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Abstract

The heat capacity and thermal expansion of a high quality single crystal of MnSi were measured
at ambient pressure at zero and high magnetic fields. The calculated magnetic entropy change
in the temperature range 0-30 K is less than 0.1R, a low value that emphasizes the itinerant
nature of magnetism in MnSi. A linear temperature term dominates the thermal expansion
coefficient in the range 30—150 K, which correlates with an enhancement of the linear electronic
term in the heat capacity. A surprising similarity among the variations of the heat capacity,
thermal expansion coefficient and temperature derivative of the resistivity is observed through
the phase transition in MnSi. Specific forms of the heat capacity, thermal expansion coefficient
and temperature derivative of resistivity at the phase transition to a helical magnetic state near
29 K are interpreted as the combination of sharp first-order features and broad peaks or shallow
valleys of as yet unknown origin. The appearance of these broad satellites probably hints at a
frustrated magnetic state slightly above the transition temperature in MnSi.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Extensive studies of the physical properties of the itinerant
helimagnet MnSi have been carried out for decades and have
brought up a number of intriguing results of general physical
significance. Magnetic ordering of an unknown nature in
MnSi, occurring around 30 K, was reported for the first time
in [1]. The magnetic moment per atom Mn at low temperature
was found to equal 0.4 pg; whereas, fitting susceptibility data
to a Curie-Weiss law gave an effective moment of 2.2 ug per
Mn in the paramagnetic phase [2]. This difference is usually
considered as 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;3 does not contain a center of
symmetry and allows a non-zero value of the Dzyaloshinski—
Moria term in energy D[S; x S;], arising as a result of small
relativistic spin—lattice and spin—spin interactions [4, 5]. This
term, though being small, could cause a long wave modulation
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of magnetic spin structure. Consistent with theory, magnetic
order in MnSi was identified as a long period ferromagnetic
spiral or helical spin structure [6]. At zero magnetic field, the
wavevector ¢ of the helix is directed along a space diagonal
of the cubic unit cell of MnSi, so spins are ferromagnetically
aligned in layers parallel to the (111) plane. The magnetic
moment of each consecutive layer is turned by a small angle
with respect to a previous one, therefore forming a spiral with
a pitch of 180 A (¢ = 0.035 A~'). The wavevector can be
aligned in different directions on application of a magnetic
field of about ~0.2 T. At a magnetic field of ~0.6 T, a field-
induced ferromagnetic structure appears [2]. So the magnetic
properties of MnSi are governed by a hierarchy of three
energy scales that are: the exchange interaction, defining in-
plane ferromagnetic ordering, the weak Dzyaloshinski—-Moria
spin—orbit interaction, producing chirality of the spin structure
and a weaker anisotropic exchange-crystal anisotropy terms
directing the wavevector ¢ along the space diagonal of the
cubic cell.

© 2008 IOP Publishing Ltd  Printed in the UK
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An order parameter in MnSi has two components,
characterizing the spin and chiral orders and can be described
by a complex vector S = Spel%°. A Landau expansion
of the free energy in powers of the order parameter does
not contain the odd terms due to time-reversal symmetry.
This suggests a second-order nature of the phase transition
in MnSi, though fluctuations and interaction of the magnetic
order parameter with other degrees of freedom could transform
the phase transition into first order [7-9, 12]. Bak and
Jensen [9], predicted a first-order transition in MnSi and
claimed experimental support for it [10]. We also note that
the phase transition into the helical state in FeGe, which is a
structural and magnetic analog of MnSi, is first order [11].

Another complication specific for to chiral spin systems
is the coupling of spin and chiral order. If they were
not coupled (see for instance [13, 14]), one could expect
two phase transitions in substances, like MnSi, first to
the spin ordered state, then to the chiral state. However,
despite theoretical conclusions and speculations, all physical
properties of MnSi studied until very recently seemed to be
continuous across the phase-transition line at ambient pressure.
Yet, the seemingly successful attempt of measuring some
critical indexes at the phase transition in MnSi hinted at a
chiral universality class [15]. Recently, strong evidence was
obtained for a first-order phase transition in MnSi at ambient
pressure [16] (see in this connection also [11]). pressure [16]
(see in this connection also [11]). Nevertheless, some other
remarkable properties of MnSi and its phase transition are
not still understood.  Quantities, like thermal expansion
coefficient [18, 16], heat capacity [19, 16], and temperature
coefficient of resistivity [17, 16] display a well-defined round
maximum of enigmatical origin on the high temperature side
of their corresponding peaks at the phase transition. To shed
light on these problems, heat capacity and thermal expansion
in magnetic fields are reported for a high quality MnSi single
crystal at ambient pressure.

