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In this work, we discuss the magnetocaloric and barocaloric effects in the doped compound Mn(As;_xSby),
by using a model based in the framework of the band theory. In this model, the two body interaction
is treated in the Hartree-Fock approach and the chemical disorder is treated in the coherent potential
approximation. Our theoretically calculated magnetocaloric potentials are in very good agreement with
the available experimental data. Besides, our theoretical calculations show that the doped compound
Mn(As;_Sby) also exhibits giant barocaloric effect.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The magnetocaloric effect [1-3] is characterized by the isother-
mal entropy change AS;, and by the adiabatic temperature change
AT,q upon magnetic field variation. In order to provide a good
theoretical description of the magnetocaloric effect in a given
compound, we should consider the nature of its magnetism. For
instance, in rare earth based compounds, where the magnetism
comes entirely from the rare earth ions, the magnetocaloric effect
may be described by the model of localized magnetic moments. On
the other hand, in transition metals based compounds, where the
magnetism comes from the itinerant electrons, the magnetocaloric
effect should be discussed through theoretical models in the frame-
work of band theory.

Despite the good theoretical description of the available exper-
imental data of the magnetocaloric potentials AS;s, and AT,g,
some important aspects of the magnetocaloric effect are not yet
completely understood. Besides, there is a lack of a microscopic
description of the effects of doping and applied pressure on the
magnetocaloric properties of transition metals based compounds.

In this work, the focus in on the theoretical description of
the magnetocaloric and barocaloric effects in the doped com-
pound Mn(Asq_,Sbyx). Experimental data of the magnetocaloric
effect in this compound can be found in references [4-8]. The
magnetocaloric effect in the pure compound MnAs has already
been theoretically discussed in the literature, by using a model of
itinerant electrons [9]. However, a theoretical description of the
magnetocaloric effect in the doped compound Mn(As;_,Sby) is not
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yet available in the literature. In addition, the barocaloric effect in
this doped compound has not been studied yet.

The primary objective of this paper is to describe the mag-
netocaloric and barocaloric effects in the doped compound
Mn(As1_xSby), by using a model with two sublattices, in the frame-
work of band theory. The second goal of this paper is to make a
comparison between the results of the magnetocaloric potentials,
obtained with the two sublattice model and the ones obtained
with other models found in the literature. For this purpose, we
also calculate the magnetocaloric effect in the doped compound
Mn(Asq_xSby) by using the following models: (i) the effective band
model, similar to that one used in reference [10] to describe the
pressure effect on the magnetocaloric effect in La(Feq_,Six);3, (ii)
the model of localized magnetic moments, similar to that one used
in reference [11] to study the magnetocaloric effect in a simple
system with two energy levels. The comparison among these three
models shows that they are able to fit the experimental data of the
magnetocaloric potentials AS;s, and AT,q in the doped compound
Mn(As1_xSby). However, only the two sublattice model provides
the correct description of the physical process involved in the mag-
netocaloric effect of this doped compound.

2. Formulation
In order to theoretically describe the magnetic properties and

the caloric effects in the doped compound Mn(As;_,Sby), we start
with the following model Hamiltonian:

#H = Hmag + Hyat, (1)
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where

Homag = ZsM“d+ dig + ZT;{',“M“d;d,a
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The Hamiltonian #,,; describes the phonons in the crystalline

