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In the temperature interval 1.6 K to 100 K we have measured the Young’s modulus (E), the
coefficient of internal friction (Q ~'), the magnetic susceptibility, and the crystal lattice
parameters of the zircon-structure compounds Dy, Tb, _, VO,. We have determined the
concentration dependence of the temperature T, at which the structural phase transition arising
from the cooperative Jahn-Teller (JT) effect occurs. We show that in these systems thereis a
concentration region in which the crystal phase is characterized by an order parameter with two
components, corresponding to two different types of JT distortions—B,, and B,,. We study the
effect of JT domains in determining the crystal’s acoustic and magnetic characteristics for 7< T,
along with the effect of an external magnetic field on the functions £(T) and Q ~'(T), and discuss

our results within the standard picture of the cooperative JT effect as it is manifested in the rare-

earth zircon-structure compounds.

1.INTRODUCTION

In the rare-earth compounds RXO, with zircon struc-
ture (R = Tb, Dy, Tm; X = P, As, V) the strong electron-
phonon interaction causes structural phase transitions
(SPT); this phenomenon is called the cooperative Jahn-
Teller effect (CITE). Because of the CJTE, at the SPT tem-
perature 7, a rhombic distortion arises in the tetragonal lat-
tice of RXO, along one of the crystallographic directions—
[100] (type B,,) or [110] (type B,,). Since the JT ions
interact essentially through long-wavelength acoustic phon-
ons, i.e., the interaction is long-range, the basic physical
properties of the rare-earth zircons are well described by
molecular field theory. In particular, the characteristic de-
pendence of T, on the concentration x of JT ions and the low
values of the critical concentration at which the CJTE first
occurs are connected with this fact. The T.—x phase dia-
grams are different for different RXO,, and are determined
by the specific arrangements of low-lying electronic levels of
the JT ions.

Up until now, only the disruption of the CITE by con-
centrations of non-JT impurities has been investigated in de-
tail, specifically for the dilute zircons Dy,Y,_,VO, and
Tb,Gd,_,VO,."? In these systems the JT ions Dy and Tb
are replaced by Y and Gd ions, which are not JT ions. Con-
siderably less data is available on compounds containing two
kinds of JT ions.® We feel that the most interesting systems
are those mixed ones in which the JT ions can cause different
kinds of rhombic distortions. First of all, the following ques-
tion remains unanswered: are such distortions truly com-
petitive, or can they coexist? Secondly, because a crystal lat-
tice instability generated by the CJTE is accompanied by
softening (total or partial) of the elastic moduli and by sig-
nificant reconstruction of the electronic spectrum, we may
assume that unique SPTs (e.g., some form of elastic glass)
will be observed in mixed systems with JT crystal lattice
distortions of different symmetries, along with anomalous
elastic, magnetic and other physical properties, which are
different from the dilute JT systems. Our goal in this paper is
toinvestigate the peculiarities of SPTs in systems with differ-
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ent JT interactions; to this end, we present here an experi-
mental study of the elastic, structural and magnetic proper-
ties of the class of compounds Dy, Tb, _, VO,, in which the
JT ions Dy and Tb cause rhombic distortions of the tetra-
gonal structure of B, and B,, types, respectively.

2.SAMPLES AND EXPERIMENTAL METHODS

Polycrystalline samples of Dy, Tb,_, VO, (0<x<l1,
Ax = 0.1) were synthesized using a ceramic technology in-
volving double firing, once at T, =900 °C and once at
T, =1300°C. X-ray diffraction studies showed that the
samples under study were single-phase (to an accuracy of
~1%); the parameters of their tetragonal unit cells @ and ¢
were found to increase linearly from a(1) = 7.147 A and
c(1) = 6.803 A for pure Dy to a(0) =7.176 A and
¢c(0) = 6.325 A for pure Tb. Because of the closeness of the
ionic radii of Dy and Tb, the maximum variation of the pa-
rameters ¢ and ¢ in these systems does not exceed Aa/
a~4-10"*and Ac/c~3-1073, This gives us grounds to sup-
pose that the crystal field parameters and the energy spectra
ofthe Dy and Tbions in the tetragonal phase are the same for
all x, while the magnitude of the JT interaction is propor-
tional to the concentrations of Dy and Tb.

