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ABSTRACT

We study the magnetocaloric effect in layered systems composed of a ferromagnet with a relatively low Curie temperature (T¢), which is
sandwiched by stronger ferromagnets and exchange coupled to them across the interfaces. Switching of magnetization in the softer ferro-
magnetic surrounding in an applied magnetic field (H) of the strength in several tens of oersteds provides the isothermal magnetic entropy
change (As) in the system because of magnetization redistribution in the spacer. Our simulations of these effects we present here reveal the
maximal value of As, obtained at a realistic interfacial exchange constant, which is in quantitative agreement with this quantity observed
experimentally in different heterosystems based on the Ni,Cuyqg _ , (x ~ 70 at. %) spacer.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0003223

I. INTRODUCTION

The magnetocaloric effect (MCE) is believed to be sufficient by
applying a magnetic field (H) up to several tens of kilo-oersteds
near the point of phase magnetic transition in the refrigerant, e.g.,
near Curie temperature (T¢).'™® However, such strong magnetic
fields can be produced by bulky magnets that cannot be convenient
for usage in magnetic refrigeration. In our work, we study whether
it is possible to achieve the robust MCE by applying very weak mag-
netic fields, e.g., several tens of oersteds. The system of our interest
is a heterostructure composed of a thin (~10 nm) spacer (refriger-
ant) between ferromagnetic layers that have higher Curie
temperatures.” ™'’ A magnetic field of H ~ 10> Oe applied to such a
system induces switching of magnetization in the magnetically
softer surrounding. Due to exchange coupling across the interfaces
with the surroundings, this reconfiguration mediates the redistribu-
tion of magnetization in the spacer and thus the isothermal mag-
netic entropy change (As) in the system. Schematically, spacer
magnetization m(z) under the parallel (11) and antiparallel (1) ori-
entations of magnetizations in the surroundings is shown in Fig. 1.

As previously predicted for the magnetocaloric properties of these
systems,'' the magnetocaloric potential is

As = m?/C, 6]

where m; is the saturation magnetization of the spacer and C is
the Curie constant. Equation (1) adequately describes the behav-
ior of real systems under the condition that the spacer can be
magnetized up to m; at the interfaces. For example, in a hetero-
structure system based on the Ni,Cujgo— (X~ 70 at. %) spacer,”
the magnetocaloric potential can achieve As=10>erg/cm’K at
4tm, =2.5kG and C=0.4 K taken for Ni;,Cuys.'” So the adiabatic
temperature change is expected to be AT = TcAs/c,=0.6 K, where
Tc=300 K and ¢, =5.0 x 10” erg/em*/K'* is the heat capacity of the
spacer near Tc.

Here, we simulate the magnetization distribution across the
spacer under 11 and 1| orientations of magnetizations in the sur-
roundings. These simulations allow us to correctly evaluate the
magnetocaloric potential of the system under study. The theoretical
results mentioned above are presented in Sec. II. In Sec. III, we
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FIG. 1. Spacer magnetization m(z) under parallel (11) (left) and antiparallel (1) (right) orientations of magnetizations in the surroundings. A change in m(z) due to switch-
ing of the soft (free) ferromagnetic surrounding leads to the isothermal magnetic entropy change (As) that should provide the MCE at temperatures close to Tc.

collect magnetization curves of different Ni,Cu, o — »-based hetero-
structure systems (with one of the surroundings both unpinned
and pinned with an antiferromagnetic layer’"'") and give our
explanations about how the collected data are helpful to retrieve
the magnetocaloric potential of the studied samples. Finally, in
Sec. 1V, we compare the obtained experimental data with the
results of our simulations.

Il. MCE MODELING

The calculation was performed in terms of the phenomeno-
logical Landau theory for second-type phase transitions. The free
energy per area unit of a paramagnetic (T > T¢) spacer, whose mag-
netization is m(z) and is sandwiched by ferromagnetic surround-
ings, can be written as'’

i
F = J {(az/2)m* + (,B/4m32)m4 + (lé/Z)(dm/dz)z}der
—dn (2)

