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Antiferromagnetic ordering and chiral crystal structure transformation in Nd;Rh,Sn;;
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The detailed electronic superlattice structure of the Remeika phase compound Nd;Rh4Sn;; was investigated.
The material undergoes a structural phase transition at 7;, ~ 338 K between the high temperature phase (Pm3n)
and the low temperature chiral structure phase (/2,3), which is the same symmetry change as that of the La- and
Ce-based Remeika phase compounds. The inequivalent Nd-ion sites in the chiral phase are occupied by different
crystalline electronic field splitting schemes of the 4 electronic configuration with the total angular moment
J = 9/2, which results in two-sublattice antiferromagnetic ordering below Ty = 1.65 K. The one-dimensional
Nd-ion chains in which the magnetic moments are alternately arranged are connected via the second-neighbor
triangular lattice in the chiral phase, which suggests a magnetic frustration effect.

DOI: 10.1103/PhysRevB.109.134425

I. INTRODUCTION

Chiral and noncentrosymmetric crystal structures have
been investigated for topological electronic states as the
Dirac/Weyl fermion, which is associated with an asymmet-
ric spin-orbit coupling [1]. Time-reversal symmetry breaking
also plays a role in producing the topological states in addi-
tion to a spatial-symmetry breaking effect. The Dirac/Weyl
fermion carriers characterized by a linear massless disper-
sion relation are proposed to cause unconventional magnetic
correlations because of modifications of the Ruderman-Kittel-
Kasuya-Yosida (RKKY) and Dzyaloshinskii-Moriya (DM)
interactions by the asymmetric spin-orbit coupling [2].
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Recently, the so-called Remeika phase of the 3-4-13 class
of materials was a candidate system for investigating topo-
logical electronic phenomena. Series compounds have been
considered to crystallize in the Yb3;RhySnj3-type structure
(centrosymmetric space group Pm3n (No. 223) with a lattice
constant of approximately 9.6-9.7 A) [3-9]. A heavy-fermion
(HF) state in the Ce-based Remeika phase materials has
been proposed, which can be attributed to the Kondo effect
owing to hybridization between the f electrons and conduc-
tion electrons, as discussed for CeszPtyIn 3 [10]. The values
of specific heat divided by the temperatures of Ce3Co4Sn;3
[11-14], CesRh4Sny3 [12,15,16], and CeslrySnyz [17-19]
reach approximately 4, 0.4, and 0.67 J/(K? mol Ce) at low
temperatures, respectively. The electrical resistivity data of
these Ce-based compounds is less dependent on temperature.
These phenomena can be explained by the HF scenario and

©2024 American Physical Society
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the Kondo semimetal formation. Furthermore, Ce3Tr4Sn;3
(Tr = Co, Rh, and Ir) undergo the structural phase transitions
from the high-temperature I phase to the low temperature I’
phase at 160, 350, and approximately 600 K, respectively
[20-22]. The I phase belongs to the originally proposed cu-
bic space group Pm3n [3-5]. The I'-phase crystal structure
exhibits a chiral symmetry in the cubic space group /2,3 (No.
199) with lattice constants of 19.2-19.4 A, which is associated
with a superlattice formation characterized by the wave vector
q;. = (1/2,1/2,0) [20-23]. Therefore, as recently established
for Ce3RhySny3 [24], Ce3TrySni3 (Tr = Co, Rh, and Ir)
are Weyl-Kondo semimetals, as discussed in previous studies
[25-27]. La3Tr4Sny3 (Tr = Co, Rh, and Ir) also undergo
the same structural phase transition as that in the Ce-based
compounds [20-22,28,29]. Superconductivity below approx-
imately 2.5 K in these La-based materials is expected to
be a signature of a parity-mixing Cooper paring mechanism
[30,31].

Some of the Remeika phases exhibit magnetic order-
ing, along with crystal structure superlattice formation.
Nd3Co4Sny3 is characterized by the ¢, = (1/2, 1/2, 0) super-
lattice below 124 K [32], which is expected to be the same
structure as that in the I’ phase of Ce3Tr4Sn;3. In addition,
an antiferromagnetic (AFM) ordered structure below 2.4 K
has been revealed using neutron diffraction (ND), which is
characterized by the wave vector gy, = (0, 0, 0) [33]. Struc-
tural and magnetic ordering phase transitions have also been
reported for GdsIrsSny3 [34] and EuslrySn;; [35]. Therefore,
the electronic states resulting from a combination of time-
reversal-symmetry and spatial symmetry breaking (chiral) in
the magnetic Remeika phases are controversial.

This study reveals that Nd3Rh4Sn;3, for which no detailed
structural and electronic properties have been investigated,
exhibits a characteristic 4 f-electron superlattice seen in suc-
cessive formations of a chiral structure at 338 K and an AFM
order at 1.65 K. A part of this study has been published in a
previous paper [36].

