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Computer simulations of a three-dimensional Ising ferromagnet with quenched disorder
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Recent high-resolution x-ray and neutron-scattering experiments for various crystals with quenched defects
of the random temperature type near magnetic and structural phase transitions have revealed two different
length scales. The coexistence of two scales was interpreted as a superposition effect of scattering from the
disordered layer containing defects, i.e., the surface layer~resulting in the larger correlation length! and from
the bulk of the sample~resulting in the shorter one which corresponds to the usual critical fluctuation!. Later,
experimental evidence was found for the coexistence of both scales in the same volume fraction of the sample.
In our investigations the phase transition in an Ising ferromagnet containing edge dislocation dipoles is con-
sidered. The results of our computer simulations also show that the two different length scales observed in real
crystals appear in the same volume fraction.@S0163-1829~99!04034-5#
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Recent high-resolution x-ray and neutron-scattering m
surements of the critical fluctuations near magnetic a
structural phase transitions1–5 have revealed that the diffrac
tion vector dependence of the scattering intensity is not a
well described by a single Lorentzian with a width propo
tional to the inverse of correlation length. It was found tha
reasonable fit can only be obtained by a superposition
Lorentzian and a much sharper Lorentzian-squared com
nent. It was observed that the correlation length correspo
ing to the Lorentzian component has an exponent close to
one theoretically predicted for the usual critical fluctuatio
The second much larger length associated with the sh
Lorentzian-squared component~intensity of which diverges
asTc is approached! scales with temperature asj;t2n (t is
the reduced temperaturet5T/Tc21) where the exponentn
is different from, and in most cases larger than, the expon
corresponding to the first correlation length.

It was concluded from systematic studies of two leng
scales by applying x-ray and neutron scattering6,7 that the
narrow component was dominant in layers close to the
face, and defects of unspecified nature have been menti
as a possible explanation for a defect-related origin of
second length scale. The coexistence of two scales wa
terpreted as a superposition effect of scattering from dis
dered layer containing defects and from the bulk of
sample having perfect-crystal structure. Later, by investig
ing thin Ho films, Gehringet al.8 found clear evidences tha
nearTc both scales coexist in the same volume fraction
the sample.

A recent transmission electron microscopy study of str
tural defects and their distribution with depth away from t
original cut surface in cross-section samples in Verne
grown SrTiO3 single crystals performed by Wang and Zh9

has revealed a very steep decrease of dislocation density
dislocations of mixed character in the skin region of the cr
tal. Using convergent beam electron diffraction the symm
try change of the crystal lattice near the dislocation core
been directly observed during cooling, which indicates
phase transition initiated at the defects.

The theory of critical phenomena in the presence
quenched disorder with long-range correlations was wor
PRB 600163-1829/99/60~13!/9228~4!/$15.00
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out by Weinrib and Halperin.10 They considered a system i
which the local critical temperature displays fluctuatio
aroundTc with a correlation functiong(rW) falling off as a
powera of the distance

^Tc~r !Tc~r 8!&av2^Tc&av
2 [g~ ur2r 8u!;ur2r 8u2a

for ur2r 8u→`. ~1!

In their renormalization-group analysis carried out for
Landau-Ginzburg-Wilson Hamiltonian, Weinrib and Hal
erin applied the replica trick11 to obtain a translationally in-
variant effective Hamiltonian. By keeping only the lowe
term in its cumulant expansion, using a doub
renormalization-group expansion around the Gaussian fi
point with the small parameters«542d (d being the spa-
tial dimension! andd542a, they discovered another fixe
point and eigenvalue of the renormalization-group equati
of O(«,d) with correlation exponentn52/a. Later this
model was extended for different contexts~for a summary
and references, see e.g., Ref. 12!.

Later the possibility of a defect-induced change in t
local critical behavior has been studied by Bariev.13 He
found that the defects with an«d-dimensional core can be
relevant for the local critical behavior in the case of

d2«d21/nud,0, ~2!

wherenud represents the correlation length exponent of
undisturbed system.

By studying the Ginsburg Landau free-energy express
of a system containing defects described by the poten
V(r )}ur u2D, Korzhenevskii, Herrmanns, and Schirmache12

found thatF can have nontrivial extended inhomogeneo
ground state above the critical temperature ifD<2. This
might lead to different scenarios for the transition.