1 1
+ Elj(m —omy)’|——apn + ilj(m = mo)*|=an»
with the boundary conditions as follows

dmldz = (L/13)(m — omy)|.——ap» 3)
dmldz = — (/1) (m — my)|.—ap,

where I, = (24)"%/m is the exchange constant inside the spacer in
units of length (cm), A is the exchange stiffness in units of energy/
length (erg/cm), ;= E;/m:M is the exchange constant in units of
length (cm) at the interface between the spacer and soft surround-
ing, E, is the interfacial exchange energy per area unit, My is the sat-
uration magnetization in the soft surrounding, 7= (T — T¢)/T¢, and
o=zl for the parallel (upper sign) and antiparallel (lower sign)
configurations of the magnetizations. The equation that corresponds
to the minimum for the functional in Eq. (2) reads

d*m/dz> —17*m — Bl *m;*m’ =0, (4)
where 1=1y/(ar)"?. Solutions of Eq. (4) can be sought as
myy = apmgdn(epzlly, kyy) and myy = (aiPmdey)snlcy 2/l kpy)s
where dn(u, k) and sn(u, k) are Jakobi elliptic functions having the

well-known properties'” and k;1(;y) are the elliptic modules. The
dimensionless constants a1,y and c¢y4(q), which are in direct rela-
tionship each with other, can be found from the boundary condi-
tions (3). Substituting my; and m;, into Eq. (4), we obtain that

my = aTTden (iﬂTT\/WEZ/ZO’ 2(1 +ﬁaa;T )’
2\ V4 Ba: \"* z
my = —i<2%> Amgsn i( zw) 2 V! k).
0

®)

where A = (1o+ (5—1)""3)"2, o= a/(2Ba;,)"?, and i is the imagi-
nary unit.

Figure 2(a) shows the magnetization distributions m4(z)
and my4 (z), which were found from Eq. (5) for the spacers of
different thicknesses, from d=15 nm to d =3 nm. For these cal-
culations, the following material parameters were taken:
4mm,=2.5kG (for Ni;yCuy),”” =25 nm, A=1.0x10"" erg/
cm,'® E;=0.775 erg/cm® and [;=30 nm," """ and 4nM;=16.5kG
(for CoFeB),"” while the constants a and S in the functional of
Eq. (2) are retrievable by fitting the equation arm+ (B/m?)
m’>=H" to the experimental data, which were reported in
Ref. 21 for a thin Nig;Cus; film.

The magnetocaloric potential As=s;; —s44 can be derived by
substitution of my4(z) and my,(z) [Eq. (5)] into the functional of
Eq. (2)—with taking into account that sy1(1yy = —(0F1(11)/0T)/d. As
a result, we find that

alyat;m; cppd
= _ E sk |k )
sty Toepd D\ \ 2, Fr ) K

2
aay m; 2ly oy d
=———->|1——E —— .,k |, k R
St Zch%lk%l < C”d (am< 210 L& T

where E(u, k) is the second-type elliptic integral and am(u, k) is the
first-type elliptic integral amplitude.

In Fig. 2(b) we show As as a function of T at different thick-
nesses d of the spacer. We see that As monotonously increases with
decreasing d. As seen from Fig. 2(a), my4 is not large (<0.3m,) even
in a thin spacer (d=3 nm) exposed to the exchange field of E,/

(6)
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FIG. 2. (a) Simulated distributions m'"(z) and m'*(z) at T = T in spacers with different thicknesses d—3 nm, 5nm, 7 nm, and 15 nm. The magnetization profiles were cal-
culated at E,=0.775 erglem? and /;= 30 nm,""-"® which is the critical parameter. (b) Corresponding values of As=s;, —s;; vs T— T¢. For comparison, the magneto-
caloric potential As is shown for a thin Nig7Cus; film exposed to a magnetic field H varied from 0.0 kOe to 10 kOe.?!

M¢d =200 kOe. Nevertheless, the maximal As achievable at T = T is
only twice lower (in the d=3 nm spacer) than the magnetocaloric
potential of a Nis;Cus; film exposed to a magnetic field of
10kOe.”" As one expects to obtain such a value of As in the hetero-
structure system exposed to a magnetic field of H ~ 0.1kOe only'”
(see also the experimental part here, Sec. III, which supports this
expectation), the magnetocaloric efficiency in a Ni,Cu, g _ ,-based
(x~70at. %) system can be enhanced up to ~50 times by compari-
son to that in a separate Ni,Cuyq _ , film.

