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Random-field effects on Ising Jahn-Teller phase transitions
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Metastable ordering due to random fields in the mixed Ising Jahn- Teller system
Dy(As„V& —„)04 has been investigated. The response of the sample capacitance to applied order-
ing fields shows the existence of a threshold field for initial domain response and an equilibrium
field for reversible response. Ultrasonic measurements of the susceptibility critical-exponent indi-
cate random-field Ising behavior.

I

In their pioneering study of the effects of random fields
on phase transitions, Imry and Ma' suggested that experi-
mental realizations might be found in situations where lat-
tice distortions are induced by electronic instabilities, and
where crystal defects couple linearly to the order parame-
ter. Systems which undergo Jahn-Teller phase transitions
would appear to be promising candidates, therefore, and
observations of some effects of random fields on transi-
tions in several Jahn-Teller rare-earth compounds have
been reported. ' To date, however, for the most interest-
ing properties of random-field Ising systems —the new
critical behavior and the slow equilibration near and below
the transition temperature —the available experimental in-
formation has come almost exclusively from diluted anti-
ferromagnets in a uniform field, following a later sugges-
tion by Fishman and Aharony. While these experiments
have led to substantial progress in understanding random-
field effects, it would be desirable for several reasons to
have results from other systems, for example, to avoid pos-
sible problems associated with dilution of the magnetic
species. There is some evidence that magnetic dilution in-
troduces strong pinning forces, in addition to the random
fields, which, on the one hand, complicate the kinetics of
domain-wall motion and, on the other hand, may substan-
tially impede equilibration and thus prevent observation of
the equilibrium critical behavior. Furthermore, it would
be of interest to study systems which exhibit a crossover in
critical behavior to random-field exponents from pure Is-
ing exponents, rather than from random-exchange ex-
ponents.

The mixed Jahn- Teller system discussed here,
Dy(As„V& — )04, has the advantages that the active ions
(Dy) are not diluted, and that the transition is ferrodistor-
tive, i.e., the structural counterpart of ferromagnetic or-
dering. The pure compounds DyVO4 and DyAs04 under-
go tetragonal-to-orthorhombic transitions at 14.6 and 11.4
K, respectively, driven by the coupling of the nearly degen-
erate Dy electronic levels to lattice distortions. ' For this
case the effective ion-ion interaction can be described by a
pseudospin Ising Hamiltonian to an excellent approxima-
tion. The two pseudospin orientations correspond to the
two orientations of the orthorhombic unit-cell axes. The
order parameter is proportional to the B~g strain below the
transition temperature TD. Random static fields originate
as a result of crystal defects, which generate electric fields,
one component of which has the right symmetry to couple

to the order parameter. In mixed Dy(As„V~ „)04 the
As-V mismatch generates random fields with a distribu-
tion which can be taken as Gaussian, and with a width h,

which depends on x.
The critical properties of these and related Jahn-Teller

systems (in the absence of random fields) are known to be
classical as a result of the coupling of the ions to uniform
strains. "' For the Dy systems of interest here, this cou-
pling has been found to be small compared with the short-
range interactions, so that the temperature regime for
classical exponents is inaccessible experimentally, and Is-
ing exponents are observed over the usual power-law re-
gime. ' In the presence of random fields, the critical be-
havior is expected to remain classical, ' but in an even
smaller range of reduced temperature, and it is expected to
cross over first to a regime of random-field Ising ex-
ponents, and perhaps ultimately to a regime of pure Ising
exponents.

Good-quality single crystals of Dy(As„V| „)04 span-
ning the entire composition range were prepared by flux
growth. ' Compositions were analyzed by proton-induced
x-ray emission (FIXE) and by x-ray diffraction. The As-
V concentration ratios were found to be much higher in
the crystals than in the starting materials, but were uni-
form (bx/x & 10 3 in 2.5 mm according to PIXE mea-
surements) in the samples examined. For intermediate
compositions the random fields were large enough to
suppress the transition entirely, but well-defined transi-
tions were observed at temperatures TD/TD (pure) 0.94,
0.91, 0.78, and 0.56 for crystals with x 0.9985, 0.9954,
0.9843, and 0.148, respectively. These transitions were,
however, less sharp than those of the pure compounds in
all cases. The discontinuity present at TD in pure DyAs04
[but not in DyVO4 (Ref. 11)] disappears smoothly but
rapidly for x & 1.

