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Heat pulse specific-heat measurements are compared with data from optical linear birefringence
techniques in the dilute antiferromagnet Fe 4Zn, s4F, for applied magnetic fields H <1.5 T. The
optical technique is shown to reproduce the dynamically rounded symmetric specific-heat peak for
H=0. Hysteretic effects resulting from cooling the sample in the field are observed in a similar
manner for both techniques. The relationship to previous specific-heat measurements in other

random-field systems is discussed.

The static and dynamic properties of the three-
dimensional (d =3) random-field Ising model (RFIM) are
being characterized as a result of numerous experimental
and theoretical investigations. It is now well estab-
lished' ™3 that a phase transition exists for the d =3
RFIM and appears to be second order.*> Experimental
attention is now directed toward measurements of the
static and dynamic critical behavior. We present mea-
surements of the specific heat obtained from pulsed heat
techniques and address the relation of this more conven-
tional technique to the optical ones first used to charac-
terize the magnetic specific-heat critical behavior of the
RFIM.

The prime experimental realization of the RFIM is
found in the dilute anisotropic antiferromagnet with
short-range interactions and a magnetic field (H) applied
along the easy axis.®7 Of the systems studied,
Fe,Zn, _,F, is the best understood and characterized, al-
though experiments have been carried out on systems
such as Mn,Zn,_,F, and Fe,Mg,_,Cl, as well. These
latter systems will be discussed after the results of the
present experiment.

The antiferromagnet FeF, has a body-centered tetrago-
nal (bct) structure and is isomorphous with the diamag-
net ZnF,. The magnetic interactions in FeF, consist of a
dominant second-nearest-neighbor antiferromagnetic ex-
change J,=2.62 K, each Fe?" ion with eight such neigh-
bors, and a strong, predominantly single-ion anisotropy
D =9.29 K.® Fe, Zn,_,F, crystals can be grown with
extremely high crystalline quality. With considerable
effort, crystals can be produced with relatively small gra-
dients in the concentration.® The gradients, if large, may
drastically effect critical behavior determinations.'® For
the sample used in the present measurements the gradient
has been well characterized and gradient effects will not
be observed for reduced temperatures |¢|>4X1074,
where ¢t =(T—T,)/T,. This is the same extremely
homogeneous sample used in a variety of recent experi-
ments. It is approximately 1 cm in diameter and 2 mm
thick and has a mass of 0.60 g.

The critical behavior of the magnetic specific heat in
the RFIM has been extensively investigated in the dilute
antiferromagnet Fe Zn,_,F, using the optical tech-
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niques of linear birefringence!! and, more recently, Fara-
day rotation (FR).!>!3 Strong evidence for the existence
of the RFIM phase transition in three dimensions was
first observed using the birefringence technique."!* That
evidence is in conflict with interpretations derived from
early neutron scattering studies, !* in which the transition
was claimed to be destroyed for three dimensions. It is
now realized from a variety of experiments, including
neutron scattering,* that dynamical effects and metasta-
ble domain structure are intrinsic to the observations of
the RFIM transitions in the dilute Ising magnets, even on
laboratory time scales. 2 It was the unjustified neglect of
these effects that led, in part, to the incorrect conclusion
that the d =3 transition was destroyed. Similar criticism
applies to later claims by several of the same authors that
the same transition is first order.'® If, on the other hand,
the dynamical effects are properly accounted for, the new
critical behavior for the d =3 transition may be studied.
The interpretation of the temperature derivative of the
optical linear birefringence, d (An)/dT, as being propor-
tional to the magnetic specific heat,!!""20 C, /R, has al-
lowed for the evaluation of the specific-heat critical be-
havior of the random-field Ising model. With this inter-
pretation, d (An)/dT shows that the d =3 RFIM exhibits
a symmetric, nearly logarithmic divergence, albeit with
severe dynamical rounding.'?”* Initially the propor-
tionality was assumed to hold in the dilute samples since
it had been shown to do so in the pure systems FeF, and
MnF, to a high degree of accuracy throughout the criti-
cal region.'!'7~20 This still held open, to some extent,
the question of whether an applied magnetic field could
in some way effect the proportionality. This could con-
ceivably happen, for example, if the Zeeman contribu-
tions to the energy behaved differently from the spin-spin
coupling contributions.?! The birefringence technique,
being insensitive to the Zeeman energy would, in this
case, be misleading. This issue was essentially settled by
Faraday rotation experiments on Fe,Zn,_,F, by
Kleemann, King, and Jaccarino. 12 The Faraday rotation
is proportional to the uniform magnetization, and, hence,
the Zeeman energy. The temperature derivative of the
uniform magnetization shows the same symmetric loga-
rithmic behavior as that of d(An)/dT. Since the spin-
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spin interactions and the uniform magnetization show
similar critical behavior, the magnetic specific heat,
which is a combination of the two, must also.

