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X-ray-diffraction measurements were performed on mixed vanadate/phosphate single crystals of the type:
ThV, PO, (wherex=0, 0.10, 0.18, 0.24, and 0.8t order to investigate the effects of P doping on the
Jahn-Teller phase transition. The transition temperature, below which the tetragonal symmetry of the lattice is
lowered to orthorhombic, decreases with increasing P concentration. In order to explain the order parameters of
the transition and the striking reduction in the transition temperature with increasing P content, a modified
mean-field model was developed for the mixed system. A simple calculation assuming only a distribution in the
value of the quadrupolar crystal-field param@ris unsatisfactory. Since the local tetragonal symmetry is
broken due to the random distribution of phosphorous, a term involving the opé’r@ter%(Jny+ JyJ,) was
introduced in the Hamiltonian that includes both the crystal-field and magnetoelastic effects. This term, in
conjunction with the distribution in the magnitude of the corresponding crystal-field parameter, was essential in
order to reproduce the observed temperature dependence of the order pafanteenombic strain The
results of the diffuse scattering measurements performed ow=#@32 crystal confirmed the existence of
local strains that should give rise to variationB@. The diffuse intensity due to strains having the symmetry
associated witlP,, could not be resolved, however, because of the overlapping thermal diffuse scattering.

DOI: 10.1103/PhysRevB.67.014423 PACS nunider75.50-y, 46.25.Hf, 61.50.Ks

[. INTRODUCTION experimental data. In some cases, introducing the effect of

localized random strains corresponding to the symmetry of

Rare-earth vanadateRVO, and arsenatefRAsO, (R  the Jahn-Teller distortion was essoquial to a proper interpre-
—rare-earth elementscrystallize in the tetragonal zircon f@tion of the gx;oerlmerllltal resufts! S(;‘Ch strarllns v]:/rould .
structure(space grouD? or 14,/amd No. 141 at room exist, in principle, at all temperatures due to the effects o

2 . . . chemical doping.
temperaturé:? There are two formula units per unit cell in Doping a nonmagnetic cation inRVO, has a different

which the rare-earth ions occupy an equivalent site §f D tyne of effect on both the Jahn-Teller transition and the mag-
symmetry. Some of these compounds undergo a cooperatiitic properties. Some studies of the critical exponents in
Jahn-Teller phase transition at low temperatures. In ThVO R(V,As)O, (R=Tb, Dy, Tm) in the framework of a
TbAsO,, TmVO,, and TmAsQ, the Jahn-Teller transition, random-field Ising model have been reportéd?* However,
associated with an orthorhombic distortion of Bymmetry,  reports on mixed compounds with V and P are relatively few.
occurs at 33, 27.7, 2.10, and 6.1 K, respecti\?e'[yle ortho-  Within the lanthanide serieRPO, forms the tetragonal zir-
rhombic axesa, and b, are parallel to the bisectors of the €oOn structurexenotimg only for the heavy rare-earth mem-
tetragonala, and b, axes. The phase transitions of DyyO bers (from Tb to Lu). Additionally, the crystal growth of

; R(V,P)0, is complicated due to the relatively large differ-
and DyAsQ at 14.0 anc_i 11'2.K’ re_spectlvely, are accompa ence in the ionic radius between the V and P. Specifically, the
nied by an orthorhombic £ distortion wherebya, andb,

. magnetic properties of Dy(V,P)Qwere investigated previ-
axes are parallel ta, andby, respectively ously, and a crossover from the antiferromagnetic ordering at
Among the series of rare-earth phosphal#20, only  the "\- and P-rich ends to a spin-glass state in the

