

At a constant helium temperature an increase in pres-
sure to 3.8 kbar also alters qualitatively the spectrum. Before
the split line A4, there is also a split (~8 cm™') line B witha
gap of ~74 cm™' beween A and B. Once again the line 4
disappears on heating above 40 K, but the line B simply loses
its high-frequency component. Moreover, a line C appears
well before 40 K and between 20 and 40 K it coexists with the
lineA (theintensity of theline A falls and that of the C'rises).
A line D also coexists with the line 4, although this happens
in a narrower temperature interval. Judging by the spectral
data, at 3.8 kbar the phase transition occurs in certain stages,
one of which begins at a lower temperature than the thermal
transition and the other is completed at a higher temperature
than this transition. A constant helium temperature and in-
creasein pressure to 13.6 kbar once again alters the spectrum
qualitatively. In addition to the lines 4 and B, the split ( ~12
cm™ ') line Cis now observed. However, heating to just 33 K
suppresses the splitting of this line and at 40 K the line D is
observed.

Within the hypothesis put forward above, which states
that the vibronic line corresponds to the chemical binding of
the rare-earth ion with a specific oxygen ion (when the criti-
cal distance between them becomes 2.38 A), and also bear-
ing in mind that these lines appear and disappear as a result

27 &7 100 M9 cm™1

FIG. 10. Raman scattering spectrum of cesium dysprosium molybdate at

low frequencies recorded at atmospheric pressure at temperatures close to
the phase transition (according to Ref. 39), between 35 and 38 K.
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of very slight changes in the volume (thermal expansion or
application of very low pressures), we have to assume that
the observed behavior represents a gradual increase of parti-
cipation of the felectrons in four Dy-O, bonds. At the atmo-
spheric pressure and helium temperature is only one bond
due to the f electrons and the bond length is R <2.39 A,
whereas the other three are due to the d electrons and the
bond length is R > 2.38 A. This would suggest that the high-
temperature phase should have a smaller volume than the
low-temperature phase. Direct x-ray diffraction investiga-
tions also confirm that *“‘on transition to the high-tempera-
ture phase the lattice becomes compressed” (Ref. 38).

It has been suggested above that the formation of a vi-
bronic state is accompanied by the disappearance of purely
electronic lines from the spectrum as well as of the lines of
the vibrations mixed with this vibronic state. Figure 10,
based on the data of Ref. 39, shows that the frequencies ~ 60
cm~', ~105 cm™!, and ~ 145 cm™' disappear on heating
above the thermal phase transition.

We can therefore assume that the purely electronic line
should have the energy E~13100 cm™' (13 158 — 60
= 13 098; 13202 — 105 = 13 097, 13244 — 145
= 13 099); conversely, heating should give rise to a frequen-
cy corresponding to the “breakup” of the 13 339/13 331 vi-
bronic line into a purely electronic line at ~13 100 cm ™'
and a vibrational one v = 235cm™".

In fact, according to Ref. 39, such a strong line is ob-
served in the infrared spectrum at room temperature (no
information is given on this part of the spectrum below the
phase transition point). Clearly, the hypothesis of the for-
mation and breakup of vibronic states still requires careful
theoretical and experimental study. On the one hand if it is
correct, then in the region of 13 000 cm ™' only one purely
electronic transition takes place, which requires an explana-
tion from the point of view of its treatment as the
°H,;,—°F;,, transition.***?

The author is grateful to A. I. Zvyagin and L. F. Cher-
nysh for supplying molybdate and ethyl sulfate crystals, and
to A. I. Kas’yanov and V. P. Kondratenko for their help in
the experiments.
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