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We report on the enantiopure single-crystal growth using the Czochralski method and the magnetic properties
of the Nd-based monoaxial chiral magnet NdPt, B based on electrical resistivity, specific heat, and magnetization
measurements. A peak in the magnetic susceptibility and a A-type anomaly in the specific heat are observed
at Tyi = 19.5 K. Successively, a first-order magnetic transition at 7;, = 9.5 K is observed in the electrical
resistivity, specific heat, and magnetic susceptibility. In addition, we observed a new magnetic phase transition,
which has previously not been reported, at Ty, = 11 K between Ty; and 7;,,. We observed multiple plateaus in
the low-temperature magnetic phase and constructed a nontrivial magnetic phase diagram, which results from
the competitive interactions in this system. Furthermore, we observed an increase and decrease in the in-plane
anisotropy in the transverse magnetoresistance, which is related to the change in the magnetic structure.
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I. INTRODUCTION

Chirality, which is a fundamental property of symmetry,
plays an important role in many areas of material science.
In magnetic compounds with a chiral crystal structure, the
Dzyaloshinskii—-Moriya (D-M) interaction [1,2] can result in
complex magnetic phases such as spin spirals or canted spin
structures in molecular-based and inorganic materials [3]. In
an interesting example, the emergence of novel topological
spin textures has been reported in chiral magnets. A well-
known example of an interesting chiral magnet is the B20
chiral compound MnSi, which exhibits a swirling spin tex-
ture, called the magnetic skyrmion [4,5]. Another interesting
example of a chiral magnet CrlNb3Sg, which is a monoaxial
chiral magnet with the space group P6322, exhibits a periodic
and nonlinear magnetic order, known as the chiral magnetic
soliton lattice [6]. These exotic topological spin states have
been observed in several materials [7-9] and have attracted
considerable attention for application to novel magnetic mem-
ory devices [10-12].

In this study, we focus on a Nd-based monoaxial magnetic
compound NdPt,B. This ternary rare-earth platinum boride
belongs to the RPt;B series (R = rare earth) [13—-17] with
the hexagonal CePt;B-type structure of space group P6,22
(or P6422), as shown in Fig. 1(a). The magnetic Nd ions
form a helical arrangement along the ¢ axis, and the Nd-Pt
layers and nonmagnetic boron layers are stacked alternately
along the ¢ axis, as shown in Figs. 1(b) and 1(c). Previous
studies have investigated the magnetic properties of NdPt,B
using arc-melted polycrystal samples, and it has been re-
ported that NdPt, B shows an antiferromagnetic transition at
approximately 20 K and exhibits a spin flip resulting in a
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ferromagnetic phase at approximately 10 K [14]. The RPt,B
series consists of several rare-earth-based isostructural com-
pounds and possesses the same point group Dg as the typical
monoaxial chiral helimagnets CsCuCl; and CrNb;Sg [19-21].
Therefore the RPt,B series appears to be an attractive target
for investigating chiral magnetism and exotic spin textures.
It is noteworthy that rare-earth-based chiral magnets attract
interest because of their small characteristic scales of their
spin textures [22,23].

In this paper, we report on enantiopure single-crystal
growth using the Czochralski method and investigate the
magnetic properties of single crystals of Nd-based monoaxial
magnetic compound NdPt,B based on electrical resistivity,
specific heat, and magnetization measurements. Magnetiza-
tion measurements using NdPt,B single crystals revealed a
large magnetic anisotropy. We observed multiple plateaus in
the magnetization process in the low-temperature magnetic
phase and constructed a magnetic phase diagram. In contrast
to a previous report on a polycrystalline sample, the ground
state of NdPt,B is not a simple ferromagnetic phase, as re-
vealed by the magnetic susceptibility and the magnetization
measurements. Furthermore, we observed an increase and
decrease in the in-plane anisotropy of the transverse mag-
netoresistance, which is related to a change in the magnetic
structure, in the low-temperature magnetic phases. Inter-
estingly, the magnetic susceptibility of enantiopure crystals
shows a different behavior to that of the racemic polycrystal,
indicating that the D-M interaction plays an important role in
the ground state of NdPt,B.

