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Abstract—The magnetic and magnetocaloric characteristics of the Mn19Cuo.1Sb alloy were studied. The pres-
ence of a relatively sharp decrease in the magnetization in the region of 100 K is established, which, according
to ab initio calculations, can be interpreted as antiferromagnetism-ferrimagnetism transitions. The presence
of a magnetic phase transition from a ferrimagnetic to an antiferromagnetic state (F <> AF) leads to the
appearance of an inverse magnetocaloric effect, which is preserved in magnetic fields up to 10 T.
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INTRODUCTION

Recent active study of magnetic materials based on
manganese pnictides has been stimulated by the wide
variety of magnetic phase transformations found in
them and, as a consequence, by the large value of the
inverse magnetocaloric effect [1]. The latter makes it
possible to significantly simplify the design of mag-
netic refrigerators and reduce heat losses on structural
elements [2]. A promising system for magnetic cooling
in the cryogenic temperature range is Mn,.xCuxSb, in
which an order-order transition is observed in the
region of 100 K [3-6].

Objective—To study the structural, magnetic, and
magnetocaloric characteristics of the Mn19Cuo1Sb
alloy.

1. RESULTS AND DISCUSSION

To study the magnetocaloric properties of this sys-
tem, at the first stage, we synthesized a sample of
Mn19Cup1Sb and its magnetic properties were mea-
sured. The basis of the technology for obtaining solid
solutions of Mn;- yMesSb (Me - Zn, Cu) with a
Cu2Sb type structure was used for the previously tested
technology for obtaining zinc-containing manganese
pnictides [7], which was optimized in the course of
work for the objects under study. A sample of

Mn1.9Cuo.1Sb was obtained by direct fusion of finely
dispersed manganese, copper, and antimony powders
taken in the required calculated amounts and carefully
mixed. The phase composition and unit cell parame-
ters were determined at room temperature by X-ray
diffraction analysis using CuK,-radiation. To deter-
mine the isothermal change in entropy in the region of
the phase transition, measurements of the magnetiza-
tion in static fields up to 10 T were carried out. The
magnetocaloric characteristics were calculated by an
indirect method based on Maxwell’s thermodynamic
relations.

As aresult of X-ray diffraction studies of the syn-
thesized sample, it was found that the Mn19Cuo1Sb
alloy has a tetragonal crystal structure similar to Cu,Sb
(symmetry group P4/nm) with crystal lattice parame-
ters a = 4.078 A and ¢ = 6.539 A. The X-ray diffraction
pattern of Mn1.9Cuo.1Sb alloy obtained at room tem-
perature in the angle range 20° < 20 < 90° is shown in
Fig. 1.

X-ray phase analysis showed that the Mn19Cuo.1Sb
alloy is not strictly single-phase, it contains a small
amount (x¥5-7%) of the hexagonal nickel-arsenide
phase. It is known [8] that in the matrix Mn,Sb always
contains nuclei of the MnSb phase, which is also char-
acteristic of the Mn19Cuo.1Sb sample, close in compo-
sition to Mn,Sb. It can be seen that, in the X-ray dif-
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Fig. 1. X-ray diffraction pattern of Mn; gCug 1Sb alloy.

fraction pattern of the alloy at room temperature (see
Fig. 1), along with the reflections of the main tetrago-
nal phase, there are reflections of the hexagonal phase
of low intensity.

The results of measurements of the specific magne-
tization of the studied compositions are shown in
Fig. 2. Magnetic measurements were carried out on
polycrystalline samples using the inductive method on
a vibrating magnetometer from Cryogenic Limited.

As can be seen from Fig. 2, upon cooling below
100 K, the magnetization of the sample decreases,
which, according to the literature data on magnetic
phase transitions in Mn;Sb-based alloys [16] corre-
sponds to a phase transition from a ferrimagnetic to an
antiferromagnetic state (F <> AF). Such order-to-
order transitions are often accompanied by an inverse
magnetocaloric effect [9].

The electronic structure and interatomic exchange
integrals were calculated by the fully relativistic Kor-
ringa-Kohn-Rostoker method (SPRKKR v8.6 pack-
age [10, 11]) in the coherent potential approximation
(KKR-CPA) for a disordered alloy. For the crystal
potential, the approximation of atomic spheres was
used. For the exchange-correlation energy, an approx-
imation was chosen that gives the best agreement
between the calculated magnetic moments and the
experimental ones. The local density approximation
[12] was used without taking into account gradient
corrections. The interatomic exchange integrals were
calculated according to the procedure [13] based on
the calculation of the variation of the total energy
functional with respect to the deviation of a chosen
pair of spins from the equilibrium position. The lattice
parameters are determined from the data of X-ray dif-
fraction analysis (a = 4.078 A, ¢ = 6.539 A). In the
structure under study, Mn atoms occupy positions of
the type 2a(0, 0, 0) and 2c(1/4, 1/4, z1), Sb atoms are
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Fig. 2. Temperature dependence of the magnetization of
the Mn 9Cug 1Sb alloy in a magnetic field of 1 T during
cooling.

positions of type 2c(1/4, 1/4, z;) space group P4/nm.
Position parameters z; = 0.2897 and z, = 0.7207 cor-
respond to the structure of pure Mn,Sb. The Cu atoms
were assumed to be uniformly distributed over the Mn
positions. Four types of magnetic structures were con-
sidered: ferromagnetic (FM), ferrimagnetic (FIM),
and two antiferromagnetic (AF1, AF2). The orienta-
tion of the magnetic moments of manganese in the
AF1 structure corresponds to the antiferromagnetic
structure Mn;As (magnetic moments of Mn atoms;
and Mnj from neighboring layers are directed oppo-
sitely), and the AF2 structure corresponds to the anti-
ferromagnetic structure of Fe;As (magnetic moments
of Mn; and Mny atoms from neighboring layers are
codirectional) [14]. According to the calculation data,
FIM(-70727.47111598Ry) has the lowest energy, followed
by FM(-70727.46506323 Ry), AF1(-70727.46152557
Ry), and AF2(-70727.41038789 Ry). The magnetic
moments of manganese atoms are M(Mnj) = 3.2us,
M(Mny) = 3.76us and vary by 0.1-0.3pug in magni-
tude as the orientation changes. The magnetic
moments of copper and antimony atoms do not
exceed 0.2pp.

