
PHYSICAL REVIEW B 1 APRIL 1997-IIVOLUME 55, NUMBER 14
Stimulated cooperative Jahn-Teller effect in TmPO4
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~Received 7 October 1996!

The idea of stimulating a cooperative Jahn-Teller effect in undercritical electronic systems using an external
stress, which does not belong to the symmetry of the quadrupolar ordering, was recently suggested theoreti-
cally. The rare-earth oxide compound TmPO4 ~tetragonal zircon structure! is discussed here. The role of the
external stress, a magnetic field applied along the@100# axis, is to bring thed-symmetry quadrupolar compo-
nent to criticality by the reconstruction of both the levels spacings and the eigenfunctions. The thermodynami-
cal properties are obtained by considering all the characteristics of the magnetoelastic couplings and of the
crystalline electric field. The structural phase diagram exhibits reentrant transitions between the tetragonal and
orthorhombic symmetries. The measurements of the magnetic vector and of the magnetostriction induced by
the magnetic field are well described within this model. The simultaneous measurement of the components of
the magnetic moment parallel and perpendicular to the field is an interesting experimental technique, efficient
for the investigation of quadrupolar interactions.@S0163-1829~97!05114-X#
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I. INTRODUCTION

The studies of magnetoelastic properties soared in po
larity in the 1970’s for insulating compounds. Rare-earth (R)
orthophosphates and orthovanadates with the zircon struc
are now considered as archetypes of the cooperative J
Teller ~JT! effect. Several of them, DyVO4, TbVO4,
TmVO4, and TbPO4 for instance, exhibit a spontaneou
tetragonal-orthorhombic transition.1 Large magnetoelastic
couplings are also present inR intermetallics and compet
with the other magnetic interactions; structural transitions
observed in the paramagnetic range of TmZn and TmA2.
This coexistence has made necessary the development o
croscopic models considering both types of interactions, q
drupolar and magnetic, in the presence of the crystal
electric field~CEF!.2,3 The subject of JT effects has recent
known a new impulse of interest in relation to structu
phase transitions in high-temperature superconduct
fullerenes, and manganites.4–6 Progress in the understandin
of the electron-electron correlations mediated by phonon
thus of great interest and rare-earth compounds constitu
favorable field for further developments. Indeed the CEF
termines very different conditions for the existence of t
quadrupolar ordering according to the level and eigenfu
tion configurations.

However the absence of a spontaneous JT transitio
spite of sizable magnetoelastic interactions also constit
an interesting situation. This concerns undercritical syste
where the energy gap between the nonquadrupolar gro
state and excited levels quadrupolarly active is larger t
the magnetoelastic interactions. In such a case, the struc
phase transition can be stimulated by an external stress
ing the electronic system to the critical state.7,8 Since the JT
interactions cannot be significantly increased, the equa
can be achieved by reducing the energy gap. The orig
feature of the model developed in Refs. 7 and 8 for
550163-1829/97/55~14!/8887~7!/$10.00
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stimulated JT transition comes from the fact that the rec
struction of the level spectrum is driven by an external stre
which does not belong to the same symmetry as the qua
polar component liable to order: as long as the critical stat
not reached, the quadrupolar moment remains zero. Tm4
was predicted to be a favorable candidate for the first e
dence of such a stimulated transition. Indeed, it belongs
the family of so-called four-level systems. The low-lyin
electronic states are two singlets at 0 and 110 K and a n
Kramers doublet at 41.6 K.9 The magnetoelastic contributio
for the C66 elastic mode induces a softening of about 85
around 20 K. This strong, but nonzero dip indicates t
TmPO4 does not undergo a spontaneous quadrupolar or
ing, but remains undercritical.10

Note that the stimulated cooperative JT effect must not
confused with the case of a same-symmetry stress: as so
applied in the disordered phase, this latter induces a non
value for the corresponding quadrupolar component, wh
is reinforced by the quadrupolar interactions. This avalan
effect is observed for instance for the quadrupolar com
nents of theg (B1g) symmetry in a magnetic field applie
along a@100# axis in cubic TmZn or in tetragonal TmAg2.