II. EXPERIMENTAL DETAILS

Single-crystalline samples (dimensions of 5 mm at max-
imum) of Ln3;RhySni3 (Ln = La and Nd) were synthesized
using the molten Sn-flux method [6-8,13]. The starting ma-
terials [Ln (3N), Rh (4N), and Sn (5N)] were loaded in an
alumina crucible that was sealed in an evacuated silica tube.
The tube was heated to 1273 K, and cooled slowly. Excess Sn
was removed using hydrochloric acid.

Synchrotron x-ray diffraction experiments were conducted
using a four-circle single-crystal diffractometer installed at
BL-4C of the Photon Factory (PF) in the High Energy Ac-
celerator Organization (KEK). A helium gas closed-cycle
refrigerator was used to cool the samples down to 5 K. An
x-ray energy of 12 keV was selected to measure the order-
parameter evolution as a function of temperature. A structural
refinement study was conducted for small single-crystal sam-
ples whose dimensions were approximately 40 um on the
imaging plate x-ray diffractometer at BL-8A of PF. The x-
ray incident energy of 18 keV was selected. The sample
temperatures were controlled by using a nitrogen-gas-blow
cryostat. Structural analysis was performed using the fol-

lowing software: RIGAKU RAPID for evaluating the structure
factors, SIR2014 for a direct method, and SHELX for refine-
ment analysis in the WINGX suite [37].

Magnetic property measurements between 1.9 and 300 K
were performed using a superconducting quantum interfer-
ence device (SQUID) magnetometer (MPMS of Quantum
Design, Inc.) installed at the Neutron Science and Technology
Center, Comprehensive Research Organization for Science
and Society (CROSS Tokai).

Inelastic neutron scattering (INS) experiments were con-
ducted using the pulsed-cold-neutron disk chopper spectrom-
eter AMATERAS installed at the beamline BL14 of the
Materials and Life Science Experimental Facility (MLF), J-
PARC [38]. The spectra of the Ln3RhsSn;3 (Ln = La and
Nd) specimens were measured to extract the 4 f-electron con-
tribution from the difference between the data of these two
compounds. An incident neutron energy of E; = 23.625 meV
was selected via the chopper combination with an energy
resolution of 1.262 meV estimated from the full width at
half maximum at the elastic scattering positions. Analysis of
the time-of-flight (ToF) neutron spectral data was performed
using the UTSUSEMI software suite [39].

Powder ND measurements were performed using the
diffractometer HERMES installed at the T1-3 beam hole of
Japan Research Reactor 3 (JRR-3) at the Japan Atomic Energ
Agency, Tokai. An incident neutron wavelength of 2.1974 A
was selected using a Ge analyzer. The sample temperature was
controlled by using a *He closed cycle refrigerator. The neu-
tron single-crystal diffractometer SENJU installed at BL18 of
MLF in J-PARC was also used to investigate a single-crystal
sample with an approximate diameter of 3 mm, which was
cooled to temperatures between 0.3 and 2.5 K by using a *He
cryostat [40—43].

III. RESULTS

A. X-ray diffraction for structural phase transition

Nd;RhySn;3 undergoes a structural phase transition, as
reported in a recent study [36]. Figure 1(a) depicts single-
crystal x-ray diffraction data for the scattering-vector Q =
(6.5,0.5,0) obtained using BL-4C at PF, with Miller in-
dices relative to the unit cell dimension of 9.68 A. The
inset figure shows the temperature evolution of the inten-
sity profile at Q@ = (6.5, 0.5, 0) of Nd3Rh4Sn;3. The abscissa
represents the reduced wave number along the [0, 1, 0] axis
of the two-dimensional detector. The intensity was recorded
through the rocking-curve scan; thus, the integrated intensity
can be evaluated by summing the detected counts. The main
figure shows the temperature dependence of the integrated
intensity, which is normalized by that of the fundamental
reflection at @ = (8,0,0) to correct the variation in the
mutual relationship between the incident x-ray and the sam-
ple position. The diffraction peak at Q = (6.5,0.5,0) is
gradually enhanced with decreasing temperature, indicating
a second-order structural transition characterized by q; =
(1/2,1/2,0), as observed also for Ln3TrySniz (Ln = La
and Ce; Tr = Co, Rh, and Ir) and Nd3Co4Sny3. The data
points above 300 K were reproduced by the critical form of
(1 — T /Tp)*# with the exponent 8 = 0.484(4) and the transi-
tion temperature 7p = 338(1) K.
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FIG. 1. (a) Inset figure shows scan profiles at Q = (6.5, 0.5, 0)
of Nd;RhsSn;; at selected temperatures obtained on the two-
dimensional detector of BL-4C. The main panel shows the temper-
ature dependence of integrated intensity at Q = (6.5, 0.5, 0), which
is normalized by that of the fundamental reflection at Q = (8, 0, 0).
The solid line indicates a fitting result based on a critical behavior
expressed as (1 — T'/Tp)* with B = 0.484(4) and T, = 338(1) K.
(b) Scan profiles at @ = (9, 0, 0) of Nd3;Rh4Sn,5 at selected temper-
atures obtained on the two-dimensional detector of BL-4C.

