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Specific-heat anomaly of a ferromagnet in finite magnetic fields
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Low-temperature specific-heat data of two ferromagnetic Eu,Sr;-4S samples (x=1 and 0.7) in
external magnetic fields between 0 and 50 mT are reported. It is observed that the sharp zero-
field anomaly persists in finite fields with the peak temperature shifting towards lower tempera-
ture with increasing field. This apparent decrease of the Curie temperature, previously found in
other systems, is explained in terms of demagnetization effects alone, the field dependence of the
peak temperature being determined by S, the critical exponent of the spontaneous magnetization.

Strictly speaking, any paramagnetic-to-ferromagnetic
phase transition is suppressed in finite magnetic fields.
This is due to the fact that in finite fields a magnetization
exists in the sample at all temperatures and a critical tem-
perature, which in zero field signals a symmetry breaking,
no longer exists. Thus, in magnetization measurements
great care has to be taken to extrapolate to low enough
magnetic fields in order to obtain the true critical behav-
ior. Over many years considerable effort has been put into
understanding the analytical form of this extrapolation
(critical isotherms).

Much less is known of how the specific-heat anomaly
associated with a ferromagnetic transition is modified in
finite magnetic fields.!"> In a recent comprehensive study
of the critical behavior (in zero field) of the random fer-
romagnet Eu,Sr;-,S, we have investigated the specific-
heat anomaly occurring in these compounds at their Curie
temperature. 3

In this paper we present new data which show that a
fairly sharp specific-heat anomaly persists in finite mag-
netic fields with the peak of the anomaly occurring at pro-
gressively lower temperatures as the magnetic field is in-
creased. We demonstrate quantitatively that this ap-
parent decrease of T, is a consequence of demagnetization
effects alone and not due to the internal critical behavior
of these materials, as has been suggested some time ago.'
These results are consistent with recent measurements on
the LiHoF, ferromagnet. >

Specific-heat measurements were performed on a EuS
and Eug 7Srq 3S single crystal. The crystals were grown at
about 2500°C in a closed tungsten crucible. The ap-
proximate dimensions were 1x1x3 mm? with the EuS
crystal being rather irregular in shape. The specific heat
was determined by a standard heat-pulse method with the
crystals being mounted on a sapphire sample holder.® The
temperature resolution was better than 1 mK, the absolute
accuracy of the specific heat being about 1%.

Figure 1 displays low-temperature specific-heat data for
. two Eu,Sr;-,S samples versus temperature 7. For both
samples the temperature of the zero-field cusp agrees well
with the independently determined Curie temperature:®
T¢c=16.46 and 8.48 K for the x =1.0 and 0.7 samples, re-
spectively.

One would expect that in finite magnetic fields the mag-
netization is stabilized by the field and the breakup of the
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magnetic correlation should occur at higher temperatures.
Indeed, the specific-heat curves Cy(T) in a magnetic field
H cross each other within a narrow T range, with Cy(T)
being largest for the highest field at higher temperatures.
However, the sharp zero-field cusps persist in finite field
with only a small degree of broadening, the cusp tempera-
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FIG. 1. ‘Specific heat C4(T) in various external magnetic
fields 0<H <50 mT vs temperature 7 for two EuxSr;-.S
samples with x =1.0 and 0.7, and with Curie temperatures of
Tc=16.46 and 8.48 K, respectively.
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tures being systematically lowered with increasing field.
At first sight this might be interpreted as a field-induced
decrease of the ordering temperature. In the following,
we will show quantitatively that this suppression of the
specific-heat cusps is, rather, a direct consequence of
demagnetization effects and is therefore not representative
of the intrinsic thermodynamic behavior of the samples.

As can be seen in Fig. 1, at low enough temperatures
the specific heat Cy(T) in a magnetic field H is indepen-
dent of H and equal to Co(T), the specific heat in zero
field. With increasing temperatures, Cy (T') starts to devi-
ate from Co(T) rather suddenly at a temperature 7,
which depends on the applied magnetic field. This behav-
ior is quite similar to that recently observed for the Ising
ferromagnet LiHoF4.2 The independence of Cy(T) of H
at lower temperatures is a trivial consequence of the fact
that the sample shields the applied field H, causing the
internal field H; =H — NM to be zero (NN is the demagnet-
ization factor, M is the magnetization). The sample ac-
complishes this by adjusting its domain structure to pro-
duce a net magnetization of M =(1/N)H."?>" In order
for the sample to be able to completely shield H, it has to
be ideally soft with no hysteretic behavior. This is indeed
true for the: Eu,Sr;—.S samples.® Because H; is the
relevant field responsible for the intrinsic thermodynamic
behavior of the sample, it is of no surprise that as long as
H; ==(l),2 Cy(T) is independent of H, the applied magnetic
field. "