3

We have recently determined the different magnetoela
couplings considering all the features of the CEF of t
ground-state multiplet in TbPO4 ~Ref. 11! and in TmPO4.

12

This approach, based on a susceptibility formalism, allo
us a general understanding of the magnetic and magneto
tic properties in an entire family of compounds contrary
the case of pseudospin models, which have to be adapte
the compound under consideration. In both compounds,
magnetoelastic coefficients associated with each of the
ferent symmetry lowering modes are comparable in mag
tude and thed (B2g) orthorhombic mode dominates the oth
ones. The occurrence of thed-symmetry quadrupolar order
ing in TbPO4 and its absence in TmPO4 are discussed in Ref
8887 © 1997 The American Physical Society



,
it
d
e
he
J
is
rti

to

t

.
T
to

-
s
as

ic

c

e

ns
io
la

ar

tiv
i
ai

ti
e

su
in
e

on
-
de-
sses

in
-

ants,
-

ibu-

s
y
ions
s for

.
the
f a

f
a
the

ted
in-
-

-

i-
g-

ing
p-

tly
n
the

-

y
the
ing

a

8888 55P. MORIN AND Z. KAZEI
12. We present here, how thed quadrupolar ordering, i.e.
the orthorhombic deformation of the tetragonal cell along
@110# direction, is stimulated by a magnetic field applie
along the @100# tetragonal axis. In the next section, w
briefly recall the formalism describing the properties of t
4 f shell and discuss the mechanism of the stimulated
transition in TmPO4. We then present the signature of th
effect seen in the magnetic and magnetostrictive prope
~Secs. III and IV, respectively!.

II. STRUCTURAL PHASE DIAGRAM

The magnetic properties of the 4f shell are described with
the usual Hamiltonian using the equivalent opera
method13 and the mean-field approximation~MFA!:

H5HCEF1HM1HME1HQ1Eel1EQ . ~1!

It includes the CEF term, one and two ion couplings for bo
the magnetic and quadrupolar couplings.2 The CEF term is
written within a system ofx, y, z axes parallel to the@100#,
@010#, and @001# directions of the lattice cell, respectively
The CEF parameters are the same as used in Ref. 12.
magnetic term,HM , reduces here to the Zeeman coupling
the applied magnetic field,H, the bilinear interactions being
negligible in TmPO4. Only magnetoelastic contributions lin
ear in strain and restricted to second-rank terms are con
ered here. They can be written in symmetrized notations14

HME52~Ba1ea11Ba2ea2!O2
02BgegO2

22BdedPxy

2Be~e1
ePzx1e2

ePyz!, ~2!

a, g, d, and e correspond to the tetragonal, orthorhomb
and monoclinic symmetry modes.O2

0, O2
2, Pi j are the qua-

drupolar Stevens operators, theBm’s are the magnetoelasti
coefficients, which are temperature independent.Eel is the
related elastic energy.2 The two-ion quadrupolar terms ar
written as

HQ52Ka^O2
0&O2

02Kg^O2
2&O2

22Kd^Pxy&Pxy

2Ke@^Pyz&Pyz1^Pzx&Pzx#. ~3!

Minimizing the free energy with regard to the strai
gives the equilibrium strains as functions of the expectat
values of the corresponding quadrupolar operators. Rep
ing the equilibrium values for theem’s makes Eq.~2! indis-
tinguishable from Eq.~3! and leads to the total quadrupol
coefficients:

Gm5
~Bm!2

C0
m 1Km ~m5g,d,e! ~4!

C0
m being the background elastic constants. The correc

energyEQ arises from the fact that each rare-earth pair
counted twice in the MFA treatment of the quadrupolar p
interactions:EQ51/2Kd^Pxy&

2 for the d symmetry.
In the presence of small external stresses, perturba

theory can be applied to the disordered phase. The free
ergy is then analytically expressed using three single-ion
ceptibilities associated with each of the symmetry lower
modes. They depend only on the CEF. For instance for thd
symmetry, the strain susceptibility can be written as
s

T

es

r

h

he

id-

,

n
c-

e
s
r

on
n-
s-
g

xd5(
i ,k

f iF22(
jÞ i ,l

uPik, j l u2

Ei2Ej
1

1

kBT
uPik,iku2G . ~5!

