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The photoacoustic technique was used as a simple but accurate tool to simultaneously determine the
specific-heat capacity C and thermal conductivity « of gadolinium in the neighborhood of the Curie point. One
polycrystalline sample and two single crystals of different quality have been investigated as a function of
temperature and external magnetic field B. One of the single-crystal samples was the same as the one for which
Bednarz et al. [Phys. Rev. B 47, 14 247 (1993)] obtained high-resolution C(7,B=0) data by means of ac
calorimetry. Our photoacoustic results are in full agreement with the Bednarz et al. data, thus confirming the
complex crossover behavior found by these authors. The photoacoustic results in the presence of low external
fields clearly were affected by demagnetization effects resulting in the occurrence of kink temperatures in the
Cp(T) curves below the Curie temperature. Information on the temperature dependence of the spontaneous
magnetization could be deduced from the experimentally obtained kink temperatures. Scaling properties for the
B dependence of the specific-heat capacity have also been investigated. The thermal conductivity «(T) for
B =0 shows a clear minimum at the Curie point for the best sample. The minimum is diminished with poorer
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sample quality and in the presence of an external magnetic field.

I. INTRODUCTION

The rare-earth metal gadolinium has many unique proper-
ties. At room temperature, gadolinium undergoes a second-
order ferromagnetic-to-paramagnetic phase transition.
Among the rare earths, gadolinium has the highest magnetic
moment, due to the presence of several unpaired electrons in
the 4f orbital. The isotropic S state of the magnetic spins,
which are well screened from the crystal field by isotropic
5d and 6s electrons, suggests isotropic spin-spin interac-
tions. The ferromagnetic character of gadolinium is believed
to be mainly caused by these isotropic, short-range exchange
interactions between nearest neighbors. Gadolinium is, how-
ever, also characterized by an anisotropic hexagonal crystal
symmetry, which causes a small anisotropic term in the
Hamiltonian. Anisotropy information can in principle be ob-
tained directly from the orientation dependence of order-
parameter data, or indirectly from the symmetry properties of
the universality class, which can be derived from the values
of the critical exponents which describe the behavior of the
physical properties near the critical or Curie temperature
(around room temperature). The presence of these weak an-
isotropic perturbations on the dominant isotropic exchange
interactions is expected to influence significantly the critical
behavior of gadolinium sufficiently close to the Curie point,
and to result in a pattern of crossover behavior. Critical-point
phenomena in gadolinium are consequently quite complex
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and in spite of many experimental and theoretical studies of
a variety of physical properties a detailed understanding is
not yet complete.

Several authors find the experimental behavior of gado-
linium to be anisotropic. Neutron-diffraction results! and
nuclear-relaxation studies® pointed out anisotropic magnetic
properties. Magnetization measurements> showed the exist-
ence of an easy axis of magnetization. The angle between
this axis and the hexagonal ¢ axis varies from 30° at 10 K to
65° at 183 K, and becomes zero for temperatures higher than
232 K. The order-parameter anisotropy was confirmed by
susceptibility measurements.*

In view of the strong isotropic exchange interaction,
which is expected to dominate the weak anisotropic crystal
influence, the significant anisotropy in the experimentally de-
termined magnetic properties of gadolinium is rather surpris-
ing. The influence of crystal anisotropy on the spin states
cannot be due to direct spin-orbit coupling, since the angular
moment of the S-state spins is zero. There are, however,
other interaction contributions which are anisotropic. The
important role of the Rudermann-Kittel-Kasuya-Yosida
(RKKY) interaction’ is clearly illustrated by the experimen-
tal value of the magnetic moment, 7, =0.794 g, which is
larger than the theoretical value, mg=gSug=7up (with g
the gyromagnetic ratio). This excess magnetization is be-
lieved to result from a spin-polarized electron contribution.
Consequently, since the conduction-electron states are
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strongly influenced by the crystal-field anisotropy, they act as
a significant source of anisotropy of the magnetic moments.
Also dipolar interactions are believed to play an important
role in the magnetic properties of gadolinium. These interac-
tions have an isotropic part which decreases with distance as
1/r3 (with r the distance between two dipoles) and an aniso-
tropic part which decreases as 1/r°. Since dipolar interac-
tions have a much longer range than the very localized direct
exchange interaction, they become important when the cor-
relation length increases, thus close to the critical tempera-
ture. According to Geldart and Richard® and Fujiki, De’Bell,
and Geldart” dipolar interactions play a crucial role in the
critical behavior of gadolinium, resulting in crossover
behavior.®’ Recently, renormalization-group calculations'®
for such systems found a complex temperature dependence
of the effective critical exponent y.(z) (with
t=|T—T,/T,): far away from T,, the value of 7y . is
Heisenberg-like, while approaching 7. the effective critical
exponent changes towards uniaxial or isotropic dipolar val-
ues.

