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We investigate the magnetocaloric effect obtained by the rotation of a magnetic field applied to an
exchange-coupled multilayer system composed of two different ferromagnetic (FM) materials. We
specifically consider a system in which the two FMs have perpendicular uniaxial anisotropy axes and
utilise conditions which yield a reorientation of the total magnetization when compensation between
the anisotropies of the two layers occurs. We calculate the consequent entropy change associated
with the ”artificial” reorientation. By using known parameters from MnBi and Co we predict an
entropy change of As = 0.34 Jkg 'K~ for perfect coupling. Lastly, we study the behavior of the
multilayer under a rotating magnetic field via a micromagnetic model. When the layer thicknesses
are of the order of the local domain wall width, the magnetic field-induced entropy change can be
obtained with magnetic fields one order of magnitude lower than in the uncoupled case.

I. INTRODUCTION

The magnetocaloric effect (MCE) is the thermody-
namic response of a material to a change in the level of
an applied magnetic field. It is quantified in terms of an
isothermal entropy change, As and an adiabatic temper-
ature change, AT,q and was first observed by Weiss and
Piccard in 1917 [I]. A resurgence of interest in the mea-
surement and application of the MCE has resulted from
the more recent discovery of giant MCEs in a range of
materials with first order magnetic phase transitions [2].
In almost all of those cases, the MCE is associated with
the ordering or disordering of magnetic spins.

However, the magnetocaloric effect (MCE) also has an
additional contribution from the magnetic anisotropy en-
ergy [3]. Even if the entropy change is not high with re-
spect to other magnetocaloric materials [4], this fact cre-
ates an interesting possibility for magnetocaloric cooling
since the thermal effects are generated by simply turning
a magnetic field with constant amplitude [3]. The magne-
tocaloric effect associated with a spin reorientation tran-
sition has been observed in hexagonal ferrites [5Hg| and
in compounds with rare earths such as EryFe 4B [9, [10]
and NdCos [11]. In this paper we investigate the pos-
sibility of creating an artificial spin reorientation by ex-
change coupling of two ferromagnetic materials with uni-
axial anisotropies oriented in perpendicular directions.

For uniaxial anisotropy, the Gibbs free energy density
of a magnetic material can be expressed as:

g1(T, H;0) =K(T)sin? 0
— poM(T) (HH cosf + H, sin 9)

where K is the anisotropy constant, 6 is the angle formed
by the magnetization vector with the anisotropy axis, M
is the saturation magnetization and H)| and H, are the
component of the field parallel and perpendicular to the
magnetization. The entropy is given by the expression

agL (H, T, geq)
=T = 2
3T (2)
where 6.4 is given by the minimization of the energy by

the conditions gy, /00 = 0 and 9%gr, /90 > 0. The en-
tropy change is then

dKy . dM. .
As = — o7 sin? Ocq + MOTTS (HH cos Oq + H | sin He(q;)

The term proportional to dM,/dT describes the contri-
bution associated with ordering or disordering of mag-
netic spins, while the term proportional to dK;/dT
is an additional contribution related to the magnetic
anisotropy energy. The microscopic origin of the
term proportional to dK;/dT has to be found in the
anisotropic magnetization mechanism [I2]: the spin sys-
tem is more disordered (high entropy state) when the
magnetization points along an hard direction. A par-
ticularly interesting case is when K is positive and the
magnetic field is applied parallel (]|) or perpendicular (L)
to the easy axis [9]. We have for (]|):

dM;,

AS(HH) = /iodiT

H (4)

and for (1)
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dK dM,
As(Hy) = =5+t

H, (6)

for Hi > Hay where Hypy is the anisotropy field
Han = 2K1/uoMs. At H) < Han the entropy change
depends on the difference dK; /dT — po(dMs/dT)Han. If
the temperature derivatives of the saturation magnetiza-
tion, dM/dT, and of the anisotropy constant, dK;/dT,
both have the same sign, the resulting MCE under al-
ternating field will be the difference of the two contri-
butions giving no possibility to exploit the anisotropy
effect. However, at magnetic fields above the anisotropy
field, and for a magnetic field rotation from (L) to (||)
the term dM/dT is eliminated and only the anisotropy
contribution remains:

dK;

As(Hy) - As(HL) = —= (7)

When looking for relevant materials, one has to con-
sider that the deviation from the easy axis must be ob-
tained by not too large fields, (i.e. small with respect
to Han). This situation naturally occurs in materials
with a spin reorientation transition in which the main
anisotropy constant K; crosses zero at the spin reorien-
tation temperature, T = Tsr. As we describe in the
next section, our model of an artifical SRT in a ferro-
magnetic multialyer requires us to find conditions on the
anisotropy properties of the two layers such that the over-
all anisotropy of the multilayer vanishes at a particular
temperature.

