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Magnetic susceptibility, heat capacity, thermal expansion and resistivity of a high-quality single crystal of MnSi
were carefully studied at ambient pressure. The calculated magnetic entropy change in the temperature range
0-30 K is less than 0.1R, the low value that emphasizes the itinerant nature of magnetism in MnSi. A linear
temperature term dominates behavior of the thermal expansion coefficient in the range 30-150 K, which cor-
relates with great enhancement of the linear electronic term in the heat capacity. Surprising similarity between
variation of the heat capacity, the thermal expansion coefficient, and the temperature derivative of resistivity
through the phase transition in MnSi is observed. Specific forms of the heat capacity, thermal expansion coef-
ficient, and temperature derivative of resistivity at the phase transition to a helical magnetic state near 29 K
are interpreted as a combination of sharp first-order features and broad peaks or shallow valleys of yet unknown
origin. The appearance of these broad satellites probably hints at the frustrated magnetic state in MnSi slightly
above the transition temperature. Present experimental findings question current views on the phase diagram

of MnSi.

PACS: 75.30.Kz, 75.40.Cx, 77.80.Bh

1. INTRODUCTION

Extensive studies of the physical properties of the
itinerant helimagnet MnSi that have been carried out
for decades brought up a number of intriguing results
of general physical significance. Magnetic ordering of
unknown nature in MnSi, occurring around 30 K, was
reported for the first time in Ref. [1]. The magnetic
moment per Mn atom at low temperature was found
to equal 0.4up, whereas fitting susceptibility data to
the Curie-Weiss law gave the effective moment 2.2up
per Mn in the paramagnetic phase [2]. This difference

*E-mail: sergei@hppi.troitsk.ru

is usually considered a signature of the itinerant nature
of magnetism.

The crystal structure of MnSi as well as some other
silicides and germanides (FeSi, CoSi, FeGe, etc) of the
transition metals belongs to the B 20 type, cubic space
group (T*) [3]. The space group P2;1 does not contain
a center of symmetry that allows a nonzero value of
the Dzyaloshinski-Moriya term in energy D[S; x S;],
arising from small relativistic spin—lattice and spin—
spin interactions [4, 5]. Although this term is small,
it could cause a long-wave modulation of the magnetic
spin structure. Consistently with theory, a magnetic
order in MnSi was identified as a long-period ferromag-
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netic spiral or helical spin structure [6]. At zero mag-
netic field, the axis or the wave vector ¢ of the helix is
directed along a space diagonal of the cubic unit cell of
MnSi, and therefore spins are ferromagnetically aligned
in layers parallel to the (111) plane. The magnetic mo-
ment of each successful layer is turned by a small angle
with respect to a previous one, thus forming a spiral
with a pitch of 180 A (¢ = 0.035 A1), The wave vec-
tor can be aligned in different directions on application
of the magnetic field about 0.2 T. At the magnetic field
about 0.6 T, a field-induced ferromagnetic structure ap-
pears [2]. Therefore, magnetic properties of MnSi are
governed by a hierarchy of three energy scales: the ex-
change interaction, defining in-plane ferromagnetic or-
dering; the weak Dzyaloshinski-Moriya spin—orbit in-
teraction, producing chirality of the spin structure; and
weaker anisotropic exchange crystal anisotropy terms,
directing the wave vector ¢ along the space diagonal of
the cubic cell.

The order parameter in MnSi has two components,
characterizing the spin and chiral orders, and can be
described by a complex vector S = Sge’?*. The Lan-
dau expansion of the free energy in powers of the or-
der parameter does not contain odd terms due to the
time reversal symmetry. This suggests a second-order
nature of the phase transition in MnSi, although fluc-
tuations and interaction of the magnetic order param-
eter with other degrees of freedom could transform the
phase transition into first-order [7-10]").

Another complication specific for the chiral spin sys-
tems is related to the spin and the chiral order coupling.
If they were not coupled (see, e.g., [13, 14]), then one
could expect two phase transitions in substances like
MnSi, first to the spin ordered state, and then to the
chiral state.

But despite theoretical conclusions and specula-
tions, all physical properties of MnSi studied until very
recently seemed to be continuous across the phase-
transition line at ambient pressure (see [12] in this con-
nection). Yet, the seemingly successful attempt of mea-
suring some critical indexes at the phase transition in
MnSi with a result hinting to the chiral universality
class was made in Ref. [15].