Figure 1(b) shows the diffraction peak at Q = (9,0, 0)
measured using the BL-4C diffractometer. A very small peak
is observed in the higher temperature region, which can be ex-
plained by unexpected background on the wide detector. Thus,
the data are consistent with those obtained under the forbidden
reflection condition Q = (A, 0,0), with 4 odd, of the sug-
gested cubic crystal structure categorized in the space group
Pm3n (No. 223). The peak intensity increases with decreasing
temperature. Such a characteristic behavior in the I’ phase is
discussed in the crystal structure refinement described later.

Figure S.1 in the Supplemental Material shows the x-ray
diffraction spots of Nd3;Rh4Sn ;3 detected on the imaging plate
of BL-8A at PF, KEK [44]. The data measured at 360 K (left
panel) show only fundamental peaks, indexed by integers,
with respect to the cubic unit cell with a = 9.6793 A. At
200 K (right panel), additional superlattice spots indexed by
q;. = (1/2,1/2,0) appear, which is consistent with the BL-
4C data. Subsequently, these results are analyzed to refine the
crystal structure.

B. Magnetic susceptibility

Figure 2 shows the data of magnetization, M, divided by
the applied magnetic fields, H, for Nd3Rh4Sn;3;. The back-
ground data measured without the samples were subtracted
to extract only the sample magnetization only. The inverse
of M/H [Fig. 2(a)] above 100 K is reproduced by the Curie-
Weiss law with an effective magnetic moment value of p ., =
3.64u; /Nd and the Weiss temperature of ® = —13.7 K. pg
is very close to that of the expected value 3.62uy/Nd for the
Nd** 43 configuration; thus, the magnetic moment is located
only at the Nd sites. Figure 2(b) shows a low-temperature
part of M/H [36]. Note that an increase in M/H with de-
creasing temperature is suppressed below approximately 3 K,
and M/H is nearly saturated at 2 K above the AFM ordering
temperature, as discussed subsequently.

C. Inelastic neutron scattering

To reveal split level schemes under crystalline electric
fields (CEF) and the electronic ground state of Nd3;Rh4Sn3,
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FIG. 2. (a) Inverse of M/H data of Nd;Rh;Sn;; at B=0.1 T.
The solid line indicates a fitted result based on the Curie-Weiss
law. (b) The blue triangles with the right ordinate indicate low-
temperature M/H data, and the red squares with the left ordinate
indicate ND intensity of (1 1 0) [36].

INS measurements were conducted using the neutron ToF
spectrometer AMATERAS installed at BL14 of J-PARC.
Figure 3 shows measured data integrated in the range of
scattering-vector magnitude Q = 1.0-2.0 A~!, which was ob-
tained for the Ej = 23.625 meV setup. The measured data
of the reference material LasRhsSn;3 were subtracted from
those of Nd;RhsSn;3 to extract only the magnetic scattering
component, and the data were transformed to the scattering
function defined as S(Q, E) = (ki /ki)~'d*c /d2 dE;, where
ke, ki, and d?*c /dQdE; denote the outgoing neutron wave
number, incident neutron wave number, and differential cross
section, respectively. The details of the data correction are
shown in the Supplemental Material [44]. Sharp peaks are
observed between 6 and 18 meV, which can be attributed
to the CEF excitation peaks of the Nd ions. Considering
a resolution width of 1.262 meV for the E; = 23.625 meV
setup, we can assign peaks at 6.5, 8.2, 8.9, 10.0, 11.3, 12.2,
and 14.9 meV. However, these peaks cannot be attributed
to the single Nd** 4f3 configuration with the total angular
momentum J = 9/2, which indicates four excitation peaks
at low temperatures between five Kramers doublet CEF lev-
els. Therefore, the observed spectrum should be analyzed by
considering the structural superlattice revealed by the x-ray
diffraction.

D. Neutron diffraction for magnetic ordering
1. Powder sample study

The red circles in Fig. 4 indicate the powder ND data of
Nd;Rh4Sn 3 at 0.64 K measured at HERMES of JRR-3. The
overall pattern is consistent with the crystal structure observed
in the synchrotron x-ray diffraction patterns described above,
which are indicated by green vertical bars. In addition, the
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FIG. 3. The black circles indicate magnetic scattering functions
S(E) of Nd3Rh4Sn;3 measured at 8 K (a) and 100 K (b), which were
evaluated from intensity integration in the range of Q = 1.0-2.0 A",
The red solid lines are fitted results based on the two inequivalent
CEF scheme models (the blue dotted lines for Nd1 and the green
broken lines for Nd2).

data contain several tiny reflections enhanced at lower temper-
atures. The left inset shows the data taken in the range 20 =
8-35° measured at 0.64 K (red circles) and 2.0 K (green line).
The reflections at (100), (110),(111),(210),and (21 1)
enlarge at 0.64 K. The observed peak evolution is the same
as that reported in the study on Nd3Co4Sn;3, which exhibits
the AFM ordering below 2.4 K characterized by the wave
vector gy = (0, 0, 0) [33]. The data points appearing in the
26 ranges (55.00°-57.00°, 65.00°-67.00°, 99.80°-101.30°,
128.50°-130.20°, and 140.50°-142.50°) originate from the
scattering of the aluminum sample container, as indicated by
Al hkl. Subsequently, we perform the Rietveld analysis to
derive the AFM ordered structure in Nd;Rh4Sn;3.