The remainder of this article is organised as follows:
in section [lI| we describe our model of a system of two,
magnetically hard ferromagnetic layers with perpendicu-
lar anisotropy axes, and make a prediction of the magni-
tude of the rotating field MCE if MnBi and Co are used
as the two layer materials. Results of the micromagnetic
model of exchange coupling are given in section [[T]] and
conclusions are drawn in section [[V]

II. ARTIFICIAL REORIENTATION MODEL

The field of thin film spin reorientation (SRT) has been
explored widely, albeit not with a magnetocaloric moti-
vation. SRT studies have included those of ultrathin fer-
romagnetic films, where film thickness, temperature or
magnetic field can be used to drive a transition from out-
of-plane to in-plane magnetisation [13]. Theoretical work
predicted that a ferroelectric layer be used to provide

electrical switching of the magnetisation of a neigbour-
ing ferromagnetic layer, via SRT [I4] and this concept has
been demonstrated in Cu/Ni multilayers on BaTiO3 [15].

Our focus is on the magnetocaloric properties of a lay-
ered system in which the SRT is of a different physical
origin to that found in ultrathin ferromagnetic films. We
consider a multilayer stacked in the z-direction in which
two ferromagnetic materials A and B both have uniaxial
anisotropy but perpendicular orientations of their easy
axes in the y — z plane. As a specific case we consider
material A with an easy axis directed along z and mate-
rial B with an easy axis directed along y perpendicular
to z. Considering uniaxial anisotropy to the first order,
we have that the anisotropy energy of A is K, sin” 04
while for B is K, sin?(@p — 7/2) where 64 and fp are
the angle between the magnetisation of the A- or B-layer
and their respective easy axes. For independent layers
(without interlayer exchange) the free energy density is
the sum of the two individual layer energies:

fr =vaKy,sin®?04 +vpKy, sin®(0p —7/2), (8)

where v4 and vp are the volume fractions of A and B. As
the anisotropy of B can be expressed as K, sin?(fp —
7/2) = K1, cos’fp = K;,(1 —sin®6p), the orientation
of the easy axis of layer B along y corresponds to an
effective negative anisotropy constant (along z). We may
then use energies K4 sin® @ with K4 = Ky, >0 for A
and Kpsin?0 with Kp = —K,, and Kp < 0 for B.

When interlayer exchange is taken into account one has
to make a full micromagnetic model of the multilayer. If
the exchange interaction dominates, the magnetization
of A and B will be perfectly coupled § = 84 = 0. The
free energy will be:

fr = (WaKa(T) +vpKp(T))sin?0. (9)

If the condition vaK4 = —vpKp is realized the total
anisotropy will vanish. If the anisotropy constants are
both temperature dependent, there will be a particular
temperature Tgr at which this condition will be fulfilled
and at which we will have an artificial reorientation of the
magnetization. The contribution to the entropy is s =
—df /dT and the entropy difference between the state of
the multilayer in a magnetic field which is parallel (||) or
perpendicular (L) with respect to z will be As = s —s5:

dK dK

AS:UAT;+UBT;7 (10)
because with = 0 (|[) sj = 0 and with 6 = 7/2 (1)
s; = —(vadKa/dT +vpdKpg/dT). If the A material has
dK 4/dT > 0 and the B material has dKp/dT > 0 (i.e.
dK1, /dT < 0) the two contributions in Equation [10] will
add constructively as shown in Figure [1| and the entropy
change between (]|) and (L) will be maximized.
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FIG. 1: Sketch of the anisotropy constants as a function of
temperature for layers A and B which give a maximum en-
tropy change at the transition temperature (K4 + Kp = 0).

