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We have investigated the anisotropy of the magnetocaloric effect in a NdCo5 single crystal in a wide

range of temperatures, including the spin-reorientation temperature region. In the field �0H ¼ 1:3 T in

the spin-reorientation region 250–310 K, we discovered a giant rotating magnetocaloric effect of�1:6 K,

caused by rotation of the magnetization vector. The calculations of the anisotropy magnetocaloric effect

for the field �0H ¼ 1:3 T have been carried out.
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Introduction.—The magnetocaloric effect (MCE) refers
to a temperature change in a magnetic material due to a
reversible release of heat or absorption under its adiabatic
magnetization. Applying a magnetic field to a magnetic
material changes its magnetic state, internal energy, and
entropy, which causes heating or cooling of the magnetic
material. The most significant contributions to MCE in-
clude (i) changes of exchange energy due to magnetization
during a paraprocess [1,2], (ii) changes of magnetic an-
isotropy energy during rotation of a spontaneous magneti-
zation vector [3,4], and (iii) changes of magnetoelastic
energy due to magnetostriction [5].

The majority of studies investigated the first contribution
to MCE—i.e., the magnetocaloric effect of a paraprocess,
which peaks at the Curie temperature in the ferromagnetic-
paramagnetic phase transition. Meanwhile, the second and
third contributions to MCE have not been sufficiently
investigated. This lack of attention may be explained by
the fact that, for most magnetic materials, the contributions
at the Curie temperature are considerably lower than MCE
induced by a paraprocess. Still, in the region of magnetic
spin-reorientation phase transition, the anisotropy and ro-
tating MCE can be quite significant. Today, studies of the
magnetocaloric effect are of considerable interest for de-
veloping more energy-efficient and ecologically safe
chlorofluorocarbon-free refrigerators on the basis of giant
MCE materials. Extensive studies of MCE anisotropy can
facilitate finding new, constructive solutions in developing
magnetic refrigerators [6].

The contribution from the magnetization vector rotation
to the total MCE is known to be higher for materials with
high values of derivatives of the magnetocrystalline anisot-
ropy (MCA) constants with respect to temperature [7].
This suggests that the highest values of the rotating MCE
should be expected at SRT in single crystals of intermetal-
lic compounds of rare-earth magnets with 3dmetals, where

magnetic anisotropy constants have record-high values at
room temperatures.
The present study is the first to investigate the rotating

MCE in the NdCo5 compound with high values of mag-
netic anisotropy constants. According to the literature [8–
14], two II-type SRTs are observed in NdCo5 compounds.
When the temperature is increased to TSR1 ¼ 250 K, an
‘‘easy-plane’’–‘‘easy-cone’’ transition occurs. When the
temperature is increased to TSR2 ¼ 290 K, an uniaxial
magnetic state with an easy magnetization axis along the
hexagonal c axis is observed. The fact that the tempera-
tures for these transitions are close to room temperature
makes it possible to use this material as a working body for
magnetic refrigerators.
Experimental results and discussion.—The MCE was

measured by a direct method. A temperature change of a
sample under adiabatic magnetization was determined by
the copper-constantan thermocouple. The measurements
were taken in the temperature range of 78–700 K in a con-
stant magnetic field of up to �0H ¼ 1:3 T. The angle be-
tween the hexagonal axis of the crystal and the magnetic
field was set by a rotating electromagnet, which allowed us
to measure the MCE along various crystallographic
directions.
Figure 1 shows the MCE temperature dependencies in

the NdCo5 single crystal for two principal crystallographic
directions: the hexagonal c axis (�TAD;c) and the a axis

lying in the basal plane (�TAD;a). As Fig. 1 shows, the

MCE temperature dependencies in the �0H ¼ 1:3 T field
are characterized by peaks in the SRT range. When the ex-
ternal magnetic fieldH is applied along the a axis (H k a),
the MCE �TAD;a at T < 250 K is virtually nonexistent. In

the 250–360 K temperature range, which includes the SRT
range, the MCE temperature dependence peaks, and
�TAD;a reaches its maximum positive value of �1:1 K at

T ¼ 290 K. In the magnetic field H k c, the MCE �TAD;c
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decreases monotonously as the temperature increases and
reaches its maximum negative value �TAD;c � �1:1 K at

275 K.
The MCE anisotropy is clearly observed in the measure-

ments of the adiabatic temperature change as a function of
the�H angle between the magnetic field and the hexagonal
c axis. Figure 2 shows the MCE angle dependencies in the
NdCo5 single crystal measured under various tempera-
tures. As we can see from Fig. 2, depending on the �H

angle, the sample can either heat (positive MCE) or cool
(negative MCE). For instance, at T ¼ 270 K, whenH k c,
�TAD;c ¼ �1:0 K. With H k a, we observe �TAD;a ¼
0:4 K.

