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Switching the magnetostructural coupling in MnCoGe-based magnetocaloric materials

Xuefei Miao®,"" Yong Gong,! Luana Caron,”" Yurong You,! Guizhou Xu,' Denis Sheptyakov ®,* Pascal Manuel,*
Fengjiao Qian,’ Yujing Zhang,' Feng Xu,'-* Niels van Dijk,® and Ekkes Briick®
'MIIT Key Laboratory of Advanced Metallic and Intermetallic Materials Technology, School of Materials Science and Engineering,

Nanjing University of Science and Technology, 210094 Nanjing, China
2Department of Physics, Bielefeld University, 33501 Bielefeld, Germany
3Laboratory for Neutron Scattering and Imaging, Paul Scherrer Institut, 5232 Villigen, Switzerland
4ISIS facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX, United Kingdom
3College of Physics, Nanjing University of Aeronautics and Astronautics, 210016 Nanjing, China

S Fundamental Aspects of Materials and Energy, Department of Radiation Science and Technology, Delft University of Technology,

Mekelweg 15, 2629 JB Delft, The Netherlands
® (Received 27 July 2020; revised 22 September 2020; accepted 25 September 2020; published 14 October 2020)

We performed neutron-diffraction experiments and density functional theory calculations to study the magne-
tostructural coupling in MnCoGeB, (x = 0, 0.01, and 0.05) alloys. By varying the amount of boron addition, we
are able to freely switch the magnetostructural coupling on and off in the MnCoGe alloys. It is found that the
boron addition stabilizes the high-temperature hexagonal phase due to the reduced interatomic distances and the
enhanced covalent bonding. The hexagonal-orthorhombic structural transition shifts to low temperatures with
the boron addition and coincides with the paramagnetic-ferromagnetic (PM-FM) transition in the MnCoGeB o;
alloy. With a further increase in the boron addition, the structural and magnetic transitions are decoupled again.
The hexagonal-orthorhombic structural transition is significantly suppressed in the MnCoGeBy s alloy, although
subtle distortions in the hexagonal structure are evidenced by a canted spin arrangement below 75 K. The
MnCoGe and MnCoGeBy; alloys show a collinear FM structure, having a much larger Mn moment than
the MnCoGeBy s alloy. The relatively small Mn moment in the MnCoGeB, o5 alloy can be attributed to the
shortened Mn-Mn distance and the enhanced overlap of the 3d orbitals between the neighboring Mn atoms. The
uncovered relationship between the structural evolution and the sizable magnetic moment in the present work

offers more insight into the magnetostructural coupling in the MnCoGe-based alloys.

DOI: 10.1103/PhysRevMaterials.4.104407

I. INTRODUCTION

Magnetic refrigeration, demonstrating a high energy effi-
ciency and low environmental impact, has a great potential to
replace conventional vapor-compression refrigeration [1-3].
Magnetic refrigeration takes advantage of the magnetocaloric
effect (MCE) [4], which is manifested by an adiabatic temper-
ature change (AT,q) and an isothermal entropy change (ASiso)
of a magnetic material in response to a driving magnetic field.
Although the MCE is intrinsic to all magnetic materials, it
is most pronounced (the so-called giant MCE) in those ex-
hibiting a first-order magnetic transition (FOMT) due to the
presence of latent heat.

In strong contrast to the conventional second-order mag-
netic transition, the FOMT is characteristic of the coincidence
of a magnetic and a structural transition. Therefore, the search
for promising magnetocaloric materials can be carried out
either by screening the magnetic materials with a naturally
coupled magnetic and structural transition, or by tailoring
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the naturally separated magnetic and structural transitions to
coincide. The (Mn, Fe), (P, Si) [5-7] and La(Fe, Si)5 [8,9]
materials are typical examples for the former, and the latter is
well demonstrated in the MnCoGe alloys.

The stoichiometric MnCoGe alloy undergoes a martensitic
transition from the high-temperature Ni,In-type hexagonal
(hex) to the low-temperature TiNiSi-type orthorhombic (ort)
structure at the transition temperature (7;) of around 430 K
[10]. The orthorhombic martensite shows a second-order fer-
romagnetic (FM) transition at the Curie temperature (7¢°") of
about 345 K, which is below the 7; [10]. Metastable hexagonal
austenite can be obtained via quenching the sample from high
temperatures, which also shows a second-order FM transition
with a Curie temperature (Te"*) of around 283 K [11]. Ap-
parently, the magnetic and structural transitions are separated
in the stoichiometric MnCoGe alloy. Lots of effort has been
made to manipulate the magnetic and structural transitions
in order to achieve a coupled magnetic and structural tran-
sition, i.e. a magnetostructural transition. The introduction of
vacancies [12,13] and the design of off-stoichiometric compo-
sitions [14] both enable the coincidence of the magnetic and
structural transitions. Besides that, the partial replacement of
the Mn or Co atoms by some 3d transition metal elements
[15-21], as well as the substitution of the Ge by In [22] or
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Si [23] can also realize a magnetostructural transition in the
MnCoGe alloys. Additionally, hydrostatic pressure offers an
alternative approach to tailor the magnetostructural coupling
in the MnCoGe-type alloys [24-27].

