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In the work the temperature dependence of magnetization, entropy changes, and the
Curie temperature of La,,Ba;;MnO; using Monte Carlo method and Heisenberg model
were investigated. We used the magnetic exchange parameters from the first-principles
calculations. In the simulation, magnetic Mn3* and Mn** ions are described by classical
Heisenberg spins, while oxygen, lanthanum and calcium ions are considered as non-mag-
netic. Mn magnetic ions are distributed on R3c lattice according to the perovskite struc-
ture of the manganite. The Curie temperature and magnetocaloric effect values obtained
during the theoretical simulations are in a good agreement with the experimental data.

ITpu momomu meroma Monrte-Kapmo m momenu I'eiizembGepra moJsiyueHa TemIeparypHas
3aBHCHMOCTb HAMAIHMYEHHOCTH, M3MEHEHHE SHTPONMK M OIpeaeseHa Ttemieparypa Kopwu
MaHI'aHUTOB JaHTAHA La0,7Ba0,3Mn03. s oTuX Iesell MCIIOJb30BAHBI 3HAUEHUS HNHTErPAaJJOB
00OMEHHBIX KOHCTAHT, IIOJYYEHHBIX C IIOMOINbIO IIEPBOIPHUHIMIIHLIX pacueToB. Ilpu momenu-
posarnu mMarEuTHbIe Mn3* 1 Mn** moHBI onmcsIBaloTCa KiIaccHmuecKMME cnuHaMu [eiisenGep-
ra, a KHCJOPOJ, JIAHTAH M WOHBl KaJbI[Ud CUNTAIOTCA HEMarHUTHBIMU. MarHuTHBIE HMOHBI
Mapraiiia pacupenejeHbl B R3¢ pellleTKe B COOTBETCTBUU CO CTPYKTYpOi mepoBckuTa. Tem-
nepatypsl Kiopy ¥ 3HaueHHsT MarHHTOKaJopHdYecKoro a(pdexra, MOJyUeHHLIE B XOJe Teope-
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THUYECKOI'0O MOJeJINPOBAaHUA, XOPOIIO COIVIACYIOTCA C 9KCIIEpPUMEHTaJbHBIMU JaHHBIMU.

1. Introduction

The magnetic refrigeration technology
attracts the increasing attention of re-
searchers. The magnetocaloric effect (MCE)
is a magneto-thermodynamic phenomenon in
which a reversible change in temperature of
a suitable material is caused by exposing
the material to a changing magnetic field
[1]. It has great importance in the technol-
ogy of magnetic refrigeration. Among the
various alternative technologies that could
be used in refrigeration devices, the in-
creasing attention of researchers in the
world attracts the technology of magnetic
refrigeration [2—5]. The magnetic materials
with large values of magnetocaloric effect
can be applied as work substances in mag-
netic cooling devices such as industrial and
household refrigerators, air conditioners,
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heat pumps, etc [4]. Until recently, the
rare-earth metal Gd is regarded as the most
promising material for use as a working one
in magnetic cooling devices [6]. Because the
fact that the cost of gadolinium is high
enough in last time more attention has been
focused on finding new materials that are
cheaper and have a large MCE. It was found
that such compounds include Ni-Mn-Ga,
Mn-As—Sb, La-Fe-Si, rare earth manganites
[3,4, 7—11]. Manganites have the general
formula: R;_ ,M,MnO5, where R — trivalent
rareearth elements such as La, Pr, Eu, Gd,
etc., M — divalent alkali ions such as Ba,
Ca or Na, K, Ag, and etc. In recent years,
perovskite manganites have been intensively
studied. These compounds allow us to vary
the temperature of phase transitions in a
wide range of temperatures and thus realize
a wide temperature range of the MCE [2].
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Presence of experimental works on re-
search of phase transitions and MCE in
perovskite manganites leads to necessity of
the analysis of experimental results by
means of various theoretical models. For
today in scientific publications there is a
big number of works in which the theoreti-
cal models are discussed, allowing to de-
scribe phase transitions and MCE in various
magnetic materials. However the theoretical
works allowing to describe MCE in mangan-
ites by means of Monte Carlo method are
practically absent.

In our work using the computed values
of the magnetic exchange interactions by
the first-principles calculations and using
the Heisenberg’s Hamiltonian we present
Monte Carlo calculations of the temperature
dependence of magnetization, entropy
changes, and the Curie temperature of
Lag 7Bag sMnOs.