2. Sample preparation and its characteristics

The intermetallic compound MnSi melts congruently and
single crystals of good quality can be grown by direct
crystallization from a melt. The single crystal of MnSi used
in the current study was grown in a resistance furnace by the
Bridgman technique®. 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-chilled mold to ensure
compositional homogeneity throughout the ingot. 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 a pressure of
1.03 x 10° Pa. Following pressurization, heating was continued
until the ingot reached a temperature of 1360 °C and held there
for one hour before being withdrawn from the furnace at a
rate of 5 mmh~!. The ingot broke into several pieces after
extraction from the quartz tube. The largest piece (20 mm

® Materials Preparation Center, Ames Laboratory, US-DOE, Ames, IA, USA.

in diameter and 40 mm height) was examined by x-ray Laue
back-reflection and appeared to be a single crystal. Samples
of 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 Cu Ka; 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 a Siemens D-500 x-ray diffractometer using Cu Ko-
radiation and the (440) reflection of the crystal in a ®-20
scanning mode. The measured doublet peak (Ko ») was fitted
using SPLIT PEARSON functions. For a lattice parameter of
MnSi at 298 K, we obtained a = 4.5598(2) A, compared to
previous reports of 4.5603(2) A [20] and 4.559(1) A [21].

Elastic moduli of MnSi, measured by a pulse ultrasound
technique, are: c¢;; = 283.30 £ 1.62 GPa, ¢;; = 64.06 +
1.92 GPa, css = 117.86 £ 0.52 GPa, and bulk modulus
K = 1/3(c11 + 2c¢12) = 137.14 GPa [22]. The Debye
temperature of MnSi, calculated from values of the elastic
constants, is ®p & 500 K. These values generally agree with
earlier determinations [23].

3. Experimental technique

Heat capacity was measured with an adiabatic vacuum
calorimeter using a heat pulse method. Overall accuracy of
heat capacity measurements was about 1-1.5%. Linear thermal
expansion measurements were performed in a capacitance
dilatometer with a resolution of about 0.05 A (for an
extensive description of the technique, see [24]). In all
these experiments, temperature was measured by calibrated
Cernox thermometers with overall resolution and accuracy not
worse than 0.05 K. The heat capacity and thermal expansion
measurements in magnetic fields were performed by making
use of superconducting solenoids.

4. Heat capacity

The heat capacity of MnSi divided by temperature in the
temperature range 2-40 K is shown in figure 1. As is seen
more clearly in figure 2 a sharp peak in C, at ~28.8 K, appears
as a slightly broadened delta function on top of a rounded
maximum. This feature of the transition is transformed into
a sharp dip at the bottom of shallow minimum in case of
the thermal expansion coefficient, which will be discussed
later (see also [16]). Two more curves in figure 1 reflect the
influence of a magnetic field on the heat capacity of MnSi. As
is known, a magnetic field of about 0.6 T at low temperature
aligns spins in MnSi along the direction of the applied field,
therefore creating a field-induced ferromagnetic state [2].
Consequently, a magnetic field of certain magnitude will
completely destroy the phase transition in MnSi, as illustrated
in figures 1 and 2. On the other hand, moderate magnetic
fields, as pointed out with respect to the thermal expansion
coefficient [16], have little effect on the heat capacity of the
helical phase even at temperatures close to 7;. The latter is not
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Figure 1. Temperature dependence of heat capacity divided by
temperature in MnSi. Short extrapolations give values for the linear
terms in the heat capacity y = 36 mJ mol~! K= (B = 0) and

y =3lmlmol"' K2 (B=4T).
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Figure 2. Temperature dependence of heat capacity near the phase
transition in MnSi. It is seen that magnetic fields up to 0.3 T
practically do not affect the heat capacity of the helical phase.

true for the paramagnetic phase whose heat capacity readily
responds to modest magnetic fields at temperatures close to
and slightly above 7.