In this paper we studied the elastic and magnetic prop-
erties of Dy, Tb, _ . VO, in the temperature interval 1.6 K to
100 K. The Young’s modulus E and coefficient of internal
friction Q ~' were measured by the compound resonator
method at frequencies 100 to 240 KHz. The construction of
the apparatus allowed us to carry out measurements in mag-
netic fields up to 40 kOe.* For a number of samples with x
close to 0.5 we also carried out measurements of the magnet-
ic susceptibility y,, by the induction method (at a frequency
of 64 Hz, and an amplitude of the AC field H,. = 50 Oe)
and carried out an x-ray diffraction study of the distortion of
the crystal structure at low temperatures (a ‘“Geigerflex”
diffractometer with a circulating He cryostat was used; the
temperature interval was 7 K to 300 K).

The essential results of this paper were obtained on
polycrystalline samples, although we had single crystals of
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Dy, Tb, _, VO, with various compositions at our disposal.
Our choice of polycrystalline samples as the objects of study
was dictated by two circumstances. In the first place, it is
known that in single crystals, strong attenuation of sound
along the “soft” direction interferes with acoustic measure-
ments near 7. In polycrystalline samples, because the num-
ber of crystallites for which sound propagates along a “‘soft”
axis is small, the attenuation is not so great. This makes it
possible to use the method of acoustic probing to determine
T. more precisely and to carry out studies in the region
T<T.. Secondly, the ceramic technology allows us to obtain
samples of a given composition within practically any con-
centration interval, which is important in studying the con-
centration phase diagram.

3.EXPERIMENTAL RESULTS

In our experiments we established that the elastic prop-
erties of polycrystalline samples of DyVO, and TbVO, have
a number of anomalies which occur at temperatures which
differ from the values of 7. determined from acoustic mea-
surements made on the corresponding single crystals.>° In
Fig. 1 we present as an example the temperature dependence
of the relative values of the Young’s moduli AE(T)/E
[where AE(T) = E(T) — E and E is defined as E(7 = 100
K) 1, and the coefficient of internal friction Q ~' at H=0
and H = 40 kOe for DyVO,. It is clear that for H = 0 the
minimum of AE(T)/E occursat 7' = 10.5 K, i.e., it is shift-
ed to the temperature region below the value T, = 13.5 K
determined from x-ray data’; at 7., we observed a point of
inflection of AE(T)/E. The coefficient of internal friction
Q ~ ! exhibits two absorption maxima; a weak one at T, and
a stronger one (=~2-107%) at T,, = 7K.

A magnetic field significantly decreases these anoma-
lies in AE(T)/E and Q ~'. Thus, in DyVO, near T,,, the
AE(H) effect (i.e., the variation of the modulus of elasticity
with field) came to 2X 10~ " for H = 40 Oe. For T> T, , the

FIG. 1. Temperature dependence of the relative value of the Young’s
modulus AE /E and the coefficient of internal friction Q ~' for DyVO, for
H=0(])and H=400e (2).
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FIG. 2. Temperature dependence of the relative value of the Young’s
modulus AE /E for the compound Dy, Tb, VO, for x: 1—0.8, 2—0.7,
3—0.6, 4—0.5, 5—0.4, 6—0.3, 7—O0.

AE(H) effect has a positive sign for all values of H, while for
T<T., the AE(H) effect exhibits a negative sign in weak
fields. In a constant field H# = 40 kOe the minimum value of
AE(T)/E decreases in magnitude and shifts into the region
of higher temperatures by roughly 5 K, while the maximum
of Q ! decreases by a factor of three at T, ;.