II. EXPERIMENTAL DETAILS

Single crystals of NdPt,B were grown using the Czochral-
ski method in a tetra-arc furnace under an argon atmosphere

©2021 American Physical Society
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FIG. 1. (a) Unit cell of left-handed (space group: P6,22) NdPt,B. Crystal structures were constructed using the VESTA [18]. (b) Projection
of the crystal structure of NdPt,B on the basal plane. The anticlockwise notation in red indicates the chirality of the Nd atoms. (c) Side view
of the crystal structure of NdPt,B. (d) Grown single crystal of NdPt,B. (e) Cleaved single crystals of NdPt,B. The arrows indicate the points
measured using single-crystal XRD. (f) Laue photograph of NdPt,B single crystal.

on a water-cooled copper hearth. The single crystal was pulled
from the melting ingot at a speed of 15 mm h~'. The ratio of
starting materials was Nd:Pt:B=1:2:1. We succeeded in grow-
ing NdPt, B single crystals [refer to Figs. 1(d) and 1(e)] for the
first time. In this study, the crystal structure of NdPt,B single
crystals was confirmed using a single-crystal x-ray diffrac-
tometer (Rigaku XtaLAB mini II) with a charge-coupled
device (CCD) camera and Mo K|, radiation (A = 0.71073 A).
The refined crystal parameters of NdPt,B are summarized
in Tables I and II.  The crystal structure was solved us-
ing SHELXT [24] and further refined with SHELXL [25]. The
homochirality of the NdPt,B single crystals was confirmed
using single-crystal XRD at several points on the specimen,
as shown in Fig. 1(e). The Flack parameter is a factor used
for estimating the absolute structure of noncentrosymmet-
ric crystal structures. As shown in Table III, the obtained
Flack parameters were nearly zero at several points of the
NdPt,B single crystal, indicating the successful growth of
the enantiopure crystals with the space group P6422. Note
that the arc-melted NdPt,B polycrystal is a racemic mix-
ture of two structural enantiomers with space groups P6,22
and P6422.

To confirm the homogeneity of the single crystals of
NdPt,B, x-ray diffraction data of a powdered single crystal
were collected at room temperature using a powder Xx-ray
diffractometer (Rigaku RINT2500V) with Cu K« radiation
(A = 1.5418 A). The crystal structure was solved using di-
rect methods and refined using ExP02014 [26], as shown
in Fig. 2. The obtained lattice parameters are close to the
lattice constants obtained from single-crystal XRD. The sin-
gle crystals were oriented using a Laue camera (Photonic
Science Laue x-ray CCD camera) and cut using a spark
cutter.

The electrical resistivity and angular dependence of mag-
netoresistance were measured using a four-probe AC method
with a Quantum Design physical property measurement sys-
tem (PPMS) with *He and rotator options at temperatures
down to 0.5 K in magnetic fields up to 2 T. The specific
heat was measured using a relaxation method in magnetic
fields with a PPMS. The magnetic properties were investi-
gated using a commercial SQUID magnetometer (QD MPMS)
at temperatures between 300 and 2 K and in magnetic fields
upto5.5T.

TABLE 1. Crystallographic and structure refinement data of
NdPt,B.

Empirical formula NdPt,B
Formula weight 545.23
Crystal system hexagonal
Space group P6,22 (No. 181)
a(A) 5.4426(5)
c(A) 7.9001(11)
Volume (A3) 202.66(4)
Formula units per cell (Z) 3
Scan type w-26
Number of measured reflections (total) 600
Number of measured reflections (unique) 241
Cut off angle (26ax) 65.8°
Goodness of fit 1.095
Flack parameter —0.004(19)
R1 (I > 2.00s(I)) 0.0200

R (All reflections) 0.0203
wR2 (All reflections) 0.0459
Max Shift/Error 0.000
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TABLE II. Atomic positions of NdPt,B.

