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The influence of magnetocrystalline anisotropy on the magnetocaloric effect (MCE) was studied on

single crystals of Co2B and compared to measurements on polycrystalline samples. Large

differences in adiabatic temperature change DTad and magnetic entropy change DSM were found

along the different crystallographic directions. The magnetocaloric effect differs by 40% in the

case of DTad in a field change of 1.9 T when applying the field along the hard axis and easy plane

of magnetization. In the case of DSM, the values differ 50% and 35% from each other in field

changes of 1 and 1.9 T, respectively. It was found that this anisotropy effect does not saturate in

fields up to 4 T, which is higher than the anisotropy field of Co2B (�2 T). A simple model was

developed to illustrate the possible effect on magnetocrystalline anisotropy, showing large

differences especially in application relevant fields of about 1 T. The results strongly suggest that

the MCE could be maximized when orienting single crystalline powders in an easy axis parallel to

the applied field in active magnetocaloric regenerator structures, and therefore the overall device

efficiency could be increased. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4971839]

Due to its higher theoretical energy efficiency, magnetic

refrigeration is considered a promising alternative to conven-

tional gas compression cooling.1,2 Since the discovery of

the giant magnetocaloric effect in Gd5(Si2Ge2),3 many prom-

ising material families like La-Fe-Si-,4–7 Fe2P-based

alloys,8–10 and Heusler alloys11–13 have been extensively

studied. In these materials, the transition temperatures are

highly tunable by utilizing various elemental substitutions or

external fields. Most studies on magnetocaloric compounds

have been conducted using isotropic polycrystalline samples

considering only the conventional magnetocaloric effect,

peaking at the Curie temperature. This can be explained by

the fact that most magnetocaloric compounds are magneti-

cally soft and are of cubic crystal structure14,15 and therefore

the anisotropic contribution at the Curie temperature is non

existent.

Yet it has been found that especially the Fe2P-type mate-

rials that are industrially viable16 show large magnetocrystal-

line anisotropy,17 which could strongly influence the

magnetocaloric properties.18 In order to build an efficient

cooling device, the magnetocaloric effect, namely, the adia-

batic temperature change DTad and isothermal entropy

change DS, needs to be maximized within the limitations of

the available field source. Therefore, the effect of anisotropy

is not only of theoretical importance but also of practical sig-

nificance when designing a heat exchanger made of a magne-

tocaloric material. Yet till now detailed experimental studies

on the effect of anisotropy on the magnetocaloric effect are

missing because the analysis of anisotropic effects is

generally hindered by the lack of single crystal data on mag-

netocaloric materials.

The anisotropy of the magnetocaloric effect (MCE) has

already been discovered several decades ago. Vonsovskiy the-

oretically predicted a difference in heat capacity at a different

magnetic field orientation for a cobalt single crystal in 1938.19

In the work of Akulov and Kirensky from 1940,20 the rota-

tional MCE was directly measured on a nickel single crystal.

According to these works, the anisotropic effect in pure 3d

metals is below 0.1 K/T due to low values of their magneto-

crystalline anisotropy. However, it was found that the MCE in

single crystals of rare earth (RE) metals can be strongly aniso-

tropic, with a different sign of MCE when applying a field

along easy and hard axes of a single crystal.21,22

According to recent studies conducted on single crystals,

the magnitude and shape of the magnetic entropy change can

be significantly different when the external field is applied

along different crystallographic directions.23–31 However,

the temperatures at which this effect was observed lie far

below room temperature.

In this letter, we report on the effect of magnetocrystal-

line anisotropy near the Curie temperature and its influence

on the magnetocaloric effect. We chose a single crystal of

Co2B as for reference as this system offers a well-defined

determination of magnetocrystalline anisotropy. The mag-

netic properties of Co2B were reported in Ref. 32 both for

theoretical and experimental aspects. It was found that the

anisotropy changes from an easy axis anisotropy [001] to an

easy plane anisotropy (100) spanned by the axis [100] and

[010] with a spin reorientation at around 78 K with an anisot-

ropy field HA of approximately 2 T. The Curie temperature

TC of the alloy is 420 K. The crystal lattice of Co2B with the

spins aligned along the [100] direction is depicted
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schematically in the inset of Figure 1. For a typical domain

structure of a single crystal with easy plane anisotropy, the

reader is referred to Ref. 22.

