<]
TUDelft

Delft University of Technology

Strong magnetoelastic coupling in MnCoSi compounds studied in pulsed magnetic fields

Zhang, Fengqi; Bykov, Eduard; Gottschall, Tino; Van Dijk, Niels; Brtick, Ekkes

DOI
10.1103/PhysRevB.107.214431

Publication date
2023

Document Version
Final published version

Published in
Physical Review B

Citation (APA)

Zhang, F., Bykov, E., Gottschall, T., Van Dijk, N., & Briick, E. (2023). Strong magnetoelastic coupling in
MnCoSi compounds studied in pulsed magnetic fields. Physical Review B, 107(21), Article 214431.
https://doi.org/10.1103/PhysRevB.107.214431

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1103/PhysRevB.107.214431
https://doi.org/10.1103/PhysRevB.107.214431

PHYSICAL REVIEW B 107, 214431 (2023)

Strong magnetoelastic coupling in MnCoSi compounds studied in pulsed magnetic fields
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The orthorhombic MnCoSi compounds have been found to present a large magnetoelastic coupling, which
is regarded as the source for the magnetocaloric effect (MCE) and the magnetostrictive effect. As a result,
these compounds are potential materials for caloric applications such as solid-state refrigeration. In the present
study, we offer fundamental insights in the magnetoelastic coupling in these compounds based on their structural,
metamagnetic, and MCE behavior. The directly measured adiabatic temperature change (AT,4) in different initial
temperatures (down to 18 K) and pulsed magnetic fields (up to 40 T) presents a moderate MCE performance (the
maximum AT,y = -3.1K for a field change of 13 T), which results from the metamagnetic behavior of these
compounds. Furthermore, the magnetization measurements in pulsed (and static) magnetic fields indicate that
the magnetoelastic coupling is significantly enhanced for increasing fields resulting in an improved saturation
magnetization. The metamagnetic transition is continuously pushed to lower temperatures in higher fields. The
phase diagram constructed from the experimental transition temperatures 7; and the critical magnetic fields
oH, indicate that the transition is terminated below 18 K and that ferromagnetism is stabilized for fields above
22.3 T. Our results provide unique insights into the strong magnetoelastic coupling under high pulsed magnetic

fields, providing guidelines for the design of giant magnetocaloric materials for future caloric applications.

DOI: 10.1103/PhysRevB.107.214431

I. INTRODUCTION

As a result of the magnetic exchange coupling and the
spin-orbit interaction, a magnetoelastic coupling between the
magnetic order parameter in the magnetically ordered state
and elastic atomic displacements of the lattice can be ob-
served [1]. A strong magnetoelastic coupling is associated
with the MCE in metallic ferromagnets [2,3] and the magne-
toelectric effect in perovskite materials [4,5]. Magnetocaloric
materials (MCMs) that show a MCE with a large magnetoe-
lastic coupling include (Mn, Fe), (P, X)-based (X = As, Ge,
Si) [2,6], La(Fe, Si)5-based [7], FeRh-based [8], Eu,In [9],
and MnCoSi [10] compounds. These MCMs enable promising
application scenarios such as solid-state magnetic refriger-
ation [11], magnetic heat pumps [12], and thermomagnetic
generators to convert low-temperature waste heat into elec-
tricity [13—15]. For magnetic systems, it is known that the
energy operator Hamiltonian J can be expressed [1] as H =
How + He + FHope + H,, where H,, is the magnetic energy, H,
the elastic energy, J(,,. the magnetoelastic coupling, and I,
the anisotropy energy. The energy of the system is minimized
by aligning the magnetization in the lowest-energy direction
and with a subtle elastic lattice distortion resulting from the
coupling of the magnetic order and the elastic energy via the
magnetoelastic coupling. The simplest manifestation of the
magnetoelastic coupling is the magnetostriction, where the
lattice is elastically deformed in the presence of externally
applied magnetic fields [1,16,17].
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As an intriguing class of magnetoelastic MCMs [10], the
MnCoSi compounds with an orthorhombic NiTiSi type crystal
structure have been widely studied [18-20]. It was observed
that these compounds hold the largest magnetoelastic cou-
pling in metallic magnets [21], which is responsible for the
spontaneous transition from the low-temperature noncollinear
antiferromagnetic (AFM) to the high-temperature ferromag-
netic (FM) state. This strong coupling is mainly tailored by
the metastable nearest Mn-Mn distance [21,22]. Although the
physical properties below 9 T have been investigated for the
MnCoSi family [22], the metamagnetic properties at higher
magnetic fields (>10 T) are still lacking. Nondestructive
pulsed field facilities provide the possibility to significantly
extend the magnetic field range (up to 50 T and beyond) by
establishing the phase diagram of 7; and woH,; and probe the
magnetic properties of the AFM/FM state. As the timescale of
the pulsed magnetic fields (10-100 ms) matches the targeted
operation frequency of magnetic refrigerators (10-100 Hz)
[23,24], pulse field measurements can directly characterize
the adiabatic temperature change (AT,q) to evaluate the MCE
under adiabatic conditions. The method has been applied for
several MCMs such as Ho,Fe7 [25], rare earth based Laves
phase compounds [26-28], Gd [29,30], MnFe4Si; [31], FeRh
[32], La(Fe, Si)3 [33], and NiMn-based Heusler compounds
[23,24,34-36]. These previous studies enable the exploration
of MnCoSi materials in pulsed magnetic fields.

