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The heat capacity, effective permeability, and loss resistance were measured on three gadolinium 
specimens near the Curie point. It was observed that the maxima of these three quantities with re
spect to temperature do not coincide. It was found that the temperature of maximum permeability 
is closer to the Curie point than the temperature of maximum heat capacity. It is suggested that 
the most accurate information about the Curie temperature of an ideal specimen can be obtained 
by measurement of the loss resistance. The dependence of the permeability and the losses on tem
perature was found to have a hysteretic character, and the position of the maxima of these quantities 
was found to depend on frequency. 

IT was shown earlier[1 J that the problem of the form of 
the singularities of thermodynamic quantities at second
order phase transition points, for solid materials, can
not be solved without investigation of the factors that 
distort these singularities in real specimens. Attempts 
to interpret the results of experiments on the basis of 
a theoretical calculation of the effect of these factors 
are dependent on very strong assumptions about the 
character of the desired singularity. Thus the calcu
lation of Belov and Paches, [2J carried out within the 
framework of Landau's theory, [3J is based on the as
sumption that the anomalies at the Curie point of a 
homogeneous alloy have the same character as those 
at the Curie point of a pure material. We note that the 
results of experimental researches [4' sJ compel one to 
have doubts about this. In the calculation of Yamamoto 
et al, [&J just as in [2J, the assumption is very essential 
that each homogeneous subsystem in a real specimen 
differs from the others only in its transition tempera
ture. For the homogeneous system itself, there is pos
tulated the existence of a symmetrical logarithmic sin
gularity. Comparison with experiment has shown that a 
diffuse specific-heat anomaly almost always has a loga
rithmic section in a region that is narrow and, above 
all, far from the transition: 10-3 :::; (T - Tc )/Tc :::; 5 
x 10-2, where Tc is the temperature with respect to 
which the logarithmic section of the peak of the spe
cific heat Cp is symmetric. 

Unfortunately, because of the absence of criteria that 
would exclude arbitrariness in the choice of Tc, this 
fact does not mean that in an ideal material the singu
larity is also symmetric and logarithmic. 1t was shown 
in [lJ that, depending on the choice of Tc, the same data 
could be used to support the use either of a symmetric 
or of an asymmetric singularity. Reese, [7J by choosing 
Tc appropriately, represented the specific-heat singu
larity (in KDP) both by power and by logarithmic func
tions. 

Thus it seems to us necessary to find objective cri
teria for the determination of Tc in a real specimen. 
For this purpose, measurements were undertaken of 
the specific heat, magnetic permeability, and loss re
sistance near the Curie point for the same specimens 
of gadolinium in the same apparatus. Three specimens 
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were investigated, Since the smearing-out factors obvi
ously act differently on the anomalies of the different 
quantities, we hoped to obtain, as a result of such an 
experiment, an idea of just which property was least 
sensitive to distortions and gave a value of the temper
ature of the anomaly approximating most closely the 
assumed Curie temperature. 

For interpretation of the results, we used the anal
ogy between the Curie point and the liquid-vapor criti
cal point, in the same way as in [lJ. 

1. THE EXPERIMENT 

The Gd specimens, as in [ll, were characterized by 
the ratio of the resistance at room temperature p (300°K) 
to the resistance at helium temperature p (4.2°K): 
k = p (300)/p (4.2). 

The first specimen was a rod of irregular shape, of 
length ~40 mm and of mean diameter ~10 mm, with an 
opening of diameter ~ 1.5 mm for a platinum resistance 
thermomenter. For this specimen, k Rl 18. The other 
two specimens had shapes reminiscent of a toroid, with 
internal diameter ~7 to 8 mm and external ~ 18 to 20 
mm. These specimens were taken from an ingot in 
which the value of k varied throughout the volume of 
the ingot and ranged from 10 to 16. We shall designate 
our specimens as, respectively, Gd18, Gd~0, and Gd~0 • 

The measurements of heat capacity were made in an 
adiabatic calorimeter. [BJ To measure the magnetic per
meability of the specimen Gd18, a test coil was wound 
with copper conductor of diameter 1 mm in eight layers 
on an ebonite form (~250 turns). On the toroidal speci
mens, 400 turns of silk-insulated copper wire, of diam
eter 0.06 mm, were wound directly. For better thermal 
contact with the thermometer, both toroidal specimens 
were immersed in a vessel containing apiezon oil VM-1. 