A. Predictions of the properties of a composite Co
and MnBi system

To maximize the MCE under field rotation we select
two materials A and B such that dK;,/dT > 0 and
dK;,/dT < 0. As an example we take MnBi as ma-
terial A and Co as material B. The selected materials
have the following intrinsic properties at room tempera-
ture (T = 293 K).

e The low temperature phase (LTP) of MnBi has
oM, = 072 T, Ky = 9 x 10° Jm=3 [19],
dK1/dT = 5.5x10% Jm~3 [25]. Its physical density
is 9350 kgm =3 [27].

e Cobalt has pgM, = 1.81 T, K; = 4.1 x 10° Jm~3
[19] and dK;/dT = —2.1 x 105 Jm~2 [26]. Its phys-
ical density is 8900 kgm =3

Among ferromagnets, MnBi has the unusual property of
having dK;/dT > 0 at room temperature. This is the
consequence of an intrinsic spin reorientation at around
100 K [18]. In MnBi, K; reaches a maximum at around
500 K and then decreases. By taking ideal exchange cou-
pling, to obtain zero anisotropy at room temperature, the
ratio of layer thicknesses in the proposed multilayer has
to be the inverse of the ratio of the anisotropy constants:

= —LMnBi 99 (11)

The phase fractions in this example will therefore be
pco = 0.69 and pprnp; = 0.31. The typical entropy
change As = dK/dT results in As = 0.34 Jkg7 1K1
In order to determine the conditions for the exchange
coupling between A and B we perfrom a micromagnetic
analysis of the multilayer.

B. Micromagnetics of exchange-coupled multilayers

The problem of the magnetization configuration
adopted by a multilayer can be well expressed by mi-
cromagnetic theory where the energy of the system is a
functional of the magnetization vector field M(r) and is
the sum of several contributions: exchange, anisotropy,
magnetostatic and applied field [I7]. The configurations
of minimum energy are given by the solution of a varia-
tional problem and can be expressed as m x He.f¢ = 0 in
terms of the reduced magnetization m = M/M; and of
the effective field, Heyy:

2 1 Ofan
(A —
MOMSV ( vm) /’(‘OMS Om

Hep = +Hy+H, (12)

where the first term on the right hand side is the ex-
change term and V - (AVm) is a shorthand notation
for V- (AVmy)i+ V- (AVmy)j+ V - (AVm,)k. The
anisotropy energy is f4 and it also contains the presence
of a unit vector n, indicating magneto-crystalline orien-
tations. Hj; is the magneto-static field given by the so-
lution of the magneto-static equations (V-Hy, = —V-M
and V x Hy; = 0) and H, is the applied magnetic field.
In a magnetic multilayer, all parameters change from
layer to layer but the exchange term tends to favor the
parallel configuration between layers.

The application of micromagnetic theory to exchange
coupling in multilayers has been studied in several con-
texts and for different magnetic materials. Gonzales et
al.[23] and Navarro et al. [2I] discussed the exchange
coupling in hard-soft composites. The problem of the
exchange coupling in a magnetic multilayer structure in
micromagnetic theory has been studied by Asti et al. [16]
who studied the nucleation field of hard-soft multilayer.
Alvarez-Prado et al. [20] solved numerically the micro-
magnetic equation for the case of a bilayer with orthog-
onal anisotropy axis. Dubuget et al. [22] solved numeri-
cally the integral equation for the bilayer. Here we solve
our problem numerically under rotating magnetic field in
order to determine the typical thicknesses which lead to
exchange-coupled layers.
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FIG. 2: Illustration of the angle of the magnetization 6(z) in
the multilayer. The midpoints of layers A and B are at x4
and z g, respectively.

III. RESULTS

A. Competition between exchange and
perpendicular anisotropies

The main feature of the multilayer with perpendicular
uniaxial anisotropies is the competition between the ex-
change, which favors the parallel alignment of different
layers, and the local anisotropies, which favor the align-
ment with the local easy axis. We consider an infinite
multilayer composed by an alternating sequence of lay-
ers A and B (shown in Fig. . We limit to the case in
which the magnetic field is in the (y — z) plane and the
magnetization changes in space only along z. We have
mg =0 and my, =sin@, m, = cosf. We let the limits of
the system in the (y — z) plane to go to infinity and in
this way the configurations are stray field free (Hy; = 0).
The thickness of the layer A is d4 and the thickness of
the layer B is dg. The sum is 2d = d4 + dg. We place
the point x4 in the middle of layer A, the point zg in
the middle of layer B and the point xy at the conjunc-
tion of the two layers. Any solution must have a pe-
riod 2d in space and the points x4 and xzp are extrema
with 90/0z|,, .. = 0. For our case, the only relevant
component of the micromagnetic effective field is the one
perpendicular to the local magnetization

