Effect of addition of Co on the magnetic
properties of MnSb
Cite as: AIP Advances 9, 035217 (2019); https://doi.org/10.1063/1.5080107
Submitted: 05 November 2018 . Accepted: 24 December 2018 . Published Online: 13 March 2019
Hanuma Kumar Dara, and G. Markandeyulu
COLLECTIONS
Paper published as part of the special topic on 2019 Joint MMM-Intermag Conference, Chemical Physics, Energy,
Fluids and Plasmas, Materials Science and Mathematical Physics

ARTICLES YOU MAY BE INTERESTED IN
Magnetic and magnetocaloric properties of Pr2-xNdxFe17 ribbons
AIP Advances 9, 035211 (2019); https://doi.org/10.1063/1.5080105
Magnetic transition and magnetocaloric effect of Gd4Sb3-xRx (R=Si, Ge, Sn, 0

x

0.75)

compounds
AIP Advances 9, 035206 (2019); https://doi.org/10.1063/1.5072770
The effects of Ge occupation and hydrostatic pressure on the metamagnetic phase
transition and magnetocaloric effect in Mn2Sb alloy
AIP Advances 9, 035106 (2019); https://doi.org/10.1063/1.5067001

AIP Advances 9, 035217 (2019); https://doi.org/10.1063/1.5080107
© 2019 Author(s).

9, 035217

AIP Advances

ARTICLE

scitation.org/journal/adv

Effect of addition of Co on the magnetic
properties of MnSb
Cite as: AIP Advances 9, 035217 (2019); doi: 10.1063/1.5080107
Presented: 16 January 2019 • Submitted: 5 November 2018 •
Accepted: 24 December 2018 • Published Online: 13 March 2019
Hanuma Kumar Dara and G. Markandeyulua)
AFFILIATIONS
Advanced Magnetic Materials Laboratory, Department of Physics, Indian Institute of Technology Madras, Chennai 600036, India
Note: This paper was presented at the 2019 Joint MMM-Intermag Conference.
a)
mark@iitm.ac.in

ABSTRACT

The influence of addition of Co on the structural and magnetic properties of MnSb was investigated. The compound formed in the NiAs-type
hexagonal structure. Addition of Co to MnSb causes changes in both the lattice parameters. It was observed, from magnetization measurements, that both Curie temperature and saturation magnetization decrease from those of MnSb. The spin-polarized density of states (DOS)
calculations revealed that the intermetallic compound favors ferromagnetic ground state even after as much as 0.25 atom of Co per formula
unit of MnSb. Charge transfer takes place from the interstitial Co-atom to minority spin band of Mn-atom resulting in an increase in the DOS
compared to MnSb at the Fermi level. MnSbCo0.25 exhibits a negative magnetocaloric effect with the largest change in the entropy value, ∆Sm
= 2.5 J. kg-1 . K-1 (for a change in magnetic field from 0 to 5 T), across the second order phase transition at 292 K. The change in the value of
magnetic entropy is low around the phase transition and might be due to the small magnetic moment of Mn-atom.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5080107