NdPt,B
Atom Site X y Z
Nd 3¢ 0 0 0
Pt 6i 0.15133(7) 0.30266(7) 0
B 3d 1/2 0 1/2

III. RESULTS

Figure 3(a) shows the temperature dependence of electrical
resistivity p(T") of the NdPt,B single crystal for the electrical
currents J || a and J || c in a zero field. p(T) shows a
metallic behavior from room temperature to the lowest tem-
perature, as shown in the inset of Fig. 3(a). Three anomalies
were observed in p(T) at around 7, = 9.5 K, Typ = 11 K,
and Ty = 19.5 K. These results are consistent with those of
the specific heat and magnetization measurements, which will
be discussed later. In a previous study, only two magnetic
transitions were reported at 7 = 10 and 18 K [14], which
are similar to the T, and Ty values determined in this work.
p(T) decreases upon cooling below Ty; for J || a, while it
increases at Ty for J || c. In the low-temperature region in
the ordered state, o(7T") does not follow the T2 law, namely,
o(T) = po + AT?, where py is the residual resistivity. To
explain the temperature dependence of the electrical resistiv-
ity in the ordered state, we considered the contributions of
electronic scattering on the ferromagnetic magnons ppyv [27]
and antiferromagnetic magnons papyv [28]. First, we consider
the contribution from ferromagnetic magnons, which can be
expressed as follows [27]:

A
pem(T) = CFMT2€XP<—%), ()

where a coefficient cgy and Agy are the material constant and
energy gap of the ferromagnetic spin wave, respectively. The
fit obtained with the equation p(T) = po +AT? + ppm(T)
shows a good agreement below 7, = 9.5 K, as indicated by
the dashed-dotted line in Fig. 3(a). We obtained the param-
eters pgp = 14.5 uQcm, A =4.30 x 1073 uQcmK=2, and
Apv = 18.3 K.

As we will discuss later, the transition at 7, is not
a simple ferromagnetic transition. We also consider the
contribution of antiferromagnetic magnons. The magnetic
contribution to the electrical resistivity can be written as

TABLE III. Flack parameters of several points on the single
crystals of NdPt,B. The measured points and crystals are shown in
Fig. 1(e).

Flack parameter
A B C D E

0.01(9) -0.004(19) 0.03(3) 0.05(3) 0.07(3)

o Observed
16x10° — Calculated
— Difference
| Bragg position
s NdPt2B
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FIG. 2. X-ray diffraction (CukK,) powder pattern of powdered
NdPt,B single crystals. The blue open circles represent the exper-
imental data, while the red solid line is derived from the Rietveld
refinement. The purple solid line shows the intensity difference be-
tween the experimental data and Rietveld calculations. The estimated
background and Bragg peak positions are indicated by the solid green
line and bars. R,,, is the weighted-profile R factor.

follows [28]:

T A
parm(T) = carmAipy —CXP<— AFM)
AArM T
2 ( Aarm 2 (Aarm\’
1+ = — 2
x[+3< u )+15( u )] @)

where the coefficient capy is a material constant depending on
the spin-wave stiffness, and A gy is the energy gap. The tem-
perature dependence of the electrical resistivity of NdPt,B can
be described by the equation po(T) = po +AT? + parm(T)
below T, = 9.5 K, as indicated by the dashed line in Fig. 3(a),
and the residual resistivity pg, the coefficient A, and the
energy gap A are estimated to be pg = 14.5 uQcm, A =
5.10 x 1073 uQecm K2, and Aapy = 30.4 K, respectively.
The energy scale of Agy is closer to the transition temperature
than that of Aapm.

The magnetoresistance p(H ) exhibits a complex behavior
for J || a and magnetic field H | a, as shown in Fig. 3(b).
Four transitions are observed in p(H) at T = 0.8, 1.7, and
5.0 K. At the lowest measurement temperature of 0.5 K,
four successive transitions are observed [see Fig. 6(a)]. p(H)
decreases significantly at approximately uoH = 1.5 T. The
decrease in p(H) is related to the suppression of magnetic
scattering in the polarized state, as reported for several rare-
earth antiferromagnets [28-31].

Figure 4(a) shows the temperature dependence of specific
heat C(T) in a zero field and in constant magnetic fields
of woH =0.5, 1.0, and 1.5 T for H || a. The specific
heat of NdPt,B exhibits successive second-order transitions
at Ty = 19.5 K and Ty, = 11 K upon cooling. The jump
of C(T) at Tnp is considerably smaller than that at 7.
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FIG. 3. (a) Temperature dependence of electrical resistivity p of
the NdPt,B single crystal for J || a (red circles) and || ¢ (blue
triangles) below 25 K. The black solid line corresponds to the curve
fitted using the expression p(T') = py + AT?. The red dashed-dotted
and green dashed lines are the curves fitted considering magnetic
contributions prv (T') and parm(T), respectively (see text for details).
The inset shows the p(7) from room temperature to 1.7 K. (b) Field
dependence of p at T = 0.5, 0.8, 1.7, and 5.0 Kup to uoH =2 T.
The anomalies in p(H) are indicated by blue arrows for the data
measured at 5 K.