Consequently, a Mn 9;Cog9gSi compound has been pro-
duced and its structural, magnetization, and MCE properties
were studied under static (up to 14 T) and pulsed (up to
40 T) magnetic fields. The in situ pulse-field measurements

©2023 American Physical Society
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enable the simultaneous determination of the magnetization
and the adiabatic temperature change AT,4 around the metam-
agnetic transition for different temperatures, magnetic fields,
and timescales (pulse duration). The results demonstrate that
the metamagnetic transition in MnCoSi MCMs is connected
with the strong magnetoelastic coupling and provides insights
into the strong magnetoelastic coupling in high pulsed mag-
netic fields.

II. METHODS AND EXPERIMENTAL PROCEDURE

High-purity (99.9%) raw materials were used to pre-
pare polycrystalline samples with a nominal composition of
Mn Cop9gSi by arc melting under Ar atmosphere. The
samples were melted five times for homogeneity and 4 at. %
extra Mn was introduced to compensate for the evaporation
of Mn during melting. The as-cast ingots were sealed in
quartz ampoules under 20 kPa Ar and annealed at 1123 K for
60 h. Then, the samples were slowly cooled to room temper-
ature (RT) over 72 h [37] in order to release the strain that
develops during the martensitic transition [38,39] between
the high-temperature hexagonal state and the orthorhombic
ground state.

Zero-field differential scanning calorimetry (DSC) mea-
surements were carried out using a commercial TA-Q2000
DSC calorimeter. X-ray diffraction (XRD) patterns at differ-
ent temperatures were collected using an Anton Paar TTK450
temperature-tunable sample chamber and a PANalytical X-
pert Pro diffractometer with Cu Ko radiation. The XRD
patterns were processed using FULLPROF’S implementation of
the Rietveld refinement method [40]. Temperature-dependent
magnetization (M-T) and field-dependent magnetization
(M-H) curves below 7 T were measured in a superconduct-
ing quantum interference device (SQUID, Quantum Design
MPMS 7XL) magnetometer. The corresponding curves up to
14 T were obtained from a physical properties measurement
system (PPMS 14 T, Quantum Design).

Direct measurements of the adiabatic temperature change
AT, and the magnetization at different temperatures and
magnetic fields were performed simultaneously in a purpose-
built experimental setup. Pulsed magnetic fields up to 40 T
were provided by the Dresden High Magnetic Field Labora-
tory (HLD). The selected fields are 5, 10, 20, and 40 T, and
the total pulse duration is around 160 ms. The temperature
change was monitored by a carefully intertwined copper-
constantan thermocouple (open loops induce a parasitic signal
due to the field change [31]), which was squeezed between
two plate-shaped samples to optimize the thermal contact and
reduce the heat losses. The sample-thermometer geometry
was enclosed in a thin-walled vacuum tube to provide better
adiabatic conditions. The target temperature was controlled
with a local heater. Resistive Pt-100 (high temperature) and
Cernox (low temperature) thermometers were utilized to de-
termine the reference temperature. The magnetization was
measured in a home-built pulsed-field magnetometer similar
to Ref. [25] by integrating the voltage induced in compensated
pick-up coils surrounding the sample. The absolute values of
the magnetization were calibrated against the lower-field data
from the PPMS.