Experimental indications of crossover behavior in gado-
linium were found in susceptibility measurements of Geldart
et al.* resistivity measurements of Geldart et al,'' and
muon-depolarization-rate experiments of Dalmas de Réotier
and Yaouanc.'? Also the critical behavior of the specific-heat
capacity, which has been thoroughly investigated,'*!” could
only be interpreted in the framework of complex crossover
behavior between different regimes.17

Besides the theoretical complexity of the critical behavior
of gadolinium, there are also several experimental aspects
which render the analysis complicated. Experimental results
have also illustrated that the critical behavior can vary
strongly, depending on the circumstances during the anneal-
ing process. ° Experimental rounding of the data close to
T, seems to be inevitable in phase-transition investigations
on solids. This rounding is mainly caused by impurities and
crystal strain, rather than by temperature gradients resulting
from the technique employed. More fundamental reasons for
the difficult analysis of the critical behavior of gadolinium
were given by Bednarz, Geldart, and White.!”
Renormalization-group and other theoretical results are al-
ways deduced for single crystals. However, as a consequence
of the energy gain which accompanies a multidomain con-
figuration, real samples are always composed of several dif-
ferently oriented magnetic domains. The influence of the
limited size of domains is important when the correlation
length becomes comparable to the dimensions of the do-
mains and thus close enough to 7T.. According to Bednarz
and co-workers,'”!® this effect only becomes significant for
£<10™%; thus less than 0.03 K away from T, . Also, demag-
netization effects have to be avoided as much as possible.18

The thermal properties of gadolinium have been investi-
gated repeatedly in the past. Specific-heat capacity measure-
ments have been carried out by ac calorimetry'*'®!7 as well
as by adiabatic calorimetry.'>!> Thermal-conductivity data
have been obtained with static gradient methods,'?~%' often
by combining thermal-diffusivity results with specific-heat
capacity data of different experiments and samples.?>? Al-
though the thermal behavior of Gd near the Curie point has
attracted a good deal of attention, many aspects of it are not
yet fully characterized and understood.

12771

The present study involves high-resolution simultaneous
measurements of the specific-heat capacity and the thermal
conductivity of three gadolinium samples near the Curie
point by means of the photoacoustic technique. One of the
samples is polycrystalline and the others are single crystals.
One of these single-crystal samples is the high-quality crys-
tal which was also studied in detail by Bednarz, Geldart, and
White!” by means of ac calorimetry. We have carried out
measurements as a function of temperature for different val-
ues of an external magnetic field. In Sec. II we give a brief
description of our photoacoustic setup allowing the simulta-
neous measurement of the specific-heat capacity C and the
thermal conductivity «. The results obtained for C and « are
discussed in Sec. III and summarized in Sec. IV.

II. EXPERIMENTAL DETAILS

Provided that the proper measuring configuration is cho-
sen the photoacoustic technique®® allows for the simulta-
neous determination of the specific-heat capacity and thermal
conductivity. In our measuring configuration the sample,
which is in contact with air on the top and bottom sides, was
illuminated by a light beam with periodically modulated in-
tensity /=Iyexp(iwt), with w=27f and f the modulation
frequency. In such a configuration, the detected complex
temperature oscillation amplitude for an optically very
opaque sample (which is the case for Gd at He-Ne laser
wavelength of 633 nm) is given by®

(1 —R)IO exp(o-sls)_’—exp(_o-sls)

Oo(w) = : — — (1)
2Vmf(1+i)e; exp(ol,) —exp(—o,l,)

with R the sample reflectivity, e,=(p,C,k,)"* the sample

effusivity, I, the sample thickness, o,=(1+i)/u, and
w=[a,/(7)]"?=[k,/(7fp,C,)]""? the thermal diffusion
length. a,, k,, ps;, and C; are, respectively, the thermal
diffusivity, the thermal conductivity, the density, and the
specific-heat capacity of the sample. The photoacoustic pres-
sure signal, which is produced by the piston effect of a thin,
periodically heated (and thus expanding) air layer close to
the sample surface, is simply proportional to the temperature
oscillation and can be detected by a microphone. The mag-
nitude and phase of the temperature oscillation can be ob-
tained from the microphone signal via a calibration proce-
dure in which the signal is compared to the signal of a
reference sample with known optical and thermal properties
(e.g., carbon-coated copper). Via an iterative calculation, Eq.
(1) can be inverted in order to give the effusivity and diffu-
sivity of the sample, from which the specific-heat capacity
and thermal conductivity can easily be derived.