TbPQ, exhibits a Jahn-Teller phase transition. TQR@ys-  intermediate-concentration range was found at low
tallizes in the same tetragonal zircon structure as that of theemperature$’ Additionally, Skanthakumaet al. have re-
RVO, and RAsO, compounds at room temperatfrén the  ported the results of a neutron-scattering study of the anoma-
case of TbPQ an antiferromagnetic ordering occurs below lous thermal expansion in Ho(V, P)3° Studies of the Jahn-
2.28 K with the rare-earth magnetic moments lying paralleiTeller transition in theR(V,P)0, have apparently not been
to the tetragonat axis? The magnetic phase transition is carried out previously, and the present work presents the re-
followed by a Jahn-Teller structural transition at 2.15 K. At sults of an investigation of Jahn-Teller effects in the case of
this point, the lattice distorts to a monoclinic structure, andthe mixed vanadate/phosphate ThayP,O,.
simultaneously, the magnetic moments tilt away from ¢he  The splitting of the TB":’Fs ground multiplet of ToVQ
axis in the(110) plane. by the crystal-field (CF) has been reported by many
Jahn-Teller transitions in the vanadates and arsenates coadthors’*?The Hamiltonian for a single-ion CF model for a
taining two different rare-earth cations have been studiedare-earth ion occupying the tetragonal-symmetry site con-
previously’~*" In general, a reduction of the transition tem- tains five terms. The second-ordguadrupolarterm can be
perature T, was observed in these mixed compounds. Awritten aSaBgOO, wherea is the Stevens factoB,' the CF
modified molecular-field model was developed to explain theparameter, an®™ the operator equivalet. The B CF pa-
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7.2

rameter determines, to a large extent, the symmetry of the
wave functions of the ground and low-lying states, and in
turn, the symmetry manifests itself in the anisotropy of the
magnetic susceptibility at low temperatures.

For TbV(Q,, both « and BS are negative, and hence, the
quadrupolar term of the CF Hamiltonian favors the states
with a large angular momentum component in the basal
plane. At temperatures nedriy, only the four low-lying
states(two singlets,I'; and I'3, and onel's double} are
thermally populated and contribute to the Jahn-Teller
effect®® The I'; singlet is~18 cm ! above thel'; ground FIG. 1. The lattice parametess andc, at room temperature as
state, and d'5 doublet lies near the midpoint between the a function of the concentratior. The straight lines are fits to a
singlet levels. The Jahn-Teller phase transition is driven byinear dependence witk
the coupling between these electronic states and a lattice dis-
tortion of B,, symmetry, resulting in an increase in the spac-sample dimensions arexi1x4 mnt. The composition of
ing between thd”; andT'; levels and in a large splitting of the five samples was measured by inductively coupled
the I's doublet belowT. plasma-atomic emission spectrometry using a Perkin Elmer

The difference in the CF between the phosphates an@ptima 3300 dual view spectrometer system with an accu-
vanadates for a given rare-earth ion is represented by ai@cy of 3—-5% in the measured value of the relative P/V
opposite sign of the quadrupolar CF paramégr Accord- ~ ratio. _ _ _ .
ingly, the I's ground state of the Tb ion in ToRMas large X-ray diffraction experiments were performed using a
J, componentgconsisting mainly ofJ=6J,=+5))?" with  conventional diffractometer with a CKi, radiation source.
the quantization axis coincident with the crystallographic The samples were cooled using a closed-cycle helium refrig-

direction. The degeneracy of the ground-stBtedoublet is ~ €rator, and the temperature was controlled to within 0.5 K.
lifted by the monoclinic distortion below, . To observe the Jahn-Teller phase transition, the temperature

A traditional way of describing the Jahn-Teller effects in dependence of thé660) Bragg reflection was monitored. At
TbVO, is the pseudospin formalism put forth by Elliott To. the reflection splits into two lines, i.e(12,0,0 and
et al?® This formalism considers only the four low-lying (0:12,0 feflections of the orthorhombic phase, due to
states, and the Hamiltonian is expressed 44 Pauli spin  tWinning™ The lattice parameters were determined by mea-
matrices. It is postulated in this theory that the wave func-Suring the peak positions of Bragg reflections suckiga),
tions of these four states can be written by linear combinal008), (660, and(107) for the tetragonal phase, aft?,0,0
tions of the states{J=6,J,=+J) and |J=6J,==1J). In and (0,12,0. for. the .orthorhomb|c phase. The size of the
the studies on mixed compounds in which a fraction of thePrthorhombic dl_stortlo_n can be obtained from the values of
Tb ions is replaced by other rare-earth ions, the model hafe orthorhombic lattice constangg, and b, . In order to

been extended to take into account randomness within th@bserve diffuse scattering arising from the local lattice dis-
framework of the pseudospin formalig§r2” However, tortions, the intensity of the scattered x ray was measured

since doping with P ions is expected to create a CF thaground the tetragon&b60) reflection in the{hk0} reciprocal
favors an easy magnetization along tbeaxis, the pseu- Plane.