Pik, j l are the matrix elements of thePxy operator,Ei and f i
are the energy and the Boltzman factor of thei level. It is
responsible for the softening of theCd52C66 elastic con-
stant, Cd/C 0

d5(12Gdxd)/(12Kdxd). The various B’s,
K ’s, andG’s can be also determined from the parastricti
and third-order magnetic susceptibility.2 As soon as the mag
netoelastic coefficients are known, it is then possible to
scribe the properties observed under large external stre
by self-consistent diagonalization of Eq.~1!.

All the magnetoelastic coefficients are known
TmPO4.

12 For instance, for the orthorhombic symmetry low
ering modes,Bg578 K ~Gg56 mK! and Bd52151 K
~Gd5130 mK!. The values ofGd andGg are very different
due to the differences between the magnetoelastic const
but also between theCd

0 and Cg
0 background elastic con

stants. Since in TmPO4, the values of thêO2
2& quadrupolar

operator and related susceptibilities are small, the contr
tion to the free energy of theg symmetry lowering mode is
weak in comparison to thed symmetry one. This feature i
also valid for thea and e symmetry lowering modes. The
were, however, considered in the self-consistent calculat
and a close agreement was achieved at all temperature
the magnetization process along the@110# axis as well as for
the thermal expansion of the lattice.12 The calculations in the
present analysis are done exactly in the same conditions

The strain susceptibility determines the conditions for
existence of the quadrupolar ordering: in the case o
second-order process, it occurs at a temperatureTQ , given
by 1/xd(TQ)5Gd. The zero-field temperature variation o
1/xd is drawn in Fig. 1. The Van Vleck behavior with
low-temperature plateau at 200 mK is associated with
singlet ground state, and the 157 mK minimum of 1/xd
around 19 K results from the competition in Eq.~5! between
the Van Vleck terms and the large Curie terms associa
with the doublet lying at 41.6 K. Since the quadrupolar
teraction coefficientGd reaches only 130 mK, the lattice re
mains tetragonal.

It is easy to understand thed quadrupolar ordering stimu
lated by an external stress out of thed symmetry through the
modification of thed strain susceptibility. From an exper
mental point of view, the simplest strain to apply is a ma
netic field along the@100# or @001# axes. In this latter direc-
tion, xd decreases, which made the quadrupolar order
more difficult. On the contrary, immediately the field is a
plied along@100#, 1/xd decreases at low temperature~Fig. 1,
upper part!. Note that as soon as the doublet is significan
populated, 1/xd is only weakly reduced. For fields larger tha
9.4 T, the electronic system becomes overcritical and
^Pxy& quadrupolar component orders at aTQ value deter-
mined as indicated in Fig. 1 for 10 T.

The increase at low temperature of thed strain suscepti-
bility by the @100# magnetic field results from the modifica
tion of both thePik, j l matrix elements and the (Ei2Ej ) level
spacings. Close to 0 K,xd comes, in zero field, essentiall
from the matrix element between the ground state and
excited singlet at 112 K; there is no matrix element coupl
with the doublet~Fig. 1, lower part!. In increasing field, new
components in theuJz& basis appear in the eigenfunctions:
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55 8889STIMULATED COOPERATIVE JAHN-TELLER EFFECT . . .
matrix element between the ground state and one subl
from the doublet arises. Its contribution,uPik, j l u

2/(Ei2Ej ),
becomes dominant and is responsible for the decrease ofxd
below the 130 mK critical value. In very high fields, it de
creases, thus 1/xd increases above 130 mK and the electro
system turns back to the tetragonal symmetry. Note that
spacing between this sublevel and the ground state doe
drastically vary, thus the JT transition is mainly stimulat
through the modification of the eigenfunctions and n
through a simple modification of the level spacings as u
ally assumed in theoretical models.