We have used a standard photoacoustic setup® to deter-
mine the temperature and magnetic-field dependence of the
specific-heat capacity and thermal conductivity of gado-
linium in the neighborhood of the Curie temperature (be-
tween 0 and 40 °C). In order to assess the influence of the
sample quality on the critical behavior of the thermal prop-
erties, we have studied samples of three different qualities.
Sample 1 was cut (0.25X5X9 mm?®) from a 99.9% pure
polycrystalline gadolinium foil obtained from Johnson and
Matthey (U.K.) Sample 2 was a 365 um thick, 8 mm diam-
eter single-crystalline disk delivered by Metal Crystals and



12772

Oxides (U.K.). During production, this sample was first
formed by stretching a gadolinium rod, formed from doubly
sublimated 99.99% pure gadolinium, which was melted by rf
induction. The rod was afterwards annealed for 16 h in pure
argon, 200 K below the melting point ( = 1600 K) and cut by
means of spark erosion. Our sample 3 is the same high-purity
single-crystalline sample II studied by Bednarz, Geldart, and
White!” by means of ac calorimetry. The dimensions of this
sample are 0.22X4.2X7.4 mm?>. Further details on this
sample can be found in Ref. 17. For both single-crystal
samples the hexagonal ¢ axis is perpendicular to the largest
surface.

The photoacoustic signal was produced by illuminating
the sample top surface by a 10 mW helium-neon laser beam
(633 nm), which was periodically modulated by an Intraac-
tion type AOM40 acousto-optic modulator. The signal was
detected by a Bruel and Kjaer type 4165 microphone fol-
lowed by a type 2607 amplifier and a PAR 5210 lock-in
detector and, after calibration, converted to the surface tem-
perature making use of Eq. (1). Since the calibration proce-
dure only allows for the determination of relative changes in
the measured quantities, we have made use of reference data
for gadolinium at 40 °C in order to scale the curves of the

“thermal properties. The specific-heat capacity C (40 °C)
=220J kg~ ! K~ ! was taken from the work of Bednarz, Gel-
dart, and White,'” while the density p,=7890 kg m > and
thermal conductivity k,=9 W m ! K™! at this temperature
are average values from several sources in the literature.!”~2

The temperature of the photoacoustic cell was automati-
cally controlled with an accuracy better than 0.01 K, and was
varied with a rate of 0.02 K/min during temperature scans.
The cell temperature was measured with a thermistor cali-
brated against a platinum resistance thermometer which was
calibrated against the international temperature scale by the
National Physical Laboratory (U.K.). Within the resolution
(*0.05 K) of a sensitive mercury thermometer no change in
the calibration of the thermistor was observed at periodic
checks. The magnitude of the magnetic field, oriented paral-
lel to the sample surface, was measured by a Hall probe, and
controlled by automatically positioning permanent magnets
around the photoacoustic cell on a foam bottom. The beam
width was 4 mm, large enough to fulfill the conditions of
one-dimensional heat transport, which are supposed in the
theory.24 Thermal effects from the optical window were
avoided by choosing the length of the air column above the
sample equal to 4 mm, much larger than the typical diffusion
length (0.8 mm at 10 Hz modulation frequency). The *“drum
effect,”?® which shows up when a periodically heated sample
is clamped, was avoided by placing the sample on a plasti-
cine ring.

A necessary condition for the experimental investigation
of phase transitions is that measurement-induced thermal
gradients are minimal. In our setup, the maximum tempera-
ture oscillation can be directly calculated from Eq. (1) and
was equal to 13 mK in the worst case (800 W m™? light
intensity at 10 Hz modulation frequency), which is smaller
than the applied temperature step. The static gradient was
calculated from measured 7T, values at different power val-
ues, and corresponded, for 10 mW laser power, to a tempera-
ture difference of 260 mK between the measured temperature
and the real sample temperature. Since this temperature dif-
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FIG. 1. Results for the thermal diffusivity and effusivity as a
function of temperature for sample 2 as calculated from the photo-
acoustic signal amplitude and phase results for different modulation
frequencies. Solid dots: 10 Hz, inverted open triangles: 15 Hz, solid
squares: 60 Hz, open squares: 120 Hz, and open triangles: 240 Hz.

ference was mainly due to the thermal gradient over the
poorly conducting plasticine ring (k. /xps=100), the static
gradient over the sample was significantly smaller (<20
mK) than the total temperature difference with the sample
cell. The difference was nearly constant for the whole tem-
perature range, resulting in a small temperature offset in the
results.