One might also be concerned that the optical tech-
niques might be affected by magnetostrictive strains.?? A
comparison with data obtained using heat pulse specific-
heat techniques on the same crystal could settle this is-
sue. If the same qualitative behavior, namely the peak
becoming nearly symmetric and dynamically rounded, is
observed with both techniques upon the application of a
magnetic field, it can be concluded that the optical tech-
niques do correctly represent the specific-heat critical be-
havior. )

If the optical techniques do show the specific-heat criti-
cal behavior, the only difference expected when using
d (An)/dT, FR, or direct specific-heat measurements is in
the dependence of the amplitude of the random-field log-
arithmic behavior on the applied field.!?> The amplitudes
have been shown to scale as H”, where y =0.56 and 0.13
for the FR and C,, /R measurements, respectively. The
amplitude for d(An)/dT scales as H” with y =0.13 in
the limit of small field, where the Zeeman contribution
becomes relatively small. Hence, one would expect the
peak amplitude for C,, /R and d (An)/dT to have a very
similar field dependence for the small fields, H <2T, used
in this experiment. The prediction y =0.13 appears to be
consistent with birefringence observations. 4

We chose to perform the specific-heat measurements
using a variation of the classical heat pulse technique in
which the rise in temperature of the sample is related to a
well-determined heat pulse given to the sample.?3 Tech-
niques which are based upon oscillating the heat input (ac
specific heat) to the sample or upon continuous heating
or cooling of the sample seem not to yield critical behav-
ior characterizations which are as accurate as those ob-
tained using pulse techniques. For example, Ikeda et
al.,* using an ac technique, obtained non-Ising critical
parameters for MnF,, whereas Nordblad et al.,» ob-
served Ising-like critical behavior for the same system.
Moreover, in systems such as the random-field Ising sys-
tems, which display severe dynamical effects, techniques
that rely upon the rapid response of the sample may yield
very misleading results.

With the pulse technique the sample is often very well
isolated thermally from its enclosure by hanging it from,
for example, a silk thread. The small drift in temperature
is then observed and subtracted from the temperature
change following the heat pulse. This method had to be

modified in our case since a strong magnetic field must be -

applied along the c axis to generate the random fields. To
hold the sample in place in the strong field, we used three
pairs of No 46 copper wires spanning about 0.6 cm from
the sample to the walls of the sample container. Two of
the twisted pairs were used for a four-wire measurement
of the carbon thermometer resistance. The third pair was
used for the sample heater. The sample temperature was
stabilized not by thermal isolation but rather by carefully
controlling the thermal shield temperature so that the
heat generated in the sample thermometer (approximate-
ly 2 uW) was precisely equal to the heat conducted to the
shield along the wires and to a much smaller degree by
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radiation. This was accomplished by using a matched
carbon resistance thermometer on the shield in the same
orientation and in close proximity to the sample ther-
mometer. The difference between the sample and shield
temperature was maintained such that there was a drift
of less than 20 uK per minute in the sample temperature.
This stability is demonstrated in Fig. 1. Heat pulses were
applied at a constant power of 400 uW, determined using
a four-wire measurement, for 5- to 30-s durations. The
heat pulse was accurate to at least 0.1%. When a heat
pulse is given to the sample, both the sample and shield
temperatures rise together to a new equilibrium tempera-
ture. The absolute shield temperature is determined us-
ing a third carbon thermometer, which has been calibrat-
ed. From the change in shield temperature and the
sample-shield temperature difference, the actual sample
temperature rise is calculated. The error in the measured
specific heat introduced by the tracking error of the tem-
perature controller is much less than 1% of the total
specific heat. As the sample temperature rises with suc-
cessive hot pulses, the sample-shield temperature
difference must be adjusted appropriately to maintain
sample temperature stability after the heat pulse has end-
ed. The adjustment was typically 20 uK per 0.01 K
change in 7. This latter procedure assumes that the sam-
ple attains thermal equilibrium on at least the time scale
of the sample holder, a point to which we will return.

