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Quantum critical behavior of the hyperkagome magnet Mn3CoSi
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β-Mn-type family alloys Mn3TX (T = Co, Rh, and Ir; X = Si and Ge) have a three-dimensional antiferromag-
netic (AF) corner-shared triangular network, i.e., the hyperkagome lattice. The antiferromagnet Mn3RhSi shows
magnetic short-range order over a wide temperature range of approximately 500 K above the Néel temperature
TN of 190 K. In this family of compounds, as the lattice parameter decreases, the long-range magnetic ordering
temperature decreases. Mn3CoSi has the smallest lattice parameter and the lowest TN in the family. The quantum
critical point (QCP) from AF to the quantum paramagnetic state is expected near a cubic lattice parameter
of 6.15 Å. Although the Néel temperature of Mn3CoSi is only 140 K, the emergence of the quantum critical
behavior in Mn3CoSi is discussed. We study how the magnetic short-range order appears in Mn3CoSi by using
neutron scattering, μSR, and bulk characterization such as specific heat capacity. According to the results,
the neutron scattering intensity of the magnetic short-range order in Mn3CoSi does not change much at low
temperatures from that of Mn3RhSi, although the μSR short-range order temperature of Mn3CoSi is largely
suppressed to 240 K from that of Mn3RhSi. Correspondingly, the volume fraction of the magnetic short-range
order regions, as shown by the initial asymmetry drop ratio of μSR above TN, also becomes small. Instead,
the electronic-specific heat coefficient γ of Mn3CoSi is the largest in this Mn3T Si system, possibly due to the
low-energy spin fluctuation near the quantum critical point.
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I. INTRODUCTION

Intermetallic antiferromagnet Mn3CoSi is one of the
β-Mn-type family alloys of Mn3TX (T = Co, Rh, and
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FIG. 1. Mn3CoSi nuclear (a) and magnetic (b) structures viewed
along [1, 1, 1] obtained from the structural refinements shown in this
study. The red rod network is a hyperkagome lattice of Mn site (12b),
where the Mn-Mn bond distance ranges from 2.59 to 2.64 Å. The
light blue plane is (1, 1, 1). The central triangular spin cluster forms
a spiral chain along [1, 1, 1].

Ir; X = Si and Ge) [1–4]. They have a three-dimensional
hyperkagome lattice with corner-sharing triangular Mn-spin
units in a noncentrosymmetric β-Mn-type structure (Fig. 1)
[5,6]. Original β-Mn is known as a spin-liquid candidate
[6]. The nonmagnetic Mn sites of β-Mn can be selectively
replaced by T and X elements. Non-Fermi-liquid behavior
is also identified in the β-Mn, based on the exponent of
the temperature dependence of the resistivity and the scal-
ing of the dynamical spin susceptibility [7]. The family
compound Mn3RhSi shows the high-temperature short-range
order (SRO) as magnetic diffuse scattering appearing up to
720 K above the Néel temperature TN = 190 K, where
the magnetic susceptibility deviates from the Curie-Weiss
law [4]. The Weiss temperature θp changes from −3900 K
(300–400 K) to −1500 K (720–800 K), depending on the
temperature range. Based on the large Weiss temperatures,
the frustration parameter, f = |θp|/TN, ranges from 7.9 to
20.5, suggesting spin frustration in this magnet. The large
Weiss temperature also suggests large exchange interaction
and large magnetic moments. The temperature dependence
of the magnetic susceptibility on the Mn3CoSi sample used
for the present study deviates from the Curie-Weiss law in
the paramagnetic state, too. The temperature dependence is
convex above TN [Fig. 2(b)]. These anomalous behaviors are
theoretically studied as the Curie-law crossover in spin liq-
uids, where the hyperkagome lattice is one of the largest
residual entropy lattices [8]. Recently, a similar magnetic SRO
has been observed in a skyrmion alloy of Co7Zn7Mn6 with
the same β-Mn crystal structure [9,10]. The Q position at
∼1.7 Å−1 is identical to the observed magnetic diffuse scat-
tering position in Mn3CoSi, Mn3RhSi [4], β-Mn [6], and
β-Mn1−xInx [11]. The magnetic short-range order originates
from the local spin correlation order at low frequencies. The
local spin correlation order has been observed as a cooperative
paramagnetism in Tb2Ti2O7 below 50 K [12,13]. The partial
order in MnSi [14,15] and the solitonic spin liquid of Fe1+yTe
[16] can also be categorized into the same class of the local
spin correlation order in paramagnetic states.