2. Single-crystal sample study

To gain deeper insights into the magnetic ordering phase
transition, we conducted single-crystal ND measurements.
The two-dimensional detectors of SENJU at BL18 of J-PARC
were successfully used to detect the intensity enhancement in
the low temperature range, not only at the reciprocal lattice
points with the integer indices which were observed in the

powder ND study, but also at those with the half-integer
reflections, which are at the same positions as the crystal
superlattice reflections. The temperature dependencies of the
integrated intensities at the scattering vectors Q = (1, 1, 0)
and (2, 2, 3) are shown in Fig. 5(a). The increment in these
integer refections is consistent with the powder ND results.
The magnetic ordering temperature is estimated to be Ty =
1.65 K. Note that the magnetic susceptibility saturation behav-
ior [Fig. 2(b)] appears clearly above the long-range ordering
temperature 7Ty. We also detected the AFM reflections at Q =
(1,3,3)and Q = (3, 1, 3), as shown in Figs. 5(b) and 5(c), re-
spectively. In addition to these stronger magnetic reflections,
significantly smaller reflections were observed at the half-
integer superlattice points; for example, Q = (1,5/2,5/2),
(5/2,1,5/2), (3/2,3,-3/2), and (3/2,3/2,3) shown in
Figs. 5(b) and 5(c). Although the intensities are less by one
order of magnitude than the stronger magnetic reflections,
the systematic peak appearance at the half-integer positions
below Ty supports the superlattice associated with the two
inequivalent magnetic moments, as described later in detail.

IV. ANALYSIS

A. Crystal structure

Detailed crystal structure analysis was performed on the
basis of the oscillation photograph data measured at BL-8A,
PF. The structural analysis results are summarized in the Sup-
plemental Material [44].

The measurement data at 360 K above T, shown in Fig. S.1
in the Supplemental Material comprise reflections indexed by
the cubic structure with a lattice constant of 9.6793 A. Struc-
tural analysis based on the space group Pm3n and anisotropic
atomic displacement factors produce refinement factors R} =
1.83% and wR, = 4.54% and the goodness-of-fit parameter
S = 1.140, as summarized in Table S.1. The results confirm
the validity of the structural refinement. The determined crys-
tal structure is shown in Fig. S.2.

We also analyzed the data obtained at 200 K in the I’
phase. As shown in the right panel of Fig. S.1, additional
superlattice spots indexed by ¢; = (1/2, 1/2,0) appear. The
diffraction spots did not exhibit distinct splitting below Tp,
thus the second-order structural transformation occurred with-
out multidomain formation to tetragonal or lower symmetries.
The collected data points are best indexed by the body-
centered cubic (bcc) symmetry, which doubles the unit cell
along the three equivalent principal axes. As a consequence of
the second-order transition from the high-temperature space
group Pm3n, the following bcc subgroups were examined:
123 (No. 197), 12,3 (No. 199), Im3 (No. 204), Ia3 (No.
206), 14,32 (No. 214), Ia3d (No. 230), and 143d (No. 220).
The analysis of 12,3 produces the refinement factors R =
2.93%, wRy = 8.20%, and S = 1.111, which are satisfactory
to conclude a successful structural refinement. Analysis of
the same dataset based on 723 (No. 197), Im3 (No. 204),
and Ia3 (No. 206) produced worse refinement factors than
that for 12,3. The space groups Ia3d (No. 230), 143d (No.
220), and 74,32 (No. 214) possess the reflection condition of
0 = (h,0,0) with & = 4n, which is not consistent with the
observation of peak at @ = (9, 0, 0), as shown in Fig. 1(b),
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FIG. 4. The red circles and the green lines in the left inset indicate powder ND data of Nd3;Rh4Sn;; at 0.64 and 2.0 K, respectively. The
blue solid lines indicate the calculated results of the Rietveld analysis for the AFM structure. The green vertical bars indicate the peak positions

for the nuclear and magnetic scattering.

which corresponds to @ = (18, 0, 0) with respect to the su-
perlattice structure in the I phase. Hence, it is concluded that
the low-temperature I’-phase crystal structure of Nd3;RhySn 3
exhibits the 72,3 symmetry.