Capacitance measurements, similar to those described
for the pure compounds, ' were carried out to study equili-
bration in several samples. Measurements parallel to the
crystal a axis give the electric susceptibility X„which is
sensitive to changes in both sample dimension and permit-
tivity, and from which the order parameter cr can be deter-
mined if the sample is a single domain. ' ' Measurements
parallel to the c axis give X„which depends on a and

which, therefore, should be insensitive to domains. ' As
will be discussed, this was found not to be the case, and
both X, and X, data gave qualitatively similar information
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on equilibration behavior. Since the random fields are
fixed in this system, we studied equilibration by applying
ordering fields and observing the sample response. The
conjugate field for this ordering is a 8 ts stress, but in prac-
tice a magnetic field parallel to the crystal a axis was used
to induce ordering. '7 It can be shown that the effective or-
dering field H in this case is not the applied field H, pp but
Hspp/4k@ T.

In all samples examined, capacitance measurements
showed anomalous time- and history-dependent effects
below the transition temperature TD which are attributed
to domain motion. Typical time-domain responses (Fig.
1) show several features of interest: There is a threshold
field, labeled H„below which the system has negligible
response on the time scale of the experiment (= 10 s);
when a larger field is applied the susceptibility changes
significantly and continues to increase slowly until further
changes are masked by apparatus instability; after removal
of the field the recovery towards the initial susceptibility is
slower, and only partial in accessible times. The later por-
tions of the response and recovery data can be well fitted
to a logarithmic function of time. To within the resolution
and sensitivity of these experiments, the response to and
recovery from ordering fields is reversible and instantane-
ous at all temperatures above TD. Below TD the threshold
field H, becomes nonzero and at low temperatures in-
creases rapidly. Likewise, the recovery falls below 100%
at temperatures less than TD, as shown in Fig. 2.

The random fields also have important effects on the
"static" response X„as Fig. 2 also indicates. If the sample
1s cooled through TD in a small ordering field H/
kaTD =0.02, X, is dramatically reduced relative to the
H =0 response. Such a field is too small to change o sig-
nificantly, or to flip an Ising domain at temperatures ap-
preciably below TD. This effect can be plausibly interpret-
ed only by the assumption of domain-wall motion together
with an interaction range comparable to domain size. In
the corresponding pure compounds, previous work has
shown that Jahn-Teller ordering invariably occurs in a
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FIG. 1. Response of the electric susceptibilities X, and X, of
Dy(As„V& — )04 to magnetic (ordering) fields. H, indicates the
threshold field for significant response. (a) T 4.3 K, x 0.984,
TD 8.9 K, maximum field 0.10 T. (b) T 5.5 K, x 0.9985,
TD 10.7 K, maximum field 0.07 T.
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FIG. 2. Electric susceptibility X, vs temperature for
Dy(As09s4V0, 0]$)04 cooled in zero field (solid line) and in a
magnetic field of 0.07 T (dashed line) through the transition
temperature TD = 8.9 K. Each point x was obtained by cooling
in zero field to that temperature, applying, and then removing, a
0.26-T magnetic field.

multidomain phase, and that conversion to a single domain
shows hysteresis. ' However, small ordering fields have no
such effect on L„' showing that domains in the pure crys-
tals differ in important ways: They are presumably larger
and are pinned by static defects such as flux inclusions and
dislocations. Clearly the mechanism for domain response
in the mixed crystals must involve much smaller energy
barriers, such as those encountered in the motion of
domain walls through local random fields.

At any temperature, for large ordering fields, the
response to an incremental ordering field was found to be
fully reversible for fields above some field H,~(T ).
H,q(T) therefore defines a boundary between metastable
and equilibrium phases, in close analogy with the spin-
glass-ferromagnet transition line observed in some spin-
glass systems. ' H,q was, in general, larger than H„and
appeared to fall to zero at TD much more abruptly than
H, . Quantitative results were, however, difficult to obtain
because the differential response becomes very small for
large ordering fields.

Increasingly realistic models for the motion of domain
walls pinned by random fields have been developed
and used to interpret metastable properties in previous ex-
periments. Rather little work has been done in analyz-
ing the effects of ordering fields and finite cooling rates,
however, and hence only a qualitative explanation of the
behavior described above can be given. When an Ising
system is cooled in a random field, it is believed that the
system does not reach its equilibrium state which has
long-range order, but enters a metastable phase with
domains of both orientations whose walls are pinned by the
random fields. Relaxation to the equilibrium state is loga-
rithmically slow, so that the domain state persists for all
accessible times. When the system is quenched to a tem-
perature T & TD, domains with a range of characteristic
curvatures or dimensions (radii in the case of spherical
domains) are initially present. The potential barriers for
domain-wall motion are a function of radius, so that on a
laboratory time scale domains of radii R (Rm;„(T)
thermalize and disappear, while domains with R
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& R~;„(T) are essentially unaffected. z3 Assuming, as
Andelman and Joanny suggest, ' that Rm;„(T) decreases
from the value Rm;„(TD) for quenches to T & TD, our ob-
servation of a nonzero H, implies that in practice the sam-
ple is not cooled rapidly enough to prevent partial thermal-
ization of the domains. As a result, the distribution of
domain sizes present at T is depleted for R;„(T)
& R & R;„(TD). Andelman and Joanny ' also show that
R;,(T,H) increases with H, so that the application of an
ordering field allows the thermalization of domains with
R & R;„(T,H). No appreciable effect will therefore be
expected until H reaches that value H, at which
R;„(T,H, ) becomes equal to the effective minimum ra-
dius present.