In a separate experiment, the thermal diffusivity was mea-
sured using a non-steady-state, periodic heating method.?’
The heater was a layer of bismuth evaporated on one surface
of the Gd sample (sample II of Bednarz, Geldart, and
White, "’ sample 3 here); this surface was insulated from the
heater by ca. 4 um layer of General Electric low-temperature
varnish. The sample was heated at a frequency of 28 Hz, rms
power 1.4 mW. The phase and amplitude of the temperature
oscillations were detected on the surface opposite the heater,
using a miniature thermistor.?® The thermal diffusivity a was
obtained from the phase reading of the lock-in amplifier,

b,
¢:ls(77f/as)l/2+ ¢th+ 77/4, (2)

where ¢y, is an unknown phase shift due to the thermal
resistance of the thermometer. The unknown phase shift ¢y,
from this method was calculated at 275 and 315 K using the
diffusivity data obtained here from the photoacoustic experi-
ments; its value was found to be a few tens of degrees.

In an effort to check the consistency of the theoretical
model, we have determined the temperature dependence of
the thermal properties of sample 2 from the photoacoustic
signal, using different modulation frequencies. Figure 1
shows that the curves, obtained at 10, 15, 60, 120, and 240
Hz (from a thermally thin to a thermally thick regime) are



52 PHOTOACOUSTIC INVESTIGATION OF THE TEMPERATURE . ..

)

8 2 ~-1

diffusivity (10 m's

1 L I I
280 280 300 310

temperature (K)

FIG. 2. Comparison of the temperature dependence of the ther-
mal diffusivity of sample 2 as obtained by means of the photo-
acoustic technique (circles) and the photopyroelectric technique
(triangles).

overlapping within the experimental uncertainty, confirming
the validity of Eq. (1) for our configuration. This is not a
surprise, given the simplicity of the contactless setup: the
temperature oscillation is only determined by sample prop-
erties, and thus is independent of other materials, border con-
ditions, etc. Perhaps even more convincing evidence for the
reliability of the results is the good accordance of our data
with data obtained by other techniques on the same samples.
In Fig. 2 there is quite good agreement between the sample 2
diffusivity data obtained by our photoacoustic setup and by
means of a photopyroelectric setup.25’29 The thermal diffu-
sivities measured by the periodic heating method [Eq. (2)]
confirm but underestimate the dip in the diffusivity at 7', ; the
source of error is likely tied to the uncertainty in the phase
shift due to thermal resistance of the thermometer. Moreover,
our photoacoustic heat-capacity data for sample 3 are within
the experimental uncertainties the same as the ac calorimetry
data for the same sample obtained by Bednarz, Geldart, and
White!” (see Fig. 3). The small systematic deviations at low
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FIG. 3. Comparison of the temperature dependence of the
specific-heat capacity of sample 3 determined photoacoustically
(circles) and from ac calorimetry (triangles) by Bednarz, Geldart,
and White (Ref. 17).
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FIG. 4. Photoacoustic data for the temperature dependence of
the specific-heat capacity of the samples 1 (circles), 2 (triangles),
and 3 (squares), in the neighborhood of the Curie point.

temperatures in Fig. 2 and at high temperatures in Fig. 3 are
the result of small errors in the slope of the calibration
curves. In Fig. 2 the data points at 40 °C were superimposed
and in Fig. 3 the same was done at 0 °C, because our method
allows only the measurement of relative changes with tem-
perature and magnetic field (see further). In Fig. 3 the data of
Bednarz, Geldart, and White'” have been shifted downwards
by AT=1.6 °C in order to make the C maxima in both data
sets coincide.

1. RESULTS AND DISCUSSION

A. Specific-heat capacity
1. Results for zero external magnetic field

As already pointed out above, photoacoustic measure-
ments result in data for the specific-heat capacity C and for
the thermal conductivity «. We will first discuss the C re-
sults which were obtained as a function of temperature and
external magnetic field.

In Fig. 4 specific-heat capacity results are given for the
three different samples in the absence of an external mag-
netic field. The importance of sample quality is illustrated in
this figure. There is a clear correlation between the sharpness
of the specific-heat-capacity anomaly and the crystalline
quality of the sample. Rounding poses a severe constraint on
the analysis of asymptotic behavior. As a consequence, high
quality of the sample is a minimum condition for investiga-
tions of critical behavior. Sample II of Bednarz, Geldart, and
White!” (our sample 3) seems to be one of the best, if not the
best, in this respect and does not show evidence of rounding
for |¢|>1073. Unfortunately, in practice, it is very difficult to
separate crossover effects from rounding effects.

In view of the severe rounding observed for samples 1
and 2 in Fig. 4, an analysis in terms of a power law with the
critical exponent e would only make sense for the results for
the high-quality sample 3. However, such a complete analy-
sis was already carried out by Bednarz, Geldart, and White'’
for their ac calorimetry C data. Since our photoacoustically
obtained C results for sample 3 are essentially a confirmation
of the ac calorimetry data, a reanalysis would be redundant.
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FIG. 5. Isofield curves for the specific-heat capacity of sample 3
for different values of the external magnetic field B in the neigh-
borhood of the Curie point. Circles: 0 mT, inverted open triangles:
35 mT, open squares: 39 mT, open triangles: 43 mT, open dia-
monds: 48 mT, solid dots: 56 mT, and solid diamonds: 139 mT.

