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The influence of excess Mn on the magnetoelastic ferromagnetic-to-antiferromagnetic transition T; in the
magnetocaloric compound (Mn,Cr),Sb has been studied. With increasing excess Mn the magnetoelastic
transition temperature for (Mn,Cr),Sb initially increases and then decreases. This trend is accompanied by a
strong reduction of the (Mn,Cr)Sb secondary phase. With increasing excess Mn a higher Cr content was
found in the (Mn,Cr)Sb secondary phase in comparison to the matrix phase. This competition for Cr leads to
a nonlinear dependence of T; with increasing excess Mn at a fixed nominal Cr content. However, we ob-
served that T; depends linear on the c/a ratio for a wide range of temperatures from 170 to 350 K. A
compositional diagram of the c¢/a ratio was constructed to assist the selection of (Mn,Cr),Sb alloys with a
desired transition temperature.

© 2022 The Author(s). Published by Elsevier B.V.
CC_BY_4.0

1. Introduction

The magnetocaloric effect (MCE), associated with either an iso-
thermal entropy change or an adiabatic temperature change in the
presence of a change in magnetic field, can be used for magnetic
refrigeration and waste heat recovery [1,2]. A tunable transition
temperature and a narrow thermal hysteresis are two basic re-
quirements of promising magnetocaloric materials for these two
environmentally friendly applications [3,4]. In recent years Mn,Sb-
based alloys undergoing a first-order magnetoelastic transition
(FOMT) from a ferrimagnetic state to an antiferromagnetic state
(FIM-AFM) at critical temperature T; attract increasing attention
[5-7]. The FOMT has been studied in many Mn,Sb-based compounds
with elemental substitution such as V [8], Cr [5], Zn [9], Co [10] on
the Mn sites or Sn [11], As [12], Ge[13], Bi [14,15] on the Sb site.
Among these compounds, Cr-doped Mn;,Sb is one of the most pro-
mising magnetocaloric candidate materials with a wide range of
FOMT temperatures ranging from 220 to 340 K, a narrow thermal
hysteresis (less than 2 K), a large inverse magnetocaloric entropy
change of 7.5 J/kg K [5] and an adiabatic temperature change of 2 K
under a field change of 5 T [7]. The (Mn,Cr),Sb compounds have a
tetragonal Cu,Sb-type crystal structure and order ferrimagnetically
below a transition temperature (T¢) of 550 K. The Mn atoms occupy
two different crystallographic sites: Mn-I (2a) with a magnetic

* Corresponding author.
E-mail address: ¢.shen@tudelft.nl (Q. Shen).

https://doi.org/10.1016/j.jallcom.2022.164011
0925-8388/© 2022 The Author(s). Published by Elsevier B.V.
CC_BY_4.0

moment of 2.1 pg and Mn-II (2¢) with a magnetic moment of 3.9 1
[16]. Along the c axis the Mn-I and Mn-Il moments align parallel or
antiparallel to each other between layers corresponding to the
ferrimagnetic or the antiferromagnetic structure, respectively. The
FIM-AFM transition finds its origin in the chemical compression
introduced by smaller atom substitutions for Mn or Sb in the typical
case of (Mn,Cr),Sb [5,17] or by enhanced thermal expansion in the
case of Mny(Sb,Bi) [14,18]. Upon cooling, the lattice parameter c of
the (Mn,Cr),Sb compounds decreases below a critical value, re-
sulting in an exchange inversion for adjacent Mn-II and Mn-II mo-
ments, accompanied by a large magnetisation jump at the FIM-AFM
transition [17].

In the (Mn,Cr),Sb compounds the FIM-AFM magnetisation jump
is generally reduced by the presence of a MnSb-type impurity phase.
MnSb is a ferromagnet with a Curie temperature of T¢ = 588 K. The
unavoidable MnSb impurity is related to an instability of the Mn,Sb
main phase below 900 K [19]. The evaporation of Mn enhances the
tendency towards the non-stoichiometric Mn-deficient side. There-
fore, a small amount of excess Mn is added during the arc-melting
process to compensate for the evaporation of Mn [15,20,21]. How-
ever, some residual Mn (beyond the amount of compensating for
evaporation) easily remains in the samples [21], which may influ-
ence the chemical composition and the FOMT transition of the main
phase due to the large magnetic moment of Mn atoms in Mn,Sb-
based alloys. We find from our study adding different amount of
excess Mn, that in order to obtain the desired (Mn,Cr),Sb alloys with
large step in magnetisation for magnetocaloric applications, it is
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Table 1
Main-phase composition (in at%) determined by EDS for the (Mn,Cr),Sb alloys.
CriMnO Cr1Mn2 Cr1Mn8 Cr2Mn0 Cr2Mn2 Cr2Mn8 Cr3Mn0 Cr3Mn2 Cr4MnO Cr4Mn2 Cr5Mn2 Cr5Mn8 Cr6Mn2
Cr 11 11 11 1.2 17 13 1.7 2.6 2.7 29 23 3.6
Mn 64.6 64.8 65.1 64.2 63.7 64.4 63.2 64.3 63.5 62.6 62.5 62.9 61.5
Sb 34.3 341 33.7 346 34.6 343 346 34.0 339 347 346 348 35.0