The Co2B pre-alloys were prepared by induction melt-

ing of commercial purity Co (99.99%, Mateck) and B

(99.999%, Mateck) under argon atmosphere. For obtaining

single crystals, the ingots were remelted under Ar atmo-

sphere at 1583 K and slowly cooled to room temperature

with a cooling rate of 10 K/h leading to enhanced grain

growth. Large single crystalline grains were extracted and

the crystalline quality and orientations were checked by

Laue and powder X-ray diffraction. For magnetic measure-

ments, the sample was cut into a 1 � 1 � 1 mm cube with

edges parallel to [001], [100], and [010]. The polycrystalline

sample was taken from the same pre-alloy batch as the single

crystal. The size and shape of the polycrystalline sample

were chosen to be comparable with the single crystal in order

to account for possible size and demagnetization effects. In

order to study the influence of magnetocrystalline anisotropy

on the magnetocaloric effect, the adiabatic temperature

change was obtained by means of direct measurements in

a purpose-built setup described in Ref. 33 and magnetic

isotherms recorded on a Quantum Design 14 T PPMS

(Physical Property Measurement System) magnetometer and

analyzed using the Maxwell relation. Both measurements

were carried out on the single crystal along [001], [100], and

[010] (equivalent) directions and on the polycrystalline

sample.

The Co2B sample crystallizes in space group I4/mcm

(#140) with lattice parameters of a and b¼ 0.501 nm and

c¼ 0.422 nm, which is in good agreement with the litera-

ture.34 The chemical and phase purity of the samples was

confirmed by scanning electron microscopy in the BSE

(backscattered electron) mode and X-ray diffraction.

The adiabatic temperature change DTad measured in a

field change of 1.9 T is shown in Figure 1. The maximum

adiabatic temperature change for an external field applied

along the hard axis [100] is 0.65 K at a temperature of 425 K.

This is around 40% lower than that compared for applying

the field in the easy plane (100), which is 0.90 K. The poly-

crystalline measurements lie in between the values obtained

for applying a field along the easy plane and hard direction

of magnetization. A maximum adiabatic temperature change

of 0.75 K is observed for the polycrystalline sample. In all

cases, the peak DTad takes place at the same temperature of

425 K.

The field dependence of maximum entropy change DSM

values calculated from the Maxwell equation35 at a constant

temperature of 420 K is shown in Figure 2. As in the DTad

measurements, an anisotropic behavior is observed in the

field dependent DSM;max measurements. Even in fields up to

4 T (much higher than the anisotropy field of approximately

2 T) the entropy changes do not converge and the effect of

anisotropy cannot be overcome. The inset of Figure 2 shows

DSmðTÞ for a field change of 2 T exhibiting a similar shape

and peak temperature for both polycrystalline and single

crystal samples. As in the case of the adiabatic temperature

change measurements, the values of the polycrystalline sam-

ple lie in between the ones of the single crystal with fields

applied in the easy plane and hard axis. Both the above

described effects of DTad and DS that occur in the polycrys-

talline samples can be explained by an arbitrary grain orien-

tation leading to values lying in between these values

obtained for field alignment along the easy plane and hard

axis of magnetization, respectively.

In order to quantitatively study the physical origin of

this effect, the temperature dependence of anisotropy energy

Ea was calculated in different field changes up to 4 T in a

temperature range between 360 K and 470 K. The results are

shown in Figure 3(a). Ea was determined by subtracting the

integration of M � H at constant T for different fields applied

parallel to the [100] axis and (100) plane. Ea is sketched as

the filled area in the inset of Figure 3(a).

The values of magnetocrystalline anisotropy are rather

low compared to other hard magnetic materials36 yet

two things are rather peculiar: first, Ea is still existent

above TC and second, Ea does not saturate with fields above

the anisotropy field. This is obvious when looking at the

recorded M – H curves in the inset of Figure 3(a) where the

magnetization versus field is plotted for the temperatures of

FIG. 1. DTad versus T in field changes of 1.9 T measured along [100], [010],

and [001] directions shown in blue squares and black dots. Measurements

performed on a polycrystalline samples are shown with red triangles. The

inset shows a schematic of the crystal lattice of Co2B with the spins aligned

along the [100] direction.

FIG. 2. Field dependence of DSmax for fields applied parallel to [100] and

[001] axes and to a polycrystalline sample. The inset displays the tempera-

ture dependence of DSm in a field change of 2 T.
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300 K and 422 K (2 K above TC, determined by Arrott plots).

It can be clearly seen that M does not fully saturate, making

the integral non-converging; furthermore, anisotropy energy

(marked by the hatched area) is still existent above TC defy-

ing Zener’s theory of temperature dependence of anisot-

ropy.37 This phenomenon becomes even more obvious when

looking at Figure 3(b) where the field dependence of Ea is

plotted at temperatures above and below TC. Above the

Curie temperature of 420 K, Ea is still increasing almost line-

arly with field.

