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ABSTRACT

The influence of partial substitution of Bi for Sb on the structure, magnetic properties and magnetocaloric
effect of Mn,Sb,_,Bi, (x = 0, 0.02, 0.04, 0.05, 0.07, 0.09, 0.15, 0.20) compounds has been investigated. The
transition temperature of the antiferro-to-ferrimagnetic (AFM-FIM) transition initially increases with
increasing Bi and decreases above 9%. Density functional theory calculations indicate that the Bi atoms
prefer to occupy only the Sb site, which accounts for the large magnetization jump in MnSbg 93Bigo7. As
large lattice parameters are found for Bi substituted Mn,Sb, the origin of the AFM-FIM transition in
Mn,Sb(;_x)Bix compounds is ascribed to an enhanced coefficient of thermal expansion along the c axis,
resulting from the Bi substitution. The moderate entropy change of 1.17 J/kg K under 2 T originating from the
inverse magnetocaloric effect and the strong magnetic field dependence of the transition temperature of
dT/duoH = -5.4 K/T in Mn,SbggsBip s indicate that this alloy is a promising candidate material for
magnetocaloric applications.

© 2021 The Authors. Published by Elsevier B.V.
CC_BY_4.0

1. Introduction

Magnetic refrigeration and waste heat recovery are en-
vironmentally-friendly technological applications based on the
magnetocaloric effect (MCE) [1,2]. MCE can be characterized by an
isothermal entropy change or an adiabatic temperature change
when the material is exposed to a change in external magnetic field.
Most giant MCE materials present a large MCE at an order-disorder
transition accompanied with a change in symmetry (with a large
volume change), as found in Gd-Si-Ge [3], MnAs [4] and Ni-Mn-
based Heusler alloys [5], or an order-disorder transition without a
change in symmetry, as found in La-Fe-Si [6] and Mn-Fe-P [ 7], which
show a discontinuous change in lattice constants (with a small vo-
lume change). For MCE materials with an order-disorder transition, a
large thermal or magnetic hysteresis can occur, which is detrimental
for cyclic magnetocaloric applications. On the other hand, order-
order transitions, such as an antiferro-to-ferromagnetic [5| or
antiferro-to-ferrimagnetic (AFM-FIM) transition [8] can also present
large magnetic entropy change with discontinuous lattice constants.
These materials are easier to achieve almost free of hysteresis and a
high sensitivity of the magnetization with temperature [3,8].
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In Mn,Sb-based alloys an AFM-FIM order-order transition has
been reported. The Mn,Sb-based compound is an intermetallic
compound, which is low cost, easy to prepare and nontoxic. The
binary Mn,Sb compound crystallizes in a tetragonal Cu,Sb-type
structure (space group P4/nmm) with a Curie temperature (Tc) of
550 K [9]. The magnetic moments are mainly attributed to the Mn
atoms, which are positioned at two different crystallographic sites,
Mn-I (2a) and Mn-II (2c), stacked antiparallel in triple layers. Neu-
tron diffraction indicated that the Mn-I and Mn-II atoms possess
21 and -39 g, respectively [9]. The repeated stacking of
Mn-II /Mn-I /Mn-II leads to the ferrimagnetic ordering below 550 K
[10]. Upon cooling, the moments of Mn-I and Mn-II both reorient
from being parallel to the c axis of tetragonal lattice into the a-b
basal plane at a temperature of about 240 K, which has been iden-
tified as the spin reorientation temperature (Tsg). Upon further
cooling, a FIM-AFM transition has been reported in ternary com-
pounds for substitution of Mn with Cu [11], Cr [8], Zn [12], Co [13] or
for substitution of Sb with Ge [14], Sn [15], and As [16]. An overview
of different substitutions in Mn,Sb can be found in a recent review of
Caron [17]. The reported AFM ordering shows an anti-parallel ar-
rangement of adjacent Mn-II moments along the c axis [13]. The
basic mechanism behind the AFM-FIM transition is based on the
exchange inversion initially proposed by Kittel [18]. The reduced
lattice constant ¢ by the introduction of smaller atoms decreases the
distance of adjacent Mn-II atoms, which triggers exchange inversion
by the normal thermal contraction.
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Fig.1. (a) XRD patterns, (b) lattice parameters a and c, (c) unit-cell volume V, (d) the ratio of ¢/a derived from XRD as a function of the Bi concentration for Mn,Sb,_Biy (x=0, 0.02,
0.04, 0.05, 0.07, 0.09, 0.15, 0.20). The red circle marks the turning point of c/a at x = 0.09. For clarity of presentation, the patterns for x = 0.02, 0.04 and 0.05 are omitted because of
their close similarity to the patterns for x =0 and 0.07. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Interestingly, this AFM-FIM transition was also reported in larger
atom Bi doped Mn,Sb [19,20]. Ohshima el al. [19] found a large
magnetization jump around 100-140 K in (Mn,Sb)ggoBig1; and
Zhang el al. [20] discussed the role of Bi-rich grain boundary pre-
cipitates (that were found to coat the main phase) on the magnetic
transition. However, few studies focused on how Bi substitution for
Sb influences the magnetic properties. Therefore, this paper aims to
study the structure, magnetic properties and MCE in arc-melted
Mn,Sb_,Biy (x = 0, 0.02, 0.04, 0.05, 0.07, 0.09, 0.15, 0.20) compounds.

