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Using birefringence techniques we have measured the critical exponentsb, g, andd in As-doped TbVO4,
a structural realization of the random-field Ising model where random strain fields are introduced by V-As size
mismatch. For pure TbVO4 we observe the expected classical critical exponents, while for a mixed sample
with 15% As concentration our results areb50.3160.03, g51.2260.07, andd54.260.7. These values are
consistent with the critical exponents for the short-range pure Ising model in three dimensions in agreement
with a prediction by Toh. The susceptibility data showed a crossover with temperature from classical to
random-field critical behavior.
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Determination of the critical properties of the random
field Ising model1–3 ~RFIM! has shown encouraging progre
recently, both experimentally and theoretically, after ma
years of uncertainties. Measurements on dilute antiferrom
nets in a field, the most frequently studied realization of
RFIM, have been difficult to obtain because dilution of t
magnetic species inhibits equilibration close to the criti
temperature. However, recent experiments by Slanicet al.4

on samples with only 7% dilution have shown equilibriu
behavior through the transition temperature, thus allow
confident determination of the critical exponents. In the l
few years, theoretical investigations making use of a var
of analytical and computational techniques have led to p
dictions of the critical exponents of the RFIM that sho
reasonable consistency with each other. A recent analysi
Fortin and Holdsworth5 supports earlier suggestions that t
critical exponents for the RFIM in three dimensions (d53)
are those of the Ising model for reduced dimensiond851.5.
Nevertheless, dimensional reduction has not been rigoro
proved, and even if the effective dimensiond851.5 is cor-
rect the uncertainty in some of the calculated critical ex
nents is quite large. Likewise the experimental situation
still not satisfactory, since the critical exponents measured
Slanicet al.4 have substantial uncertainties and are only p
tially consistent with theory. In addition, measurements
specific-heat critical exponents1,6 in dilute antiferromagnets
also appear to disagree with theory.
PRB 610163-1829/2000/61~17!/11197~4!/$15.00
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For another realization of the RFIM, where random stra
fields are generated by substitutional impurities in cryst
undergoing structural Ising~Jahn-Teller! transitions, the re-
sults to date have also not been conclusive. Random fi
due to As/V substitutions in DyVO4, which hasd53 Ising
exponents, appeared to increase the susceptibility exponeg
as expected but had no effect on the order parameter e
nentb.7 The interpretation of the effects of random fields
the As-doped DyVO4 system is complicated by the fact th
the true critical behavior of pure DyVO4 should be classica
due to the long-range strain coupling. However, because
the relative weakness of the long-range to short-range in
actions, classical exponents are not observable at acces
temperaturesutu>1022, where t5(T2TD)/TD is the re-
duced temperature,8,9 leading to uncertainty on what the e
fects of the random fields would be. We have therefore
tended these experiments to the related TbVO4/TbAsO4
system where the critical behavior of the pure compound
unequivocally classical,10–14 and searched for changes
critical behavior in mixed crystals due to random field
Since this system starts from a different universality cla
the results cannot be compared directly with results fr
dilute antiferromagnets, but it is an important system that
independently test theoretical models and predictions of r
dom field effects. In contrast with the large number of the
retical investigations of the short-range RFIM, the literatu
on the random-strain version of the RFIM is very limite
11 197 ©2000 The American Physical Society
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consisting primarily of a paper by Toh.15 In this paper, Toh
compares the random strain RFIM with long-range forces
that of the short-range RFIM under a renormalization-gro
analysis. The main result is that the critical exponents sho
change from classical values to values that are close to t
of the d53 pure short-range Ising model.

The lowest 4f electronic levels in TbVO4 consists of two
singlet states;18 cm21 apart and a non-Kramers’ double
approximately halfway between. Coupling between the d
blets and lattice distortions leads to a Tb ion-ion interact
of the Ising form11 and a tetragonal-orthorhombic phase tra
sition at temperatureTD . Since the Tb ions are coupled pr
dominantly tok;0 acoustic phonons and to bulk strains, t
ion-ion interaction is very long range. The order paramete
the macroscopic straina2b wherea and b are basal plane
unit-cell parameters in the orthorhombic phase. The ort
rhombic distortion gives rise to birefringenceDn, which is
proportional toa2b ~at least to a good approximation10!.