For the random-field Ising model systems in three di-
mensions, metastable domain formation results in hys-
teresis near the phase boundary.?® It was necessary,
therefore, to investigate the behavior of the specific heat
upon cooling the sample through the critical region with
H=0 [field cooled (FC)]. This was accomplished by ad-
justing the sample-shield temperature difference, AT, so
that the sample temperature decreased. When the ap-
propriate temperature was reached, AT was again adjust-
ed to stabilize the sample temperature. The heat pulse
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FIG. 1. The drift of the sample container temperature with
time. The output voltage of the sample container bridge is
shown as a function of time, while the temperature difference
between the sample and container is maintained with a second
bridge and a temperature controller. The voltage change corre-
sponding to a 60-uK temperature change is indicated by
offsetting the first bridge, inducing the voltage jumps shown at
one-minute intervals in the figure. When the temperature
difference is accurately adjusted, the drift in the sample con-
tainer temperature varies on the order of 20 uK per minute or
less.
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was then applied in the same manner as in the zero-field-
cooled (ZFC) procedure, producing a small rise in the
sample temperature which then yielded the specific heat.
Although this FC procedure proved to be slightly less ac-
curate than the ZFC one, the FC peak is rounded and
less resolution is needed to accurately characterize its
shape.

The total specific heat measured for H =1.5 T, includ-
ing contributions from the sample thermometer, heater,
and varnish, is shown in Fig. 2. The phonon contribu-
tions and the combined contributions from all nonmag-
netic sources are indicated. The nonmagnetic contribu-
tions clearly constitute a significant part of the total
specific heat.

Figure 3 shows the results for the magnetic specific
heat after ZFC in fields of H =0, 0.5, 1.0, ad 1.5 T. The
specific heat of the wire, thermometer, and GE7031 var-
nish was independently measured and has been subtract-
ed. The nonmagnetic phonon contributions have been
subtracted as well. The phonon subtraction was done by
invoking the corresponding states arguments used by
Stout and Catalano?®’ to determine the phonon contribu-
tions for FeF, using the data directly obtained for ZnF,.
We used the approximation that at these low tempera-
tures the phonon contributions to the specific heat of
Fe,Zn,_,F, can be obtained from that determined for
FeF, and ZnF, simply by taking into account the square-
root dependence of the specific heat on the mass and us-
ing the appropriately weighted average. The assumptions
are that the long-wavelength phonons are insensitive to
the short-range chemical randomness, and that the elastic
bonds are largely insensitive to whatever constituents are
nearest neighbors.

For comparison we also show in Fig. 4 the data ob-
tained by Ferreira et al.,’® using the optical linear
birefringence technique. In the latter case no adjustment
for the phonon contribution is made since d (An)/dT is
very insensitive to it, which is one of the great advantages
of the technique. We have normalized the d(An)/dT
versus T data using the same proportionality found be-
tween C,, /R and d (An)/dT for the pure FeF, case. This
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FIG. 2. The total specific heat, including contributions from
the spin system, the lattice, the thermometer, the wires, and the
varnish, vs T with an applied field of 1.5 T.
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FIG. 3. The magnetic part of the specific heat (C,, /R) vs T
for H=0, 0.5, 1.0, and 1.5 T obtained upon cooling the sample
in zero field, raising the field, and warming through the transi-
tion (ZFC).

is partly justified by the constancy of the proportionali-
ty? found for the system Mn,Zn,_ F,. Unfortunately,
the large single-ion anisotropy in the Fe, Zn,_,F, system
prevents an accurate determination of the proportionality
directly from energy or from entropy'! considerations as
was done for MnF,.

The similarity in the shape and magnitude between
d(An)/dT versus T and C,, /R versus T is quite en-
couraging. The asymmetric cusp at T expected>* 3 for
the random-exchange Ising model (REIM) is apparent for
both sets of data for H =0. As H increases, the peak
shapes become symmetric in both cases. The only
difference between the two sets of data is in the noncriti-
cal background. This is most probably a result of sys-
tematic errors in the magnetic specific-heat determina-
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FIG. 4. d(An)/dT vs T, obtained using the ZFC procedure
by Ferreira et al., normalized using the measured proportionali-
ty between C,, /R and d(An)/dT for FeF,. No correction for
the very small nonmagnetic contributions to d(An)/dT has
been made.
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tion. Unfortunately, the low concentration of this sample
prevents us from obtaining sufficient accuracy to warrant
a serious critical behavior analysis to determine the criti-
cal exponent and amplitude ratios. The more sensitive
optical technique is better suited to this purpose.

