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The magnetic properties of NdPtsAl; with a honeycomb structure of Nd ions have been studied by mag-
netic susceptibility M(T)/B, isothermal magnetization M(B), specific heat C(T), and electrical resistivity p(7T)
measurements using single-crystalline samples as well as by neutron diffraction and inelastic scattering using
polycrystalline samples. A A-type anomaly in C(7), a bend in p(7), and a jump in M(T)/B, occur concomi-
tantly at 1.2 K, revealing a long-range magnetic order. A spontaneous moment of 0.2 ug/f.u. (formula units)
in the M(B | a) curve at 0.3 K suggests a canted antiferromagnetic (AFM) order with the Nd** moments
lying in the honeycomb plane. The inelastic neutron-scattering measurements disclose crystalline electric-field
(CEF) excitations at 0.6 and 2.9 meV. The energy of the CEF excitations measured at 1.5 and 100 K,
temperature dependences of B/M(T), and two Schottky anomalies in C(7) are simultaneously analyzed using
a trigonal CEF model for the J = 9/2 multiplet of the Nd** ion. The CEF doublet ground state is described
as |y) = —0.082|%1) + 0.555|F3) £ 0.827|+]). The neutron powder-diffraction experiment determines the
canted AFM structure defined with a propagation vector k = [0, 0, 0] and ordered moments of 2.62 p; canting
by an angle of 15 ° from antiparallel alignment in the honeycomb plane. We propose that the canting of AFM
moments results from the Dzyaloshinskii-Moriya interaction between the nearest-neighbor Nd*+ moments at the
midpoint of which the inversion symmetry is broken by the presence of the Pt triangle inside the Nd hexagon.

DOI: 10.1103/PhysRevB.110.144411

I. INTRODUCTION

Unconventional magnetic orders and novel quantum states
in honeycomb-lattice compounds have attracted much inter-
est in recent years [1-9]. Unlike in the triangular lattice or
pyrochlore one, the nearest-neighbor (NN) antiferromagnetic
(AFM) interaction in the honeycomb lattice does not give
rise to geometrical frustration but leads to a Néel-type AFM
order. If the NN AFM interaction in the honeycomb lat-
tice competes with the next-nearest-neighbor (NNN) and/or
next-next-nearest-neighbor ones, then a magnetic frustration
occurs. Consequently, the Néel-type order becomes unstable,
leading to zigzag, stripe, and noncollinear magnetic orders
[1-7]. The strength of the magnetic frustration is characterized
by a frustration parameter f = |6,|/Ti,, where 6, is the para-
magnetic Curie temperature and T, is the magnetic transition
temperature [10]. The magnetic frustration can produce disor-
dered states called plaquette valence-bond solid and columnar
states [8,9]. Such frustrated magnetic states in honeycomb
lattices have been explored mostly for insulators and semi-
conductors [11-13]. Furthermore, a Kitaev model for hon-
eycomb magnets with bond-dependent anisotropic exchange
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interactions between the NN spins has a quantum spin liquid
state as the ground state [14]. This theory stimulated experi-
mental investigations of insulating honeycomb magnets based
on 4d and 5d transition elements in search of quantum spin
liquids [15].

In addition to the magnetic frustration, the lack of local
inversion symmetry in the honeycomb lattice induces uncon-
ventional magnetic structures. At the site of magnetic-ion
decorated honeycomb lattice, the local inversion symmetry
breaks. This condition is a key for stabilizing odd-parity
magnetic toroidal multipoles such as a vortexlike magnetic
structure and a z-type AFM structure [16,17]. The local inver-
sion symmetry breaks also at the midpoint of NNN bond in the
honeycomb lattice. The lack of inversion symmetry is a req-
uisite to activate a Dzyaloshinskii-Moriya (DM) interaction
between the magnetic ions, which tends to orient the magnetic
moments m; and m; perpendicular to each other [18]. The
DM interaction term is expressed by D (m; x m;), where the
direction of D is determined by Moriya’s rules [19]. Moreover,
a magnon Hall effect has been predicted to be induced by the
DM interaction in the honeycomb lattice [20,21].