dospin formalism, which is based on the four low-lying

states of ThVQ consisting ofJ, components in the basal lll. EXPERIMENTAL RESULTS

plane, is not adequate to describe the Jahn-Teller effects in
TbV,; PO,

In the present work, the structural properties of the mixed ~The lattice paramete® andc, were determined at room
compounds Thy_,P,0, were investigated by x-ray diffrac- temperature by measuring the peak positions of several
tion. The temperature dependence of thg Brthorhombic ~ (hOl) reflections. Theix dependence is shown in Fig. 1. The
distortion, which is the order parameter of the transition, wadines in Fig. 1 are the result of a linear fit. The error bars
measured for samples with various P concentrations. Basd@pPresent the scattered values of the lattice constants ob-
on these data, the effect of randomness caused by the P ddpined for different h0|) reflections and for different sample
ing on cooperative phenomena such as the Jahn-Teller traglignments. The lattice constants of ThyP,O, vary lin-

sition is discussed without resorting to the pseudospin forearly over the full range of concentratiors&=1. A similar
malism. linear behavior of the lattice constants as well as of the oxy-

gen positions was reported previously for Ha\yP,0,.%
The temperature dependence of the tetrag¢®al) re-
[l. EXPERIMENTAL DETAILS flection was observed for the ThV,P,O, crystals as the

temperature was lowered from room temperature. The split-
Single crystals of Thy_,P,0, were prepared by flux- ting of the Bragg peak, indicating the onset of structural
growth methods as described previoulifhe crystals have change from tetragonal to orthorhombic, was observed at

the shape of a rectangular parallelepiped with the long di33+0.5, 28.5-0.5, 23.5-0.5, 23.5-0.5, and 1& 0.5 K for
mension along the crystallographic direction. Typical x=0, 0.10, 0.18, 0.24, and 0.32, respectively. No evidence
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A. Jahn-Teller phase transition
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FIG. 2. The temperature dependencesf b, and+2a, rela-

tive to the value of/2a, at 40 K for each value of.
FIG. 4. (a) The calculated intensity distribution of the thermal

diffuse scattering around th&60) reflection. (b) The measured
intensity distribution of the diffuse scattering around {660 re-
flection for thex=0.32 crystal at room temperature.

of the phase transition was observed %ot 0.75 down toT

=12 K. The lattice constanta, and b, were determined
from the positions of th€12,0,0 and(0,12,0 peaks. Figure

2 shows temperature dependenceagf b,, and V2a rela- e igentified. For example, the contour plot of the measured
tive to the value ofy2a at T=40 K for eachx value. . diffuse scattering intensity around tk@60) reflection in the
The order parameter of the Jahn-Teller phase transition '{Sh KO} reciprocal plane fox=0.32 at room temperature is
. . . 6 . .
the By orthorhombic distortions j; determined from the  ghown in Fig. 4b). The distribution of the intensity extend-

measured values af, andb, as: ing along the (10) direction is due to the mosaic structure
of the sample. Fox=0.32, a distinctive diffuse scattering
intensity was observed in the>6, k>6, andh<6, k<6
egr= \/_a0+b ' 1) regions as indicated by the arrows in Figby It differs
clearly from that of the TDS. The diffuse scattering that is
The order parameter as a function of temperaturexfe0,  unique to the mixed crystals presumably arises from the local

0.10, 0.18, 0.24, and 0.32 is shown in Fig. 3. strains caused by the incorporation of P atoms. A detailed
analysis of the diffuse scattering pattern will be presented in
B. Diffuse scattering Sec. IVC.