III. RESULTS AND DISCUSSION

In Fig. 1(a) the results from XRD measurements on the
Mn ¢2Cop9gSi compound are shown for temperatures be-
tween room temperature (RT) and 443 K. The main (112),
(202), (211), and (103) reflections show minor shifts for in-
creasing temperature. As in Fig. 1(b), a Rietveld refinement
of the XRD patterns confirms the orthorhombic Pnma (space
group 62) crystal structure, where Mn, Co, and Si atoms are
positioned at three different 4c¢ sites. No impurity phases were
observed. In Fig. 1(c), the lattice parameters between RT
and 363 K (gray area) exhibit anisotropic lattice distortions;
for instance, the lattice along a shows a negative thermal
expansion (-0.02%), whereas b and ¢ have conventional ex-
pansions. When the temperature is above 363 K the lattice
parameters increase roughly linearly with temperature (con-
stant coefficients of linear thermal expansion). Figure 1(d)
shows the unit-cell volume V as a function of the temperature.
The experimental behavior is in agreement with other exper-
imental observations [22,41]. The anisotropic changes in the
lattice structure are associated with the strong magnetoelastic
coupling. A similar behavior was observed in the hexagonal
(Mn, Fe), (P, Si)-based MCMs [42], where lattice parameter
a shrinks (negative thermal expansion) and lattice parameters
b and c expand (conventional positive thermal expansion). The
derived lattice parameters a, b, ¢ and the unit-cell volume V
for the Mn; 0oCoy 9sSi compound at different temperatures are
summarized in Table S1 (Supplemental Material) [43].

It is known that the MnCoSi system exhibits a meta-
magnetic transition below its Néel temperature (7y). As
shown in Fig. S1 (Supplemental Material) [43] the Néel
temperature for the Mnj 3Cop9gSi compound corresponds
to Ty = 380.4K. In Fig. 2(a), the isothermal M-T curves
under static conditions suggest that the tricriticality of the
metamagnetic transition is observed because it is initially
second order, but becomes first order for increasing applied
magnetic fields. Combining neutron diffraction (ND) and den-
sity functional theory (DFT) calculations, Barcza er al. [22]
proposed that this phenomenon is mainly controlled by the
nearest-neighbor Mn-Mn distance. This metamagnetic transi-
tion couples with the change in the nearest Mn-Mn distance,
where the low-temperature noncollinear antiferromagnetism
is gradually suppressed in applied magnetic fields. It is in-
teresting to note that, as shown in Fig. S2(a) (Supplemental
Material) [43], the thermal hysteresis (AThys) continuously
increases with increasing field and that the field dependence
of the transition temperature d7;/duoH gradually decreases
with field from —60 K/T (2-3 T), —23 K/T (3-5 T), —15
K/T (5-7 T), and —13 K/T (7-10 T) to —10 K/T (10-
14 T), respectively. Note that the large d7;/duoH shift in
low fields could result from the competition between anti-
ferromagnetic and ferromagnetic ordering [10]. Therefore, it
is worthwhile to further investigate (i) how 7, changes in
higher magnetic fields (especially pulsed fields) and establish
the phase diagram of 7;, and (ii) the behavior of this mag-
netoelastic metamagnetic transition. Based on the Maxwell
relation AS, (T, H) = fOH (%)Hd,uoH, the magnetic en-
tropy change AS,, with different magnetic-field changes
(ApoH) is estimated for the Mnj CogogSi compound.
Figure 2(b) shows the magnetic entropy change derived under
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FIG. 1. (a) XRD patterns for the orthorhombic Mn; 3,Coy.9sSi compound measured at different temperatures. (b) Rietveld refinement of
the XRD pattern at 313 K. (c) Derived lattice parameters and (d) unit-cell volume as a function of the temperature for the Mn; 1, Cog9gSi

compound.

isothermal conditions, resulting in a moderate MCE perfor-
mance consistent with previous studies [10,44]. The signs of
AS,, change when the inverse and conventional MCE com-
pensate each other at around 330 K.