The coincidence of the magnetic and structural transitions
in the MnCoGe alloys via applying external pressure or tuning
the composition can phenomenologically be attributed to a
rapid decrease in 7;. The underlying mechanism is however
still unclear. For the compositions in which the hexagonal-
orthorhombic structural transition is suppressed completely,
the hexagonal phase exhibits a much smaller saturation mag-
netic moment than the orthorhombic phase [11]. This suggests
significant changes in the magnetic exchange coupling ac-
companying the hexagonal-orthorhombic structural transition.
Therefore, further studies are required to uncover the relation-
ship between the structural evolution and the sizable magnetic
moment during the FOMT of the MnCoGe-based alloys.

In the present study, we performed temperature-dependent
neutron diffraction (ND) experiments and density functional
theory (DFT) calculations on the MnCoGeB, (x =0, 0.01,
and 0.05) alloys. By varying the amount of boron addition, we
are able to freely switch the coupling between the magnetic
and structural transitions on and off. This allows us to study
the different magnetic structures and phase-transition behav-
iors in the MnCoGe-based alloys, which sheds more light on
the mechanism of their magnetostructural coupling.

II. EXPERIMENTAL DETAILS

A. Synthesis

Polycrystalline MnCoGeB, (x = 0, 0.01, and 0.05) alloys
were prepared by arc-melting appropriate amounts of high-
purity elemental starting materials under Ar atmosphere in
a water-cooled copper crucible. It should be noted that the
1B isotope was used as starting material to avoid the strong
absorption of neutrons by the °B isotopes in natural B. The
ingots were sealed in quartz ampoules under Ar atmosphere,
annealed at 1123 K for 120 h, and then slowly cooled down to
room temperature.

B. Neutron diffraction and magnetic characterization

Temperature-dependent neutron-diffraction experiments
on the MnCoGe and MnCoGeByo; alloys were performed
on the high-resolution powder diffractometer (HRPT) at Paul
Scherrer Institut in Switzerland [28]. The wavelength of the
neutrons was 1.8857 A. The neutron-diffraction measure-
ments on the MnCoGeBj s sample were carried out on
the WISH time-of-flight diffractometer at the ISIS Facil-
ity, Rutherford Appleton Laboratory in the UK [29]. The
neutron-diffraction data were refined using FULLPROF’s imple-
mentation of the Rietveld method [30]. Magnetic properties
were characterized using a superconducting quantum interfer-
ence device magnetometer (MPMS XL, Quantum Design).

III. COMPUTATIONAL DETAILS

The electronic structure calculations for the MnCoGeB,
(x =0, 0.01, and 0.05) alloys were carried out using the
CASTEP code based on the density functional theory [31].

The unit-cell parameters (e.g., lattice parameters, atomic coor-
dinates, and occupancy) derived from ND experiments at 1.2
and 1.5 K were used as input for the DFT calculations. For
simplicity of the DFT calculation, we assumed collinear FM
structures for both orthorhombic and the hexagonal phases.
Additionally, the boron atoms (less than 5 at. %) were not
considered in the orthorhombic or hexagonal structure mod-
els in the calculations. The exchange-correlation functions
were treated with generalized gradient approximation (GGA)
in the parametrization of PW91 [32]. An energy cutoff of
500 eV was applied for the plane-wave function and a k-point
mesh of 13 x 13 x 12 was selected for the Brillouin-zone
integration.

Additionally, the electron localization function (ELF) [33]
of the MnCoGe-based alloys was calculated in the present
work. The ELF has been widely used to describe and vi-
sualize chemical bonds in molecules and solids, indicating
the electron-pair distribution in terms of interatomic bonding
[34-38]. The ELF introduced by Becke and Edgecombe can
be described as [33]

ELF = 1/[1 + x*(r)] (D
and
x () = D(r)/Dy(r), @)

where D(r) is the curvature of the spherically averaged prob-
ability density to find another same-spin electron around a
reference electron located at position r and Dj,(r) corresponds
to a uniform electron gas of the same electron density. The
x (r) is thus a dimensionless localization index calibrated with
respect to the uniform-density electron gas as reference. The
ELF value is between O and 1. The value ELF = 1 at the
specific position corresponds to a complete electron pair lo-
calization, indicating a strong covalent bonding, and the value
ELF = 0 denotes the borders between electron pairs. The
topological analysis of the ELF provides visualized informa-
tion on the type and strength of chemical bonds. The unit-cell
parameters at 1.2 and 1.5 K derived from the ND experiments
were used for the ELF calculations.