The interest in studying MnSi was greatly enhanced
by the finding that the temperature of the magnetic
phase transition decreased with pressure and tended to
zero at about 1.4 GPa with expectations of the quan-

D The authors, having predicted a first-order transition in
MnSi, claimed experimental support in Ref. [11]. Incidentally,
the phase transition into the helical state in FeGe, which is struc-
tural and magnetic analogy of MnSi, is first order [12].

tum critical behavior [16]. Then, when a significant
change was observed in the temperature dependence
of ac susceptibility at the phase transition under high
pressures, it was accepted as a manifestation of the ex-
istence of a tricritical point and first-order nature of
the phase transition in MnSi at low temperatures and
high pressures (12 K, 1.2 GPa) [17, 18]. This deduction
was partly disputed on the basis of new measurements
of the ac susceptibility and resistivity of MnSi at high
pressures, created by compressed helium, and although
the existence of a tricritical point at the phase tran-
sition line in MnSi was not denied, its location was
shifted to the lower-pressure and higher-temperature
domain (25.2 K, 0.355 GPa) [19, 20].

However, we note that an interpretation of the ob-
servations made at high pressure critically depends on
the nature of the phase transition in MnSi at ambi-
ent pressure. Our extensive search in literature shows
that there is no unambiguous evidence that allows
classifying the transition as a second or a weak first-
order one. Moreover, some remarkable properties of
the phase transition in MnSi are not understood. In
particular, some quantities like the thermal expansion
coefficient [21], heat capacity [22], and temperature co-
efficient of resistivity [19] display a well-defined shoul-
ders on the high-temperature side of their correspond-
ing peaks at the phase transition, and the nature of
these shoulders remains a puzzle. It is therefore appro-
priate to systematically investigate physical properties
of MnSi with the same well-characterized sample. In
the course of the study, the heat capacity, electrical re-
sistivity, thermal expansion in magnetic fields, and dc
and ac magnetic susceptibility of a high-quality MnSi
single crystal were measured at ambient pressure.

2. EXPERIMENTAL

2.1. Sample preparation and its characteristics

The intermetallic compound MnSi is a congruently
melting substance and its single crystals of good qual-
ity can be grown by direct crystallization from melt.
The single crystal of MnSi used in the current study
was grown by the Bridgman technique in a resistance
furnace. Appropriate quantities of manganese (99.99%
pure) and silicon (99.999% pure) were cleaned and
arc-melted several times under an argon atmosphere.
The alloy was then cast into a copper chill mold to
ensure compositional homogeneity throughout the in-
got, prior to crystal growth. The as-cast ingot was
sealed in a quartz tube and heated under vacuum to
1100°C. After reaching 1100 °C, the growth chamber
was backfilled with ultra-high-purity argon to the pres-
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sure 1.03 - 10° Pa. Following pressurization, heating
was continued until the ingot reached the temperature
1360 °C, and then held for one hour before being with-
drawn from the furnace at a rate of 5 mm/hour. The
ingot broke into several pieces after extraction from the
quartz tube. The largest piece (20 mm in diameter and
40 mm height), examined by the X-ray Laue backre-
flection method, appeared to be a single crystal. Sam-
ples of the necessary size and orientation for various
experiments were cut by low-power spark erosion.

Structural perfection of the MnSi single crystal was
studied by means of a two crystal X-ray spectrometer.
Rocking curve data were collected in the @-mode using
the (110) MnSi reflection and CuK,; radiation selected
with a Si(400) monochromator. Overall mosaicity of
the sample appeared to be less than 0.1°. The lattice
constant of MnSi was measured with the Siemens D-500
X-ray diffractometer using Cuk,-radiation and the
(440) reflection of the crystal in ©—20 scanning mode.
The measured doublet peak (K, ,) was fitted using the
SPLIT PEARSON functions. For the lattice parameter
of MnSi at 298 K ,we obtained a = 4.5598(2) A (to be
compared with 4.5603(2) A [23] and 4.559(1) A [24]).

Elastic moduli of the given sample of MnSi, mea-
sured by the pulse ultrasound technique, are equal:
c11 = 283.30 &£ 1.62 GPa, ¢12 = 64.06 + 1.92 GPa,
and ¢4y = 117.86 + 0.52 GPa and the bulk modulus is
K = (c11+2c¢12)/3 = 137.14 GPa [25]. The Debye tem-
perature of MnSi, calculated from values of the elastic
constants was found to be ©p ~ 500 K. These values
agree generally with earlier determinations [26].