In TbVO, the functions AE(T)/E and Q ~'(T) have
the same features as DyVO, for H = 0. The minimum in
AE(T)/Eoccursat T' =26K (T,, = 34K), i.e., it is shift-
edby AT /T.~0.2 toward the low-temperature region (Fig.
2, curve 7), while T, coincides with the point of inflection of
the function AE(T)/E. The coefficient of internal friction
Q ~ ! for TbVO, exhibits a wide maximum at 7, = 10 K,
while at T, no significant absorption is observed (Fig. 3,
curve 7). Note also that the softening of AE(T)/E and
Q ~'(T) is twice as small for TbVO, as it is for DyVO,.

The distinctive feature of TbVQ, is the smaller effect of
a magnetic field on AE(T)/E and Q ~': the AE(H) effect in
TbVO, is largest at low temperatures (4-6 K), and in a field
of 40 Oe it has a value of 310~ 2, i.e., an order of magnitude
smaller than in DyVO,. In weak fields the AE(H) effect is
negative; the field interval where this negative AE(H) effect
is observed grows as the temperature increases. The maxi-
mum in Q ~'(7) at the same value of H remains constant in
magnitude and shifts by ~5 K toward the region of low
temperatures.

The temperature dependence of AE(T)/E for all sam-
ples of the mixed compounds Dy, Tb, _ VO, also exhibits a
minimum (Fig. 2); the temperature of the SPT decreases
with decreasing concentrations of both Dy and Tb. For con-
veniencein comparison the functions AE(T)/E forallinves-
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FIG. 3. Temperature dependence of the coefficient of internal friction for
the Dy, Tb, _ . VO, system. Values of x: /—0.9, 2—0.7, 3—0.6, 4—0.5,
5—0.4, 6—0.2, 7—0.

tigated samples are normalized to the value E at a tempera-
ture T'= 100 K. It follows from Fig. 2 that the value of the
softening of AE(T)/E depends nonmonotonically on con-
centration. As x decreases the value of the softening first
increase and reaches its largest value at x = 0.7 (curve 2).
As the Tb concentration decreases (i.e., x goes to zero) the
value of the softening also grows; this growth is particularly
abrupt as the concentration varies from x = 0.3 to x = 0.4
(compare curves 6 and 5 in Fig. 2).

Figure 3 shows the temperature dependence of the in-
ternal friction for the system Dy, Tb, _, VO,. It is clear from
this figure that for compositions close to x = 1.0 we observe
alarge narrow maximumin Q ~'at the low temperature T, ,,
just as for DyVO,; this maximum decreases in height as the
Dy concentration decreases and shifts to the low-tempera-
ture region. Analogously, for those compositions close to
TbVO, the value of this maximum in the function Q ~'(T),
which occurs at a temperature T,,, decreases with decreas-
ing Tb concentration and shifts toward the low-temperature
region (Fig. 3). For a sample with x = 0.5 (curve 4) this
maximum in Q ~'(T) occurs at T,, =5 K and comes to
5-1073 For T<3 K we observe an abrupt growth in the
internal friction in this sample; this is characteristic of Dy-
rich samples.

We carried out an x-ray investigation of the low-tem-
perature unit cell parameters of samples with x = 0.3 and
x = 0.5. In studying the powder-pattern x-ray photographs
of a sample with x = 0.3 taken at T=7 K, we observed a
splitting of certain reflections which indicated a rhombic
distortion of B,, type: (hh0) reflections were split, while
(£ 00) reflections remain unchanged. The temperature de-
pendences of the unit cell parameters a’, b’ of the rhombic
phase, which are determined from the (332) + (332) and
(800) reflections (a’, b’ are unit-cell parameters in a crystal-
lographic system of coordinates rotated by 45° around the c-
axis; in the tetragonal phase @’ = b’ = 2'/2g; the radiation
used was CuK,, and 20 62°) are shown in Fig. 4b (curve /).
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FIG. 4. Variation of the inverse molar susceptibility y,' for
Dy,sTbys VO, (a) and the rhombic unit cell parameter (b) (/—
Dy,.3Tby; VO,; 2—Dy, s Tby s VO,).

