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Specific heat and optical birefringence of Fe0.25Zn0.75F2

W. C. Barber and D. P. Belanger
Department of Physics, University of California, Santa Cruz, California 95064

~Received 15 November 1999!

The specific heat (Cm) and optical birefringence (Dn) for the magnetic percolation threshold system
Fe0.25Zn0.75F2 are analyzed with the aid of Monte Carlo~MC! simulations. BothDn and the magnetic energy
(Um) are governed by a linear combination of near-neighbor spin-spin correlations, which we have determined
for Dn using MC simulations modeled closely after the real system. Near a phase transition or when only one
interaction dominates, the temperature derivative of the birefringence@d(Dn)/dT# is expected to be propor-
tional toCm since all relevant correlations necessarily have the same temperature dependence. Such a propor-
tionality does not hold for Fe0.25Zn0.75F2 at low temperatures, however, indicating that neither condition above
holds. MC results for this percolation system demonstrate that the shape of the temperature derivative of
correlations associated with the frustrating third-nearest-neighbor interaction differs from that of the dominant
second-nearest-neighbor interaction, accurately explaining the experimentally observed behavior quantita-
tively.
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Measuring the linear optical birefringence (Dn) in aniso-
tropic, antiferromagnetic crystals undergoing magnetic ph
transitions is a powerful way of determining the magne
specific-heat (Cm) critical behavior. It has been shown1–3

that the temperature derivative of the optical birefringen
@d(Dn)/dT# is proportional toCm . In many cases, the bire
fringence technique has provided the most precise exp
mental determinations of universal critical behav
parameters4 in pure and randomly mixed and dilute magne
Ising systems. For the case of the three-dimensional (d53)
random-field Ising model~RFIM!, which applies for a dilute
antiferromagnet with an applied field along the ordering
rection, birefringence measurements yielded evidence
phase transition.5 The advantages of the technique are thr
fold: the technique is typically much easier to employ th
traditional heat pulse techniques; the effects of concentra
gradients inevitably present in mixed and dilute crystals
be greatly reduced;3 and the phonon contributions to the sp
cific heat are greatly suppressed in the birefringence. S
the transition typically varies with concentration in mixe
and dilute systems, the critical behavior is often masked
the concentration gradients quenched into the system du
growth. The laser beam used in the optical technique ca
aligned perpendicular to the gradient, often reducing the g
dient effects by an order of magnitude. This has been cru
in the study of random-exchange Ising model~REIM! and
RFIM systems ind52 and 3. The virtual elimination of the
phonon background has allowed detailed analysis of the
cific heat ind51 and 2 systems. Ford52 this has allowed
a detailed comparison6 of the magnetic specific heat of th
pure system and the Onsager solution to thed52 Ising
model and, for dilute systems, a scaling analysis of the
struction of the phase transition by random fields in thed
52 Ising model.7 For d51, the technique has been us
successfully to determine the exchange constants in sys
where the phonon background overwhelms the magn
contributions to conventional specific-heat data.8
PRB 610163-1829/2000/61~13!/8960~6!/$15.00
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That Cm andd(Dn)/dT are proportional in certain case
is a consequence of the fact that bothDn and the magnetic
energy (Um) are governed by a linear combination of nea
neighbor spin-spin correlations.2 This proportionality has
been experimentally shown explicitly9 for the d53 pure
Ising system FeF2 as well as its site-diluted counterparts10,11

Fe0.93Zn0.07F2 and Fe0.46Zn0.54F2 by comparing directly the
pulsed heat and optical data. This proportionality has b
demonstrated both in zero applied field (H50) and in ap-
plied fields. The magnetically dilute crystals of Fe12xZnxF2
have been the most extensively studied4 realizations of the
RFIM, an important class of systems with randomness
frustration. Such experimental verification has been cru
in this controversial field since some authors12 have ex-
pressed reservations about the proportionality forH.0, i.e.,
the RFIM case.