(a) coFeB/(5nm)Ni72Cu28/CoFe

~ 4.4]
o 4.2
©
‘;-’3 4.0+
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© 3.4 321K
5 321 —294K
X
3.0' T T T T T 1
-300 -200 -100 O 100 200 300
H (Oe)

1. EXPERIMENT

The experiments were performed with two types of hetero-
structure systems in which the Ni,Cu;qo _ , spacer was used as the
key component (refrigerant). One of the systems under study (S1)
was quartz substrate/(10 nm)Py/(d nm)Nig;Cus3/(3 nm)CogoFe;o/
(25 nm)1Ir,oMngo/TiO (Py = NigoFe,) stacks,'” where the Py layer
was magnetically soft, while another ferromagnetic surrounding,
CoggFe;o (CoFe), was pinned with the antiferromagnetic layer of

Ir,oMngo.” " Another system (S2) was Si substrate/(20 nm)

(b) CoFeB/(20nm)Ni72Cu28/CoFe

5.07
'g,' 4.8 CoFeB
©
& 4.67CoFe
= 4.4]
IS — 365K
8 42 322K
o 307 K
5 4.07 — 294K
X
3.8 . T : : . ,
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FIG. 3. MOKE hysteresis loops for a (15 nm)CoFeB/Ni;oCus,g/(20 nm)CoFe heterostructure system (S2) with spacer thicknesses of d=5nm (a) and d=20nm (b).
Magnetizations in the soft CoFeB and hard CoFe surroundings are switchable by applying different magnetic fields H. The stronger the dependence of Hg,, on T, the

higher the magnetocaloric efficiency.'?
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CoggFe o/(d nm)Ni,,Cu,g/(15 nm)CoygFesoB,o/TiO  stacks—
with the hard CoFe and soft Co4oFes0B,o (CoFeB) ferromagnetic
surroundings. The details for sample preparation were given
in Ref. 12.

The magnetic and magnetocaloric properties of prepared
samples were studied with a Lake Shore 7400 Series vibrating
sample magnetometer'” as well as with a home-built setup based
on the longitudinal magneto-optical Kerr effect (MOKE). Figure 3
shows magnetization curves taken by MOKE for two samples of
the system S2 with spacer thicknesses of d=5 nm (a) and d=20
nm (b). These measurements were performed in a temperature
range above room temperature. In particular, we find that the ferro-
magnetic surroundings we use in system S2 have strongly different
switching fields. Indeed, magnetization of the soft CoFeB surround-
ing toggles in a magnetic field H, varying in a range from a few
oersteds to a few tens of oersteds, which depends on T, while the
start for the switching of the pinned CoFe layer delays up to
H ~ 180 Oe. This behavior of system S2 is similar to that of system
S1. The latter system was also studied in Ref. 12.

In the context of our study, it is important to note that the
start of magnetization switching in the soft surrounding depends
on T: H,, increases with lowering T. The derivative of Hy,, on T
straightforwardly relates to the magnetocaloric efficiency of the
system.'” This can be understood in a frame of the phenomeno-
logical model for interlayer exchange between two ferromagnetic
layers that have different switching fields in an applied magnetic
field H. The effective free energy of this system can be written as
Fegr=—IMM,, — M/H, where My and M, are magnetization vectors
of the soft (free) and hard (pinned) ferromagnets, respectively,
which aligned in the same (opposite) direction(s) at H < H,,
(H > Hy). In this form, the first term reflects interlayer exchange
J, which depends on T. One anticipates that the J(T) dependence
is especially strong at T'— Tc. If, roughly speaking, magnetization
of the free layer is a step function of H, i.e., M= M@B(H —JM,),
then the magnetic entropy changes abruptly at H = H,, = JM,, and
this change is As = 2M,M,0J/9T.

Upon that basis and taking into account that My > m, so that
the free surrounding mostly contributes to the switching, we obtain
that the magnetocaloric potential of the spacer is as follows:'***

h Hyy+e2
As = el

dM
T @

Hqy—&1

where Ay is the thickness of the free surrounding and &, , the edges
of integration. Thus, the values of As were retrieved by processing
the magnetization curves with the help of Eq. (7). In order to find
As from the MOKE hysteresis loops shown in Fig. 3, we assumed
that 4nM;=16.5kG."”