The adiabatic temperature change AT,q, which is another
key parameter for the MCE performance, is directly estimated
from the pulsed field experiments at different temperatures
and magnetic fields, as shown in Figs. 3(a)-3(d). The negative
AT,q values are characteristic for the inverse MCE. A distinct
feature of these AT,4-H curves is the asymmetric shape for
the up-sweeping magnetization and down-sweeping demag-
netization processes. This asymmetry could be ascribed to
the faster pulse rates for the up-sweeping compared to the
down-sweeping curves. This difference is expected to affect
the nucleation and growth of the phase forming in the MnCoSi
compound. Martensitic and ferroelastic first-order transitions
are dominated by nucleation-growth processes that typically
occur in the ultrasonic frequency range between kHz and MHz
[45]. As shown in Fig. S3(b) (Supplemental Material) [43] the
rate for the up-sweeping process (up to 6000 T/s for 40 T)
is significantly higher than the down-sweeping process. That
will cause a kinetic effect with a residual fraction of the parent
phase. A similar effect was observed in NiMn-based magnetic

Heusler compounds [34,35] and in FeRh ferromagnets [32].
As demonstrated in Figs. 3(e)-3(h) it is found that the peaks
in |AT,| roughly match the field-time profile of the pulsed
fields when the measured temperature is close to the AFM-FM
transition. The close similarity between the starting points
for |AT,q| and the pulsed fields indicates the good adiabatic
experimental condition. In Fig. 4(a) the direct AT,y measure-
ment setup is schematically illustrated. It should be noted that
for the adiabatic MCE measurement (no delay in response
between the sample and the thermocouple) a requirement of
the setup is to satisfy the following condition: 7, < At < 13,
where 7 is the thermal time constant (1, = C;/kp and 1,
C,/ky), C is the heat capacity, « is the thermal conductivity,
and At is the duration of the field pulse [46]. Note that index
b refers to the link of the sample with the thermal bath and
index ¢ refers to the link of the sample with the temperature
sensor [see Fig. 4(a)]. A more detailed discussion can be
found in the Supplemental Material [43]. Additionally, it is
worth pointing out that |AT,4| is only partially reversible for
the highest pulsed fields with ApugH = 40T (highest sweep
rate).

As mentioned before, in comparison to other strong
magnetoelastic systems such as (Mn, Fe),(P, Si) based
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FIG. 2. (a) M-T curves for Mn; ;Coy9sSi compound measured in different magnetic fields. (b) Magnetic entropy change AS,, for
Mn, (2Cop9sSi as a function of the temperature for both heating and cooling, determined in a magnetic-field change AuoH ranging from

1toS5T.

(+3 to 4 K/T) [6], La(Fe, Si);5 based (+4.5 K/T) [47], and
FeRh-based (-8.5 K/T) [48] compounds, the Mn; 0, Cog.93Si
sample holds a large magnitude of d7; /d 1oH (high sensitivity
of 7, on the applied magnetic field) with values that exceed
—50 K/T for low-field changes (2—-3 T) and values that exceed
—10 K/T for high-field changes (10-14 T). Although the
MCE will exist within a wide range of working temperatures,
however, the corresponding |AT,4| will be significantly de-
graded as a function of temperature, as well as the AS,, [as
in Fig. 2(b)] because of the AS,, (dT,/duoH)™" (Clausius-
Clapeyron) relation [10]. In addition, it is suggested that the
AT, extracted in Fig. 3 might be the combination of the
inverse and the conventional MCE and it will compensate
the magnitude of MCE. In Fig. 4(b) the maximum |AT,q4|
values AT, 3** of the Mny0Cog.93Si sample are mapped for
different temperatures and fields indicating a maximum value
of |AT,y| = 3.1K with AuoH >~ 13T. Note that AT T is
derived from the down-sweeping demagnetization process, as
AT,s measurements are generally pulse rate dependent [34].
As illustrated in Figs. 5(a)-5(d), the magnetization changes
of the Mnj 1,Cog93Si compound as a function of different
pulsed fields are obtained for temperatures between 18 K and
RT. In Fig. 5(a) it is observed that in low-magnetic fields
(e.g., 1 T), the sample presents a weak magnetization, whereas
it approaches a strong ferromagnetic state with increasing
magnetic fields when the metamagnetic transition takes place.
The continuous increase in magnetic hysteresis (A ptoHpys)
for decreasing temperature means that the transition strength-
ens its first-order character at lower temperatures. Note that,
compared with the M-H curves under isothermal conditions
shown in Fig. S2(b) (Supplemental Material) [43], the curves
obtained under adiabatic conditions are slightly different,
originating in the difference in the effective temperature
in both conditions [33,49]. The decrease in magnetization
at low temperatures in Figs. 5(a) and 5(b) suggests that
the incomplete transition needs higher magnetic fields than