IV. RESULTS AND DISCUSSION
A. Realization of a magnetostructural FOMT

The magnetization (M) as a function of temperature (7)
for the MnCoGeB,, (x = 0, 0.01, and 0.05) alloys is shown in
Fig. 1(a). A continuous magnetic transition occurs at around
345 K in the parent MnCoGe alloy, which corresponds to the
FM transition of the orthorhombic phase [10]. With a small
amount of boron addition (x = 0.01) a sharp FM transition
appears with noticeable thermal hysteresis. This suggests the
realization of a magnetostructural FOMT in the MnCoGeBy ;
alloy. With a further increase in the boron addition to x =
0.05, the magnetic transition changes back to a typical second-
order FM transition with a T around 260 K.

Figure 1(b) plots the isothermal magnetization curves ob-
tained at 5 K for the MnCoGeB, alloys. All the samples
display a soft FM behavior. The saturation magnetic moment
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FIG. 1. Magnetization as a function of temperature (a) and ex-
ternal magnetic field (b) for the MnCoGeB, (x = 0, 0.01, and 0.05)
alloys.

(My) at 5 K is significantly reduced in the MnCoGeBy o5 alloy
in comparison with the other two alloys.

Figure 2 shows the contour plots of the ND patterns mea-
sured at different temperatures for the MnCoGeB, (x =0,
0.01, and 0.05) alloys. For conciseness and clarity, only the
regions near the transition temperatures are presented. As
shown in Fig. 2(a), the MnCoGe parent alloy stays in the
TiNiSi-type orthorhombic structure (space group Prnma, no.
62) within our measurement temperature range (from 1.2 to
450 K). The low-Q peak intensity is slightly reduced above
345 K, due to the disappearing magnetic diffraction contri-
bution upon a transition to the paramagnetic (PM) state. For
the MnCoGeB ; alloy, markedly distinct diffraction patterns
can be observed at high and low temperatures, as shown
in Fig. 2(b). The ND patterns above 310 K can be refined
with purely nuclear scattering from the Ni,In-type hexagonal
structure (space group P63 /mmc, no. 194). In strong contrast
to the high-temperature patterns, the ND patterns below 295
K can be refined with both nuclear and magnetic contributions
from the TiNiSi-type orthorhombic structure. The ND patterns
collected between 295 and 310 K correspond to a superposi-
tion of the high- and low-temperature ND patterns. Therefore,
the temperature-dependent ND patterns clearly demonstrate a
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FIG. 2. Contour plots of the temperature-dependent neutron-
diffraction patterns for MnCoGeB, with x = 0 (a), 0.01 (b), and 0.05
(c). The scale bar on the right represents the normalized intensity.
The white dotted lines in all panels represent the magnetic transition
temperatures.

magnetostructural FOMT from the FM orthorhombic phase
to the PM hexagonal phase in the MnCoGeB y; alloy. When
the boron content is further increased to x = 0.05, the hexag-
onal NipIn-type structure is retained during the FM-PM
transition around 260 K. This indicates the decoupling of
the magnetic and structural transitions in the MnCoGeB o5
alloy. Consequently, the magnetic and ND experiments re-
veal that boron addition offers an efficient and effective
way to manipulate the magnetostructural coupling in the
MnCoGe alloys.
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TABLE I. Structural and magnetic parameters derived from neutron diffraction, DFT calculation, and magnetometry measurements for the

MnCoGeB, alloys.

MnCoGeBo'Ol MHCOGCBO‘Oj
1.2 1.5
Pn'm’a (no. 62.446) Pnm’a’ (no. 62.447)

MnCoGe
T (K) 1.2
Magnetic space group Prn'm’a (no. 62.446)
a(A) 5.9192(1)
b(A) 3.8132(1)
¢ (A) 7.0621(1)
V(A% 159.399(4)
dyinvn (A) 3.079(2)
dyin-co(A) 2.736(3)
dyin-ce(A) 2.614(1)
deoco(R) 2.813(3)
dco.ce(A) 2.337(3)
Uy () from ND 3.54(3)
Unvin (g ) from DFT 3.64
Hco from ND 0.63(3)
Uco(up) from DFT 0.67
M;(pg f.u.~") from MPMS 4.16
R,(%) 4.29
Rurage (%) 4.18

5.8821(1) 5.2579(1)
3.8094(1) 4.0697(1)
7.0415(1) 7.0529(2)
157.783(4) 150.920(4)
3.064(3) 2.629(1)
2.728(4) 2.683(6)
2.596(2) 2.683(6)
2.799(4) 3.519(3)
2.318(2) 2.339(5)
3.08(4) 2.20(3)
3.35 2.18
0.81(5) 0.76(4)
0.65 0.60
4.02 2.87
5.63 5.59
5.66 321

B. Magnetic structure of the MnCoGeB, alloys

We further performed a symmetry analysis and Rietveld
refinement on the low-temperature ND data to determine the
magnetic structure of the MnCoGeB; alloys.