The full Hamiltonian for the coupled electron-phono
TbVO4 system in an external magnetic field can be writt
as

H52 1
2 (

i j
Ji j s i

zs j
z2 1

2 e(
i

~11t i
z!s i

x2B(
i

mi
x , ~1!

wheremi
x5 1

4 gmB(11s i
z)t i

x andsz,sx,tz, andtx are Pauli-
type operators.11,16 Ji j describes the ion-ion interactions, 2e
is the high-temperature splitting between the outer sing
and B is the magnetic field applied along thex ~or a) axis
~i.e., along the 110 direction!. The fieldB is able to induce an
orthorhombic distortion because of the strongly anisotro
Tb magnetic moment in the orthorhombic phase. In
mean-field approximation, a Landau expansion of the f
energy, withe50, shows thatB2/T is effectively an order-
ing field,17 and this is supported by the experimental d
that follows. ForB ande small, TbVO4 is well described by
an Ising model Hamiltonian. As the mode softening at
transition in this type of system is anisotropic,18 classical
critical exponents are expected, and observed, rather thd
53 Ising exponents.

In the mixed compound, Tb(AsxV12x)O4, a fractionx of
the V atoms are replaced by As atoms, generating rand
static strain fields, one component of which has the ri
symmetry to couple to the order parameter.19 For e5B50
the Hamiltonian has the form of the RFIM,

H52 1
2 (

i j
Ji j s i

zs j
z2(

i
his i

z , ~2!

wherehi is the random local strain field which is expected
have a Gaussian distribution abouth50. In his analysis of
this type of random-field system with anisotropic mode so
ening, Toh predicts changes to the upper critical dimens
thus modifying the values of critical exponents atd53.

Crystals of Tb(AsxV12x)O4 with impurity concentrations
of x50 and 0.15 were prepared using the flux grow
method at the University of Oxford. The crystals were c
and polished perpendicular to thec axis, with thickness of
about 1 mm. They were mounted in a strain-free man
with the c axis horizontal in a helium optical cryostat. Th
crystal could be rotated about a vertical axis, allowing alig
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ment of thec axis parallel to the laser beam and one of thea
axes parallel to a horizontal magnetic field. A circular ap
ture in the sample holder of about 1 mm in diameter limit
the sampled area to a small region of the crystal, and t
reduced effects due to any inhomogeneous composit
temperature, and ordering field that may be present in
crystal.

The light source for birefringence experiments was
HeNe laser operating at 543.5 nm, a wavelength that sho
give reasonable birefringence in this crystal.20 Photoelastic
modulation and lock-in detection allowed sensiti
measurement21 of the phase shiftf due to the orthorhombic
distortion. Adjustment of a Babinet compensator ensu
that the detector output was proportional tof. In a typical
experiment, the data acquisition system brought the sam
to each desired temperature, waited up to 15 min for equ
bration, and then ramped the magnetic field up and do
while recording field, light intensity, and temperature.

Below TD , the orthorhombic distortions are equally like

to be in the 110 or 11̄0 direction, leading to the formation o
twinned orthorhombic domains separated by domain wa
To avoid the cancellation of birefringence due to multip
domains, the crystal is forced into a single domain by app
ing a magnetic field that favors the distortion axis parallel
the magnetic field.22,23 Thus to determine the birefringence
and henceb, below TD , we recorded data over a range
magnetic fields and extrapolated the high magnetic-field d
back to zero field. With the rather small magnetic fiel
available (,0.35 T! it was sometimes difficult to achieve
single domain at temperatures close toTD , at uT2TDu,0.2
K for x50.15, but this became progressively easier furt
away fromTD . For thex50 sample where pinning is pre
sumably weaker, single-domain structure atuT2TDu,0.75
K was relatively easy to achieve. For this reason, the crit
isotherm exponentd obtained from the dependence of th
induced birefringence on ordering field at the transition te
perature, is more reliable for pure TbVO4 than that for the
mixed sample. AboveTD , the change in induced birefrin
gence resulting from a change in the ordering field gives
susceptibility and henceg. Although the exponents for pur
TbVO4 are known to be classical,10 their measurement pro
vides a comparison with the mixed sample where modifi
critical exponents are expected. In experiments,TD appeared
to vary slightly from run to run because of effects such
mounting strains and temperature gradients. To minimize
effects of a variableTD on the results, efforts were made
measure all exponents of one particular sample on the s
run. In the power-law fits to the data,TD was chosen to
optimize both theb and g fits simultaneously. The consis
tency in the results of repeated experiments and the qu
of the fits give confidence in the results.

The birefringence with increasing and decreasing order
fields for various temperatures belowTD in the x50.15
sample is shown in Fig. 1. Hysteresis observed in the lo
field region is attributed to pinning of the multidomain stru
ture. The data from the higher field region where hystere
is absent were extrapolated to determine the zero-field b
fringence. A log-log plot of both thex50.15 andx50 data,
fitted to a power law of the formDn}utub is shown in Fig. 2.
Using TD529.2660.03 K and data in the range 0.005,utu
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,0.027, we obtained a value ofb50.3160.03 for the
mixed sample. At largerutu we found no convincing evi-
dence for crossover behavior towards the classical expon
For the pure sample, we obtainedb50.4660.06 for TD
532.3260.04 K from data in the range 0.004,utu,0.037.