Now we turn to low temperature behavior of C,/T. The
standard way of analyzing heat capacity, by plotting data C,/ T
versus T2, does not work in the present case because of a
small phonon contribution (see figure 3). However, a T -linear
coefficient of the heat capacity of MnSi is easily obtained by
a short graphic extrapolation of the low temperature curves of
C,/T to zero temperature as illustrated in figure 1. The results
yield y = 36 mImol~! K2 (B = 0) and 31 mJ mol~! K2
(B = 4T). The magnitude of y for B = 01is in good agreement
with an earlier estimate, corrected for an obvious error [25].
Though the electron mass enhancement in MnSi is obvious
from the high value of y, the ratio m*/m is unknown due to
uncertainty in the electron concentration in MnSi. A calculated
value of yy for the case of two free electrons per molecule of
MnSi is ¥y = 1.0 mJ mol~! K~2, leading to the mass ratio in
MnSi of m*/m ~ 36.
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Figure 3. Entropy of MnSi calculated from the heat capacity
(R—gas constant). The electron contribution is taken in the
conventional form as y T. A Debye model with ®p = 500 K was
used to estimate the lattice contribution to entropy. The difference
between total entropy and electron and phonon contributions

AS = § — Sei — Spn is shown in the inset. A tiny entropy jump at the
phase transition is illustrated in the smaller inset.

Figure 3 gives plot of entropy S and its constituents in
MnSi as a function of temperature. As seen, an electronic
contribution makes up a dominant fraction of the total entropy
due to the relatively large 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 in the temperature range under study. The
difference between 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 inset in figure 3) and
once again identifies the itinerant nature of magnetism in MnSi.

5. Thermal expansion

The temperature variation of the linear thermal expansion
coefficient 8 = (1/Lo)(dL/dT) of MnSi is shown in
figure 4. In the temperature range 0-35 K, the behavior
of B is defined by magneto-volume and fluctuation effects
arising as a result of magnetic moments ordering. Plotting the
data as B/ T versus T2 does not reveal any noticeable lattice
contribution but exposes a remarkable linear in temperature
increase in B over the temperature range 35-150 K (see
the inset in figure 4), which correlates with the enhanced
electronic linear temperature term in the heat capacity. In
figure 5, the thermal expansion AL/Ly (Ly = L3 ) of
MnSi, calculated by integration of the dilatometric data, is
compared with powder neutron diffraction and single crystal
x-ray data [26]. All the data agree within 0.02%. The
x-ray data set the absolute length scale, though they do
not demonstrate enough resolution to permit seeing subtle
features of the phase transition that dilatometric measurements
do. Figure 6 illustrates the influence of magnetic field on
the thermal expansion coefficient of MnSi. In the case
of helical spin ordering, a magnetic field is not directly
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Figure 4. Linear thermal expansion coefficient of MnSi (). As was
mentioned in [16], the thermodynamic hysteresis at the phase
transition is expected to be about 0.005 K and could hardly be
observed. It is seen in the inset that a linear term dominates behavior
of B in the range 30-150 K.
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Figure 5. Linear thermal expansion of MnSi.

coupled with the order parameter, and hence, no significant
effect of magnetic field on the phase transition is expected
until the field-induced ferromagnetic state appears at about
0.35 T [27]. Fast degradation of sharp features of the transition
for fields between 0.3 and 0.4 T clearly indicates formation of a
ferromagnetic spin structure in MnSi. The same situation was
also seen in the heat capacity response to moderate magnetic
fields (figures 1, 2). A magnetic phase diagram, given in
figure 7, summarizes the influence of a magnetic field on
the phase transition and other specific features in the thermal
expansion and heat capacity of MnSi.

6. Discussion

Almost perfect similarity between the heat capacity, the linear
thermal expansion coefficient and the temperature derivative of
resistivity in the phase-transition region of MnSi is displayed

(1/L ) x dL/dT (10%K)

i

At

B [110]

2t

Temperature (K)
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Figure 6. Linear thermal expansion coefficient of MnSi in magnetic
fields. Values of magnetic fields are given in tesla.