Following two second-order transitions, C(7') shows a sharp
jump at Ty, = 9.5 K. In contrast to a previous report [14],
the transition appears to have a first-order nature in a zero
field. The transition at Ty is rapidly suppressed in a small
external magnetic field of 0.2 T, while the transitions at
Tni and T, remain in higher external magnetic fields of
approximately 1 T for H | a. The first-order transition
temperature T;, increases with the magnetic field, while Ty
decreases in higher magnetic fields. The second-order transi-
tion at 7y and first-order transition at T;, appear to merge at
approximately 1.5 T.

Figure 4(b) shows the field dependence of specific heat
C(H) at constant temperatures. C(H) of NdPt;B shows
multiple anomalies in the temperature regions below T, =
9.5 K, which are consistent with the magnetoresistance data.

(@) 50 -~ (b)) :

20 22K 1.0 T
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=
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FIG. 4. (a) Temperature dependence of specific heat C in a zero
field and in constant magnetic fields of poH = 0.5, 1.0, and 1.5 T
for H || a. The specific heat data are shifted vertically by 10 J/(K
mole) for clarity. (b) Field dependence of C measured at various
temperatures for H || a. The inset shows an enlarged view of C
vs. woH in the low magnetic field range at 7 = 4 and 5 K.

Moreover, three transitions can be observed in C(H) in the
temperature range of Ty, < T < Tnp.

Figure 5(a) shows the magnetization curves of NdPt,B
measured at 2 K for H || a, H || ¢, and the H 1 ac
plane. The magnetization curves at 2 K clearly indicate
strong easy-plane anisotropy. The magnetization starts to sat-
urate with magnetic moments of 2.2 ug/Nd (H || a) and
2.0 ug/Nd (H L ac plane) at 2 T, while the magnetization
continuously increased with increasing fields for H || c¢. The
in-plane magnetizations show multiple plateaus at 2 K. To
obtain information about the multiple plateaus, we measured
the magnetizations at several temperatures. Figure 5(b) shows
the magnetization curves at different temperatures and the
field derivative of magnetization dM/d(uoH) at 2 K. As
observed in the magnetoresistance and specific heat measure-
ments, dM/d(juoH ) shows four peaks at Hy,1, Hmp, Hyz, and
H,,4 in the temperature regions below Tp,. Furthermore, three
anomalies were observed in the temperature range of 7, <
T < Tno. A clear hysteresis of each transition was observed
between up-sweep and down-sweep at 2 K. The magnetization
between Hy,3 and Hyy is approximately half the value of the
saturated magnetization. Regarding the extra peak at 0.15 T,
there was no anomaly in C(H) and p(H). Furthermore, no
anomaly was observed below Hy,; in the magnetization curve
forthe H L ac plane.

Figure 5(c) shows the temperature dependence of the zero-
field-cooled (ZFC) magnetic susceptibility M/H of NdPt,B
at 0.05 T for H || a and H | c. As evidenced by the
magnetization, M/H shows large anisotropy with respect to
the field direction. M/H shows clear peaks at Ty; = 19.5 K
and Tx\p =11 K for H | a and H || c. Furthermore,
M/H increases suddenly at 7, = 9.5 K in a magnetic field
of 0.05 T for H | a and decreases with the temperature.
In contrast, M/H decreases discontinuously at T, for H ||
¢ and increases with a decrease in the temperature. In the
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FIG. 5. (a) Magnetization curves of NdPt,B measured at 2 K for H || a (red), H | c¢ (blue), and the H L ac plane (orange).
(b) Magnetization curves of NdPt, B measured at various temperatures for H || a (left axis). The field derivative of magnetization dM/d (juoH )
is also shown on the right axis as a function of the field at 2 K. (¢) Temperature dependence of the magnetic susceptibility M/H of NdPt,B
measured at 0.05 T for H || a (red circles, left axis) and H | c (blue squares, right axis) in ZFC condition. The inset shows the temperature

dependence of the inverse susceptibility 1/x for H

|| a. The blue solid line represents a least-squares fit obtained with the modified