The electronic structure of Mn1.9Cuo.1Sb is shown
in Fig. 3 for FIM and AF1 structures. The spin-polar-
ized density of electronic states has a typical multi-
peak structure characteristic of 3d-metal compounds.
The main contribution to the formation of the mag-
netic and transport properties is made by the d-elec-
trons of manganese. A comparison of the partial den-
sities of electronic states of manganese atoms in the
FIM and AF1 structures indicates a significant change
in the behavior of the density of states of Mn; in the
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Fig. 3. Density of electronic states g(E) to Mnj 9Cug 1Sb for ferrimagnetic (a) and antiferromagnetic (b) structures (curve (1) is
the density of states of d-electrons Mny, (curve 2) is the density of states of d-electrons of Mnyj, (curve 3) is the total density of
states); the vertical line indicates the position of the Fermi level.

vicinity of the Fermi level, which should significantly  tions of interatomic exchange integrals carried out for
affect the interatomic exchange interactions of Mn-  various magnetic structures confirm this assumption
Mn; in the alloy under consideration. Direct calcula-  (Fig. 4, Table 1).

Table 1. Influence of Lattice Parameters and Type of Magnetic Structure on Interatomic Exchange Interactions J; for dif-
ferent values of parameters a and ¢

Jij meV
a=4.078 A, a=4.05 A4, a=4.0A4,
Structure Rij/a
c=6.539 A c=6494 A c=6414A
FM FIM AF1 AF2 FIM AF1 FIM AF1
Mni—Mnun 0.682 | -11.9 5.6 5.1 -95 6.4 5.6 6.7 6.5
Mni—-Mni 0.707 | -21.9 -41.3 -19.5 -11.6 -36.9 -17.1 -31.2 -18.8
Mnu-Mnn | 0977 6.1 3.5 -0.5 -3.8 4.2 -0.8 6.3 -2.3
Mni-Mni 1.0 3.7 -2.0 -7.3 4.4 -2.2 -7.4 -1.5 7.5
Mnu-Mnn | 1.0 6.2 6.0 7.2 3.6 5.9 7.3 5.9 -6.4
Mni—-Mnn 1.211 -4.3 47 3.6 -4.7 4.1 3.2 3.2 2.6
Mni—-Mnn 1.244 -43 6.0 -6.5 4.4 6.2 -7.0 6.2 -8.0
Mnu-Mnn | 1.414 5.6 6.6 6.6 4.5 7.3 7.4 8.5 8.9
-8.7*

Comparison of the total energies of magnetic structures for the main parameters of the crystal lattice (a = 4.078 4, ¢ = 6.539 A) shows
that the ground magnetic state is ferrimagnetic (FIM), and the remaining states lie higher in energy by 90 (FM), 134 (AF1) and 779 meV
(AF2), respectively (Table 1.). * At high compression in the AF1 structure, a “splitting” of the exchange interaction Mnjj—-Mny;, which
is a sign of the non-Heisenberg dependence of the exchange on the mutual orientation of the spins.
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Fig. 4. Dependence of interatomic exchange integrals Jjj to Mnj 9Cuo,1Sb from distance Rjj/a for the considered magnetic struc-

tures: FM (a), FIM (b), AF1 (c), and AF2 (d).
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Fig. 5. Field dependences of magnetization of

Mn; gCug 1Sb when the magnetic field induction changes
from0to10T.
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The magnetocaloric characteristics of the mate-
rial under study were determined from a set of iso-
thermal magnetization curves (Fig. 5) through Max-
well relation

oS _ oM.
oB oT

The temperature dependence of the change in mag-
netic entropy in the Mn1.9Cug;Sb alloy determined in
this way is shown in Fig. 6. The maximum value of the
change in magnetic entropy is observed at a tempera-
ture of ~70 K.

As a result of the studies, it was found that when the
magnetic field changes from 0 to 10 T the maximum
magnetic entropy change for Mn19Cuo.1Sb alloy is

~2]/(kgK).
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Fig. 6. The dependence of the change in magnetic entropy
in the Mnj9Cug 1Sb alloy at various magnetic fields:
AIN =0-1 (1), 0-2 (2), 0-5 (3),0-10 T (4).

CONCLUSIONS

As a result of experimental studies, the presence of
arelatively sharp decrease in the magnetization in the
region of 100 K was established, which, according to
the performed first-principles calculations, can be
interpreted as antiferromagnetism-ferrimagnetism
transitions.

The presence of a magnetic phase transition from a
ferrimagnetic to an antiferromagnetic state (F <> AF)
leads to the appearance of an inverse magnetocaloric
effect, which, unlike several other compounds [15], is
preserved in magnetic fields up to 10 T, which makes it
promising to use Mn1.9Cuo.1Sb as a working fluid for
magnetic refrigerators.
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