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Probing the skyrmion phase of MnSi through the field-exponent of the isothermal entropy change
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A detailed study of the field-induced entropy change evolution under hydrostatic pressure (p) of the well-
known skyrmion-hosting MnSi system was carried with the goal of assessing its magnetocaloric properties and
identifying the skyrmion phase. The pressure-induced modification of the first-order phase transition boundary
of the skyrmion phase in MnSi has been determined through the field-exponent, n(T, B), of the isothermal
entropy change [�Sα(B)n]. The skyrmion phase boundaries generated from n(T, B) and ac-susceptibility data
are in qualitatively good agreement at ambient pressure. The application of hydrostatic pressure can lower the
transition temperature of MnSi towards the hydrogen liquefaction temperature (∼20 K) while retaining the
first-order nature of the phase transition up to the highest applied pressure of p = 9.8 kbar. As a result, the studied
system maintains good magnetocaloric properties near 20 K [|�S| = 4.24 J/kg K, adiabatic temperature change
|�Tad| = 4.62 K (estimated), and refrigerant capacity |RC| = 91.37 J/kg for �B = 7 T with p = 9.8 kbar],
which are comparable to those of light rare-earth Laves phase compounds with the added benefit of being
composed of cheap and abundant elements.
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I. INTRODUCTION

For over a decade, the helimagnetic B20 compound MnSi
has been intensively studied due to its tendency to form a mag-
netic skyrmion lattice induced by low magnetic field [1,2].
Topologically protected nano-sized skyrmions behave like
particles [3] and have enormous potential for ultradense in-
formation storage and advanced spintronics applications due
to lower energy consumption compared to existing technolo-
gies [4]. At lower field, MnSi exhibits two magnetic phase
transitions in tandem: a fluctuation-induced first-order phase
transition to a helical ordered (HM) state around TC ∼ 29 K
followed by a second-order transition from a fluctuation-
disordered (FD) to the paramagnetic (PM) state around TF ∼
30 K [5–10]. Moreover, several field-induced magnetic states
can be stabilized in MnSi depending on temperature and ap-
plied magnetic field, resulting in a very rich magnetic phase
diagram [5,7,10,11]. Extensive studies have been carried out
with the objective of accurately identifying the nature of the
different magnetic phases [such as HM, FD, skyrmion, coni-
cal, and field-polarized (FP)] with a special emphasis on the
skyrmion phase and the order of phase transitions between
different phases [5,7,10]. Among the different experimental
techniques, very specialized ones such as real-space Lorentz
transmission electron microscopy [12], small-angle neutron

*Contact author: tapas.sinp@gmail.com

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

scattering in reciprocal space [1], and the neutron spin-
echo technique [13] have been used to detect the skyrmion
phase. However, the signature of the skyrmion phase can
also be identified indirectly from lab-based measurements,
e.g., ac-susceptibility [11], Hall effect [14], specific heat [10],
magnetoelectric effect [15], and magnetostriction [16]. Bauer
et al. [10] identified the order of phase transitions among the
different magnetic phases based on precise specific-heat mea-
surements of MnSi. In their study, it was found that the phase
boundary associated with the skyrmion phase is first-order in
nature. Moreover, a tricritical point (TCP) was also identified
in the phase diagram of MnSi.

In addition to the potential for spintronics applications,
inexpensive MnSi also exhibits quite a large magnetocaloric
effect (MCE) around 30 K, making it an attractive candi-
date for cryogenic magnetic refrigeration applications [17].
Furthermore, the skyrmion phase signature has been exam-
ined based on entropic considerations [18]. A field-induced
increase of the isothermal entropy change (�S is positive
upon cooling cycle) has been observed inside the skyrmion
phase, similar to that which is commonly observed in an-
tiferromagnetic systems below the critical field value of
the metamagnetic transition [19]. A discontinuous change
of �S has been reported for skyrmion hosting materials
MnSi0.962Al0.038 and Fe0.7Co0.3Si, which is taken as a sign
that the skyrmion phase transition is first-order in nature
[20]. In the present study, we have determined the order of
the skyrmion phase transition in the skyrmion-hosting MnSi
system based on the value of the field-exponent (n) of the
isothermal entropy change [�Sα(B)n]. Recently, a quanti-
tative criterion for identifying the order of magnetic phase
transitions was developed by Law et al. [21]. According to
this criterion, nmax > 2 signifies a first-order phase transition.
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Interestingly, the criterion can identify first-order phase tran-
sitions irrespective of materials class.

