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The magnetocaloric effect (MCE) of polycrystalline gadolinium was studied in high steady magnetic fields
up to 14 T by direct measurements of the adiabatic temperature change (DT) using an ‘‘extraction meth-
od”. Large MCE was observed at the ferromagnetic phase transition resulting in DT of 19.5 K at a field
change of 14 T. The direct measurements of MCE were performed using the measuring system designed
and constructed by the authors. It was shown that near the Curie temperature, the magnetic field depen-
dence of the adiabatic temperature change is far from saturation even in a 14 T field and is adequately
described by the thermodynamic Landau theory for magnetic second-order phase transitions.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Magnetocaloric effect (MCE) is defined as the cooling or heating
of a magnetic material when it is magnetized or demagnetized in
an external magnetic field under adiabatic conditions, i.e. in the
absence of heat exchange with the environment. E. Warburg dis-
covered this effect late in the 19th century [1]. Over the last
30 years interest in the study of MCE has grown strongly due to
the possibility of its practical application (mainly because of the
commercial potential offered by magnetic refrigerators operating
at room temperature) and interesting fundamental properties of
new materials in magnetic fields [1–7]. One example of the
increased interest is magnetic refrigerants for solid-state energy-
efficient cooling. Taking into account that large electricity con-
sumption by the entire world population is related to refrigeration
and air conditioning, an improvement in the efficiency of these
processes via the use of magnetic technologies would translate into
a large reduction in energy consumption. Magnetic refrigerators
could replace conventional refrigerators because they are econom-
ical and environmentally friendly. The fundamental study of MCE
is interesting from both points of view of the physics of magnetism
and solid state thermodynamics. It should also be noted that MCE
is a powerful and widely used tool for the investigation of magnetic
phase transitions including their mechanisms. Generally, the MCE
reaches maximum values in the region of magnetic phase transi-
tions. Furthermore, large MCE can be observed at the cryogenic
temperature range due to the superparamagnetic properties [8]
or some magnetic precursor effects of rare earth ions [9].
Metallic gadolinium is promising for magnetic cooling. The
magnetic behavior of gadolinium has attracted a lot of attention
in the last three decades, and MCE of this metal has been studied
by both direct and indirect methods [10–18]. The direct method
of MCE measurements, when the sample moves quickly between
areas of maximum and minimum (or zero) magnetic field (extrac-
tion method), is more effective than the indirect method. The adi-
abatic temperature change (DT) during the magnetization and
demagnetization process of bulk gadolinium was directly mea-
sured, for magnetic fields up to 2 T in the range 285 K to 305 K
[19] and up to 9 T for temperatures between 10 and 325 K
[17,20]. Magnetocaloric properties of distilled gadolinium with a
composite-like structure have been studied in Ref. [21], for fields
up to 1.8 T. The magnetic field dependence of MCE has been inves-
tigated by Franco et al. [22] and Kuz’min et al. [23], for fields up to
2 T. Generally, direct MCE measurements in high magnetic fields of
up to 14 T are seldom done, since the generation of high magnetic
fields in superconducting solenoids requires a considerable
amount of time during which the heat emitted/absorbed by a sam-
ple is dispersed [17,20,24].

In this paper, we present the result of direct MCEmeasurements
of polycrystalline Gd in the region of the magnetic phase transition
in high steady magnetic fields of up to 14 T. These MCE measure-
ments were carried out by fast extraction of the sample from the
magnetic field. The main goal was to study the correspondence
between MCE variations in magnetic fields up to 14 T and thermo-
dynamic relationships following from Landau’s theory for second-
order phase transitions. This is important, because it was not clear
whether the thermodynamic relationships predicted by the Landau
theory are still valid for large values of both the magnetocaloric
effect, DT, and the magnetic field. The results obtained should also
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have practical importance, as they provide the basis for extrapola-
tion of the adiabatic temperature change for a given field change,
DT/DH, to the region of high magnetic fields.
2. Experimental details