Despite the experimental verification of the proportion
ity betweenCm andd(Dn)/dT, it is important to verify the
details of the mechanism for the proportionality near ph
transitions in a specific case. One opportunity to analyze
detailed relationship betweenCm andd(Dn)/dT presents it-
self in the compound Fe0.25Zn0.75F2, which, with respect to
the dominant exchange interactionJ2 is at the magnetic per
colation threshold, the concentration below which no ord
ing is possible. Throughout the rest of this work we will ref
to the percolation threshold concentration as the appropr
one if only J2 were being considered. The presence of ot
interactions make the concept of percolation more com
cated and they can play an important role in the order
processes even when they are very small. Interestin
d(Dn)/dT data for Fe0.25Zn0.75F2 exhibit a change13 in sign
near T58 K. While the high-temperature behavior o
d(Dn)/dT is accurately proportional toCm , the sign rever-
sal in d(Dn)/dT at low temperature is not reflected, o
course, by the behavior ofCm . We present data obtaine
from both the optical and pulsed heat techniques that sh
the nonproportionality betweenCm andd(Dn)/dT at low T,
as shown in Fig. 1. We also present Monte Carlo~MC! simu-
lation results that can be used to explain why the proporti
ality breaks down betweenCm and d(Dn)/dT at low tem-
8960 ©2000 The American Physical Society
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peratures.Um and Dn each depend on the near-neighb
spin-spin correlations, but with different weights. We sho
that whereasUm is dominated by the second-neare
neighbor correlation,Dn is predominantly governed by th
third-nearest-neighbor correlation that shows a different te
perature dependence below 15 K. The results of this st
are consistent with theory regarding the proportionality
tweenCm andd(Dn)/dT near a phase transition, where th
different spin-spin correlations must necessarily have
same temperature dependence. We also demonstrate th
applied field has a predictable effect on bothUm andDn.

The compound Fe12xZnxF2 is ideal for RFIM studies.
Pure FeF2 is well modeled by the Hamiltonian

H5(
l

(
i , j

JlSi
W
•Sj
W1D(

i
Si
W 2. ~1!

The SW 52 system has the interaction strengthsJ1520.069
K, J255.278 K, andJ350.279 K, as determined from neu
tron inelastic scattering measurements.14 The large crystal-
field anisotropyD59.29 K persists while the exchange in
teractions remain largely constant as the magnetic spins
diluted15 in Fe12xZnxF2, making this an excellent Ising sys
tem for all magnetic concentrationsx. Single crystals can be
grown for allx with very small concentration gradients16 and
with superb structural quality. The magnetic interactions
dominated by the antiferromagnetic second-nearest-neig
super-exchange interaction,J2, between the body-center an
body-corner ions. All other interactions are negligible exc
near the percolation threshold concentration, where a s
frustration due to the third-nearest-neighbor interaction
tween ions of the same sublattice along the direction perp
dicular to the spin-orderingc axis,J3, becomes important.17

At low temperatures, the Heisenberg character of the s
spin interaction is less important and we might expectUm to
be fairly represented, forH50, by the REIM Hamiltonian

FIG. 1. The magnetic specific heatCm /R5Cp /R2B, whereB
is the background, versusT for Fe0.25Zn0.75F2. The phonon contri-
bution to the specific heat has been subtracted as discussed
text. Also shown is the temperature derivative of the birefringe
d(Dn)/dT versusT scaled with the proportionality found at othe
concentrations.
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H5(
l

(
i , j

Jle ie jSiSj , ~2!

where Si562, e i51 if site i is occupied and zero other
wise, andJl is the strength of thel th nearest-neighbor inter
action.Cm is then given by a sum of temperature derivativ
of spin-spin correlations,

Cm5
d~Um!

dT
5(

l
(
i , j

Jle ie j

d~^SiSj& l !

dT
, ~3!

where theJl are assumed independent of temperature. T
temperature-dependent birefringence (Dn), the difference
between the indices of refraction along the spin ordering a
and perpendicular to it, depends only on a linear combina
of the same correlation functions. The temperature deriva
yields

d~Dn!

dT
5(

l
(
i , j

I le ie j

d~^SiSj& l !

dT
. ~4!

