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Spiral spin cluster in the hyperkagome
antiferromagnet MnsRhSi

Shin-ichi Shamoto® "234% Hiroki Yamauchi®, Kazuki lida® !, Kazuhiko lkeuchi!, Amelia Elisabeth Hall® ©,
Yu-Sheng Chen’, Min Kai Lee?, Geetha Balakrishnan® © & Lieh-Jeng Chang%48™

Local spin correlation orders emerge in a paramagnetic state, with notable examples such as
the partial order, cooperative paramagnetism, and soliton spin liquid. The noncentrosym-
metric intermetallic antiferromagnet MnsRhSi also exhibits the local spin correlation order in
the paramagnetic state as magnetic short-range order in a wide temperature range. Here, we
show that the local spin correlation order has a spiral structure by neutron scattering mea-
surement of a Mn3RhSi single crystal. The possible origins of the magnetic cluster formation
are discussed in terms of the Lifshitz invariant and the Griffiths phase, and compared with the
room-temperature skyrmion phase of Co;Zn;Mng and non-Fermi liquid behavior of p-Mn.
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magnetic state!=3, Some typical examples are the partial
order in MnSil> 4, the cooperative paramagnetism observed
in Tb,Ti,0;, below 50 K>, and the soliton spin liquid of Fel_yTe3.
The spin nematic state is also actively discussed as one of the
possible examples®. These states may be categorized into the same
class of the paramagnetic states with local spin correlation
ordering. Similarly, a chiral spin liquid ground state is discovered
by diffuse magnetic neutron scattering of YBaCo;FeO; single
crystal’. The local spin correlation orders form magnetic clusters,
which can be observed by neutron scattering as magnetic short-
range order (SRO). These unconventional phases in paramagnetic
states cannot be described by the Landau-Ginzburg-Wilson
(LGW) theory®. One of the origins can be violating the Lifshitz
condition in the LGW theory of second-order magnetic transi-
tions. The Lifshitz condition is known to be broken by non-
centrosymmetric magnetic ordering with the Dzyaloshinskii-Moriya
(DM) interaction®!! or the incommensurate magnetic order,
where we may expect an unconventional order due to the inho-
mogeneous order parameter. These unconventional magnetic orders
have been observed near critical points, which may be accompanied
by local symmetry breaking. The conditions may be close to multi-
critical points®. Another possible origin is the Griffiths phase pro-
posed in a ferromagnet with structural disorders'2. The Griffiths
phases are experimentally found in various magnets, such as colossal
magnetoresistive oxides!3~1, 4f-type strong correlated systems!”-18,
spin glass system!?, and frustrated antiferromagnet of GdFe; ;,Sn,%0.
The Griffiths phase can be induced by small disorders under the
competition of multiple ordered states®!. It suggests that the fru-
strated spin system with high degeneracy of many spin configura-
tions may become the Griffiths phase with small disorders. The
Griffiths phase is experimentally defined as follows20. The Griffiths
phase has magnetic clusters in the paramagnetic state, where the
deviation from Curie-Weiss law becomes apparent at low magnetic
fields below the Griffiths temperature, Tg. In the Griffiths phase,
magnetization exhibits a relaxation behavior as a function of time.
Mn;RhSi exhibits magnetic short-range order (SRO) up to
720K far above the long-range order (LRO) magnetic transition

I ocal spin correlation orders have been reported in a para-

temperature (Ty = 190 K), suggesting the magnetic cluster for-
mation in the paramagnetic state. This might be evidence of a
Griffiths phase in addition to the non-Curie-Weiss magnetic
susceptibility above Ty?2. On the other hand, Mn;RhSi has a
hyperkagome lattice of Mn spins with a noncentrosymmetric
crystal structure?3. This noncetrosymmetry with the DM inter-
action is relevant to the Lifshitz mechanism. The Q-position of
the SRO centered at ~ 1.7 A"! does not coincide with any long-
range magnetic Bragg peak positions. The Q-position is identical
to the previously observed magnetic diffuse scattering position in
B-Mn?* and B-Mn,_In,?>. B-Mn is a well-known spin liquid
candidate possessing a three-dimensional hyperkagome lattice
with corner-sharing triangular Mn-spin units?324. Non-Fermi-
liquid (NFL) behavior is also identified in B-Mn, based on the
exponent of the temperature dependence of the resistivity and the
scaling of the dynamical spin susceptibility?0. These unconven-
tional physical properties can originate from the local spin cor-
relation order observed as the magnetic SRO. Recently, a similar
magnetic SRO is also observed in a skyrmion alloy of Co;Zn;Mng
with the same B-Mn crystal structure?’, suggesting a similar
background among these magnetic states.