Here we report a detailed investigation of Mn3CoSi us-
ing probes such as neutrons and muons, complemented by
specific heat capacity studies. To discuss the physical prop-
erties, they are compared with those of Mn3RhSi and Mn3IrSi

FIG. 2. Specific heat capacity and magnetic susceptibility.
(a) Specific heat capacities of Mn3CoSi (closed circles) and
Mn3RhSi (open circles) at low temperatures. The extrapolated value
of Cp/T to T 2 = 0 by linear fitting corresponds to the electronic
specific heat coefficient γ . (b) Temperature dependence of the mag-
netic susceptibility of Mn3CoSi under B ‖ [1 1 2] = 100 Oe. Upper
susceptibility is measured under field cooling, whereas the lower
values are measured under zero-field cooling.

in the Mn3T Si phase diagram. As a result, decreasing the
cubic lattice parameter, the Néel temperature, the magnetic
SRO temperature, the SRO volume fraction, and the squared
ordered magnetic moment decrease, suggesting a quantum
critical point at a = 6.15 Å. On the other hand, the electronic-
specific heat coefficient γ increases to the quantum critical
point. These results suggest that Mn3CoSi is the closest alloy
to the quantum critical point among the Mn3T Si alloys.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation and the characterization

Mn3CoSi crystals were grown by the modified Bridg-
man method, starting from Mn (99.9%), Co (99.9%), and Si
(99.99%) placed in a commercial alumina crucible within an
evacuated silica tube. The polycrystalline sample was syn-
thesized by a conventional arc melting method in an argon
atmosphere from stoichiometric amounts of powders of the
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constituent elements. The as-cast ingots were sealed in an
evacuated quartz tube, annealed at 1173 K for 3 days and
1073 K for 1 week, and quenched in water. The phase purity
was examined by x-ray powder diffraction using a desktop
diffractometer with Cu Kα radiation. No traces of impurity
phases were found within the experimental accuracy. The
orientations of the crystal obtained were checked using x-ray
Laue diffraction. Crystal and magnetic structures were drawn
by VESTA software [17]. Magnetic susceptibility and specific
heat capacity measurements were carried out by Physical
Property Measurement System (Quantum Design Co., Ltd.).

B. Neutron scattering measurements

The single-crystal diffraction data were taken at FONDER
of JRR-3 and SENJU (BL18) of Japan Proton Accelerator
Research Complex (J-PARC)/Materials and Life Science Ex-
perimental Facility (MLF) [18]. The data were analyzed using
the FULLPROF and STARGAZER softwares [19,20]. The mag-
netic symmetry analysis was performed using the SARAh
suite of programs [21]. The polycrystalline samples of
Mn3CoSi were also measured at WAND at HFIR of ORNL,
HRPD at JRR-3, and NOVA(BL21) at J-PARC/MLF. Inelas-
tic neutron scattering (INS) measurements were carried out
on the chopper spectrometers POLANO (BL23) at J-PARC
with a proton beam power of 600–830 kW [22]. The crystal,
with a weight of about 1.6 g, was wrapped in aluminum foil
and then fixed on an aluminum plate for the neutron exper-
iment. The crystal was rotated at POLANO by 360◦ with a
two-degree step for the rotation mode. The incident energy of
POLANO was 46.27 meV under a Fermi chopper frequency
of 400 Hz. The data were analyzed using the DAVE software
[23]. The horizontal scattering plane of Mn3CoSi crystal was
set at POLANO by [h, h,−h] and [k,−k, 0] with a vertical
axis of [1, 1, 2]. The polycrystal sample was measured at
4SEASONS (BL01) to observe the magnetic SRO [24,25].
The incident energy of 4SEASONS was 17.8 meV under a
Fermi chopper frequency of 300 Hz. The data were analyzed
using the UTSUSEMI software [26].

