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Introduction

Magnetic refrigeration based on the magnetocaloric
effect (MCE) has higher theoretical energy efficiency
and is more environmentally friendly than conven-
tional vapor compression, and has attracted consid-
erable research interest in the past few decades. Giant
room temperature MCE has been reported for many
materials with a magnetic field-induced first-order
magneto-structural/magneto-elastic transition, such
as Fe-Rh [1], Gd5(Si,Ge), [2], La(Fe,Si)¢5 [3], Ni-Mn-
based Heusler alloys [4], MnFeP,As;_, [5, 6], and
hexagonal MM’X alloys (M and M’ = transition
metals; and X = Si, Ge, or Sn) [7]. Because of spin—
lattice coupling, mechanical stress can also drive the
first-order transition of these materials and result in a
mechanocaloric effect (such as the barocaloric effect
induced by hydrostatic pressure and the elastocaloric
effect induced by uniaxial stress) [8-14]. Moreover,
simultaneous or sequential application of more than
one external field will give rise to the multicaloric
effect [15-22]. Multicaloric effect in the aforemen-
tioned materials has attracted much interest for its
priorities, such as achieving the caloric effect over a
wide temperature range [18], eliminating thermal

hysteresis by transferring one control field to another
and increasing the entropy change [18, 19].

MnCoSi is a meta-magnet with magneto-elastic
coupling [23-27]. It has a helical antiferromagnetic
(AFM) ground state and its Néel temperature is —
381 K [23]. Below the Néel temperature of MnCoS;i,
the magnetic field can induce a meta-magnetic tran-
sition from a helical AFM to a ferromagnetic (FM)
state, with simultaneous distortions of the
orthorhombic lattice—where the a axis contracts and
the b and c axes elongate; this transition is accom-
panied by a magnetostrictive effect [27] and a con-
siderable MCE [25]. More interestingly, researchers
have observed a rare Lifshitz tricritical point [28]—
where paramagnetic, FM, and helicoidal AFM phases
meet and the first order phase transition becomes a
second-order transition in MnCoSi [23]. In materials
with tricritical transition behavior, the entropic ben-
efits of the first-order transition without a reduction
of the MCE under magnetic field cycling can be used
[29]. Moreover, the meta-magnetic transition of
MnCoSi is sensitive to the magnetic field; the transi-
tion temperature change rate reaches — 50 KT~ [30].
Given the tricriticality, MnCoSi may exhibit a large
reversible entropy change. Under these perspectives,
MnCoSi exhibits unique priorities that may render it
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useful as a magnetic refrigerant. However, corre-
sponding studies indicate limited utility because of
its low isothermal entropy change, typically
6.3] kg~' K™ for a magnetic field change from 0 to
5T [30].

Applying hydrostatic pressure (p) facilitates the
meta-magnetic transition [31] and stabilizes the FM
phase in MnCoS;i, indicating that p can potentially act
as an external field for tuning the phase transition
and possibly enhancing the isothermal entropy
change of MnCoSi. Hence, in our work, the mul-
ticaloric effect of MnCoSi under the combined
application of a magnetic field (upH) and p was
studied. Under a poH change of 0-5 T, the maximum
isothermal entropy change was enhanced by 35.7%
when a 3.2 kbar p was loaded, compared with the
isothermal entropy change measured at ambient
pressure. The cooling temperature span, defined as
the half-width of the maximum entropy change, was
also adjusted. Our investigation on the coupled
caloric effect, which accounts for the interplay
between the magnetism and structure, implies that
the increase in the isothermal entropy change mainly
arose from the strengthened magneto-elastic
coupling.

