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Abstract—The magnetocaloric effect in nanosystems based on exchange-coupled ferromagnets with differ-
ent Curie temperatures is calculated within the mean-field theory. Good agreement between the results of
the mean-field theory and the Landau theory, valid near the critical phase transition temperature, is
demonstrated for a flat-layered Fe/Gd/Fe structure. We show that a high magnetic cooling efficiency in
this system is attainable in principle and prove the validity of the Maxwell relation, enabling an experimen-
tal verification of the predictions made. The theory developed for flat-layered structures is generalized to

a granular medium.
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1. INTRODUCTION

The magnetocaloric effect consists in a reversible
change in the temperature of a magnetic material
under its adiabatic magnetization or demagnetization.
The effect was discovered more than a hundred years
ago [1] and still arouses considerable interest [2]. This
interest stems from the possibility of creating a “mag-
netic” refrigerator in which a magnetic material with a
strong magnetocaloric effect will act as a refrigerant.
Despite the progress in creating such materials (see,
e.g., [3]), the problem of magnetic cooling at room
temperature remains, in our view, unsolved. The fun-
damental difficulty for homogeneous magnetocaloric
materials lies in the necessity of applying a very strong
(1—10 T) magnetic field to achieve a noticeable (1 K)
change in temperature. Thus, the record magnetic
cooling efficiencies to date are 10 K/T [2].

A new approach to the problem of reducing the
magnetic field strength and increasing the magnetic
cooling efficiency is proposed in [4]. Multilayered
structures consisting of films with different Curie tem-
peratures are proposed to be used as a magnetic mate-
rial. A “strong” ferromagnet with a higher Curie tem-
perature © will then magnetize a “weak” ferromagnet
(T, < ©) due to the magnetic proximity effect [5] even
if the latter is in the paramagnetic phase, i.e., T < T.
Moreover, for a multilayered structure in which a weak
ferromagnet is sandwiched between layers of a strong
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ferromagnet, the demagnetization (magnetization) of
the spacer depends on the mutual orientation of the
magnetic moments at the edges that can be controlled
by applying a magnetic field (Fig. 1). For a parallel ori-
entation of the edge magnetizations, the interlayer has
a greater (on average, over the thickness) magnetiza-
tion than that for an antiparallel orientation. The mag-
netic field strength needed to switch the mutual orien-
tation of the magnetizations is ~10~2 T (see Fig. 2b
below). The efficiency of this method for changing the
magnetization (entropy) of a weak ferromagnet
increases with decreasing thickness and can reach
huge values. The effect is an “exchange” one in nature
and an increase in the cooling efficiency is achieved
through a reconfiguration of the exchange fields at the
film boundaries. The experiments that confirmed the
possibility of amplifying the magnetocaloric effect in
multilayered strong/weak ferromagnet structures were
carried out in [6—9]. However, the magnitude of the
effect is lower than the values predicted by the theory
by tens of times.

The central point of the approach being developed
by us is the assumption about an exchange interaction
at the boundary of the ferromagnets. The magnitude
of this interaction is not known in advance and a care-
ful experimental data processing is required, which
will allow this exchange constant to be determined. To
make a comparison, we need to have a quantitative
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Fig. 1. Schematic view of a three-layer structure with an
AFM exchange at the interfaces for parallel (a) and anti-
parallel (b) orientations of the side layer magnetizations:
I is a ferromagnetic layer; Il is a paramagnetic layer; Mf

is the magnetization of the free ferromagnetic layer; M, is
the magnetization of the “pinned” ferromagnetic layer,
m11(z) and mp | () are the magnetizations of the spacer.

theory of the magnetocaloric effect in such inhomoge-
neous systems and this paper is devoted to its con-
struction. As a starting point, we use the mean-field
approximation well proven in analyzing the static and
dynamic magnetic properties of multilayered Fe/Gd
structures [10]. In Section 2 of this paper we present
our calculations of the magnetization distribution,
entropy, and magnetocaloric effect in three-layer
Fe/Gd/Fe structures within the mean-field approxi-
mation. In Section 3.1 we use the Landau theory of
phase transitions, valid at temperatures close to 7 for
which the magnetocaloric effect is maximal, to calcu-
late the system’s thermodynamic characteristics. We
make a comparison with the results of Section 2. In
addition, we derive the conditions for the applicability
of our approximate analytical solutions for parallel and
antiparallel orientations of the magnetic moments of
the ferromagnetic edges. In Section 3.2 the approxi-
mate solutions obtained are used to estimate the mag-
netocaloric effect in a system of ferromagnetic gran-
ules placed in a paramagnetic matrix. In Conclusions
we discuss the possibilities for amplifying the magne-
tocaloric effect in ferromagnetic nanosystems.