In general the values of the coefficientsI l associated withDn
are not related to the respective valuesJl . Nevertheless, we
will find a proportionality betweenCm and d(Dn)/dT in a
temperature regime where the temperature dependence o
contributing correlationŝSiSj& l are all proportional. This is
necessarily the case in the critical region of a phase trans
where the correlation length grows larger than any relev
interaction length and all spin-spin correlations necessa
have the same temperature dependence. We may also fin
excellent proportionality betweenCm and Dn in the case
where one magnetic interaction dominates in bothCm and
d(Dn)/dT. Such is the case3 of MnF2, where the proportion-
ality holds accurately over a very wide temperature ran
5,T,100 K. A lack of proportionality has been observed
pseudo-low-dimensional systems2,18 where neither of the
above conditions holds. The percolation threshold prese
another opportunity to observe a breakdown in proportion
ity betweenCm andd(Dn)/dT, since small frustrating inter-
actions can affect spins with few or no neighbors connec
by the dominant exchange interaction. We will show that t
is indeed the case for the percolation threshold sam
Fe0.25Zn0.75F2. We will also show that the behavior is readi
interpreted using the results of MC simulations of this Isi
antiferromagnet.

The Fe0.25Zn0.75F2 crystal was cut from a boule grown19 at
the University of California, Santa Barbara. For the adiaba
heat pulse technique, the 2.24-g sample was mounted
thin sapphire plate using GE7031 varnish. A small Stablo
800 wire heater, connected to a four-wire constant-pow
supply, was wound and varnished onto the sapphire plate
shielded carbon thermometer was attached with varnish
the sample and was connected using a four-wire techniqu
a current ratio transformer resistance bridge. The sample
suspended inside a sample chamber by 0.0254-mm Be
wires used to connect to the thermometer and heater. W
providing good electrical connections, the alloy wires pr
vide only a small heat leak from the sample to the cop
sample chamber. In this way, the heat generated by the t
mometer leaks away from the sample in a way controlled
a temperature difference,dT, between the sample chamb

the
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and the sample. In the absence of a heat pulse, the sa
temperature can remain constant ifdT is properly controlled.
This is done by controllingdT with a bridge and controller
using the sample thermometer and a thermometer locate
a cold finger, commercially calibrated forH50, upon which
the sample chamber is mounted. A second thermomete
the cold finger is used with a second bridge to determine
absolute temperature. A preliminary calibration is perform
to determinedT versusT such that the sample temperatu
does not drift in the absence of a heat pulse. The calibra
is incorporated into computer control algorithms so that
balance is automatically preserved over the entire temp
ture range during a specific-heat experiment. The comp
applies a pulse and determines the resulting change in
perature, from which the specific heat is calculated. The th
mometry sensitivity is approximately 50mK. The pulse en-
ergy ranged from approximately 3mJ at the lowest
temperatures to 8 mJ at the highest temperatures where
surements were made. After collecting specific-heat data
the sample and addenda, the sample is removed from
sample chamber and the thermometer is fixed to the sapp
plate. The specific heat of the thermometer, the sapp
plate, the varnish and the wires is then measured atH50.
This background specific heat is subtracted from all of
specific-heat data before further analysis. The phonon co
bution to the total specific heat is approximated by the De
model, valid at temperatures small relative to the Debye te
perature. The Debye temperature20 for pure nonmagnetic
ZnF2 is 250 K and that of FeF2 is 256 K. We weighted the
two pure Debye temperatures by the respective concen
tions to obtain a Debye temperature of 252 K f
Fe0.25Zn0.75F2. The Debye specific heat is calculated with th
Debye temperature and is subtracted from the data lea
the magnetic component of the specific heat (Cm) which can
then be used in comparisons withDn and MC results.