The d orthorhombic-tetragonal phase diagram is dedu
from the equality of the 1/xd reciprocal susceptibility and th
130 mK critical value for various conditions of magnet
field and temperature~Fig. 2!. The existence of two reentran
phase transitions confirms theoretical expectations obta
in Ref. 8 in terms of the ratioD/A of the energy gap betwee
quadrupolarly active electronic states,D, and the intersite
quadrupolar interaction,A. The phase diagram of Fig. 2 pro
vides us with critical fields, which depend only on theB’s
andG’s determined in Ref. 12. Their lowest values can
checked experimentally, as shown in the following sectio

The field dependence at 4 K of the ^Pxy& order parameter
is drawn in Fig. 3. The two transitions are of second ord
The difference between the free energies with~Gd5130 mK!
and without~Gd50 mK! quadrupolar interactions is weak
around 120 mK at its maximum. This comes from the fa
that the2kBT ln Z change is almost compensated by t

FIG. 1. Upper part: temperature variation of the reciprocalxd
strain susceptibility for magnetic fields applied along the@100# di-
rection.Gd5130 mK characterizes thed quadrupolar interactions
the arrow gives the JT transition temperatureTQ in a field of 10 T.
Lower part: field dependence of the energy of the low-lying lev
with the uPik, j l u

2/Ei2Ej contributions~in K
21 unit! to xd in 0, 12,

40, and 60 T at 10 mK; the energy of the singlet ground stat
taken as origin.
el
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corrective energy,EQ . Thus in spite of quite a sizable qua
drupolar moment, the change of the free energy associ
with the JT effect stimulated by the@100# field is small in
comparison with the transition temperature. The weaknes
this energy gain is confirmed by the angular dependenc
the free energy in the basal plane~Fig. 4!. The CEF anisot-
ropy is strongly reinforced in favor of the@110# axis by thed
quadrupolar interactions: along the@110# axis, the change of
the level spacings, then of the partition function, leads t
variation of the free energy larger than the corrective ene

s

is

FIG. 2. Structural phase diagram for the tetragonal symme
and thed orthorhombic one stimulated by a@100# magnetic field in
the presence ofd quadrupolar interactions. Open and black squa
correspond to determinations by magnetostrictive and magn
measurements, respectively. In the lower part, the existence o
quadrupolar transition is deduced from different isothermal va
tions of 1/xd(H).

FIG. 3. Field dependence at 4 K of the ^Pxy& order parameter
and of the difference of the free energies with and withoutd qua-
drupolar interactions for a@100# magnetic field.
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8890 55P. MORIN AND Z. KAZEI
EQ . The existence of the stimulated JT effect is effectivel
novel feature, but the inset of Fig. 4 shows how accurate
experimental conditions of the field orientation have to be
order to observe it.

III. MAGNETIZATION IN A †100‡ MAGNETIC FIELD

As soon as the@100# field drives the^Pxy& quadrupolar
moments to order, the field direction is no longer a hig
symmetry axis in ad orthorhombic domain and the parama
netic moment moves away from this direction towards
@110# tetragonal one. This induces a change in the magn
component parallel to the field and gives rise to a nonz
perpendicular component, which constitutes a direct sig
ture of the JT cooperative effect.

Measurements of the magnetization component along
@100# field were collected in fields up to 11 T in a therm
range from 1.5 to 300 K with an accuracy better than 0.02mB
for the magnetization and a thermal stability better than 0
K. Figure 5 shows in particular the field variation at 7
compared with the behavior observed for a@110# field ~the
whole set of the@110# magnetization curves is discussed
Ref. 12 through the fit of their field derivative!. As explained
in the Introduction, immediately the@110# field is applied, a
nonzero^Pxy& quadrupolar component is induced, and t
inflexion point in the magnetization curve corresponds to
reinforcement by thed quadrupolar interactions, more or le
sudden according to the temperature: this inflexion point
be considered as the boundary between the tetragonal p
and the orthorhombicd one, driven by the field of the corre
sponding symmetry. The observation of the stimulated
effect in a@100# field is more delicate. At 19 K there is n
anomaly in the experimental variation, which perfec
agrees with calculations: there is no contribution of thed
symmetry as shown by the phase diagram of Fig. 2. At low
temperatures, i.e., below 16 K, a slight shift from the calc
lated behavior is observed, characterized by an anomal
the field derivative of the magnetization around 6.5 T. T
anomaly is very similar to that calculated at 9.5 T usi

