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ABSTRACT

MnCoGe-based intermetallics have garnered significant attention owing to their pronounced negative thermal expansion and large magne-
tocaloric effect (MCE), both of which are highly sensitive to chemical substitutions. Despite extensive studies, the microscopic origin under-
lying the tunability of these properties remains unclear. In this study, we conducted a comprehensive investigation of the local atomic
environments around Mn and Co in MnCoGe;_,Sn, (0 < x < 0.1) using extended x-ray absorption fine structure and other structural and
magnetic characterization techniques. Our analysis reveals that the substitutional disorder introduced by Sn atoms occupying the Ge sublat-
tice sites disrupts the cooperative lattice distortions required for the long-range displacive martensitic transformation. This disorder-induced
suppression results in a systematic decrease in both the martensitic transition temperature (T) and the magnetic ordering temperature
(T¢). At low doping levels, the convergence of Ty and T¢ enhances magnetostructural coupling, thereby amplifying the MCE. However,
further Sn substitution ultimately suppresses the martensitic transition entirely, leading to a decoupling of the magnetic and structural
degrees of freedom and a consequent degradation of the magnetostructural response.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0281364
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1. INTRODUCTION To optimize magnetostructural coupling, different strategies
have been employed to bridge the gap between T¢ and Ty;. These
include altering the stoichiometry of MnCoGe,'°™'” substitutions at
the Mn, Co, or Ge sites, and the introduction of interstitial
atoms.”’™”" Such alterations in the composition of MnCoGe alloys
have proved successful in enhancing the entropy change at the
magnetostructural transition (ASy) and the refrigeration capacity
(RC) values, respectively, up to 48 J/kgK and 230]J/kg in a field

Stoichiometric MnCoGe has been primarily explored for its
magnetocaloric and magnetovolume properties.' ™ These properties
originate from the underlying martensitic transformation at
approximately Ty = 420 K from the paramagnetic (PM), austenitic
Ni,In-type hexagonal structure (P63/mmc) to PM, and martensitic
TiNiSi-type orthorhombic structure (Pnma). The lattice constants
of the two polymorphs are related as aorin = Chexar Dorth = Ghexa» and

18,19,29,31 . .
Corth = V/3@hexa. Accompanied by this structural transition is a large chaflg.e. of §T> which are comparablg to other materials
negative thermal expansion (NTE) of around 3.9%,”" causing the exhibiting giant MCE near room temperature.’ ) )
sample to naturally break and powder upon cooling through the The average valence electron per atom (e/a) ratio and size of

transition. On further cooling, MnCoGe undergoes a magnetic the substituted atoms for the chemical pressure effect have been the
transition from the paramagnetic to the ferromagnetic state at main considerations in implementing these approaches. A positive
Tc ~ 345K, giving rise to a large magnetocaloric effect chemical pressure tends to stabilize the hexagonal phase and effec-
(MCE). The ferromagnetic order is primarily due to the alignment tively tunes the Ty to below room temperature.”~* This stabiliza-
of Mn spins along the ¢,-axis with a magnitude of ~2.9u. In the tion is associated with the fact that the Mn-Mn bond distance in
orthorhombic phase, Co atoms also possess a magnetic moment of ~ the hexagonal phase is shorter than that in the orthorhombic

0.9ug."” The wide difference in structural and magnetic transition phase; hence, substitution with a smaller dopant atom reduces the
temperatures results in a weak magnetostructural coupling in Mn-Mn spacing and favors the formation of a hexagonal
MnCoGe. structure.”*°  This is effectively demonstrated with the
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introduction of 10 at. % Fe at the Mn site”** However, substitution

of Co by Fe also shows a similar effect.”” Though the atomic radius
of Fe lies between that of Mn and Co, with Mn being the larger, Fe
substitution at both Mn and Co sites leads to a net reduction in
unit cell volume, suggesting that the stabilization of the hexagonal
phase may not be primarily driven by a chemical pressure effect.
However, chemical pressure alone cannot fully account for the
reduction in T observed when larger atoms such as In replace Co
in MnCoGe. This argument is further strengthened by comparing
results of Si (smaller atomic radius) and Sn (larger atomic radius)
substitution at the Ge site in MnCoGe. Here, contrary to expecta-
tions, substitution of Si results in an increase in Ty, while Sn substi-
tution causes a decrease in Ty and Tc.***!