Measurement of the permeability of the specimens 
reduced to measurement of the change of inductance of 
the coils, of which the specimens were cores. Here what 
interested us was not the absolute value of the permea
bility /.l, but only the location of the anomalies of this 
value, which obviously must coincide with the location 
of the anomalies of the measured inductance L. 

The measurements of inductance and loss resistance 
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were made by means of a U592M apparatus for measure
ment of inductance and capacitance, with use of a GZ-33 
generator and an F-510 null indicator, at frequencies 
from 30 to 5000 Hz. The output voltage of the generator 
(and thereby the amplitude of the alternating magnetic 
field acting on the specimens) was before each measure
ment chosen so small that the value of the inductance 
was independent of it. This amplitude was of the order 
of the earth's field, and this decermined the limit of the 
field in which we worked. All measurements were made 
in the earth's magnetic field. 

The inductance was measured first with gradual in
crease of the specimen temperature, and then with cool
ing. On specimen Gd18, the measurements near the Curie 
temperature were made under operating conditions of 
continuous heating (and cooling) at the rate ~ 0.2 to 0.3 
degjhour. The inductance of the other two specimens 
was measured pointwise under adiabatic conditions, with 
a temperature rate of 0.001 degjhour at each point. The 
loss resistance was measured simultaneously with the 
inductance and corresponded to the absorption of the 
energy of the electromagnetic field at the given fre
quency (the imaginary part of the permeability). 

2. RESULTS OF THE MEASUREMENTS 

Figure 1 shows the results of the measurements of 
heat capacity for all three specimens. The specimen 
Gd18 was measured most carefully, and for it the spe
cific-heat curve is given. For the other two specimens, 
the measurements were made only to clarify the loca
tion of the maximum, and for them the values of the 
total heat capacity are given, without allowance for the 
heat capacity of the calorimeter. 

Figures 2 and 3 illustrate the dependence, typical 
for all three specimens, of the inductance Land the 
loss resistance R on temperature for frequencies 500 
and 5000 Hz. What interests us is the position of the 
maxima of the static values, and therefore we were 
obliged to study the dependence of the results of the 
measurements on frequency. Figure 4 shows a plot 
of the dependence of the position of the temperature 
Tm of the maxima of the permeability and of the loss 
resistance on the frequency of the measuring field. 
From 1000Hz down, the position of the maximum is 
independent of frequency within the limits of accuracy 
of the experiment. This permitted us to determine the 
temperatures Tm of the maximum, for the permeability 
and the loss resistance, from curves obtained by mea
surements at frequency 500 or 1000 Hz, on which suffi
cient sensitivity was still retained. 

The table shows values of the temperatures for max
ima of all three quantities (C, L, and R) for all the spe
cimens. 

3. DISCUSSION OF THE RESULTS 

1. It is evident from the table that the positions of the 
maxima on the heat-capacity and permeability curves 
do not coincide, and that for each specimen the maximum 
of the heat capacity lies at the lower temperature. It is 
obvious that the cause of this is imperfection of the spe
cimens (inhomogeneity, impurities, etc.). In l 91 it was 
shown experimentally how the curve of true heat capac
ity cv near a liquid-vapor critical point is influenced by 
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FIG. I. Dependence of the heat capacity of three gadolinium speci
mens on temperature: curve I, Gd 18 ; 2, Gd 10 1 ; 3, Gd 10 2 . 
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FIG. 2. a, Temperature dependence of the inductance L of a coil with 
core of gadolinium Gd10 1 for frequencies 500Hz (curve I) and 5000Hz 
(curve 2). The arrow shows the direction of temperature change. b, The 
same dependence near the maximum, for frequencies 1000Hz (curve I) 
and 5000Hz (curve 2). 
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FIG. 3. a, Temperature dependence of the loss resistance R of a coil 
with core of gadolinium Gd10 1 for frequencies 500 Hz (curve I) and 
5000Hz (curve 2). The arrow shows the direction of temperature 
change. b, The same dependence near the maximum, for frequencies 
1000Hz (curve I) and 5000Hz (curve 2). 

an inhomogeneity of the state of the specimen, when the 
inhomogeneity is described by the law 

(p- Pc)n ~h. 

Here p is the density of the material; h is the height 
above the mean of the liquid column, where p = Pc; 

(1) 
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FIG. 4. Dependence of the temperatures of the maxima on frequency 
(specimen Gd 10 1 ). 1, for the curves L(T); 2, for the curves R(T). 