In the insulating magnets, direct exchange- and superex-
change interactions are usually dominant. In the rare-earth
based intermetallic compounds, on the other hand, Ruderman-
Kittel-Kasuya-Yosida (RKKY) exchange interactions

©2024 American Physical Society
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FIG. 1. (a) Trigonal crystal structure of REPtsAl; with the space
group of R3c. (b) Hexagon of rare-earth ions centered by a triangle
of Pt atoms. (c) Local structure around the rare-earth ion. (d) Pho-
tograph of the single-crystalline sample of NdPtsAl; grown by the
Czochralski method.

mediated by the conduction electrons are longer ranged than
direct exchange and superexchange ones. The long-range
RKKY interaction and magnetic frustration cooperate to
make complex magnetic structures [22-24]. Among a large
number of intermetallic honeycomb magnets based on
rare-earth (RE) ions [25-31], only two series of compounds
have a perfect honeycomb lattice with threefold rotational
symmetry, to the best of our knowledge [29-31]. The
first series is RENi3X9 (RE = Gd-Yb; X = Al and Ga)
crystallizing in the ErNiz Aly-type trigonal structure with the
noncentrosymmetric point group R32 [29,30]. The absence
of the space inversion symmetry in this structure originates
a DM interaction whose D vector is along the ¢ axis. If
the magnetic moments lie in the honeycomb plane, the
DM interaction cants the parallel or antiparallel moments,
stabilizing a canted AFM structure or a helical magnetic
structure [32-34]. The direction of the magnetic moments in
this series has been explained by considering the crystalline
electric field (CEF) effects and the RKKY interaction among
NN and NNN RE moments in the honeycomb plane [35].

The second series is REPtgAl; (RE = Ce, Pr, Nd, Sm,
Gd, and Tb) crystallizing in the NdPtsAls-type trigonal struc-
ture with the centrosymmetric space-group R3c [31]. The RE
atoms (Wyckoff site 12¢) are arranged on the honeycomb
structure centered by a Pt triangle as shown in Fig. 1(b). In
the unit cell shown in Fig. 1(a), six RE,Pt; layers are stacked
along the ¢ axis. The RE ion is sandwiched between Pt and
Al triangles, preserving a C; symmetry for the RE ion [see
Fig. 1(c)].

Among the REPtsAls series, GdPtgAl; orders below 7.4
K into a canted AFM structure with a spontaneous moment
of 0.1 ug/f.u. (formula units) in the honeycomb plane [36].
The canting of the magnetic moments for GdPtsAls was as-
cribed to the DM interaction between the NN Gd ions with
the D vector pointing along the ¢ axis. Since the Pt triangle

centers at the RE hexagon shown in Fig. 1(b), the midpoint
of NN RE ions lacks inversion symmetry. Therefore, the DM
interaction may cant the Gd moments even in the compound
with the centrosymmetric space group R3c. On the other hand,
SmPtgAl; orders below 6.5 K into a collinear AFM structure
with the moments pointing toward the ¢ axis [37]. However,
the large absorption cross sections of Sm and Gd nuclei for
thermal neutrons make it difficult to determine the magnetic
structures of REPtgAl; with RE = Sm and Gd by means of
the neutron-diffraction technique.

In order to gain insight into the relation between CEF-level
scheme and magnetic structures for the REPtgAls series, we
selected NdPtsAl; in which the Nd3* ion with 4 f 3 electrons
has a total angular moment of J = 9/2. In a previous study with
a polycrystalline sample of NdPtsAls, no magnetic order was
observed down to 3 K by magnetic susceptibility measure-
ments [31]. In this paper, we report the magnetic and transport
properties of single-crystalline samples of NdPtsAls, reveal-
ing an AFM transition at 1.2 K. The combined analysis of
the specific-heat and magnetic susceptibility data of single
crystals, and the neutron-diffraction and inelastic-scattering
data of polycrystals allowed us to determine the magnetic
structure and the CEF-level scheme of NdPtgAls.