Here, we report a neutron scattering study of the magnetic SRO in
a Mn;RhSi crystal. The magnetic SRO comprises inelastic signals
with a strong peak broadening in the Q-space. The observed inelastic
signals are asymmetric in Q-space without the 4-fold symmetry of a
cubic unit cell, suggesting the spiral spin structure.

Results and discussion

Nuclear and magnetic structures. The Mn;RhSi crystal structure
belongs to a noncentrosymmetric cubic space group of P23
(#198) with a lattice parameter of a =6.4665 A22. Mn atoms
selectively occupy the 12-fold site (12b), similar to the Wyckoff
12d position of the B-Mn-type nuclear structure (Fig. 1a), whereas
the Rh and Si atoms preferentially occupy two different 4-fold
sites (4a) (Supplementary Note 1) derived by splitting the
Wryckoff 8¢ position of B-Mn, as previously observed for this
family?8-30, The 12-fold site is the magnetic moment site of $-Mn
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Fig. 1 Mn3RhSi nuclear and magnetic structures and neutron elastic scattering patterns. a MnsRhSi crystal structure viewed along the[1,1,1] direction. A
light blue (1,1,1) plane is inserted for clarity. b The 12b site of P2,3 is preferentially occupied by Mn magnetic moments. The nearest-neighbor (NN) bonds of
r=2.69 A result in isolated Mn triangle clusters, whereas the second NN bonds of r=2.79 A bridge them, forming the hyperkagome lattice. ¢ Neutron
elastic scattering patterns of a polycrystal sample measured at the diffractometer WAND of HFIR?2, The magnetic short-range order broad peak is

observed around Q=1.7 AT at T =240 K. d Neutron scattering patterns of a polycrystal sample measured at 4SEASONS with E; =18 meV. The intensity is
integrated with the energy range from -1to TmeV at T =5, 200, and 550 K. Long-range magnetic Bragg peaks such as 110 peak develop at T=5K. An Al
cell Bragg peak is observed at Q =2.7 A”l. e Enlarged neutron scattering patterns integrated with the energy range from -1to 1meV. f Enlarged neutron

scattering patterns integrated with the energy range from -1 to 10 meV.
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and forms a three-dimensional hyperkagome lattice as an ordered
magnetic phase (Fig. 1b), whereas the Rh and Si atoms occupy the
nonmagnetic sites in the B-Mn structure. According to the
structural analysis of Supplementary Note 1, there were no site
exchanges or defects in this crystal. This hyperkagome lattice can
be viewed as a corner-sharing network of triangular units??,
where the Mn-Mn bond distance ranges from 2.64 to 2.84 A. The
small bond distance difference is introduced in the P2,3 space
group. In the Co;Zn;Mng case with the P4,32 space group, the
Mn-Mn bond distance ranges from 2.67 to 2.69 A. The bond
difference becomes small, although nonmagnetic Zn atoms sit
about two third of the 12-fold site (12d). The triangular units
form a spiral chain along the[1,1,1] direction. The long-range
magnetic structure is characterized by 120 degree-structure in the
triangular unit (Supplementary Note 1).

Neutron scattering patterns. LRO magnetic Bragg peaks devel-
oped at 100, 110, and 210 below the Néel temperature Ty, as
shown in Fig. 1c, d. The magnetic SRO is observed strongly
around 111 above Ty in Fig. lc, measured at a 2-axis dif-
fractometer WAND of HFIR?2. Here, we measured the same
polycrystal sample on the inelastic neutron scattering (INS)
spectrometer 4SEASONS of J-PARC MLF. The neutron scattering
patterns near E = 0 meV are shown in Fig. 1d-f. Figure 1d shows
the scattering patterns with integrated energy ranging from -1 to
1 meV, where the magnetic SRO is suppressed at all temperatures
in comparison with Fig. lc. The enlarged patterns show the
highest SRO intensity at 5K, which does not agree with the dif-
fraction pattern in Fig. lc. By extending the integration energy
range up to 10 meV, the temperature dependence of the diffrac-
tion pattern was well reproduced as shown in Fig. 1f, suggesting
the typical magnetic fluctuation energy of 10 meV. The energy
integration is carried out on the positive energy side because of
the instrumental asymmetric peak broadening on the negative
energy side. We have not observed any incommensurate magnetic
peaks reported in Co-doped p-Mn crystal?3.

Based on the typical magnetic fluctuation energy of 10 meV,
the constant-energy maps integrated from 6 to 10 meV are sliced
in Fig. 2 without any symmetry folding. Broad signals at
T=200K are observed centered at {1,1,1} and {2,0,0}. The
intensity anisotropy appears in the difference, for example,
between (1,1,1) and (-1,1,1). As a result, the broad SRO signals
have only 2-fold symmetry corresponding to the P2,3 space
group. According to the crystal space group with a spiral
structure, (h,k,l) is not equivalent to (-h,k1), whereas (hk]) is
equivalent to (-h,-k,-1) in the intensity.