Curie—Weiss law for NdPt,B in the paramagnetic region. (d) Magnetic susceptibility M/H of NdPt,B in different magnetic fields of 0.05,
0.2,0.5,1,and 2 T for H || a as a function of the logarithmic temperature. The magnetic susceptibility data are shifted vertically by 0.6

emu/mole.

paramagnetic state, the magnetic susceptibility follows the
modified Curie-Weiss law: M/H = xo + Ccuie/(T — 6w)
for H || a above 150 K. Here, Ccyrie and yg are the Curie con-
stant and temperature-independent Pauli-like susceptibility,
respectively. The effective magnetic moment pi.¢, Weiss tem-
perature By, and xo are estimated to be e = 3.61 ug/Nd,
Ow = 28.1 K, and xo = 1.70 x 10~* emu/mole, respectively.
The obtained pef is in reasonable agreement with the theoret-
ical value of 3.62 up of the Nd ion and reported values [14].

Figure 5(d) shows the temperature dependence of the mag-
netic susceptibility M/H of NdPt,B in the different magnetic
fields of 0.05, 0.2, 0.5, 1, and 2 T for H | a. The magnetic
susceptibility increases abruptly at T, for H || a, a clear
difference between the ZFC and field-cooled (FC) curves at
0.05 T. The difference between the ZFC and FC curves de-
creases with an increase in the magnetic field and falls to zero
ataround 1 T.

IV. DISCUSSION

Figures 6(a) and 6(b) show the magnetic (H-T) phase
diagrams of NdPt;,B for (a) H || a and (b) the H L ac
plane obtained from the results for p, M, and C under dif-
ferent magnetic fields. As shown in Figs. 6(a) and 6(b), the
AFMI1 phase and four magnetic phases (MO1, MO2, MO3,
and MO4) are separated by the characteristic first-order phase
boundary. Furthermore, in the AFMI1 phase, a small dome
corresponding to the magnetic phase AFM2 exists next to the
first-order phase boundary. The AFM2 phase is rapidly sup-
pressed by a small external field. The transition at 7y, appears
to be related to subtle changes in the magnetic structure. The
in-plane H-T phase diagrams are very similar between H || a
and the H L ac plane, as shown in Figs. 6(a) and 6(b).

The first-order phase boundary at 75, shows a characteristic
“S”-shape in the H-T phase diagram, and the MO3 phase
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FIG. 6. Magnetic field-temperature phase diagram of NdPt,B (a) for H || a and (b) the H L ac plane. PM, AFM, and PPM correspond
to the paramagnetic, antiferromagnetic, and polarized paramagnetic states, respectively. The solid line is guide to the eyes. The red line shows
the first-order transition at 7y, for H || a. (c) Schematic sample configuration for the magnetoresistance measurements. [(d)—(h)] Polar plots
of the transverse magnetoresistance for the electrical current J || ¢ in the low-temperature MO and PPM states at 1.7 K. The measurement
conditions (7 and H) for the transverse magnetoresistance are indicated by yellow markers in the H-T phase diagram of the H L ac plane.

exists in a narrow region in the H-T phase diagram at the
lowest temperature. The characteristic H-T phase diagram
of NdPt;B is reminiscent of the classical Heisenberg an-
tiferromagnets with triangular lattices [32-34]. In classical
Heisenberg antiferromagnets with triangular lattices, the up-
up-down-spin (uud) phase exhibits an “S”-shape in the H-T
phase diagram, that is, the transition temperature increases in
the magnetic field. Furthermore, the uud phase appears only at
one specific point at the lowest temperature without thermal
fluctuations, which is similar to the behavior of MO3. We
consider that it is difficult to describe the crystal structure and
spin configurations of NdPt,B as a simple two-dimensional
triangular antiferromagnet. As mentioned in the introduction,
however, the magnetic Nd layers are separated by the nonmag-
netic boron layers. The two-dimensional magnetic interaction
is most likely dominant in the characteristic H-T phase dia-
gram of NdPt,B.