The value of the B,,-type distortion in Dy, Tb, _ VO, is
e=(a' —b')/a =13-1072, i.e., it decreases almost twice
asmuchas TbVO, (¢ = 2.3-10~2), while the transition tem-
peratureis 7,, = 25 K.

In a sample with x = 0.5 at 7=7 K, we observed a
broadening of the reflections, which also indicates a B, -type
distortion that is preserved up to 7'~ 15 K. The absence of
intense isolated lines of type (44 0) in the powder-pattern
photos for the region of large angles 20 prevents us from
reliably determining the value of the distortion and the tran-
sition temperatures at x = 0.5 for the polycrystalline sam-
ples. We therefore carried out an x-ray diffraction study of a
single-crystal slice of (110) Dy, sTb,s VO, (the radiation
used was Cu K, reflection (660), and 26 =148°). These
data, presented in Fig. 4b, indicate the appearance of a dis-
tortion of B, -type with £ =9-107" in the sample with
x =0.5 at a temperature T, = 18 K (curve 2). Note the
washed-out character of the functions @’ (T) and b'(T) for
samples of mixed composition (especially for x = 0.5) com-
pared to pure DyVO, and TbVO,, which hinders the deter-
mination of 7, for the SPT from x-ray diffraction measure-

ments.
For a polycrystalline sample with x = 0.5 we measured

the differential magnetic susceptibility at low temperatures
(Fig. 4a). The function y,;'(T) of this sample exhibits two
anomalies, both deviations from the Curie-Weiss law toward
the abscissa axis, oneat T, =3.0K and oneat 7, = 14 K.
Similar anomalies in y,,'(7) have been observed previously
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in the neighborhood of T, for unsubstituted DyVO, and
TbVO,.® The high-temperature anomaly in y,, ~'(T) corre-
sponds to the B, -transition; the value T,, = 14 K coincides
with the maximum coefficient of thermal broadening of the
functions a’(7T) and b'(T) obtained from x-ray diffraction
data (curve 2 of Fig. 4). Note that the value of y,, for RVO,
compounds with JT ions depends on the domain state of the
sample for T< T, (here we have in mind crystallographic
domains, i.e., regions which differ in the directions of the
lattice distortion axes). Our measurements of y,,(7) were
therefore carried out in a constant field H = 4 Oe, which
stabilizes the domain structure with an easy magnetic axis
parallel to H.

4.DISCUSSION OF RESULTS; PHASE DIAGRAM

4.1. Unsubstituted DyVO, and TbVO,. The experimen-
tal data show that polycrystallinity significantly influences
the acoustic characteristics of samples near 7. In our view,
this is connected with the appearance of structural (JT) do-
mains below 7.. Under the action of mechanical stresses
caused by the sound wave, reconstruction of the JT domain
structure takes place (e.g., the long axes of the domains align
along the stretching mechanical stress), which appears as an
additional “softness” in the lattice. Consequently, we ob-
serve further softening of the modulus AE(T)/E for TS T,,
although the rate of softening, i.e.,d(AE /E)/dT, decreases.

This “domain” contribution to AE(T)/E for T< T,
grows as the distortion of the lattice and the mobility of the
domains increases, i.e., it has a nonmonotonic temperature
dependence. Thus, for T < T, there are two contributions to
the temperature dependence of AE(T)/E (Fig. 1): a nega-
tive contribution connected with the relaxation of the JT
domains, and a positive contribution caused by the growth of
the “pure” elastic modulus of a single-domain sample. The
temperature 7' which minimizes AE(T)/E in this case is
determined by the competition between these two contribu-
tions. We note that measurements of the magnetic® and mag-
netoelastic® properties of TbVO, made on single crystals at-
test to a change in the mobility of domain boundaries at
T’ =26 K, which is where we observe a minimum in the
Young’s modulus AE(T)/E.