C. Muon spin spectroscopy measurements

The polycrystalline ingot of Mn3CoSi was measured at
ARGUS of ISIS under zero-field (ZF), longitudinal fields (LF)
of 100 G and 3600 G, and a transverse field (TF) of 20 G,
while the single crystal was measured at LAMPF spectrome-
ter at M20 of TRIUMF under ZF, LF of 100 G, and TF of 25
G along [1, 1, 1].

III. RESULTS AND DISCUSSION

A. Specific heat capacity and magnetic susceptibility

The electronic specific heat coefficients γ of Mn3CoSi
and Mn3RhSi are shown in Fig. 2(a). Mn3CoSi γ value of
23 mJ Mn−1 K−2 is enhanced from Mn3RhSi γ value of 12 mJ
Mn−1 K−2. Mn3IrSi γ value is 8.8 mJ Mn−1 K−2 [27]. These
results suggest that low-energy spin fluctuations coupled with
conducting carriers remain without a static order. As for the
β-Mn without the Néel order, the γ value is 70 mJ Mn−1 K−2,
where three magnetic moments are localized among the five

Mn atoms. In other words, the enhanced γ value of Mn3CoSi
indicates the quantum critical point behavior.

As for the magnetic susceptibility, the polycrystalline
samples often show magnetization anomalies above TN. Fig-
ure 2(b) shows a small hysteresis under a small magnetic
field above TN. This is reminiscent of the Griffths phase
with magnetic clusters associated with the magnetization hys-
teresis above TN [28]. It may be attributed to site exchange
between Mn and Co in the alloy, as the Griffiths phase can
be induced even by small disorders under the competition of
multiple ordered states [29]. The crystallographically high-
quality single crystal of Mn3CoSi near the quantum critical
point may show the magnetic SRO above TN, as the Griffiths
phase behavior. In addition, under a small magnetic field
of 100 G, weak ferromagnetic behavior is observed. Under
zero-field cooling, however, antiferromagnetic (AF) behavior
appears. This result is very unusual for a single-crystal magnet
with little disorder. There can be two possibilities for the
observed weak ferromagnetic behavior. One is the existence
of weak ferromagnetic domains. The other is the creation of
the magnetic domain wall with weak ferromagnetism under
a magnetic field. The former is plausible because the weak
ferromagnetism becomes prominent only at low magnetic
fields. The ferromagnetic domains can mutually cancel out the
ferromagnetic component at zero field cooling.

The origin of the ferromagnetic behavior can be the incom-
plete cancellation of an emergent magnetic field by scalar spin
chirality [30,31], which is proposed in a kagome lattice. The
kagome lattice is a two-dimensional corner-sharing network
of triangle units, whereas the present hyperkagome lattice is
a three-dimensional corner-sharing network of triangle units.
The three-dimensional network may not cancel the emergent
magnetic field. Especially, an applied magnetic field may
break the cancellation of the magnetic domains with the emer-
gent magnetic fields.

B. Neutron scattering

The magnetic diffuse scattering of Mn3CoSi is observed as
a broad signal near Q = 1.7 Å−1 at a two-axis diffractometer
WAND of HFIR in ORNL [Fig. 3(a)]. However, it disappeared
in the diffraction patterns at NOVA [Fig. 3(b)]. The absence
of the magnetic diffuse scattering can be attributed to the
energy integration difference between the two diffractometers
at the continuous and pulsed neutron sources. The continuous
source neutron diffractometer measures the limited Q region
only in the energy integration of final energy with a constant
Ei. On the other hand, the pulsed source neutron diffrac-
tometer measures both energy integrations to the incident and
the final energy sides, resulting in a wider Q-range for the
measurement. The absence of the magnetic diffuse scattering
at NOVA also suggests that the diffuse scattering origin is
the inelastic signal. As for the neutron diffraction pattern of
Mn3IrSi measured at NOVA, it does not show any magnetic
diffuse scattering similar to Mn3CoSi. The neutron diffraction
pattern of Mn3IrSi measured at ISIS also does not show the
magnetic diffuse scattering [27]. They may have larger energy
gaps than Mn3RhSi in the magnetic excitation spectra. Note
that the Q position of the SRO centered at ∼1.7 Å−1 does not
coincide with any long-range magnetic Bragg peak positions.