Bednarz, Geldart, and White!” confirmed the complexity of
the experimental behavior of gadolinium, which is a conse-
quence of both complex crossover behavior and experimen-
tal aspects (multidomain formation, stress, and demagnetiza-
tion). The authors found the critical behavior of the specific-
heat capacity to be Heisenberg-like, although with significant
deviations from the ideal behavior, which are believed to
result from crossover to dipolar behavior close to T...

2. Results for magnetic-field values B + (0

In the above-discussed results, the critical point (7=T,,
B=0) was approached along a line of constant magnetic
field B=0. In order to get a better insight into the critical
behavior, it can be interesting to approach the critical point
via another route in the parameter space, e.g., by applying a
changing magnetic field at constant temperature 7T=T,. . Si-
mons and Salamon'® already performed a detailed investiga-
tion of the influence of a magnetic field by measuring the
isofield curves Cg(T) for different values of B. Their results
represent a good base of comparison for our data.

In Fig. 5 the temperature dependence of the specific-heat
capacity of sample 3 is shown for different values of a mag-
netic field which was applied parallel to the sample surface
and thus perpendicular to the hexagonal ¢ axis. As the mag-
netic field increases, the specific-heat capacity anomaly be-
comes less pronounced, because of the increasing distance to
the critical point. For temperatures higher than 7', the influ-
ence of the magnetic field on the specific-heat capacity de-
creases with increasing temperature. This is in agreement
with the decreasing magnetic susceptibility x(7,B), which
reflects the decreasing influence of the magnetic field on the
order parameter (i.e., the magnetization) and consequently
on the specific-heat capacity. Below 7., with decreasing
temperature, the influence of the magnetic field on the
specific-heat capacity changes rather abruptly at a so called
“kink” temperature T, . This effect is due to the presence of
a demagnetizing field, as was pointed out by Griffiths.>° The
demagnetizing field is caused by magnetic moments at-the
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FIG. 6. Temperature dependence of DM (with M the sponta-
neous magnetization and D the demagnetization factor) below
T., determined from the kink temperatures in Cz(7T) curves. The
solid curve result from a power-law fit to the data (see text).

sample surface, which are not internally compensated, and
depends on the form factor D, which is determined by the
shape of the sample. Because of this demagnetization effect,
the effective internal magnetic field B, is smaller than the
externally applied field B:

Bin:B_/LoDM for B>/L0DM

=0 for B<u,DM, 3)

with M the magnetization and wy=1.26X 10~® H/m the per-
meability of vacuum. Since the magnetization increases with
decreasing temperature, the external field becomes more and
more screened. Therefore the influence of the external field
on the spins, and hence on the specific-heat capacity, de-
creases. From the kink temperature on, the magnetization
gets so large that the internal influence of the external field is
completely neutralized by the demagnetizing field. Unfortu-
nately, this demagnetization effect makes it impossible to
study the influence of a magnetic field on the specific-heat
capacity if the temperature or the magnetic field is too low.
However, it offers an unexpected tool to determine the spon-
taneous magnetization M in an indirect way. Since the kink
temperature represents the starting temperature for complete
demagnetization, it is characterized by the condition
B=puoDM. Thus for different kink temperatures one can
write

M (Ty)=B(T)/ moD. 4)

Since uo and D are constant, the B(T}) curve is proportional
to the spontaneous magnetization M (7). In Fig. 6 results
for DM (T)=B(T})/ g as derived for T, values from the
kinks in the Cg(T) curves for different external magnetic
field choices are given. According to phase-transition theory,
the temperature dependence of M, should follow a power-
law behavior of the form

Ms(TsBZO):MO|tlB’ (5)
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FIG. 7. Double-logarithmic plot of the DM data of Fig. 6. The
straight-line results form a power-law fit with a critical exponent
B=0.40*0.17.

with M, and B, respectively, the critical amplitude and criti-
cal exponent. From a least-squares analysis of the DM data
of Fig. 6 we found 7,=292.6+0.2 K, 8=0.40*+0.17, and
DMy=(3.0+2.7)X10°> Am~!. This B value is the same
value as given by Chowdhury, Collins, and Hohenemser,31
which was obtained from <y angular correlation experi-
ments. In Fig. 7 the experimental data and the best fit are
compared in a double-logarithmic plot. The rather large stan-
dard deviations on the adjustable parameters are mainly
caused by the uncertainty in deriving the kink temperature
from the always somewhat rounded Cz(T) curves (see Fig.
5). Although a reasonable value is obtained for the critical
exponent 3, the uncertainty is too large to attribute a specific
universality class.