2. A FLAT-LAYERED STRUCTURE
IN THE MEAN-FIELD MODEL

The idea of applying the mean-field method to cal-
culate the magnetic characteristics of layered struc-
tures was proposed by Camley in [11—13]. The studies
were aimed primarily at elucidating the magnetism of
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systems based transition (TM) and rare-earth (REM)
ferromagnetic (FM) metals such as Fe/Gd. A charac-
teristic feature of these systems is the possibility of a
highly nonuniform magnetization distribution inside
the REM layers due to competition between several
factors: a strong antiferromagnetic (AFM) exchange at
the TM/REM interface, a relatively low Curie tem-
perature, and a small exchange stiffness of the REM
layers. The proposed approach allowed the key fea-
tures of the behavior of layered TM/REM structures
to be described qualitatively and even certain quantita-
tive agreement with the experiment to be reached [ 14—
17]. Below we use the mean-field method to estimate
the magnitude of the magnetocaloric effect in multi-
layered structures using a Fe/Gd system, whose mag-
netic properties have been studied quite well [18, 19],
as an example.

Consider a three-layer Fe(dg.)/Gd(d)/Fe(dg.)
structure with layer thicknesses d and dp, of the order
of a few nanometers at temperatures 7 near the Curie
temperature T, of gadolinium. Note that in thin Gd
layers T can be noticeably suppressed compared to its
bulk value of 293 K. For example, 7, = 200 K was
obtained in [10, 20, 21] for d = 50 A. In the conditions
under consideration the Fe layers can be assumed to
be homogeneously magnetized up to saturation. In
this case, a large AFM exchange at the Fe—Gd bound-
aries (an exchange constant J = —200 K per Gd atom
[10, 20]) leads to a strong magnetic polarization of
near-boundary Gd atoms. At the same time, a signifi-
cantly weaker FM interaction of Gd atoms inside the
interlayer (Jgq4 = 13 K [20]) leads to rapid (on scales
~20 A) decay of the magnetic order away from the
Fe—Gd boundary due to strong thermal fluctuations
near 7T,. Thus, a highly nonuniform profile of the
magnetization distribution with maxima near the
Fe—Gd boundaries and a minimum deep in the layer
is formed inside the Gd interlayer. The existence of
such a magnetization distribution in Gd layers was
experimentally proven while investigating Fe/Gd
superlattices by the resonant X-ray magnetic scatter-
ing method (see, e.g., [15, 20]).

To theoretically model this distribution by the
mean-field method, we consider a partition of the Gd
interlayer into “atomic” sublayers of thickness a = 3 A
and with magnetization m;, where i is the layer number
(Fig. 2a). The chosen elementary layer thickness a =
3 A roughly corresponds to the distance between the
atomic (0001) planes of a hexagonal close-packed
(HCP) Gd crystal. The effective field H; acting on the
atoms of the ith layer is a sum of the external field H
and the exchange “molecular” fields from the nearby
atoms of the same layer (y;m;) and the neighboring

layers (Y; + jm; + )
H, = H+vy;m; + v, m,_; + ¥, M, (D

where y; are the mean-field constants. Note that in the
homogeneous case m; = m and we obtain the standard
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Fig. 2. (In color online) (a) Schematic view of a model layered Fe/Gd/Fe structure and the magnetization distributions over the
atomic layers of the Gd interlayer. The magnetization curves (b) and the field dependences of the entropy (c) derived in the mean-
field model for Fe(35 A)/Gd(d)/Fe(35 A) systems with interlayer thicknesses & = 30 A (1, 2) and 50 A (3, 4) are shown. The solid
and dashed curves correspond to temperatures 7= T-= 200 and 210 K, respectively. Panel (d) demonstrates the fulfilment of the

Maxwell relation (dS/dH) = (dM/dT) .

expression for the Weiss molecular field H + ym,
where y="; + ¥ 1+ Yi+1-

To characterize the distribution of exchange inter-
actions between a Gd atom in a given layer and atoms
in the same layer and the neighboring layers, it is con-
venient to introduce a parameter { = vy, . /Y, which
may be considered as the ratio of the number of near-
est atoms in the neighboring layers to their total num-
ber. For example, for a HCP gadolinium single crystal
{ = 1/4[15], while in the case of an amorphous struc-
ture this parameter can slightly differ [10]. Taking into
account this definition of {, the expression for the
effective field inside Gd can be rewritten as

—-2m; + m,_,

. )
a

H, = H+ym, +v{d’ i
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It can be seen from this formula that the first two
terms represent the case of a homogeneous magneti-
zation, while the third term specifies the “gradient”
contribution to the effective field. This term in the
continuum limit is proportional to the second deriva-
tive of the magnetization d>m/dz? along the normal to
the film z and, thus, gives a relation between the
mean-field constants and the exchange stiffness of the
material, D = y(a?.