For the MnCoGe and MnCoGeBy ¢, alloys, all the diffrac-
tion peaks observed at 1.2 K can be indexed with a
TiNiSi-type orthorhombic structure (space group Pnma, no.
62). This suggests a parent space group of Pnma (no. 62) with
a propagation vector k = (0, 0, 0) for the magnetic structure.
Symmetry analysis was performed to calculate the possible
Shubnikov magnetic space groups using the online program
MAXMAGN [39] in the Bilbao Crystallographic server. We
obtained eight possible Shubnikov magnetic space groups al-
lowing nonzero magnetic moments for the parent space group
Pnma (no. 62) with a propagation vector k = (0, 0, 0) : Pnma
(no. 62.441), Pn'ma (no. 62.443), Pnm’a (no. 62.444), Pnmad’
(no. 62.445), Pn'm’a (no. 62.446), Pnm'a’ (no. 62.447),
Pn'ma’(no. 62.448) and Pn’m’'a’ (no. 62.449). The direction
and size of the Mn and Co moments in the eight possible
magnetic space groups are summarized in Table SI of the
Supplemental Material [40].

We carefully checked all the possible Shubnikov magnetic
space groups in the refinements and found that only Prn'm’a
(no. 62.446) provides the solution to the magnetic structure of
the MnCoGe and MnCoGeBy ; alloys at 1.2 K. Figures 3(a)
and 3(b) show the corresponding Rietveld refinements of
the ND patterns collected at 1.2 K for the MnCoGe and
MnCoGeBy o, alloys, respectively. The refinement results are
summarized in Table I. A schematic representation of the
corresponding magnetic structure is illustrated in Fig. 3(c). In
this ferromagnetic structure, both the Mn and Co moments
are aligned along the ¢ axis of the orthorhombic structure.
The Mn and Co moments are 3.54(3)ug and 0.63(3)usg,
respectively in the MnCoGe alloy, while they are 3.08(4)up
and 0.81(5)up, respectively in the MnCoGeB; alloy. We
also performed DFT calculations on the magnetic structure

of the MnCoGeB, alloys. The unit-cell parameters at 1.2 K
derived from the ND patterns were used as input for the DFT
calculations (see Sec. III for details). The calculated magnetic
moments are close to those obtained from the ND experiments
(see Table I). The MnCoGe alloy shows a decrease in the Mn
moment upon a small amount (1 at. %) of boron addition. This
may be due to the enhanced overlap of the 3d orbitals since
the Mn-Mn and Mn-Co interatomic distances are shortened by
the boron addition, as summarized in Table I. The Co moment
shows less variation with the boron addition compared to the
Mn moment.

Additionally, the contraction of the orthorhombic lattice
upon the addition of boron atoms, having a smaller atomic
radius than the Mn and Co atoms, clearly indicates that the
boron atoms have entered the crystal lattice and substituted
part of the Mn, Co, or Ge atoms. The differences in the co-
herent neutron-scattering length of Mn (—3.73 fm), Co (2.49
fm), Ge (8.185 fm), and ''B (6.65 fm) could potentially have
allowed for the determination of the preferential site for the
boron atoms. Our attempts to localize the preferential site for
the boron atoms from the refinements based on the ND data
however did not deliver any statistically significant results,
probably due to the low boron content (<5 at.%). Since the
preferential site for the boron atoms is not the primary interest
of our paper, we assume that the boron atoms statistically
occupy the Mn, Co, and Ge sites in our refinements.

For the MnCoGeBy o5 alloy, a comparison of the ND pat-
tern collected at 1.5 and 300 K is shown in Fig. 4(a). At 300 K,
all the peaks can be indexed with the Miller indices from
the hexagonal space group P63/mmc (no. 194). Compared
with the pattern obtained at 300 K, the pattern collected at
1.5 K shows an increased intensity in the (001), (100), (102),
(110), and (200) peaks, which suggests the possible space
group P63/mmc (no. 194) with a propagation vector k =
(0,0,0) for the magnetic structure at 1.5 K. Besides that, the
increase in the intensity of both the (001) and (100) peaks

104407-4



SWITCHING THE MAGNETOSTRUCTURAL COUPLING IN ...

PHYSICAL REVIEW MATERIALS 4, 104407 (2020)

@ 5.0x10"
i o Obs.on HRPT at 1.2 K

. 4.0x10° | Calc. with Pn'm'a (no. 62.446)
2 L —— Difference

g 3 0X104 L 1 Peak position

8 L

3 4

Y 2.0x10

£ _

2 "

8 1.0x10

= L

—

0.0

,_._,\,_.H » A P Yok I\
- ymtfythy " W

—
O
~

af o Obs.on HRPT at 1.2 K
- L.0x10 i Calc. with Pn'm'a (#62.446)
f<} 3 —— Difference
E 8.0x10 | 1 Peak position
o 3
£ 6.0x10
s I
Z 4.0x10°
= !
£ 2.0x10
: L
= 0.0 F
1 2 3 5 6 il

(©)

