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The effects of random strain fields on the tetragonal-orthorhombic phase transition in mixed
Dy(AszVi_3)O4 crystals have been studied by neutron scattering. In the ordered phase the
diffraction peaks, which are characteristic of {110} twinning, show transverse or mosaic-type
broadening, which disappears when the sample is forced into a single domain. The data are
consistent with a model based on roughening of {110} domain walls, which predicts a h2/3

dependence of broadening on random fields.

The effects of random fields on Ising phase transitions
are of continuing interest, but comprehensive experimen-
tal data have been obtained only for dilute antiferromag-

‘netic (DAF) systems.}»2 In the presence of a uniform ex-
ternal field these systems belong to the same universal-
ity class as the random-field Ising ferromagnet, the most
tractable model system theoretically. Analyses of the ef-
fects of random fields on cooperative ordering in this sys-
tem are based on the way in which random fields roughen
and pin the domain wall between a quasispherical droplet
of ordered spins and a sea of oppositely ordered spins.
New critical behavior as well as metastability have been
predicted and observed.!?

Although much has been learned from these studies,
many basic questions about the effects of random fields
remain open, and experimental results from other sys-
tems would be valuable. In this paper we describe a
neutron-scattering investigation of a simple structural
phase transition, where random strain fields arise from
the size mismatch of substitutional ions. Experimental
realizations of this nature were proposed by Imry and
Ma2 in their pioneering study of random-field effects.
High-resolution elastic scattering was used to examine
the structure and evolution of ordered domains as the
composition, and hence the random-field strength, was
varied. Our results show that the tendency of the pure
compounds to form orthorhombic twins* with {110} do-
main walls persists in the presence of random fields. For
increasing random fields, however, there is additional
transverse broadening, which implies that domain walls
become progressively rougher. Application of an order-
ing field yields a single domain, but after removal of the
field the twins reform, typically with smoother walls than
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when first cooled through the phase transition. Thus,
although this system represents in some senses a very
simple example of a structural phase transition, it differs
in an important way from systems previously studied in
that the quenched phase has domain walls with zero av-
erage curvature. The random fields thus appear to affect
not the domain sizes but only the roughness of the walls.
Although some qualitative effects of random fields are
anticipated to be similar to those in DAF systems, im-
portant differences are also to be expected.

Mixed single crystals of Dy(As,V;_,)O,4 were studied.
The pure parent compounds DyAsQO4 and DyVO, un-
dergo tetragonal-to-orthorhombic transitions®® at 11.4
and 14.6 K, respectively, driven by the coupling between
nearly degenerate Dy electronic levels and Bi, lattice
distortions. These couplings can be described by an
Ising Hamiltonian in a pseudospin representation. In the
mixed systems the As-V size mismatch generates ran-
dom static strain fields at each site, including a By,
strain component that couples to the order parameter.”
Although the Ising interactions in the pure compounds
include a coupling to a uniform strain, the observable
critical exponents are found to be closer to Ising than
to classical values®? because of strong short-range in-
teractions. In the mixed compounds, ultrasonic mea-
surements showed that the susceptibility exponent v in-
creased significantly,”® with values consistent with a
change from d = 3 to d = 2. Dielectric measurements’
showed slow equilibration and hysteresis below the tran-
sition temperature.

The neutron-scattering measurements reported here
were carried out on four samples of different concentra-
tions at the NRU reactor, Chalk River, with neutrons of A
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=1.7620 A .1° For high resolution we used either a double-
axis spectrometer with collimations 0.15° and 0.20° be-
fore and after the sample, respectively, and a Si(331)
monochromator with 0.11° mosaic spread, or a triple-
axis spectrometer with collimations 0.30° and 0.40° be-
fore and after the sample and with the Si(331) monochro-
mator and analyzer, which had somewhat larger mosaic
spreads, at equal angles. The latter configuration has
the advantage of providing an almost circular resolution
ellipse. The samples were mounted with ¢ axis verti-
cal. {400}, {440}, and {600} Bragg peaks were examined
above and below the transition temperature. A horizon-
tal magnetic field could be applied parallel to the or-
thorhombic a or b axis to force the sample into a single
domain. For typical sample sizes 2 X 2 x 6 mm the max-
imum counting rate at a {600} peak was ~ 400 s~lin
double-axis mode and ~ 100 s~! in triple-axis mode.
The four samples studied had relative arsenic concen-
trations £=0.995, 0.984, 0.950, and 0.154.!! A single
Bragg peak in the tetragonal phase generally split into
several peaks at low temperatures. Observations of the
splittings of several peaks showed that the orthorhombic
phase is twinned about {110} planes just as in the case of
the pure compounds.* 19:12 Raster scans in the vicinity of
a Bragg peak were therefore necessary to allow changes in
peak positions and widths to be followed. Figure 1 shows
contour plots for the (600) peak in the z =0.995 sample
above and below the transition temperature. Here all
four peaks arising from twinning are observed, but two
peaks are stronger than the others owing, presumably, to
macroscopic strains favoring some distortion axes more
than others. In Fig. 2, in a different sample, only three
of the four allowed peaks are seen as a result of the par-
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FIG. 1. Contour plots in two-axis mode for the (600)
Bragg peak in the z = 0.995 sample: (a) at 15 K and (b)
at 4.2 K after cooling in zero ordering field.