II. EXPERIMENTS

A single-crystalline sample of NdPtsAl; was grown by the
Czochralski method from a stochiometric melt of 15 g in a
tungsten crucible heated in an rf induction furnace. A 75-mm-
long crystal rod was obtained by pulling a seed rod at a speed
of 8 mm/h. A photo of the crystal rod is shown in Fig. 1(d).
The atomic compositions of several parts were examined by
wavelength-dispersive electron-probe microanalysis (EPMA).
The EPMA showed that the whole crystal has the stoichio-
metric composition of NdPtgAls within 1% resolution. As an
impurity, a small amount of PtsAl; was detected. The crushed
sample was used for powder x-ray-diffraction measurement
with Cu Ko radiation. A Rietveld analysis of the diffraction
data yielded trigonal lattice parameters as a = 7.5471(2) A
and ¢ = 39.252(1) A, values which are in good agreement
with the reported ones [31].

The single crystal was oriented by the backreflection Laue
x-ray pattern for the measurements of magnetization M(T,
B), electrical resistivity p(7T), and specific heat C(T). The
oriented crystal was cut into appropriate dimensions for each
measurement by spark erosion. We used a Quantum Design
MPMS SQUID (superconducting quantum interference de-
vice) magnetometer for the measurements of M(7, B) from
1.8 to 300 K in magnetic fields B up to 5 T. In a range from
0.3 to 2 K, M(T, B) was measured up to B = 85 T by a
laboratory-built capacitively detected Faraday magnetometer
in a *He cryostat. A four-terminal ac method was used for p(7)
measurements from 0.05 to 3 K in various constant magnetic
fields up to 6 T with an adiabatic demagnetization refrigerator
mF-ADRS50. For p(7T) measurements in zero field from 3 to
300 K, a Gifford-McMahon-type refrigerator was used. The
field dependence of p(B) was measured in the longitudinal
configuration B || / up to 6 T at constant temperatures down
to 0.3 K with the mF-ADRS50. The measurement of C(7) from
0.4 to 100 K was performed in constant external fields up to
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FIG. 2. Temperature dependence of the inverse magnetic suscep-
tibility B/M(T) of NdPtsAl; single crystal for the magnetic fields B ||
a and B || c. The fits to the data for 7 > 100 K with a Curie-Weiss
form are shown by the solid lines (green). The solid lines (red)
represent the calculated B/M(T) data by using the CEF model for
the Nd>* ion (see text).

9 T by the relaxation method with a Quantum Design Physical
Property Measurement System (PPMS).

For neutron-scattering and -diffraction experiments, we
prepared polycrystalline samples of NdPtgAl; by arc melting
stoichiometric quantities of the elements with subsequent an-
nealing at 1100 °C for 10 days. As a reference to evaluate the
phonon contribution, we prepared polycrystalline samples of
YPtgAl; by a similar method as for NdPtsAls. The inelastic
neutron-scattering (INS) spectra were collected by using the
thermal neutron time-of-flight spectrometer PANTHER at the
Institute Laue-Langevin (ILL), Grenoble, France [38]. The
powdered sample of 10 g was wrapped by Al foil and mounted
inside a cylindrical Al can. Measurements were performed at
1.8 and 100 K with incident energies E; between 8.75 and 35
meV [39]. The collected data have been analyzed using the
software MANTID to obtain the CEF-level scheme [40].

