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We report the thermal and magnetic hysteresis diagram for MnAs that comes from a microscopic
description of a magnetic system through a model Hamiltonian that takes into account the
magnetoelastic interaction. The temperature and magnetic hysteresis intervals are governed by the
magnetoelastic interaction parameter, which leads to the energy barrier between stable and metastable
minima in the exact free energy, obtained from our microscopic model. Application of the model to the
MnAs first-order magnetic material, which presents high hysteresis effect, leads to a good agreement
with the experimental magnetic and magnetocaloric data.
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1. Introduction

The investigation in magnetic hysteresis is shared by
researches with an impressive variety of different backgrounds.
Basically, the magnetic hysteresis comes from the fact that the
system is trapped in local free energy minima and cannot easily
achieve thermodynamic equilibrium. From theoretical and prac-
tical point of view there is widespread interest for hysteresis
model. In particular, we are concerned with giant magnetocaloric
materials, which present high entropy change induced by exter-
nal magnetic field around first-order ferro-paramagnetic phase
transition.

In this scope, materials that present first-order magnetic phase
transition have attracted much attention since the discovery
of the giant magnetocaloric effect (GMCE) in the GdsGe,Si;
compound [1]. Later, several chemical Si-Ge substitutions in the
system (Gds(Ge(; _x)Six)4) showed a variation on T¢ from approxi-
mately 20K (x=0) up to 276 K (x=0.5), and on the GMCE
properties [2-4]. After that, other materials that present
GMCE were discovered, such as: LaFe;;4Si;¢ [5]; MnAs [6];
MnAs; _4Sby (0<x<0.3) alloys [7,8]; FeMngssAsPo4s [9,10]
and La(Feq ggSio.12)13H, compounds [11]. In general, the existence
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of a first-order transition in magnetic systems is associated
with strong magnetoelastic coupling, such as the case of the
magnetic materials cited above. The signature of the first-order
transition is the existence of the thermal and magnetic
hysteresis, which play an important role on the applicability of
these materials in the magnetic refrigeration and on the compre-
hension of the GMCE. Furthermore, these aspects may be of
interest for the understanding of others physical phenomena
as the case of the barocaloric effect [12]. For these reasons,
theoretical description of the influence of the magnetoelastic
interaction on the magnetic hysteresis is of fundamental
importance.

In this work, we elucidate part of this problem focusing on a
simple system described by a model Hamiltonian, including
exchange and magnetoelastic interactions in presence of an
external magnetic field. The onset of the first-order magnetic
phase transition, the hysteresis diagram and its application to the
giant magnetocaloric material MnAs are discussed. MnAs is a
ferromagnet with saturation magnetization of 3.5 pg. A first-order
ferromagnetic to paramagnetic transition takes place at Tc=
318 K. This transition is accompanied by a structural transi-
tion from hexagonal NiAs type to an orthorhombic MnP-type
structure [6]. Our experimental data for temperature and
magnetic field dependence of the magnetization as well as the
magnetocaloric effect are in good agreement with the proposed
model.


www.elsevier.com/locate/ssc
www.elsevier.com/locate/ssc
dx.doi.org/10.1016/j.ssc.2012.03.028
mailto:brunoalho@gmail.com
dx.doi.org/10.1016/j.ssc.2012.03.028

952 B.P. Alho et al. / Solid State Communications 152 (2012) 951-954

2. Theory

The magnetic properties in MnAs were investigated in the
framework of the model Hamiltonian [13]:

H= _ZVUTiTj_ZCU(TiTj)Z_g:uBMOhZ]iZ (1)
7 7 i

The first term in (1) represents the exchange interaction, where 7;;
are the exchange parameters between pairs of magnetic ions. The
biquadratic term describes the magnetoelastic interaction in the
momentum operators framework [14] and is associated with the
exchange striction in our model, {; are the magnetoelastic
parameters. The last term represents the Zeeman interaction,
where g is the Landé factor, uz the Bohr magneton and h is the
applied magnetic field.

In the mean field approximation, considering the magnetic
interactions between the z-first-neighbors with same exchange y
and magnetoelastic { energies, the Hamiltonian (1) per magnetic
ion reads:

H = —gus (UM +DM? + pyh)F, 2)

where 1 =2zy/Ng2u2, D = 4z{/N3g*u4 and M = Ngpuy (J? > are the
effective exchange, magnetoelastic parameters and magnetiza-
tion, respectively. N is the number of magnetic ions per unit-cell
volume.

One can obtain the magnetic free energy per magnetic ion for
the Hamiltonian (2), and it is given by:

sin h(((2]+1)/2])x)

G=—ksTIn sin h(x/2]) ’

3)

where kg is Boltzmann’s constant, J is the total angular momen-
tum and x= g,j‘T‘;]heff, (hegr = poh+2AM+DM?). 1t is important to
note that the relation (3) is a Gibbs free energy, see Ref. [15]. In
order to obtain the thermal evolution of the magnetization,
studying the minima of the free energy, we should include the
magnetic work performed by the system on relation (3). There-
fore, the free energy of the system is
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where, the second term on relation (4) represents the magnetic
work. The last term, @, as usual, is a shift added to fix ®=0 for
M=0.

B sinh((2J+1)/2)Hx)] AM?  3DM*
¢= _kBT'n{ sinh(x/2]) ] 2 T2
sinh((2/+1)/(2])xo)
HheTin ) ®

where xo = ‘%’;Oh. One can easily show that, when @ is minimized
with respect to the magnetization, it reproduces the well known
magnetic state equations [16,17]. Nevertheless, the usual self-
consistent solution of the magnetic state equation does not
supply both metastable and stable magnetization solutions of ¢
needed to map the thermal and magnetic hysteresis. Therefore, a
careful investigation of local and global minima in our free energy
@ should be taken into account.

3. Application

Depending on the input model parameters, A and D, a first-
order magnetic transition can be obtained. Actually, for a given 4,
there is a critical parameter D, for which D > D, and the system
changes from a second-order to a first-order magnetic phase
transition. If the system presents a second-order magnetic phase
transition, then @ will exhibit at most three critical points and the
only possible metastability is induced by the magnetic field.
However, when the system presents a first-order magnetic phase
transition, @ can exhibit five critical points, which may give rise
to metastabilities leading to thermal and magnetic hysteresis.

The model parameters used for MnAs compound were obtained
fitting experimental data for the magnetic hysteresis at 324 K and
the thermal hysteresis with a magnetic field of 1 T. The saturation
magnetization per ug is g/ =3.5 [18]. The model parameters for
Fig. 1 are /1 =1130.92 T?/meV, D =21.75 x 10° T*/meV?, g=2.33
and J=3/2. These results are shown in Fig. 1a and b. Fig. 1a shows
the M vs. ugh at 324K and the arrows indicate increasing or
decreasing field processes. Fig. 1b shows the M vs. T for ugh=1T.
The magnetization below the hysteresis region fits almost perfectly
the experimental data (symbols), although the magnetization in the
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Fig. 1. (a) Magnetization in function of the applied magnetic field for 324 K for the MnAs compound. (b) Magnetization in function of the temperature for a field of 1 T for
the MnAs compound. Lines are the theoretical results and circles are the experimental data [19]. The model parameter for both figures are g=2.33, J=1.5, .=1130.92 T?/

meV and D=21.75 x 10> T#/meV>.
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