2. Experimental methods

Polycrystalline Mn,Sb;_,Biy (x = 0, 0.02, 0.04, 0.05, 0.07, 0.09, 0.15,
0.20) compounds were prepared from high purity elements (Mn
99.9%, Bi 99.99%, Sb 99.5%) by arc melting. Then the arc-melted
samples were annealed for homogenization under argon atmo-
sphere at 1073 K for 16 h followed by quenching into water. X-ray
diffraction (XRD) data were collected with a Panalytical X-Pert PRO
using Cu-Koa radiation and an Anton Paar TTK 450 temperature
chamber. Lattice constants were analysed by Rietveld refinement
using Fullprof (see Fig. S1 in the Supplementary Material) [21]. The
microstructure was analysed by the Scanning Electron Microscopy
(SEM, JEOL JSM IT100LA) equipped with the Energy Dispersive X-ray
Spectroscopy (EDS). The low-temperature magnetic properties were
measured on a superconducting quantum interference device
(SQUID) magnetometer model MPMS-XL, equipped with the re-
ciprocating sample option. High-temperature magnetic measure-
ments were carried out using a vibrating sample magnetometer
(VSM) model LakeShore 7307 equipped with a high-temperature

oven (model 73034). Magnetization-temperature (M-T) curves were
conducted with zero-field cooled (ZFC), field heated (FH) and field
cooled (FC) protocols. Due to the mixed magnetic states at low
temperature, T, is defined as the critical temperature with the
maximal magnetization on the heating curve under a magnetic field
of 1 T. Tsg and T¢ are both obtained from the extremum positions on
the temperature derivative of the heating curves under a magnetic
field of 0.01 T. The magnetic entropy change was calculated from the
M-T curves using the Maxwell relations.

First-principles electronic structure calculations were performed
in the framework of the density functional theory (DFT). The Vienna
ab initio simulation package (VASP) [22,23] in the projector aug-
mented wave (PAW) method [24,25] was employed to perform the
DFT calculations using the generalized gradient approximation of
Perdew-Burke-Ernzerhof (PBE) [26] for the exchange correlation
functional. The valence electron configuration was 3p®3d®4s? for Mn,
5s25p> for Sb and 5d'°6s%6p> for Bi. All calculations were performed
for a 1¢2&1 supercell. The structural degrees of freedom were fully
relaxed on a gamma centered k-grid of 7¢7&7. The k-space in-
tegrations were performed with the Methfessel-Paxton method [27]
of second order with a smearing width of 0.05 eV. The lattice
parameters and atomic positions were relaxed for a force con-
vergence of 0.1 meV/A, while the energies were converged to 1 peV.
The kinetic energy cutoff was set at 520 eV.

To investigate the site preference two Bi atoms were placed on
various possible combinations of the crystallographic sites. The en-
ergy cost of forming each structure is calculated as the difference
between energies of Bi-doped (Egopeq) and pure (Ep,re) compounds
minus chemical potential of two Bi atoms (2 pg;) plus the chemical
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potential of the first atom s1 and second atom s2 that Bi substitutes
for (us; and ps5):

Er = Edoped + ts1 + fsy — (Epure + 2ug;) (1)

The chemical potentials are obtained by first optimizing the
structure for each element (rhombohedral for Sb and Bi, cubic for
Mn) and then taking the value of total energy per atom.