An experimental device has been designed, constructed and
developed, that allowed direct MCE measurements in magnetic
fields of up to 14 T in the temperature range of 4.2–350 K using
the extraction method (see Fig. 1). A Bitter-type magnet generated
steady magnetic field. Both the temperature of the sample and the
temperature change (due to MCE) were measured using a differen-
tial thermocouple. The sample was encased within a thermal
screen to minimize heat exchange with the environment. The tem-
perature was controlled by a Lake Shore� thermo-controller. A Hall
sensor placed in the sample holder was used to measure the mag-
netic field. Movement of the sample to and from the region of the
maximum magnetic field was forced with a LinMot� actuator [25].
A carbon fiber tube (1 m long, 4 and 6 mm in the inner and outer
diameter, respectively) was connected to the actuator with one
end and to the sample with the other. The sample was moved dur-
ing 1 s from the center of the Bitter magnet to the outside (or vice
versa) at a distance of 35 cm. It should be noted that the magnetic
field values, initially for magnetization and finally for demagneti-
zation, were less than 2 % of the maximum field in the center of
the solenoid. Both the temperature of the sample and the temper-
ature change (due to MCE) were measured using differential
copper-constantan and chromel-gold (at low temperatures) ther-
mocouples with the accuracy better than 0.1 and 0.05 K, respec-
tively. An influence of the magnetic field on the thermocouples
has been tested with a copper block used as the sample and no adi-
abatic temperature change has been observed within above speci-
fied accuracies. We have developed computer software which
recorded the adiabatic temperature change (DT), sample tempera-
Fig. 1. Schematic diagram of the setup used for direct measurements of MCE at
temperatures from 4 to 350 K and magnetic field changes up to 14 T.
ture (T), and magnetic field (H). To gauge these quantities, voltage
from thermocouples and Hall sensor has been measured with
Keithley 2010 multimeters. All MCE measurements were carried
out on a sample that was made of sublimated dendrite lump poly-
crystalline gadolinium of 99.99% purity (REacton – Alfa Aser).

3. Results and discussion

The change of the magnetic field and the resulting change of the
sample temperature during MCE measurements are shown in
Fig. 2. The results have been collected as a function of time during
the alternating magnetization and demagnetization process of the
sample under adiabatic conditions. One can notice the efficiency
and reproducibility of the MCE due to minimized heat leaks
between the sample and its surroundings. Results of direct MCE
measurements for the polycrystalline Gd sample are shown in
Fig. 3. The DT(Tstart) dependences, where Tstart is the initial temper-
ature, obtained for both magnetization and demagnetization pro-
cesses, are typical peaked curves. The maximum value of MCE
measured during magnetization and demagnetization occurred at
different initial temperatures (see Fig. 3). The maximum value of
MCE obtained for demagnetization was shifted to higher Tstart by
about 20 K, which corresponds to the maximum value of
DT = 19.5 K obtained in the magnetic field of 14 T. This is due to
the fact that during the magnetization and demagnetization pro-
cesses, which begin at the same initial temperature Tstart, the sam-
ple is in a different thermodynamic state revealing heating and
cooling, respectively, as shown schematically in Fig. 4.

The total entropy of a magnetic material at constant pressure
can be expressed in general as:

SðH; TÞ ¼ SMðH; TÞ þ SLðH; TÞ þ SeðH; TÞ ð1Þ
where SM is the magnetic entropy, SL is the lattice and Se is the elec-
tron contribution to the total entropy. However, in the first approx-
imation we can assume that the lattice and electron parts of the
entropy depend only on temperature. In that case, the isothermal
magnetic entropy change DSM(T,H) can be defined as:

DSMðT;HÞ ¼ SMðT;H2Þ � SMðT;H1Þ ¼ SðT;H2Þ � SðT;H1Þ ð2Þ
where H2 � H1 = DH denotes the change of magnetic field.

The adiabatic temperature change DT(T) and the isothermal
magnetic entropy change DSM(T) are shown schematically in
Fig. 4 for Gd single crystal in the vicinity of a phase transition.
The S(T) curves at constant pressure were determined by the
formula:

SðH; TÞ ¼
Z T

0

CPðH; TÞ
T

dT ð3Þ

where heat capacity values Cp(T,H) for l0H = 0 and 5 T were taken
from Ref. [16]. In Fig. 4, AB isDTmagn obtained during adiabatic mag-
netization when the magnetic field changes from zero to 5 T, CD is
DTdemag obtained during adiabatic demagnetization, and CA is the
isothermal magnetic entropy change DSM(T). Points A and C refer
to the same temperature, but belong to different S(T) curves. Thus,
|DTmagn|– |DTdemagn| when the magnetization and demagnetiza-
tion processes start at the same temperature, as in our experiment.
The isothermal magnetic entropy change DSM(T) explains the shift
of the peak on the DT(Tstart) dependence (see Fig. 3), as mentioned
earlier. Thus, for magnetic refrigerators, which make use of the
demagnetization process, magnetic materials with a Curie temper-
ature below room temperature can be used as refrigerants. If, in the
case of adiabatic demagnetization process, the temperature of the
sample in zero magnetic field TH=0 is taken as the reference temper-
ature (point D in Fig. 4), the curve for adiabatic demagnetization
process (Fig. 3) shifts to the left by the value of DTdemag. In this case,



Fig. 5. Magnetic field dependences of the adiabatic temperature change DT for the
Gd sample measured during magnetization process an initial temperature
Tstart = 280, 294, 310 and 320 K.

Fig. 2. Time dependences of the magnetic field change (dashed line) and the resulting temperature change (solid red line) for a Gd sample in the course of experiment. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Temperature change DT as a function of the initial temperature, Tstart, for the
Gd sample during magnetization (closed red circles) and demagnetization (open
blue circles) in 14 T magnetic fields. Arrows point to the temperature corresponding
to the maximum DT. Inset shows |DT| vs. TH=0 obtained from the DT(Tstart)
dependence for magnetization and demagnetization processes. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Entropy of Gd single crystal plotted as a function of temperature at 0 (dashed
line) and 5 T (solid line) magnetic fields. The results have been obtained using the
heat capacity values reported in Ref. [16].
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the DT magnitude during adiabatic demagnetization is equal in
value to DT during adiabatic magnetization, i.e., |DC| = |CD| and
|BA| = |AB| (Fig. 4). Because of that, when the Tstart temperature is
taken as the reference temperature for both magnetization and
demagnetization processes, we observe the shift of the maximum
in the DT(Tstart) dependences by 20 K, which is the maximum adia-
batic temperature change (DT) for a magnetic field change of 14 T.
The insert in Fig. 3 shows the temperature dependences |DT| vs TH=0
obtained from the temperature dependences of DT measured once
during adiabatic magnetization and second time during adiabatic
demagnetization. As shown in the Figure, the dependences plotted
versus TH=0 fully coincide. Similar features of MCE measured for
polycrystalline gadolinium at low magnetic fields were reported
previously [19].

The magnetic field dependence of MCE was measured in the
vicinity of the phase transition in various fields. These plots are
shown in Fig. 5. The value of DT increases non-linearly with the
magnetic field, however the DT(H) is far from saturation. Thus, a
much larger DT is expected in fields higher than 14 T. As one can
draw from Fig. 5, with an increasing field the characteristic quan-
tity DT/l0H decreases from 2.6 K/T in 1 T to 1.4 K/T in 14 T at
294 K. More data are shown in Table 1. In Fig. 6 our DT(H) results
are compared with those obtained by other authors and reveal very
good correlation. Our results, however, extend the already pub-
lished data to a region of much higher magnetic fields. Note, that
single-crystal gadolinium can also demonstrate high DT/H values
[18]. The MCE of single-crystal gadolinium was studied by an indi-
rect method. For Gd magnetized along the [0001] axis in a field of
10 T, DT reached 19.5 K. This value is 25 % higher than that



Fig. 6. Comparison of the DT(m0H) data obtained in this work with those reported
by other authors at temperatures close to the magnetic phase transition temper-
ature of Gd (TC = 293.4 K).

Table 1
Ratio DT/m0H for the different magnetic field changes, m0H, for Gd upon its magnetization from zero field to H or demagnetization from H to zero field at temperatures close to the
magnetic phase transition temperature (TC = 293.4 K).

l0H(T) 1 2 4 7 10 12 14

DT/l0H (K/T) 2.6 2.4 2 1.7 1.6 1.5 1.4
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observed for polycrystalline Gd in our studies. Such a difference
can be related to the random grain orientation in polycrystalline
Gd. Anisotropic properties of MCE in single crystalline Gd have
been shown previously in [12].