Figure 3 shows the temperature change of the NdCo5
single crystal, caused by the rotation of magnetization with
the change in the direction of the magnetic field from the c
axis to the a axis �TROT (rotating MCE). Prior to the
measurements, the temperature of the sample was stabi-
lized. After that, the magnetic field was turned on, and,
following another thermodynamic balancing in the mag-
netic field, the electromagnet was rotated by 90� over a
period of 1 sec. After the magnet was rotated, we measured
the temperature change of the single crystal caused by the
rotation of magnetization of the sample �TROT, following
the change in the direction of the external magnetic field.

As we can see in Fig. 3, �TROT reaches its maximum at
280 K and has a value of 1.6 K, which is significantly
higher than the values of the rotating MCE observed before
in other materials. This enables us to designate the effect
we discovered as the giant rotating MCE. It should be
noted that the acquired measurements are comparable
with the MCE values observed in intermetallic compounds
near the Curie temperature. It is also important to point out
that the rotating MCE is reversible. Under the thermal and

field cycling, no hysteresis is observed in the NdCo5 single
crystal. The absence of energy dissipation is an obvious
advantage for technical applications of this material.
To describe the rotating MCE quantitatively, one should

take into account the changes of the magnetic part of the
entropy and magnetic anisotropy energy at the rotation of
the magnetization vector in the SRT region.
The magnetic anisotropy energy depends considerably

on the angles that the magnetization forms with the major
crystallographic directions of the crystal. For a hexagonal
magnetic, when the first two anisotropy constants are taken
into account, the MCA energy looks as follows:

FA;H¼0 ¼ K1sin
2�0 þ K2sin

4�0; (1)

FIG. 1 (color online). Adiabatic change of temperature of the
NdCo5 single crystal, measured along the c axis �TAD;c (red

symbols) and along the a axis �TAD;a (blue symbols) in the field

�0H ¼ 1:3 T. The lines indicate the results of the calculations
of the rotating MCE using the expression (4) for the field�0H ¼
1:3 T and the anisotropy constants from Ref. [10] (solid lines).

FIG. 3 (color online). The adiabatic change of temperature
�TROT caused by the rotation of the NdCo5 single crystal in
the magnetic field �0H ¼ 1:3 T from the c axis to the a axis
(symbols) and the results of the calculations using the expres-
sion (4).

FIG. 2 (color online). The adiabatic change of temperature
measured at different angles between the external magnetic field
�0H ¼ 1:3 T and the c axis of the NdCo5 single crystal in the
spin-reorientation region.
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where �0 is an angle between the magnetization vector and
the c axis of the crystal in the absence of a magnetic field.

The change in the magnetic anisotropy energy of the
sample, caused by the magnetization rotation when a mag-
netic field is applied, equals

�FA ¼ FA;H � FA;0

¼ K1ðsin2�H � sin2�0Þ þ K2ðsin4�H � sin4�0Þ;
(2)

where FA;H and FA;0 are MCA energy in the field H and in

the zero magnetic field, respectively, �0 is the initial value
of the angle at H ¼ 0, and �H is the ending value of the
angle in the field H.

The corresponding change in the magnetic part of the
sample’s entropy due to rotation processes under adiabatic
magnetization of a single crystal can be written as follows:

�SM ¼ �
��

@FA;H

@T

�
�

�
@FA;0

@T

��
¼ �

�
@�FA

@T

�
: (3)

In the few existing papers on MCE anisotropy, the
calculations were performed under the condition that the
magnetic field is higher than the anisotropy field and �H ¼
�H. While this condition simplifies calculations when
�H ¼ 0 (H k a) or �H ¼ �

2 (H k c), it often does not

allow researchers to describe correctly theMCE anisotropy
in the fields �0H ¼ 1–2 T. However, in the existing pro-
totypes of magnetic refrigerators, the systems based on the
NdFeB permanent magnets are typically used, and these
magnets create magnetic fields precisely of this value. For
small magnetic fields, we took into account the fact that, at
�0H ¼ 1–2 T, the magnetization direction of the NdCo5
single crystal does not coincide with the direction of the
external magnetic field [13,14], and the angle �H � �H

has to be taken into account as well. If we take into account
this angle, the expression for the rotating MCE in the field
below the anisotropy field should be written as follows:

�T¼� T

Cp

�SM

¼ T

CP

�
@K1

@T
ðsin2�H�sin2�0Þþ@K2

@T
ðsin4�H�sin4�0Þ

�
;

(4)

where �0 is the initial value of the angle atH ¼ 0 and �H is
the ending value of the angle in the field H.

The �H was calculated according to the method de-
scribed in detail in Refs. [15,16]. This method was chosen
because it takes into account the presence of the magnetic
domain structure in a sample, which should be considered
in the fields�0H ¼ 1:3 T for the case when the field is not
applied along the easy magnetization axis. This is the first
time this approach to calculating the MCE in the fields
below the anisotropy field has been used. The experimental
evidence available for NdCo5 reveals differences in the

observed MCA constants [8–11]. For qualitative calcula-
tions of the rotating MCE, we used K1 and K2 constants
reported in several research papers. The best correspon-
dence with our experiment occurred when we used the
constants from [11]. Below, we report only on the results
of calculations involving these constants and the heat
capacity from [12].
Figures 1 and 3 show the results of the calculations using