020
HeffJ_ = MSZ%X@ — Hynsinfcosf + H, sin(GH — 9)
(13)
where 1%, = 2A/(p0M?) is the exchange length, Hay =

4

2K /(oM s) is the anisotropy field and 0 is the angle
formed by the applied field with the z axis. In the pres-
ence of different layers, the parameters M, g x and Han
change values from layer A to layer B and in particular we
have positive H an, 4 and negative H4n, . The exchange
boundary condition at the interface is

ol
AL
A9z

L,
T By

To

(14)

g

The configurations of minimum energy are given by
H.rs, = 0. In the following we will derive the config-
urations realized by a rotating applied field.

B. Rotating applied field

To simplify the problem we select |Hana| =
|Han,g| = Han and normalize all the the fields to Hapn.
We have the normalized effective field

20
heffii= lfw% — Kkisinfcos@ + hysin(0yg —60) (15)

where I2, = A;/|K;| is the typical domain wall width for
the layer i = A, B and k; = sgn(K;). We also choose
Aa = Ap and therefore I, = I, = l,,. The config-
uration of the energy minimum is obtained for each 6y
by a relaxation method in which the angle 6 is changed
according to the equation 00/0t = aghesy, 1, where ag
is the Gilbert damping, until the condition hefri; = 0
is met. The solutions were computed numerically with
ka4 = 1 and kg = —1 by discretization of the space in
Az/l, = 0.05 and with time steps Atag = 1072 and
equilibrium was assumed when |hesr | < 1073, Fig-
ures [3| and (4| give example outputs for 0(x). Fig shows
the angle # for several values of d/l,,. Fig. 4] shows the
case d/l,, = 10 for several values of magnetic field h, and
Oy =0.

Under rotating magnetic field we are interested in the
minimum amplitude of heff = ho for which the full so-
lution () has a compete rotation over a distance 2d in
the z-direction. Fig. 5] shows the difference between the
average magnetization angle < 6 >= (1/d) [ 6(z)dz and
magnetic field angle 8y for different values of amplitude
he with d/l,, = 1. In Fig. |§| we see that with hg = 0.01
the magnetization does not follow the magnetic field. Fi-
nally, Fig. [7|shows hg as a function of d/l,,. From Fig.
one can determine the thicknesses of the layers necessary
to achieve the desired coupling. With typical thickness
d ~ [, the exchange coupling is sufficient to reduce the
magnetic field necessary for the full rotation by a factor
of 10 with respect to the uncoupled case.

For a MnBi/Co multilayer, the average saturation
magnetization is pg < My >= 1.47 T and the aver-
age anisotropy field is pg < Hany >= 0.95 T. By us-
ing A =10"" Jm~! and K ~ 5.6 x 10> Jm ™2 as the
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FIG. 3: Numerical solution of the equilibrium angle 6(z) be-
tween the magnetization and the z— axis (the easy axis of
layer A) for several values of the effective layer thickness to
domain wall ratio d/l,,. In this case, he = 0.
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FIG. 4: Numerical solution of the equilibrium angle 6(x) for
0 = 0 and several values of h, with d/l, = 10.

average amplitude of the anisotropy constants, one has
ly ~ 4.2 nm. With the relation 2d = dg, + dynBi,
we finally obtain d¢, = 6.9 nm and dp;,p; = 3.1 nm.
These typical sizes can be achieved by several modern
technologies such as sputtering, evaporation, nanoparti-
cles fabrication techniques, etc. With these values the
entropy change of the reorientation can be obtained with
rotating magnetic field of amplitude ~ 0.034 T than can
be easily generated within iron yokes by both permanent
magnets and electric current windings.