lattice. The Hamiltonian #{mag describes a system of itinerant elec-
trons with two sublattices. One sublattice (B sublattice) is
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occupied by the magnetic Mn ions, while the other one (A sub-
lattice) is occupied by the non magnetic As and Sb ions. In the
magnetic Hamiltonian, the first term represents the local energy
at the Mn sites (85."'“). The second term describes the electron
hopping between two Mn sites, where Ti']\.f,“M“ =) EMnelkRi=R)),
Here &M = oMgMngMn s the electron dispersion relation associ-
ated with the B sublattice, where a,’l"“ simulates the pressure effect
and £Mn represents the magnetoelastic coupling. Here we consider
EMn 1 - EOM“(MM“)Z], where M1 s a fixed parameter and MM is
the magnetization at the Mn sublattice. The third term represents
the local Coulomb interaction, where UM is a model parameter. The
fourth term represents the Zeeman interaction between the Mn
magnetic moment and the applied magnetic field. The fifth term
represents the local energy 513\ (A = As or Sb) associated with the
electrons at the sites of the A sublattice. The sixth term represents
the electron hopping between the sites of the same sublattice A,
where TU;’ > eh eRiR) with £ being the electron dispersion
relation associated with the A sublattice. The last term represents
the electron hopping between the Mn sites and the sites of the A
sublattice, where Ti;.‘C'rV'“ =Y 7&ft e ®i=R) and 7 is a model param-
eter. In the mean field approximation, the magnetic Hamiltonian
turns out to be:

Hmag = Zs?gnd;fadi(, + ZT%“M“ﬁ diy + ng\c;’cw
io ijo io
AM
+ ZTIJU CioGjo + ZTUU (d, Go + Cody, ), (4)

where gMn = gMn 4 yMn <n£\f2> — 0B is a renormalized energy. In
order to treat the chemical disorder we use the Coherent Poten-
tial Approximation (CPA). In this approach, where the disorder is
replaced by an effective atom with self energy X4, the magnetic

Hamiltonian reads:

%0

e = ZsMnd+ dig + ZTM“M“d+ dig + Zz{;cig Cio
io
M A +
Z ijo Cl(TCJU Zlean dmCJU + Ciodi)- (5)

In order to simplify the calculations of the Green’s functions
associated with the previous Hamiltonian, we use the homoth-
etic band approximation. In this approach, we take sk = &, where
& is a reference dispersion relation. The dispersion relation asso-

I +(z-

ciated with the Mn sublattice is taken proportional to this one,

i.e, eMM = aMng. In this way, the renormalized dispersion rela-

tion EMN = o}IngMngMn takes the form YN = @Mne,, where GM" =
aMnMREMD Within this approximation, the Green’s functions for

the Hamiltonian in Eq. (5) are given by:
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Here z = ¢ +i0 and F(E]) is given by:

F(EZ) = / Eg(f)e de. 9

Note that the Green’s function for the Mn sublattice, depends on
the self energy of the A sublattice. As a result, the magnetic prop-
erties associated with the Mn sublattice depend on the impurity
concentration at the non magnetic A sublattice. In order to deter-
mine the self energy X2, we introduce in a given site (site 0) of
the A sublattice an effective atom with energy &% (A = As or Sb),
creating an impurity problem. Then, to recover the translational
invariance we add the terms ﬂ:EécgacO(, at the impurity site, so
that the Hamiltonian for the impurity problem may be written as:

MnM
Homag = Zs,ﬁ df di + Y THMNGE dyyy
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The previous Hamiltonian has the form #mag = %mag + VA

0i’
where ?an;g describes the Hamiltonian of the pure system with

an effective medium at the A sublattice (see Eq. (5)) and VA =

(66, — ZB)cd, coo is a local potential at the A sublattice. Neglect-

ing the terms of second order, the local perturbed Green’s function

GoMn associated with the Hamiltonian in Eq. (10) is given by

GMiMn _ gMMn “ywhere gMiMn js the local unperturbed Green'’s

function given in Eq. (7). The perturbed Green’s function G;}g asso-
ciated with the Hamiltonian (10), is given by:
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Taking the average and imposing the condition <GAA(Z)>
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<g§UA(z)> we get the following CPA equation
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which determines the self energy X2. The local perturbed Green’s
function at the impurity site, calculated from Eq. (11) is given by:
AA
o06(2)
Ghh (z) = —=0007 (13)
o 1-ghh (2)V}