It is also necessary to determine the effective fields
acting at the Fe—Gd interfaces. The surface energy
density of the exchange AFM interaction at the Fe—
Gd interface is written as

Mg, - M
Eex =J Fe Gd’ (3)
mFems
Vol. 132 No.1 2021
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where J is the exchange constant, mg, and mg, are the
Fe and near-boundary Gd layer magnetization vec-
tors, mg, and m, are the Fe and Gd saturation magne-
tizations. Hence we obtain the effective field acting
from the Fe layer on the near-boundary Gd layer,

Jm

— Fe
HGd - ’
Mg Ma

and the effective field acting from Gd on the Fe layer,

Ho —— Jmg,
Fe — .
mFemdee

The equilibrium direction of the magnetization in
each of the atomic Gd layers is defined by the condi-
tion

m, || H;, 4

while its absolute value is

m, = m,B, [‘ﬁj 5)

where B, is the Brillouin function for the total angular
momentumj, W is the magnetic moment per Gd atom,
and kg is the Boltzmann constant. The magnetization
direction for the Fe layers can be specified to be fixed
(in the case of a “pinned” layer) or be determined
from a condition similar to (4): mg, || (H + Hg,) (in the
case of a “free” layer). The resulting equilibrium dis-
tribution of the magnitude and direction of the mag-
netization over the structure layers is calculated
numerically at given H and T.

The derived magnetization distribution allows the
total magnetic moment M and the entropy .S per unit
volume of the system to be calculated. Obviously, the
total magnetization of the system is defined by the for-
mula

1 2
di (P, + m) +a) m,
i

d + 2dg,

M = (6)

(hence, in particular, we can determine the compo-
nent of the magnetization M along the magnetic field).
To calculate the entropy .S, we will take into account
the fact that the Fe layers do not contribute to .S and
that the entropy per unit volume of the ith Gd layer in
the mean-field model is [22, 23]

sinh 2j +1uH;
2j kgT' )| m;uH,;

sinh [ LBH: ) | m kT
2) kT

(7)
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Thus, the mean entropy of the Gd layer per unit

volume is
a
s==> s, 8
d Z ®)

and the total entropy of the entire Fe/Gd/Fe system
per unit volume is

S=—9 Vg,
d + 2dp, z ’ ©)

Figure 2 shows examples of calculating the magne-
tization curves and the field dependences of the
entropy for a Fe/Gd/Fe system in the case where the
magnetization of the first Fe layer is fixed in a direc-
tion opposite to the field and the second Fe layer is
free. In this situation, owing to the interaction through
the Gd interlayer, a parallel orientation of the mag-
netic moments of the Fe layers turns out to be favor-
able in zero field. However, when applying a certain
magnetic field, the free Fe layer is reoriented, leading
to an antiparallel orientation of the Fe layers. In this
case, the shape of the magnetization profile inside the
Gd interlayer changes significantly (see Fig. 3 below).
For our calculations we used the parameters derived in
[10] for a [Fe(35 A)/Gd(50 A)],, superlattice: mp, =
1270 G, m;=1150 G, J=40ergecm ™2, j=7/2, L= Tl,
v= 870, =0.33, and 7= 200 K; for both iron layers
dr. = 35 A. Our calculations were performed for d = 30
and 50 A at 7= T,.= 200 and 210 K.

The temperature dependences of the change in
entropy per unit interlayer volume when the mutual
orientation of the Fe layer magnetizations is switched
are presented in Section 3.1 (see Fig. 5 below). Inter-
estingly, the Maxwell relation (dS/dH) = (dM/dT)y,
on which numerous experiments on measuring the
magnetocaloric potential are based (see Fig. 2d), is
fulfilled in the problem under consideration. This fact
is not trivial. Indeed, the fulfilment of the Maxwell
relation for homogeneous materials is obvious. In inho-
mogeneous systems, to which the three-layer structure
considered belongs, the magnetization is a function of
coordinates and, therefore, cannot directly enter into the
Maxwell relation. However, as we showed, this relation
is fulfilled for the magnetization (6) and entropy (9)
referring to the entire system.

3. THE LANDAU THEORY
FOR SECOND-ORDER PHASE TRANSITIONS

Previously, we applied the Landau theory for phase
transitions to a flat-layered CogyFe ,/Ni,Cu,gy_,/
CoyyFe B, (x = 70 at %) structure [9]. In this paper
we make calculations for a Fe/Gd/Fe structure and
obtain considerably simpler approximate solutions to
compare them with the exact ones and to use this
approach for the description of a granular medium
(see Section 3.2).
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Fig. 3. Dependences mp1(z) at T= T (a), T— Tc=10K (b) and mp () at T= T (c), T— T¢c=10K (d) ford = (1) 3, (2) 5,
(3) 7, and (4) 15 nm in a Fe/Gd/Fe structure. The solid lines indicate the exact solutions (16) and (17), the dashed lines indicate
the approximate solutions (21) and (22), the circles represent our calculations based on the mean-field theory.