The “‘domain” contribution apparently depends on the
amplitude of the sound wave; however, in our experiments
decreasing the amplitude by an order of magnitude does not
significantly change the function AE(T)/E. It should be
noted that in measurements on single crystals the relaxation
of JT domains causes strong attenuation of sound for T T,
and the existence of a “dead” zone where the system has no
acoustic response. Obviously, the second, stronger maxi-
mum in Q ! for T < T, is connected with the relaxation of
the domains. In measurements at the frequencies 110 and
230 kHz we observed a shift in this maximum in Q ' at a
temperature of 1.5 K, which attests to its relaxational na-
ture. We can assume that the internal friction attains its lar-
gest value when the frequency of domain boundary relaxa-
tion, which depends on temperature, coincides with the
frequency of the sound.

As we might expect, a magnetic field significantly sup-
presses the value of the “domain” maximum of Q ~', because
it favors single-domain crystallites in which the axis of easy
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magnetization is oriented along the field; therefore these
crystallites do not contribute to the relaxational absorption
of sound. As for the decrease in the minimum of the curve
AE(T)/E in a magnetic field, this behavior of the elastic
modulus of DyVO, is predicted theoretically '’ and is related
to the fact that the magnetic field splits the degeneracy of the
Dy?** ion and through magnetostriction inducesa B,  defor-
mation, i.e., the order parameter for TR T, .

The weak influence of the magnetic field on the elastic
modulus in TbVO, is most likely connected with the larger
initial splitting of the levels of the Tb®* ion in the crystal
field and with the weak influence of the field H = 40 Oe on
the energy spectrum near 7..'' The negative AE(H) effect
in TbVO, for T < T, is apparently caused by reorientation of
the JT domains under the action of the magnetic field.

4.2. The Dy, Th, VO, system. The distinctive fea-
tures of the behavior of AE(T)/E in samples of mixed com-
position are in our opinion due to the presence of two sof-
tened moduli. Whereas for DyVO, the modulus which
softens is C,,—C,, and for TbVOQ, it is C¢, in the samples of
Dy, Tb, _, VO, both of these moduli soften appreciably.
The concentration dependence of the value of the softening
allows us to estimate the critical concentration of Dy and Tb
ions at which phase B, and B,, transitions, respectively,
appear in the Dy, Tb, _, VO, system. The experimental
data suggest that the largest value of softening AE(T)/E is
observed in a sample with x = 0.7, for which both the C, -
C,, and C,, moduli vanish, while the values of 7. for the two
SPT are close. The concentration where these conditions are
realized is near the critical concentration of Tb ions; there-
fore 1 — x, 50.3. The B, transition apparently occurs at
the point where the rapid increase in the softening AE(T)/E
is observed; this occurs for x = 0.4, which is close to the
critical concentration for the CJTE in the Dy, Tb, _, VO,
system, i.e., x,, = 0.35."

The variation in the character of the dependences
Q" (T) with concentration (Fig. 3) also suggests the appear-
anceof a B,, SPT. In our opinion, the sharp growthin Q ~"
for T'< 3 K in the sample with x = 0.5 is connected with the
relaxation of B ,, domains, i.e., in this sample T, =3 K for
the SPT of B |, type. Therefore, the variation in elastic prop-
erties of the Dy, Tb, _ . VO, system allows us to assert that
for 0.4 = x 0.7 two SPT occur in the sample; in this case the
resultant symmetry of the crystal lattice at low temperatures
is monoclinic, with a monoclinic angle ¥#90° in the ab
plane.

Also unusual is an additional softening AE(T)/E in
compositions near x = 0 for 7< 5 K (a rather small soften-
ing =1.5% is observed for TbVO, as well). This softening
for T'< 5 K may be due, e.g., to JT ions weakly coupled to the
host matrix (due to inhomogeneities or defects), so that dis-
tortions around them are not stabilized by the CJITE. How-
ever, this implies the presence of defects in the unsubstituted
TbVO, as well. Another more physical origin is also possi-
ble. It is known that the JTE for the Tb ion arises from an
excited level; therefore, if no structural transition inter-
vened, the JT interaction would decrease as the temperature
and the occupancy of the excited level decreased. In dilute
crystals of Gd, Tb, _, VO, with x = 0.65 this effect is re-
sponsible for the existence of an inverse transition from the
orthorhombic to the tetragonal phase (O,—T) at low tem-
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FIG. 5. Phase diagram of Dy, Tb, VO, con-
structed according to the experimental data: /—
measurements of elastic properties, A—x-ray dif-
fraction measurements, O—magnetic susceptibil-
ity, @—critical concentration (see text): T—tetra-
gonal phase, O,—rhombic phase of B,, symmetry,
O,—rhombic phase of B,, symmetry, M—mono-
clinic phase.