The densities of states are given by pMn(e)=
—-1 [Img)i(z)dz and  pA(e) = (1 —x)pi(e) + xpo(e), where
ph(e) = -1 [ImG}} (z)dz, with A =As or Sb. The magnetiza-
tion at the Mn sublattice is determined by MMn — (n';’“‘ — nhm),
where n}" = [ f(£)o}" de. The magnetization at the A sublattice
is neglected. The partition function associated with the two
sublattice Hamiltonian in Eq. (5) is given by:

n n A
Zmag(T, B, P) = H Ze—ﬂ(SkMG —M)n};/([y Ze—ﬂ(z‘g_#)nka

L% Mo

(14)

where 8 = 1/kgT, with kg being the Boltzmann constant. The free
energy is given by Fmag = (—1/8) InZimag. The magnetic entropy cal-
culated from Smag(T, B, P) = —[0Fmag(T, B, P)/0T | is given by:
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where 9 is the gas constant. The total entropy is given by S =
Smag + Siat» Where Smag is the magnetic entropy given in the pre-
vious equation and Sj,; is the entropy of the crystalline lattice
taken in the Debye approximation [3]. The magnetocaloric poten-
tials are calculated by AS;iso(T, By — By, P) = S(T, By, P) — S(T, By, P)
and by AT.(T, By — By, P) = T,(B2) — T1(By), under the adiabatic
condition S(T5, By, P) = S(Tq, By, P). The barocaloric potentials are
calculated by ASP3(T, B, P, — P) = S(T, B, P;) — S(T, B, P1) and by
Angr(T, B, Py — Py) = T5(P3) — T1(P1), under the adiabatic condi-
tion S(Tz, B, Pz) = S(Tl ,B, P )

3. Results and discussion

In this section, we apply the two sublattice model to calculate
the magnetocaloric and barocaloric effects in the doped com-
pound Mn(Asq_,Sby) for x=0, 0.1 and 0.3. For this purpose, we
adopt a model density of states with 0.7593 eV of bandwidth.
The homothetic band parameters were taken as aM” = 0.90; and
7 =0.01,0.03 and 0.05, for x=0, 0.1 and 0.3 respectively. The
Coulomb interaction parameter was taken as UMM = 0.38 in units of
the bandwidth. The magnetoelastic coupling parameter was taken
as 5'3"“ =0.91, 0.85 and 0.75 for x=0, 0.1 and 0.3 respectively. The
Debye temperature was taken as 400K for any impurity concen-
tration. The initial numbers of electrons at the crystalline lattice
sites were taken as n” = n%? = 1.2 and nM" = 6.85. It should be
emphasized that the final electron occupation numbers at Mn, As
and Sb sites depend on the impurity concentration and are self-
consistently determined.

For the sake of comparison, we also calculate the magnetic
properties and the magnetocaloric effect in the doped compound
Mn(Asq_xSby), by using the following models: (i) the effective band
model, similar to that one used in reference [10]. (ii) The model of
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Fig. 1. Temperature dependence of the magnetization in Mn(As;_,Sby). The solid
lines represent the calculations using the two sublattice model, while symbols rep-
resent experimental data [5,8]. The dashed lines represent the calculations using
the effective band model (a) and the model of localized magnetic moments (b).

localized magnetic moments, similar to that one discussed in refer-
ence [11]. Technical details about these models can be found in the
mentioned references. Here, we just present the main parameters
used in the calculations. In the case of the effective band model, we
adopt the same electron occupation numbers used in the case of
the two sublattice model. However, it should be mentioned that
in the effective band model, the electron occupation number at
the Mn sites is always the same, independently of the Sb con-
centration. The Coulomb interaction parameter UMM was chosen
in order to reproduce the magnetization at T=0K. In this effective
band model, the effect of the impurity concentration on the mag-
netic properties is considered via the renormalization of the ratio
UMn /W, where W is the energy bandwidth. In the case of the model
of localized magnetic moments, we consider the effective angular
momentum as J=2.5 and the Landé factor as g=1.65. The effective
exchange interaction integral parameter (Jy) and the magnetoe-
lastic coupling parameters (7; ) were suitably chosen to reproduce
the experimental data of the magnetic ordering temperature, as a
function of impurity concentration (see reference [11] for details
about the model parameters).