3. Results and discussion

The XRD data at room temperature in Mn,Sb;_,Bix and the de-
rived lattice parameters of the tetragonal lattice structure are shown
in Fig. 1. The lattice parameters for the Mn,Sb-based compound with
x=0 (a=4.077A and c=6.543A) are slightly lower than the ones
reported in an earlier study (a=4.078 A and c=6.557 A) [28]. This
small discrepancy can be due to deviations in the chemical com-
position caused by the occurrence of the typical impurity phase
MnSb. As shown in Fig. 1(a), with the increase of the amount of Bi
doping, additional secondary phases are detected besides the main
phase of Cu,Sb-type tetragonal Mn,Sb. A minor impurity phase
MnSb (about 5%) appears in samples with x < 0.09. The refined
parameters and the fraction of the main impurity phase MnSb can be
found in Tables S1 and S2 in the Supplementary Material. Their
chemical compositions of the main phase in the x=0.05 and 0.07
samples are determined to be Mngg ¢Sb,g ¢Biz 4 and Mngg 5SbsoBi> 5
by EDS, which are both close to their nominal compositions
Mngg 7Sb317Bi17 and Mngg7Sbsq10Bi2 3, respectively. The increasing
values for the lattice parameters a and c and the unit-cell volume V
with increasing Bi concentration in Fig. 1(b) and (c) confirm the
inclusion of Bi in the Mn,Sb matrix. This trend is opposite to the
reduced unit-cell volume observed in Mn,Sb-based compounds with
smaller atom substitutions such as Cr replacing Mn [8] or Sn re-
placing Sb [15]. The opposite trend of lattice parameters between
our results and Zhang et al. [20] could be attributed to the different
fractions of MnSb and occupation of Bi in Mn,Sb. Further Bi doping
(x > 0.09) induces multiple secondary phases: hexagonal (P63/mmc
symmetry) MnBi, rhombohedral (R-3m symmetry) Bi and cubic
(I-43m symmetry) Mn. The insignificant evolution of the main-phase
lattice parameters and unit-cell volume beyond 9% Bi concentration
and the appearance of the secondary phase Bi in x =0.09 suggest a
solid solubility limit 7-9% of Bi in the Mn,Sb matrix phase. The
proposed solubility limit of Bi in Mn,Sb has been indicated in
Fig. 2(d) as the turning point in c/a at x = 0.09. The decrease in lattice
parameters a and ¢ and unit-cell volume V for x = 0.20 is attributed to
deviations in the chemical composition caused by the formation of
Bi-rich impurity phases.

The temperature dependent magnetization curves are shown in
Fig. 2(a, b) for x = 0.05. The weak splitting of the ZFC and FC curves
under a field of 0.01T in Fig. 2(a) is expected to be due to the pre-
sence of the ferromagnetic (FM) impurity phase MnSb [29], which is
in agreement with the XRD results. Starting at the lowest tempera-
ture with increasing temperature, the ZFC curve runs from a low
value in the AFM state with spins in the a-b plane up to a tem-
perature of about 150 K, where the magnetic transition temperature
T of AFM-FIM is approached and a high spin alignment is observed.
Then the magnetization drops dramatically at about 260K, where
the spins flip parallel along the c axis. This phenomenon has been
reported for (Mn,Sb)o g9Big11 [19,20], and has been attributed to the
spin-reorientation effect. The spin-flip transition process in the FC
curve is fuzzier than in the FH and ZFC curves, which indicates that
thermal history affects the spin orientation [13]. This feature smears
out under stronger magnetic field, suggesting that the magneto-
crystalline anisotropy is overcome by the Zeeman splitting provided
by the magnetic field of 1 T [30]. The spin-orientation effect could be
responsible for the larger thermal hysteresis of M-T curves for a field
of 0.01 T compared to 1T in Fig. 2(b).
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Fig. 2. (a) M-T curves for Mn,Sb;_,Bi, with x =0.05 under magnetic fields of 0.01 and
1T for a temperature range of 5-370K and (b) for a temperature range of 315-600 K.

Fig. 3(a) and (b) display the M-T curves of Mn,Sb,_,Bi, (x =0, 0.02,
0.04, 0.05, 0.07, 0.09, 0.15, 0.20) under magnetic fields of 0.01 T and
1T, respectively. Compared with other Bi substituted Mn,Sb com-
pounds, the larger splitting of ZFC and FC curves in x=0.02 is as-
cribed to the combined effects of the FM impurity phase MnSb and
the incomplete FIM-AFM transition [20]. In Fig. 3(b), the magneti-
zation of pure Mn,Sb monotonically increases with decreasing
temperature, while the magnetization of Bi-containing samples in-
itially increases, then abruptly drops at a certain temperature,
reaches a minimum and finally increases slowly with decreasing
temperature. The saturation magnetization of pure Mn,Sb is
40 Am?/kg excluding 5Am?/kg from the MnSb impurity phase
(estimated from the XRD data), which is in agreement with earlier
studies [29,31]. It is evident that partial substitution of Sb by Bi
causes the AFM-FIM transition at T;.