To characterize purity of the samples, we measured
the resistivity of a small splinter of the MnSi crystal
with dimensions about 2 x 0.7 x 0.5 mm?® from room
temperature to 50 mK?. The residual resistivity ra-
tio (RRR) appeared to be equal to &~ 250. From the
saturated magnetization at high field at 7' = 5 K, the
magnetic moment per atom Mn is 0.4up; fitting low-
field (0.1 T) inverse susceptibility data in the range
120-300 K to the Curie-Weiss form gives the effective
moment 2.27up per Mn in the paramagnetic phase.
These values agree well with previous reports (see the
Inroduction). According to the results of the current
experiments, the temperature of the phase transition in
our sample of MnSi is confined to the limits 28.7-29 K.

2) The splinter of MnSi was used to obtain a value of RRR to
avoid complications related with possible contamination of the
sample surface during cutting, polishing, and itching.

2.2. Experimental technique

dc magnetic susceptibility measurements were made
in a Quantum design magnetic properties measurement
system; ac susceptibility was measured with a two-coil
set-up (drive and pick up coils) by a standard mod-
ulation technique at the modulation frequency 19 Hz.
Heat capacity was measured with an adiabatic vacuum
calorimeter by the heat pulse method. The overall ac-
curacy of heat capacity measurements was about 1—
1.5%. Linear thermal expansion measurements were
performed in a capacitance dilatometer with the reso-
lution about 0.05A (see Ref. [27] for an extensive de-
scription of the technique). Resistivity measurements
were carried out by a standard four-probe technique.
In all these experiments, temperature was measured by
calibrated Cernox thermometers with the overall reso-
lution and accuracy not worse than 0.05 K. The heat
capacity and thermal expansion measurements in mag-
netic fields were performed by using superconducting
solenoids.

2.3. Experimental results

2.3.1. Magnetic susceptibility. dc and ac magnetic
susceptibility data are plotted in Fig. 1a. The temper-
ature derivative of the dc susceptibility is displayed in
Fig. 1b. The unusual shape of x(T) in the vicinity of
the phase transition is seen in the inset of Fig. 1a. This
form can be regarded as the result of a sudden jump-like
increase in the magnetic susceptibility at the transition
point, which is well demonstrated in Fig. 16. Without
this jump, the magnetic susceptibility curve would look
like one typical of an antiferromagnetic phase transi-
tion.

2.3.2. Heat capacity. The heat capacity of MnSi
divided by the temperature in the temperature range
2-40 K is shown in Figs. 2 and 3. We see that a sharp
peak of C),/T at ~ 28.8 K, looking as a slightly broad-
ened delta function at the top of a rounded maximum,
characterizes the phase transition in MnSi. We note
that a sharp peak at the top of a rounded maximum
(or a sharp dip at the bottom of a rounded minimum)
is also seen in other properties of MnSi at the phase
transition. Two more curves in Fig. 2 reflect the in-
fluence of the magnetic field on the heat capacity of
MnSi. As is known, the magnetic field about 0.6 T at
low temperature aligns spins in MnSi in the direction
of the applied field, thus creating a field-induced ferro-
magnetic state [2]. Correspondingly, the magnetic field
of a certain magnitude completely destroys the phase
transition in MnSi, as is illustrated in Figs. 2 and 3. On
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Fig.3. Temperature dependence of the heat capac-
0.003 - b ity divided by temperature near the phase transition in
MnSi. It is seen that the heat capacity of the helical
0.002 - 7 phase, is practically unaffected by magnetic fields up to
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Fig.1. The magnetic susceptibility x = M/H of MnSi ’
as a function of temperature. Measurements were 0 20 30 L+E
made in a field of 1 mT at H || [110]. The ac sus-
ceptibility data were scaled by simple multiplication
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s Fig.4. The entropy of MnSi calculated from the heat

0.10 b capacity (R-gas constant). The electron contribution
is taken in the conventional form as vT. The Debye
model with ©p = 500 K was used to estimate the
lattice contribution to the entropy. The difference be-
tween the total entropy and the electron and phonon
contributions AS = S — S¢; — Spp, is shown in the
inset. A tiny entropy jump at the phase transition is

illustrated in the smaller inset

0.05
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the other hand, moderate magnetic fields have little ef-