IV. CONCLUSIONS

In this paper we have computed the magnetocaloric
effect associated with the rotation of the magnetization

0.2

diy=1

o015 05

(<6 - Bp)/(2n)

0.5 0.75 1

B/(2n)

FIG. 5: Difference between the average magnetization angle
< 6 > and magnetic field angle 6y for different values of
amplitude h, with d/l, =1

ha /=1

=
8
T
[en}
K | J |
[es]
v
- 0.01
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1 1 1 |
0 0.25 05 0.75 1
B/(2n)

FIG. 6: Difference between the average magnetization angle
< 6 > and magnetic field angle 65 for different values of am-
plitude hq with d/l, = 1. With ho = 0.01 the magnetization
does not follow the magnetic field for 0.01 < ho < 0.025

in an exchange coupled multilayer composed of two fer-
romagnetic materials A and B with uniaxial anisotropy
axis perpendicular to each other. Layers A and B are
exchange-coupled and their aniostropy constants have
different temperature dependences (positive for A and
negative for B). Such conditions present a spontaneous
reorientation of the magnetization at Tsp between the
easy axes of A and B. We compute the maximum entropy
change associated with the reorientation at T = Tgg.
For A=MnBi and B=Co we have an entropy change of
As =0.34 Jkg7'K~! for perfect exchange coupling.
The behavior of the system under rotating magnetic
field depends on the ratio between the layer thicknesses
and the intrinsic length I, = /A/K. Micromagnetic
calculations provide the minimum field amplitude neces-
sary to have a complete rotation of the magnetization as
a function of the ratio d/l,, where d is the layer thickness.



0.4 T T T T T T T T

sin3(rv4)

ho

di,

FIG. 7: Minimum amplitude of rotating magnetic field hg for
which the solution (z) has a compete rotation. In the limit
of large d one has the behavior of independent layers with
the switching field predicted by the Stoner Wohlfarth model
ho = sin®(7/4).

Our micromagnetic calculations show that for d ~ [, the

switching field is reduced by a factor 10 with respect to
the Stoner Wohlfarth field in the case of no exchange
coupling and the maximum entropy change, while small
(0.34 Jkg='K~1), is reached in a very small magnetic
field of only ~ 0.034 T. This represents a As/ugAH
response of around 10 Jkg 'K—'T~! which is compa-
rable with that of large magnetocaloric effect materials.
These first results therefore indicate that layer materials
with optimized d;% values should yield yet higher As
and As/uoAH values.

Acknowledgements

The research leading to these results has received fund-
ing from the European Community’s 7th Framework Pro-
gramme under Grant Agreement No. 214864 (SSEEC).

References

1] P. Weiss and A Piccard, A. Le Phénomeéne
Magnétocalorique, J. Phys. Theor. Appl. 7 103 (1917).

[2] K.G. Sandeman, Magnetocaloric materials: The search
for new systems, Scr. Mater. 68 566 (2012).

[3] M. D. Kuz’min, A. M. Tishin Magnetic refrigerants for
the 4.2-20 K region: garnets or perovskites? J. Phys. D:
Appl. Phys. 24, 2039 (1991)

[4] M. D. Kuz’min and M. Richter On the latent heat of high-
temperature spin reorientation transitions, Appl. Phys.
Lett. 90, 132509 (2007).

[5] V. Basso, C. P. Sasso, M. Kiipferling, Spin reorientation
transition: phase diagrams and entropy change, MRS
Proceedings 1310, mrsf10-1310-f03-16 (2011).

[6] E. P. Naiden and S. M. Zhilyakov, Magnetocaloric ef-
fect in the neighborhood of spin-orientation transitions in
hezxagonal ferromagnets Phys. Solid State 39, 967 (1997).

[7] E. P. Naiden and S. M. Zhilyakov, Investigation of the
magnetocaloric effect in hexagonal ferrimagnetic mate-
rials with spin-orientational transitions Russian Physics
Journal 40, 869 (1997).

[8] E. P. Naiden, V. Yu. Kreslin, and A. G. Chesnokov, In-
vestigation of the thermodynamic efficiency of magnetic
cooling cycles in the region of spin-orientational trans-
formations in hexagonal ferrimagnets, Russian Physics
Journal 43, 85 (2000).

[9] V. Basso, C. P. Sasso, M. Kiipferling, K. P. Skokov, and
O. Gutfleisch, Ers Fei14 B single crystal as magnetic refrig-
erant at the spin reorientation transition, J. Appl. Phys.
109, 083910 (2011).