013144-3



HIROKI YAMAUCHI et al. PHYSICAL REVIEW RESEARCH 6, 013144 (2024)

FIG. 3. Neutron scattering patterns of polycrystalline Mn3CoSi
[(a)–(c)] and Mn3RhSi (d) samples. They are measured at WAND (a),
NOVA (b), and 4SEASONS with Ei = 18 meV [(c), (d), Ref. [32])].
Black closed circles are measured at T = 4 (a), 20 (b), 7 (c), and
5 K (d). Blue closed circles are measured at T = 200 K [(a)–(d)].
Red closed circles are 550 K [(c) and (d)]. The intensity measured at
4SEASONS is integrated with the energy range from −1 to 10 meV.
Long-range magnetic Bragg peaks such as 100 peak develop at T =
5–7 K. An Al cell Bragg peak appears at Q = 2.7 Å−1.

The Q-position difference between SRO and long-range order
(LRO) originates from the different neutron scattering con-
figurations between the spin and the scattering vector in the
elastic scattering and the inelastic scattering processes [32],
suggesting that the SRO originates purely from the inelastic
scattering at low energies. In other words, the elastic scattering
intensity comes from Sn component (n denotes the normal
component between the spin and the scattering vector), which
does not have any structure factor at {1, 1, 1}. On the other
hand, the inelastic scattering intensity has both components of
Sn and Sp (p denotes the parallel component between the spin
and the scattering vector), resulting in the strong magnetic
signal at {1, 1, 1}, as shown in Fig. 4 [32].

In the case of Mn3RhSi, the magnetic diffuse scattering at
the two-axis diffractometer is well reproduced by integrating
the energy from −1 to 10 meV [Fig. 3(d)], corresponding
to the typical magnetic fluctuation energy of 10 meV [32].
So the same energy-integration is applied to the inelastic
scattering patterns of Mn3CoSi [Fig. 3(c)]. The diffraction
intensity of Mn3CoSi can be compared with that of Mn3RhSi
in an absolute scale. For example, the squared ratio of the
ordered magnetic moments (MMn3RhSi/MMn3CoSi) is 2.15 at
low temperatures. So, we may conclude that the observed
magnetic diffuse scattering intensity is comparable for these
two magnets. The magnetic diffuse scattering intensity of
Mn3CoSi remains even at 7 K, while the intensity is almost
suppressed at 550 K. The results are similar to the magnetic
diffuse scattering observed in β-Mn without LRO [6].

The magnetic excitation spectrum along [h, h,−h] is
shown in Fig. 4. The constant-E cuts at 4 K are fitted using
two Gaussian peaks. The peak width was fixed to be 0.08

FIG. 4. Constant-E cuts of Mn3CoSi along [h, h, −h] (a). The
transfer energies with an energy width of 2 meV are from 8 to
18 meV by 2 meV step from the bottom to the top. The intensity
is shifted vertically. The intensity is folded for positive and nega-
tive sides. It is also integrated with the other reciprocal direction
in 0.2 r.l.u. corresponding to 0.2 and 0.49 Å−1 for [k, −k, 0] and
[�, �, 2�], respectively. The AF spin-wave dispersion can be seen
at Q = (1, 1, −1) in the E -Q spectrum (b). The magnon dispersion
fitting suggests the top energy is 55(18) meV at q = 0.5 (r.l.u.) (c).