The optimal /2,3 space group is a chiral cubic structure.
The two enantiomer structures shown in Fig. 6, which were
drawn using VESTA [45], appear as a twin structure because of
the nonzero Flack parameter. The large blue and green atoms
correspond to two inequivalent Wyckoff sites of Nd ions with
different orientations of the surrounding Sn atoms. The near-
est neighbor Nd ions form one-dimensional chains along the
cubic principal axes. The rotation directions of these Nd-ion
chains with respect to the [1 1 1] axis in these enantiomers are
opposite to each other, and they form a pair of handedness.

B. CEF level scheme

Hereafter, the INS data are analyzed by calculating the
magnetic scattering function S(E') based on the CEF Hamil-

tonian. The local symmetry at the Nd-ion site in the I'-phase
structure (12;3) is Cy, which is lower than that of the D,; point
group for the I-phase structure (Pm3n) above Tp. However, we
attempted to extract the CEF schemes using the CEF Hamilto-
nian terms of D,; because of the small atomic displacements
across Tp; this method was also applied to the data analysis
of Ce3TrsSni; (Tr = Co, Rh, and Ir) [23,24,46]. The CEF
Hamiltonian for the Nd** 4f3 configuration is expressed by
the D,,; form as follows:

X2 X3 X4
=W|x 00+ =00+ =0%+ —0"
Heer [xl 2t 50 T 2% T 16807
L — x| = |x2| — [x3] — |xa| 4
1
+ 240 % @

where the O7 represent Stevens operators [47]. Using a set
of basis wave functions for the total angular momentum J =
9/2 for the Nd** 4f3 configuration, we diagonalized this

20 T T T T 15 50 T T T T 11 35 T T T T
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FIG. 5. Temperature dependencies of integrated intensities of ND from Nd;Rh,Snj;at (a) (110) and (22 3), (b) (133), (15/25/2), and

(5/215/2), and (c) (313), (3/23 —3/2), and (3/23/23).
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FIG. 6. Two enantiomers of [2;3 chiral cubic structures of
Nd;Rh4Sn;3, which were determined from the BL-8A data. The large
blue atoms and green atoms correspond to two inequivalent Wyckoff
sites of Nd ions. The small red circles and grey circles indicate the
Rh and Sn atoms, respectively. Atomic coordinates are listed in Table
S.3 of the Supplemental Material [44]. The views were drawn using
VESTA [45].

Hamiltonian to obtain the eigenfunctions of the Kramers dou-
blets: two I'¢ doublets and three I'; doublets. The scattering
function is expressed as S(Q, E) = [n(E) + 1x{lgr(Q, E),
where x(zr(Q, E) denotes the imaginary part of the gener-
alized magnetic susceptibility and n(E) denotes the Bose-
Einstein distribution function. According to the literature
[48,49], Xé’EF(Q, E) for the CEF splitting state is represented
as follows:

1
%ﬁ@imaf%@Ez

(Em =En ) e— kb;;-
< | Y 1l Lm)*~—Fu(E)
o ksT
(En#Ey) o B

|26*k31 — e kT
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+ Y [l Lim)

where f(Q) denotes the magnetic form factor. E,, and E,
denote the respective energy eigenvalues of the initial and
final states, |m) and |n), which are relevant to the scatter-
ing process due to the dipole operator J,. Z represents the
partition function. We assumed the Lorentzian spectral func-
tion Fy,,(E) = )/m,,/[(E - Amn)2 + szn], with A, =E, —
E,,. As mentioned above, the INS spectra composed of the
seven excitation peaks shown in Fig. 3 are not explained by a
single CEF scheme of the Nd** 4£3 electronic configuration
that produces four excitations from the doublet ground state to
the excited doublet states at a significantly low temperature.
This problem can be solved by taking two inequivalent CEF
schemes corresponding to the two Ln-ion Wyckoff sites Nd1
and Nd2 in the I’ phase, as performed in the analysis of
CesTr4Snyz (Tr = Co, Rh, and Ir) [23,24,46]. We performed
a systematic search for the CEF-level schemes within the
space of the two sets of CEF parameters, W, x;, x,, x3, and
x4, with a constraint of the same site multiplicity for Ndl
and Nd2 in the I’ phase. In particular, the observed result
that no distinct additional peak appeared below 5 meV, even
at 100 K, was in sharp contrast to a general feature of the
CEF spectrum because transitions between excited CEF levels
are expected to appear. Considering such key features of the
INS spectra, we searched for the sets of CEF parameters
that reproduce the seven peaks without strong peaks below
5 meV at 100 K. After obtaining the candidate parameter
sets, a least-squares fitting based on the two schemes, both
represented by Eq. (2) and the Lorentzian F,,(E), to the
obtained data was performed. To evaluate the excitation-peak
width, we incorporated a procedure for convolution of the
spectrometer resolution, which was estimated by fitting the
E = 0 incoherent scattering part before performing the INS
part analysis. The resolution at £ > 0 was simply assumed to
be proportional to (1 — E/E;)*/? [50,51].