Values of the temperatures for maxima of the 
curves Cp(T}, L(T}, and R(T} for 

three gadolinium specimens 

Gd~0 Gdio Gdu 

Tm.C• "K 290.15±0.15 290.25±0.15 290.5o±O.l5 
Tm,L• "'K 290 . 95±0 . 05 291.25±0.05 29L35±0.!0 
Tm,R• "'K 291.15±0.05 291.45±0.15 291.45±0. 10 

n = 3. (Thus is brought about a hydrostatic effect, the 
influence of the force of gravity on the density of the 
liquid in the critical state.) A calculation of Giterman 
et al. [101 showed that such results of [sJ agreed with the 
assumption of a logarithmic dependence of the true heat 
capacity, c ~ ln (t + {3v2 + ... ), near the critical point 
(here v = (V- V c)/V c is dimensionless volume). The 
measured heat capacity of an inhomogeneous system 
is obtained from the true by integration, u 

h 

em ... ~ ~ p(h)cdh. 
-h 

(2} 

It is obvious that the more pronounced the inhomoge
neity is-that is, the larger the exponent n is in formula 
(1 )-, the more smoothed out the maximum of the heat 
capacity will appear, the further it will be shifted down 
in temperature, and the less isolated the temperature 
Tc will be on the curve of the function Cmeas(T}. 

Thus it was shown in [101 that for n = 3, the heat
capacity curve goes through Tc without any singularity, 
and the maximum is at a temperature T m appreciably 
smaller than Tc; Tm < Tc already for n = 1. In anal
ogy to the expression (2}, one can write for the total 
compressibility v- 1 (av jap} of an inhomogeneous sys
tem an integral expression, which describes the form 
of the dependence of the measured quantity on tempera
ture. But in contrast to the heat capacity, whose singu
lar part is expressed by the comparatively slowly in
creasing function c ~ ln (t + {3v2 + ... ), the compressibil
ity has a strong singularity at the critical point. In 
first approximation 

(oV I op)T ~ (t + yv2)-1• (3} 

This leads to the result that only for n "=! 3 is the maxi
mum of the compressibility noticeably shifted, altho 
at temperature Tc the derivative of this quantity with 
respect to temperature (for n = 3) is still infinite. Thus 
inhomogeneity of the state shows up less strongly on 
the strong singularity present in the compressibility 
than it does on the heat-capacity curve. 

1>The reader can find a more exact calculation in [10 ). 

In analogy to this, it is to be expected that the max
ima of the susceptibility (the value of the derivative of 
the magnetic moment with respect to field intensity, 
(aMjaH}T, analogous to the compressibility of a liquid} 
of ferromagnetic Gd should show up as narrower and 
closer to the position Tc of an ideal specimen than do 
the maxima of the heat capacity Cp. The experimental 
data (Figs. 1-3 and the table} support this deduction. 
The maxima of the inductance in all three specimens 
are located to the right of the maxima of Cp, and closer 
to the Tc of an ideal specimen (this quantity is appar
ently larger than 292°K}. The presence of noticeable 
shift and smearing out of the maxima of the magnetic 
permeability shows that the effective inhomogeneity of 
the magnetic moment in the specimens investigated is 
much more pronounced than that established at the criti
cal point of a liquid because of the hydrostatic effect, 
and n in (1) may reach values of 5 or even 7. 

2. In Figs. 2a and 3a, a fact that attracts attention 
is the presence of some hysteresis in the dependence 
of the permeability on temperature; it is especially 
noticeable near the Curie point. Actually the curve 
taken on cooling the specimen gives a higher value of 
the permeability. A similar phenomenon has already 
been observed in ferro magnets [llJ (far from the Curie 
point) and in ferroelectricsu21 and is apparently due 
to obstacles to the movement of domain boundaries 
presented by impurities and other imperfections of 
the specimen. These imperfections appreciably lower 
the values of the permeability in a ferromagnetic spe
cimen. But when the specimen approaches the Curie 
temperature from the side of the paramagnetic phase, 
the domains are formed initially in areas free from 
disturbances and make the largest possible contribu
tion to the value of the permeability. 

Thus from the experiment the conclusion follows that 
near the Curie point, along with the magnetization in
side a domain, a large role is possibly played also by 
the process of movement of domain boundaries. 