Fig.2. Temperature dependence of the heat capacity
fect on the heat capacity of the helical phase even at

divided by temperature in MnSi. Short extrapolations

give values for the linear terms in the heat capacity the temperatures close to T,. This last effect is not true
v = 36 mJ/mol-K* (H = 0) and v = 31 mJ/mol-K? for the paramagnetic phase, whose heat capacity read-
(H=4T) ily responds to modest magnetic fields at temperatures

close to and slightly above T..
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We now turn to the low-temperature behavior of
Cp/T. The standard way of analyzing heat capacity
by plotting the data in the coordinates C,/T vs. T?
does not work in the present case because of the small
phonon contribution (see Fig. 4). But the coefficient of
the linear electronic term in the heat capacity of MnSi
is easily obtained by extrapolating the low-temperature
parts of the curves C),/T to zero temperature in Fig. 2.
The results yield v = 36 mJ/mol-K?> (H = 0) and
31 mJ/mol'K? (H = 4 T). The magnitude of ~ for
H = 0is in good agreement with the earlier estimate,
corrected for the obvious error in the order of the cor-
responding value [28]. Although the electron mass en-
hancement in MnSi is obvious from the high value of v,
the ratio m*/m is unknown due to uncertainty in the
electron concentration in MnSi. The calculated ideal
value of 7g in the case with two free electrons for a
molecule of MnSi is 79 = 1.0 mJ/mol- K2, leading to
the mass ratio m*/m ~ 36 in MnSi.

The high values of the mass ratio in MnSi correlate
with the electron mass enhancement in a-Mn?).

We next turn to Fig. 4, displaying behavior of the
entropy S and its constituents in MnSi as a function
of temperature. As is seen, the electronic contribution
makes up a dominant fraction of the total entropy of
MnSi due to high value of electron effective mass m*
(we neglect here a possibility of changing of m* with
temperature). At the same time, the calculated phonon
contribution is rather small at the temperature range
under study. The difference between the total entropy
and the sum of electronic and phonon contributions,
which characterizes the magnetic or spin ordering in
MnSi, is less than 0.1 R (see the inset in Fig. 4), which
once again identifies the itinerant nature of magnetism
in MnSi.

2.3.3. Thermal expansion. Variation of the linear
thermal expansion coefficient § = (1/Lg)(dL/dT) of
MnSi with temperature is shown in Fig. 5. Obviously,
in the temperature range 0-35 K, behavior of 3 is de-
fined by the magneto-volume and fluctuation effects
arising as a result of the ordering of magnetic moments.

Plotting the data in coordinates 3/T vs T? does
not reveal any noticeable lattice contribution but ex-
poses a remarkable linear temperature term in 3 in the
temperature range 35-150 K (see the inset in Fig. 5),
which probably correlates with the greatly enhanced
electronic linear temperature term in the heat capacity.

3) With the number of free electrons per atom Z = 2, the
lattice constant 8.912 A, and the number of atoms in the unit
cell N = 58 [29], we obtain vy = 0.6469 mJ/mol-K2. With the
experimental value y = 12.812 mJ/mol-K? [30] the mass ratio in
a-Mn appears to be equal to m*/m & 20.

8, 107° /K
«+ cooling
1F . heating

1t 4
i —o006f ]
' i
_0.08 i 1 1 n 1 n i
—2L : 0 5000 10000 15000 20000
. T2, K2
0 100 200 300
T, K
Fig.5. Linear thermal expansion coefficient of MnSi

(B). It is seen in the inset that the linear term do-
minates behavior of 3 = (1/Lg)(dL/dT) in the range
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Fig.6. Linear thermal expansion of MnSi

In Fig. 6, the thermal expansion AL/Ly(Lo = L3p1 )
of MnSi, calculated by integration of the dilatometric
data, is compared with powder neutron diffraction and
single-crystal X-ray data [31]. As is seen, all the data
agree within 0.02%. The X-ray data set the absolute
length scale, although they do not demonstrate enough
resolution to permit observing subtle features of the
phase transition as the dilatometric measurements do.
Variation of the thermal expansion and the thermal ex-
pansion coefficient in the vicinity of the phase transi-
tion is shown in Fig. 7. The situation is fairly symmet-
ric with respect to the heat capacity results. The sharp
dip at the bottom of a shallow valley characterizes be-
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Fig. 7. Linear thermal expansion coefficient a) and lin-
ear thermal expansion of MnSi b) in the vicinity of the
phase transition. Variation of the relative length of the
sample close to the transition point is shown in the in-
set. For better view, a background contribution was
subtracted from the original data. (The linear ther-
mal expansion is calculated by integrating the thermal
expansion coefficient)

havior of the thermal expansion coefficient around 7. in
MnSi. Integration of the curve exposes a tiny anomaly
that can be interpreted as a discontinuity of 1-107° in
AL/Lg at T, and may indicate the first-order nature of
the phase transition®). This allows estimating the rela-
tive volume change at the first-order phase transition in
MnSi as 3-107%. Using the Clausius-Clapeyron equa-