the maximum applied values of 5 and 10 T, respectively.
As presented in Fig. 5(c), the field-driven metamagnetic
transition gradually moves to lower temperatures (down to
110 K) when a maximum pulsed field of 20 T is applied. The
lower temperatures are accompanied by an enhanced M; (up
to 126 Am?kg~"). However, in Fig. 5(d) it is observed that
upon pulsing to 40 T, the metamagnetic transition reaches a
limit and no more movement is observed at the lowest tem-
peratures ranging from 33 to 18 K. Also M, does not increase
any more at the lowest temperatures (below 33 K). Based on
the above results, the critical magnetic-field woH,;, defined
from the inflection point in the M-H curves [10], is extracted.
In Fig. S4 (Supplemental Material) [43] the phase diagram
with poH,; versus the temperature is presented. It is found that
(1) with decreasing temperature, the field hysteresis A poHpys
between field-up (1) and field-down ({) critical fields in-
creases; (ii) this change in the field hysteresis A poHpys shows
a nonlinear temperature dependence: it changes slowly for
temperatures above 200 K (uoH < 5T) and almost linearly
between 100 and 200 K (5 < uoH,: < 18 T) and saturates
to an almost constant value below 100 K (uoH, > 8T).
At the lowest measurement temperature of 18.2 K the val-
ues of uoH, of field-up (1) and field-down (|) pulses are
22.3 and 20.3 T, respectively. The values for the critical field
for the metamagnetic transition woH, in the Mn; 5, Cog 9gSi
compound are listed in Table S2 (Supplemental Material)
[43]. To investigate the dynamics of the magnetization pro-
cess, the pulse time dependent magnetization is presented in
Figs. 5(e) and 5(f) for different pulsed magnetic fields. It is
apparent that the magnetization jumps during the up-sweeping
magnetization process are steep, as it responds immediately
when the external field exceeds the critical value. In con-
trast, the down-sweeping demagnetization process tends to
be slower. The maximum (low-temperature) value of M; for
this Mn 9,Cog.9gSi compound corresponds to 130 A m? kg™!
at 18 K. The corresponding total magnetic moment obtained
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FIG. 3. Direct measurements of AT,4 for the Mn; (,Cog ¢3Si compound at different temperatures as a function of the pulsed magnetic field
in the following ranges: (a) 0-5 T, (b) 0-10 T, (c) 0-20 T, (d) 0—40 T. The corresponding absolute values of AT, as a function of the pulse
time for the pulsed magnetic fields of (a)—(d) are presented in (e)—(h). The blue dashed lines are the pulsed magnetic-field profiles as a function

of the pulse time.

from the pulse experiments is 3.3 ug/f.u., which is in good state when the temperature is below 18 K and the field is
agreement with the moment obtained from neutron diffrac- beyond 22.3 T.
tion at 4.2 K (2.6 ug for Mn and 0.4 ug for Co) [50]. This Combining the static- and pulse-field data, the phase di-
indicates that all spins are completely aligned in the FM agram of 7; as a function of the applied magnetic field has
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the temperature sensor by the thermal conductivity k;, and &, respectively. (b) 2D contour plot to map the maximum |AT,q4| value as a function
of temperature and pulsed magnetic field. The scale bar represents the intensity of the |AT,4| values.