In Fig. 1a, we plot the temperature dependence of the magneti-
zation in Mn(As;_,Sby) at ambient pressure. In this figure, the solid
lines represent the calculations obtained with the two sublattice
model, while the dashed lines represent the corresponding cal-
culations using the effective band model. Note that both itinerant
models describe quite well the available experimental data of mag-
netization, represented in this figure by symbols [5,8]. In Fig. 1b, we
plot the magnetization at ambient pressure obtained with the two
sublattice model (solid lines), together with the corresponding cal-
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Fig. 2. Magnetic entropy in Mn(As;_,Sby) for B=0. The solid, dashed-dotted and
dashed lines represent the calculations using the two sublattice model for x=0, 0.1
and 0.3 respectively. Open circles, triangles and squares represent the corresponding
calculations using the effective band model (a) and the model of localized moments

(b).

culations using the model of localized magnetic moments(dashed
line). From this figure, we can observe that the model of localized
magnetic moments is also able to reproduce the magnetic ordering
temperature, as a function of impurity concentration. However, it
fails to explain the reduction of the magnetization at T=0K, as a
function of impurity concentration. Note that the magnetization at
T=0K, calculated with the model of localized magnetic moments
is always the same, i.e., M(0) = gJ, independently of the impurity
concentration. This discrepancy between theory and experiment,
which is well known in the literature, indicates one of the limita-
tions of the model of localized magnetic moments to describe the
magnetic properties of transitions metals based compounds.

In Fig. 2a, we plot the magnetic part of the entropy at ambi-
ent pressure and for B=0, calculated using both the two sublattice
model (lines) and the effective band model(open symbols). From
Fig. 2a, we can observe that the magnetic entropy calculated with
the effective band model, saturates at high temperatures at the
same value. This is due to the fact that in this model the electron
occupation number at the Mn site is always the same, indepen-
dently of the impurity concentration. On the other hand, in the case
of the two sublattice model, the values of the magnetic entropy
at high temperatures depend on the impurity concentration. This
is due to the fact that in the two sublattice model, the electron
occupation number at the Mn site changes as a function of impu-
rity concentration. As a matter of fact, in the doped compound
Mn(Asq_xSby), the charge transfer between Mn and the As-Sb sites
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Fig. 3. Magnetocaloric potential AS;, in Mn(As;_xSby) upon magnetic field varia-
tion from O to 5T. The solid lines represent the calculations of the two sublattice
model while symbols are experimental data [6]. The dashed lines represent the cal-
culations obtained with the effective band model (a) and the model of localized
magnetic moments (b).

is the main physical mechanism behind the magnetocaloric prop-
erties as a function of impurity concentration. In Fig. 2b, we plot
the magnetic part of the entropy at ambient pressure and for B=0,
calculated using the two sublattice model (lines) together with the
corresponding calculations using the model of localized magnetic
moments (open symbols). From this figure, we can observe that
the saturation value of the magnetic entropy calculated with the
model of localized magnetic moments, which is determined by the
relation % In(2J + 1), is smaller than the one calculated using the
two sublattice model. This discrepancy is another indication that
the model of localized magnetic moments is not appropriate to cor-
rectly describe the magnetocaloric effect in transition metals based
compounds.