3779

601 DyAso.mVO_mO“
: C (a) 150 K
6.00 00T
5.99 C_1 1 L1
6.02
6.00
5.98

o 42 K
6.02 L 027 T
6.00 L1
6.02 (d)

- : 42 K
6.00 00T
5.08 Il 1 1 1

~0.03 0.00 0.03

FIG. 2. Contour plots in triple-axis mode for the (060)
Bragg peak in the z = 0.154 sample: (a) at 15 K, (b) at
4.2 K after cooling in zero ordering field, (c) at 4.2 K after
application of an ordering field (0.27 T), and (d) at 4.2 K
after removal of the field.

ticular strains present.

If the domains in the ordered phase are sufficiently
small, the Bragg peaks will be broadened by finite-size
effects. This would allow the direct investigation of do-
main sizes and their dependence on random fields by neu-
tron scattering. In Fig. 1 it appears that any broadening
below the transition temperature in the £=0.995 sam-
ple is much smaller than the resolution (for all Bragg
peaks studied the widths were essentially resolution lim-
ited above the transition temperature). For the two sam-
ples with largest random fields, =0.950 and 0.154, sig-
nificant broadening was observed, but this could not be
attributed to finite-size broadening. Figure 2 shows a se-
ries of contour plots for the (060) peak in the 2=0.154
sample, as the temperature is reduced, and as an ordering
field is applied and removed. Changes in width are ap-
parent in the direction transverse to the scattering vector,
but not in the radial direction. Broadening due to finite-
size effects, however, cannot always be transverse. Mea-
surements on peaks in different quadrants of the scatter-
ing plane confirmed the general result that Bragg peaks
experience transverse broadening but little or no radial
broadening. Results from the four samples show that the
transverse broadening increases with impurity concentra-
tion.

The application of an ordering field progressively forces
the sample into a single domain, while the peak width
narrows until it is similar to that above the phase tran-
sition. Upon removal of the field the sample returns to
a twinned multidomain phase, but Fig. 2 shows that
this state is quite different from that reached after the
initial cooling. Transverse broadening reappears but is
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noticeably less than when first cooled.

Before presenting the data in detail, we point out some
important qualitative implications of these results. The
virtual absence of any radial broadening implies that fi-
nite domain size is not a broadening mechanism. We
estimate that the domains must be larger than about
500 A in all samples. Also the persistence of twinning in
all samples indicates that the domains remain predom-
inantly long and narrow in the basal plane, with {110}
domain walls, as in the pure compounds.? The model of
quasispherical domains used in other systems is clearly
not appropriate here.

The observation of transverse broadening, which de-
velops below the transition temperature, which disap-
pears when a single-domain phase is induced, and which
increases with impurity concentration, implies an origin
for the broadening in the domain structure together with
effects of random strain fields in pinning and roughen-
ing the domain walls. Transverse broadening of single-
crystal diffraction peaks is usually a signature of mosaic
broadening:!3 that is, the crystal axes of different regions
of the crystal have a spread of orientations due to defects
and inhomogeneities that are grown into the sample dur-
ing crystallization. In our system we infer that in the
presence of random strain fields the domains that form
below the transition temperature are imperfectly aligned.
This presumably occurs because the domain walls are
not flat {110} crystal planes but are roughened by the
random fields in such a manner that the angles between
crystal axes in adjacent domains have a spread of values.