The effect of magnetization anisotropy was predicted by

Callen and Callen38,39 and described as a alignment of mag-

netic moments within a narrow cone along the easy axis of

magnetization and an alignment along a wider cone in the

hard direction. This effect directly also correlates with a dif-

ference in paramagnetic susceptibilities.

To estimate the contribution of anisotropy energy on the

magnitude of the anisotropic MCE, the rotational magneto-

caloric effect was calculated. As proposed by Nikitin et al. in

Ref. 26, the rotational entropy change DSrot under adiabatic

conditions can be calculated by the following expression:

DSrot ¼ �
dEa;H

dT

� �
� dEa;0

dT

� �� �
¼ � dDEa

dT

� �
; (1)

where Ea;H and Ea;0 are the magnetocrystalline anisotropy

energy in the field H and in the zero magnetic field,

respectively. The results of the DSrot calculations obtained

by Equation (1) are shown in Figure 4. A peak in the

rotational entropy change is found at TC, coinciding with

the measurements shown in Figure 2. In fields above 1 T, the

magnitude of the rotational MCE saturates. This is due to the

fact that the differences in field dependent anisotropy energy

are mostly only influenced by the anisotropic saturation mag-

netization, as can be seen in Figure 3.

Figure 5 shows the maximum values of DSrot at a con-

stant temperature of 420 K (at TC). Additionally, the differ-

ences in entropy changes between the easy plane (100)

and hard axis [001] calculated by the Maxwell equation

ðDSmax;001 � DSmax;100Þ are shown, which are directly corre-

lated with the anisotropic magnetocaloric effect. The field

dependence of entropy changes values obtained by both

methods is similar, suggesting that the effect of the aniso-

tropic magnetocaloric effect in the studied material system is

due the anisotropy energy of the system.

The inset of Figure 5 shows a factor, we defined as the

anisotropy factor, describing the potential loss of the magne-

tocaloric effect due to magnetocrystalline anisotropy as

ganisotropy ¼
DSmax;easy � DSmax;hard

� �
DSmax;easy

¼
DSmax; 001½ � � DSmax; 100ð Þ
� �

DSmax; 001½ �
: (2)

The dotted lines in the inset of Figure 5 indicate a poten-

tial loss in entropy change of 50% in a field change of 1 T

and 35% in 1.9 T. The difference in entropy changes between

applying a field in the easy plane and hard axis of magnetiza-

tion is less pronounced than in the case of adiabatic tempera-

ture changes (see Figure 1).

The field dependence of the anisotropy factor (Fig. 5)

follows an exponential phenomenological decay law with

ganisotropy Hð Þ ¼ 0:25þ 0:79 exp
�H

0:86

� �
;

suggesting a large influence of magnetocrystalline anisotropy

energy especially in low fields below 1 T. This finding is of

special importance as this field range is aimed for in a real

FIG. 3. (a) Anisotropy energy (Ea) vs temperature for fields ranging from

0.25 T to 4 T for the Co2B single crystal. The inset shows the field depen-

dence of magnetization at two distinct temperatures. The hatched area indi-

cates Ea. (b) Field dependence of Ea at different temperatures below and

above TC.

FIG. 4. Rotational entropy change DSrot versus temperature plotted for dif-

ferent fields.
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household refrigeration scenario as the permanent magnet

setup will play the greatest role in price and eco-friendliness

as described in Ref. 40. This finding shows that the magneto-

caloric effect will be underestimated in measurements of the

MCE on polycrystalline materials exhibiting magnetocrystal-

line anisotropy. Even more important, it shows that special

care needs to be taken when producing heat exchangers for

active magnetocaloric regenerators comprised of non-cubic

magnetocaloric materials like for example, polymer bonded

plates as shown in Ref. 41. In order to maximize the magne-

tocaloric effect and therefore make use of the magnetic field

source as efficiently as possible, the particles should be

aligned parallel to the applied magnetic field with respect to

their easy axis of magnetization.

In conclusion, the majority of studies of the magneto-

caloric effect (MCE) near TC are performed by using isotro-

pic polycrystalline samples where the contribution coming

from magnetocrystalline anisotropy is averaged out.

Whereas in the case of cubic symmetry, the use of polycrys-

talline samples is justified, in the case of non-cubic magnetic

materials we could show that the magnetic anisotropy near

TC is important. MCE measurements on polycrystalline sam-

ples lead to underestimation of DTad and DS. Especially in

the target scenario of utilizing materials in small magnetic

fields (e.g., 1 to 2 T), the effect of anisotropy is of great

importance. Furthermore, due to the nature of DS, the effect

of anisotropy cannot be overcome even in high fields

available in the laboratory. We therefore propose utilizing

textured non-cubic magnetocaloric materials with the easy

axis of magnetization parallel to the applied field in a real

magnetocaloric working device to increase the overall

efficiency.
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