2. Model and simulation

In this paper the values of the magnetic
exchange interactions were calculated using
the SPR-KKR (Spin Polarized Relativistic
Korringa-Kohn-Rostoker code) package [12].
Korringa-Kohn-Rostoker code is based on
the Green’s functions as opposed to Bloch
wave functions and eigenvalues. The Heis-
enberg exchange parameters were calculated
using the theory of Lichtenstein et al. [13],
where the exchange interactions between a
pair of spins is calculated using a classical
Heisenberg Hamiltonian. The chemical dis-
order has been treated by the single site
coherent potential approximation (CPA).
The maximum number of CPA iterations
and the CPA tolerance were set to 20 and
0.01 mRy, respectively. The first step in
these calculations was to calculate the self-
consistent potential (SCF). The maximum
number of SCF iterations was taken to 200.
After the self-consistent potential was cal-
culated it was used to simulate the Heisen-
berg’s magnetic exchange coupling parame-
ters using Spin-Polarized Scalar-Relativistic
(SP-SREL). Interactions were taken into ac-
count in the first and second coordination
sphere. It is known that in manganites at
low temperatures is a series of structural
and magnetic phase transitions. For exam-
ple, such transitions occur in
Lag 7Bag sMnO3 [14]. 1t is shown that, in the
manganites two structural phases can be ob-
served: low-temperature Imma and high-
temperature R3c. In our work, we calcu-
lated the exchange constants for the R3c
phases of Lag;Bag 3MnO5; manganite.
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Table. The calculated values of the inte-
grals of the exchange interaction for
La, ;Bay sMnO4

Second coordination First coordination
sphere sphere
Jex (meV) Jex (meV)
J, 0.06 Jy 3.05
Jy 0.06 Jy 3.07
Jq 0.06 Jg 3.05
Jy 0.06 Jy 2.63
J. 0.06 Je 2.66
Jg 0.06 Jg 2.63
J, meV : i : . .
30} ‘ —Ml— Mn-La |
—@— Mn-Ba
3o
2 6’; \ ::
0,4’- ]
02+ E
00 'HM’ > 1
0,0 . 0:5 . 1:0 1:5 dl/a

Fig. 1. Ab initio magnetic exchange interac-
tions as a function of the distance d/a be-
tween pairs of atoms i and j (in units of the
lattice constant a).

Manganite Lag;BagsMnO5 crystallizes in
a perovskite structure in which trivalent
Mn3* and tetravalent Mn4* ions are distrib-
uted in to R3c lattice, having coordination
number of six in the first coordination
sphere and having also coordination number
of six in the second coordination sphere.
Table presents the results of ab initio calcu-
lations of the magnetic exchange interac-
tions J ij

Fig. 1 shows the dependence of magnetic
exchange interactions on the interatomic
distance.

3. Monte Carlo study

In our simulation model magnetic Mn3*
and Mn4* ions are described by classical He-
isenberg spins, while oxygen, lanthanum
and calcium ions are considered as non-mag-
netic. The Monte Carlo simulations have
been carried out employing the standard
Metropolis algorithm. The number of sites
used in the simulations was N = 153. The
number of Monte Carlo steps is 5-10°. We
started the simulations in the ferromagnetic
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phase. The energy H of the system and the
order parameters m were averaged for 400
Monte Carlo steps. In order to obtain equi-
librium values of H and m the first 10%
Monte Carlo steps were discarded.

At calculation we used the interactions
within first and second coordination sphere.
The Hamiltonian used in this work is

E = _ZJijSiSj - gHBHZSzi )

ij i
where J;; are the exchange interaction pa-
rameters, S; = {S,, S;, S,} are spins of man-
ganese ions, and H is the applied magnetic
field. S; takes the values 2 for Mn3* (eg’)
and Mn3* (eg) or 3/2 for Mn#* (d3) accord-
ing to the electronic configuration of ions
[15]. up is the Bohr magneton and g is the
Lande factor.

The relative magnetization was calcu-
lated by the following formula:

Thermodynamic properties such as heat
capacity (C), lattice specific heat (Cy,;),
magnetic specific heat (Cmag), entropy (S),
isothermal entropy change (AS) were calcu-
lated using the following standard expres-
sions [16]:

1
c .= [<E2> — <E>9],
mag - ppT?
Clat =
30,/T

B (%\ 1

= 9RN; 4(gj deex— T\ T a1

C:Clat+c

mag®
T2
C AS
S ZTJ.TdT, AS = Sg — 8o, AT = —T?,

1

where N; is the number of ions per formula
unit and Op is the Debye temperature. Sy
and S, denote the entropy in presence of a
magnetic field H and in zero field, respec-
tively. R is the gas constant, kp is the
Boltzmann constant.