Chemical bonding between the nearest Mn atoms in stabiliz-
ing the hexagonal phase is also considered an important factor.
Antisite disorder and a decrease in valence electron count (VEC)
of the alloy are shown to work counterintuitively in decreasing T
and enhancing the magnetostructural coupling.””*>** Substitution
of Co atoms at the Mn site increases the total energy of the system
leading to MnCoGe transforming martensitically at elevated tem-
perature while a decrease in the VEC of the alloy tends to stabilize
the hexagonal state of MnCoGe.

Another important parameter invoked to explain the behavior
of Ty and T¢ is the electron-to-atom (e/a) ratio of the alloy.
Generally, a decrease in the e/a ratio of the alloy results in the sup-
pression of Ty in MnCoGe and related alloys.“’48 Further, the
interplay between chemical pressure and the e/a ratio has also been
explored through Al doping. Substitution of Ge with Al results in a
simultaneous decrease in both Ty and Tc,” whereas Al substitu-
tion at the Mn site leads to an increase in T¢. These divergent
trends are attributed to the dual effect of Al doping on both the
interatomic distances between magnetic elements and the electronic
structure, particularly the density of states (DOS) of the 3d elec-
trons.” Similar results were obtained through a study involving In
doping at the Co and the Ge sites.”” In contrast, substitution of Ge
by the smaller Si atom results in a concurrent increase in Ty and
Te,”' while doping with the larger Sn atom reduces both Ty and
Tc.*' Another critical factor influencing the suppression of Ty is
the electronegativity difference between the dopant and the host
elements (Mn, Co, or Ge). The introduction of a less electronega-
tive element at the Co site, or a more electronegative element at the
Mn site, tends to strengthen Mn-Mn bonding, thereby lowering
the martensitic transition temperature.”” " Similarly, substitution
of Mn with non-magnetic Sn leads to a decrease in Ty and an
increase in T, facilitating the emergence of a magnetostructural
transition.”

Despite extensive studies, a unified mechanism underlying the
modulation of Ty, and T¢ in MnCoGe-based alloys upon chemical
doping remains elusive. In the present work, we systematically
investigate the effect of Sn substitution at the Ge site in MnCoGe
to elucidate the role of chemical modification at the non-magnetic
atomic site on the structural, magnetic, and thermal expansion
behaviors of the alloy. To probe the local atomic environmental
changes induced by Sn doping, extended x-ray absorption fine
structure (EXAFS) spectroscopy was employed as a function of
temperature, with particular emphasis on the vicinity of the magne-
tostructural transition.

ARTICLE pubs.aip.org/aip/jap

Il. EXPERIMENTAL

Polycrystalline MnCoGe;_,Sn, (x = 0, 0.025, 0.05, 0.075, 0.1)
alloys were prepared by arc melting high purity (> 99.99%) Mn, Co,
Ge, and Sn in an inert argon atmosphere. The sample was flipped 3-
4 times during the melt to ensure homogeneity. The obtained ingot
was then cut into pieces using low power diamond saw, and some of
these pieces were finely powdered. The pieces and powder wrapped
in tantalum foil were sealed in an evacuated quartz tube and
annealed at 850 °C for 120 h followed by furnace cooling. The pieces
of x = 0 crumbled into a fine powder upon annealing indicative of
its first order transition temperatures to be above room temperature.
X-ray diffraction (XRD) measurements were performed using a
Rigaku x-ray diffractometer with Bragg-Brentano geometry in the
20 range of 20°-100° with a step size of 0.02° using Cu K, radia-
tion. The stoichiometry and compositional homogeneity were veri-
fied by scanning electron microscopy with energy-dispersive x-ray
spectroscopy (SEM-EDS) over a 100 X 100 um? area of the sample.
In order to identify the structural transition temperatures,
Differential Scanning Calorimetry (DSC) measurements were per-
formed by employing Shimadzu DSC-60, at a rate of 5 K/min during
the heating and cooling cycles in the temperature range of 120-450
K. A cryogenic S-700X SQUID magnetometer was employed for
magnetization measurements. For the temperature dependent mag-
netization measurements (M(T)), the sample was cooled in zero
applied field from 300 to 5K. Magnetization was recorded in the
temperature interval of 5-390 K while warming (zero field cooled,
ZFC), subsequent cooling (field cooled cooling, FCC) and warming
(field cooled warming, FCW) cycles in a field of 100 Oe. Isothermal
magnetization (M(H)) measurements were performed in the field
range from 0 to 7 T (One quadrant 1Q) at 5K interval over a tem-
perature range of 60 K around the T¢’s of the respective alloys. For