For large enough external magnetic fields we can neglect
the influence of the demagnetization effect and try to de-
scribe simultaneously the B and T dependence of Cpg(T)
results on the basis of scaling properties of the equation of
state. A rescaling approach has been applied by many
authors®*=3® in the past for several magnetic phase transi-
tions, including the Curie point of gadolinium. In particular,
parametric equations of state, satisfying the scaling-law rela-
tions, predict the following scaling behavior:3”3%13

C(B,T)h~*Po=g(th/B?), (6)

with C(B,T)=C(B,T)—C(B=0,T), h=(7.94up/kzT.)B
(g is the Bohr magneton and kg the Boltzmann constant), g
a universal curve, and § the critical exponent characterizing
the M(B) behavior of the critical isotherm at the critical
point. In Fig. 8 our scaled specific-heat-capacity data
Cg(T) for sample 3 obtained for different B values, which
were chosen large enough to minimize demagnetization ef-
fects, are compared. The curves coincide quite well when the
scaling is performed according to Ising exponent values for
the critical exponents.>* However, scaling shows some im-
provement with theoretical Heisenberg exponent values.>
Since our experimental data are in good agreement with
similar data for gadolinium obtained by Simons and
Salamon, !> we also scaled our data using values for the ex-
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FIG. 8. Scaled [according to Eq. (6)] Cz(T) curves for sample 3
using theoretical critical exponents for the Heisenberg model (a),
the Ising model (b), and effective critical exponents (a=0.1,
B=0.4, and 6=3.75) of Simons and Salamon (Ref. 15) (c), or a set
of literature values selected by us (a=-—0.02, =0.39, and
8=4.18) (d). Curves for different external magnetic-field values are
given by open circles for B=60 mT, triangles for B=75 mT, and
squares for B=139 mT.

ponents which were proposed by these authors. The rather
special choice of critical exponents (a=0.1, B=04,
B=3.75) was made in order to obtain the best fit of their
data to the “linear model” of Schofield*> and Ho.** Simons
and Salamon' also noticed a large difference between the
amplitude of the scaled data and that of the theoretical curve.
This can be due to either the limited quality of the sample, or
the complex crossover behavior of gadolinium. Probably
also the linear model is too simple to account for all aspects
of the magnetic equation of state.

In an effort to optimize the scaling data collapse on a
single curve, we also have scaled our data using the follow-
ing experimentally determined (effective) critical exponent
values from the literature:!7*%* o= —0.02, B=0.39, and
y=1.20. A value for & was derived from the relation
6=(2— a)/B—1=4.18. This scaling also leads to coincid-
ing Cg(T) curves, of a similar quality as in the case of scal-
ing with theoretical Heisenberg exponents. The most impor-
tant common feature between the two sets of exponents is
the negative (Heisenberg-like) sign of a. The slightly better
quality in these two cases is, however, not convincing
enough to draw straightforward conclusions concerning the
universality class of gadolinium. The good overlap after scal-
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ing in all four cases is an interesting confirmation of the
concept of the scaling of the magnetic equation of state.

B. Thermal conductivity

In the early years of phase-transition investigations, theo-
retical research was focused on static physical properties like
specific-heat capacity, magnetization, density, etc. More re-
cently, the increased availability of experimental data for the
critical behavior of dynamic properties has stimulated the
theoretical efforts in the field of critical dynamics. This has,
for example, led to the mode-coupling theory.*! Most of the
transport properties are directly or indirectly influenced by
material order, and thus also by order-parameter fluctuations,
resulting in critical behavior.

Concerning heat transport, two dynamic properties are
important, the thermal conductivity and the thermal diffusiv-
ity, and they are simply related via heat capacity and density.
One could ask which of the two quantities is more relevant
for the study of critical dynamics. The thermal diffusivity
automatically shows up when the thermal-diffusion equa-
tions are solved for time-variant heat input. Although in such
cases the thermal conductivity can only be found indirectly
(combining thermal diffusivity with effusivity or heat capac-
ity), « is coupled more directly to microscopic material prop-
erties. Moreover, « appears automatically when one derives
the heat-transport equation as the (phenomenological) pro-
portionality constant between heat flux and temperature gra-
dient. Most theories which describe heat transport starting
from microscopic properties lead to the thermal conductivity.
According to the Debye theory for heat transport, the isotro-
pic phonon thermal conductivity is determined by the pho-
non specific heat capacity Cy,, the mean free path [, of the
phonons, and the mean phonon velocity v, :

Cont phl ph
Kph:p—;—p“~ (7

In metals « is coupled also to the electrical conductivity
o.=1/p, (p, is the electrical resistivity) via the Wiedemann-
Franz law.** One should also remark that by considering the
diffusivity a= «/pC the specific-heat capacity does not dis-
appear from the Debye equation for «, since both « and C
consist of several components for each energy-carrying ““par-
ticle” (e.g., phonons, electrons, magnons). Consequently, ex-
pressions for a are not simpler than the ones for . In Sec. I
we already pointed out that from the photoacoustic measure-
ments one can derive accurate and reliable results for « from
diffusivity and effusivity (K=e\/;). We will thus consider
here the thermal conductivity in order to discuss the critical
behavior of heat transport.