FIG. 4. The CEF free energy and the free energy in the prese
of d quadrupolar interaction as functions of the direction of t
magnetic field applied in the basal plane for a field modulus of 1
at 4 K. The inset gives the behavior close to the@100# axis.
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Gd5130 mK. A value of 140 mK would shift the anomal
field towards the observed one. Their coincidence can
also achieved in the case of a slight misorientation of
@100# axis with respect of the applied field.

The magnetization vector was then measured in ano
cryomagnet as a function of the orientation of the magne
field in the basal plane. The sample can rotate round its@001#
axis perpendicular to the field. Three pairs of compensa
coils measure simultaneously the flux variations parallel a
perpendicular to the field during the displacement of
sample parallel to the field. The maximum field is 7.5 T, t
accuracy on the magnetic components is about 0.04mB , the
positioning angles are determined within60.15° and the
temperature is regulated within60.01 K.

The upper part of Fig. 6 shows the two components,M iH
andM'H , of the paramagnetic moment during the rotati
of a constant field in the basal plane. Thep/2 periodicity is
perfectly respected by the two components.M iH is maxi-
mum ~minimum! for a field along the@110# ~@100#! axes. As
in a torque experiment,M'H vanishes as soon as the fie
points in a high-symmetry direction. TheM'H variation is
sine-shaped in low fields, while being only periodic in hig
fields, with an extremum shifted towards the^100& axes. The
same analysis is valid for theM i variation. It exhibits an
angular point along thê100& axes, which becomes more an
more pronounced in increasing fields. The angular variati
of the two components are closely described by calculati
with Gd5130 mK. The large differences between the beh
iors calculated with and withoutd quadrupolar interactions
show that this technique is an efficient experimental pro
for the study of quadrupolar interactions in addition to tho

ce

T

FIG. 5. Isothermal field variations of the magnetic compon
along the@100# field ~upper part! and of its derivative~lower part!;
the derivative at 19 K is vertically shifted by a20.15 value. The
variation obtained at 7 K along@110# is also drawn. Lines are varia
tions calculated withGd5130 mK; the hatched one corresponds
a misorientation of the field,fH52 degrees, away from the@100#
axis in the basal plane.
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55 8891STIMULATED COOPERATIVE JAHN-TELLER EFFECT . . .
of elastic constants, parastriction and third-order magn
susceptibility.2

From the values ofM iH andM'H , it is possible to cal-
culate the angle,fH2fM , between the field and the para
magnetic moment, as well as the modulus of this latter. T
variations in the lower part of Fig. 6 show that the anisot
pies of both the magnetization and the energy are stron
determined by thed quadrupolar interactions. ImmediatelyH
is no longer parallel to the@100# axis, the moment increase
moves away from this direction and lies between the fi
and the@110# axis. This rotation of the paramagnetic mome
exists forfH50 in fields larger than 9.5 T, i.e., in the stimu
latedd orthorhombic phase: in 14 T, the values ofM'H and
fH2fM reach 1.7mB and220.4°, respectively.

The variation ofM iH andM'H as a function of the field
are drawn for successive orientations at 4 K in Fig. 7.M iH is
reminiscent of the behavior in Fig. 5. ForfH50 degree,
M'H is zero up to the 7.5 T maximum field in agreeme
with the calculated curve. Note that above 9.5 T, this co
ponent would remain zero in case of an equipartition od
orthorhombic domains. The set of experimental variatio
for the indicatedfH values are in perfect agreement with t
theory of the stimulated JT effect, although the availa
field is too small to allow us the direct observation of t
fH50 transition.