E
@ 00>

FIG. 3. Rietveld refinement of the ND patterns collected at T =
1.2 K for (a) the MnCoGe and (b) MnCoGeB (; alloys. Note that the
nuclear and magnetic diffraction have the same peak positions. (c)
Schematic representation of the magnetic structure in the MnCoGe
and MnCoGeBy ¢, alloys at 1.2 K.

indicates a canted spin arrangement in the magnetic structure.
The symmetry analysis using the online program MAXMAGN
[39] gives three possible Shubnikov magnetic space groups
allowing nonzero magnetic moments for the parent space
group P63/mmc (no. 194) with a propagation vector k =
(0,0,0): P63’ /mm’c (no. 194.266), P65’ /m'm’c (no. 194.268)
and P63 /mm’c’ (no. 194.270). However, as shown in Table SII
of the Supplemental Material [40], only the z component is
allowed for both Mn and Co moments in the three Shubnikov
magnetic space groups, which cannot account for the (001)
ND peak observed at 1.5 K. Consequently, the hexagonal
P63 /mmc (no. 194) space group may not be the real parent
space group for the magnetic structure of MnCoGeB o5 alloy
at 1.5 K. A similar phenomenon has also been observed in
the MnFeGe alloy, belonging to the same MnM'Ge (M’ =
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FIG. 4. (a) The ND patterns of the MnCoGeB, s alloy collected
at 300 and 1.5 K. The intensity of the (001) and (100) peaks as
a function of temperature is shown in the inset of (a). (b) Ri-
etveld refinement of the ND patterns collected at 7 = 1.5 K for the
MnCoGeBy s alloy. Note that the nuclear and magnetic diffraction
have the same peak positions. Some small peaks from an unknown
phase showing in the ND patterns at both 300 and 1.5 K have been
excluded in the refinements. (c) Schematic representation of the
magnetic structure in MnCoGeB s alloy at 1.5 K.

transition 3d metals) family as the MnCoGe alloy [41]. ND
experiments indicate that MnFeGe crystallizes in a hexagonal
structure (space group P63/mmc, no. 194) at 300 K [41].
Upon cooling to 80 K, both (001) and (100) peaks in the
ND pattern show increased intensity, suggesting a canted spin
arrangement [41], which cannot be described by any magnetic
structures derived from the hexagonal P63/mmc (no. 194)
parent space group.

The MnM/Ge alloys usually crystallize in the NipIn-
type hexagonal structure (P63/mmec, no. 194) or its distorted
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derivative, the TiNiSi-type orthorhombic structure (Pnma, no.
62) [42,43]. These two structures are connected by a diffu-
sionless, displacive martensitic transition, where the unit-cell
parameters are related by dort = Chexs Dort = Ghex, and cory =
A/ 3anex. Szytuta er al. [41] found that the magnetic structures
derived from the orthorhombic Pnma (no. 62) space group al-
low a canted spin arrangement and can well fit the ND pattern
of the MnFeGe alloy collected at 80 K. Due to the crystallo-
graphic relationship between the hexagonal and orthorhombic
structures, the lattice parameters of the orthorhombic structure
are constrained by cox = 4/3bor in their refinements [41].

In the present work we also assumed the orthorhombic
Pnma (no. 62) parent space group for the magnetic structure
of the MnCoGeBy s alloy at 1.5 K. The symmetry analysis
of the parent space group Pnma (no. 62) with a propagation
vector k = (0, 0, 0) gives eight possible Shubnikov magnetic
space groups, as listed in Table S1 of the Supplemental Ma-
terial [40]. After checking all the possible magnetic space
groups in the refinements, we found that only Pnm’a’ (no.
62.447) provides the solution to the magnetic structure of the
MnCoGeBy o5 alloy at 1.5 K. Figure 4(b) shows the Rietveld
refinement of the ND data of the MnCoGeBy, o5 alloy collected
at 1.5 K. It should be noted that the lattice parameters of the
orthorhombic structure were constrained by corx = +/3bor in
the refinements. The refinement results and a schematic rep-
resentation of the magnetic structure are shown in Table I and
Fig. 4(c), respectively. The Mn atoms are at the 4c site, which
splits into four positions: (x, 1/4,z), (x +1/2,3/4,z 4+ 1/2),
(—x,3/4,—2), and (x+1/2,1/4, —z+ 1/2).The Mn mo-
ment is 2.20(3)iup and lies in the a-c plane with a tilt angle
¢ = 19.4° away from the a axis at 1.5 K. The x compo-
nents (u,) of the Mn moments at the four positions are
equal to each other, while the z components (u,) at the
(x,1/4,z) and (—x, 3/4, —z) positions are opposite to that
atthe (x +1/2,3/4,z+1/2), and (x + 1/2,1/4, —z+ 1/2)
positions. Therefore, the magnetic exchange interaction be-
tween the neighboring Mn atoms comprises both FM and
antiferromagnetic (AFM) components. The Co atoms also
occupy the 4c site and carry a moment of 0.76(4)up parallel
to the a axis.