While detailed experimental studies of two length sca
have been carried out for various crystals with quenched
fects with long-range correlations, numerical results are
available~to the best of our knowledge! on systems contain
ing dislocations. The goal of this paper is to fill this gap a
9228 ©1999 The American Physical Society
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to present results obtained from Monte Carlo simulations
the three-dimensional~3D! Ising model on cubic lattice with
edge dislocations and dislocation dipoles near the crit
point using the algorithm of Swendsen and Wang.14,15 In the
Swendsen-Wang algorithm the entire lattice of spins is
vided up into clusters by making imaginary links with pro
ability p512 exp(22bJ) between similarly oriented neigh
boring spins @here J is the coupling constant andb
5(kBT)21, wherekB is the Boltzmann constant andT is the
temperature#. Then, each cluster is independently flipp
with probability 0.5.

It can be assumed that the dominant kind of defects in
skin region of crystals are dislocation dipoles.17 In order to
study the influence of crystal defects first the stress dep
dence of the Hamiltonian density has to be introduced. I
plausible to assume that the presence of strain field ca
taken into account by adding the quadratic term16

Hdef$S%5Ui jkl «klSiSj ~3!

to the Hamiltonian density of the pure spin system, where«kl
is the deformation tensor,Si is the spin at the nodei, and
Ui jkl is a coupling constant. For isotropic mediaHdef de-
pends only on the first-order invariant of the deformati
tensor, i.e.,

Hdef5A(
i j

SiSjTr « ~4!

in which the sum runs only over the nearest neighbors.
above form has a simple physical meaning: it accounts
the pressure dependence of the critical temperature. The
rameter A is determined by the material coefficie
(m/Tc)*( ]Tc /]p). Like in the models mentioned earlier, th
presence of topological defects can be taken into accoun
substituting the deformation field created by the defects
Eq. ~4!. The obtained expression is often explained as a
fect generated space dependent critical temperature devi
field dTc(r ).

In general, the deformation fields associated to defe
have a power-law decay. As it is explained earlier unus
critical behavior can be expected for dislocation syste
The long-range radial deformation field produced by a dis
cation dipole has a decay law asr 22, while for a single
dislocation it decreases with the inverse of the distance f
the defect. In the numerical simulations presented here
assembly of straight edge dislocations with line directio
parallel to z and Burgers vectors of equal magnitudes a
opposite directions6b parallel to x was considered to be
responsible for the correlated disorder by a mechanism
which the dislocations introduce a local compression or
pansion of the lattice, thereby18

Tr «~x,y!;2(
i

bi

ŷi

~ x̂i
21 ŷi

2!
, ~5!

wherex̂i5x2xi and ŷi5y2yi are relative coordinates.
To determine whether the two scales observed experim

tally coexist in the same volume fraction of the sample
edge dislocation dipole with line vector parallel to thez di-
rection and with dipole width and height of 32 lattice spac
embedded in the center of a sample divided in 2563256
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364 cubic lattices was considered. The map of the lo
variation of critical temperature~for z5const) created by the
dipole is shown in Fig. 1.

To characterize the correlations the spin-pair correlat
function Gi j 5^SiSj&2^Si&^Sj& was determined close to th
critical point for both the sample containing the dislocati
dipole (Gd) and for the corresponding unperturbed~disloca-
tion free! sample (Ge). Their spatial dependence in the d
rection parallel to the Burgers vector is shown in Fig. 2 f
T/Tc51.0021~in the calculationsJ/kB51 was considered!.
As it can be seen, the presence of the dislocation dip
causes a much slower decay of the correlation function. F
thermore, it was observed, that if the superposition of t
exponentials was fitted on the long tail part ofGd , within the
error bars one of the obtained correlation lengths has
same value as the correlation length of the pure crystal at
same temperature. On this basis we assumed that one o
two correlation lengths corresponds to the usual~defect free!
critical fluctuations. Figure 3 shows the difference of the tw
correlation functions. In agreement with the mentioned
sumption it can be observed that the difference (Gd2Ge)

FIG. 1. Local critical temperature map around a dislocation
pole with line direction parallel to thez, and Burgers vector paralle
to thex axis.