FIG. 6. Upper part: components parallel and perpendicula
the field of the paramagnetic moment as functions of the direc
of the field in the basal plane. Middle part: the modulus of t
paramagnetic moment as a function of the field direction. Low
part: the angle between the field and the paramagnetic momen
function of the field direction. For 14 T, the initial values ofM'H ,
thus offH2fM are 1.7mB , 220.4°, respectively. Lines are calcu
lated withGd5130 mK ~solid lines! andGd50 mK ~hatched lines!.
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IV. MAGNETOSTRICTION ALONG
THE †100‡ DIRECTION

The relative change of length induced by a magnetic fi
applied in the ~a1a2a3! direction and measured in th
~b1b2b3! direction is

la1a2a3

b1b2b35Fd ll G
a1a2a3

b1b2b3

5
ea1

)
1

1

A6
ea2~2b3

22b1
22b2

2!

1
1

&
eg~b1

22b2
2!1&edb1b2

1&b3~e1
eb11e2

eb2!. ~6!

It can be measured using strain gauges as d
previously.11,12 Depending on the~a1a2a3! direction, the
em~H!5Bm/C 0

m^O 2
m& contributes or not tola1a2a3

b1b2b3:ed(eg) is

zero for a magnetic field strictly applied along the@100#
~@110#! axis. In the case of even a slight misorientation of t
field away from the@100# axis, a sizablêPxy& value is im-
mediately induced and, owing to the largeBd/C 0

d ratio, the
resulting ed contribution overwhelms the other ones
TmPO4. As in the magnetization processes discussed pr
ously, the stimulated JT effect is hidden by the me
magneticlike behavior:ed, thusl100

b1b2b3 exhibits an S-shaped
field dependence in small magnetic fields instead of
^Pxy& behavior drawn in Fig. 3. Then when searching for t
intrinsic stimulated JT effect, the best way is to eliminate t
d contribution in Eq.~6! by gluing the strain gauge along th
@100# axis in the~010! plane, using the fact that it is a cleav
age plane. The relative change of length reduces
ea5l100

1005ea1/)21/A6ea211/&eg. An anomaly in its field
dependence is then the signature of the reconstruction a
JT transition of the level spectrum and the eigenfunctio
the experimental difficulties being in the field alignment pa
allel to the @100# axis and in the measurement of sma
changes of length. Data in fields up to 14 T are given in F
8. The magnetostrictive signals are small, less than 90 p

o
n

r
s a

FIG. 7. Field variations of the components parallel and perp
dicular to the field of the paramagnetic moment for different orie
tations of the applied field close to the@100# direction. Solid lines
are calculated withGd5130 mK. The two branches in high field
for fH50 correspond to the two possibled orthorhombic domains.
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8892 55P. MORIN AND Z. KAZEI
Anomalies are observed in theea field dependence for tem
peratures lower than 19 K, the corresponding field values
reported on the phase diagram in Fig. 2. In agreement w
this, a simple quadratic behavior is observed at higher t
peratures. Theea field variation can be described as soon
the different strain contributions are known:eg(H)5
Bg/C 0

g^Pxy(H)& and ea i(H)5Aa i [ ^O 2
0(H)&2^O 2

0(0)&]
with Aa1 andAa2 being the combinations of theBa1 andBa2

magnetoelastic coefficients and theC0
a1, C0

a2, andC0
a12 elas-

tic constants.15 Aa2547 and~1/&!(Bg/C 0
g)559 ppm were

determined in Ref. 12. Different measurements, not p
sented here, confirm these values and giveAa15232 ppm.
The variations calculated withGd5130 mK are compared in
Fig. 8 with the data, the general behavior of which is w
described. However the magnitude of theea strain is calcu-
lated globally 30% larger than measured, the anomaly at
critical field is less pronounced than the observed one. Th
differences in addition with the slightly negativeea variation
in low fields below 10 K indicate additional contribution
For instance, a parasiticd contribution@&(Bd/C 0

d)521100
ppm# can explain the 30% reduction of the experimen
value if misorientations of 2° and 0.15° out of the@100# axis
are assumed for the magnetic field and the gauge, res
tively. However stresses introduced by the necessary glu
of the sample as well as anharmonic couplings between m
netoelastic modes could also contribute to this reduction
the data.