It is important to verify that the FC nonequilibrium
behavior of d (An)/dT versus T actually reflects the be-
havior of C,, /R versus 7. We have verified this by using
the FC technique described to measure the specific heat
of Feg 4¢Zn, s4F, while cooling in an applied field. The
accuracy of this procedure is not as high as that of the
ZFC procedure used to obtain the data shown in Fig. 2.
We were, nevertheless, able to verify that the peaks are
rounded by the applied field, and the data, shown in Fig.
5, compare well with those obtained optically, as shown
in Fig. 6. Unfortunately, the measurements in the latter
case were made at H =0.5, 1.0, and 1.9 T, whereas we
could only reach a field of H=1.5 T in our present ap-
paratus. The hysteresis in the specific heat is readily evi-
dent in both cases and is of comparable magnitude and
shape. We therefore conclude that the hysteresis ob-
served optically is indeed a reliable representation of the
nonequilibrium properties of C,, /R versus T.

As mentioned earlier, the pulse technique is used here
with the assumption that the crystal comes into thermal
equilibrium within a few seconds of the heat pulse. The
drift in temperature after the pulse is eliminated by
slightly adjusting the temperature shift AT between the
sample and shield. In Fig. 7 we show AT versus T deter-
mined in this manner for H =0, 1.0, and 1.5 T. For
H =0, AT varies nearly linearly with 7 and no indication
of the transition occurring at T =36 K is observed. This
is expected since AT should depend only upon the heat
generated in the thermometer and the heat conduction
via the wires and radiation. The H =40 cases, on the other
hand, show marked deviations from linearity in AT
versus 7 near the transition temperatures. Although
these deviations from linearity represent very small
changes in AT, and hence affect the measurements of
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FIG. 5. C,, /R vs T with H=1.0 and 1.5 T for ZFC and for -
the procedure in which the sample is cooled through the transi-
tion with the field applied (FC). Metastable domains are formed
upon FC, and the peak appears rounded.
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FIG. 6. d(An)/dT vs T for ZFC and FC with H =1.0 and
1.9 T. The hysteretic behavior in this optical technique corre-
sponds very well with that observed in the C,,/R measure-
ments.

C,,/R versus T very little, they do reflect the strong
dynamical effects of the RFIM as observed in dilute anti-
ferromagnets.

It has been shown with various techniques that ex-
treme critical slowing down takes place close to 7,. The
dynamical effects are manifested as a rounding of the
nearly logarithmic divergence in C,, /R as observed opti-
cally at very small |¢|. In ac susceptibility measure-
ments3* it is observed as a frequency-dependent rounding
of the uniform susceptibility peak near 7,. In neutron-
scattering experiments,* nearly logarithmic time depen-
dences are observed in the scattering intensity from
order-parameter fluctuations close to 7, near the antifer-
romagnetic (100) Bragg point. In the present measure-
ments we find that the crystal takes a long time to equili-
brate. The procedure used to stabilize the sample tem-
perature by adjusting AT after each heat pulse overcom-
pensates in that the natural time dependence of the
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FIG. 7. The difference in temperature, AT, between the sam-
ple and its enclosure vs T— T, for H =0, 1.0, and 1.5 T. AT is
set so that the sample temperature drift is minimized. The ex-
pected linear behavior is observed for H =0. For H=40 non-
linearity is caused by the critical dynamics near T,.



4422

crystal’s temperature is masked by making AT slightly
too small. We may, of course, estimate the error intro-
duced in this manner. At T, for H=1.5 T, the error in
AT is at most 0.0016 K. For measurements of order 100
s, it is estimated that the error in C, /R resulting from
the small error in AT is of the order of only 0.1% of the
value measured, which is less than errors from other
sources.

An early experiment by Wong et al.,*® on
Fe, sMg, ;Cl, yielded a very different interpretation of
the behavior of the RFIM specific heat from that given
here. The Fe,Mg,_,Cl, system is, like the Fe,Zn,__F,
one, a very anisotropic antiferromagnet. However,
Fe Mg, _ . Cl, differs in that the spins are strongly corre-
lated ferromagnetically within the planes with weaker an-
tiferromagnetic interplaner correlations. Although its
d =3 ordering transition should asymptotically be de-
scribed by the d =3 Ising universality class, one might be
concerned since well above the expected percolation limit
spin-glass-like behavior is observed. Nevertheless, recent
H=+#0 FR measurements for x =0.7 by Leitao and
Kleemann®® reveal critical behavior, time dependence,
and hysteresis very similar to FR results for Fe, Zn,_  F,.