each measurement, the sample was cooled from 390 K to the desired ?
temperature in zero field. Low temperature thermal expansion mea- !

surements were performed by measuring the resistance change of a
Kyowa strain gauge in the temperature range of 120-380K.
Temperature dependence of lattice parameters was studied by per-
forming Synchrotron XRD at beamline BL-18B, Photon Factory,
Japan. The data were collected at an energy of 15 keV at various tem-
peratures ranging between 50 and 300 K. The obtained data were
then analyzed using the FullProf Suite and the lattice constants were
obtained. Local structures around the constituent atoms were investi-
gated by x-ray absorption fine structure (XAFS) spectroscopy at the
Mn-K and the Co-K edge at various temperatures ranging between
100 and 300K on the P65 beamline at the PETRA III synchrotron
source, DESY, Hamburg, Germany using a Si(111) double crystal
monochromator and two Si mirrors at an angle of incidence of
2 mrad for higher harmonics suppression, a standard configuration
for this energy range.”® Absorbers were made by stacking 20 x
5mm? strips of scotch tape, uniformly coated with very fine sample
powder (~20um). The thickness of the absorbers was adjusted to
limit the total absorption to < 2.5 beyond the absorption edge. The
incident and the transmitted photon beam intensities were measured
using ionization chambers filled with the appropriate gases. At least
three scans were recorded at every temperature and averaged to
reduce the statistical noise. Data analysis was done using the
DEMETER suite.”
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FIG. 1. (a) Rietveld refined x-ray diffraction plots for MnCoGe;_,Sny (x = 0, 0.025,

Temperature (K)

(d)

(e)

0.05, 0.075, 0.1) alloys. Crystal structure of MnCoGe in the (b) orthorhombic and

(c) hexagonal phases. (d) False color maps depicting the Mn, Co, Ge, and Sn homogeneity for the MnCoGeygSno s sample. (e) DSC thermograms for MnCoGe,
MnCoGey.975Sng 025, and MnCoGey g5Sng o5 during the warming and the cooling cycles.

Ill. RESULTS

Figure 1(a) displays the Rietveld refined x-ray diffraction pat-
terns of all the samples recorded at room temperature. Since the
martensitic transition temperature (Ty;) of MnCoGe, (x = 0) is
well above room temperature, it crystallizes in the TiNiSi-type
orthorhombic structure (Space Group: Pnma) shown in Fig. 1(b).
The diffraction pattern of x = 0.025 primarily contains peaks of
the Ni,In-type hexagonal phase (P6;/mmc) along with weak reflec-
tions arising from the orthorhombic phase, indicating that its T is
around room temperature. Alloy compositions with higher Sn con-
centration, x = 0.05, 0.075, and 0.1, display a hexagonal Ni,In-type

structure [Fig. 1(c)]. The lattice constants obtained from Rietveld
refinement agree well with previous work™ " and are listed in
Table I. The systematic increase in the lattice constants of the hex-
agonal phase with increasing Sn content can be ascribed to the sub-
stitution of the larger Sn (r = 1.58 A) for Ge (r = 1.22A).

Further confirmation of the alloy compositions was obtained
from SEM-EDS. The elemental false color maps depicted for
x=0.1 in Fig. 1(d) confirm the homogeneous nature of the alloy
with no evident phase segregation. The average composition is deter-
mined by scanning an area of 100um? of the sample and that
obtained from three randomly selected spots within this area agree

TABLE I. Room temperature lattice parameters and EDS compositions of MnCoGe4_,Sn, alloys.