The broadening of diffraction peaks associated with
domain formation was determined through least-squares
fits to the observed peaks. Above the transition tem-
perature a reasonable fit was obtained with empirical
Gaussian line shapes. In some cases, most notably for
the £=0.154 sample, the line shapes were distorted; this
is believed to be an artifact of the spectrometer at high
resolution. For this sample two circular Gaussians gave
a reasonable fit. In the low-temperature phase the line
shape was convoluted with transverse and radial Gaus-
sians representing the domain broadening. This proce-
dure gave satisfactory fits but the experimental statistics
do not allow us to rule out other possible broadening
functions. Figure 3 shows data for transverse scans for
the two samples £=0.95 and 0.154 where the random
fields are largest, and Gaussian fits to the data. The re-
sults for the broadening observed after cooling through
the transition in zero applied field are shown for all four
samples in Table 1.

Since twinning persists for the largest random fields
studied, the basic random-field Ising model, which as-
sumes nearest-neighbor interactions J;; only, cannot be
an adequate model for this system. The longer-range,
anisotropic elastic interactions that lead to twinning
should be incorporated in J;;. In this situation, it is
reasonable to suppose that the random fields would act
as a perturbation on a flat interface, causing roughness
but not affecting the curvature or the separation between
domain walls. Random-field roughening of a plane inter-
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FIG. 3. Transverse scans through (060) Bragg peaks for

the samples with strongest random fields. Sequences from top
to bottom are as in Fig. 2, with values as indicated. Lines
are Gaussian fits.

face has been discussed in the literature as a limiting case
of the spherical interface. Andelman and Joanny!4 give
an expression for the maximum roughening displacement
Wmax(b) of a domain wall of length b, which in three di-
mensions is

ho\*/® 2/3
wmax(b) = (7) b / ) (1)

where h is the random-field strength, o is the order pa-
rameter, and g is an interaction parameter. Since twin
boundaries typically have the same length scale as the
sample size L, the characteristic angular misorientation
between twins will be

¥ & Wmax(L)/L
~ hZ/SL——1/3. (2)
The resulting mosaic spread over the whole sample can

then be estimated from a random walk argument as 6 =
nl/2~ where n &~ L/t is the number of domains in the

TABLE I. Transverse resolution width (X.) and broad-
ening (2¢) of diffraction peaks at 4.2 K. Data for ¥ are full
width at half maximum in 1072 reciprocal lattice units.

z z(1 — z) = PN
0.995 0.0050 14.0+0.3 9.0£5.8
0.984 0.0157 14.710.5 10.843.5
0.950 0.0475 9.04+0.2 13.01+0.4
0.154 0.130 7.040.3 23.3+0.3
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sample and t is the average domain thickness. Thus,
0 ~ L1/6h2/3t_1/2. (3)

This mosaic spread 6 is directly related to the trans-
verse broadening observed in neutron scattering. Note
the weak dependence on sample size, and the h2/3 de-
pendence on random-field strength. The latter can be
compared with the data of Table I if h is assumed to
scale with concentration as z(1 — z).

Figure 4 shows that the observed transverse broad-
ening is consistent with a [z(1 — z)]?/3 relationship, at
least for the two samples where the broadening is most
clearly evident. For the two samples with the lowest im-
purity concentrations the broadening appears to be larger
than predicted. We have not, however, taken account of
roughening due to the strain fields of residual impurities,
vacancies, etc., nor the broadening due to the variation
in unit cell parameters close to domain boundaries. It is
hoped that future results from both experiments and nu-
merical simulation will confirm the relationship between
random strain fields and transverse broadening.

It is of interest to note from Figs. 2 and 3 that after
removal of the ordering field from a single-domain sample
at low temperatures a twinned phase reappears in which
the domain walls are rough but less rough (according
to the transverse broadening) than when cooled in the
presence of the random field but in zero ordering field.
This suggests that rough domain walls are characteristic
of the ground state of this system.

In summary we have identified a random-field system
with attractively simple features. Twinning forces con-
strain the domain walls to be flat on average, but they
are progressively roughened by increasing random-field
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FIG. 4. Transverse broadening for the four sample con-

centrations. The dashed line is a fit to [z(1 — £)]*/2.

strength. The degree of roughening is directly revealed
by neutron scattering through a novel transverse “mo-
saic” broadening of diffraction peaks.
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