3. Since gadolinium possesses a quite large elec
trical conductivity, one can attempt to explain the 
change of the measured inductance and loss resistance 
in our experiment with frequency as due to the occur
rence of eddy currents in the specimen. For sufficiently 
high frequencies, one can write approximately[131 

(4} 

where J.1. is the permeability, a is the electrical conduc
tivity, and w is the frequency. It is seen from these for
mulas that on increase of frequency the induction drops, 
whereas the losses increase. We observe precisely this 
picture by expe;riment. 

From (4) it also follows that if the JJ.(T) curve has a 
maximum, then a maximum should be observed both on 
the L(T) curve and on the R(T} curve, at the same tem
ferature, independently of frequency (see, for example, 

161}, if a may with sufficient accuracy be considered a 
monotonic function of temperature. Results of measure
ments of electrical resistivity on polycrystalline gado
linium [141 safely support this assumption. But as can be 
seen from Figs. 2b, 3b, and 4, not only the value of the 
inductance and losses but also the position of their max
ima depends on frequency. Furthermore, the maximum 
of the losses at any frequency is located at a higher 
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temperature than the maximum of the permeability. 
Consequently, the presence of eddy currents alone is 
incapable of explaining completely the character of the 
dependence of the inductance and losses of the coil on 
temperature and frequency. The presence of a loss 
maximum on the curve of temperature dependence ob
viously suggests the existence, at each temperature, of 
some characteristic frequency w0 for a given specimen, 
or of a characteristic time T ~ 1/w0 (provisionally, it 
may be called a relaxation time), which increases with 
rise of temperature. 

From what has been said in the previous subsection, 
it may be assumed that near the Curie temperature an 
important role is played by processes of domain bound
ary movement; we therefore have the right to expect 
large relaxation times of order 1/w, where w is the 
frequency we are applying. Then for the permeability, 
only those results are to be considered thermodynamic 
which relate to zero frequency, or at any rate to fre
quency w <t: w0 • 

The table contains just these, the values of Tm ex
trapolated to zero frequency. It is seen from Fig. 4 
that the order of the corresponding relaxation times T 

for our specimens is close to T ~ 10- 3 sec. 
4. We now turn our attention to the difference in av

eraging between additive thermodynamic quantities and 
kinetic quantities having dispersion. In subsection 1 it 
was shown, for example, how the maximum of the heat 
capacity shifts in an inhomogeneous specimen near a 
critical point Tc. The time for establishment of equi
librium in the same specimen has a maximum, as be
fore, at the same place as a homogeneous specimen. (gJ 

A similar phenomenon was noticed also in [1 sJ. This 
occurs because the relaxation times of different parts 
of the system are not added to each other, like the heat 
capacities or, let us say, the permeabilities. In an in
homogeneous system, the longest time constants Tap
pear as a characteristic of the system as a whole (in 
experiments of other nature, the shortest time con
stants may, on the contrary, stand out). Thus those 
parts of an inhomogeneous system that are closest to 
the state of an ideal specimen make the greatest con
tribution in the determination of kinetic quantities near 
the true critical temperature, since the relaxation time 
of an ideal specimen becomes infinite near this tem
perature. This argument leads us to the idea that the 
maximum of the losses in a specimen, which is of 
course related to its relaxation time, is located at a 
temperature that is closer to the true Curie point than 
are the maxima of the thermodynamic quantities con
sidered above. Actually, as is seen from the table, the 
maxima of the losses in the specimens are located at 
temperatures still higher than are the maxima of the 
permeability, and consequently closer to Tc. 

The insufficiently wide range of the frequencies used 
in our research prevents a complete description of the 
behavior of the maximum of the losses and of the induc
tance. From Fig. 4, however, it can be concluded that 
the characteristic frequency w0 , which is connected with 
movement of domain walls (see subsection 2) or with 

some other macroscopic mechanism, approaches zero 
at some temperature Tm R• and presumably in such a 
way that (aw 0 /oT)T=Tm ~ = 00 • It makes sense to call 

' this temperature the Curie point of the real specimen, 
since it corresponds to the largest relaxation time. It 
is seen from the table that this temperature T m R is 
least sensitive to individuality of the specimen. ' 

In conclusion, the authors must thank G. V. Abram
ova, L. A. Bogushko, and V. P. Voronov for help in the 
measurements. 
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