To determine the magnetic structure, neutron powder-
diffraction experiments were performed with the high-
intensity D1B powder diffractometers at ILL. The powdered
sample of 10 g was introduced in the cylindrical Cu sample
holder (5-mm diameter) with He-exchange gas, which was
set in a *He — “He dilution cryostat. The diffraction measure-
ments were carried out in zero field between 0.05 and 1.6
K [41]. Rietveld refinements were done using the software
FULLPROF [42].

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility and magnetization

The temperature dependence of the inverse magnetic sus-
ceptibility B/M(T) of NdPtcAl; in B = 0.1 T is shown in
the inset of Fig. 2. The data at T > 100 K for both B ||
a and B || ¢ follow a Curie-Weiss (CW) form, M(T)/B =
NA/,Lgff /3ks(T — 6,), where N, is the Avogadro number, ftefr
the effective magnetic moment, and kg the Boltzmann con-

3 NdPtzAl,
)
S
S 2
€
o
S 1
N vy, - .. S
0.2 1 10 30
T(K)

FIG. 3. Temperature dependence of M(T)/B of NdPtsAl; single
crystal in different constant magnetic fields for B || @ and B || c. The
solid lines (red) for T > 2 K represent the calculated data by using
the CEF model for the Nd3* ion (see text).

stant. The obtained values of jiefr = 3.6 pg/f.u. for both B || a
and B || ¢ agree with 3.62 ug, which is expected for a free Nd**+
ion. The values of 0, for B || a and B|| ¢ are 1.43 and —13.7 K,
respectively, yielding the averaged 6, Oue = (0)c + 26)4)/3
of —3.6 K. The negative sign of 6,,. indicates the dominance
of the AFM interactions.

The data of B/M(T) are replotted in a double-logarithmic
scale in Fig. 2. On cooling below 30 K, B/M(T) deviates from
the CW behavior, and the B/M(T) data for B || ¢ become sev-
eral times larger than those for B || a. The magnetic anisotropy
manifests itself in the plots of M(T)/B vs T as shown in Fig. 3.
The ratio M ,/M). at B = 0.1 T increases from 1.6 to 10.5
with decreasing temperature from 30 to 1.5 K. The anisotropic
variations of M(T)/B in the paramagnetic state are reproduced
by the CEF model for the Nd37 ion in NdPtgAl; as described
below. The M(T)/B), data largely increase on cooling below
1.5 K and gradually saturate below 1 K, indicating a magnetic
ordering of Nd*™ moments. The saturation value of M(T)/By,
decreases with increasing B || a, behavior which mimics that
of a ferromagnetic transition. Taking the midpoint of the jump
in M(T)/B), as a transition temperature Ty, the frustration
parameter f = |6ae|/Tn 1s obtained as 3.6 K/1.2 K = 3. Be-
cause this value is much smaller than the values reported for
highly frustrated Nd-honeycomb compounds, e.g., f = 16.2
for CuNd,Ge,Og [43], the magnetic frustration in NdPtcAls
may not be so significant.

In the magnetically ordered state at 0.3 K, the isothermal
magnetization M(B) was measured up to 8.5 T. As shown in
the inset of Fig. 4, M(B || a) has a spontaneous moment of
0.2 pg/f.u., while M(B || ¢) has no spontaneous moment. With
increasing B up to 8.5 T, M(B || a) reaches 2.8 ug/f.u., the value
of which is smaller than 3.27 ug/f.u., expected for a free Nd**+
ion. Compared to these values, the spontaneous moment of
0.2 ug/f.u. in M(B || @) is one order of magnitude smaller. Note
that the magnitude of M(B || a) at 8.5 T is three times larger
than that of M(B || ¢). This strong anisotropy in M(B) indicates
that the Nd** magnetic moments in the ordered state are lying
in the honeycomb plane. If all free Nd** magnetic moments
were oriented to one direction as in a simple ferromagnetic
state, then a spontaneous moment of ~3 ug/f.u. would appear.