3.1. A Flat- Layered Structure

Within the Landau theory for phase transitions the
free energy F per unit area can be written as a func-
tional [9]:

8]
8]

Here, o, B, /), and /, are phenomenological con-
stants, T=(T— T,)/T., 6 = 1 for a parallel orientation
of the Fe layer magnetizations (|TT|), and 6 = —1 for
an antiparallel one (| T|). The last two terms in
Eq. (10) describe the exchange interaction of the
interlayer with the ferromagnetic edges (see Fig. 1).
Since the external magnetic field is weak, we neglect
the term —H - m under the integral sign in Eq. (10).
The equation corresponding to the extremum of func-
tional (10) and the boundary conditions are

I’m_1,_ B

di? I’

(1)

3
S m =0,
I}

Oms
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L . (12)
dz z% ly F%
Ly _omy) (13)
dz z=—% ly =d

2

where we introduce the notation / = lo/\/OL_I. The
Jacobi elliptic functions dn and sn satisfy Eq. (11).
These functions have been well studied [24]. We will
seek solutions in the form

o+ ZTT
myy = aypmgdn [CTT[ ; : ],kmj,
0
/ T
i SD(CTJ’ [Z+ZO J,kTiJ. (15)
1l ly

T

(14)

mpy, =

Here, ar11y), ¢1114, and zOT T are constants, kpp
and k¢ are the elliptic moduli. Since

2 2 2
aypymg = mypl._o,  apymy = Iy (dm/dz,,)",
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the constants att and ap| are real numbers (if ZWN)

0). After the substitution of m+¢ and m into Eq. (11),
we can express all of the unknown constants via appry,.
As a result, we obtain

AT
—=11, (16)
Ba%TD

mTT = aTTm dn (laTT\/:_

2a V4
myy =i (%) N,

1/4
Xsn (z’ (Béﬁj il,\/honf_, - IJ,
Nlo

2

A7)

where i is the imaginary unit and we introduce the
notation

1/2:1/2
-7,

N = (T, £ (1 1, = ot/(2Bar)"”.

Here, we have taken into account the fact that the

constants zTT(N) may be chosen to be zero. The con-
stants aqt and apy are determined numerically from
the boundary conditions. To establish which of the
constants 1. should be chosen, let us consider the lim-
iting case of an infinitely thick interlayer (a1, — 0). In

this limit, using the definition of the function y = sn(u,
k) [25],

X
- (18)
'0[\/(1 — ) (1= £x)

and Eqgs. (15) and (17), for n, we will obtain
/

where Z = z + d/2 and the constant Z;, = zgi —d/2 —
Icoth™! (1) must be a finite positive number to be
determined from the boundary conditions. Equation
(19) corresponds to the interlayer magnetization
induced only by one ferromagnetic layer located at 7 <
0. Thus, the magnetization (17) with 1, gives the cor-
rect limiting expression. For our subsequent calcula-
tions we will use Eq. (17) with ;. Note that from the
magnetization (16) we can also come to the limit (19),
but, of course, with the opposite sign.

(19)

Let us now obtain simpler, but approximate solu-
tions of Eq. (11). In the case of a parallel orientation of
the side layer magnetizations, we will represent the
interlayer magnetization m+q as
&0) =0,

my(2) = my + &(2), € < m,.
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Here, m, is a constant and &(z) is a function of
coordinate z. In the linear approximation in & Eq. (11)
will take the form

di

-G +E) = (20)

where

2 2
&=L g Bm 3Bm0 _ mo(octzns + Bn;o)‘
lo otm; + 3P m;
The solution of this equation is the function

€ =¢&,(coshkz —1). 21
The boundary conditions (12) and (13) allow m, to
be determined numerically. If the magnetizations of

the ferromagnetic edges are antiparallel, then the non-
linear term in Eq. (11) may be neglected by assuming

s

Bm% 1 /ou:ms2 < 1. Given the boundary conditions, we
will obtain

l;m,

my =
13 coshi + 1 sinhi
2/ 2/

(22)

sinh <.
/

The approximate solution (22) can also be obtained
from Eq. (17) by formally letting B approach zero. For
this purpose, let us express sn(u, k) via dn(u, k)
according to the formula dn?(u, k) = 1 — k’sn*(u, k).
Next, using the definition of the function y = dn(u, k)
[25],

u= | dx , (23)
A=) — 1+ &)
we will arrive at Eq. (22). In this case, Zo = 0. Note

also that the approximate and exact solutlons (21) and
(16) have identical expansions into power series (at
least to the second-order terms inclusive).