been constructed for the Mn; 0»Co0g.9gSi compound, as shown
in Fig. 6. As expected, the features of this phase diagram
are like the phase diagram of poH. as a function of the
temperature. In previous studies it was found that MnCoSi
has a cycloidal spiral magnetic structure at low temperature
(T < 100K) and a helical magnetic structure at intermediate
temperatures (100 < T < 200 K), as initially proposed [50]
and later experimentally observed [41,51]. Upon applying a
magnetic field, the magnetoelastic coupling starts to signifi-
cantly grow at temperatures around 280 K and below. This
is signaled by a field-driven AFM-FM metamagnetic transi-
tion accompanied with a structural elastic deformation (lattice
parameter a shows an abnormal reduction with temperature
in the temperature range from 200 to 300 K in zero field
[41]). The stiffness of this magnetoelastic coupling strongly
depends on a subtle change in the nearest Mn-Mn atomic
distance (dmn-dmn) and the corresponding bonding angles
[44]. Once the coupling is built, the metamagnetic transition
will take place at the tricritical point. The thermal hystere-
sis AThys of the metamagnetic transition increases with the
magnetic field increasing. For higher fields, the temperature
window of the anisotropic lattice deformation gradually shifts
to lower temperature, as observed experimentally [22]. Thus,
the ferromagnetism is enhanced in the applied magnetic field
(inversely AFM is suppressed). This can be understood from
the Clausius-Clapeyron equation:

dT, AM
—— ey

dugH ~ AS
where dT;/duoH means the sensitivity of 7; on the exter-
nal magnetic field, AS is the change in entropy, and AM
is the change in magnetization at the transition. The value
of dT;/duoH ~ —-10K/T is stable in static magnetic fields.
The pulsed magnetic-field data in Figs. 5(e)-5(f) indicate the
growth of the saturation magnetization in growing applied
magnetic fields, indicating that the maximum AS can further
increase in a broad range of temperatures. Furthermore, after
crossing the almost linear acceleration stage in fields up to
about 18 T, the metamagnetic transition between the AFM and

the FM state disappears for 20-25 T and only strong FM is
present.

The above phenomenon can be understood in terms of the
classical nucleation theory. Note that there is no time depen-
dence for this material. This is the case for most field-induced
transitions, but can be observed in systems such as maraging
steels [52]. For a transition from the matrix phase o to the
forming phase B, the change in Gibbs free energy of the
system can be expressed as [53]

AG = _VﬁAgv +Aa/3yorﬁ’ 2)

where Vj is the volume of the formed phase 8, Ag, is the
difference in Gibbs free energy between the forming phase
and the matrix phase « (chemical driving force), Aqp is the
a/p interfacial area, and y,g is the /B interfacial energy. If
Yap 1s isotropic and the phase has a spherical shape with a
radius r, then

AG = —%nr3Agv + 4nr2yo,ﬁ, 3)

where the first energy term results from the chemical driving
force and the second term from the interfacial energy. To
form a stable phase, the system needs to overcome an energy
barrier. It is reached when dAG/dr = 0. The energy barrier
for nucleation is located at a critical radius r* and has a value
of AG* which corresponds to

. 167 yjﬁ

C3(Ag)

For phase transitions with a limited undercooling (AT =
T,-T, where T, is the equilibrium transition temperature), Ag,
at nonequilibrium conditions is derived as

“

L
AgU:L—TT:AS(E—T):ASAT, 4)
e
where L is the latent heat and AS is the entropy change of the
transition.
In the current pulsed field experiments, it is observed
that with increasing field and decreasing temperature AS
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FIG. 5. Magnetization of the Mn; (,Co9sSi compound at different temperatures for pulsed magnetic-field ranges of (a) 0-5 T,
(b) 0-10 T, (c) 020 T, (d) 040 T. The magnetization curves corresponding to the field curves of (a)—(d) during the magnetizing and
demagnetizing processes as a function of pulse time are presented in (e)—(h).

decreases and tends to zero (no transition happens). This
suggests that the energy barrier for nucleation AG* increases
at low temperatures, which suppresses the spontaneous evo-
Iution of the transition. The probability per unit of time that

the host atoms cross the energy barrier for nucleation and
create a stable cluster of the forming phase (nucleation rate)
is proportional to exp(—AG™*/kgT), where kg is the Boltz-
mann constant. Considering that at low temperatures Ag,, and
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FIG. 6. Phase diagram T-poH constructed from 7; as a func-
tion of the applied magnetic field uoH (combining the static and
pulse fields) for the Mn; ,Cog9sSi compound. The inset shows the
highly crystal-ordered orthorhombic structure for the MnCoSi mate-
rial system.

thereby also AG™* is stabilized, the factor exp(—AG*/kgT)
strongly decreases for decreasing temperature 7. This reduc-
tion in nucleation rate effectively suppresses the transition.