144411-3
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FIG. 4. Isothermal magnetization M(B) curves of NdPtsAl; at
0.3 K for B || @ and B || c. The inset shows the M(B) data for —0.2 <
B < 0.2 T. For B || a, the open and closed circles, respectively, show
the data collected upon increasing and decreasing magnetic fields.

Because this is not the case, the small spontaneous moment
is probably a canted component of AFM moments in the
honeycomb plane of NdPtsAl; as found in a canted AFM state
of GdPtgAl; [36].

B. Electrical resistivity

The temperature dependence of p(T) of NdPtgAl; from 300
to 0.05 K for the current directions I || @ and I || ¢ is shown
in Fig. 5. The values of p(300 K) for I || a and I || ¢ are 36
and 100 uS2 cm, respectively. Upon cooling, both data of p(7)
monotonically decrease, keeping the relation p(I || ¢) = 2.8
o(I|| @) in the whole temperature range. This contrasts with
the very weak anisotropy in p(7) for isostructural compounds
CePtgAl; and GdPtgAl; [36,44]. We therefore attribute the
anisotropic resistivity for NdPtgAl; to possible stacking dis-
order of honeycomb layers along the ¢ axis [45,46].

The p(T) data below 2 K in zero and various constant fields
are shown in Figs. 6(a) and 6(b) for I || B||aand I || B || c,
respectively. In the zero field, both p(7) curves bend at T, =
1.2 K and decrease on cooling to 0.05 K. This value of T,
agrees with the temperature at the midpoint of the increase in
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FIG. 5. Temperature dependences of the electrical resistivity
o(T) of NdPtsAlj; single crystal for the current directions / || a and
I]ec.
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FIG. 6. Low-temperature electrical resistivity p(7) of NdPtgAl;
single crystal in various magnetic fields of (a) B || @ and (b) B ||
c. Field dependence of normalized magnetoresistance, MR = [p(B)
— p(0))/p(0), at different temperatures in longitudinal configurations
©1I]Bllaand (] B]c.

M(T)/Bin B || @ = 0.05 T as shown in Fig. 3. The sharp bend
at T,, in zero field is blurred once an external field of 0.1 T
is applied along the a axis. With further increasing in B || a,
the bend in p(7) is gradually smoothed with an increase in
Trn. This dependence of Ty, on B || a is consistent with that of
M(T)/B,, as shown in Fig. 3. On the contrary, application of B
|| c up to 2 T does not affect T, but increases the value of p(7)
forT <2 K.

The field dependence of the electrical resistivity p(B) was
measured up to 6 T at several constant temperatures from 0.3
and 1.6 K. In Figs. 6(c) and 6(d), the p(B) data are normalized
as magnetoresistance (MR) = [p(B) — p(0))/p(0) for I || B
|| @ and I || B || c, respectively. For I || B || a, MR is positive
at 0.3 and 0.6 K, while MR at 1.0 K < T, and 1.6 K > T,
changes sign from negative to positive with increasing B || a.
The negative MR means the decrease in the scattering of con-
duction electrons by the Nd magnetic moments. Therefore,
the sign change in MR suggests a change in the magnetic
scattering mechanism. For I || B || ¢, on the other hand, the
simply positive MR shows similar field dependence for both
below and above T,.

C. Specific heat

The magnetic order in NdPtcAl; at 7T, = 1.2 K was ob-
served in the specific heat C(T). The inset of Fig. 7(a) shows
the temperature dependence of the magnetic part of specific
heat, C;,,(T), which was calculated by subtracting the C(7) data
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FIG. 7. Temperature dependences of (a) the magnetic specific
heat C,, divided by temperature, C,,/T, and (b) magnetic entropy
Sm(T) of NdPtgAls. The inset shows the C,,, vs T data. The solid line
(red) is calculated by the CEF model for the Nd** ion (see text).