In the mixed crystals, the CF experienced by the Tb ions
will be modified by the random substitution of V by P. It is IV. ANALYSIS AND DISCUSSION
likely that a part of this modification is caused by displace- A crystal-field and magnetoelastic coupling Hamiltonian
ments of the neighboring ions around the Tb ion, i.e., local o ) )
strains in the lattice. In order to determine if such strains _ 1ne CF Hamiltonian is expressed according to the

exist, we have to first establish the normal thermal diffuse>{€VEN'S Operator equivalent methfalve adopt the notation
used by Kazei and co-workers in the calculation of the tem-

scattering(TDS) pattern of the samples. The TDS patterns,Y

such as that shown in Fig(a@, can be calculatéfusing the ~ Perature dependences of the lattice constants for b0
elastic constants of ThVO* and the intensity is expected to 1€ CF Hamiltonian is written as
decrease with decreasing temperature. Experimentally, the

TDS was verified by measurements of the diffuse scattering Hcr=aB305+ B(B30+ B;0%) + y(B302+ BeOg).
from a pure TbVQ crystal. Next, the extra component of (2

diffuse scattering due to local lattice strains, if present, can
The driving mechanism of the Jahn-Teller phase transition is

0.02 the spin-lattice interaction, which may be approximated by a
x=00 magnetoelastic coupling Hamiltonian. The lowest-order and
§:8;13 most-dominant terms of the magnetoelastic Hamiltonian take

N x=024 the following form:
o 0.01 x =032
w

Hue=—a(B*'*'+B*%:"?)05~ aB’%°P,,, (3)

wheree* (u=al,02,6) are the symmetrized strains defined
in Ref. 33. The straing*! and ¢%? retain the tetragonal
Temperature (K) symmetry of the lattice—the former represents the change in
FIG. 3. The temperature dependences of the order paranﬁeter VOIume anq the latter th? change. In kFYa ratio. The Stra'.n
for x=0, 0.10, 0.18, 0.24, and 0.32. The dashed line represents the (V2s,y in the Cartesian notatiof is the orthorhombic
calculated values for pure ThV;OThe solid lines represent results deformation, and the operator that couples to the strain of

of the calculation assuming the distributionBy,. The values of ~ this symmetry isP,, defined as; (Jedy+JyJdy). Within the
Buy—half chosen forx=0.10, 0.18, 0.24, and 0.32 are 56, 74, 73, mean-field approximation, the Hamlltoman of the two-ion

and 87 cm*, respectively(see text for the definition dByy_haj).- guadrupolar interaction can be written as
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TABLE I. A comparison of the measurg®ef. 3§ and calcu- 2
lated low-lying energy level@n units of cm 1) for ToVO,. Thel's
states are doubly degenerate and the others are singlets.

w
=

Alia
1.5

(a) just aboveTy, (tetragonal (b) at 6 K (orthorhombig 3 £%
symmetry measured calculated symmetry measured calculated é ] 510 Vs |
s 88.741.5 88.8 I, 93.9+22 110.2° < =
r, 902:2% 97.7° & % im0 a0
T, 19.1+05  19.1 I, 51.3:05 497 051 Temperature () il
s 8.0+0.5 8.0 [, 47.9+0.7 457 Xl
r, 0.9+0.2  0.65 0 P Skt s e e
r, 0 0 I, 0 0 0 100 200 300

Temperature (K)

8Data measured at 16 K from Ref. 25.

bCalculated forT=16 K. FIG. 5. The calculatedines) and measuretsymbolg paramag-
netic susceptibility of ThVQ with the applied magnetic field par-
allel to the tetragonah axis andc axis. Inset shows the inverse
Ho=— a’(K*(02)05—K(Py)Pyy). ) g

susceptibility.
The elastic energy is expressed in terms of symmetrized elas-
tic constantCg"’s and cg as follows: same method was measured with the magnetic field parallel
and perpendicular to the tetragomadxis®’ and the data are
shown in Fig. 5. The phase transition does not affect the
Ee,=EC31(s“1)2+C3128“18“2+ Ecgz(saz)z susceptibi!ity along the _te_t_ragonal axis. Anomalie_s were
2 2 observed in the susceptibility measured alongdizis and
1 along the bisector of tetragona} and b, axes*® We have
+=C(e?)2. (5)  obtained the set of CF parameters given in Table Il. As can
2 be seen from Table I, the calculated energy levels are in good
o ) . agreement with those observed optically abdye The cal-