INTRODUCTION
Magnetic refrigeration has gained significant interest in recent
years, as a clean alternative to the conventional cooling methods
employing JT effect.1 In general, magnetic refrigeration requires
the combination of a large magnetic field and a material with a
significant magnetocaloric effect (MCE).
The change in magnetic entropy mainly depends on whether
the material undergoes first order phase transition (FOPT: due to
either structural phase transition or magnetic phase transition) or
second-order phase transition (SOPT: order-disorder transition).2
In some materials exhibiting FOPT, the large change in entropy is
due to the coexistence of both structural and magnetic phase transitions (from one magnetic phase to another magnetic phase). The
change in entropy during SOPT is less than that during FOPT.2,3
Materials which exhibit large MCE at low applied fields are
useful in applications.1 Large changes in magnetic entropy have
been observed in rare earth based materials, due to their large
magnetic moments.2 The magnetic moments of 3d elements/ions
are generally smaller than those of rare earth ions. However, large
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magnetic moments have been reported in some Mn-based intermetallics.2 Several investigations have therefore been concentrated
on Mn-based compounds.1,2
MnSb is a ferromagnetic compound (forms in hexagonal NiAstype structure) with a Curie temperature (TC ) of 587 K and a saturation magnetization (MS ) value of 102 emu/g at room temperature
(RT) (111 emu/g at 0 K).6 Mn-atoms occupy the octahedral sites,
and Sb-atoms occupy tetrahedral (trigonal-bipyramidal) sites, and
two vacant trigonal-bipyramidal sites are available.4,5 In MnSbCo0.25
alloy, the Mn, Sb and Co atoms occupy octahedral, and tetrahedral
sites respectively. Addition of Co to MnSb causes an increase of the
a value and decrease of the c value.7 Both Curie temperature (TC )
and saturation magnetization (MS ) of MnSb decrease with the addition of Co. The fact that the TC of MnSbCo0.25 is 325 K, close to RT,
provides an opportunity to investigate magnetocaloric effect (MCE)
in this compound.7 In the present article, magnetocaloric studies on
MnSbCo0.25 are presented. The change in magnetic entropy (by the
application of a magnetic field (5T)) across the second-order phase
transition (SOPT) was studied. Besides, the density of states (DOS)
calculations were done on this material.
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EXPERIMENTAL DETAILS
The constituent elements of high purity Mn (99.99%), Sb
(99.999%), Co (99.99%) in stoichiometric proportions were sealed
in a quartz tube under a pressure of 10-5 mbar. The contents were
initially heated to 600○ C and were kept for 24 h, then at 900 ○ C for
24 h and were subsequently cooled to room temperature in 12 h. The
ingot obtained was then heat treated in vacuum at 800 ○ C for 48 h
and subsequently quenched into an ice water mixture. The phase
purity and crystal structure of the compound were analyzed from
powder x-ray diffraction patterns collected using a PAnalytical Xpert
diffractometer and employing CuKα (λ=1.5406Å) radiation. Magnetization measurements were carried out employing a VSM with a
SQUID detector (SQUID-VSM, Quantum Design).
RESULTS AND DISCUSSION
Fig. 1 shows the Rietveld refined X-ray diffraction (XRD) pattern of MnSbCo0.25 sample. The compound is found to crystallize
in hexagonal NiAs-type structure. Rietveld refinement was carried
out using Full Prof suite software,8 and no secondary phase was
observed. The lattice parameter values are a= 4.1993 (5) Å and
c = 5.6742 (4) Å that agree well with the reported values.7
Fig. 2 shows the temperature dependence of magnetization of
the sample at an applied magnetic field of 100 Oe, in the zero-fieldcooled (ZFC) and field cooled (FC) protocols. From the figure, it
is observed that the magnetization bifurcates between ZFC and FC
curves. A sharp transition at 292 K (Curie temperature) followed
by a small step like transition around 152 K can be seen. The feature at 152 K is either a spin re-orientation transition or an antiferro – ferromagnetic transition which arises due to the change of
Co spin direction from antiparallel to a parallel alignment to that
of Mn.9
These two transition temperatures of the sample are found to
be different from those reported, viz., 190 K and 325 K respectively,

FIG. 2. Temperature dependence of ZFC and FCC magnetization curves measured at an applied field of 100 Oe.

for compounds that were slow-cooled.7,9 These transitions could be
attributed to the effect of quenching the sample from the high temperature. All the Co atoms occupy the vacant trigonal-bipyramidal
sites, as a result of quenching. MS is seen to decrease from 74.1
emu/g at 5 K to 41.2 emu/g at 250 K. The magnetization value
at 250 K agrees well with the reported value.7 The decrease of TC
and MS from those of MnSb is attributed to the decrease in the
exchange interaction strength (distance) between Mn-Mn atoms
along the c-axis.7,9 The main contribution to magnetic moment
comes from the Mn moment; the magnetic moment of Co is small
(1 µB ).7
Magnetocaloric effect
The magnetization curves were recorded in the temperature
range 272 K - 312 K to evaluate the MCE of the MnSbCo0.25 . The
nature of the magnetic phase transition in the present sample are
discussed using the Arrott plots (Fig. 3). According to the Banerjee
criterion,10 the positive or negative slope of M2 vs. H/M curve indicates whether the respective magnetic phase transition is second or
first order. The Arrott plot curves clearly exhibit positive slopes at all
measured temperatures, confirming that the phase transition is the
second order transition in the sample. From the M (H) curves, the
maximum entropy change can be calculated by approximating the
Maxwell relation11,12 as
∆SM (