Figure 3 shows constant-energy scans along [h,1,1], where the
intensity is averaged based on the equivalence between [h,1,1]
and [-h,-1,-1]. The intensity asymmetry between positive and
negative side peaks is clearly shown at 6 and 200 K. The intensity
anisotropy is consistent with a spiral spin cluster formation. The
energy dependence of the dynamical spin susceptibility is plotted
in Fig. 4a, b. The observed intensity anisotropy mostly disappears
above 28 meV at 6 and 200 K.

The corresponding INS intensity maps were simulated using
spherical magnetic cluster models (Fig. 5). The calculation details
are described in Supplementary Note 2. The intensity asymmetry
changes depending on the cluster size. The (1,1,1) intensity is
stronger than that of (-1,1,1) in the 21 magnetic moments cluster
(Fig. 5a, e, i, m, and q). The intensity difference almost disappears
in the 24 magnetic moments cluster model (Fig. 5b, f, j, n, and r).
Further increasing the cluster size to 27 (Fig. 5s), the observed
intensity maps in Fig. 2 are well reproduced by the simulations in
Fig. 5¢, g, k, and o. For cluster size 42 (Fig. 5t), the simulated peak
widths are narrower than the observed widths. The intensity
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Fig. 2 Constant-energy maps integrated from E=6 to 10meV at T=6
and 200 K. Constant-energy map of (h,0,0)-(0,kk) plane measured with
E;=46 meV at T=6K (a) and 200 K (b). Constant-energy map of (h,0,0)-(0,1-
k,1+k) plane at T= 6 K (c) and 200 K (d). Constant-energy map in (1,-k k)-(1,k k)
plane at T=6 K (e) and 200 K (f). Constant-energy map of (2,-k k)-(2,k k) plane
at T=6K (g) and 200K (h). The color scale bar is the intensity of dynamical
scattering factor S(Q,E) for a 200 K map, while the 6 K map intensity is multiplied
twice. The intensity is integrated with the other reciprocal direction in 0.4
reciprocal lattice unit corresponding to 0.55 A1 for a-d and 0.39 A” for e-h.

anisotropy change in Fig. 4 corresponds to the cluster size change.
According to the scenario, the effective cluster size shrinks from
27 to 24 magnetic moments clusters with increasing the energy
above 28 meV. It suggests high-frequency spin fluctuation
removes the outer spins in the local spin correlation order.

Discussion

The magnetic spiral clusters in this metallic alloy are accom-
panied by itinerant electrons, usually described by the self-
consistent renormalization theory of a nearly antiferromagnetic
Fermi liquid®!. According to the theory, the dynamical spin
susceptibility x”(E) increases linearly at low energies without a
gap. We observed a hump structure around 15 meV at T=6K, as
shown in Fig. 4a. The non-linear increase is inconsistent with the
nearly antiferromagnetic Fermi liquid model!. In our previous
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Fig. 3 Constant-energy scans of the dynamical structure factors S(Q, E)
along [h,1,1]. S(Q, E) is measured with E; =18 (E= 8, 12 meV) and 46 meV
(E=16-32meV) at T=6 (a) and 200K (b). The intensity is averaged
based on the equivalence between [h,1,1] and [-h,-1,-1]. The intensity is
integrated with the other two reciprocal directions in 0.22 A2 (0.4 x0.4
reciprocal lattice unit2). Each energy width is four meV.
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Fig. 4 Q-integrated dynamical spin susceptibility %" (E) as a function of
energy. The dynamical spin susceptibility x"(E) at T=6K (a) and 200K
(b) is estimated from the constant-energy scans in Fig. 3, which is
integrated along [h,1,1]. Red and black closed circles are measured at two
Q positions (-1,1,1) and (1,1,1), respectively. The significant difference
between them corresponds to a spiral spin dynamical structure factor. The
errors (SD) are estimated based on the Gaussian fittings in the constant-
energy scans of Fig. 3.

uSR measurement, the magnetic SRO is detected below 720 K as
an initial asymmetry drop??, where the spin excitation remains
within the pSR energy window below 0.2 meV. The non-linear
structure may be attributed to the present spiral spin cluster
formation in the paramagnetic state. Note that a similar magnetic
SRO is also observed in a skyrmion alloy of Co,Zn;Mng with the
same B-Mn crystal structure?’. A skyrmion is one of the topo-
logical phases with a stable spin vortex. The similar magnetic SRO
in the same B-Mn crystal structure suggests that the skyrmion
alloy also has the spiral spin cluster.