r.l.u. based on the fitting at E = 14 meV. The magnon top
energy Etop was estimated to be 55(18) meV by a trial func-
tion E = Etop sinα (πq) from the fitting of Fig. 4(c), where α

was 0.7(2). The dispersion top energy is higher than 39.5(6)
meV of Mn3RhSi [α = 0.53(3)]. Based on this result, the
exchange interaction may be enhanced in Mn3CoSi compared
to that of Mn3RhSi. The magnetic excitation at Q ∼ 1.7 Å−1

is extended above 140 meV in the polycrystalline sample
at 4SEASONS with Ei = 300 meV [33], suggesting another
high-energy mode above 55 meV. As for the spin-wave dis-
persion, we have not obtained a stable spin-wave solution to
estimate the exchange parameters, possibly due to the geo-
metrical spin frustration. The magnetic phase diagram has
been studied theoretically [34,35]. However, the spin-wave
dispersion with realistic exchange parameters has not been
calculated for β-Mn-type alloys yet. Note that the phase
diagram shows the present q = 0 AF state and the incommen-
surate AF state, which are observed experimentally [27].

Figure 5 shows the results of the single-crystal structure
analysis, where 260, 252, and 40 reflections satisfying I �
3σ (I ) were used for 4 K nuclear peaks, 160 K nuclear peaks,
and 4 K magnetic peaks refinements, respectively. When re-
fining the occupancy parameters, the values were slightly
above 100% [ex. the maximum occupancy was g = 1.001(9)
at the Co site] at all the element sites. Therefore, within
the experimental accuracy, we concluded that there were no
defects or substitutions of elements in the crystal structure
at T = 4 and 160 K. In addition, the y value was 0.2029(3)
in Table I, which is very close to the ideal value of 0.20346
for the perfect hyperkagome lattice with the same distance of
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TABLE I. Structural parameters of Mn3CoSi at 160 K and 4 K with the errors in the parenthesis for the corresponding digit. The space
group is noncentrosymmetric P213 with a cubic lattice parameter of a = 6.20976(5) Å at 4 K.

Atom Site x y z Biso(Å2) g

Mn 12b 0.1223(3) 0.2029(3) 0.4544(3) 0.59(3) 1.00(fix)
Co 4a 0.6856(4) =x =x 0.36(5) 1.00(fix)
Si 4a 0.0647(2) =x =x 0.28(3) 1.00(fix)

RF2= 6.63%, RF = 4.48%

Atom Site x y z Biso(Å2) g

Mn 12b 0.1216(4) 0.2030(5) 0.4542(5) 0.28(3) 1.00(fix)
Co 4a 0.6850(7) =x =x 0.32(9) 1.00(fix)
Si 4a 0.0650(4) =x =x 0.21(5) 1.00(fix)

RF2= 6.05%, RF = 4.19%

Magnetic structural parameters of Mn3CoSi at 4 K.

The magnetic structure is presented as a linear combination of three basis vectors

with the mixing coefficients ci (
∑

i ci	i) [21,27].

Magnetic moment: m(Mn) = 1.78(6) μB.

c1 = 0.71(3), c2 = −0.48(9), c3 = 1.55(4),

RF 2 = 12.1%, RF = 8.07%.

the nearest neighbor bonds between Mn [34]. In the magnetic
structure analysis, the scale factor, positional parameters of
the Mn atom, and extinction correlation factor were fixed at
the values of nuclear structure refinement at 4 K. The mag-
netic Bragg peaks in the Q-range below 5 Å−1 were used for
the refinement. In Table I, only the Mn site is a localized spin
site. One may think that the Co site may also have a localized
magnetic moment. First-principles calculation for Mn3CoSi
[3] reports that the Co site can have a magnetic moment
of about 0.3 μB/Co, pointing along [1, 1, 1] directions, as
shown in Fig. 5(f). Using the Mn-Co ferrimagnetic structure
model, the reliability factors (RF 2 = 11.6%, RF = 7.95%)
were slightly better than those of the analysis on the Mn AF
structure (RF 2 = 12.1%, RF = 8.07%) in Table I. However,
the magnetic moment of Co was 0.274(248) μB/Co, resulting
in a small Co magnetic moment close to the analytical error.
Based on the result, the magnetic moment of Co is regarded
as zero here.