Hmax
1
T1 + T2
)=(
)[
M(T2 , H)dH
2
T1 − T2 ∫0

−∫

0

FIG. 1. Rietveld refined xrd pattern of MnSbCo0.25 .
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M(T1 , H)dH]

(1)

The change in isothermal magnetic entropy of MnSbCo0.25 around
TC when the external magnetic field was changed from 1 T to 5 T, is
shown in Fig. 4. The peak values of ∆SM are 0.64 J kg−1 K-1 at 1 T and
2.41 J kg−1 K-1 at 5 T.
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FIG. 3. M2 vs. H/M isothermal curves (Arrott plots) of MnSbCo0.25 at temperatures
from 272 K to 312 K.

Density of states (DOS) calculations
Spin-polarized band structure calculations were done employing the Quantum ESPRESSO software package, using a plane-wave
expansion of the wave functions.13 The exchange correlations were
treated within the generalized gradient approximation (GGA) in
the parameterization of Purdew, Burke, and Ernzenhof (PBE).14
Electron-ion interactions were described using ultrasoft pseudopotentials.15 Khon-Sham wave functions were expanded in plane wave
basis with a kinetic energy cut-off of 40 Ry and charge density with
a cut off of 400 Ry for both MnSb and MnSbCo0.25 . Self-consistent
calculations were done using a 9×9×9 Monkhorst-Pack k-point grid
for MnSb and 8×8×6 grid for MnSbCo0.25 .16
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FIG. 5. Total density of states of both MnSb (blue color) and MnSbCo0.25 (red color).

The addition of Co to MnSb decreases the distance between the
Mn-Mn atoms along the c-axis, resulting in a decrease of the magnetic moment of Mn (3.17 µB in MnSbCo0.25 compared to Magnetic
moment of 3.50 µB in MnSb). The decrease in the magnetic moment
of Mn-atom leads to a reduction of the exchange splitting between
the spin-up and spin-down bands.17
Fig. 5 shows the DOS of both MnSb and MnSbCo0.25 . The main
contribution to DOS in MnSb comes from the 3d orbitals of Mn in
MnSb, and the hybridization between the 3d orbitals with the unoccupied states of the 5p band of Sb stabilizes ferromagnetism.5 The
addition of Co to MnSb results in an increase in DOS in both the
spin-up and spin-down states, compared to MnSb. However, the
increase in DOS occurs below the Fermi level in the spin-up state
and at the Fermi level in Spin-down state. Therefore, charge transfer takes place from the Co-atom to the Mn-atom due to the overlap
of the 3d orbital wave functions of Mn and Co. This increases the
DOS in MnSbCo0.25 . The available density of states at the Fermi level
is low in MnSbCo0.25 though the addition of Co causes the DOS
in MnSbCo0.25 to increase compared to MnSb. The area under the
curves of both majority and minority spin bands were estimated to
be 6 states/eV, a rather small value that explains a small change in
entropy of the system around the second-order phase transition at
292 K.
CONCLUSIONS

FIG. 4. Magnetic entropy change (∆SM ) vs. temperature (K) curves in the
temperature range 272 K - 312 K.
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Addition of Co0.25 to MnSb increases the a-axis value and
decreases the c-axis value. Two phase transitions were observed at
152 K and 292 K from the M(T) curves. These transition values
are different from the reported values on slowly cooled materials.
The saturation magnetization (MS ) values are seen to decrease from
102 emu/g at RT for MnSb to 41.20 emu/g at 250 K for MnSbCo0.25 .
Also, the change in magnetic entropy around 292 K (∆SM ) is
2.41 J kg−1 K-1 at 5 T. The change in magnetic entropy is low; might
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be due to the small magnetization values due to small exchange
splitting between the majority and minority spin bands.
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