Fig. 3(c) and (d) summarize the magnetization jump AM at the
AFM-FIM transition, together with T, Tsg and T¢ derived from the
M-T curves (the definitions of these critical temperatures are given in
the experimental section). The hatched area refers to the con-
centration range beyond Bi solubility limit. AM first increases with
increasing Bi concentration when x < 0.09 because a large amount of
Bi triggers a larger fraction of the FIM-AFM transition, which de-
creases the residual FIM at the AFM region. Then AM decreases with
further Bi addition because the fraction of secondary phases in-
creases and as the main secondary phase MnBi is ferromagnetic
below 633 K, this increases the magnetization in the AFM region. The
maximal AM (30 Am?/kg) and the highest T; (156 K) are both found
for x =0.07, beyond which Bi as one of the secondary phases appears.

According to the magnetic phase diagram for Mn,Sb,_Bi, in
Fig. 3(d), Tsg rises slowly for increasing Bi concentration (starting
from 255K for x=0.02 and saturating at 262 K for x=0.09). This
trend is in line with Co substitution in Mn,Sb [13]. T, as the function
of Bi concentration shows a comparable trend as AM. For increasing
Bi concentration, the AFM exchange interaction between the
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field of 1 T. (c) The maximal magnetization jump AM at the AFM-FIM transition obtained from heating curves under 1 T as the function of the Bi concentration. (d) Magnetic phase
diagram of Mn,Sb(;_y)Biy. The hatched area refers to the range beyond the solubility limit for Bi.

Mn-I and Mn-Il moments becomes stronger as a result of the de-
crease in the c¢/a ratio in Fig. 1(d), which shifts the transition to
higher temperatures [32]. Tc decreases linearly with Bi concentra-
tion. The slope of the fitting curve is about -2.66 K/T within the Bi
solubility limit. The Tc of pure Mn,Sb is 538 K, which is somewhat
below the 550 K reported by Wilkinson et al. [9], and this is probably
associated with slightly lower lattice parameters. The deviation ob-
served for T; and T¢ at x=0.20 is attributed to the abnormal lattice
parameters of main phase, caused by excess secondary phases
(about 20% MnBi and about 10% Bi). Compared with Mny(Cr)Sb 8], a
narrower temperature window for T, (121-156K) and T¢
(538-509 K) is presented by Bi substitution, which is probably due to
larger atom size of Bi.

The magnetocaloric effect of the Mn,Sb;_,Bi, compounds has been
studied by measuring isofield magnetization and subsequent applica-
tion of Maxwell relations [33]. In Fig. 4(a) the M-T curves are shown for
x=0.05 upon heating in magnetic fields ranging from 0.2 to 5T. The
magnetization shows a clear jump at T; under all magnetic fields. T;
shifts to lower temperature with increasing field as the magnetic field
favours the high-temperature high-magnetization FIM state. The size of
the shift in transition temperature with magnetic field is estimated to
be dTy/dpoH=-5.4K|T from the data in Fig. 4(b). This value is higher
than the reported value of —4.3 K/T for Mnyg,CroosSb [8]. Since the
magnetic field shifts the transition temperature to a lower temperature,
which is different from the conventional MCE, the magnetocaloric effect
for Mn,Sb,_Bi, corresponds to the inverse MCE. The magnetic entropy
change for the compound with x=0.05 is shown in Fig. 4(c) and (d) for
the heating and cooling curves, respectively. The magnetic entropy
change is calculated based on the integrated Maxwell relation:

AS(AH, T) :j;) (BMg'H) )HduOH, where we choose JoHy =0T. The

maximum entropy change under a field change of 5T in the heating
curves is 2.44]J/kgK at 116 K whereas in the cooling curves it is
1.91]/kgK at 105K. The maximum entropy change (2.44]/kgK) is

similar to the reported value of 1.97]/kgK for (Mn,Sb)gosBigg; by
measuring isothermal field-up magnetization [20]. The temperature
window for the latter (74 K) is wider than for the former (53 K). The
difference in magnetic entropy change between heating and cooling is
attributed to large thermal hysteresis of about 10K, as shown in
Fig. 2(a).