By minimizing the free energy with respect to the strains,jation was performed fof < Ty, using magnetoelastic co-
one can show that the equilibrium straits are proportional  efficients determined from the analysis described in the fol-
to the expectation values of the corresponding quadrupolagying section and the calculated energy levels are given in
operators. For example, the orthorhombic steglliis propor-  Taple |. The calculated magnetic susceptibility indicated by
tional to(Py,). By replacing the strains*'s in Eq. (3) with  solid lines in Fig. 5 are also in good agreement with the
the expectation valugs of the operators, one can _comblr@oservaﬂon except fog|. below Tp,. This discrepancy may
Egs.(3) and(4) to define the total coupling Hamiltonian as pe due to the omission of the higher-order CF parameters

such asB3 and BZ for the orthorhombic symmetry, but we
Hcoupling= — az(Ga<og>og—Gﬁ<ny>pxy)_ (6) consider the parameter set in Table Il can be used as a basis

for discussion of the Jahn-Teller transition in Thy.O
Since the coupling via acoustic phonons is dominant in the

two-ion pair quadrupolar interaction in Tb\G! it can be
shown that the renormalized coupling const&ft can be
expressed in terms d&*' and cgi .34 Before analyzing the In order to analyze the data on the basis of the magneto-
Jahn-Teller effect in mixed crystals, the values of the cpelastic coupling, one needs the information about the elastic
parameters of the Tb ions in Tb\j@re required. In order to constants of the tetragonal structure and various coupling
account for the Jahn-Teller transition of the type found inconstant; in addition to the CF parameters. Values of some of
TbVO,, the matrix element of the operatBr,, between the the elastic constants are known for Tby& For Ca3 and

I'; ground state and thE, singlet aboveT, must be rela- C,5 for which values are unavailable, the corresponding val-
tively large. A calculation using the CF parameters estimatedies for E'VQ® were used in the present analysis.
previously(based on the magnetic susceptibility of a powder

sample® did not reproduce the Jahn-Teller transition with  TABLE Il. The crystal-field parameterBf' in units of cm*.
the B,y distortion. Consequently, we searched for a new pajl'he parameters for TbRQlefined in sphen(_:al tensor methods in
rameter set that produced an energy-level scheme and marg)@f'_ 27 were conyerted to the r4epresentat|0n in Steyen's operator
netic susceptibility that are consistent with the experimentafduivalents. The signs f@; andBg of TbPQ, are opposite to those
data abovel 283" The low-lying energy levels observed in "ePorted in Ref. 2{see text

optical spectroscopy at a temperature just abbyend at 6

K were reported in Ref. 36 and are listed in Table I. The
energies for the uppdr, andI’', states belowl', obtained ThvOo, —47.8 333 -51.3 757 54 Presentwork
by Raman measuremefitsare included in the table. The TbPQ, 178 149 —494 835 83.6 Ref. 27
magnetic susceptibility of a TbVQcrystal grown by the

B. Jahn-Teller phase transition

BY BY BY B Bi  References
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The magnetoelastic coupling coefficients for g and 0.02 . | .
a2 strains can be obtained from a study of the thermal ex- -
pansion abovely. The magnetoelastic contribution to the P 7

thermal expansion has been estimated by comparing the tem- —
perature dependence of the lattice constants of THV® f? 0.01 |- \ T
with that of LuvQ,. This method was applied successfully in

the analysis of the thermal expansion of Ho)8 The con- I \ i
tribution thus estimated was found to be proportional to the 0 \
calculated value of OJ) in the entire temperature range 0 20 40
aboveT,. The proportionality coefficients can be expressed Temperature (K)

H a al al __

n termsilof B :;md Co - Theiilalues OfB, '=-29 FIG. 6. The measured temperature dependencefpffor X
X10° cm ' andB*?=4.2x10° cm = were obtained. These _ g 1g (symbols and results of the calculations based on several
values lead to the total coupling constaBt=20.3 cni*.  models. The dashed line represents the calculation using only the
The calculatedr'; depends mainly on the coupling constantlinearly interpolated value foBS (—7.2 cmt). The dotted line
associated withP,, i.e., G°. Its value was chosen to be was obtained assuming a distribution 9. The solid line was
880 cmi ! so that the calculation reproduces the experimenealculated using the linearly interpolated value B3 (without dis-

tal Tp. On the basis of the Hamiltonians in EGR) and(6),  tribution) and a distribution irBy, (Byy—nair=74 cm ).