Orthorhombic Hexagonal
Alloy a (A) b (A) c(A) a(A) c(A) EDS composition
MnCoGe 5.9417 3.8201 7.0487 . . Mn; ¢,Co4 9,Gegoe
MnCoGe0,97SSno,025 5.9299 3.8287 7.0587 4.0880 5.3132 Mnl'oocol_ozGeo'gssng'oz
MnCOGeO'95Sn0'05 4.1033 5.3325 Mn1'04C01'00G60'93Sn0'03
MHCOGe0‘9258n0‘075 4.1063 5.3367 Mn1.02C01.02G60‘918n0_05
MnCoGej oSng 1 4.1103 5.3453 Mn 5oCoy 00Geg.925n0,08
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well with each other and are within ~ 3% of the nominal composition

of the alloys. Table I lists the SEM-EDS composition of the alloys.
Figure. 1(e) shows the DSC curves for the MnCoGe;_,Sn,

alloys recorded at a rate of 5K/min during the warming and

ARTICLE pubs.aip.org/aip/jap

cooling cycles. Strong exothermic and endothermic peaks in x = 0,
0.025, and 0.05 accompanied by a hysteretic behavior confirm the
presence of a first order transition in these compounds. MnCoGe
undergoes a structural transformation from the hexagonal to the
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FIG. 3. (a) Isothermal magnetization curves M(H) recorded at 5K in the field range of 0 T < H < 7 T for MnCoGe, MnCoGej 95Sng.05, and MnCoGeg gSng 1 alloys.

(b) Entropy change associated with the magnetic transition in MnCoGe, MnCoGeg ¢5Sng 05, and MnCoGeg ¢Sng 1 alloys.

orthorhombic phase at around 420 K while warming and around
394 K while cooling.' Introduction of Sn at the Ge site reduces the
Ty to around 320 K while warming and 308 K while cooling in
MnCoGej 975Sn9.025. A further increase in Sn concentration to
x =0.05 reduces the T)s to around 268 K while warming and
262 K while cooling. No phase transition was observed in DSC for
x =0.075 and 0.1 (supplementary material). Resistivity measure-
ments down to 30K (supplementary material) also did not show
the presence of any phase transition in these two alloys.
Magnetization as a function of temperature, M(T) recorded
in the ZFC, FCC, and FCW protocols under an applied field of
0.01 T for MnCoGe, MnCoGey 95Sng05, and MnCoGeyoSng; is
presented in Figs. 2(a)-2(c). The paramagnetic to ferromagnetic
transition temperatures T¢ in each of the alloys were determined
from the minimum in dM/dT curves (shown as insets for all
the samples). The Tc for MnCoGe is found to be 335K,
which is below its Ty = 420K in agreement with previous
reports.””">”"" With 5% substitution of Sn for Ge, the magnetic
ordering temperature reduces and coincides with the martensitic
transition temperature, indicating magnetostructural coupling
and hence is represented by T, = 271K determined from the
DSC measurements. The distinct hysteresis between the FCC and
FCW magnetization curves also indicates the first order nature of
the magnetic transition. MnCoGeSng; undergoes PM to FM
transition at T¢c = 267 K. The absence of any hysteresis between
FCC and FCW magnetization curves indicates the transition to be
second order type. The absence of any structural phase transition

is also confirmed from DSC and resistivity measurements per-
formed on this alloy (supplementary material). Another aspect to

be noted from M(T) measurements is the bifurcation between |
ZFC and FC magnetization curves. This could be ascribed to the :

random magnetization of domains in zero field conditions and
their correlated orientation under the influence of the field. The
presence of magnetic inhomogeneities also results in such a
behavior.