The fitted results are indicated by the red solid lines
in Fig. 3, which comprise the Ndl (blue dotted lines) and
Nd2 (green broken lines) components. The excitation peak
positions are well reproduced, whereas the intensities are
not fully consistent with the measured data. The discrep-
ancy is caused by the assumed CEF Hamiltonian [Eq. (1)]
for the D,; point group, which exhibits higher symmetry
than the actual C; point group in the I’ phase (/2;3). How-
ever, the analysis supports the fact that the two inequivalent
CEF schemes are necessary to account for the spectra at
8 and 100 K. The resultant CEF parameters, the eigen-
states, and the energy eigenvalues are listed in Table 1. The
CEF ground state wave functions of Nd1 and Nd2 have the
magnetic moment eigenvectors (0.15, 0.12, 1.48)uz/Nd and
(0.08, 0.08, 0.81)ug/Nd, respectively. These magnetic mo-
ment magnitudes are compared with the analysis result of the
magnetic ordered structure.

C. Magnetic structure

The Rietveld analysis method using the FULLPROF software
suite [52] was applied to the powder ND data at 0.64 K
(Fig. 4) to derive a magnetic ordered structure below Ty =
1.65 K characterized by the wave vector q,; = (0, 0, 0). The
crystal structural parameters (atomic positions and thermal
parameters) were fixed to those determined in the afore-
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TABLE I. The CEF parameters (W, x;, x», X3, X4), the eigenstate wave functions, and the energy eigenvalues (meV) at the Nd1 and Nd2
sites, which were determined by the least-squares fitting analysis of the E; = 23.6 meV dataset.

CEF scheme Ndl1 Nd2
W (meV) 0.118(3) 0.159(1)
X 0.137(7) —0.691(8)
X —1.07(3) —0.425(3)
X3 0.207(4) —0.384(5)
X4 0.98(2) 0.571(7)

ground state
1st ex. state
2nd ex. state
3rd ex. state
4th ex. state

—0.889] £ 3/2) 4+ 0.457| F 5/2), 8.34

—0.876| £5/2) — 0.450| + 3/2), 17.13

0.044| & 7/2) + 0.860| F 1/2) + 0.508] F 9/2)

)

)
0.955| & 7/2) + 0.114] F 1/2) — 0.275| F 9/2), 9.15
0.817| £ 9/2) — 0.497| & 1/2) + 0.294| F 7/2), 10.00
)

0.184] £ 7/2) 4+ 0.597| F 1/2) + 0.780| F 9/2)
0.935| & 7/2) + 0.138] F 1/2) — 0.326] F 9/2), 6.47

—0.847) +3/2) 4+ 0.532| ¥ 5/2), 11.25

—0.533] £9/2) 4+ 0.790| & 1/2) — 0.302| F 7/2), 12.25

—0.532| & 3/2) — 0.847| £ 5/2), 15.07

mentioned synchrotron x-ray diffraction analysis for the data
taken at 200 K to avoid divergence of the fitting proce-
dure, and we optimized the magnetic moment amplitudes
and the scale factor to reproduce the intensity. The previ-
ously proposed AFM model for Nd3CosSn;3 [33], which
corresponds to the irreducible representation I'; provided in
the BASIREPS program [52], is applied to the present data
analysis for Nd3Rh4Sn;3 because similar diffraction patterns
are observed in these Nd-based compounds. The nearest-
neighbor Nd-ion magnetic moments are aligned alternately
along the three orthogonal cubic axes, which are connected
via the second neighbors. However, because of the crystallo-
graphically inequivalent Nd-ion sites in the /2,3 space group
structure, two inequivalent magnetic moments associated with
the CEF level schemes at Nd1 and Nd2 should be consid-
ered. According to the irreducible representation analysis of
12,3 provided in BASIREPS, we found that the q,; = (0, 0, 0)
AFM structure is represented by 3F§1) + 3F§2) +9r'?, where
the superscript numbers indicate dimensions of the irre-
ducible representations, which are summarized in Table S.4 of
the Supplemental Material [44]. The present AFM structure
model for Nd3;RhySn;3 is categorized in F§3). We assumed
simply the same magnetic moment components along the
cubic principal axes, which correspond to coefficients of the
basis vectors V11, Y13, Y20, Y22, Y9, Y31 listed in Table S.4
of the Supplemental Material [44]. In the Rietveld analysis,
the data points of aluminum diffraction originating from the
sample container were excluded from the fitting procedure.
The fitted result is shown by a blue solid line, which repro-
duces the measured data. The reliability factors for fitting
quality (not corrected for background in FULLPROF) are R,
= 3.74%, Ry, = 5.94%, and Reyp, = 1.75%. Figure 7 shows
the determined AFM structure of the two inequivalent Nd
sublattices. The upper panel shows the ordered magnetic
moments indicated by red arrows, which are aligned alter-
nately along the nearest neighbor Nd-ion chain. The Nd1 sites
indicated by blue circles carry a larger magnetic moment of
2.15(19)ug, and the Nd2 sites indicated by green circles carry
a smaller magnetic moment of 1.12(19)ug. Such an inequiva-
lent ordered magnetic moment structure is consistent with the
two CEF-level schemes determined in the INS study and the
small magnetic diffraction peaks at the half-integer positions