Experimental results can be interpreted within the framework
of the thermodynamic Landau theory. According to this theory,
the equation for the magnetization of paraprocess near the Curie
temperature can be written as [26]:

a � I þ b � I3 ¼ H ð4Þ
where a and b are the thermodynamic Landau coefficients, and I is
the volume magnetization. The expression for MCE caused by an
adiabatic change of magnetization is:

dT ¼ � T
CI;P

@H
@T

� �
I
dI ð5Þ

Near the Curie temperature, the b coefficient is only weakly depen-
dent on temperature and therefore the temperature derivative from
Eq. (4) equals to:
Fig. 7. Experimental data (circles), obtained for the Gd sample fromMCE measurements a
and b) DT vs m0H

2/3.
@H
@T

� �
I
¼ a1I ð6Þ

Substituting Eq. (6) into Eq. (5) we obtain:

dT ¼ �a1T
CI;P

IdI ð7Þ

Integration of the expression (7) leads to:

DT ¼
Z I

0

a1T
CI;P

IdI ¼ a1T
2CI;P

I2 ð8Þ

Thus MCE must obey the law of proportionality to the square of
the magnetization in the region of paraprocess [26]:

DT ¼ k � I2 ð9Þ

where k ¼ a1T
2CI;P

. This was confirmed by the experiment of Weiss and

Piccard [27].
The magnetic field dependence of DT can be described by the

equation of state following from the thermodynamic Landau
theory:

aþ cP
k1=2

þ b

k3=2
DT ¼ H

DT1=2 ; ð10Þ

As one can see from Eq. (10), DT � H/DT1/2 or DT � H2/3. The
H/DT1/2 vs. DT and DT vs H2/3 dependences obtained for the MCE
results are shown in Fig. 7. Adiabatic temperature change for a
given field change, DT/DH, is dropping with increasing field due
to the nonlinear dependence of M(H) and beginning of the satura-
tion process. Note that the experimental points fit a straight line
well, confirming the complete applicability of Landau’s thermody-
namic theory to the description of MCE of Gd near the Curie point.
It is important to note that this theory also works accurately in
high magnetic fields, up to at least 14 T. It is known that the max-
imum magnetic entropy can be calculated by expression:

Smax
M ¼ R lnð2J þ 1Þ ð11Þ
where R is the universal gas constant, J is the total angular momen-
tum, which, for Gd, is 7/2. Thus, the maximum magnetic entropy of
Gd is 17.3 J/mol K. Assuming that the maximum magnetic field
which can be reached under laboratory conditions is 100 T [28,29]
and using magnetization data available in [5], an entropy change
nd the functional dependences (solid lines) derived from Eq. (9): a) m0H/DT1/2 vs DT,
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of 8.5 J/mol K is expected in this field. Taking into account expres-
sion DT � H2/3, we determine that to reach the maximum magni-
tude of MCE, magnetic fields of � 300 T should be applied.

4. Conclusion

In conclusion, the specificity of the MCE measuring system,
which was designed and assembled by the authors, is described.
It allows the adiabatic temperature change, DT, to be measured
directly using fast moving of a sample from or into a magnetic
field. The application of a stationary magnetic field allows one to
reach the thermodynamic equilibrium between a temperature sen-
sor and a sample, whereas, in using pulsed magnetic fields, such
equilibrium can’t be obtained. The proposed technique was used
to measure MCE parameters of polycrystalline Gd in steady mag-
netic fields up to 14 T. It was shown that the MCE arising in Gd
in high magnetic fields results in the adiabatic temperature change
DT = 19.5 K for a field change of 14 T. Similar values of the adia-
batic temperature changes obtained for the magnetization and
demagnetization processes confirm accuracy of the experimental
method being developed. Moreover, it has been experimentally
proved that the relationships derived from the Landau theory for
second-order phase transitions provide the adequate description
of the DT vs H dependence in high magnetic fields, around the
Curie temperature. This fact demonstrates also the practical impor-
tance of experimental results since DT can be calculated for a wide
magnetic field range when experimental DT is available for any
particular magnetic field.

The research was supported by RFBR Grant 13-02-00916 (T.I.I,
S.A.N), and the project No. 146-MAGNES of the ERA.Net RUS Plus
initiative of the EU 7th Framework Programme (Yu.S.K, J.Ć, M.M,
and K.R).
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