For the birefringence (Dn) measurements, two faces we
polished parallel to the spin-orderingc axis. A linearly po-
larized laser beam (l5632.8 nm! impinges normally upon
the sample with a polarization 45° to thec axis. The beam
traverses a distance of 8.05 mm through the sample. A
mm pinhole in front of the sample minimizes the effects
concentration gradients and vibrations. The Se´narmont tech-
nique is used to measureDn with a resolution of 231029.
Calibrated carbon resistance thermometers, used for
low-field dependence and high sensitivity, yield a tempe
ture stability better than 50mK. The sample was zero-field
cooled~ZFC! to 5 K before slowly raising the temperature
approximately 0.1 K steps. About 400 s were required
establish equilibrium and to measureDn at each step. Rea
sonable variations in the rates of heating and cooling
stabilization times had no observable effect on the data.

The correlation functions for the first three neare
neighbor pairs have been calculated using MC simulatio
The magnetic lattice corresponding to the body-center
tetragonal Fe12xZnxF2 lattice is described as two cubic su
lattices of sizeL3L3L each, delineated as one-dimension
arrays bit coded to accommodate large lattice sizes. Al
the results reported here were obtained withL5256, corre-
sponding to more than 3.33107 sites magnetically occupie
with probabilityx. Beginning at high temperature each ma
netic site is randomly visited many times and flipped with
ple
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probability given by either the heat bath or metropolis alg
rithm in temperature steps of 0.01 K. Both periodic bound
conditions and free boundary conditions were applied to
lattices as they were cooled and then warmed in magn
fields of H50 and 2 T. The first three nearest-neighbor
teractions were included in the Hamiltonian with valu
taken from spin-wave dispersion measurements14 for FeF2,
whereJ1520.069 K, J255.278 K, andJ350.279 K. The
correlation functions for these three types of neighbors w
calculated at each temperature step and averaged ove
different configurations of magnetic spins. Increasing
number of MC steps per temperature step dramatically
not change the results once a minimum number of step
performed so that the simulation stays in quasistatic equ
rium at each temperature. The proportionality constant
tween Cm and d(Dn)/dT is found10,11 to be the same in
Fe0.93Zn0.07F2 and Fe0.46Zn0.54F2 such that, ACm
5d(Dn)/dT, where A59.1731026. Our sample
Fe0.25Zn0.75F2 is near the percolation threshold concentrati
and cannot obtain long-range order associated withJ2. How-
ever there is short-range order which produces a roun
peak in theCm data at aboutT523 K. d(Dn)/dT vs T data
agree with theCm data near this peak when the proportio
ality constantA59.1731026 is used as shown in Fig. 1
However, at low temperatureCm and d(Dn)/dT are no
longer proportional.

MC simulations provide the opportunity to investigate t
relative importance of the different nearest-neighbor inter
tions on the birefringence. The second-nearest-neighbor
teraction dominates the energy Hamiltionian. Therefore
specific heat is dominated by the temperature derivative
the second-nearest-neighbor correlation at the percola
threshold concentration. However, the simulations indic
that d(Dn)/dT is significantly governed by the temperatu
derivative of the third nearest-neighbor correlation. This
evident because the two different correlations have contr
ing low-temperature behaviors, with only the third-neare
neighbor one changing the sign of its slope at low tempe
ture as shown in Fig. 2.