For larger fields, Andelman and Joanny ' have found
that all domains are therm alized for a critical field
6 cr/kgT. This defines a line of critical fields separating
the metastable phase from the equilibrium state, analo-
gous to the de Almeida-Thouless line between the fer-
romagnetic and spin-glass phases. Our experimental
values for H,q(T) are reasonably consistent with this ex-
pression, but confirmation is not yet possible owing to lim-
ited sensitivity and complications due to the pinning of
domains by macroscopic crystal imperfections.

Previous experiments on dilute antiferromagnets
showed no recovery towards the domain state from a state
of greater long-range order. This is consistent with the be-
lief that the ordered phase has lower free energy, and that
domains of opposite polarity, having disappeared, should
not reappear. According to the data of Fig. 1 and similar
data using much larger fields, this is not the case for our
system where substantial recovery from an ordering field
occurs at all but the lowest temperatures. There is some
evidence from numerical simulations that the domain
state has lower free energy than the ordered state in a lim-
ited range of temperature below TD, but results obtained
in this way generally have to be viewed with caution. On
the other hand, the observed recoveries seem physically
reasonable considering the probable nature of real
random-field distributions and real domains. The latter
are likely to have complicated geometries, strongly pinned
in some regions by structural defects which could nucleate
domain expansion after removal of an ordering field. At
sites where local fields exceed any exchange field, it is also
very probable that the fields at neighboring sites are not
random, but will be similar in size and direction. It may
be necessary to take account of this fact in theoretical
models of domain motion before any quantitative descrip-
tion of our results can be given.

Ultrasonic experiments have also been carried out in
these systems to obtain information on the critical behav-
ior, in particular on the susceptibility exponent y. While
the theoretical description of the effect of random fields on
critical exponents continues to be actively debated,
experiments on dilute antiferromagnets and numerical
simulations are for the most part consistent with random
fields causing a reduction in dimensionality from three to
two. Accurate measurements are required to distinguish
between theories which predict a dimensionality reduction
pf p=1, pf p&1, ' pr alternatives which intrpduce an
additional exponent. ' Because nonequilibrium behav-
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FIG. 3. Elastic constant (C~~ —C~q)/2 vs reduced tempera-
ture for Dy(Aso~sVpss)04. The straight lines have slopes as in-
dicated.

ior is expected below some temperature close to TD, only
T & TD exponents can be measured with any confidence.

Early DyVO4 ultrasonic measurements of the soft
elastic constant (Ctt —Ctz)/2, which near TD is propor-
tional to the inverse susceptibility, were unable to deter-
mine the susceptibility exponent because of strong ul-
trasonic attenuation for [110] transverse waves near TD.
We accordingly measured C~~ using [100] longitudinal
waves and subtracted from it the constant contribution
of (C~~+C&q)/2 to the ultrasonic velocity. The sample
used was Dy(Asp ~sVpss)04, in which the random fields
should be sufficiently strong (TD =7.9 K) to ensure a large
random-field power-law regime.

Figure 3 shows a log-log plot of (Ct~ —C~q)/2, obtained
in the manner described, versus reduced temperature t.
Over the range 0.01 & t & 0.1 the data give y=1.6 ~ 0.3.
This result has to be viewed with some caution due to un-
certainties in the fitting procedure and possible effects of
concentration gradients and departures from equilibrium.
Nevertheless, y seems to be significantly larger than the
3-d Ising value 1.25, and to be consistent with the value
1.75 expected for effective dimensionality two and ob-
served in recent experiments, and with the value 2.0 ~ 0.5
found in the most recent simulations. Above t =0.1,
Fig. 3 shows a range of temperature for which the data are
consistent with y=1.25, suggesting a crossover to pure Is-
ing behavior at large t. Since these data probably lie out-
side the usual critical range, however, our evidence for
such a crossover is not firm at present.

In summary, our capacitance and ultrasonic experi-
ments show that the mixed Jahn- Teller compounds
Dy(As„Vt-„)04 may be model systems in which to study
the effects of random fields on Ising phase transitions.
Our observations of metastability, history dependence, and
modified critical behavior include some properties of
random-field systems not previously considered. Similar
experiments with improved resolution and new measure-
ments using birefrigence techniques are in progress to elu-
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cidate these properties. This process would be assisted by
the availability of further theoretical and numerical work
on the response of such systems to ordering fields.
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