In Fig. 3a, we plot the isothermal entropy changes at ambient
pressure and upon magnetic field variation from 0 to 5 T, calculated
using both the two sublattice model (solid lines) and the effec-
tive band model (dashed lines). In Fig. 3b, we plot the isothermal
entropy changes at ambient pressure and upon magnetic field vari-
ation from 0 to 5T calculated using both the two sublattice model
and the model of localized magnetic moments. The corresponding
calculations for the adiabatic temperature changes are plotted in
Fig. 4a and b. From Figs. 3 and 4, we can observe that the magne-
tocaloric potentials calculated using the three different models are
in very good agreement with the available experimental data [6].

The results shown in this paper point out that: (1) the two sub-
lattice model enables us to perform a systematic description of the
experimental data of the magnetization and the magnetocaloric
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Fig. 4. Magnetocaloric potential AT,q in Mn(As;_xSbyx) upon magnetic field varia-
tion from 0 to 5T. The solid lines represent the calculations obtained with the two
sublattice model while symbols are the available experimental data [4]. The dashed
lines represent the calculations using the effective band model (a) and the model of
localized magnetic moments (b).

effect in the doped compound Mn(As;_xSby). (2) The effective
band model also yields reasonable values for magnetization and
magnetocaloric potentials in the doped compound Mn(As_,Sby).
However, the electron transfer between the lattice sites, due to the
process of doping is not well considered in the effective band model.
(3) The model of localized magnetic moments fails to explain the
magnetic and the thermodynamic properties of the doped com-
pound Mn(As;_xSby). Nevertheless, it also provides very reasonable
values for the magnetocaloric potentials ASjs, and AT,q in this
doped compound. This fact indicates that the model of localized
magnetic moments may be used as a first attempt to get an esti-
mate of the magnetocaloric potentials in transition metal based
compounds with the usual behavior. However, the model of local-
ized magnetic moments should not be used to draw conclusions
about new features of the magnetocaloric effect in transition metals
based compounds.

We also use the two sublattice model to calculate the barocaloric
effect in the doped compound Mn(As;_,Sby). In order to illus-
trate our calculations, we show the barocaloric potentials in the
pure compound MnAS upon pressure variation from p; to pg and
in the doped compound Mn(Asg 7Sbg 3) from p, to pg. Here pg is
the ambient pressure, p; is an external pressure around 1.5 kbar,
which brings the magnetic ordering temperature of the pure com-
pound MnAs to 295 K and p; is an external pressure around 10 kbar,
which brings the magnetic ordering temperature of the compound
Mn(Asg.7Sbg.3) to 160 K. In the model, these values of external pres-
sure were simulated by the parameter ag"“ = 1.02. The calculated
barocaloric potentials AS}’S%‘ and AT;’;‘ are shown by the solid lines
in Figs. 5 and 6 respectively. For the sake of comparison, we also
plot in these figures the magnetocaloric potentials AS;s, and AT,q
calculated at ambient pressure and upon magnetic field variation
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\
| \
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< 304 ;
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Fig.5. Barocaloric potential ASi"Sj)" (solid lines) in Mn(As;_Sby), calculated forB=1T
and upon pressure variation from p; to po (case of x=0)and from p, to po (case of
x=0.3). The dashed lines represent the magnetocaloric potential AS;s,, calculated at

ambient pressure and upon magnetic field variation from 0to 1T.
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Fig. 6. Barocaloric potential AT;’;' (solid lines)in Mn(As1_xSby), calculated forB=1T
and upon pressure variation from p; to po (case of x=0)and from p; to po (case of
x=0.3). The dashed lines represent the magnetocaloric potential AT,q, calculated at
ambient pressure and upon magnetic field variation from0to 1 T.

from O to 1T. From these figures, we can observe that the doped
compound Mn(Asq_xSby) exhibits giant barocaloric effect in a wide
range of temperatures. This fact points out that the giant barocaloric
effect in the doped Mn(As;_,Sby), which need experimental data
to be confirmed, is very important to construct cooling devices
based on the barocaloric effect. To conclude this paper, we want
to emphasize that the giant barocaloric effect is expected to occur
in any other magnetic compound undergoing a first order phase
transition.
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