FIG. 7. Magnetic structure of Nd;RhsSn;; at 0.64 K, as de-
termined from the HERMES data. The blue and green circles
correspond to two inequivalent Nd-ion sites, and the arrows indicate
the ordered magnetic moments. The upper panel shows bars bonding
the nearest neighbor Nd ions along the principal cubic axes, and the
lower panel shows triangular bonds between the second neighbors of
each Nd-ion site.
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observed in the single-crystal measurement at SENJU. If all
the magnetic moment magnitudes were the same, the half-
integer reflections would completely vanish. The lower panel
shows triangular bonds between the second nearest neighbors
on the orthogonal chains of the Nd1 or Nd2 sublattices with
the same AFM magnetic structure as in the upper panel.
The triangular lattice planes parallel to the (1,1, 1) plane
comprise a so-called 120° AFM structure, in which the mag-
netic moments lie within the triangular plane. The directions
of magnetic moments on the other triangles are out of the
plane.

We also performed a least-squares fitting analysis of the
dataset of SENJU to confirm the above-described AFM
ordered structure model using the single-crystal structural
refinement algorithm of the software FULLPROF. Before the
fitting analysis procedure, the integrated intensities were eval-
uated using the software STARGAZER for the reduction of the
pulsed-neutron ToF data at SENJU [43]. A simple correction
for neutron absorption was applied by considering the sam-
ple diameter and the neutron wavelengths, which vary with
respect to the reflections in the ToF technique. Because of
the noncentrosymmetric chiral cubic structure, eight magnetic
domains should be considered; the [1 1 1] direction shown in
Fig. 7 was rotated about the [0 0 1] axis to other threefold axes,
and the four structures were inverted with respect to the origin
to the chiral-structure enantiomers. To avoid a divergence
in the fitting procedure, equal populations of the magnetic
domains was assumed. According to this simple data treat-
ment, the obtained magnetic moments are 1.93(65)u; /Nd and
0.67(40)up /Nd at the Nd1 and Nd2 sites, respectively. The
obtained ordered magnetic moment magnitudes, although the
ambiguities are larger, are consistent with the CEF analysis
results and the powder ND data analysis within the measure-
ment accuracy. Thus, the magnetic structure comprising the
inequivalent magnetic moments shown in Fig. 7 is concluded
again.

V. DISCUSSIONS

The 12,3 structure of Nd3Rh4Sn3 was confirmed in the I’
phase below the transition temperature 7, = 338 K, which is
lower than 350 K of Ln3RhySn;3 (Ln = La and Ce). A previ-
ous study on the structural phase transition of Nd3;Co4Sn;3
reported 7p = 120 K, which is also lower than 160 K of
Ln3Co4Sni3 (Ln = La and Ce). As revealed in previous stud-
ies, Tp is lower for the smaller transition-metal elements;
thus, the smaller the unit-cell volume, the lower the structural
transition temperature. The reduction in T in the Nd-based
compounds can be attributed to the lanthanide contraction.
As listed in the Supplemental Material [44], the Sn atoms
located at the 2a and 24k sites in the I-phase structure (Pm3n)
exhibit large thermal displacement amplitudes, and the struc-
tural transformation comprises the dominant displacements of
these Sn atoms. Volume contraction caused by the smaller Nd-
ion radius suppresses the free displacement space; thus, the
structural instability is also suppressed to lower temperatures.

The previous structural investigation for Nd;Co4Sn;3 re-
vealed the same modulation wave vector ¢; = (1/2,1/2,0)
as in the investigation for Nd3Rh4Sn;3. Although structural
refinement was not attempted for Nd;Co4Sn;3, it is naturally

expected that Nd;Co4Sn;3 also undergoes a chiral structural
phase transition. This fact indicates that the magnetic ordered
structure of Nd3CosSn3 should comprise two inequivalent
magnetic moments at the Nd1 and Nd2 sites. In addition,
we have initiated a study on Ndj3IrsSn;3, which also shows
a similar crystal structure and magnetic ordering phase transi-
tions [36]; thus, the Nd-based 3-4-13 materials share the same
structural and magnetic symmetries.