Figure 3 presents susceptibility data for selected temp
tures aboveTD . At temperatures close toTD , these slopes
deviate from linearity, attributable in part to the presence
nonzero birefringence at zero field, probably caused by
ternal strains.10 The susceptibility exponentg was found by
fitting the various values ofx(T) to the relationx21}utug.
Figure 4 shows a log-log plot of the susceptibilityx vs the
reduced temperatureutu for x50 and 0.15 samples. As ca
be seen from Fig. 4, the log-log plot forx50.15 shows two
linear fits with the data closer toTD having a larger slope
than that for data further away. Data in the range 0.0
.utu.0.01~closest toTD) were optimized first to a linear fi
giving TD529.2660.03 K andg51.2260.07. A linear fit to
data in the range 0.100.utu.0.021 ~further from TD) with
TD unchanged yields a value ofg50.8960.03. We did not
attempt to fit these data to a crossover function, but t
suggest a crossover temperature nearutu50.024 ~29.96 K!.
The log-log plot of the susceptibility vs reduced temperat

FIG. 1. Changes in phasef ~birefringence! in x50.15 sample at
selected temperatures belowTD for increasing~lower points! and
decreasing~upper points! ordering fields. The lines join data point

FIG. 2. Log-log plots of birefringence vs reduced temperat
for x50 and 0.15. The slopes give the order parameter crit
exponentb.
nt.
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for pure TbVO4 in Fig. 4 does not show a crossover effect.
power-law fit in the range 0.058.utu.0.005 gives TD
532.3260.04 K andg50.9260.07.

Nonlinearity in the dependence of the order parameter
the ordering field at temperatures belowTD can be attributed
to the progressive detwinning of the sample with increas
field24 ~i.e., changing from a multidomain to a single doma
structure!. The critical isotherm exponentsd were extracted
from the field-induced birefringence data at temperatu
closest to that of the previously determined transition te
peratures forx50.15 andx50 samples. Only the highe
field Dn data were fitted to the power law (B2/TD)1/d. For
the x50.15 sample, we obtained a value ofd54.260.7 at
T529.2460.03 K and for the pure sampled52.660.4 at
T532.3360.03 K. The uncertainty in locatingTD is incor-
porated in the uncertainty ind.

Our values of the critical exponents for pure TbVO4 agree
satisfactorily with the valuesb50.5,g51, and d53 ex-
pected for a mean-field system. For the random-field sam
our valuesb50.3160.03, g51.2260.07, andd54.260.7
are in good agreement with the exponents for thed53 Ising
model,25 b50.33, g51.24, andd54.8.

Toh’s predictions15 for the effects of random fields on th

e
l

FIG. 3. Changes in birefringence vs ordering field inx50.15
sample at selected temperatures aboveTD . Slopes in the small-field
limit give susceptibilities.

FIG. 4. Log-log plots of susceptibility vs reduced temperatu
for x50 and 0.15. The data for the mixed sample show a crosso
from classical to random-field critical behavior.
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exponents in this type of system are therefore well suppo
by our results. Toh noted that while the anisotropic str
interactions in TbVO4 reduce the upper critical dimensio
d* from 4 for the standard Ising model to 2, resulting
classical exponents,18 the introduction of random strain field
raisesd* from 2 to 4 again, leaving the critical exponents t
same as for the standard Ising model ind53. In view of the
focus in recent theoretical analysis on dimensional reduc
it is of interest to examine Toh’s analysis and our results
terms of changes in effective dimensiond8 instead of ind* .
Thus for the Ising model we regard the upper critical dime
sion to be fixed at 4; in pure TbVO4, the anisotropic strain
d
n

n
n

-

interactions presumably raise the effective dimension from
to 5, giving classical exponents as before. If changes in cr
cal properties due to random fields can be described by
mensional reduction, the consensus prediction3,5 is that ran-
dom fields reduce the effective dimensionality by 22h,
whereh is the exponent for the decay of magnetization co
relations. In the present case, sinceh50.032 ford53,25 the
dimensionality should be reduced by 1.97 or essentially
resulting ind853. Hence our results, within their accuracy
are consistent with dimensionality reduction by rando
fields of 22h;2 for this system.
.

.

.

*Present address: Van der Waals-Zeeman Instituut, Univers
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