1) Simple consideration leads to the following approxi-

mate formula for the thermodynamic temperature hysteresis:
0T = K(AV/V)/(dT/dP), where K is the bulk modulus, AV/V
is the relative volume change, and dT'/dP is the slope of the
transition line. Using the numerical values K = 1.37 - 106 bar
[23], AV/V =3.107%, dT/dP = 1.1-10~3 K /bar [19] we obtain
0.005 K for the hysteresis, which is a rather low value that hardly
can be observed in the current conditions.

o 0.3

0 10 20 30 40 50 60 70 80
T K

Fig.8. Linear thermal expansion coefficient of MnSi in
magnetic fields

tion and taking the slope of the transition line from
Ref. [19], we obtain the corresponding entropy change
5-107* R (R is the gas constant). This value agrees
with the direct estimate that can be made from the en-
tropy variation through the phase transition (Fig. 4).
Now we turn to Fig. 8, which illustrates the influ-
ence of the magnetic field on the thermal expansion
coefficient of MnSi. In the case of the helical spin or-
dering, the magnetic field is not directly coupled to
the order parameter, and hence no significant effect of
the magnetic field on the phase transition is expected
until the field-induced ferromagnetic state appears at
about 0.35 T [32]. As can be seen in Fig. 8, moderate
magnetic fields up to 0.025 T even sharpen the phase
transition (probably as a result of forming a single do-
main sample, see Fig. 9). Then the fast degradation
of sharp features of the transition between 0.3-0.4 T
clearly indicates formation of the ferromagnetic spin

1022



MITD, Tom 133, BeIm. 5, 2008

Experimental study of magnetic phase transition ...

8, 107°/K
O -
H || [110]
—— H=0
—«— H =0.025
—1Fk i
v
—2F m
73 1 : 1 1
20 25 30 35 40

T, K

Fig.9. Influence of a weak magnetic field (2.5 mT) on
the thermal expansion coefficients of MnSi

8, 107°/K

40
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Fig.10. The linear thermal expansion coefficient of

MnSi near the phase transition in magnetic fields. It is

seen that moderate magnetic fields up to 0.4 T do not
influence thermal expansion of the helical phase

structure. Figure 10 indicates that although magnetic
fields less than 0.4 T do not change nature of the phase
transition, they strongly influence thermal expansion
of the paramagnetic phase. At the same time, thermal
expansion of the helical phase shows little to no change
at least up to 0.4 T. The same situation can also be seen
in the heat capacity of the MnSi response to moderate
magnetic fields (Fig. 2, 3). This implies a significant
stiffness of the helical spin structure or, in the other
words, a lack of extensive paramagnetic fluctuations in
MnSi even at the transition point. This most proba-
bly signifies a finite value of the order parameter at the

p, pOhm - cm
100 T T T
a
80 / 0.06 K }‘ s
75+ 4
60 -
28I.5 29I.0
26 28 30 32 34
T, K
dp/dT, pOhm - cm /K
C T T 5 T T T
"
20 - b 2 E
2
4
15 £ .
2
30 32 34
T, K

Fig.11. Variations of resistivity (a) and its tempera-

ture derivative (b) of MnSi with temperature. The

quasi-discontinuity at the phase transition point is

shown in the inset. Improved results compared to those

in Ref. [20] were obtained due to the higher quality

sample, the optimized sample dimensions and the bet-
ter temperature control

phase transition point, therefore confirming a discon-
tinuous nature of the phase transition in MnSi.