It is already well established that the application of hydro-
static pressure (p) can lower the phase transition temperature
of MnSi [22,23]. Based on this earlier observation, a study
of the hydrostatic pressure-dependent MCE near hydrogen
liquefaction temperature (∼20 K) has been carried out. In-
terestingly, application of p can effectively tune the phase
transition temperature while maintaining relatively large �S
and refrigerant capacity (RC).

II. METHODS

A conventional arc-melting technique under an ultrahigh-
purity Ar atmosphere was employed to prepare a polycrys-
talline MnSi sample by taking the constituent elements Mn
and Si of purity better than 99.9%. The as-cast sample was
annealed at 850 ◦C for 7 days inside an evacuated quartz
tube under an inert atmosphere (∼200 mbar backfilled Ar).
A Philips X’Pert Pro MPD diffractometer with a Cu Kα ra-
diation source was used to measure x-ray diffraction (XRD)
on a powder sample at room temperature. The structural re-
finement of the XRD data was carried out using Rietveld’s
refinement method as implemented in the FullProf software
[24]. The dc-magnetization and ac-susceptibility measure-
ments were performed using a Quantum Design MPMS 3
magnetometer. A home-made BeCu piston-cylinder pressure
cell was used to execute the magnetic measurements under
hydrostatic pressure (p). Mineral oil was used as the pressure-
transmitting medium. Based on the pressure-induced shift of
the superconducting transition temperature of Sn (used as a
reference manometer, TC ∼ 3.72 K at ambient pressure and
field of approximately 0.0005 T [25]), the values of the ap-
plied pressure (p) were determined. The isothermal entropy
change (�S) was calculated from isofield M(T ) using a
Maxwell relation as described by Caron et al. [26].

III. RESULTS AND DISCUSSION

The Rietveld refinement profile of the room-temperature
XRD data for MnSi is shown in Fig. 1. The system crystal-
lizes in the B20 cubic structure (space group P213), which
is consistent with earlier reports [1,2]. The estimated lattice
parameter as obtained from the Rietveld refinement of the
XRD data is a = 4.5592 (4) Å at room temperature.

The hydrostatic pressure (p) induced variation of the
temperature-dependent dc-magnetization (M) under a 0.01 T
applied magnetic field is shown in Fig. 2(a). Two consecutive
magnetic phase transitions have been observed (TC and TF)
as previously reported [5–10]. TC (∼28 K) is connected to
the first-order phase transition between HM and FD states,
whereas the second-order phase transition at TF (∼30 K) is
associated with a transformation between FD and PM states.
With increasing p, TC progressively decreases and shifts about
9.5 K with the application of p = 9.6 kbar. The observed shift
in TC towards lower temperature for MnSi is consistent with
earlier results and can be explained as a destabilization of the
long-range helical order resulting from the pressure-induced
increase of the itinerant electron character of the magnetism
[27]. As expected for itinerant electron magnetism, the sat-
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FIG. 1. Rietveld refinement of the room-temperature XRD data
for MnSi.

uration magnetization decreases with increasing p due to
the pressure-induced enhancement of the itinerant character
[shown in Fig. 2(b)].

The temperature-dependent isothermal entropy change
(�S) at ambient pressure as well as under hydrostatic pres-

FIG. 2. (a) Magnetization (M) as a function of temperature dur-
ing heating in the presence of 0.01 T magnetic field and different
applied hydrostatic pressures (p). (b) Field dependence of isothermal
magnetization at 5 K for different p.
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FIG. 3. (a) Entropy change (�S) as a function of temperature during heating and cooling for �B = 2 and 7 T in the presence of different
applied hydrostatic pressure (p). (b) Field dependence of reversible entropy change (|�Srev|) for different p. (c) Refrigerant capacity (RC) as a
function of the magnetic field as estimated for different p.