and using the coefficients stated above, we calculated the o -

self-consistent value dfP,,) and hence the order parameter The truncation is based on the condition tBgt cannot be
&%, The dashed line in Fig. 3 shows the temperature deperimaller than that of ToV@or greater than that of TbRO
dence 0f839T calculated for ThVQ. The temperature dependenceaﬁ# was calculated based on

In order to describe the phase transition in the mixed Crysghesedals.sumptio.ns, and the resul'.m‘efot.le Is showndby theh
tals TbV, _,P,O;, the change in the CF caused by phosphor- otted line in Fig. 6. However, in order to reproduce the

ous doping should be taken into account. The CF level Struc(3,_xperimental results, it was necessary to adjust the distribu-

ture for ToPQ was reported previouskf. As was noted 1N function to favor excessively thod) values closer to
earlier, the most significant difference in the CF parameteréat of ToPQ. o

for TbVO, and TbPQ is the opposite signs of tH&) param- Finally, we used an approach considering liheal break-
eter. As far as the signs deﬁ and Bg‘ are concerned, a ing of the tetragonal symmetry of the CF. Among the non-

simultaneous change of their signs, which corresponds to t(?e;;?giz?r?l fg(ran(r)ne;gt;rmissgxth:d(ég garg \I}gn;agér:}ﬁa%?e
45° rotation about the axis, does not affect the CF level g P Xy P

o influence on the Jahn-Teller effect. We write the correspond-
structure or transition strengths. Therefore, they were not de g CF parameter &8, and add a termyB,,P, to the CF

termined unambiguously by the previous neutron-scatterin amiltonian of Eq.(2). The probability associated with the

experiment’ In the present treatment of magnetoelastic cou- : ) ;
. " ) 4 values ofB,, is assumed to be a Gaussian function. The
pling, we chose the positive signs fBf; andBg of TbPQ,, y .
as listed in Table II. Similar analyses using the negative val < 29° value oB,, must be zero because the macroscopic
) y 9 gat .tetragonal symmetry is retained. The half-width at half-
ues for these parameters were found to give results inconsis=_ . . . .
: . . » ; maximum of the Gaussian function, denotedBag ¢, is
tent with observation. The choice of positive signs leads to
chosen for eachx so that the calculated and observégd
values of the CF parameters for ToP@at are not very . ; .
) 0 o values agree. The calculation was performed using a single
different from those for TbV@ except forB;. Since we are 05 . . . .
) . . . B, fixed by the linear interpolation according to tkevalue
mainly concerned with crystals having a relatively small P o
S : ; nd the distribution iB,, . The value ofB,, pa; assumed
doping, in the following analysis, the CF parameters, excep. y Y

0 . . n the calculation varies from 56 cm for x=0.10 to
for B,, as well as all the coupling coefficients were assume ) _ . .
7 cm = for x=0.32. The effect of this approach in calcu-
to have values equal to those of Thy.O

. L . . lating the temperature variation of the order parameter for
First, an oversimplified calculation was performed using

h | 89 obtained b i : lation b the x=0.18 sample is illustrated by the solid line in Fig. 6.
the value ofB; obtained by a linear interpolation DEWeeN ¢ oy erg|| results for all the samples, as shown in Fig. 3, are

the correspondlng values of the two pure ’compou_nds. Foh, good agreement with the observed values of the order
samples with smallex value, the calculatedp's are higher 5 ameter. This result does not exclude the possibility that
by 3-8 K than those obseryed. As an example, the res.ult Oég also has a distribution. As expected, by allowing a rea-
the calculation forx=0.18 is shown by the dashed line sonable distribution iB5 while reducing the distribution in

against the experimental results in Fig. 6. Naturally, this ap- . i
proximation cannot be applied for P-rich crystals since onIyBXV’ equally good agreement was obtained between the cal

the variation inBJ is considered in the calculations. culated and experimental results.
At the next level of sophistication, we have introduced a
distribution of BY values as a truncated Gaussian function
since the CF for Tb ions in the mixed crystals is expected to It is apparent that the diffuse scattering for 0.32 shown
vary from site to site. The probability function is assumed toin Fig. 4(b) does not have the intensity distribution pattern of
have a maximum at the linearly interpolated valueBSt the TDS[Fig. 4@]. On the other hand, the intensity pattern