For gadolinium «(7) data in literature are rather limited.
Moreover, there are considerable differences between differ-
ent data sets. Also, no clear picture of a possible critical
behavior seems to emerge from existing data. The resolution
in the results of Meis, Froment, and Moulinier”> was too
limited to derive information on the critical behavior. Chuah
and Ratnalingam?®® and Nellis and Legvold" found a mini-
mum at 270 K in the a-axis thermal conductivity, while the
c-axis conductivity did not show any anomaly at T,.. Other
authors found a slight change of slope for «(7T) at T,. The
most extensive study of the thermal conductivity of gado-
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FIG. 9. Photoacoustic data for the temperature dependence of
the thermal conductivity of samples 1 (circles), 2 (triangles), and 3
(squares) in the neighborhood of the Curie temperature.

linium was performed by Jacobsson and Sundqvist.? They
found a minimum in «(7) at the critical temperature. Since,
in order to determine the thermal conductivity, the authors
had to combine diffusivity and specific-heat-capacity results
of different samples and in view of the large temperature
difference over the samples during the measurements (5 K),
the resolution of their results is limited. Several reasons can
be given to explain this diversity in the experimental results.
Stationary methods often suffer from systematic deviations
and a low resolution. Moreover, most of the results were
obtained for polycrystalline samples, resulting in severe
rounding of a possible critical anomaly and in an average
over k. and «,, the c- and a-axis thermal-conductivity val-
ues. In many cases results were obtained from a combination
of diffusivity and heat-capacity data for different samples,
which reduces the reliability substantially near T., espe-
cially since the thermal conductivity is the product of the
thermal diffusivity (which shows a dip at T,) and the heat
capacity (which shows a peak at T.).

The importance of sample quality for the investigation of
the critical behavior of the thermal conductivity of gado-
linium is clearly illustrated in Fig. 9. With increasing crystal
quality the anomaly, a minimum in «(7) at T., becomes
more and more pronounced. Although the critical effect in
x(T) is limited (less than 15%), we believe that, in view of
the high resolution of these photoacoustic data and the dif-
ferent reliability tests we earlier described, there is no reason
to doubt the presence of the minimum.

Since there exist different heat-transport mechanisms in
magnetic metals, it is difficult to make quantitative theoreti-
cal predictions of «(7). In most materials, the main part of
heat transport is carried by phonons, and is limited by
phonon-phonon collisions. Usually, the Debye approxima-
tion for phonon heat transport leads to accurate predictions
of the temperature dependence of « ,,. Typical for the metal
gadolinium 1is also the considerable contribution of conduc-
tion electrons to the heat transport.>?? This heat-conduction
mechanism is related to electric conduction, in a simple re-
lation between the electron thermal conductivity «, and the
electrical conductivity o, (the Wiedemann-Franz law*). In
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FIG. 10. Effect of a magnetic field on the thermal conductivity
of sample 3 in the neighborhood of the Curie temperature. Circles
are for B=0 and triangles for an external field B=60 mT.

most metals the heat transport is dominated by conduction
electrons, resulting in a similar behavior of «(7) and
o,(T). In magnetic materials a third heat-transport mecha-
nism is possible via magnons.’ The transport of magnetic
energy is carried by a spin-wave quantum or magnon, made
possible by combined spin-spin interactions, which can act to
restore a thermodynamic equilibrium situation and thus as a
heat-wave mechanism. This effect is similar to the direct and
inverse magnetocaloric effect, in which magnetic-field
changes cause temperature changes and conversely tempera-
ture changes induce magnetization changes.