-/’
g e
: s
0,6 g s’
B 7
s e
; Y
04 \o R
) 4 :
— 5L .
- :
0.2 w o r H
W\ 2k :
ud = .
% R
0.0 gb | Temperature (K) |
25 30 35

Temperature (K)

Figure 7. Magnetic phase diagram of MnSi. Solid triangles and
crosses are coordinates of the phase transition from thermal
expansion and heat capacity experiments, respectively. Open circles
and triangles record the broad minima and maxima of the thermal
expansion coefficients and heat capacity. A solid line is drawn in
accordance with data [10]. Close circles mark the minima of thermal
expansion coefficients above 0.4 T. Broken and dotted lines are
guides for eyes.

in figure 8. As is seen from figure 8, a sharp peak
on the low temperature side of a rounded maximum or
correspondingly a sharp dip to the left of the bottom of
a rounded minimum in heat capacity, thermal expansion
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Figure 8. Unified temperature dependence of the heat capacity, the
temperature derivative of resistivity and the linear thermal expansion
coefficient of MnSi in the phase-transition region. All curves were
reduced by a linear transformation. Note that data for the thermal
expansion coefficient were taken with the inverse sign.

coefficient and temperature derivatives of resistivity is an
intrinsic property of the phase transition in the itinerant helical
magnet state of MnSi. The sharp peaks most likely identify the
phase transition in MnSi as weakly first order. This conclusion
is certainly supported by the well forgotten result of [10]
(see also figure 7), where a finite value was found for the
critical magnetic field that corresponds to a transition from
conical to ferromagnetic spin structure at the phase-transition
temperature. It also needs to be mentioned here that, as was
explicitly shown in [28], the second-order phase transition in
the itinerant weak ferromagnet ZrZn, displayed typical mean
field behavior with simple jumps in C, and dp/dT at the
phase-transition point that is drastically different from what
we see in MnSi. This clearly supports our interpretation of
the nature of the phase transition in MnSi. However, above
considerations leave unattended a question on nature of the
rounded maximum demonstrated in figure 8. Certain insight
comes from the behavior of magnetic entropy and the heat
capacity shown in figure 9 where the peak in C,, was removed
for clarity.

As seen from the entropy curve, some ordering process
starts around 31 K, reaches its culmination at the temperature
corresponding to the top of the round maximum of C, (29.2 K),
and is interrupted by the first-order phase transition a half of
a 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 the
character of this interaction here, but perhaps a fourth energy
scale is needed to unlock the configuration space, therefore
facilitating the phase transition in MnSi (striction effects also
might be relevant to this case [12]).

7. Conclusion

We have measured the heat capacity and thermal expansion
of a high quality single crystal of MnSi at ambient pressure
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Figure 9. Magnetic part of entropy S,/ R (left ordinate) and heat
capacity C), (right ordinate) of MnSi in the vicinity of its phase
transition. The peak in C, was eliminated for a better view of the
rounded maximum.

for zero and high magnetic fields. Specific forms of the heat
capacity and the thermal expansion coefficient in the vicinity
of the magnetic phase transition (sharp peak/dip at the top or
bottom of a continuous anomaly) do not change much with
magnetic field until a field-induced ferromagnetic structure
is formed at about 0.35-0.4 T. Note that a finite value of
magnetic field needed for forming the ferromagnetic structure
of MnSi at the transition temperature signifies the first-order
nature of the phase transition (see in this connection [9]). An
electronic contribution constitutes a major part of the total
entropy of MnSi at the transition temperature. Spin ordering
entropy appears to be less than 0.1R, therefore emphasizing
the itinerant nature of magnetism in MnSi. Universal behavior
of the thermodynamic and transport properties of MnSi in the
phase-transition region was discovered, which indicate spin
fluctuations as a primary factor defining specific features of
the mentioned quantities at the phase transition. The puzzling
rounded maxima or minima observed in thermodynamic
and transport properties on the high temperature side of
the corresponding peaks at the phase-transition point are
tentatively interpreted as a consequence of a spin frustrated
state of MnSi that is destroyed by the transition into a helical
state.
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