The multiple plateaus in the magnetization and the cor-
responding anomalies in p(H) and C(H) are observed only
below the first-order transition at 7p,,. On the basis of the above
discussion of the phase diagram, the MO1, MO2, MO3, and
MO4 phases appear to be related to the change in the in-plane
magnetic structure with the two-dimensional magnetic inter-
action. To obtain information on the change in the in-plane
magnetic anisotropy, we performed in-plane transverse mag-
netoresistance measurements for J || c. Figures 6(d)-6(h)
show the polar plots of the transverse magnetoresistance in the
MO and PPM states measured at 1.7 K. The field-angle depen-
dence of the transverse magnetoresistance exhibits a sixfold
symmetry in the ordered state below Ty,,. The transverse mag-
netoresistance shows a clear anomaly for the J || ¢ and the
H 1 acplane in the MO1, MO2, and MO3 phases, as shown

in Figs. 6(d)-6(f). However, the anomaly becomes less promi-
nent in the MO4 phase, suggesting a change in the in-plane
magnetic structure, as shown in Fig. 6(g). The anisotropy
of the in-plane resistivity [(0# Lac plane — PH[a)/PH|la] 1S ap-
proximately 10% in the MO1, MO2, and MO3 phases, while
the in-plane anisotropy is less than 1% in the MO4 phase.
It should be noted that the sixfold symmetry in the in-plane
transverse magnetoresistance is absent in the paramagnetic
state at 25 K and 0.5 T. Here, we consider a simple ex-
pression for the electrical resistivity: o0 = pe + Oph + Pmag +
OFEM/AFRM, Where pe, ppn, and pmae are the contributions
from electron-electron scattering, electron-phonon scatter-
ing, and spin-flip scattering (and/or spin-disorder scattering),
respectively. Considering the isotropic in-plane transverse
magnetoresistance in the paramagnetic state, pe, Oph, and Pmag
appear to be isotropic in magnetic fields, and the sixfold
symmetry in the transverse magnetoresistance is presumably
related to the magnetically ordered state. Hence, the de-
crease in the in-plane transverse magnetoresistance indicates
a change in the magnetically ordered state in MO4. In the
PPM state, the transverse magnetoresistance of NdPt, B shows
large anisotropy between H || a and the H L ac plane. The
in-plane anisotropy is approximately 90% at 2 T in the PPM
state.

Here, we discuss the origin of the characteristic first-order
transition at T,. It has been previously reported that the tran-
sition at approximately 10 K is a second-order ferromagnetic
transition with a spin reorientation [14]; however, our spe-
cific heat and magnetic susceptibility measurements indicate
the occurrence of the first-order transition at 7,,. Further-
more, the magnetization curves below 7, do not appear to
be simple ferromagnetic magnetization curves. As shown in
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FIG. 7. (a) X-ray diffraction pattern of powdered NdPt,B single
crystals and the polycrystal. (b) Temperature dependence of the
magnetic susceptibility M/H of the NdPt,B single crystal (H | a)
and polycrystal measured at 0.05 T.

Fig. 5(c), the magnetic susceptibility increases abruptly at
T., in the magnetic field of 0.05 T for H | a, while the
magnetic susceptibility decreases discontinuously at 7;, for
H || c, indicating that moment reorientation occurs at Ty,.
The temperature dependence of the magnetic susceptibility
at the first-order transition in NdPt,B is very similar to that
of NpRhGas [35]. From neutron diffraction measurements,
the first-order transition of NpRhGas is caused by a spin
reorientation with different competitive interactions [36]. We
inferred that the first-order transition at 7, occurred because
of the spin reorientation with competitive interactions, such

NdPt,B (Cz)
0 P6,22
m P62

ot 100 10® 107 10® 10° 10" 10"
<F

2
calc>
FIG. 8. Plot of observed squared structure factors (Fy)> of
NdPt,B single crystal as a function of calculated squared structure
factors (F,,.)? using logarithmic scale using space groups P6,22 (red
open squares) and P6422 (blue closed squares).

as ferromagnetic and antiferromagnetic interactions. In fact,
the ground state of NdPt,B does not appear to be a sim-
ple ferromagnetic state, but the positive Weiss temperature
(Ow = 28.1 K for H | a) indicates that the ferromagnetic
interactions are dominant.