Isothermal magnetization curves were recorded at 5K for the
field interval of 0-7 T and the same are presented in Fig. 3(a).
While the magnetic moment values in MnCoGe and
MnCoGey g5Sng o5 are nearly same (~ 4.8uy/f.u.) and in agree-
ment with the literature reports,” it decreases sharply to 1.7 ug/f.u.
in the case of MnCoGey 9Sny ; alloy. It is well known that both Mn
and Co carry a magnetic moment in the orthorhombic phase while
only Mn atoms possess an ordered moment in the hexagonal phase
of MnCoGe.”” This could well be the reason for the lower magnetic
moment in MnCoGey 9Sny ;. However, the magnetic moment value
observed in MnCoGey¢Sny ; is lower than 2.3 g /f.u. reported for
hexagonal MnCoGe."’

The entropy change at the magnetic phase transition is often
used as a measure of magnetostructural coupling in the alloys. To
understand the effect of Sn doping in MnCoGe on the magneto-
structural coupling, entropy changes were calculated and the plots
are presented in Fig. 3(b). The entropy change was calculated from
the series of isothermal magnetization curves recorded every 5K
over a 60 K interval (supplementary material) about the T¢’s of the
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respective alloys using Maxwell’s equation

7T
s,
0 8T H

The entropy change in MnCoGe is ~20]J/kgK at its T, = 335 K.
This value increases to ~35]J/kgK at its T, =270K in
MnCoGeg.95Sng 05.°"°“*° This increase in the magnetostructural
coupling is due to the coincidence of martensitic and magnetic
transition in this alloy. Surprisingly, the value of AS decreases
sharply to ~3J/kg K in MnCoGegoSny 1, signifying the disappear-
ance of magnetostructural coupling in this alloy.

Martensitic phase transition that drives the structure from the
hexagonal austenitic phase to the orthorhombic martensitic phase is
accompanied by a large negative thermal expansion. To investigate
the structural changes in the Sn doped alloys, synchrotron x-ray dif-
fraction measurements were performed as a function of temperature.
Diffraction patterns were recorded during the warming cycle in the
temperature interval of 50K < T <300K for the three
MnCoGe;_,Sn, (x = 0, 0.05, and 0.1) compositions (supplementary
material). As the martensitic transition temperature of MnCoGe is
420K, the diffraction patterns in 50K < T < 300K interval could
be indexed to the orthorhombic phase. In the case of
MnCoGey 95Sng g5, the diffraction pattern at 300 K corroborates to
the hexagonal phase. At 275K, peaks belonging to the orthorhombic
phase appear and below 250K, the structure is entirely
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orthorhombic, in agreement with DSC and magnetization measure-
ments. In the case of MnCoGeyoSny 1, the hexagonal phase appears
to be stabilized down to 50 K again confirming the disappearance of
structural transition in this alloy composition.

Crystallographically, the TiNiSi-type orthorhombic structure
can be considered the distortion of the Ni,In-type hexagonal struc-
ture and hence the unit cell parameters and the cell volume of the
orthorhombic and hexagonal structures are related as agpmo = Chexs
burtho = Qhex> Cortho = \/gahex) and Vortho = 2Vhex. Figure 4 diSplaYS
the temperature dependence of the lattice constants and the unit
cell volume for MnCoGe, MnCoGeg 95Sng o5, and MnCoGej 9Sng |
obtained from Le Bail refinement of the diffraction patterns. The
lattice constants of MnCoGe in the orthorhombic phase and
MnCoGey 9Sng; in the hexagonal phase show a monotonic increase
with temperature over the entire temperature range of measure-
ment between 50 and 300 K. A characteristic discontinuity in the
variation of the lattice constants and a sharp decrease in the unit
cell volume of MnCoGeg95Sng 5 are observed at 275K, indicating
a negative thermal expansion. The negative thermal expansion
window extends over a temperature interval of 50 K from about
225K to about 275 K. A volume change of ~ 5.3% noted at the
transition is greater than that observed in MnNiGe (2.68%) and
MnCoGe (4.0%) alloys, indicating a considerable atomic displace-
ment during the structural reconstruction. In the orthorhombic
phase, the ferromagnetic order is related to the shorter Mn-Mn
distance along the c-axis, which is equivalent to the g-axis in the
hexagonal phase. The values of copno = V/3apex at low temperatures
for all the three alloys scale with the observed values of T¢ in these
alloys. The sharp increase in coppo = /30y, at the phase transition
followed by the decrease in the ¢y, along with an increase in
Aortho in the case of x = 0.05 alloy confirms the presence of strong
magnetostructural coupling in this alloy. It may be noted that the
absence of negative thermal expansion coincides well with the com-
paratively small entropy change in MnCoGeg ¢Sng ;.