Experimental details

MnCoSi ingots were prepared by repeated arc-melt-
ing in a high-purity argon atmosphere using raw
metals Mn, Co, and Si with purities greater than
99.9%. The as-prepared ingots were sealed in a vac-
uumed quartz tube and annealed for 60 h at 900 °C,
followed by slow cooling to room temperature at a
rate of 0.2 °C min~" to release the internal strain [23].
Magnetization measurements under p were con-
ducted with a Cu-Be high-pressure cell and Daphne
7373 as a pressure medium. The value of p was cali-
brated by the shift of the superconducting tempera-
ture of Pb, which was inserted concomitantly in the
pressure cell with the sample. The magnetization
dependence on the temperature curves (M-T) were
measured in poH of 1, 3, 5, and 7 T, and isothermal
magnetization curves with a temperature interval of
5 K under various values of p were measured with a
Quantum Design magnetic properties measurement
system. X-ray diffraction (XRD) patterns over the
temperature range from 5 to 500 K were measured to
identify the structural evolution upon heating.
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Results and discussion

The structural evolution of MnCoSi was carefully
studied by XRD at various temperatures, and the
XRD patterns in Fig. la were refined Rietveld
method using GSAS software (see S3 in supple-
mentary materials) [32]. The results indicate that
MnCoSi retained its orthorhombic structure (shown
as inset Fig. 1b) over the entire measured tempera-
ture range but exhibited anisotropic lattice distor-
tions. There was a clear change in the thermal
expansion below — 380 K (Fig. 1b—d); the a-axis
exhibited negative thermal expansion and decreased
by — 0.7%, whereas the b and c axes exhibited
conventional expansions. The lattice volume change
with temperature is shown in Fig. 1e, it is seen that
the compensation of 4, b, and c axes gives rise to
near-Invar-like temperature-independent behavior
near 250 K, which is consistent with the previous
report [1]. According to the refined structural data
of MnCoSi, the two nearest-neighbor Mn-Mn dis-
tances d1 and d2 were also obtained. The d1 and 42,
indicated in the inset of Fig. 1b, are critical for the
magnetic state in MnCoSi, and change in opposite
sense by between 1 and 2% during cooling in
MnCoSi; such a drastic change in the local Mn
environment serves as a precursor to the meta-
magnetic transition [23, 24]. Our results are consis-
tent with previous reports and demonstrate mag-
neto-elastic coupling in MnCoSi [23, 24].

What's specific for MnCoSi with tricritical point is
that it has a helical AFM ground state, and the Néel
transition is second-order at a zero magnetic field;
whereas in a high magnetic field, the second-order
Néel transition becomes a first-order meta-magnetic
transition from the helical AFM state to an FM state
[24, 25]. The M-T curve in a small ypH of 0.005 T
indicates a Néel transition (Fig. 2, inset). However,
the first-order meta-magnetic phase transition can
be verified from the M-T curves measured in a
wH of 5 T (Fig. 2). The magnetization was small in
the low-temperature range and exhibited a drastic
increase for heating; the reverse transition occurred
for cooling with a concomitant thermal hysteresis.
Moreover, MnCoSi exhibited a minor thermal hys-
teresis of 3 K, which implies high reversibility of
the entropy change under a cycling magnetic field
[29].
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Figure 1 a XRD patterns of MnCoSi measured at various
temperatures from 5 to 500 K, and b—d refined lattice parameter
evolutions with temperature, e the lattice volume evolution with
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Figure 2 M-T curves with both heating and cooling plots
measured in a magnetic field of 5 T; inset shows the M—T curve
measured for heating at a low magnetic field of 0.005 T (upward
arrow indicates heating and downward arrow indicates cooling).

Figure 3a-d shows the M-T curves measured
along the heating process at ambient pressure, 3.2,
5.0, and 9.7 kbar, respectively. It is seen applying
p stabilized the FM state in the alloy and facilitated
the meta-magnetic transition at a lower uoH; for
example, at 9.7 kbar the meta-magnetic transition
occurred even at 1 T. This fact originates from the
volume contraction associated with the meta-mag-
netic transition from a low-temperature AFM to a
high-temperature FM state [25, 30, 31]. The meta-

temperature under no external fields, the inset in b shows the
crystalline structure of MnCoSi, in which the nearest Mn—Mn
bonding d1 and d2 are indicated.