very important to study the properties of nonstoichiometric
(Mn,Cr),Sb alloys. Therefore, we investigated in this paper the in-
fluence of excess Mn on the magnetoelastic transition and magne-
tocaloric effect in (Mn,Cr),Sb compounds with an excess 0, 2 and
8 wt% Mn.

2. Experimental methods

Thirteen polycrystalline (Mn,Cr),Sb compounds with an excess 0,
2 and 8 wt% Mn were prepared from high-purity elements (Mn
99.9%, Cr 99.995%, Sb 99.5%) by arc melting. The starting composi-
tions are indicated as CrxMny, where x and y correspond to the
nominal Cr content and excess Mn in wt%, respectively. The arc-
melted samples were annealed for homogenisation under argon
atmosphere at 1073 K for 5 days. The compositions of the resulting
alloys given in Table 1 were determined by the Energy Dispersive X-
ray Spectroscopy (EDS). X-ray diffraction (XRD) data were collected
with a Panalytical X-Pert PRO using Cu-K, radiation. The lattice
constants were analysed by Rietveld refinement using Fullprof [22].
The microstructure was analysed by Electron Probe Micro Analysis
(EPMA) model JEOL JXA 8900R equipped with the Wavelength Dis-
persive Spectrometry (WDS) and the Scanning Electron Microscopy
(SEM) model FEI Quanta FEG 450 equipped with the EDS. The
magnetic properties in the temperature range of 5-370 K were
measured on a superconducting quantum interference device
(SQUID) magnetometer model MPMS-XL, equipped with the re-
ciprocating sample option. The high-temperature magnetic mea-
surements in the range 315-600 K were carried out using a vibrating
sample magnetometer (VSM) model LakeShore 7307 equipped with
a high-temperature oven (Model 73034). T¢ is obtained from the
maximum absolute temperature derivative of the magnetisation
|dM/dT| in the heating curve under a magnetic field of 0.01 T. The
transition temperature T; is determined from the corresponding
temperature of maximal value of dM/dT under a magnetic field of
1 T, to avoid interference with the spin reorientation effect that is
present in low magnetic fields.

3. Results and discussion

Fig. 1(a) and (b) show the XRD data at room temperature for the
Cr2Mny (y = 0, 2, 8 wt%) samples (nominal 2.7 wt% Cr) and the
CrxMn2 (x = 1, 2, 3, 4, 5, 6 wt%) samples (nominal excess 2 wt% Mn),
respectively. The main phase is identified as the tetragonal CuSb-
type (Mn,Cr),Sb. The XRD patterns show a preferred orientation
signalled by the enhanced (00I) reflections in all samples, which
have also be observed in Cr-modified Mn,Sb [5] and in Co-modified
Mn,Sb [10]. Besides the main phase, the peaks around 29° and 40°
indicate the hexagonal impurity phase (Mn,Cr)Sb. The fraction of
secondary phase is given by SEM images instead of XRD refinement
because of the preferred orientation. The (Mn,Cr)Sb peaks show a
strong decrease in intensity with increasing excess Mn in Fig. 1(a),
whereas an increase is observed with increasing Cr substitution in
Fig. 1(b). Excess Mn is found to suppress the Mn-deficient tendency
[20], but increasing Cr enhances this tendency since Cr occupies the
Mn-I site, as determined by neutron diffraction [23]. As shown in Fig.
ST in the Supplementary material, adding excess Mn reduces the
fraction of secondary phase in low-Cr content samples, but has
limited contribution to reducing the fraction of secondary phase in

high-Cr content samples. The lattice parameters c (6.5369 A for
Cr2Mn0, 6.5364 A for Cr2Mn2, 6.5377 A for Cr2Mn8) and the ¢/a
ratio (1.6027 for Cr2Mn0, 1.6022 for Cr2Mn2, 1.6033 for Cr2Mn8)
initially decrease with 2 wt% excess Mn and then increase with 8 wt
% excess Mn, displaying the same trend as the unit-cell volume of
the main phase, as shown in Fig. 1(c). With the increase in excess
Mn, the enhanced unit-cell volume of the main phase indicates that
2 wt% of excess Mn enters Mn voids caused by the Mn-deficient
tendency of Mn,Sb phase [20]. When the excess Mn increases up to
4 wt%, the unit-cell volume of the main phase starts to decrease,
suggesting that the additional Mn (beyond 2 wt%) replaces Sb due to
the smaller atom size of Mn compared to Sb. Meanwhile, due to the
smaller atom size of Cr compared to Mn, the trend of a decreasing
unit-cell volume for (Mn,Cr)Sb in Fig. 1(d) implies an increase in Cr
content in the (Mn,Cr)Sb secondary phase.