In Fig. 3 we show the MC results for the IsingCm in the

FIG. 2. The first three nearest-neighbor correlation functio
G l5(^ i , j &e ie j^SiSj& l /N, whereN is the number of sites, versusT
for Fe0.25Zn0.75F2 from MC simulations. Note the change in sign o
the slope in theH50 T curve at 8 K.
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percolation threshold concentration simulation along w
thed51 Ising and Heisenberg exact models. It is reasona
to expect that thed51 Ising model should correspon
roughly to the behavior of the simulation. In both syste
the spins have an average of two neighbors, there is a sim
energy gap and each should have a vanishing specific he
high temperature. Thed51 Heisenberg model, on the othe
hand, has a finite specific heat at zero temperature~the model
is not strictly followed by any real system at low temper
ture!. This comparison does help to explain the fact that
MC data, shown again in Fig. 4 as the small amplitude cur
do not correspond very well to the experimental data.
though the real system has a large anisotropy, it neverthe
has a Heisenberg interaction. While the system exhibits
energy gap and its specific heat falls to zero as the temp

FIG. 3. The magnetic specific heatCm /R versusT for various
models. TheCm per spin predictions have been divided by four
anticipation of a comparison with Fe0.25Zn0.75F2, where the molar
specific heat is per Avogadro’s number of molecules, which
cludes the zinc and is four times larger than the number of spi

FIG. 4. The magnetic specific heatCm /R5Cp /R2B, whereB
is the background, versusT for Fe0.25Zn0.75F2. The phonon contri-
bution to the specific heat has been subtracted as discussed
text. The lower thin line is a fit using only the second neare
neighbor correlation function from MC simulations. The MC resu
are then scaled by a factor of 1.5 to obtain a good fit to the exp
mental data at low temperature.
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ture is decreased, a significant amount of specific heat n
T510 K is attributable to this Heisenberg interaction. Sin
we are interested in the relative contributions to the birefr
gence from the frustrating third nearest interaction,
choose to multiply the pure Ising behavior of the MC data
a factor of 1.5, thereby obtaining the good fit forT,20 K
exhibited in Fig. 4.

As mentioned above, at magnetic concentrationsx50.93
and x50.46 it has been shown10,11 that the proportionality
betweenCm andd(Dn)/dT is approximately the same as fo
pure FeF2. If we assume the same proportionality for th
percolation threshold concentration in the temperature
gime whereCm andd(Dn)/dT are proportional and that th
third nearest-neighbor correlation dominates the behavio
the birefringence, we obtain

AJ2(
i , j

e ie j

d~^SiSj&2!

dT
5I 3(

i , j
e ie j

d~^SiSj&3!

dT
. ~5!

Furthermore, in this temperature regime we expect

(
i , j

e ie j^SiSj&252(
i , j

e ie j^SiSj&3 , ~6!

where the factor of 2 arises because there are eight sec
nearest neighbors and only four third-nearest neighbors. T
allows us to calculateI 3 in the previous equation to b
4.8531025. With this value of I 3 and the third nearest
neighbor correlation from MC simulations we obtain a go
fit to d(Dn)/dT at low temperature using the same factor
1.5 used forCm , as shown in Fig. 5. We stress that we ha
calculatedI 3 in a regime whereCm andd(Dn)/dT are pro-
portional and used this value to fit the simulation results
d(Dn)/dT, so it is striking that the fit works well belowT
58 K whereCm andd(Dn)/dT are no longer proportional
This provides strong evidence that the third nearest-neigh
correlation dominates the birefringence at low temperat
and in the region whereCm andd(Dn)/dT are proportional.

-
.

the
-

i-

FIG. 5. The temperature derivative of the birefringen
d(Dn)/dT versusT for Fe0.25Zn0.75F2. Note the change in sign in
this H50 T curve at 8 K. The curve through theH50 data is a fit
using only the third-nearest-neighbor correlation function from M
simulations with the coefficientI 3 and then scaled by the sam
factor of 1.5 used to fit theCm data in Fig. 4. The curve through th
H52 T data is the corresponding fit using the third-neare
neighbor correlation from theH52 T MC simulation.
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However, a small contribution from other correlations c
not be ruled out. Detailed fits between the correlations c
culated by MC simulation and the birefringence below 8
suggest such contributions are less than ten percent.