4. Results and discussion

In our previous work [17] we experimen-
tally investigated the properties of
Lag ;Bag s3MnO53.  Lanthanum manganites
were prepared by solid-state reaction tech-
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Fig. 2. Temperature dependence of magneti-
zation for Lay,Bay;MnO;. Here the empty
squares and circles are the results of theoreti-
cal modeling with account of the exchange in-
teractions in the first and second coordination
spheres and in the first coordination sphere
only, respectively. Filled symbols present the
experimental measurements [17].

nique. Temperatures of phase transition
were experimentally found. Magnetic and
magnetocaloric properties in samples were
investigated. It was shown, that the Curie
temperature is 824 K for Lay ;Bag ;MnO5. It
was also revealed, that the large adiabatic
change of temperature (AT,;) at magnetic
field change takes place near the tempera-
ture of magnetic phase transition. From
these results Lag,Bag;MnO; material was
strongly suggested to be used for magnetic
refrigeration equipment working near and
above room temperature.

Fig. 2 shows the results of theoretical
modeling of the temperature dependence of
magnetization for Lag,Bag 3MnO;.

It is seen from Fig. 2 that the Curie tem-
perature for Lag ;Bag sMnO5 obtained during
our theoretical simulations agrees well with
experimental data. Our calculations also
shown that the magnetization calculated
with account of the exchange interactions in
two coordination spheres was more close to
the experimental one.

In Fig. 3 we present the calculated mag-
netic entropy change for Lag,BagsMnO;
compound upon magnetic field variation
from O to 2 T. It can be seen that the maxi-
mal MCE is observed at the Curie point.

Fig. 4 shows the results of theoretical
modeling of adiabatic temperature change
at changing of magnetic field from 0 to 2 T
for Lag ;Bag sMnO5. As seen from Fig. 4 the
magnetocaloric effect obtained during the
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Fig. 3. Calculated magnetic entropy change
for Lay,Bay sMnO5; upon magnetic field vari-
ation from 0 to 2 T. Here empty and filled
symbols are the results of theoretical model-
ing with account of the exchange interactions
in the first and second coordination spheres
and in the first coordination sphere only, re-
spectively.

theoretical simulations agrees well with the
experimental data.

5. Conclusions

In this paper the values of the magnetic
exchange interactions were calculated using
SPR-KKR package with account of the ex-
change interactions in the first two coordi-
nation spheres. Using these interactions we
calculated the magnetocaloric effect and the
temperature dependence of magnetization
for Lag;Bag3MnO; by Monte Carlo simula-
tions. The theoretically calculated adiabatic
temperature change and the Curie tempera-
ture are in a good agreement with the avail-
able experimental data. The present Monte
Carlo calculations can also be used for cal-
culating the magnetocaloric properties for
other perovskite manganese.
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HocaigxeHH MATrHITHMX i MarHiTOKaJOPUYHHUX
BJIACTMBOCTeil MaHraHiTtis manramy Laj-,Bag;MnO;
meTonoMm Monrte-KapJao

O.Ilasnyxina, B.ByuenvHnixoe, B.Coxonoécovkii

3a pomomoroio Metoxny Mourte-Kapao i mogeni IeiisenbGepra oTpmMMaHO TeMIEpPaTYPHY
3aJIeKHicTh HaMarHiueHocTi, aMiHy eHTtpomii i BusHaueHo Temmneparypy Kiopi maHramiTiB
JaHTaHy La017Ba013Mn03. g nux mijeii BUKOpPUCTAHO 3HAUEHHS iHTerpajiB oOMiHHUX KOH-
CTaHT, OTPUMAaHUX B3a [JOIOMOTOI0 IIepBONPiHIinHUX po3paxyHKiB. IIpm w™mopemroBanHi
maraitai Mn®* i Mn** iomm ONMCYIOTHCS KJACUUYHMMM clIuHamu [eiisenbepra, a KHCEHb,
JaHTaH i 10HM KaJbI[il0 BBAXKAIOTHCA HeMarHiTHuMmu. Mar"itai ioHm mapraxifio posmoimijeHi
B R3c pemririi BigmosigzHo 10 crpykTypu meposckiry. Temmeparypu Kropi i sHauenHs marui-
TOKAJOPUYHOI'O e(eKTy, OTPUMAHI B XO/i TEOPETUUYHOI'0 MOJIEJIOBAHHSA, L00pe y3roMKyIOThCA
3 eKCIIePUMEHTAJbHUMU JLAHUMU.
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