The back-scattered SEM images of the Cr2Mn0, Cr2Mn2 and
Cr2Mn8 samples are shown in Fig. 2(a—c). The white area and the
black spots are determined by EDS to be secondary (Mn,Cr)Sb and
Mn phases, respectively. The volume fraction of the secondary
phases shows a sharp decrease with increasing excess Mn: 10% for
Cr2Mn0, 4% for Cr2Mn2 and 1% for Cr2Mn8 (obtained by image
analysis with the software package Image]). The absence of the Mn
phase in the XRD patterns can be attributed to the fact that the
amount is too small to be detected. The cracks observed for the
Cr2Mn0 and Cr2Mn2 samples are probably caused by the difference
in thermal expansion for the (Mn,Cr),Sb and (Mn,Cr)Sb phases.
Table 1 gives the chemical compositions of the (Mn,Cr),Sb alloys
determined by EDS. Generally, the content of Cr in (Mn,Cr),Sb in-
creases with the increasing nominal Cr content and the increasing
nominal excess Mn content. The content of Cr fluctuates for the
different amounts of excess Mn, except for CriMny (y=0, 2, 8)
samples, which have ultra-low Cr contents. The same Cr content in
the main phase for Cr2Mn2 and Cr3Mn2 can be ascribed to the fact
that the latter has more (Mn,Cr)Sb secondary phase, as indicated in
XRD patterns in Fig. 1(b). Compared with the CrxMn2 samples (x =2,
5), the CrxMn8 samples (x=2, 5) tend to have lower Cr contents,
which indicates that too much excess Mn expels Cr from the main
phase to the secondary phases. The chemical composition of the
Cr1Mn8 sample was also confirmed by WDS to be Mng; 7Sbss9Cri4
obtained from the average of 19 points, which is slightly different
from Mngs;Sbsz 7Cry; determined by EDS. The elemental composi-
tion variation for (Mn,Cr)Sb and (Mn,Cr),Sb can be compared from
the line scans by WDS for the Cr1Mn2 sample in Fig. 2(d). We found
1.8 at% Cr in the (Mn,Cr)Sb secondary phase and 1.4% at% Cr in the
main phase, which indicates the preference of Cr for the (Mn,Cr)Sb
secondary phase.

Fig. 3(a-b) display the M-T curves for the Cr2Mny (y=0, 2, 8).
Upon cooling, a sharp magnetisation jump at T; in Fig. 3(a) almost
free of hysteresis reflects the magnetoelastic FIM-AFM transition. For
the Cr2MnO sample, the broad transition and the high residual
magnetisation below T; can be accounted by the large fraction of
about 10% (Mn,Cr)Sb secondary phase obtained from the SEM image.
Compared with the Cr2Mn8 sample, the Cr2Mn2 sample shows a
30K higher T;. Similarly, the CriMn2 sample shows a 20K higher T;
than the CriMnO and Cr1Mn8 samples (see Fig. S2 in the
Supplementary material). Although CriMn4 has a higher T; than
Cr1Mn2, the larger fraction of (Mn,Cr)Sb, indicated from the higher
residual magnetisation below T, makes the magnetisation jump
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Fig. 1. XRD patterns for (a) Cr2Mny samples (y =0, 2, 8) (b) CrxMn2 samples (x = 1-6). Excess Mn content dependence of the unit-cell volume (c) for the (Mn,Cr),Sb main phase

and (d) for the (Mn,Cr)Sb secondary phase.

smaller for the former than for the latter. The T presented in
Fig. 3(b) shows a slightly decrease with the increase in excess Mn: Tc¢
=535K for Cr2MnO; Tc =528K for Cr2Mn2 and T¢ =527K for
Cr2Mn8.

Consequently, using 2 wt% excess Mn can help to obtain more
pure sample with a higher transition temperature. Fig. 3(c) shows

(a7 CraMn0

' 40 pm-
(c) - Cr2Mn8
: - 40 um

the M-T curves for the CrxMn2 (x = 1-6) samples. Substitution with
the smaller element Cr for Mn causes the contraction of the unit cell
and thus strengthens the antiferromagnetic interaction between the
Mn-I and Mn-Il moments [24]. Therefore, the transition temperature
T, shifts to higher temperature with increasing nominal Cr contents
except for the Cr3Mn2 sample. The reduction in the magnetisation

.
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Fig. 2. (a-c) Back-scattered SEM images for the Cr2Mny (y =0, 2, 8) samples. (d) Line scans through the white secondary phase in the inserted EPMA images for the CriMn2

sample.
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data. All data are measured in the ferrimagnetic state.