Studies so far reveal that, initially, with Sn doping, the magneto-
structural coupling strengthens which is reflected in the enhanced
entropy change as well as larger negative thermal expansion. With a
further increase in Sn content, the martensitic transition disappears
completely resulting in a very small entropy change and no negative
thermal expansion. To investigate the cause of such a behavior, local
structures around Mn and Co atoms were studied as a function of tem-
perature. EXAFS data at the Mn and Co K edges in the k-range of
3A7! to 14 A~! were Fourier transformed to R-range and then fitted
using the structural correlations based on the crystal structure of the
alloys. Emphasis was on observing changes in Mn-Mn, Mn-Co,
Mn-Ge, Co-Co, and Co-Ge correlations occurring in the R-range of
1-4.5 A in the case of orthorhombic structure and 1-3.7 A for the hex-
agonal structure. These structural correlations are listed in Table II.
Lowering of symmetry from hexagonal to orthorhombic structure lifts
the degeneracy of all the bonds except for the nearest Mn-Mn bond
along the c-axis. The bond length of this Mn-Mn bond, however,
increases from 2.664 to 3.085 A. It may be pointed out that the doubly
degenerate Mn-Mn bond at 4.769 A was not used in the analysis as the
upper limit of R=range for fitting Mn EXAFS data was set to 4.0 A.
The main reason for setting the limit was the presence of hardly any
signal in the magnitude of Fourier transform (FT) beyond 4 A due to
too many scattering paths contributing out of phase with each other.

ARTICLE pubs.aip.org/aip/jap

TABLE II. Type of bond, coordination no. (C.N.), and bond distance for MnCoGe in
the orthorhombic and the hexagonal phases calculated from crystal structure and
lattice parameters obtained from x-ray diffraction.

Orthorhombic Hexagonal
Type of Bond Type of Bond
bond CN. distance (A) bond CN. distance (A)
Mn-Mn 2 3.085 Mn-Mn 2 2.664
Mn-Mn 2 3.318 Mn-Mn 6 4.097
Mn-Mn 2 3.820
Mn-Mn 2 4.769
Mn-Ge 3 2.623 Mn-Ge 6 2.715
Mn-Ge 2 2.638
Mn-Ge 1 34
Mn-Co 1 2.691 Mn-Co 6 2.715
Mn-Co 3 2.817
Mn-Co 2 2.841
Co-Ge 2 2.320 Co-Gegort 3 2.365
Co-Ge 1 2.376
Co-Ge 1 2.376 Co-Gejong 2 2.664
Co-Ge 1 3.629
Co-Co 2 2.791 Co-Co 6 3.563
Co-Co 2 3.808
Co-Co 2 4.014

Figure 5 displays the FT magnitudes of Mn EXAFS in all the
three samples. There are no directly visible changes in the FT mag-
nitude due to the transformation from the hexagonal to ortho-

rhombic structure. The local structure around Co as seen in Fig. 6 |
shows distinct changes due to structural transformation, especially |

in MnCoGe95Sng0s. The first peak in the FT magnitude of Co
EXAFS data appears to split into two upon the alloy transforming
from orthorhombic to hexagonal structure at T > 270 K. The split
first peak is also observed in the Co EXAFS data in R space at all
temperatures in MnCoGey 9Sng ;. The absence of any other changes
in the local structural features of Mn and Co EXAFS data corrobo-
rates the absence of Sn at the Mn or Co sites.

A structural model comprising all correlations mentioned in
Table 11 with the exception of Mn-Mn bond at 4.769 A was con-
structed to fit the Mn and Co EXAFS together. Appropriate struc-
tural constraints were employed to reduce the number of fitted
parameters. The obtained fits were very good, and the fitted param-
eters obtained at each of the temperatures for MnCoGe,
MnCoGey.95Sng,05, and MnCoGegoSng; are, respectively, given in
the supplementary material. The FT magnitudes of Mn and Co
EXAFS in the three alloys measured at 300K, along with the
respective fitted curves, are presented in Fig. 7.