Additionally, as shown in the inset of Fig. 4(a), the intensity
of the (001) peak decreases with rising temperature and even-
tually disappears at 7 > 75K, while the intensity of the (100)
peak is almost invariable between 1.5 and 75 K. This suggests
the disappearing of the AFM component of the Mn moment.
At T > 75K, the Mn moments are not canted and the ND pat-
terns can be well fit with the Shubnikov magnetic space group
P63 /mm’c’ (no. 194.270), derived from the parent hexagonal
space group P63/mmc (no. 194) with a propagation vector
k = (0,0, 0). Figure 5(a) shows the Rietveld refinement of
the ND data of MnCoGeB s alloy collected at 75 K. The
corresponding magnetic structure is illustrated in Fig. 5(b).
At 75 K, the MnCoGeB o5 alloy is in a hexagonal structure,
where both Mn and Co moments are parallel to the ¢ axis.
The Mn and Co moments derived from the refinement are
2.01(2)up and 0.72(4)up, respectively.

Consequently, the MnCoGeBy o5 alloy undergoes a PM to
FM transition at T = 260 K, where the hexagonal structure
(space group P63/mmc, no. 194) is retained. At T < 75K,
an extra AFM component arises in the Mn moment, which
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FIG. 5. (a) Rietveld refinement of the ND patterns at 7 = 75K
for the MnCoGeBy s alloy. Note that the nuclear and magnetic

diffraction have the same peak positions. (b) Schematic representa-
tion of the magnetic structure in MnCoGeBy o5 alloy at 75 K.
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is perpendicular to the original FM component. This leads
to a canted spin arrangement in the magnetic structure and
thus breaks the hexagonal P6;/mm’c’ (no. 194.270) sym-
metry. As a result, the hexagonal P63/mm’c’ (no. 194.270)
symmetry is lowered to its distorted derivative, i.e., the or-
thorhombic Pnm'a’ (no. 62.447). In strong contrast to a
complete hexagonal-orthorhombic structural transition in the
MnCoGeBy o; alloy, the MnCoGeBy o5 alloy only shows sub-
tle distortions of the hexagonal structure as evidenced by a
canted spin arrangement, while the specific relationship be-
tween the lattice parameters (i.e., Cort = /3bor) 18 retained.
Apart from the difference in magnetic structure between
the MnCoGeBj s and the MnCoGe/MnCoGeBjy; alloys,
the size of the Mn moment also shows a substantial differ-
ence. The Mn atom carries a large moment of 3.54(3)up
and 3.08(4)up in the MnCoGe and MnCoGeBj(; alloys,
respectively, while the Mn moment is only 2.20(3)up in the
MnCoGeBy ¢s alloy. DFT calculations on the MnM’Ge alloys
reveal that the size of the Mn moment strongly depends on the
Mn-Mn interatomic distances [44—46]. As shown in Table I,
the Mn-Mn distances are 3.079(2), 3.064(3), and 2.629(1) A
for the MnCoGe, MnCoGeB y;, and MnCoGeB 5 alloys,
respectively. The significantly shortened Mn-Mn distance in
the MnCoGeB s alloy may cause considerable overlap of
the 3d orbitals between the neighboring Mn atoms, which
weakens the exchange splitting between the majority and
minority 3d bands and thus leads to a small Mn moment in
the MnCoGeBy o5 alloy. In strong contrast to the significant
reduction of the Mn moment upon boron doping, the size
of the Co moment is almost constant, although the Co-Co
distance is expanded from 2.813(3) to 3.519(3) A as the boron
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content increases from 1% to 5%. Previous studies [20,41] re-
veal that the Co atoms tend to form covalent bonding with the
nearest Ge atoms due to the relatively short Ge-Co interatomic
distance (~2.33 A). The electron pairing due to the Co-Ge
covalent bonding reduces the exchange splitting between the
majority and minority 3d bands of the Co atoms, leading to
small Co moment (see Table I). Consequently, the size of
the Co moment is predominantly determined by the Co-Ge
covalent bonding. As shown in Table I, the Co-Ge distance is
almost constant with increasing boron from 1% to 5%, which
leads to an invariable character of the Co moment.

C. Stability of the hexagonal phase

One can learn from the ND and magnetic results that
the boron addition has a strong influence on the hexagonal-
orthorhombic structural transition temperature 7;. The T; is
about 430 K upon cooling in the parent MnCoGe alloy,
which is reduced to approximately 293 K in the MnCoGeBy o,
alloy. The hexagonal to orthorhombic transition is greatly
suppressed in the MnCoGeBy s alloy, although slight lat-
tice distortion occurs in the hexagonal structure below 75 K.
Therefore, the boron addition actually stabilizes the high-
temperature hexagonal phase and thus shifts the 7; to lower
temperatures. When the 7; is lowered to the temperature range
To" < T, < T°%, a magnetostructural FOMT between the
PM hexagonal and FM orthorhombic phases can be triggered,
as demonstrated in the MnCoGeBy o; alloy. The realization of
the magnetostructural FOMT in the MnCoGe alloys via other
ways (e.g., off-stoichiometry, element substitution) [15-23],
can essentially be attributed to the same origin, i.e., via tai-
loring the stability of the hexagonal phase. However, the
underlying mechanism for stabilizing the hexagonal structure
in the MnCoGe alloys has not been well understood yet.