sure (p) during heating and cooling are shown in Fig. 3(a)
for �B = 2 and 7 T. The details of �S(T ) for all applied
field values can be found in the Supplemental Material (S1)
[28]. A conventional MCE (�S is positive during heating or
upon removal of the magnetic field) has been observed at
higher field with a �S(T ) peak near the FD-PM transition
at TF. Instead of a gradual change in �S(T ) as observed
above TF in the PM state, a sharp change of �S has been
realized near TC, reflecting the first-order transition between
FD and successive low-temperature magnetic phases (e.g.,
HM) at low field (B < 0.4 T). The maximum |�S| at ambient
pressure reaches a value of about 4.83 J/kg K for �B = 7 T,
which is consistent with the earlier report (4.18 J/kg K for
�B = 7 T) [17]. Although the maximum value of |�S| is
moderate, MnSi has the potential to exhibit a relatively large
adiabatic temperature change (�Tad = 5.26 K for �B = 7 T)
as reported by Arora et al. [17]. Due to the decrease of
the phase transition temperature with increasing hydrostatic
pressure, the peak position of the �S(T ) curve shifts to a
lower temperature. For p = 9.6 kbar, �S(T ) shows a peak
around the hydrogen liquefaction temperature (∼20 K) with a
maximum |�S| = 4.24 J/kg K for �B = 7 T, which is about
12% lower than the ambient pressure value. Recalculating the
value of �Tad by considering the value of T/c [c is specific
heat, which connects the �S and �Tad as �Tad = −(T/c)�S
[29]] remains constant with increasing p; �Tad is estimated
to reach 4.62 K for �B = 7 T and p = 9.6 kbar. Considering
the estimated magnetocaloric parameters (�S and �Tad), the
magnetocaloric properties of MnSi are comparable to those
of light rare-earth Laves phase compounds [30]. Furthermore,

MnSi consists of cheaper, nontoxic, and abundant elements,
which is advantageous for applications. |�S| is almost fully
reversible [|�Srev| was estimated based on the peak value
of the overlap region of the |�S(T )| curves during heating
and cooling], as shown in Fig. 3(b). Notice that the value of
|�Srev| in the low field region (around 1 T) is higher for higher
pressure, which is most likely associated with the stronger
magnetic field sensitivity of the magnetization resulting from
the pressure-induced softening of the magnetic moment as
earlier reported [27]. The estimated field-dependent refriger-
ation capacity [RC = ∫ Thot

Tcold
|�S(T )|dT , where Tcold and Thot

represent the temperatures where the maximum value of �S
is half below and above the �S(T ) peak, respectively] for
different applied p is shown in Fig. 3(c). The observed RC at
ambient pressure is identical to that reported earlier for MnSi
[17]. With application of p = 9.6 kbar, a small decrease of
the RC (about 9% for �B = 7 T with RC = 100.83 and 91.37
J/kg for p = 0 and 9.6 kbar, respectively) has been observed
with respect to the ambient pressure value.

Finally, the magnetic phase diagram of MnSi for p =
0 kbar has been generated from ac-susceptibility data by
adopting the approach described in Ref. [11], which is
shown in Fig. 4(a). The associated first-order phase tran-
sition boundaries have been compared as derived from
the field exponent n(T, B). The critical magnetic fields
(Bc1, BA1, BA2, Bc2) and temperatures (TA1, TA2, Tc2) asso-
ciated with the magnetic phase transitions have been obtained
from ac-susceptibility data as defined in Refs. [11] and [31].
Some of the representative plots are shown in Figs. 4(b)–4(e).
More details of the ac-susceptibility data are presented in
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FIG. 4. (a) Magnetic phase diagram of MnSi generated using the ac-susceptibility data and the field-exponent of isothermal entropy change
n(T, B). χ ′ and χ ′′ are the real and imaginary part of the ac-susceptibility, respectively. (b) χ ′ and (c) χ ′′ as a function of temperature for
B = 0.16 T. Field dependence of (d) χ ′ and (e) χ ′′ at T = 28 K. Temperature-dependent variation of n for the field values (f) B = 0.08 T,
(g) B = 0.21 T, and (h) B = 0.25 T, respectively. Field dependence of n at (i) T = 26.75 K, (j) T = 27 K, and (k) T = 28 K, respectively. The
vertical arrows indicate the peak position that corresponds to the first-order phase transition (n > 2). The peak that falls in the shaded region
is forbidden due to the coincidence of peak position with zero crossover in �S(T, B). (l) The zero-crossover region in �S(T, B) is shown.

the Supplemental Material (S2 and S3) [28]. Depending on
temperature and magnetic field, different types of ordered
magnetic phases have been detected. The ordered magnetic
phases, such as HM, conical, skyrmion, FD, and FP, have been
identified based on earlier reports [5,7,10].

The estimation of n has been conducted by considering the
following equation [21,32]:

n = d ln|�S|
d ln(B)

.