Let us discuss the origin of the spiral spin cluster formation in the
paramagnetic state. There can be two mechanisms. One is the Lif-
shitz invariant in a noncentrosymmetric magnet. The other is the
Griffiths phase with quenched disorder. The former condition is
satisfied because of the noncentrosymmetric lattice of Mn;RhS:i alloy
with a DM interaction. The latter condition may not be satisfied
fully because of no appreciable disorders in the crystal structure

analysis. According to the structural study, the Mn;RhSi crystal has
few defects and no detectable elemental substitution in the lattice
(Supplementary Note 1). The lack of disorder found in the structural
analysis supports the Lifshitz mechanism. The relaxation behavior of
the magnetization is not observed in Mn;RhSi. In the magnetization
measurement, however, Mn;CoSi, another member of the same
family is known often to exhibit hysteresis at low magnetic fields
above Ty. This result suggests that Mn;RhSi may also be close to the
Griffiths phase. Another member of this family, Mn;RhGe, is found
to have two AF phases below the Néel temperature, suggesting the
existence of competing orders. While the experimental evidence
points to the former Lifshitz invariant being the most plausible
mechanism, the Griffiths phase scenario with quenched disorder
near the competing orders might also be a possible component
contributing to the understanding of the variety of rich magnetic
behavior in this Mn;RhSi family of materials.

Conclusions

A spiral spin cluster is formed in a paramagnetic state of Mn;RhSi
above the Néel temperature Ty. In the temperature range between Ty
and Tspe, the temperature dependence of the magnetization does not
obey the Curie-Weiss law?2. This spiral spin cluster appears possibly
due to the geometrical spin frustration in the hyperkagome lattice.
This peculiar magnetic state can result from violating the Lifshitz
condition due to the noncentrosymmetric lattice and the geometrical
frustration of the hyperkagome lattice. A spin liquid candidate of -
Mn with non-Fermi-liquid behavior?» 26 and a skyrmion alloy of
Co,Zn;Mng?” with noncentrosymmetric lattices commonly exhibit
similar magnetic short-range orders. These magnetic short-range
orders due to magnetic cluster formations in paramagnetic states may
play an essential role in the realization of non-Fermi-liquid?® and
skyrmion states?’. Primarily, the non-Fermi-liquid state may be easily
understood by the cluster formation in a paramagnetic metallic state.
This Mn;RhSi alloy gives us an excellent platform to study these
anomalous metallic states with the magnetic cluster formation over a
wide temperature range, which will be attractive for the inter-
disciplinary study of the role of realizing these exotic states.

Methods

Sample preparation. A Mn;RhSi crystal with a weight of 1.65¢g
was grown by the modified Bridgman method, starting from a
high-purity Mn;RhSi crystalline button placed in a commercial
alumina crucible within an evacuated silica tube. The crystal
orientations were checked by the X-ray Laue method. The crystal
was wrapped in aluminum foil and then fixed on an aluminum
plate by aluminum wires for the neutron experiment. The poly-
crystalline sample was synthesized by a conventional arc melting
method in an argon atmosphere from stoichiometric amounts of
powders of the constituent elements. The as-cast ingots were
sealed in an evacuated quartz tube, annealed at 900 °C for 3 days
and 800°C for 1week, and quenched in water. Crystal and
magnetic structures were drawn by VESTA software32.

Neutron scattering experiments. Both elastic and inelastic
nonpolarized neutron scattering measurements were carried out
on the chopper spectrometer 4SEASONS (BL01) with a multi-E;
option in J-PARC with a proton beam power of 500-600 kW33:34,
The crystal was rotated by 210 degrees with a one-degree step for
the rotation mode. The analyzed incident energies were 17.8 and
46.0 meV under a Fermi chopper frequency of 300 Hz. The
energy resolutions at E=0 for E; =17.8 and 46.0 meV are 0.67
and 2.48 meV, respectively. During the measurements, radial
collimators were used. The data were analyzed by using "Utsu-
semi’ software3>. The horizontal scattering plane was set by
[h,0,0] and [0,k,k] with a vertical axis of [0,-k,k]. The observed
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Fig. 5 Inelastic neutron scattering intensity maps of four magnetic cluster models. Simulated intensity maps (a-d, e-h, i-I, m-p) of four cluster models in
(h, 0, 0)-(0, k, k), (h, 0, 0)-(0, 1-k, 1+k), (h, -k, k)-(1, k, k), (h, -k, -k)-(1, k, k), and (h, -k, -k)-(2, k, k) planes, respectively. The first raw maps (a, e, I, and m)
are of 21 Mn magnetic moment (red arrows) cluster (q). The second raw maps (b, f, j, and n) are of 24 Mn magnetic moment cluster (¢). The third raw
maps (¢, g k, and o) are of 27 Mn magnetic moment cluster (s). The forth raw maps (d, h, I, and p) are of 42 Mn magnetic moment cluster (t). The
magnetic cluster models are viewed along[1,1,1] direction of the original cubic lattice.
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