Previous studies on the Fe-substituted MnNiGe alloys,
belonging to the same MnM'Ge family as the MnCoGe al-
loys, suggest that the stabilization of the hexagonal structure
originates from the strengthening of the covalent bonding
between the neighboring atoms [38]. Since covalent bonding
is sensitive to interatomic distances, we first examine the
dependence of interatomic distances on the boron addition
for the hexagonal MnCoGe alloys. Note that the hexagonal
structure appears in the parent MnCoGe alloy above 650 K
upon heating from room temperature [10], beyond our ND
measurement temperature range. As a result, Fig. 6 only
shows the temperature-dependent interatomic distances for
the MnCoGeBg; and MnCoGeBy o5 alloys in the hexagonal
structure. Obviously, boron addition shortens the nearest inter-
atomic distances in the hexagonal structure, which is expected
to strengthen the covalent bonding and hence stabilize the
hexagonal phase.

To get further insight into the influence of boron addi-
tion on the covalent bonding in the hexagonal structure, we
performed valence-electron localization function (ELF) calcu-
lations [33] for the hexagonal MnCoGe alloys (see the Sec. 111
for details). Higher ELF values correspond to more localized
electrons, suggesting a stronger covalent bonding between the
neighboring atoms.

Figure 7 compares the ELF contour map in the (110)
plane of the hexagonal structure for the MnCoGeBy; and
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FIG. 6. Thermal evolution of the nearest interatomic distances
for the MnCoGeB, alloys in the hexagonal structure, x = 0.01 (open
blue symbols) and 0.05 (solid red symbols). The errors on the refined
distances are smaller than the symbol sizes.

MnCoGeBy o5 alloys. In both alloys, strong electron local-
ization can be observed around the Ge atoms. In order to
quantitatively study the subtle variations in covalent bond-
ing between the MnCoGeByo; and MnCoGeBggs alloys,
Figs. 7(c)-7(f) plot the line profiles of ELF values between
the nearest-neighboring atoms. Maximum ELF values reach
approximately 0.49 and 0.56 for the nearest Ge-Mn and Ge-
Co atoms, respectively, indicating strong covalent bonding
between the nearest Ge-Mn and Ge-Co atoms. The stronger
covalent bonding in the latter may be ascribed to the shorter
Ge-Co interatomic distances [~2.36 A shown in Fig. 6(d)]
compared with the Ge-Mn interatomic distances [~2.70 A
shown in Fig. 6(b)]. In contrast to the strong electron local-
ization between the nearest Ge-Mn and Ge-Co atoms, weak
electron localization has be observed for the nearest Mn-Mn
and Co-Co atoms. With an increase in the boron content from
0.01 to 0.05, the ELF value of the nearest Mn-Mn atoms
is increased by about 3.95% [see inset of Fig. 7(e)], in line
with the shortened Mn-Mn distances [see Fig. 6(a)], while
the ELF values of other nearest-neighboring atoms are almost
invariant. This reveals a strong dependence of the Mn-Mn
covalent bonding on the nearest Mn-Mn distances. Conse-
quently, boron addition shortens the interatomic distances
and strengthens the covalent bonding between the neigh-
boring Mn-Mn atoms, which stabilizes the high-temperature
hexagonal phase (i.e., lowers the 7;) and thus triggers the
magnetostructural FOMT in the MnCoGe alloys.

D. Structural evolution at the magnetostructural transition

Figure 8 presents the thermal evolution of the unit-cell
parameters derived from the ND experiments for the MnCoGe
and MnCoGeB s alloys, respectively. Both samples show
continuous changes in the unit-cell parameters at the FM
transition.

In strong contrast to the continuous structure variations in
the MnCoGe and MnCoGeBy s alloys, a significant lattice
discontinuity occurs at the magnetostructural FOMT of the
MnCoGeBy; alloy (see Fig. 9). As depicted in the inset
of Fig. 9(a), the unit-cell parameters of the orthorhombic
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magnetostructural transition temperature. The errors on the refined
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and hexagonal structures are related by dorx = Chex> Dot =
Ghex> Cort = A/3ahex, and Vo = 2Vjex. The orthorhombic lat-
tice shrinks by 10.4% along the a axis at the magnetostructural
FOMT, while it expands by 6.9% and 0.4% along the b and ¢
axes, respectively (see Fig. 9). The anisotropic changes in the
unit-cell dimensions finally give rise to a volume contraction
of about 3.8% upon the orthorhombic-hexagonal transition
[see the inset of Fig. 9(b)]. The striking crystallographic
changes lead to a remarkable structural entropy change, which
can account for over 90% of the total entropy change for the
MnCoGe-based magnetocaloric alloys [47].