In order to know what position the Bi atoms prefer to occupy in
the Mn,Sb lattice, we employed spin-polarized DFT calculations for
the formation energy, magnetic moment, lattice constants a and ¢
and unit-cell volume V for a Bi concentration of x = 0.04. The results
are summarized in Table 1. The calculated magnetic moments (2.3 11
for Mn-I and -3.4 pg for Mn-II) for pure Mn,Sb are in agreement with
published data (2.13 pp for Mn-1 and -3.87 pp for Mn-II) measured by
neutron diffraction [9]. The calculated lattice constants (a=3.94A
and c=6.44 A) are comparable with those derived from XRD. Among
all studied configurations we find the lowest formation energy (also
the closest cell volume and lattice constants to pure Mn,Sb) when
the Bi atoms solely occupy the Sb site. Given the low Bi concentra-
tions involved, this result for x = 0.04 is expected to be representative
for all the studied samples up to the solubility limit (x < 0.09). The
substitution of the non-magnetic Sb atoms by Bi atoms leads to a
decrease in the atomic magnetic moment for Mn-I and an increase
for Mn-Il. A comparable magnetization is expected when Bi pre-
ferentially replaces non-magnetic Sb. This agrees with the following
experimental results: the magnetization jump at the AFM-FIM is
according to Fig. 2(a) equal to 12Am?/kg under a field of 0.01T,
which is larger than the 4 Am?/kg for Mn,_,Cr,Sb compounds under
a field of 0.02T [8], where the Cr atoms occupy the Mn-I site [34].

The exchange inversion proposed by Kittel [18] was initially used to
describe the AFM-FIM transition in Mn,_,Cr,Sb. The sign of the exchange
interaction will change when the lattice parameter go across a critical
value at the critical temperature. This can occur as a result of the normal
expansion or contraction of the materials with temperature. For pure
Mn,Sb, the normal thermal contraction is not sufficient to trigger the
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Table 1
Volume V, lattice constants a and c, formation energy E;, magnetic moment on the
constituent atoms Mn-I and Mn-II per formula unit of Mn;Sbg g6Bio 04

Occ (Bi) Er(eV)  Mn-I(us) Mn-l(ps) V(A®) a(A) c(A)
Mn-I 0.69 3.0 -3.5 113.7 3.90 715
Mn-I Mn-II 0.51 2.8 -34 116.8 416 6.55
Mn-I Sb 0.54 2.7 -3.5 109.6 4.01 6.81
Mn-I1 0.26 2.9 -3.8 118.0 4.26 6.51
Mn-II Sb -0.21 24 -3.6 108.2 4.08 6.51
Sb -0.47 19 -3.5 101.7 4.00 6.37
None -1.38 23 -34 99.9 3.94 6.44

exchange inversion, but the exchange inversion becomes accessible with
the help of chemical compression [15] by substitution with smaller
atoms such as Cr replacing Mn [8], Sn replacing Sb [15]. Besides, the
critical temperature could be reached by the enhanced coefficient of
thermal expansion along the c axis, which affects the temperature de-
pendent interatomic distances. As a larger Mn-Mn interatomic distance
for Bi substituted Mn,Sb is inferred from the larger lattice parameters at
room temperature, the origin of the AFM-FIM transition in Mn,Sb;_,Biy is
ascribed to an enhancement of the coefficient of thermal expansion
along the c axis by Bi substitution [35]. To verify this assumption, the
thermal expansion coefficient was investigated in x=0.07 by variable
temperature XRD in the temperature range of 298-698 K. The coefficient
for x=0.07 (x=0.05) are 2.0x 10 K! (1.9x 10 K™') along the c axis at
room temperature, which is higher than the value (1.4x10° K™') re-
ported by Heaton et al. [28]. The counterpart along the a axis is 2.3 x
10 K (2.2x 107 K1), which is lower than the values (4.0x 10 K™)
reported by Heaton et al. [28]. Bi substitution thus affects the environ-
ment around the Mn atoms and stabilizes antiferromagnetism [16].

4. Conclusions
In summary, the structure and magnetic properties of

Mn,Sb,_Biy (x =0, 0.02, 0.04, 0.05, 0.07, 0.09, 0.15, 0.20) have been
investigated. It is observed that Bi substitution for Sb causes an

increase in lattice parameters, a large magnetization jump identified
as the AFM-FIM transition and an impressive magnetic field de-
pendence of transition temperature of dT/dpoH=-5.4K/T. The
transition temperature and magnetization jump both increase with
increasing Bi concentration up to a value of x =0.09, which is found
to be the solubility limit of Bi. The exchange inversion in Mn,Sb_,Biy
caused by the substitution with a larger atom is ascribed to the
enhanced coefficient of thermal expansion along the c axis, the
stacking direction of the Mn-I and Mn-II layers.
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