The magnetic ordered structure below Ty =1.65 K
comprises the magnetic moments perpendicular to the one-
dimensional Nd-ion chain along the CEF quantization axis.
We performed a mean-field calculation of the XY -type mag-
netic exchange interaction of 0.1 meV between the nearest
neighbors along the Nd-ion chains using the the determined
CEF schemes. Calculated ordering temperatures for Nd1 and
Nd2 are 2.6 and 1.2 K, respectively, which are close to
Tn = 1.65 K. The calculated ordered magnetic moment mag-
nitudes for Nd1 and Nd2 are 1.49u;/Nd and 1.01pg/Nd,
respectively, which are close to the magnetic moment mag-
nitudes 2.15(19)ug and 1.12(19)uy determined in ND. The
discrepancy is caused by the symmetry assumption of the
CEF Hamiltonian [Eq. (1)], which is insufficient to reproduce
the INS data and the simple mean-field model based only on
the nearest-neighbor interaction. Therefore, a 4 f-electronic
superlattice structure is concluded for the ground state of
Nd3Rh4SIl13.

A previous study on Nd3Co4Sn;3 discussed the possibility
of magnetically geometrical frustration [33]. The ratios of
|®] and Tp of Nd3Co4Sn;3 and Nd3;RhySn3 are 11.1/2.1 =
5.3 and 13.7/1.65 = 8.3, respectively, which are considered
signatures of magnetic frustration. The nearest-neighbor mag-
netic moments along the cubic (100) form a triangular link
between the second neighbors, as shown in the bottom panel
of Fig. 7. The magnetic structure on this triangle is a 120° con-
figuration of the magnetic moments, which is typically found
in other geometrically frustrated systems. The frustration fea-
ture is also observed in the magnetic susceptibility saturation
above the long-range order at Ty = 1.65 K, as depicted in
Fig. 2(b). The AFM correlation emerges below approximately
3 K because of the susceptibility saturation; however, the mag-
netic frustration suppresses the long-range ordering [36]. The
assumed nearest-neighbor exchange interaction of 0.1 meV
in the aforementioned mean-field calculation for the ordered
magnetic moment magnitudes is smaller than the Weiss tem-
perature —13.7 K. This fact may indicate that the magnetic
interactions compete because of the frustration effect, and the
suppressed effective interaction is in the order of 0.1 meV.
The frustration mechanism in metallic systems is not sim-
ply concluded because of long-range magnetic interactions in
contrast to the simple neighbor interactions. The identification
of magnetic interactions using INS technique is an ongoing
issue.

The chiral symmetry of crystal structures causes asym-
metric Dzyaloshinskii-Moriya (DM) interaction. Considering
the twofold rotation axis bisecting the middle of the Nd
ions on the chain shown in Figs. 6 and 7, the Hamiltonian
H =%, ;D;; - (S; x §;) results in the tilting of the magnetic
moments toward the chain direction, and may enhance the
magnetic frustration via the competing interaction. How-
ever, the observed tiny magnetic reflections do not allow the
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evaluation of the tilting of the magnetic moments from the
determined colinear AFM structure.

A theoretical argument has proposed the bulk chiral
fermion and the Weyl semimetallic state realized in the chiral
space groups [1]. Orbital Weyl points on the Brillouin-zone
boundary intrinsically appear for the chiral space groups.
Such a topological electronic state has been revealed as the
Weyl-Kondo semimetal behavior in the isomorphic chiral
Remeika phase material Ce3RhsSn;3 [24]. The broken time
reversal symmetry in addition to the chirality, as in the present
Nd-based 3-4-13 systems, results in a nontrivial topologi-
cal electronic state. It is an attractive subject to investigate
whether the Weyl fermion carriers at the node of the linear
band crossing points contribute to the magnetic interactions
between the magnetic ions. The theoretical approach sug-
gested that the internode process and the spin-momentum
locking significantly influence the RKKY interactions [2].
The derived interactions represented as a Heisenberg, an Ising,
and DM types are expected to provide various magnetic tex-
tures. Further investigation of the topological effects on the
magnetic interactions in the Nd-based 3-4-13 systems is re-
quired, which can be approached by performing magnetic
excitation measurements using an INS technique.

VI. SUMMARY

In summary, we observed the crystal superlattice forma-
tion below 7p ~ 338 K and the AFM ordering below Ty =
1.65 K in single-crystalline samples of Nd3;RhySn;3 synthe-
sized using the Sn-flux method. The superlattice structure
was characterized by the same reduced wave vector q; =
(1/2,1/2,0) as that for Ln3Tr4Sny3 (Ln = La and Ce; Tr =
Co, Rh, and Ir). This study proposes that the low-temperature
phase is a chiral cubic structure characterized by the 72,3

space group. The AFM ordered state below Ty = 1.65 K is
characterized by the orthogonal Nd-ion AFM chains con-
nected via a triangular lattice that maintains the frustration
effect. Similar sequential phase transitions are also reported
for Nd3Co4Sn;3 and Nd3IrsSn;3 even though the low temper-
ature crystal structure has not yet been identified. In addition,
we propose that the Nd-based 3-4-13 systems are electronic
systems in which spatial and time-reversal symmetries are
simultaneously broken.
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