The phenomenological constants o and 3 have
been derived by expressing them via the parameters of
the mean-field theory. For a separate Gd film Eq. (5),
where the homogeneous magnetization m should be
taken instead of m;, is valid. By expanding B;(x) into a
series at x < 1, we can bring Eq. (5) to the equation
otm + Pm3/m,= 0, which in the Landau theory corre-
sponds to the equation that the magnetization of a sep-
arate magnet film satisfies in the absence of an exter-
nal magnetic field. For the constants o and 3 we then
obtain the following formulas:

a=y=£z870, (24)
Cc
3 ;Y
p 107( (/“U (25)

where ¢ is the Curie constant. The constant /; can be
estimated as /, = (y0)/?a = 5.1 nm. We estimate the
Vol. 132
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Fig. 4. (In color online) Dependences m1(z) at 7= T (a), T— T¢= 10 K (b) and m1(z) at T= T (c), T— T =10 K (d) for
d=(1)3,(2)5,(3) 7, and (4 15 nm in a CogyFe;(/Ni,Cuygy _ »/CoggFe49By structure. The solid lines indicate the exact solu-
tions (16) and (17), the dashed lines indicate the approximate solutions (21) and (22).

constant /;, which characterizes the interaction of the
Gd interlayer with the Fe layers, as /; ~ J/mng, =
280 nm.

Figure 3 presents the dependences mpq(z) and
m1(z) for a Fe/Gd/Fe structure at various interlayer
thicknesses and temperatures. As would be expected,
there is satisfactory agreement between the theories.
However, the discrepancies increase as the interlayer
magnetization grows, because the absence of the dis-
carded higher-order terms in the free energy (10) begins
to have an effect. Our calculations also show that the
approximate solutions (21) and (22) for a multilayered
Fe/Gd/Fe structure give a fairly large error. Indeed, it
can be seen from Fig. 3c that the dependences m1(z)
are significantly nonlinear, while the approximate solu-
tion (22) at T= T, is linear in z. An increase in the cor-
relation length /, leads to better results. For example, for
amultilayered CogyFe /Ni, Cu,gy_./CooFe B, struc-
ture (o0 = 1300, B = 750, [, = 25 nm, /, = 30 nm, m, =
180 erg G~! ecm™3, T, = 330 K) [9] the approximate
formulas describe correctly the magnetization distri-
bution (Fig. 4).

Let us now calculate the entropy per unit interlayer
volume, s = —(0F/0T)/0. The following formula is

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

valid irrespective of the orientation of the ferromag-
netic edge magnetizations:

d/2 —
o 1

m (26)
2T.d 4,

It can be derived by differentiating the free energy

(10) using Egs. (11)—(13). Here, m’ isthe mean square
of the interlayer magnetization. Note that Eq. (26) can
also be derived from the relation between the entropy
s, internal, U, and free, F, energies: F'= U — Ts. Our
subsequent calculations of the entropy for parallel and
antiparallel orientations of the ferromagnetic edge
magnetizations lead to the following results:

olyarrm; end
Spp = —&E(am(%,kﬁj,kmj, (27)

Teerrd 0
5y = — oay jmsz
2Mceq kg (28)
X[l —AE[am[M,kuj,kND,
cryd 2,
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Fig. 5. (In color online) Dependences As(7) ford = (1) 3,
(2) 5, (3) 7, and (4) 15 nm. The solid lines and circles rep-
resent our calculations based on the Landau and mean-
field theories, respectively. The presented dependences
correspond to the change in magnetic field whereby the
mutual orientation of the ferromagnetic edge magnetiza-

tions is switched (H € (0, H), Hy= 100 Oe).

where E(u, k) and am(U, k) are, respectively, an ellip-
tic integral of the second kind and the amplitude of an
elliptic integral of the first kind. In the limit of a large
exchange (/; — oo) at the interlayer boundaries, from
Egs. (27) and (28) at T~ T, we derive

2

¢ o,
"M== s
2T,

N 0. (29)

The derived formulas characterize the maximum
possible magnetocaloric potential for a given interlayer
material, Gd:

As,.. = om’ /2T, = 3x10° erg K™ cm™.

Note that the estimates of As,,,,, can be significantly
inaccurate, because the theory being outlined is poorly

oo 100 erg K em™

3.5
3.0f (a)
2.5t !
2.0} 2
15} 3
1Ot )
0.5}
0 2 4 6 8 10

T-Te K

applicable at great magnetizations m. The solid lines in
Fig. 5 indicate the dependences of the magnetocaloric
potential A(T) = s1,(T) — s11(7T) at various interlayer
thicknesses calculated based on Egs. (27) and (28) for
Fe/Gd/Fe. The circles represent the corresponding
calculations within the mean-field theory based on
Eq. (7). It can be seen that the theories agree well
between themselves.