jump with increasing Cr addition corresponds to the increased
fraction of (Mn,Cr)Sb. A higher Cr addition supports the tendency
towards the Mn-deficient side and inevitably induces more (Mn,Cr)
Sb secondary phase. The large exothermal and endothermal peaks
depicted in DSC curves in Fig. 3(c) reflect the nature of the FOMT for
CrxMn2 (x=1-6) samples. A similar increasing tendency of the
transition temperature with increasing Cr addition (and the ab-
normal T; for the Cr3Mn2 sample) are also observed from the DSC
curves, in agreement with the M-T curves. The latent heat de-
termined from the heating curve for the Cr2Mn2 sample amounts to
1.2]/g, and the estimated entropy change of about 5.3 ]J/kgK in the
absence of an external magnetic field is close to the value of 5.1]/
kg K reported for Mny.94CrggeSb [5].

The magnetic entropy changes for the Cr2Mn2 and Cr2Mn8
samples have also been calculated from temperature-dependent
magnetisation at variable fields as shown in Fig. 4. A higher magnetic
field stabilises the FIM state and shifts the transition temperature to
a lower temperature. The magnetic field dependence of the transi-
tion temperature for Cr2Mn2 and Cr2Mn8 is - 4.1 K/T and - 4.3 K/T,
respectively. For Cr2Mn8, the decrease of magnetisation under low
magnetic fields around 200K is due to the spin reorientation effect
[21], which is also observed in our previous work on Mn;Sby_Biy
[14]. The critical magnetic field for this spin-flipping transition is
0.2 T. The entropy change in Fig. 4(c) and (d) is calculated based on

H
the integrated Maxwell relation: AS(AH,T)= [ (Wé—;‘m)Hd/.toH,
H

where we choose 11gHp =0T. Due to the narrow trgnsitional hyster-
esis, the magnetic entropy change derived from cooling curves is
essentially the same as that derived from heating curves for both
samples. Under a magnetic field change of 2 T, the maximal entropy
change in the heating curves is 4.3 J/kg K at 228 K for Cr2Mn2 and
4.6]/kgK at 190K for Cr2Mn8 sample, which are similar values as
those reported in the literature [5,7]. Therefore, the amount of excess
Mn can shift the working temperature to a lower temperature
without sacrificing the magnetic entropy change.

The evolution of T; with increasing Cr and excess Mn contents
can be explained by the linear relation between T; and c/a, as

displayed in Fig. 5(a-c). Compared with T, the transition tempera-
ture T; is much more sensitive to the ¢/a ratio. In Fig. 5(a), the grey
data points obtained from literature [5,21,25] are approximately in
line with the linear trend. Furthermore, the c/a ratio shows a linear
dependence on the Cr concentration in the main phase as depicted
in Fig. 5(b). A larger c/a ratio for Cr3Mn2 (1.6027) than Cr2Mn2
(1.6022) results in a lower T, for Cr3Mn2, which can be ascribed to
the competition for Cr between the secondary phase and the main
phase, as indicated by the same amount of Cr 1.7 at% determined by
the EDS for Cr3Mn2 and Cr2Mn2 main phases. In order to further
illustrate the relation between chemical composition and T, the
relation between chemical composition and c¢/a is displayed in
Fig. 5(c). The smallest c¢/a ratio corresponds to the highest T; in the
high-Cr and low-Mn region, as seen from the higher T, in CrxMn2
samples (x=2, 5) than CrxMn8 samples (x=2, 5). Since too much
excess Mn expels Cr from the main phase to the secondary phases,
one should be cautious to add excess Mn when preparing arc-melted
(Mn,Cr),Sb samples. With the linear relation between T, and ¢/a, and
the chemical composition diagram, we can now easily tune the de-
sired transition temperature for the Cr-doped Mn,Sb compounds.

4. Conclusions

The influence of excess Mn on the magnetoelastic transition of
(Mn,Cr),Sb has been investigated in this work. The fraction of the
(Mn,Cr)Sb secondary phase strongly reduces with increasing excess
Mn, while the magnetoelastic transition temperature initially in-
creases and then decreases with excess Mn. By Electron Probe Micro
Analysis we find that with increasing excess Mn a higher Cr content
is found in the (Mn,Cr)Sb secondary phase in comparison to the
matrix. This competition for Cr leads to the nonlinear influence of
excess Mn on the magnetoelastic transition temperature. However,
we observed that T, scales linear with the c¢/a lattice parameter ratio
for a wide temperature range of 170-350 K. A large magnetic entropy
change of 4.6 J/kg K under 2 T is obtained and a composition diagram
for the c/a ratio is established to give guidance in the preparation of
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(Mn,Cr),Sb alloys with a desired transition temperature for mag-
netocaloric applications.
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