[10] K. P. Skokov, Yu. S. Koshkod’ko, Yu. G. Pastushenkov,
J. Lyubina, O. Gutfleisch, The influence of magnetic
anisotropy on the magnetocaloric effect in EraFei4 B sin-
gle crystal near spin-reorientation transition and curie
temperature, Proceedings of the third IIF-IIR Int. Conf.
on Magnetic Refrigeration at room temperature (P. Egolf,
editor), Refrigeration science and technology proceedings

n. 2009-3, p.161, International Institute of Refrigeration,
Paris, 2009.

[11] S. A. Nikitin, K. P. Skokov, Yu. S. Koshkid’ko, Yu.G.
Pastushenkov, and T. I. Ivanova, Giant rotating magne-
tocaloric effect in the region of spin-reorientation transi-
tion in the NdCo5 single crystal, Phys. Rev. Lett. 105
137205 (2010).

[12] E.R. Callen and H.B. Callen Anisotropic magnetization
J. Phys. Chem. Solids 16, 310 (1960).

[13] P.J. Jensen and K.H. Bennemann, Magnetic structure of
films: Dependence on anisotropy and atomic morphology,
Surf Sci. Rep. 61 129 (2006).

[14] N.A. Pertsev, Giant magnetoelectric effect via strain-
induced spin reorientation tramsitions in ferromagnetic
films Phys. Rev. B 78 212102 (2008).

[15] Y. Shirahata, R. Shiina, D.L. Gonzdlez, K.J. Franke,
E.Wada, M. Itoh, N.A. Pertsev, S. van Dijken, T.
Taniyama, Flectric-field switching of perpendicularly
magnetized multilayers, NPG Asia Mater. 7 €198 (2015).

[16] G. Asti, M. Solzi, M. Ghidini, and F. M. Neri Micro-
magnetic analysis of exchange-coupled hard-soft planar
nanocomposites Phys. Rev. B 69, 174401 (2004).

[17] G. Bertotti, Hysteresis in Magnetism, Academic Press,
Boston (1998).

[18] T. Chen and E. Stutius, The phase transformation and
the physical properties of the MnBi and Mny osBi com-
pounds IEEE Trans. Magn. 10 581 (1974).

[19] J. M. D. Coey, Magnetism and magnetic materials, Cam-
bridge University Press, Cambridge (2009).

[20] L. M. Alvarez-Prado,S. M. Valvidares, J. I. Martin, and
J. M. Alameda, Competing magnetic anisotropies in ex-
change coupled bilayers with growth-induced orthogonal
uniazial azes, Phys. Rev. 76, 214419 (2007).

[21] I. Navarro, E. Pulido, P. Crespo, A. Hernando, Ef-
fect of the hard magnetic inclusion on the macroscopic
anisotropy of nanocrystalline magnetic materials, J.



(22]

23]

Appl. Phys. 73 p.6525 (1993).

V. Dubuget, A. Thiaville, F. Duverger, S. Dubourg, O.
Acher, and A. Adenot-Engelvin, Magnetization dynam-
ics of soft films with thickness-dependent anisotropyPhys.
Rev. B 80 134412 (2009).

J. M. Gonzalez, F. Cebollada, A. Hernando, Modeling the
influence of intergranular phases on the hysteretic behav-
ior of hard magnetic polycrystals, J. Appl. Phys. 73 p.
6943 (1993).

E. Goto, N. Hayashi, T. Miyashita, and K. Nakagawa, J.
Appl. Phys. 36, p.2951 (1965).

[25] C. Kittel, Physical theory of ferromagnetic domains, Rev
Mod. Phys. 21, 541 (1949).

[26] D.M. Paige, B. Szpunar and B.K. Tanner, The magne-
tocrystalline anisotropy of cobalt, J. Magn. Magn Mater.
44 239 (1984).

[27] D. T. Zhang, S. Cao, M. Yue, W. Q. Liu, J. X. Zhang,
and Y. Qiang, Structural and magnetic properties of bulk
MnBi permanent magnets, J. Appl. Phys. 109, 07A722
(2011).



	I Introduction
	II Artificial reorientation model
	A Predictions of the properties of a composite Co and MnBi system
	B Micromagnetics of exchange-coupled multilayers

	III Results
	A Competition between exchange and perpendicular anisotropies
	B Rotating applied field

	IV Conclusions
	 Acknowledgements
	 References
	 References