V. CONCLUSION

The theoretical model of the stimulated cooperative
effect presented in Refs. 7 and 8 has been quantitati
developed considering all the features of the CEF in
ground-state multiplet and all the various magnetoela
couplings. It was applied to the case of TmPO4, for which all

FIG. 8. Relative changes of length induced along the@100# di-
rection by a@100# magnetic field at various temperatures~upper
part: data, lower part: variations calculated with the magnetoela
coefficients determined at high temperature!.
re
th
-
s

-

l

e
se

l

ec-
g
g-
f

T
ly
e
ic

the coefficients are known, thus without any adjustable
rameter. The structural phase diagram for the tetrago
phase and thed orthorhombic one is deduced from the ana
sis of thed strain susceptibility as a function of the temper
ture and the magnetic field, as normally done in the MF
The mechanism of the stimulated JT effect is not a sim
modification of the energy spacing between the sing
ground state and the excited levels quadrupolarly active,
essentially a field reconstruction of the eigenfunctions, wh
introduces additional matrix elements and then reinforces
d strain susceptibility: the JT effect occurs as soon as
critical value,Gd51/xd(TQ) is reached. The reentrant fea
ture of the structural phase diagram, i.e., the occurrenc
high field of a second transition, from the orthorhombicd
symmetry back to the tetragonal one, is driven by the
crease of the matrix elements rather than by a change o
energy spacings.

This JT effect stimulated by a magnetic field applied o
of the quadrupolar symmetry is a phenomenon from a th
retical point of view. However the free-energy gain asso
ated with the quadrupolar ordering is weak in comparis
with the gain in a field, when this field belongs to the sam
symmetry. The same conclusion is valid for the magnitude
the quadrupolar component: to apply in TmPO4 a field of a
given strength along the@100# axis is much less efficient tha
along the@110# one.

From an experimental point of view, the main cons
quence is that the conditions of parallelism between the
ternal field and the@100# direction are severe in order t
observe the intrinsic stimulated JT effect. At the structu
temperatureTQ , the change of the component parallel to t
field of the paramagnetic moment is weak and manifests
self only through a small increase of the field derivativ
Measured and calculated values of the critical field are
agreement. They become equal, assuming a misorientatio
2° or leaving theGd coefficient free to vary in its uncertaint
range.

The main modification of the paramagnetic moment at
stimulated transition is its large rotation away from the@100#
field direction towards the@110# one associated with the
^Pxy& quadrupolar ordering. The study of the magnetic ve
tor at different temperatures according to the position
angle as well as to the field strength agrees perfectly with
calculations, although the available field does not allow us
observe the intrinsic stimulated JT effect in TmPO4. This
experimental technique, which simultaneously measures
parallel and perpendicular components of the magnetic v
tor as functions of the positioning angle is a fruitful expe
mental probe with respect to quadrupolar interactions.
TmPO4, it confirms theGd5130 mK value in close agree
ment with the preceding determinations.12

In the present magnetostriction measurements, the p
tioning angle of the field is not monitored with the sam
accuracy as in the magnetic measurements. In the case
misorientation, even slight, thed strain is induced immedi-
ately the field is applied and the intrinsic stimulated JT eff
is hidden. To minimize, if not eliminate, thed contribution,
the appropriate geometry is to glue the gauge along the@100#
axis in the natural~010! plane and to observe the cooperati
JT effect through the changes in thea and g strains. The
values of the critical field are close to those observed in
magnetic measurements. Both sets of experimental va
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correctly describe the low-field limit between the tetrago
and orthorhombic phases experimentally obtainable in
calculated structural phase diagram.

This observation of the stimulated JT effect in TmP4
shows that the experimental procedure is very delicate
least in this system. This is due to the fact that the intrin
effect is easily hidden by the usual metamagneticlike beh
ior when there is a misorientation. A remaining question is
know if the weak gain in free energy in the stimulated orth
rhombic phase is only characteristic of TmPO4 or if it is a
general feature. A possible answer may be expected f
similar studies in the TbxGd12xVO4 system, where the dilu
C

o-
l
e

at
c
v-
o
-

m

tion may allow one to monitor the undercritical state more
less close to criticality and in this way to reduce the critic
field values.
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