FIG. 2. The spin-pair correlation functions for the pure, und
turbed system (Ge) and for the same system containing an ed
dislocation dipole (Gd).
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9230 PRB 60BRIEF REPORTS
decays as an exponential function for large enoughx values
@see the ln(Gd2Ge) versusx plot in Fig. 3#. This can be
interpreted as a direct evidence for the coexistence of the
characteristic length scales in the presence of dislocation

In order to study the temperature dependence of the
relation length in presence of a dislocation assembly sim
tions were performed at different temperatures using a st
field created by a relaxed dislocation dipole structure. A s
tem of 750 interacting, parallel, straight edge dislocatio
with Burgers vectors of equal magnitudes and opposite
rections forming dislocation dipoles with a 0.15 dipole wid
to dipole distance ratio were considered. This dislocat
configuration is obviously a big simplification of the real 3
dislocation networks, but for certain deformation configu
tion ~like, e.g., single slip orientation! it is a reasonable ap
proximation and it reduces the complexity of the proble
considerably.

In order to obtain the relaxed dislocation configuration
dislocation dynamics simulation was performed. Because
the dissipative nature of the dislocation motion, when sett
up the equations of motion of dislocations, a friction for
has to be taken into account, in addition to the force act
on a dislocation due to the elastic field. The former is usua
assumed to be proportional to the dislocation velocity. Si
the inertia term can be neglected, compared to the fric
force, the dynamics of the dislocations can be described w
an overdamped-type system of equations of motion,19 i.e.,
for the i th dislocation positioned at the pointr i5(xi ,yi) it
has the form

dr i

dt
5B

bi

ubi u
ni(

j Þ i

750

s~r i2r j !bj5BFi , i 51,750, ~6!

wherebi is the Burgers vector of thei th dislocation,ni a unit
vector perpendicular tobi , s(r ) is the stress field created b
a dislocation, andB is the dislocation mobility. By numerica
integration of the equation system~6! the relaxed structure
shown in Fig. 4 is obtained from the initially randomly po
sitioned dislocation dipoles. The Burgers vector of each d
location was taken to be parallel to thex axis, and the dislo-
cation lines to be parallel to thez axis.

FIG. 3. The difference between the spin-correlation function
the disturbed system containing a dislocation dipole and of the
disturbed system. For large distances, this quantity can also be
fitted by an exponential function.
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From the structure shown in Fig. 4 30 rectangular sim
lation areas were chosen randomly. Contribution of all
750 dislocations to the local displacement field were cons
ered and the components of the local displacement field
sor were determined for every randomly chosen simulat
area containing Ising spins. After averaging the spin-s
correlation function for the 30 areas, the coexisting two c
relation lengths were determined by the method descri
above both in the directions parallel and perpendicular to
Burgers vector. The temperature dependence of the cor
tion length versus the reduced temperature in the ra
0.002,t,0.01 is shown in Fig. 5. The second correlatio
length jx,y ~the subscriptsx and y stand for the direction!
associated to the defects scales with temperature asjx,y
;t2nx,y. It was found that the exponentsnx50.8460.05 and
ny50.7260.05 are larger than the exponent associated w
the usual fluctuationsn50.56660.05 ~due to the finite size

f
n-
ell

FIG. 4. Relaxed dislocation dipole structure with the 30 ra
domly chosen rectangular areas used in the simulations.

FIG. 5. Temperature dependence of the first correlation len
associated with the usual fluctuations (j) and the second correlatio
length associated with the defects in thex andy directions (jx ,jy).
The best fits are obtained forTc54.500560.001, n50.566
60.05, nx50.8460.05, andny50.7260.05.
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of our system (2563256364) the critical exponent value fo
the pure Ising systemn50.566 obtained under the sam
simulation conditions is less, than the valuen50.629 ob-
tained by finite-size scaling!.

To summarize, we have investigated the critical behav
of Ising ferromagnet with quenched long-range disorder
plying the Monte Carlo algorithm of Swendsen a
Wang.14,15 Near the magnetic phase transition temperat
the coexistence of two distinct length scales were obser
in the same volume fraction of the crystal. This finding
consistent with the experimental results of Gehringet al.2

and shows that the coexistence of two scales in the scatte
experiments is not a simple superposition effect of scatte
from the disordered layers resulting the larger scale and f
in

ys

C

ys

ys

v

r
-

e
d

ng
g
m

the bulk of the sample leading to the smaller scale. The te
perature dependence of the smaller scale was found to
consistent with the results of the conventional theory for
critical exponent of thermal fluctuations, however the critic
exponentn for the second, larger scale connected with t
presence of the defects was found to be a trifle less than
critical exponents measured in structural and magn
phase-transition experiments. This simple model certanl
not able to reproduce all the experimental results~like, e.g.,
the observed ratio of characteristic lengths!.
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