for a nonmagnetic reference compound YPtgAl; [44] from
that for NdPtcAls. In addition to a A-type anomaly at 7, = 1.2
K due to the magnetic order, Cy, displays two rounded max-
ima at around 3 and 14 K. These maxima are explained as
Schottky-type anomalies due to the thermal depopulation of
the CEF levels, as will be shown later. The C,,/T data are plot-
ted vs T'in Fig. 7(a). We estimated the magnetic entropy Sy, (T)
by integrating C,/T with respect to 7. For 0 < 7T < 0.4 K,
we assumed that Cy,/T is described as y + 8T 2exp(—A/kgT),
where y = 5.5 mJ/(K?> mol) and A an anisotropic spin-wave
gap [47]. As shown in Fig. 7(b), Si,(7T) reaches 0.89RIn2 at
T, = 1.2 K, where R is gas constant, indicating that the CEF
ground state of the Nd** ion is a doublet.

Figures 8(a) and 8(b) show the temperature dependences
of Cy, in applied magnetic fields B || @ and B || ¢, respectively.
The application of B || a to 0.5 T does not change the peak
temperature but decreases the magnitude of the jump to half
of that in B = 0. The A-type anomaly disappears at B || a = 1
T, and eventually at B || a = 9 T, two Schottky peaks merge
into a rounded maximum at around 10 K. For B || ¢ up to 1
T, the A-type anomaly remains at 1.2 K, but merges with the
lower Schottky peak when B || c is increased to 5 T. The data of
p(T) and C(T) measured in different constant magnetic fields
are used to construct the partial B-T phase diagram which is
shown in the inset of Fig. 8. For B || a, T, is not well defined
above 0.5 T, whereas Ty, remains at 1.2 K for B || ¢ up to 2
T. The weaker response of the bend in p(7) and the A-type
anomaly in C(T) to B || ¢ compared to B || a is consistent
with the fact that the magnetic hard direction is the ¢ axis as
indicated by the isothermal magnetization.

D. CEF-level scheme

The CEF excitations in NdPtsAl; were investigated by
INS experiments with two incident energies E; of 8.75 and

12
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FIG. 8. Temperature dependence of C,, of NdPtcAl; at various
constant magnetic fields applied for (a) B || a and (b) B || c. The inset
presents the magnetic field vs temperature phase diagram constructed
from the data of p(T) (squares) and C,,(7) (circles) measured in
constant magnetic fields.

35 meV. Figures 9(a)-9(d) show color-coded plots of INS
intensity as a function of energy-momentum transfers (Q)
with E; = 8.75 meV for NdPtsAl; and YPtgAl;. In the Q-
integrated (0 to 2 A1) data at 1.5 K shown in Fig. 9(e), two
clear magnetic excitations were observed at around 0.6 and
2.9 meV. Because these excitations are not present in YPtgAls,
they are CEF excitations between the J = 9/2 multiplets of the
Nd3* jon. For the INS measurements with E; = 35 meV, no
extra magnetic excitations were observed in the energy range
higher than 8.75 meV.

At 1.5 K, CEF transitions occur only from the doublet
ground state to excited states as followed by the dipole se-
lection rules. Therefore, the peaks at 0.6 meV (6.6 K) and 2.9
meV (34 K) are assigned to CEF excitations from the ground
state to the first and second excited doublets, respectively.
Note that this energy-level scheme is consistent with that
derived from the C,(T) as shown with the (red) line in the
inset of Fig. 7(a), where Schottky anomalies with two maxima
at 3 and 14 K correspond to the excitation energies of 7.2
and 34 K, respectively. With increasing temperature to 100
K, an additional peak appears at around 2 meV in Fig 9(e),
which seems to be the transition from the first excited CEF
level at 0.6 meV to the second one at 2.9 meV. The magnetic
scattering of the INS spectra was estimated by subtracting
the scattering intensity of the nonmagnetic reference YPtsAls
from that of NdPtsAls. The spectra of magnetic scattering are
represented in Fig. 9(f).