The experiments by Wong et al.’® on Fe Mg,_,Cl,
were made by lowering and raising the temperature of the
crystal at an extremely rapid rate. The entire critical re-
gion was scanned in about 1 min and the specific heat was
inferred from the rate of temperature change of the sam-
ple. Considering the very slow dynamics associated with
the RFIM transition, 3”3 one must be concerned with the
validity of this procedure. Two points were made based
upon the data obtained. The first is that the crossover ex-
ponent was determined to be ¢=1.25+0.10. That value
of the exponent is disputed by Leitdo and Kleemann who,
based upon optical studies, give the value ¢ =1.41+0.05,
a value in excellent agreement with results from the
Fe,Zn,_,F, system. In the optical system T, was chosen
by examining the detailed shapes of the peaks; whereas
for the specific-heat experiments, T, was simply chosen
to be at the maximum of the peak. Concentration gra-
dients have been shown to introduce systematic errors
into the determination of C,/R when the latter pro-
cedure is used. °

The second point made by Wong et al.*> which war-
rants comment concerns the interpretation of the peak
shapes. It is argued that the H =0 peak is symmetric
with the steeper side at higher 7. This is consistent with
the observations of all other investigators. However, for
H=£0 it is argued that the peak is again asymmetric, but
now with the steeper side on the low-T side. This is con-
trary to the results of the shapes observed in other experi-
ments on Fe,Mg,_,Cl, and Fe,Zn,_ ,F,, in which a
symmetric, dynamically rounded peak is ob-
served. "1271436 perhaps if the transition was more slow-
ly approached and the large noncritical and rapidly in-
creasing background was subtracted from the data, the
peaks would also be observed to be symmetric in the
specific-heat measurements. Based upon the work of
Leitdo and Kleemann, *® there is no reason to suspect any
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difference between the RFIM specific-heat critical behav-
ior of Fe,Mg, _,Cl, and that of Fe,Zn,_F,.

The ac specific-heat technique has been used to study
random-field effects in the weakly anisotropic
Mn, Zn, _, F, system by Ikeda and Kikuta.3**® This sys-
tem has also more recently been examined using the opti-
cal linear birefringence technique by Ramos et al.*! This
antiferromagnet is  structurally similar to the
Fe,Zn, _,F, one, and the exchange fields are nearly
equal.*? The main differences between the two systems
are the nature and strength of the anisotropy. The an-
isotropy in Fe,Zn, . F, is single ion, whereas in
Mn,Zn,_,F, it is dipolar and an order of magnitude
smaller.*> Pure MnF, only shows?® asymptotic Ising be-
havior for |¢| <1073, With dilution the local dipolar
fields should not be precisely along the c axis. Neverthe-
less, the Mn,Zn,_  F, system is interesting since, despite
its weak anisotropy, random-field Ising effects very simi-
lar to those seen in Fe, Zn,_ F, are observed. The asym-
metric zero field cusp and the symmetric peak at H=40
are observed in the Mn,Zn,_,F, system, and the cross-
over exponent has been shown to be 1.43+0.03, in excel-
lent agreement with the Fe,Zn;_ ,F, results. It is ob-
served with ac specific-heat techniques that the peaks be-
come very rounded in a way that might at first appear to
be different from Fe,Zn,_,F,. However, it was shown in
the optical experiments that the concentration gradients
and extreme slowing down of critical fluctuations can
round the peak substantially. The dynamic rounding in
particular should be much more pronounced in the case
of the ac specific-heat measurements since the time scale
for measurements is 0.024 s as opposed to the 100-s time
scale of the optical measurements. Hence, despite
conlcusions based on previous specific-heat measure-
ments, all of the dilute antiferromagnets, Fe,Zn,_,F,,
Fe Mg, _,.Cl,, and Mn,Zn,_,F,, show similar random-
field behavior with an applied magnetic field.

We have seen that the optical linear birefringence does
accurately reflect the critical behavior and hysteretic be-
havior in dilute anisotropic antiferromagnets, with or
without a magnetic field applied. Hence, one may feel
confident using the optical technique to establish the crit-
ical exponents and amplitude ratios for the specific heat
in anisotropic systems with quenched disorder. This is
extremely convenient since the effects of concentration
gradients can be greatly reduced using the birefringence
technique. Furthermore, the systematic errors involving
the subtraction of the nonmagnetic specific-heat contri-
butions are not encountered in the optical measurements.
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