Given the magnetocaloric potential, we can esti-
mate the adiabatic change in temperature AT for the
entire structure when the mutual orientation of the
side layer magnetizations changes from parallel to
antiparallel (see, e.g., [26]):

Td

AT =T, -T =—*% s
(d + 2dg.)c

(30)

Here, T} is the final temperature, c is the heat capac-
ity per unit volume of the system that, in general, includes
the contributions from the lattice and magnetic subsys-
tems. Let us show that the contribution of the magnetic
subsystem may be neglected, so that, according to the
Dulong—Petit law, ¢ = 1.2 x 107 erg K~' em™3. Using
Egs. (27) and (28), we will find the magnetic contribu-
tions to the heat capacity in a constant field:

dsp

— abh

eraly = T( :
H

oT Gh

Figure 6 shows the dependences c11(1y,(7) calcu-
lated numerically for Fe/Gd/Fe. It can be seen that
even at 7= T the magnetic contributions to the heat
capacity c11(1y, are smaller than the contribution of the
lattice subsystem by almost an order of magnitude. Let
us now give our estimates of the adiabatic change in
temperature for Fe/Gd/Fe (Fig. 7). Here we will not

Crys 106 erg K~! ecm™3

2.0

1.5

1.0

0.5
0 2 4 6 8 10
T-T. K

Fig. 6. Dependences c11(1)(T) ford =3 (1), 5(2), 7 (3), and 15 (4) nm.
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AT, K

0.1 J

-0.2}F

-0.3}

—0.4}
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T-T., K

Fig. 7. Dependences AT(T) ford = (1) 3, (2) 5, (3) 7, and
(4) 15 nm. The presented dependences correspond to the
change in magnetic field whereby the mutual orientation
of the ferromagnetic edge magnetizations is switched

(He (0, Hy), Hy= 100 Oe).

pay attention to the fact that in the immediate vicinity
of the transition point the interlayer can pass to the
FM phase as the temperature changes due to the
application of an external magnetic field.

Thus, we have managed to obtain the interlayer
magnetization profiles and the magnetocaloric poten-
tials within the two approaches. Both approaches
agree well between themselves, despite the fact that at
such large interlayer magnetizations the Landau the-
ory, seemingly, should not be used. Our estimates of
the change in the system’s temperature under adia-
batic demagnetization near the Curie temperature for
the interlayer thicknesses under consideration are 0.1—
0.3 K. This is an order of magnitude smaller than AT =
3 K for bulk Gd under its complete demagnetization
beginning from H = 1T [26]. At the same time, in the
case of a Fe/Gd/Fe structure, switching the mutual
orientation of the Fe layer magnetizations requires
applying a magnetic field with a strength of only a few
hundred oersted (see Fig. 2), which gives a gain by one
or two orders of magnitude in applied field compared
to bulk Gd. Thus, the magnetic cooling efficiency in
the system under consideration can increase signifi-
cantly.

3.2. A Granular Medium

Let us now study the magnetocaloric properties of
a medium that is an amorphous matrix made of a weak
ferromagnet containing granules made of a strong fer-
romagnet (Fig. 8). The latter are single crystals with a
uniaxial magnetic anisotropy characterized by a con-
stant K. The role of the granules is to magnetize the
matrix through an exchange interaction, much as the

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

Fig. 8. Schematic view of granules made of a strong ferro-
magnet in a matrix made of a weak ferromagnet. The two-
sided arrows indicate the easy magnetization axes. The
dashed circumference indicates a cell of radius A. The field

H is directed along the z axis.

ferromagnetic edges in a flat-layered structure magne-
tize the interlayer for a parallel orientation of their
magnetizations. The system’s magnetic state can also
be controlled by an external field.

We will assume that all N granules differ from one
another only by the directions of the easy magnetiza-
tion axes and have a spherical shape with a volume
V,=(4/ 3)TR3. The system is placed in a uniform mag-
netic field H directed along the z axis. The free energy
can then be written as

Flm| = E, + E,; + Fy[m], (32)
_ ls > (9m ’ ot 2, B 4
E)[m]—J.(E;[a—xaj +7m +4—”n§m de “
o (33)
+32 [m—m,)’do,
KV, < 5
E,= —W;(M; ‘)%, (34)
N
E,=-H-) M, (35)
i=l

where E, and Ey are the anisotropy energy and the
Zeeman energy of the granules, respectively; G;, n,,
and M, (M, = M) are the surface area, the unit vector
directed along the easy magnetization axis, and the
magnetization of the ith granule, respectively. The
constant vector my; is parallel or antiparallel to the vec-
Vol. 132
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tor M, (depending on the sign of the exchange interac-
tion at the granule boundary), m | = m,. The integra-
tion in the first term of Eq. (33) is over the matrix vol-
ume V,,. We again neglect the term —H - m under the
integral sign of the first term in Eq. (33). Within our
model the terms (34) and (35) do not depend on the
temperature and, therefore, will not contribute to the
entropy and the magnetocaloric potential of the sys-
tem. The equation corresponding to the extremum of
functional (33) and the boundary condition are
Am—%m—im3 =0,

! lom?