The thermal evolution of Mn-Mn, Mn-Co, Mn-Ge, Co-Ge,
and Co-Co bond distances is presented in Fig. 8. All the bond dis-
tances vary in accordance with the crystal structure. For instance,
the two Mn-Mn bonds at ~2.65 and ~4.1 A in the hexagonal
phase split into a bunch of three distances, ~3.0, ~3.3, and ~3.8 A
and a much longer one at 4.7 A in the orthorhombic phase. The
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FIG. 5. Temperature evolution of the magnitudes of Fourier transform of Mn—K edge EXAFS data in (a) MnCoGe, (b) MnCoGey g5Sng g5, and (c) MnCoGeg gSng 1 alloys.

Mn-Mn bond at 4.7 A was not used in the fitting. A similar split- IV. DISCUSSION
ting is observed for other bond distances as well. These transforma-

The hexagonal austenitic phase of MnCoGe adopts a layered
tions are clearly seen in the case of MnCoGey 95Sng 5. As MnCoGe

structure composed of planar Co-Ge networks, in which the edge- =
is orthorhombic in the entire temperature range studied here, only sharing six-membered Co-Ge rings form a honeycomb structure §
those sets of distances are observed from the EXAFS analysis. stitched together by Mn atoms.”” During the martensitic transfor- _%
Similarly, only the hexagonal set of distances is observed in  mation to the orthorhombic phase, the Co-Ge layers undergo 3
MnCoGejoSng ;. puckering causing a reconfiguration of Mn atoms such that they <
3
30 y T 3.0 T T 3.0 T T
MnCoGe (@)  Co local structure MnCoGe,,Sn . ()  Co local structure MnCoGe, Sn (c) Co local structure
=
3
=
0 2 4 4 0 2 4
Radial distance (A) Radial distance (A) Radial distance (A)
FIG. 6. Fourier transform magnitude of Co EXAFS as a function of temperature in (a) MnCoGe, (b) MnCoGeg g5Sng 05, and (c) MnCoGeg gSng 1 alloys.
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FIG. 8. Variation of Mn-Mn, Mn-Co, Mn-Ge, Co-Ge, and Co-Co bond distances as a function of temperature, obtained from Mn-K and Co-K EXAFS analysis in

MnCoGe, MnCoGey g5Sng 05, and MnCoGeg gSng 1 alloys.

come closer in the y-z plane of the orthorhombic lattice and simul-
taneously move apart along the x-axis.

Substitution of up to 10% Ge with larger Sn atoms in
MnCoGe;_,Sn, leads to a pronounced and systematic decrease of
Tc and Ty. Notably at x = 0.05, the two transition temperatures
converge, enhancing the magnetostructural coupling. The strong
magnetostructural coupling is evidenced through a significantly
larger change in the unit cell volume, a microscopic spin-phonon
coupling elucidated by a jump in isothermal magnetization at
T =~ Tc (see Fig. S2 in the supplementary material) and enhanced
entropy change across the transition relative to undoped MnCoGe.
However, a further increase in Sn content to x > 0.075 results in a
complete suppression of martensitic transformation along with the
disappearance of the negative thermal expansion, the absence of
the metamagnetic like transition at T¢, and a very small entropy
change seen in MnCoGey 9Sny ;.

The pronounced structural changes lead to macroscopic
changes in physical properties of Sn substituted alloys. The struc-
tural changes can be easily seen from global structural probes like
XRD and local probes like EXAFS. Such large changes in the near

neighbor environment of Mn and Co make it difficult to notice the
relatively smaller changes due to Sn doping. In MnCoGe;_,Sn,
alloys, the local structures around Mn and Co confirm to the
crystal structures of the alloys. This observation contrasts with full
Heusler martensitic alloys such as Ni;MnGa, wherein the local
structural changes play a critical role in driving the martensitic
transformation.”™®® Such a contrasting observation between
MnCoGe and other full Heusler martensitic alloys could be
ascribed to the hexagonal structure of MnCoGe in the austenitic
phase, which is of lower symmetry compared to the L2; structure
of Ni; MnGa-type alloys.