magnetic transition temperature (Ty) was identified as
the temperature corresponding to a maximum dM/
dT value in the first derivative of the M-T curves
(Fig. S1 in the supplementary materials). The
obtained T, is shown as scattered spheres in Fig. 3e.
By fitting the data, the combined pyH-dependence
and p-dependence of T, are as follows: T; (uoH,
p) = 396.45 — 12.43p — 47.91poH + 0.38p* + 3.39(up-

H)?, illustrated as the red surface in Fig. 3e. The
surface separates the AFM and FM regions. Below
the surface, MnCoSi is in the AFM state and above
the surface, MnCoSi is in the FM state. The transition
temperatures below the tricritical point were the
second-order Néel transition temperatures. T
decreased with the magnetic field, which is consistent
with the literature [21]. T; also decreased with p, and
the rate reached — 7 Kkbar '. The results indicate
that both p and poH stabilized the FM phase in
MnCoSi [21].

To further investigate the effect of p on the MCE,
the isothermal magnetization (M-H) curves of
MnCoSi under various values of p were measured.
Figures 4a and 4b show the M—H curves measured at
the typical ambient pressure and 3.2 kbar, respec-
tively. For the isotherms measured at ambient pres-
sure, at 190 K and 200 K, the magnetization increased
almost linearly under poH up to 7 T, and exhibited no
hysteresis between field-up and field-down plots,
indicating the AFM state at these temperatures.
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Figure 3 a—-d M-T curves with heating plot measured at ambient
pressure, 3.2 kbar, 5.0 kbar, and 9.7 kbar, respectively (solid lines
are the experimental data whereas the dashed lines are simulated
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When heated above 210 K, the magnetization exhib-
ited a sharp increase over a critical magnetic field
(Hcy, defined as a point where the magnetization is
50% of its saturation value) [26] and there was a
magnetic hysteresis between the field-up and field-
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the magnetic field and hydrostatic pressure, where the dots are the
measured values and the fit red surface gives guidance regarding
the separation of the AFM and FM phases.
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down plots. These results indicate that an applied
magnetic field induced a meta-magnetic transition
from the AFM state to the high magnetization FM
state. When further increasing the temperature to
above 280 K, the magnetic hysteresis was no longer
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evident, indicating that the phase transition changed
to the second-order transition [23, 25]. When a
3.2 kbar p was applied, two distinct features were
evident: (i) at a lower temperature of 200 K the
maximum measurement [ of 7 T can intrigue the
meta-magnetic transition; and (i) the Hc, was
reduced, as indicated by the Hc, evolutions with the
temperature at various values of p (Fig. 4c). The
results are consistent with the observations of the M-
T curves; that is, applying p stabilized the FM state in
MnCoSi and thus a lowered meta-magnetic transition
temperature and critical field. Based on the iso-
therms, the magnetic entropy changes (ASy) at fixed
p can be calculated through the Maxwell relation [33]:

wH oM
ASy = / (—) duH. (1)
0 or puoH ’

Figure 4d shows the temperature-dependent ASy
curves with a fixed yyH change of 0-5 T at various
values of p. The maximum ASy was enhanced by
35.7% (i.e., from a value of 6.3 Jkg~' K~ at 0 kbar to
a value of 8.6 Jkg™' K" at 3.2 kbar) and by 42.9%
(i.e., to a value of 9.0 ]kg_1 K~ ! at 9.7 kbar), and the
ASy peak shifts to a 60 K lower temperature (i.e.,
from a value of 247 K to a value of 187 K) when
p increased from 0 kbar to 9.7 kbar.

The aforementioned results demonstrate that both
p and the magnetic field stabilized the FM phase in
MnCoSi; application of a magnetic field and hydro-
static pressure in tandem enhanced the magnetic
entropy change and extended the cooling tempera-
ture range of the MnCoSi alloy to a lower tempera-
ture. The multicaloric effect was studied to give an
insightful understanding of the caloric effect under
concomitant poH and p applied to MnCoSi. Because
entropy is a state function, from the thermodynamic
point of view in equilibrium, there is no distinction
between whether one applies the two fields simulta-
neously or sequentially. As a consequence, for the
present case where pioH and p are the external stimuli,
the multicaloric entropy change AS is given by
[18]:

ASpui = AS(T,0 — pgH,0 — p)
= ASpce + AS(T,0 — uoH, p).
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The term ASgcg is the entropy change induced by
loading p at zero magnetic field, and quantifies the
standard BCE. The term AS(T,0 — poH,p) can be
expressed as follows [18]:

AS(T,0 — uoH,p) = AS(T,0 — poH, 0)

"0 IAs(T H, )]y ndp’ .
+/0 o AS(T0 = boH )] P

The first AS term to the right of the equals sign in
Eq. (3) refers to ASy, the entropy change induced by
applying i, H at zero pressure, which was calculated
as per Eq. (1). The second term to the right of the
equals sign can further be expressed as follows [18]:

P o
AScp = ‘/0 a—p,[AS(T,O - ,UOHv pl)]T,yoHdp/

) roH /dM
= / 5 / (_6T> duH ' (4
o op 0 wH.p' T.uoH

P ruH
L,
0 0 or ap TouoH

where y, = (0M/0p)r,  is the magnetic volume
coupling coefficient [18]; this last term is thus the
entropy change that accounts for the interplay
between magnetism and volume [18]. In accordance
with Egs. (2)-(4), quantification of the caloric effect
requires magnetization data over the entire (T, yyH,
p) thermodynamic phase space.

The M-T data in Figs. 3a-d were, therefore, fit
using the method reported in Ref 18. The experi-
mental M-T curves were fit as follows. Assuming
that the transition extends in temperature from T
— 0T to Ty + 8T, beyond the transition region, in the
AFM region (T<T;—0T), and in the FM region
(T > T; — 6T), the temperature dependence of the
magnetization can be described using an exponential
function:

M = Marm + [M(Tt — 5T) — MAFM}
x b T=TteDl T < T} — 6T (5)

M = Mgy + [M(T; + 6T) — Mpy] x [eleTi=T+0T)
+ e[k3(T*Tr:)]}7 T< Tt _ 5T, (6)

where Mapv and Mgy are the magnetization values of
the AFM and FM phases, respectively; k; and k, are
positive constants, while k; is a negative constant;
and Tc is the temperature that corresponds to the
inflection point where the magnetization evolution
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changes from positive to negative (54 in the supple-
mentary materials). Within the transition region
T; — 0T <T <T; + 6T, the M-T curves can be fit by a
hyperbolic tangent function:

1
M= > (Marm + Mpm)

1 T-T;
+§(MAFM—MFM)tanh< W ), (7)

where W evaluates the temperature span of the
transition. The M-T curves in Figs. 3a-d were simu-
lated and the constants and parameters in Egs. (5)—(7)
were obtained. Accordingly, M-T curves under
p (0-9.7 kbar) with an interval of 0.1 kbar and
uoH (0-7 T) with an interval of 0.2 T were simulated.
Figure 3 shows the simulation results at selected
magnetic fields and hydrostatic pressures as dashed
lines. The measured and simulated curves were
consistent. The isothermal magnetizations with
loadings of uyH and p at selected temperatures were
then established (Fig. S3); Fig. 5a shows the magne-
tization data as three-dimensional maps. To
directly manifest the influence of p on the magneti-
zation of MnCoSi, Fig. 5b shows the p dependence of
the magnetization under various pyH values at
250 K. It is seen that at small uyH values, MnCoSi
remained in the AFM state when p reached 9.7 kbar,

Figure 5 a Isothermal
magnetizations in accordance
with the loading of the
magnetic field and hydrostatic
pressures at selected
temperatures of 150 K, 175 K,
200 K, 225 K, and 250 K;

b magnetization dependence
on hydrostatic pressure at

250 K under various magnetic
fields; ¢ magneto-volume
coefficient (y1,) in accordance
with the temperature in a fixed (c)
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while at relatively high yyH values from 1 T, p facili-
tated the meta-magnetic transition from the AFM
state to the FM state. Upon further increasing the
UoH to 5 T, the pyH has already forced the AFM state
to the FM state, and the applied p reduced the mag-
netization slightly. The results indicate that one can
use p to induce the meta-magnetic transition from the
AFM state to the FM state, further confirming that
p can stabilize the FM state in MnCoSi.