It is expected that the stabilization of the chemical driving
force occurs in the temperature range where the density of
thermally excited phonons is strongly reduced. According to
the Debye model [54], the specific heat C,, versus temperature
shows a maximum slope around 0.286p, where 6, is the De-
bye temperature [54,55]. For MnCoSi and related derivatives
Op is between 375 and 385 K [56,57], resulting in a maximum
slope around 100 K. For temperatures below 0.16p (about
40 K), the amount of thermally excited phonons is very low,
which is consistent with our experimental observation (no
transition).

Metamagnetic AFM-FM and AFM-ferrimagnetic (FI)
transitions have been found for FeRh-based [58] and Mn,Sb-
based magnetocaloric materials [59]. In these cases a nonlin-
ear dependence is observed between the critical field (uoH,;)
and temperature. It was found that the transition field can be
described by the following quadratic expression [58],

poHe = a[l — (T /T.)*], (©6)

where « is a constant. The authors proposed that the quadratic
temperature dependence of woH(7T) is typical for first-order
magnetic phase transitions of electronic origin. A similar
quadratic temperature dependence of woH. has also been
observed in Ni-doped FeRh materials in high magnetic fields
[60]. Therefore, to check whether the metamagnetic transition
(AFM-FM) follows a similar behavior in our MnCoSi itiner-
ant electron system [61], we applied the following relation,

MOHcr =a— ans (7)

where a, b, and n are constants. As shown in Fig. S5
(Supplemental Material) [43], when the temperature is below
200 K, the fitting closely follows Eq. (7) with a = 21.0(2),

b = 0.0034(4), and n = 1.57(7) (R* = 0.998). This indicates
that for this system the temperature dependence of woH,
corresponds to a temperature exponent of n =3/2 for
MnCoSi rather than the n = 2 found for FeRh and Mn,Sb
compounds. This could result from the complexity of this
noncollinear AFM structure and the spin fluctuations at low
temperature in the MnCoSi materials. As mentioned before,
the system shows a spin-flip transition from a cycloid AFM
to a helix AFM, and then finally to an ordered FM state.
The present findings provide useful insight in the magnetic
structure evolution in high fields.

In addition, according to the thermal activation model,
previously applied for FeRh compounds [62], it is proposed
that the temperature dependence of field hysteresis (poAH.;)
can be described by the expression [58]

j0AHe = poAHS(1 — cT2), ®)

where HCOr and ¢ are constants. However, as shown in Fig. S6
(Supplemental Material) [43], for our case it is found that the
hysteresis in the critical magnetic field closely follows a linear
relation with temperature.

IV. CONCLUSIONS

The  magnetocaloric  effect in  polycrystalline
Mn ¢,Cog.9gSi, which originates from a large magnetoelastic
coupling, has been studied in terms of its structural, caloric,
and magnetic behavior. Pulsed magnetic-field measurements
up to fields of 40 T present a moderate AT,g for MnCoSi,
which is related to a metamagnetic transition that is induced
in external magnetic fields. The applied magnetic field
strengthens the strong magnetoelastic coupling, which is
signaled by an increase in M,. For decreasing temperature,
the metamagnetic transition between the AFM and FM state
saturates at a critical field uoH. between 20 and 25 T.
Above this critical field, all spins of magnetic atoms (Mn
and Co) are fully aligned. The phase diagram, mapping the
critical temperature 7; and the critical field poH,, has been
constructed for the whole accessible temperature and field
range. Additionally, we explain the saturation of uoH,; at low
temperatures in terms of the energy barrier for nucleation.
This study reveals how the strong magnetoelastic coupling
changes under pulsed magnetic fields in a representative
MnCoSi sample, which provides unique insights in these
MCMs and their behavior in high magnetic fields.
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