C. Diffuse scattering
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(a) 5.4 (b) 6.4
x 6 Y 5 x> 6
«
A
5.6 T 5.6 I
56 6 6.4 5.6 6 6.4 _
h h FIG. 7. Four examples of the calculated inten-
() (d) sity distribution of the diffuse scattering due to
6.4 6.4 different local strains.
A
* 67 4 P = 5]
v
56 { 56 |
5.6 6 6.4 5.6 6 6.4
h h

obtained from a similar measurement for pure Thva@ larly to the opposite signs of the CF parameBgrand the
room temperature was found to be consistent with that of théarge stains caused by the differing ionic radii of P and V.
TDS. As mentioned in Sec. Il B, the presence of local straingCalculations taking into account the distribution &3 re-
in the mixed crystals modifies the CF on the Tb ions. In thevealed that the effects of such distribution alone do not ex-
case of Th(V,P)@, the local strains such as** ande*®  plain the observed large reduction T,. It is essential to
lead to varying values oBY whereas the local strain’® include the effects of breaking the local symmetry due to the
contributes to the CF parametBy, and its variation. We random distribution of the V and P atoms. We have intro-
calculated the diffuse scattering patterns originating fromduced an additional operat8, in the CF Hamiltonian with
these strains according to Ref. 42 around(®6®&9) reciprocal the corresponding CF parametg,. The calculation that
point within the plane perpendicular to tb& axis. Figure 7 assumes a distribution @, values can explain the experi-
shows the symmetries of various types of strains and thenental order parameters satisfactorily for the ThyP,O,
corresponding intensity distribution patterns. The sti@n  system. Analyses on the basis of the pseudospin formalism
has the same symmetry as the Jahn-Teller distortihy ~ were performed previously on the data for the Jahn-Teller
whereas the strains** ande“? correspond to a mixture of transitions in(Tb, Tm) VO, and (Th, Dy) VO, 11217 n
(c) and(d). Figures Ta) and 7b) show a very weak diffuse- these analyses, the difference in the sizes of the rare-earth
scattering intensity along th@10) direction for the strains ions was assumed to give rise only to the local stedinThe
that do not introduce a volume change. The patterns of thanalysis performed in the present study is an extension
scattering due to the strains with volume change, on the othdhrough the use of an expanded Hamiltonian to calculate the
hand, show substantial intensity extended along ()  changes in the wave functions due to the modified CF.
direction[Figs. 7c) and 7d)]. The observed pattern of the diffuse scattering intensity for
The observed diffuse scatteriri§ig. 4(b)] clearly indi- x=0.32 suggests the existence of the straifi§ and £*2.
cates the existence of strains with a volume change similar tSuch local strains should lead to the variation of Beval-
those shown in Figs.(@) and 7d). However, no conclusion ues. On the other hand, the existence of the stsdirthat
can be reached regarding the existence of the strdfnom  contributes to the distribution iB,, values cannot be con-
the diffuse-scattering measurements since the intensity frofirmed unambiguously. The magnitude of the magnetoelastic
this strain has essentially the same pattern as that of the TD@upling constanB? is 3 to 4 times larger than those Bf!

[Fig. 4@a)]. andB®?. Therefore, even if the magnitude of the strahis
smaller thare** ande*2, it may result in a large variation in
V. CONCLUSIONS By -

We have studied the suppression of the cooperative Jahn-
Teller effect in Tb\{_,P,O, mixed crystals caused by the
randomness introduced through a substitution of phosphor- We thank K. Tajima for many helpful discussions and S.
ous atoms. The room-temperature lattice parameters @kanthakumar for providing us the magnetic susceptibility
TbV;_«PO,4 vary linearly with respect tox over the full  data of TbVQ. Work performed at Argonne National Labo-
range of mixing concentrations. The transition temperatureatory and Oak Ridge National Laboratory was supported by
Tp in TbV,_,P,0O, decreases with increasing P concentra-the U.S. DOE, Basic Energy Sciences, under Contracts No.
tion. The reduction inT is more striking than that observed W-31-109-ENG-38 and No. DE-AC05-000R22725, respec-
for Th(V,As)O,.*® This appears to be due to the consider-tively. A part of this work was supported by Keio Kougaku-
able difference in the CF of Thv{and TbPQ, and particu-  kai.
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