The obtained ordered magnetic moment at the Mn site
in Mn3CoSi was 1.78(6) μB, while the ordered magnetic
moment of Mn3RhSi is 2.61(3) μB. Compared with that of
Mn3RhSi, the magnetic moment is suppressed accompanied
by the decrease of TN from 190 to 140 K, suggesting that the
Mn3CoSi is closer to the quantum critical point. The present
magnetic structure analysis at T = 4 K did not detect the weak
ferromagnetic component, possibly because of the negligibly
small component.

C. Muon spin spectroscopy

The spectra of the muon spin relaxation in zero field (ZF)
and longitudinal field (LF), shown as purple and cyan data
in Fig. 6(a), were analyzed using the following Kubo-Toyabe
function of the asymmetry A [36].

A(t ) = A1 exp(−λt )
{

1
3 + 2

3 [1 − (γμ�)2t2]

× exp
[− 1

2 (γμ�)2t2
]}

, (1)

where A1 is the initial asymmetry; γμ is the muon gyromag-
netic ratio; �2 is the second moment of the static nuclear field
distribution; λ is the muon relaxation rate. In the ZF condition,
at a high-temperature region above 240 K the � value is
about 0.35 μs−1. At the low-temperature region, the � is zero
since the electronic spin is dominantly sensed by a muon.
By applying a LF of 100 Oe, the nuclear field distribution is
decoupled so that the � value is fixed to be zero for all tem-
perature regions. Furthermore, the muon spin rotation spectra
in the TF condition, shown as magenta data in Fig. 6(a), were
analyzed by an exponentially damped oscillation function, as
follows,

A(t ) = A1 cos(Bγμt ) exp(−λt ), (2)

where B is the external applied field 25 Oe. The decreasing
initial asymmetries for ZF, LF 100 Oe, and TF 25 Oe are
indications of the increasing magnetic volume fraction, as
plotted in Fig. 6(b). The consistency between measurement
modes and samples confirm the gradual and sudden dropping
in the initial asymmetry when the magnetic SRO and LRO
transitions occur, respectively. In this study, we determined
the SRO temperature from the TF 25 Oe measurement be-
cause of the small decrease in the asymmetry. By applying a
weak TF, the spectra with almost no magnetic ordering will
show an oscillation with exponential damping. Further, the
oscillation component from the TF will vanish due to the
development of the internal field in the fully ordered state.
This distinct behavior is clearly seen in Fig. 6(a).

The initial asymmetry in Fig. 6(a) starts to decrease from
TSRO = 240(10) K by the 6.7(23)% drop, reaching the full
volume drop when LRO occurs at TN. Meanwhile, the initial
asymmetry of Mn3RhSi starts to drop from TSRO = 720(21) K
by 22.9% to 300 K [4]. The magnetic SRO volume frac-
tion (SRO VF) above TN can be attributed to the low-energy
spin excitations observed by μSR remaining within the
μSR energy window of 0.2 meV. As a result, the magnetic
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FIG. 5. Bragg peak patterns of Mn3CoSi in the (h, h, �) plane
at 4 K (a) and 160 K (b). Observed nuclear Bragg peak intensities
of Mn3CoSi at 4 K (c) and 160 K (d) as a function of calculated
intensities. Observed magnetic Bragg peak intensities at 4 K (e) as
a function of calculated intensities. (f) Proposed magnetic structure
model of the Co 4a site of Mn3CoSi. (g) The obtained magnetic
structure of q = 0 comprises three basis structures of 	1(BV1),
	2(BV2), and 	3(BV3) [21]. Their values are listed in Table I. The
refined magnetic structure is shown in Fig. 1(b).

SRO is observed simultaneously with the initial asymmetry
drop. The observed initial asymmetry drops of Mn3CoSi and
Mn3RhSi are plotted as the VF of the magnetic SRO in
Fig. 7.