IV. COMPARISON BETWEEN THEORY AND
EXPERIMENT

Figure 4 shows obtained experimental values of As vs T for
the samples of both types, S1 and S2. We find that As is a non-
monotonous function of T and has the maximum at TC,12 which

ARTICLE scitation.org/journalljap

shifts toward higher T with increasing Ni content in the spacer. We
see that in system S2, for example, the maximal magnetocaloric
potential is As & 3.3 x 10° erg/cm’/K at T= Tc. In the same plot, we
show the values of As at the theoretical limit given by Eq. (1) as
well as the magnetic potential of a separate film from the spacer
material (Nig;Cus;) in the field region between H=0Oe and
H=300e. The values of As for a separate Nig;Cus; film were
retrieved by extrapolation of the data obtained in Ref. 21 into the
region of low H. For extrapolation, the edge value for the field
range of interest was taken equal to the switching field of the soft
surrounding in system S1, Hg, =30 Oe.'” Although the magneto-
caloric potential of the heterostructure system is much higher than
that of a separate Nig;Cus; film exposed to H up to 30 Oe, it is still
significantly (30 times) lower than the theoretical limit for As,
which is given by Eq. (1).

However, it here is of central importance to compare As
obtained in real systems with the theoretical values of this quan-
tity [Fig. 2(b)] retrievable at a realistic value of the interfacial
exchange constant ;.'"'* We find that the maximal value of As at
T = T¢ obtained experimentally for system S2 agrees well with the
theoretical one calculated for the d=5 nm spacer. We see,
however, that the theoretical As(T) dependence is significantly
sharper than the experimental one. For example, at T — T =20
K, the theoretical value of As is nearly three times smaller than
the experimental one. It is likely that this disagreement results
from the limitation of the Landau theory for the second-type
phase transition, which is used in our simulations, at tempera-
tures far enough from Tc.

10° PO AR 3
limit: Eq. (1)
4
& 107 S2 3
g 5 °o----® -
< 10 nuEmmy 3
)
2
2 10 ')_0_0-01)_0\ 3
D\D

. | 1)1? Ni67Clus3 I_
210 240 270 300 330 360
T (K)

FIG. 4. Experimental As(T) dependences for the heterostructure systems S1
and S2. The obtained values of As have been compared to this quantity simu-
lated at a realistic interfacial exchange constant ;=30nm'"" for d=5 nm
[Fig. 2(b)]. The values of As at the theoretical limit given by Eq. (1) and for a
separate Nig7Cus; film in the field range of 0—30 Oe are also shown. The As(T)
dependence for a separate film from the spacer material was found by extrapo-
lation of the data obtained from Ref. 21.
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V. SUMMARY

We propose a system in which the robust MCE is anticipated
by applying very weak magnetic fields H ~ 10* Oe. This system con-
sists of a paramagnetic (or weak ferromagnetic) layer (refrigerant),
which is sandwiched by layers of strong ferromagnets. According to
a phenomenological model for interlayer exchange, switching of the
soft (free) surrounding at H = H,,, provides the isothermal magnetic
entropy change proportional to the temperature derivative of the
interlayer exchange constant (dj/dT). In our experiments, we use
Ni,Cuygp— » (x~70at. %) alloys as paramagnetic spacers between
magnetically soft (Py or CoFeB) and hard (CoFe) surroundings. By
measuring their magnetization curves at different temperatures, we
take interest in how strongly switching of magnetization in the soft
surrounding is sensitive to variation of temperature near the Curie
point of the spacer (T¢). This sensitivity reflects the magnetocaloric
efficiency of the system. We find that, although the experimental
values of As in the heterostructure systems are significantly higher
than that of a separate Ni,Cu, _, film, the theoretical limit (when
the spacer is magnetized up to saturation at the interfaces) is still
essentially higher (by a factor of ~30) than that observed experi-
mentally. In order to explain the smallness of experimental As, we
have modeled the distributions of spacer magnetization, m;4(z) and
my(2), for the parallel (11) and antiparallel (1) orientations of
magnetizations in the surroundings at a realistic value of the interfa-
cial exchange constant. In these simulations, we have found that
magnetization of a Ni,Cuyg — , Spacer is far from its saturation even
at the interfaces. The maximal value of As that corresponds to the
calculated m4(z) and m; (z) dependences is found to be compatible
with this quantity observed experimentally.
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