N
ZI((ei -V)m — j—JZ(m - msi)jdci =0. (37)
il 0

Here, the direction of the unit vector e; coincides
with the direction of the outward normal to the surface
of the ith granule. A further solution in general form is
difficult due to the absence of spherical symmetry and
the complex boundary condition (37) relating the
matrix magnetization on the surfaces of all granules
and the vectors my;.

To go further, let us divide the system’s volume into
Voronoi cells [27]. These are polyhedrons containing
one granule inside. All points of the surfaces of these
polyhedrons are closer to their inner granules than to
all the remaining ones. We will assume that the matrix
magnetization m; inside the ith cell is induced mainly
by the ith granule and the boundary conditions that
will describe the interaction of the magnetizations of
neighboring cells can be introduced at the cell bound-
aries. This will allow the separate boundary conditions
on the granule surfaces for each cell to be derived from
Eq. (37). However, these simplifications are not
enough. We will replace the Voronoi cells by identical
spheres of radius A equal to half the mean distance
between the centers of the nearest granules (Fig. 8). In
view of the emerged spherical symmetry, Eq. (36) and
the boundary condition (37) will take a simpler form:

(36)

2
dm;  2dm 1, B wioo @8
dR[ Rf de l l()ms
dm. /
1 = —'g(ml - ms,‘)lR‘.:R: (39)

dRi R=R 10

where we introduce the notation R, = |r — r/, r; is the
radius vector of the center of the ith granule. The con-
dition at the cell boundary will depend on the mutual
orientation of the granule magnetizations. If a mag-
netic field H > K/M, whose value is ~10 Oe [28], is
applied to the system, then the granule magnetizations
will be aligned with this field. The following condition
at the cell boundary can then be introduced:

a’miTT
dR,

i |R=1

=0. (40)
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We have designated the magnetization of the ith

cell in this case as miTT. If there is no external magnetic
field, then the matrix magnetization is, on average,
zero due to the directions of the granule easy axes
being random. The following boundary condition for

the magnetization m,AN in the ith cell can then be intro-
duced:
m] 'y = 0. (a1)
Of course, the system under consideration pos-
sesses hysteresis and can have a nonzero average mag-
netization under remagnetization in the state with a
switched-off external field. The question about the
ways of achieving the system’s complete demagnetiza-
tion is beyond the scope of this paper (see, e.g., [29]).
Clearly, the larger the correlation length of the para-
magnetic matrix, the better the “averaged” boundary
conditions (40) and (41) are fulfilled. To solve
Eq. (38), we will apply the approach described in Sec-
tion 3.1 for a flat-layered structure. We will seek the

magnetization m,ﬁ in the form

|El| < msa

§EM) =0.

Retaining only the linear terms in §;, we will obtain

™
m; =m +§,

1

d’s, 2dE
—L 4+ ==Lk, +Ey) =0,
dR2 Ri de (gl EOI)

7

(42)

where &, = mOi(aTmsz + Bmg )/ ((mmsz + 3Bmg ), [my| =
m,. The solution of the linear equation (42), given the
boundary condition (40), is the following function:

1
& =& [_ (KA cosh k(A — R)
ek 43)
—sinh K(?x -R)) - 1).

The constant my, is determined numerically from

Eq. (39). To find the magnetization m,N, we will
neglect the nonlinear term in Eq. (38). This can be
done if the condition

AT
ﬁ[m_’J <<1
ot\ m,
is fulfilled. Given the boundary conditions, we will
then obtain

(44)

m,/, R’ sinh AR,
m ' = .(45)
RR| |14+ |sinn 2 =R, Reogp =R
% I I
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Fig. 9. Dependences m,-TT(R) at T=Tc=3(a), 15 (b) Kand my(R) at T— T-=3 (c), 15 (d) Kfor L = (1) 3, (2) 5, and (3) 7 nm.

A structure based on Ni,Cuygg _ ,/CoypFey9Byg.

In this section all of the further calculations will be
made for a Ni,Cuy_, (x = 70 at %) matrix and
CoyyFe B, granules. For a Gd matrix and Fe gran-
ules the presented approximate solutions are
improper. This is due to a large interaction at the
Fe—Gd interface, leading to a violation of the applica-
bility conditions for the approximate solutions. We
will also assume that all of the phenomenological
parameters for flat-layered structures coincide with
those for granular media.