Based on the M (T, p, uyH) data, the isothermal
magnetic volume coupling coefficient y;, was
obtained. Figure 5c shows the y;,-dependence on the
temperature at 5 T and under various p values. The
coupled caloric entropy change AS., was then cal-
culated using the y;, data as per Eq. (4). Figure 5d
shows the AS., versus temperature curves for load-
ings of various p values, as well as the magnetic
change from 0 to 5 T. AS,, possesses a positive peak
at low temperatures and a negative peak at high
temperatures. The low-temperature positive peaks
continuously increased and shifted to lower temper-
atures with increasing hydrostatic pressure, whereas
the high-temperature negative peak remained at
~ 248 K. The absolute value increased with p and
finally reached a maximum value of 6.3 ]kg_1 K.
This negative entropy change is closely related to the
evolution of y;» in accordance with p and

0o 2 4 6 8

10 12
p (kbar)

5 T magnetic field and under
various hydrostatic pressures;
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[=)]
o
®
(6]
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T. Mathematically, at 0 kbar, y;> has a maximum at
T, of 248 K and the coupled caloric effect is zero
because no pressure is applied. Because of the shift of
T; to lower temperatures with increasing pressure,
the maximum y;, shifts to lower temperatures, and
the sy, value at 248 K decreases as a result. The
double integral of 112, referring to
ASey = [ I (]H%(Xlz)T,HOHde.UoH/ then results in an
increasingly negative AS., at 248 K, which compen-
sates for the magnetic entropy changes under 0 kbar
[17]. The low-temperature positive AS.,, on the other
hand, comes from the interaction of magnetism and
structure in the alloy and is responsible for the
enhancement of entropy change. According to
Eq. (3), the isothermal entropy change under specific
pressures is the entropy change at ambient pressure
adjusted by the coupled caloric entropy change.
Figures 6a and b show the magnetic entropy change
for a ygH change of 0-5 T under fixed p values of 3.2
and 9.7 kbar; the magnetic entropy change for a
UoH change of 0-5 T at ambient pressure AS(T, 0 —
5T, 0); the coupled entropy change for a magnetic
field change of 0-5 T and pressure change for 0 — p
[ASc(T, 0 — 5T, 0 — p)l; as well as the caloric
entropy change calculated by AS(T,0 — 5T,p) =
AS(T,0 — 5T,0) + ASc,(T,0 — 5T,0 — p). The calcu-
lated AS(T,0 — 5T, p) values for pressures of 3.2 and
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9.7kbar were almost the same as the corresponding
experimental isothermal magnetic entropy changes.
The results thus demonstrate that the calculations of
AS., are based on rational principles. Considering
that AS., accounts for the interplay between the
volume and magnetism degrees of freedom, the
continuous increase of the low-temperature positive
AS,, peak reflects indirectly on the enforcement of the
magneto-elastic coupling under increasing pressure
in MnCoSi, which contributes to the enhanced
entropy change when one applies p and pH [17].
The results demonstrate that extension of the
cooling temperature range to lower temperatures and
the enhancement of the entropy change and originate
from modulation of the magneto-elastic coupling of
MnCoSi by p. For the shift of meta-magnetic transi-
tion under p, usually, the applied p will stabilize the
low volume phase [14, 15], which is the low tem-
perature (low magnetization) state in MnCoSi
according to Fig. le, however, this seems to contra-
dict the present results that the p will lower the
meta-magnetic transition temperature. This unex-
pected phenomenon in MnCoSi should be ascribed to
the following reasons: (i) below the tricritical point
(magnetic field of 2 T) [23], the transition in MnCoSi
is second-order, due to which, the volume evolution
with temperature under no external fields cannot be