The isofield and isothermal variation of n for selected
magnetic fields and temperatures are shown in Figs. 4(f)–4(h)
and Figs. 4(i)–4(k), respectively, for p = 0 kbar [more details
can be found in the Supplemental Material (S4) [28]]. Peaks
with n > 2 have been detected in both n(T ) and n(B). As
observed in the present study and in agreement with earlier
studies [18,20],

�S(T, B) is negative for a narrow region in the close
vicinity of TC for low magnetic fields during heating (equiv-
alent to a decrease of magnetic field) and changes sign after
crossing this region, as shown in Fig. 4(l). The zero-crossover
in �S(T, B) is expected to create an associated signature in
n(T, B). It is therefore necessary to exclude the zero-crossover
region from n(T ) and n(B) [21,33]. One point that needs to

be addressed here is that the skyrmion phase results in a field-
induced (�cooling) increase of entropy [18,20] and vice versa
for decreasing magnetic field (�heating). After the skyrmion
phase transition to another phase (such as conical or FD),
the associated changes in �S(T, B) can also result in a zero-
crossover. The detection of the zero-crossover position was
guided by the �S(T, B) contour plot [Fig. 4(l)]. The peak in
n(T ) or n(B) has been ignored when the peak point coincides
with the zero-crossover position in the �S(T, B) plot [21,33].
For example, the peaks in n(T ) for B = 0.08 T [Fig. 4(f)] and
in n(B) at T = 28 K [Fig. 4(k)] have been disregarded due to
the coincidence of the peak position in n(T ) or n(B) with the
zero-crossover in �S(T, B). The peak positions with n > 2 of
the n(T ) and n(B) curves correspond to the phase boundary
of the first-order phase transition, which is also plotted in the
magnetic phase diagram shown in Fig. 4(a). The first-order
phase boundary derived from n(T, B) is qualitatively similar
to the phase boundary generated from ac-susceptibility and
is also consistent with literature reports [5,7,10,11]. Interest-
ingly, the skyrmion phase boundary is clearly visible in the
phase diagram derived from n(T, B). Moreover, combining
ac-susceptibility data with n(T, B), the tricritical point can be
identified as previously indicated [6,10]. A minor discrepancy
in the order of the phase transition between conical and FP
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FIG. 5. Magnetic phase diagram of MnSi representing the first-order phase transition boundaries as generated using the field-exponent of
isothermal entropy change n(T, B) for the applied hydrostatic pressure (a) p = 0 kbar, (b) p = 3.8 kbar, (c) p = 6.3 kbar, and (d) p = 9.6 kbar,
respectively. TC at low field has been determined from M(T ) as measured for B = 0.01 T.

phases has been observed when compared to earlier reports
where the phase boundary is generated from n(T, B) [10]. The
first-order conical-FP phase boundary derived from n(T, B)
is more extended towards low temperature. Despite that,
the first-order phase transitions between skyrmion-conical/FD
and conical-FD can be identified from n(T, B).

The skyrmion phase boundaries generated from n(T, B)
are shown in Figs. 5(a)–5(d) for different applied hydrostatic
pressures. A similar procedure to that adopted for ambient
pressure has been used to generate the first-order phase tran-
sition boundaries for p > 0 [the details are included in the
Supplemental Material (S5, S6, and S7) [28]]. As is evident
in Fig. 5, the stabilization of the skyrmion phase persists up to
the highest applied pressure, p = 9.6 kbar, which is consistent
with earlier reports [34]. Narrower field and temperature
steps of the isofield M(T ) measurements [as used to esti-
mate �S and, therefore, n(T, B) for p = 0 kbar] can increase
the number of data points in the phase diagram for p > 0.
The skyrmion phase is stable in a wider temperature range
for higher applied pressures. Moreover, the first-order phase-
transition boundaries between FD and other low-temperature
magnetic phases (i.e., HM/skyrmion/conical phase) still exist
up to the highest applied pressure, which is responsible for
the sharp change in �S at TC while maintaining a good MCE
value for p = 9.6 kbar.

IV. CONCLUSION

In conclusion, the application of hydrostatic pressure on
MnSi can simultaneously shift the phase-transition temper-
ature near hydrogen liquefaction temperature while main-
taining a relatively large MCE, which could have potential
application for cryogenic magnetic refrigeration. The sharp
change in �S at TC just below the �S(T ) peak and a curva-
ture change in the |�Srev|(B) plot at lower field observed for
all p indicate that a long-range helical order and associated
first-order transition at TC still persists even at higher applied
pressures of p = 9.6 kbar. Pressure-induced softening of the
magnetic moment results in a larger �S at lower applied
field, due to the characteristic change of magnetization under
applied p. The most interesting outcome in the present study
is that the field-exponent n of the isothermal entropy change
has the potential to identify the complex first-order skyrmion
phase transition as observed in the well-known skyrmion host-
ing MnSi system.
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