The temperature dependence of the relaxation rate, λ, is
plotted in Fig. 6(c). The pronounced peak indicates slowing
down behavior when entering the magnetic LRO state, consis-
tent with the sudden drop of the initial asymmetry. Thus the
TLRO from μSR experiment is determined at TLRO = 143 K.
Above TLRO, the LF relaxation rate λ of the remaining param-

FIG. 6. (a) Time spectra of the asymmetry under zero magnetic
field (ZF), longitudinal magnetic field (LF), and transverse magnetic
field (TF) on Mn3CoSi single crystal in which magnetic field is
applied along [1, 1, 1]. Deduced temperature dependence of the μSR
initial asymmetry (b) and the muon relaxation rate λ (c).

agnetic component exhibits standard Curie-Weiss behavior, as
shown in Fig. 6(c), where the Weiss temperature is estimated
to be 142(2) K, corresponding to TN. The same estimation had
been successfully done in the case of Mn3RhSi [4].

IV. SUMMARY

The experimental results of Mn3T Si (T = Co, Rh, and
Ir) are summarized in Fig. 7. As the cubic lattice parameter
decreases, we observe that the Néel (TN) and the magnetic
short-range order (TSRO) temperatures decrease to the quan-
tum critical point which may be expected near a = 6.15 Å.
The squared ordered magnetic moment M2 in the long-range
ordered Néel state also decreases similar to TN. According to
the simple classical mean-field theory, the effective exchange
parameter Jeff is ∼3/2kBTN/z/M2, where kB is the Boltzmann
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FIG. 7. Phase diagram of Mn3T Si (T = Co, Rh, and Ir) alloys
as a function of a cubic lattice parameter. The electronic specific heat
coefficient γ (purple triangles) and the SRO VF (orange squares)
are shown in the upper panel. The Néel temperature TN (blue closed
circles), the short-range order temperature TSRO (red closed circles),
and the squared long-range order magnetic moment LRO M2 (orange
diamonds) are shown in the lower panel. The Mn3IrSi values are
taken from Refs. [27,38]. The solid lines are guides to the eye.

constant, z (=6) is the number of nearest neighbor spins [37].
The effective exchange parameters Jeff become 11.0, 7.0, and
6.7 K for Mn3CoSi, Mn3RhSi, and Mn3IrSi, respectively,
suggesting that the lattice shrinkage enhances the exchange
parameter. The result is consistent with the increase of Etop

of Mn3CoSi in comparison with that of Mn3RhSi, although
the error is comparable to the increase. The electronic specific
heat coefficient γ linearly increases to the quantum critical
point. This tendency is opposite to the simple bandwidth
scenario, where the bandwidth should be narrow when the
lattice parameter becomes large [39], which usually incurs
a heavier carrier mass. So, the remanent spin fluctuation at
low energy may strongly enhance the carrier mass. The hy-
perkagome antiferromagnet is known as one of the largest
residual entropy magnets in the spin liquids [8], possibly
corresponding to the large electronic specific heat coefficient

γ of 70 mJ Mn mol−1 K−2 of β-Mn [6]. The magnetic volume
fraction above TN estimated by μSR above the TN sharply
decreases to the quantum critical point. All these observations
point to the vicinity behavior of Mn3CoSi to the quantum
critical point.

The origin of this magnetic short-range order in a param-
agnetic state is the low-energy spin fluctuation of spin clusters
[32]. It may result from violating the Lifshitz condition in the
noncentrosymmetric lattice with the Dzyaloshinskii-Moriya
interaction [40] and the geometrical frustration of the hyper-
kagome lattice [4,16]. Interestingly, the spin liquid candidate,
β-Mn, with non-Fermi-liquid behavior [6,7] and the skyrmion
alloy Co7Zn7Mn6 [9] with noncentrosymmetric lattices also
exhibit similar magnetic short-range orders. These magnetic
short-range orders may play an important role in realizing
non-Fermi-liquid [7] and skyrmion states [9] by the helical
spin cluster formations at low energies [32]. The Mn3T Si
alloys give us a good platform to study the anomalous metallic
state with the spin cluster formation over a wide temperature
range, which will be attractive for the interdisciplinary study
of the role of realizing these exotic states.
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