12 F=—AS(0-5T,0)—e—AS,, (0-5 T, 0-3.2kbar) [~ A5 (0-5T, 0)=*=AS,, (0-5T, 0-9.7kbar

—a—AS (0-5 T, 0)+AS,,, (0-5 T, 0-3.2kbar)
AS (0-5 T, 3.2 kbar)
\A

AS(/kg K)
D

—4—AS (0-5T, 0)+AS_, (0-5 T, 0-9.7kbar)
AS‘(O-S T, 9.7 kbar)

0
al (a) I (b)
150 200 250 300 150 200 250 300
T (K) T (K)

Figure 6 a and b Comparison of the entropy change for a
magnetic field change of 0-5 T under a fixed pressure of 3.2 kbar
and 9.7 kbar, respectively; as well as the entropy change for a
magnetic field change of 0-5 T at ambient pressure adjusted by the
coupled caloric entropy change. The black curve is the magnetic
entropy change for a magnetic field change of 0-5 T at ambient

pressure; the blue curve is the coupled entropy change for a
magnetic field change of 05 T, and loading of 3.2 and 9.7 kbar
pressures; the red curve is the sum of the black and blue curves;
and the yellow curve is the magnetic entropy change for a
magnetic field change of 0—5 T under a fixed hydrostatic pressure
of either 3.2 or 9.7 kbar.
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used as the mere estimation of the pressure influence
on the meta-magnetic transition in MnCoSi; (ii) the
lattice distortion is anisotropic in MnCoSi, and the a-
axis undergoing negative thermal expansion plays a
dominant role in the magnetization state [23-25].
Although the structure of MnCoSi under increasing
p has not been studied previously, in MnP [34]
(which has a similar structure with anisotropic dis-
tortion like in MnCoSi, as well as a similar meta-
magnetic transition from a helical AFM to FM phase)
the compression behavior under increasing p is
highly anisotropic and the decrease in the critical axis
is the largest [35, 36]. Consequently, it is reasonable to
infer that the critical a-axis in MnCoSi exhibits the
largest compression under increasing p compared
with the other axes. The decrease in the a-axis thus
facilitates FM coupling in MnCoSi and reduces the
meta-magnetic transition temperature of the alloy;
(iii) Barcza et. al. has investigated the volume change
of MnCoSi in a magnetic field by neutron diffraction,
and a volume reduction of — 0.3% has been obtained
for the transition from the low magnetization state to
high magnetization state [25], this means that when
gets into first-order meta-magnetic transition, the
volume evolution changes, and the low volume
phase is the high magnetization state. All these facts
rationalize the results that the p will stabilize the high
magnetization state [31], thus reducing the meta-
magnetic transition temperature and critical field.
Moreover, the study on the coupled caloric entropy
change demonstrates that the enhancement of
entropy change stems from the enforced magneto-
elastic coupling in MnCoSi. It has been revealed in
MnCoSi that introducing chemical pressure (.e.,
replacing Co atoms with Ni) will decrease the critical
a-axis and increases the change in the a-axis during
cooling, and thus causes an enforced magneto-elastic
coupling [24]. Because hydrostatic pressure and
chemical pressure usually have concomitant effects
on the phase transition behavior in first-order, mag-
neto-structural transition materials [37], the enforce-
ment of magneto-elastic coupling under hydrostatic
pressure could also be attributed to the decrease in
the a-axis.
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Conclusion

MnCoSi alloy exhibited a strengthened caloric effect
under the concomitant application of a magnetic field
and hydrostatic pressure. The maximum entropy
changes with concomitant application of a magnetic
field of 0-5 T and hydrostatic pressure of 0-9.7 kbar
increased by 42.9% compared with that under
application of only a 0-5 T magnetic field, and the
cooling temperature range extended to a lower tem-
perature by 60 K. Calculation of the coupled caloric
entropy change, which originates from the coupling
between the magnetism and volume, demonstrated
that the enforced magneto-elastic coupling is
responsible for the increase of the entropy change.
Both the enforced magneto-elastic coupling and the
modulation of the meta-magnetic transition temper-
ature are attributable to the reduction of the critical
a axis. The present work may promote the possibility
of MnCoSi as a solid-state refrigerant, and also enrich
the investigations of the caloric effect under multiple
fields.
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