Further, though Sn substitution in MnCoGe does not alter the
e/a ratio, similarities between the effect of applied pressure and Sn
doping on Tc and Ty have been highlighted."" However, the
present study shows a monotonic increase in the lattice parameters
and similar changes in the local structure of Mn and Co with Sn
doping, thereby questioning the hypothesis that Sn doping induces
pressure-like effects on the Mn-Mn and Co-Ge bonding networks.

Analysis of the mean square variation in bond distance (c?)
extracted from the EXAFS data provides additional light on the
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FIG. 9. Thermal evolution of mean square radial disorder (MSRD) in Mn-Mn, Mn—Co, Mn-Ge, Co-Ge, and Co-Co bond distances obtained from Mn—-K and Co-K

EXAFS analysis in MnCoGe, MnCoGeg g5Sng o5, and MnCoGeg gSng 1 alloys.

role of disorder. As can be seen from Fig. 9, except for Mn-Ge and
Co-Ge bonds, the o2 values of Mn-Mn and Co-Co bonds increase
systematically with Sn content. Considering that the thermal con-
tribution to o to be similar across the MnCoGe;_,Sn, series due
to comparable lattice parameters, the observed increase in ¢ pri-
marily arises from the structural disorder. This interpretation is
further corroborated by the random distribution of Sn in the alloy
and the absence of any phase segregation as seen in the false color
images presented in Fig. 1.

The structural disorder caused by Sn doping disrupts the
long-range coherence of magnetic and structural interactions,
leading to the observed decrease in magnetic and martensitic
transformation temperatures. At low Sn concentrations, the coin-
ciding transition temperatures enhance the magnetostructural
coupling and amplify the associated magnetovolume and entropy
changes. With a further increase in Sn content, the disorder
increases and the coupling diminishes, which is reflected in the
absence of negative thermal expansion and significant reduc-
tion in the entropy change at the magnetic transition in
MHCOGCO'QSHO'I.

Materials like LaFeSi exhibit an entropy change around
15]/kg K under a magnetic field change (AH) of 2T while

GdsSi;Ge, displays an entropy change of 20J/kgK under
AH =5T but with an associated hysteresis of around 8XK.
Comparatively, MnCoGej95Sn905 shows a large entropy change
(~35]/kg K under AH = 7 T) with an associated hysteresis of 7 K,
making it a promising MCE material. However, the large volume
change associated with the magnetostructural transition can affect
the mechanical stability during cycling.

V. CONCLUSIONS

In summary, the present detailed study of local structural and
magnetic characterization of MnCoGe;_,Sn, highlights the substi-
tutional disorder introduced by Sn substitution in the Ge sub-
lattice in MnCoGe. The disorder introduced by Sn disrupts the
long-range correlated structural distortions driving the martensitic
transformation and thereby resulting in a systematic decrease in
both the Ty and the T¢. At low doping levels (x < 0.05), the con-
vergence of Ty and T¢ enhances magnetostructural coupling,
thereby amplifying the MCE. However, further Sn substitution
completely suppresses the martensitic transition, resulting in a
breakdown of magnetostructural coupling and a diminished func-
tional response.
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SUPPLEMENTARY MATERIAL

The supplementary material consists of three figures and three
tables. The three figures are (I) DSC thermograms, resistivity, and
strain  curves recorded for MnCoGej55n0.075 and
MnCoGegoSng1; (II) isothermal magnetization curves used for
entropy calculations in MnCoGe, MnCoGegosSnggs, and
MnCoGey 9Sny 1; (IIT) synchrotron XRD profiles at selected temper-
atures and in the limited 26 range to highlight the structure at
room temperature and low temperatures. The three tables give local
structural parameters obtained from Mn and Co EXAFS analysis in
MnCoGe, MnCoGey 9550 05, and MnCoGey ¢Sn 1, respectively.
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