In helimagnets with a chiral crystal structure, a fluctuation-
induced first-order phase transition has been reported [37-39].
The D-M interaction may be involved in the first-order tran-
sition of NdPt,B. To investigate the role of chirality in the
magnetic properties of NdPt, B, we measured the temperature
dependence of the magnetic susceptibility of the enantiop-
ure single-crystalline and racemic polycrystalline sample of
NdPt,B, as shown in Fig. 7(b). Note that the XRD results con-
firm the single phase of NdPt,B in both the single-crystalline
and polycrystalline samples, as shown in Fig. 7(a). Under a
magnetic field perpendicular to the chiral helical axis (H ||
¢), M/H(T) shows two second-order transitions along with
the first-order transition. In contrast, M/H (T') of the NdPt,B
polycrystal shows two second-order transitions at Ty; = 18 K
and T, = 10 K, as reported previously [14]. Interestingly,
the first-order transition at Ty, was only observed in the enan-
tiopure single crystal. We cannot rule out the possibility of
the chemical compositions and/or sample dependence being
responsible for such a different magnetic behavior. In an in-
teresting example, this greatly differing magnetic behavior
between the chiral and racemic samples was reported for a

TABLE IV. Anisotropic displacement parameters of NdPt,B.

NdPt,B
Atom Un Uxn Us; Up Uiz Uss
Nd 0.0052(4) 0.0052(3) 0.0020(4) 0.0026(2) 0 0
Pt 0.0059(2) 0.0059(2) 0.0028(3) 0.00283(18) —0.00106(14) —0.00106(14)
B 0.007(6) 0.011(10) 0.012(9) 0.006(5) 0 0
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molecule-based magnet [40]. Furthermore, it is noteworthy
that the MO2 phase is rapidly enhanced at temperatures below
1 K, as seen in Figs. 3(b), 6(a), and 6(b). This feature in
the complex H-T phase diagram has also been observed in
other rare-earth monoaxial chiral magnets [41,42]. The en-
hancement of the MO2 phase at low temperatures in NdPt,B
may be related to the D-M interaction. Further microscopic
investigations are necessary to reveal the magnetic structure
and role of the D-M interaction. The DM vector, which can
be defined under the D-M interaction, is an axial vector
that is strongly coupled to the lattice, namely, the right- and
left-handed crystal structures. Thus the enantiopure crystal
possesses a uniformly aligned DM vector and is suitable for
investigating the role of the D-M interaction. As discussed
in this paper and previous works [14,17], several magnetic
interactions exist in the NdPt,;B and the RPt,B system. This
system provides an attractive platform for examining chiral
magnetism and the role of D-M interaction in competitive
interactions.

V. CONCLUSIONS

In conclusion, our detailed studies with NdPt, B enantiop-
ure single crystals revealed nontrivial in-plane H-T phase
diagrams and the possible presence of several magnetic in-
teractions such as ferromagnetic, antiferromagnetic, and D-M
interactions. In contrast to a previous report, the ground
state of NdPt,B is not a simple ferromagnetic phase, and
we reported a new magnetic phase transition at 7, = 11 K,
as evidenced by the electrical resistivity, specific heat, and
magnetization measurements. The magnetization curves and
magnetic susceptibility indicate the existence of strong easy-
plane anisotropy. We observed an increase and decrease in
the sixfold in-plane anisotropy in the transverse magnetore-
sistance, which is related to the change of magnetic structure
in the low-temperature MO phases; however, further micro-
scopic investigations are necessary to reveal the magnetic
structure. Interestingly, the characteristic first-order transition
at T, was only observed in the enantiopure single crystal,

suggesting that the D—M interaction is important in under-
standing the ground state of NdPt,B.
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APPENDIX: DETAILS OF SINGLE-CRYSTAL XRD
MEASUREMENTS

The measured NdPt,B single crystal was mounted on a
glass fiber. Data were collected at a temperature of 296 K
using the o - 26 scan. A total of 444 reflections were ac-
quired for the determination of the primitive hexagonal cell,
and the 20 range for cell determination was 8.6° < 20 <
66.0°. An empirical absorption correction and a correction
for secondary extinction were applied. The data were cor-
rected for the Lorentz and polarization effects. The crystal
structure was determined using direct methods. The structure
was successfully refined using anisotropic atomic displace-
ment parameters. Table IV lists the anisotropic displacement
parameters for NdPt;B. A total of 239 independent reflections
with I > 2.00 o(I) were acquired, and the R-factors were
small enough [R]1 = 2.00% for I > 2.00 o(/) and wR2 =
4.59%].

The final Flack parameter was —0.004(19), indicating that
the present absolute structure (P6422) is correct. Figure 8
shows the observed squared structure factors (Fops)? of the
NdPt,B single crystal as a function of calculated squared
structure factors (Feqc)? using space groups P6,22 and P6,22.
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