Consider the influence of the granule radius on the
magnetization in a cell under the condition for the
mean distance L between the surfaces of neighboring
granules being constant, L = 2(A — R). If the granule

radius is small, so that /;R/ 15 < 1, then m,-N R)/m, <« 1
is valid for any L. In the opposite case, / JR/lg > 1, two
variants are possible. If lox/a: coth(L/2))/l; < 1, then
m,T ¢ (R) = m,. If, on the contrary, lox/oc_rcoth(L/21) J>
1, then m, * (R)/m, < 1. The analysis of m, " is slightly

complicated due to the need to resort to numerical cal-
culations of the constant m,. We give the dependences

of m,T T (R) and m, on radius R for various temperatures
and mean distances between the granule surfaces
(Fig. 9). We see that an increase in the granule sizes
while keeping L constant leads both to an increase in
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m,T " and to an increase in miTL at some ratio of other

parameters. At this stage it is hard to say what influ-
ence this will exert on the system’s magnetocaloric
potential. However, it is clear that an increase in the
granule size by more than 7—10 nm makes no sense.

Figure 10 shows the dependences m,.TT(R,-) and

m,T v (R)) at various mean distances between the sur-
faces of the nearest granules and various temperatures.
The granule radius is R = 10 nm. The dependences of
the magnetocaloric potential As(7) for a granular
medium calculated numerically are shown in Fig. 11
for various L and R. As can be seen, an increase in the
granule radius R leads to an increase in As. Here, we
restrict ourselves to constructing the solution outside
the neighborhood of the transition point, where the
approximate formulas (43) and (45), on which the cal-
culations of As are based, can be applied.

Let us now present our calculations of the contri-
butions to the heat capacity from the magnetic subsys-
tem per unit matrix volume (Fig. 12). In the absence of
an external magnetic field, the heat capacity is lower
than that in the state of a parallel orientation of the
magnetizations of all granules by four orders of magni-
tude. This can be explained by a much lower tempera-
ture sensitivity of the cell magnetization in the absence
Vol. 132
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Fig. 10. Dependences m,-TT(R) at T=T-=3(a), 15(b) Kand my(R) at T— T-=3 (c), 15(d) Kfor L= (1) 3, (2) 5, and (3) 7 nm.

A structure based on Ni,Cuygg _ ,/CoypFe49Byg.

of a field. We again see that the magnetic contribution
to the heat capacity may be neglected. The adiabatic
change in the system’s temperature will then take the
form

30 3
RAGEY SY
A

Figure 13 shows the dependences AT(T) at various
L and R. At a sufficiently high density of granules (L =
3—5 nm) there is an increase in A7 with decreasing R,
despite the increase in As. The presented estimates of
AT are fairly small due to the comparatively small
interaction /,.

AT =T,-T = (46)

Thus, the approximate approach developed in Sec-
tion 3.1 has been generalized to a granular medium.
The magnetocaloric potentials calculated for a granu-
lar medium are comparable to those for a three-layer
structure [9].

4. CONCLUSIONS

Based on the Landau theory and the mean-field
theory, we showed that the magnetocaloric potential
in a flat-layered Fe/Gd/Fe structure could reach fairly
large values. For example, As = 10° erg K~! cm™3 for a
thin interlayer 3 nm in thickness at the critical tem-
perature, which is a third of the magnetocaloric poten-
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tial for bulk Gd corresponding to complete demagne-
tization (beginning from H=1T) at T~ T [26]. Our
estimates of the adiabatic change in temperature are
smaller than those for bulk Gd under the same condi-
tions by an order of magnitude. However, to switch the
mutual orientation of the ferromagnetic edge magne-
tizations, it is necessary to apply a field with a strength
of only several hundred oersted, giving a gain by one or
two orders of magnitude in applied field. Both theories
agree well between themselves. The Landau theory has
limitations (for example, there should be T <« 1), but it
allows analytical formulas to be derived. We also esti-
mated As for a granular medium (Co,oFe,oB,, gran-
ules, a Ni,Cu,, _ , matrix, x = 70 at %). Our estimates
turned out to be close to the magnetocaloric potential
of a similar flat-layered system [9].

Note that a granular structure has a number of
advantages with respect to a flat-layered one. First, it
is easier to impart a macroscopic volume to it, which
is necessary for use in refrigerators. Second, in real
experiments, in addition to the interlayer itself and two
ferromagnetic layers adjacent to it, there are also other
layers and a substrate. All these elements are “super-
fluous” in the sense of a decrease in the magnetoca-
loric potential in terms of the volume of the entire sys-
tem. The search for pairs of materials with an even
larger exchange interaction at the interface is needed
Vol. 132
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Fig. 11. Dependences As(7T) for L = (1) 3, (2) 5, and (3) 7 nm at R = 2 (a), 5 (b), and 10 (¢) nm. A structure based on
Ni, Cuygo_,/CogoFe40B,g- The presented dependences correspond to the change in magnetic field whereby the system is remag-

netized (H € (0, Hy), Hy= 10 Oe [29]).
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