2.3.4. Electrical resistivity, heat capacity, and ther-
mal expansion relations. At a first glance, the overall
dependence of the resistivity of our sample of MnSi on
temperature p(7') in the vicinity of the phase transition
does not differ from numerous previous results (see,
e.g., [16-18]); however, a small quasi-discontinuity can
clearly be seen at T' = 28.9 K (Fig. 11). The corre-
sponding temperature derivatives of the resistivity can
be interpreted as a slightly broadened delta function
developing within the continuous anomaly, similarly to
the behavior of the heat capacity and the thermal ex-
pansion coefficient. Almost perfect similarity between
the temperature derivative of the resistivity, the heat
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Fig.12. Unified dependence of the heat capacity,

the temperature derivative of resistivity and the linear

thermal expansion coefficient of MnSi in the phase-

transition region on temperature. All curves were re-

duced by a linear transformation. The data for the

thermal expansion coefficient were taken with the in-
verse sign

capacity, and the linear thermal expansion coefficient
curves in the phase transition region (see [33-35] in this
connection) is displayed in Fig. 12.

3. CONCLUSION

Asg can be seen from Figs. 2, 3, 7, and 11, a sharp
peak on the low-temperature side of the rounded max-
imum or correspondingly a sharp dip to the left of the
bottom of the rounded minimum in the heat capac-
ity, the thermal expansion coefficient, and tempera-
ture derivatives of resistivity is an intrinsic property
of the phase transition in the itinerant helical magnet
of MnSi. Striking similarity between all these quanti-
ties is evident from the reduced curve in Fig. 12. This
obviously indicates spin fluctuations as a dominant fac-
tor defining thermodynamic and transport properties of
MnSi in the vicinity of the phase transition.

The sharp peaks observed in the mentioned quan-
tities most likely identify the phase transition in MnSi
as a weakly first-order transition. This conclusion is
certainly supported by our claim of a finite value of
the order parameter at the transition temperature (see
Sec. 3.3). It is also appropriate to refer to the well-
forgotten result in Ref. [11], where a finite value of
the critical magnetic field corresponding to the tran-
sition from the conical to the ferromagnetic spin struc-
ture at the phase transition temperature was found. It

Sm/R
0.06

Cp, J/mol - K
4

0.04F
{2
0.02
20 40
T K

b

Fig.13. The magnetic part of entropy S, /R and heat

capacity C}, of MnSi in the vicinity of the phase tran-

sition. The peak in C}, was eliminated for the better
view of the rounded maximum

must be mentioned here that as was explicitly shown in
Ref. [36], the second-order phase transition in the itin-
erant weak ferromagnet ZrZn, displayed typical mean-
field behavior with simple jumps in C),, and dp/dT at
the phase transition point. This clearly supports up
our interpretation of the nature of the phase transition
in MnSi.

Then a number of questions arises. If one believes
that a tricritical point does exist at high pressure in
MnSi [17-19], then the only way is to suggest that the
phase transition becomes second order at high pressure.
This kind of conclusions would completely reverse the
widely accepted view of the phase diagram of MnSi.

Alternative scenarios, which principally could be
discussed, include the existence of a second tricritical
point® or interplay of weak and strong first-order tran-
sitions [37], but it is unclear whether the latter would
generate some sort of pseudo-tricritical point. Another
intriguing possibility in the chiral spin systems is de-
coupling the spin and the chiral orders, which may lead
to two phase transitions, first to the spin ordered state
and then to the chiral state (see, e.g., [13, 14]). But the
above consideration ignores the question on the nature
of the rounded maxima demonstrated in Fig. 12. Some
insight comes from the behavior of the magnetic part of
the entropy and the heat capacity, with the peak elim-
inated, through the phase transition in MnSi (Fig. 13).

Ag can be seen from the entropy curve, some order-

5) In principle, two tricritical points may exist on the transi-
tion line for materials like MnSi; however, a competing spin order
should be observed in this case [8].
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ing process starts around 31 K, reaches its culmination
at the temperature corresponding to the top of the
rounded maximum of C) (29.2 K), and is interrupted
by the first-order phase transition a half of degree
below (28.8 K). The overall behavior of the entropy
and the heat capacity looks like the system is preparing
to take some sort of frustrated magnetic configuration
but then some subtle interaction comes into play and
the system collapses into the helical phase. We are not
in a position to discuss a character of this interaction
here, but perhaps fourth energy scale is needed to
unlock the configuration space, therefore facilitating
the phase transition in MnSi®. Going a little bit
beyond the scope of the current paper, we may expect
that a cloud of the “frustrated phase” follows the phase
transition line until the very end at T = 0 at high
pressure and then it may condense into the extended
quantum phase with non-Fermi-liquid properties.
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