144411-5



R. OISHI et al.

PHYSICAL REVIEW B 110, 144411 (2024)

NdPtAl,
7 7
15K
6
5
4
3
2 1.0
2
g 08
o)
g 06
c
o
'_
- 0.4
o
(0]
c 0.2
L
0
| | : I.
_';':!h_m"ta.q..,
2
QA"
12 T — T T T T 1
|t E = 8.75 meV
@
=
=}
£
T
2
@
C
[0
k=

0 1 ] 3 4 5
Energy Transfer (meV)
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transfer and momentum transfer with an incident energy E; = 8.75 meV at 1.5 K (a), (c) and 100 K (b), (d). (¢) Neutron-scattering intensity
as a function of energy transfer obtained by integrating the data in a |Q| range 0—2.5 A~' for NdPtsAl; (blue) and YPtsAl; (black) at 1.5 and
100 K. The data at 100 K are offset for comparison. (f) The differential spectra (i.e., magnetic scattering) calculated by subtracting the intensity
for YPtgAl; from that for NdPtsAl;. The solid lines (black) show the fits based on the CEF model for the Nd3* ion.

The J = 9/2 multiplet of the Nd** ion in a trigonal CEF
is expected to split into five Kramers doublets. The point
group of the Nd3* ion in NdPtsAls is trigonal Cs as shown in
Fig. 1(c). Taking the quantization axis as the trigonal ¢ axis,
the CEF Hamiltonian, Hcgr, is described as below:

Hceg = BgOg + BgOg + BiOi + 3202 + 3202 + 3206,

where B are CEF parameters and O} the Stevens operator
equivalents [48]. The CEF parameters were determined by
the simultaneous fitting to the B/M(T) and the INS data (at
1.5 and 100 K) using the CEF Hamiltonian. The parame-
ters are obtained as Bg = 0.725, Bg =—0.118 x 1071, Bi =

0.222, B = —0.353 x 107, B} = —0.557 x 107%, and B =
—0.539 x 1072K, which give energy differences from the
ground state to the four excited levels as 7.1, 33.2, 53.4, and
117.1 K. The CEF energy levels and the wave functions of
the Nd** ion in NdPtsAl; are displayed in Fig. 10. Here,
the wave function of the doublet ground state is given as
ly) = —0.082|%2) + 0.555|F3) £ 0.827|+3) (double sign
in same order). The fits to B/M(T) data (for B || a and B
|| ¢) and the INS data (at 1.5 and 100 K), respectively, are
displayed in Figs. 2 and 9(f). The C,(T) curve calculated with
these parameters is drawn in the inset of Fig. 7(a). The curve
moderately reproduces the two Schottky anomalies. Using the
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FIG. 10. CEF energy levels and the wave functions (double sign
in same order) for the Nd** ion in NdPtgAl; calculated by the CEF
parameters.

CEF parameters, the magnetization components of u, and p,
at 1.8 K and in an applied field of 8.5 T are calculated as 2.7
ug and 0.6 pg, respectively. The values of i, and u, are nearly
equal to the observed ones of 2.8 g and 0.8 ug for M(B || a)
and M(B || ¢) at 8.5 T, respectively.

E. Neutron powder diffraction

The neutron powder-diffraction data were analyzed to de-
termine the canted AFM structure of NdPtgAls below T;, =
1.2 K. Figure 11(a) displays the diffraction patterns at 1.6
K > T, and 0.05 K < T, with a neutron wavelength of
2.524 A. The refinement of the crystal structure at 1.6 K
yielded the trigonal lattice parameters a = 7.5141(6) A and
¢ =39.091(3) A. Note that the peak marked by the arrows
in the pattern at 0.05 K are significantly enhanced compared
with those at 1.6 K. Figure 11(b) represents the differential
intensity obtained by subtracting the intensity at 1.6 K from
that at 0.05 K. It is noteworthy that all the peaks can be
indexed with a propagation vector k = [0, 0, 0].