(4) and the MCA constants from Ref. [11]. From Figs. 1
and 3, we can see that there is some degree of correspon-
dence between the calculated dependencies and the experi-
mental data. Under temperatures below TSR1, the a axis of
the NdCo5 single crystal is an easy magnetization axis.
Accordingly, at T < TSR2, �0 ¼ �H ¼ �

2 and, in the case

when the magnetic field is directed along the a axis, the
rotating MCE �TAD;a equals zero (Fig. 1). At T > TSR2,

the c axis is an easy magnetization axis. Then, �0 ¼ �H ¼
0, and �TAD;c in this temperature range also equals zero,

which is clearly seen in Fig. 1.
In the case when the angle between the direction of the

external field �H and the initial position of the magnetiza-
tion vector �0 does not equal zero, and when rotation
processes take place, the sign of the MCE is determined
by the sign of the derivatives of the first and second
anisotropy constants with respect to temperature and by
the direction of the rotation of the magnetization vector.

For instance, in the 150–400 K temperature range, @K1

@T þ
@K2

@T > 0. When the field is applied along the a axis, the

difference is as follows: �H � �0 � 0; with the field ap-
plied along the c axis, �H � �0 � 0. With the magnetiza-
tion along the a axis, the expression (4) produces a positive
MCE, while with the magnetization along the c axis, it
produces a negative MCE. Certain discrepancies with the
experiment may be due to the fact that the MCA constants
were determined by other researchers on a different single
crystal, and, apparently, there is a certain difference be-
tween the samples.
Knowing the heat capacity of the NdCo5 single crystal

[12] and its adiabatic temperature change, we can estimate
the magnetic entropy change at SRT for the given com-
pound. Thus, in the magnetic field�0H ¼ 1:3 T, when the
single crystal is rotated by 90�, the maximum entropy
change equals �SM ¼ 1:9 J=ðkgKÞ, or more than
1:5 J=ðkgKÞ in the field �0H ¼ 1 T [for Gd, this value
is 3 J=ðkgKÞ in the field of 1 T [17]].
In the low temperature area, it is possible to achieve the

rotating MCE due to high values of the magnetic anisot-
ropy constants of the rare-earth-metal 4f sublattice and
their sharp change with temperature [expression (4)] in the
case of a low Curie temperature. As reported in Ref. [18],
for the DyAl2 compound for the field �0H ¼ 2 T, the
authors calculated the entropy change by means of
Maxwell’s equations in the SRT region and received a
high value of �SM ¼ 4:2 J=ðmolKÞ (or 19:4 J=kgK) at
T ¼ 24:4 K. However, when a magnetic 3d sublattice is
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absent, it is impossible to realize this effect in the room
temperature region. Besides, the width of the maximum on
the temperature dependence curve of theMCE forDyAl2 is
only 20 K, while for NdCo5 it is 60 K.

The estimates of the maximum MCE caused by the
rotation of the magnetization vector are given in
Ref. [19]. For RCo5 compounds, the value of the maximum
entropy change was determined as �SM ¼ 4:3 J=ðkgKÞ.
This value can be achieved in magnetic fields of �0H ¼
1 T under the condition that in this field it is possible to
realize the rotation of the magnetization vector from one
crystallographic axis to another. This exceeds the value of
the magnetic entropy change for Gd in this field. Thus, the
results presented in Ref. [19] show that it is possible to
realize the values of the MCE in the fields of 1 T that are
higher than the MCE of Gd, under the condition that the
high gradients of the magnetic anisotropy constants are
realized near room temperature.

Conclusion.—The present work has discovered the giant
rotating MCE at room temperature in the NdCo5 single
crystal. This compound is a ferromagnetic with two mag-
netic sublattices, 3d and 4f. Each sublattice has high MCA
constants. The rare-earth-metal sublattice is in a strong
exchange field of the cobalt sublattice. As a result, the
high values of the magnetic anisotropy constants and
high speeds of change of these constants with temperature
can be realized in the area of room temperatures.

The results of the present study of the anisotropy of the
magnetocaloric effect in the NdCo5 single crystal show the
following: (i) The MCE at the magnetization of the single
crystal along the c axis has a negative sign. In the field
�0H ¼ 1:3 T, it reaches�1:1 K at 275 K temperature. At
magnetization along the a axis, the MCE has a positive
sign and reaches 1.1 K at 290 K temperature. (ii) By
rotating the single crystal in the magnetic field 1.3 T, we
can achieve the temperature change in the sample of 1.6 K.
(iii) It has been shown that, to determine the rotating MCE
correctly in the fields under the anisotropy field (�0H ¼
1:3 T), it is necessary to take into account the domain
structure that occurs in the sample.

The experimental and theoretical results of our Letter
point at the possibility of using the rotating MCE in
magnetic refrigerators, working at close to room tempera-
ture. The advantage of such systems is that the temperature

change is caused by the rotation of the magnetic material in
a magnetic field, which is easier to realize from a techno-
logical standpoint than the translational motion of the
magnetic material into the magnetic field area and out of it.
This work was supported by RFBR Grants No. 09-02-
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