To understand why the small, frustrating third-neare
neighbor interaction affects the third-nearest-neighbor co
lation but has little effect on the second-nearest-neigh
correlation, we turn to the computer simulations. When
simulation is run with only theJ2 interaction included in the
Hamiltonian, all three nearest-neighbor correlations have
same temperature dependence as expected. Close insp
of the MC simulation result show that 1.60% of the sites fl
at low temperature as a result of the frustration. This is cl
to the probability of having a site that contains a spin hav
J3 interactions but noJ2 interactions which is 1.71%. Thi
suggests that it is the spins that are not dominated by thJ2
interactions that can order via theJ3 interaction. The order-
ing of these spins is thereby dominated by theJ3 interaction
and the temperature derivative of the difference betw
third-nearest-neighbor correlations calculated with and w
out theJ3 interaction present shows a typical Schottky pe
around a temperature comparable to the interaction stre
times average number of neighbors. Since the probabilit
finding such spins decreases dramatically above the perc
tion threshold concentration, no such effect should be
served at larger concentrations.

We finally turn to the effect of an applied field on th
behavior ofd(Dn)/dT and hence the third-nearest-neighb
correlations. Having determined the zero-field proportion
ity between the birefringence data and simulations of theJ3
correlations at low temperature, we can now test whether
same proportionality holds in an applied field even thou
the correlations themselves change significantly with an
plied field at low temperatures. In Fig. 5 we show the m
sured behavior ofd(Dn)/dT vs T in an applied fieldH52 T
along thec axis. Also shown in the figure is the MC predic
tion for the behavior based on the value ofI 3 obtained for
zero field. The fit is clearly good. Hence the value ofI 3 has
not changed significantly and the simulation correctly d
scribes the temperature dependence of the birefrincenc
the presence of an applied field. This result is important si
the birefringence technique has been used extensively4 to
study the RFIM which is realized by applying a field
dilute anisotropic antiferromagnets above the percola
threshold concentration. Near a phase transition the pro
s

ys
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tionality betweenCm andd(Dn)/dT holds in a field and the
birefringence technique will yield the proper critical beha
ior. This is important because the birefringence techniq
invariably yields higher quality data.

We have demonstrated that a small frustrating interac
J3 affects the corresponding correlation, causing a reversa
the sign of the temperature derivative at temperatures c
parable to the interaction strengthJ3. In turn, this causes a
reversal in the temperature derivative of the birefringence
the case of Fe0.25Zn0.75F2. The behavior of the birefringenc
in this system is fortuitious because it allows us to determ
that third-nearest-neighbor correlation is the dominant o
responsible for the birefringence. In most other cases od
53 systems, one cannot determine the source of the bire
gence because all the correlations have similar tempera
dependences. The fact that the proportionality, given byA, is
nearly constant forx between the percolation threshold an
pure concentrations in FexZn12xF2 strongly suggests that th
birefringence is dominated by the third-nearest-neighbor c
relations for all concentrations. We used the value ofJ3 mea-
sured for pure FeF2. The good agreement between the M
simulation and the data suggests that the strength of the
trating interactionJ3 is close to the same value in the perc
lation threshold concentration sample. Spin-glass-l
behavior21 near the percolation threshold has strongly hin
at frustration in Fe0.25Zn0.75F2, but the strength of the frus
tration has not been previously determined. Far above
percolation threshold concentration, or at high temperatu
near percolation, this frustrating interaction has little affe
on the ordering processes or correlations, which all have
same temperature dependence.

By comparing experimental data forCm and d(Dn)/dT
and interpreting the results using MC simulation results,
have been able to explain why the proportionality betwe
Cm and d(Dn)/dT fails at low temperature near the perc
lation threshold concentration but holds at higher tempe
tures. From the modeling we have done, we have adde
the understanding of the origins of the birefringence in
experimental system. We also have shown that the biref
gence technique is well behaved even in a field and, a
well documented,4 the critical behavior of the RFIM is faith-
fully characterized with the birefringence technique.

This work was funded by Department of Energy Gra
No. DE-FG03-87ER45324.
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