The thermal conductivity of the ferromagnetic metal ga-
dolinium thus can be written as k= kpy+ K, + Kpy,g - In prin-
ciple, all three contributions may be responsible for a mini-
mum at 7. . The limiting factor for phonon heat conduction
is the phonon-phonon collisions. The possibility exists that
the strongly increasing spin disorder at 7', has, via spin-orbit
coupling, an influence on the electron orbital moment and
indirectly on the lattice and its vibration modes. The exist-
ence of significant interactions between the spins and the
lattice by which the spin temperature is kept equal to the
lattice temperature via spin-spin interactions is shown by
nuclear magnetic and electron spin resonance experiments.
In gadolinium, however, the spin-orbit coupling is zero be-
cause of the zero orbital moment but the spin-lattice energy
exchange can also happen via the exchange interaction and
via conduction electrons. The thermal transport in gado-
linium is to a large extent carried by conduction electrons.
Also this kind of heat conduction can in principle exhibit
critical behavior. Consequences of the RKKY interaction or
indirect exchange interaction (playing an important role in
rare earths) are an effective mass enhancement of conduction
electrons by localized spins and a change of the density of
states at the Fermi surface.’ In this way spin disorder can
have an indirect influence on «,. Because of the
Wiedemann-Franz law «, is expected to be inversely propor-
tional to the electrical resistivity and one can learn about the
thermal conductivity from the electrical resistivity behavior.
Although more limited, the c-axis resistivity peak seems to
be in qualitative agreement with the minimum in our data for
the c-axis thermal conductivity. The existence of a peak in
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the c-axis resistivity is rather surprising, since the
Fisher-Langer*® theory predicts only a slope change at T..
Different explanations were given for this discrepancy. Ac-
cording to Zumsteg et al.*S the disagreement between Fisher-
Langer predictions and the experimental data is due to a
lattice contraction at T, . Geldart et al.'! tried to model the
resistivity behavior by a crossover from Heisenberg to
uniaxial dipolar behavior.

Although the thermal conductivity of gadolinium is domi-
nated by the conduction electrons, and to a lesser extent by
phonons, the «(7) minimum at 7, could best be explained
due to the increasing spin-wave scattering when 7, is ap-
proached. Unfortunately, it is difficult to experimentally de-
termine the magnon contribution to the thermal conductivity.
However, an effort to explain the global «(7T) behavior, com-
bining the three contributions, led to a reasonable result.?

Assuming an increasing scattering of energy-carrying par-
ticles for T—T,, the reduction of the «(7) anomaly (Fig.
10) because of the presence of a magnetic field becomes
plausible. With increasing magnetic field, the distance to the
critical point increases, causing a decreasing influence of
fluctuations on the energy carriers. The absence of influence
below a certain temperature can again be explained by de-
magnetization effects, similarly to the specific-heat-capacity
data.

IV. SUMMARY AND CONCLUSIONS

In this paper we described the results of a photoacoustic
investigation near the ferromagnetic-to-paramagnetic phase
transition of the rare-earth metal gadolinium. We have shown
that the photoacoustic technique allows the simultaneous
measurement of the specific-heat capacity C and the thermal
conductivity . Both the temperature and magnetic-field de-
pendence of C and « have been investigated for three
samples of different quality.

From a comparison of the results for the three samples,
we confirmed previous observations that rounding effects
can only sufficiently be avoided for very high-quality single-
crystal samples, like our sample 3, which was previously
also investigated by Bednarz, Geldart, and White!” by means
of high-resolution ac calorimetry. The photoacoustically ob-
tained specific-heat data for sample 3 in zero magnetic field
are in full agreement with the ac calorimetry results of Bed-
narz, Geldart, and White,!” thus confirming the high-
resolution capabilities of the photoacoustic technique. Since
our data confirm those of Bendnarz, Geldart, and White'”
they render further support to the conclusions of these au-
thors on the complex crossover behavior of the specific-heat
capacity as a function of temperature on approaching the
Curie point.

We have also carried out a detailed study of the specific-
heat capacity Cz(T) for many values of the external mag-
netic field B. The isofield Cyx(T) curves at low magnetic-
field values clearly showed a so-called ‘“’kink’ temperature
T, below the Curie temperature caused by demagnetization
effects. The kink temperature can be ascribed to demagneti-
zation effects related to the shape of the sample. From the
T, values for many Cy(T) curves indirect information could
also be obtained on the temperature dependence of the spon-
taneous magnetization and thus on the critical exponent 3 for
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which a value of 0.40£0.17 was obtained from a fit with a
simple power-law equation.

Using a parametric equation of state approach, the
Cy(T) data for larger fields (where the impact of demagne-
tizing effects is reduced) could be well scaled to a single
curve. However, it turned out that more than one set of criti-
cal exponents gave a good scaling result.

For the c-axis thermal conductivity of the high-quality
sample 3 in zero magnetic field a clear minimum was ob-
served at the Curie temperature. It was also found that, for
poorer sample quality or by applying an external magnetic
field, the minimum is substantially reduced or even disap-
pears. For the thermal conductivity in gadolinium three dif-
ferent transport mechanisms are considered to be relevant:
phonon, conduction-electron, and magnon heat transport. Ar-
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guments can be put forward in each case to allow for a dip in
the thermal conductivity at the Curie point. At this point it is,
however, not clear which plays the dominant role, if indeed
they are separable.
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