With increasing temperatures, the magnetization of the
individual domains, i.e., the spontaneous magnetization
M, decreases according to Ms=M(1 —T/Tc)?, where
M, is the spontaneous magnetization at zero temperature,
T¢ the Curie temperature, and 8 the critical exponent of
M.% Because of this decrease of M for increasing T, the
sample has to align more and more domains to keep its
magnetization at M =(1/N)H, the value necessary for
H;=0. With increasing temperature, a point 7* will be
reached at which all domain walls are driven out of the
sample and M =M. This is the maximum magnetization
possible for the sample and, at T*, Ms is just enough to
shield the external field. At any higher temperatures
(T > T*), the magnetization of the sample, now always
being Mg, is too small to shield the external field and the
internal field H; =H — NM is finite. Thus,

Hi=H—NMy(1—T/Tc)? for T*<T=<Tc,
and 1)
H;=0 for T<T*.

The larger the magnetic field H the lower T* is. In the
above consideration, we neglected for simplicity the field-
induced magnetization, i.e., the magnetization induced by
a finite internal field, in addition to the spontaneous mag-
netization: M =Ms+y(T)H; for T* < T < T¢.

We now show that the temperature T,, at which
Cy(T) starts deviating from Co(T) (see Fig. 1), is just
the temperature T*, the temperature above which H; is
no longer zero. The sudden decrease in Cy(T) for
T > T, is then due to the rather fast increase in H; with
increasing temperature [Eq. (1)]. The closer T* is to T,
the faster H; increases, i.e., the faster the specific heat is
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suppressed. The somewhat larger rounding observed for
the x=1 crystal is probably due to the rather irregular
shape of this sample leading to a nonuniform internal
field.

Using Eq. (1) with T* =T,,, we can now predict a field
dependence of the temperature T, of the specific-heat
cusp. Setting H; =0, Eq. (1) yields an equation for T,:

0=H—NM¢(1—T,/Tc)*?
or )
logi1o(AT/T¢) =B~ 'logio(H/NM,) ,

where AT =T — T, is the decrease of the cusp tempera-
ture. Figure 2 displays, on a log-log plot, AT vs H for
both samples investigated. The error bars correspond to
the precision with which T, can be determined from the
data in Fig. 1. The absolute value of AT depends on both
N and M,, which are not well known for our samples.
Thus, the absolute values of AT in Fig. 2 are of no
significance. However, in the log-log plot of Fig. 2, the
data should lie on a straight line with slope 8~ !. Also
shown in Fig. 2 are results for the Ising ferromagnet
LiHoF, (Ref. 2) with H scaled down by a factor of 10.
The lines through the points in Fig. 2 have been drawn
with a slope of 8! with 8=0.365 and 0.425, the critical
exponents of the spontaneous magnetization for EuS and
Euo ;Sto3S as taken from the literature,®® and B=0.325
for the Ising ferromagnet LiHoF,.® As can be seen in Fig.
2, these slopes are in excellent agreement with the experi-
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FIG. 2. Decrease of the specific-heat cusps AT =T¢ —Tp, Vs
external field H on a log-log scale. The lines through the
Eu,Sri—,S data points are drawn with slope of g~! where
B=0.365 and 0.475 for the two samples with x =1.0 and 0.7, re-
spectively. The LiHoF4 data are from Ref. 2. The actual mag-
netic fields from those measurements are scaled down by a fac-
tor of 10. The dashed line through these points correspond to
the Ising value of $=0.325.
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mental points. This convincingly proves our identification
of the temperature of the specific-heat maximum with T*.

In conclusion, we have shown that the specific heat of
ferromagnets in a small external magnetic field displays a
fairly sharp cusp similar to that observed in zero field.
The temperature at which the cusp occurs is systematical-
ly lowered with increasing field. We have demonstrated
that the cusps in a field are mainly due to the demagneti-
zation effect, causing the internal field to increase sudden-
ly from zero to a finite value as the temperature is raised

beyond a certain value. This sudden increase in the inter-
nal field causes the observed drop in the specific heat.

In order to calculate this decrease in Cy (7T), one would
have to know the specific heat at constant internal field
which can only be determined in the limit of the applied
magnetic field H> NMs, i.e., at either high magnetic
fields and/or small demagnetization factors.
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