peratures, and to repeated vanishing of the modulus C,. For
x <0.65 there is no real O,—T transition; however, the
mechanism for this transition remains in force and causes a
rather small softening AE(T)/E for T <5 K. All of these
arguments should also apply to the system Dy, Tb, _ , VO,.

4.3. Phase diagram. The features in the behavior of the
elastic, structural and magnetic characteristics of the
Dy, Tb, VO, system which we have observed in experi-
ment allow us to construct the phase diagram (PD) of the
system and to determine its special points, i.e., the critical
(minimal) concentrations of Dy (x,, ) and Tb(1 — x_, ) for
the appearance of the B |, and B ,, types of SPT respectively.
Since the critical concentrations for each of the ions satisfy
x,, | —x, <0.5, the phase boundaries corresponding to
the B, and B, types of transitions intersect on the PD, i.e.,
there is a region of concentrations for which the two phases
coexist in the sample. In particular, a detailed study of the
sample with x = 0.5 (Fig. 4) allows us to establish that
T., =3.0K and T,, =14 K. In Fig. 5 we show the phase
diagram for Dy, Tb, _ . VO, constructed on the basis of the
data obtained from our experiments.

5.CONCLUSION

The studies we have carried out of the zircon-structure
compounds Dy, Tb, _, VO, have allowed us to construct
the phase diagram of these compounds, from which two ba-
sic conclusions can be drawn. First of all, there is a region of
concentration for which the system Dy, Tb, _ , VO, admits
a phase with coexisting order parameters of differing sym-
metries. Secondly, the existence of two SPTs in a certain
concentration region indicates that the JT distortions
formed by the Dy and Tb ions inhibit each other only weakly
in Dy, Tb, _,VQ,, i.e, in this sense they are not competi-
tive.

Let us note that for the unsubstituted RVO, com-
pounds the interaction which lifts the degeneracy of the
ground state is primarily with only one of the phonon types
(B, or B,, ); this leads to softening of only one component
of the host matrix elastic moduli and gives rise to the rhom-
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bic distortion. The exception apparently is TmVO,, in which
both the C, and C,,—C,, elastic moduli soften; however, the
interaction with the B,, type phonon is dominant, so that
only the modulus C,, reduces to zero.'? In this case, as a
result of competition between the interactions which couple
the electrons in the degenerate doublet of the Tm*™* ion in
TmVO, with the B |, and B, types of phonons—which are
comparable in magnitude—only one SPT is realized, the B ,,
type, at 7= 2.15 K. By combining different kinds of JT ions,
we can obtain JT crystals in which there are two completely
“soft” components of the host elastic moduli, and the result-
ing symmetry of the crystal will be less than rhombic.

The study of the properties of the Dy, Tb, _, VO, sys-
tem, which contains different types of JT ions, is also of in-
terest in connection with the question of whether a JT glass is
possible. In analogy with the magnetic glasses, in these sys-
tems we may perhaps expect that in the region of equal con-
centrations of JT components a state can occur with frozen-
in (non-fluctuating) local deformations, but without good
long-range order, analogus to the spin-glass state. However,
our investigations of Dy, Tb, _ , VO, point to the existence
in these systems of an ordered state with long-range order. In
connection with this it would be interesting to investigate
further the peculiarities in the physical properties of JT com-
pounds with two phase transitions, and above all to experi-
ment with single crystals of the corresponding compositions.
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