The changes in lattice parameters reflect the variations
in the interatomic distances, which strongly influence the
magnetic exchange interaction and chemical bonding in
the MnCoGe-based alloys. Figure 10 presents the tempera-
ture dependence of the nearest interatomic distances in the
MnCoGeBy o; alloy. The nearest Mn-Mn distance is strongly
reduced during the orthorhombic-hexagonal transition, while
the Co-Co distance is significantly increased. In the mean-
time, small variations in the Mn-Co/Ge and Co-Ge distances
are observed. Consequently, the high-temperature hexagonal
phase is marked by a smaller Mn-Mn distance and a larger
Co-Co distance than the low-temperature orthorhombic phase.
As mentioned above, the size of the Mn moment critically
depends on the Mn-Mn interatomic distance. The remarkable
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FIG. 10. Thermal evolution of interatomic distances for the
MnCoGeBy ; alloy. The solid red and open blue symbols represent
the interatomic distances for the orthorhombic and hexagonal phases,
respectively. The dotted arrows represent the magnetostructural tran-
sition temperature. The errors on the refined distances are smaller
than the symbol size.

decrease in the Mn-Mn distance during the FOMT transition
may result in not only an order-disorder transition of the
moment arrangement, but also a partial quenching of the Mn
moment. A similar phenomenon has been observed in the
FOMT of FeRh [48], (Mn, Fe),(P, Si) [49,50], La(Fe, Si)
[51], and EuyIn [52] alloys. DFT calculations [53] and ND
experiments [48] reveal that the FOMT in the FeRh alloys
is accompanied with an instability of the Rh moment due to
considerable changes in the interatomic distances and an elec-
tronic redistribution. Our previous DFT calculations [50] and
synchrotron x-ray-diffraction/-absorption experiments [49]
indicate that the (Mn, Fe),(P, Si) compounds experience a
partial quenching of the Fe moment, as well as a strong elec-
tronic redistribution around the Fe atoms during the FOMT.
Similarly, the DFT studies on the La(Fe, Si);3 compounds
suggest an instability of the Fe moment during the FOMT
[51]. A recent report on the Eu,In rare-earth intermetallic
compound also demonstrates that the observed FOMT is due
to an instability of the Eu moment [52]. Consequently, further
studies to monitor the electronic redistribution around the Mn
atoms (e.g., by DFT and synchrotron x-ray diffraction), as
well as the evolution of the Mn moment during the FOMT
(e.g., by ND and x-ray magnetic circular dichroism), will
provide more insight into the instability of the Mn moment
and the phase-transition mechanism for the MnM/Ge alloys.

V. CONCLUSIONS

In summary, we have studied the phase-transition be-
havior and magnetic structure of the MnCoGeB, (x =0,
0.01, and 0.05) alloys by temperature-dependent neutron-
diffraction and density functional theory calculations. It is
found that boron addition offers an efficient and effective way
to manipulate the magnetostructural coupling in the MnCoGe
alloys. The originally separated magnetic and structural tran-
sitions in the MnCoGe alloy were tailored to coincide after
1 at. % boron addition. With a further increase in the boron
addition to 5 at. %, the magnetic and structural transitions
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were decoupled again due to the significantly suppressed
hexagonal-orthorhombic structural transition. The tuning ef-
fect of boron addition can be attributed to the decrease in the
interatomic distances, which strengthens the covalent bonding
and enhances the stability of the high-temperature hexago-
nal phase. The MnCoGe and MnCoGeB; alloys shows a
collinear FM structure below 7y, where both the Mn and
Co moments are parallel to the ¢ axis of the orthorhombic
structure. The MnCoGeB o5 alloy undergoes a PM-FM tran-
sition at To"* = 260 K, where both the Mn and Co moments
starts to align along to the ¢ axis of the hexagonal structure.
Below 75 K, an additional AFM component arises in the
Mn moment along the a axis, which leads to a canted spin
arrangement and thus breaks the hexagonal symmetry. As
a result, the hexagonal P63/mm’c’ (no. 194.270) symmetry
is lowered to its distorted derivative, i.e., the orthorhombic
Pnm'da’ (no. 62.447) symmetry. Apart from the different mag-
netic structures, the Mn moment in the MnCoGeB o5 alloys
is much smaller than that in the MnCoGe and MnCoGeBy (;
alloys, which is due to the shorter Mn-Mn distance and
the resultant weaker exchange splitting between the majority
and minority 3d bands. Additionally, in contrast to conven-
tional second-order magnetic transition, the magnetostructural

FOMT transition in the MnCoGeByo; is accompanied with
significant changes in the Mn-Mn distance that critically in-
fluences the size of the Mn moment. This suggests that the
magnetostructural transition in the MnCoGe-based alloys may
be characteristic of not only an order-disorder transition of the
moment arrangement but also a sizable Mn moment. Conse-
quently, our work demonstrates a strong coupling between the
lattice, spin, and electron degrees of freedom in the MnCoGe-
based alloys.
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