Magnetic symmetry analysis using the program BASIREPS
[49,50] for Wyckoff site 12¢ of the Nd atoms with the
centrosymmetric space group R3¢ returned six allowed irre-
ducible representations (IRs). The basis vectors (BVs) of these
IRs are given in Table SI of Supplemental Material [51]. Two
of them (I's and I'¢) have four basis vectors along the a and
b axes of the honeycomb plane, while the rest four (I'y, ',
I';, and I'4) have each only one BV along the ¢ axis. Out of
the above six IRs, I's with BVs within the honeycomb plane
gives the best refinement of the magnetic diffraction pattern,
producing a ferromagnetic coupling to explain the small spon-
taneous moment in the honeycomb plane (for more detail, see
Supplemental Material [51]). Since a neutron powder diffrac-
tion cannot determine the direction of magnetic moments in
a trigonal system within the a-b basal plane, we assumed that
the ferromagnetic component of NdPtgAls is pointing along
the a axis.
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FIG. 11. (a) Neutron powder-diffraction patterns of NdPtsAl; at
1.6 and 0.05 K collected at the D1B diffractometer. The closed
circle (red) and the solid line (black) represent the experimental and
calculated intensities, respectively, and the line below (blue) is the
difference between them. Tick marks (green) indicate the position
of Bragg peaks in the R3c space group. The large peak at around
75° is the nuclear Bragg peak of Cu from the sample holder, for
which the calculated intensity is shown by the broken line. The down
arrows show the magnetic Bragg peaks. (b) Rietveld refinement of
the magnetic intensities obtained by subtracting the pattern at 1.6
K from that at 0.05 K. (c) The canted AFM structure of NdPtgAls
in which the ordered moment of 2.62(2) u; lies in the honeycomb
plane. The arrangement of magnetic moments in a hexagon is shown
in the inset of (b).

The refinement of the difference between the data at 0.05
and 1.6 K is displayed in Fig. 11(b). The proposed mag-
netic structure of NdPtgAls is depicted in Fig. 11(c), whose
magnetic space group is No. 15.85 C2/c.1 [52]. The ordered
moment of the Nd3* ion was refined as 2.62(2) ug, which is
close to to 2.7 ug calculated for u, using the CEF model. As
shown in the inset of Fig. 11(b), the NN Nd** moments are
canted from antiparallel alignment by an angle of 15 °.

Let us discuss what mechanism stabilizes the canted AFM
structure in NdPtgAl;. One is the magnetic frustration in the
honeycomb lattice [1,2,5,53]. Here, we summarize three im-
portant observations: (i) the frustration parameter f = 3, (ii)
the full release of magnetic entropy RIn2 at Ty, and (iii) the
size of the ordered magnetic moments in agreement with the
CEF calculation for the Nd** ion. These observations sug-
gest that magnetic frustration is not strong enough to induce
the canted AFM structure. The other mechanism is the DM
interaction between the NN Nd** moments. In the theoret-
ical models of the perfect honeycomb lattice with threefold
rotational symmetry, the DM interaction between not the NN
bond but the NNN one is generally taken into account because
the midpoint of the NNN bond is not an inversion center
[21,54]. However, the RE hexagon in REPtsAl; is centered
by the Pt triangle as shown in Fig. 1(b). This local geometrical
condition breaks the inversion symmetry at the midpoint of the
NN RE bond, which activates the DM interaction between the
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NN moments to cant each other. This mechanism proposed in
previous works [36,37] has been verified by the determination
of the magnetic structure of NdPtgAl;.

The present work on NdPtgAl; provides insight into the
CEF effect and the relation between the magnetic structure
and DM interaction in the rare-earth based honeycomb in-
termetallic compounds REPtsAl;. One of the fundamental
aspects is that the easy-plane anisotropy and the inelastic exci-
tations can be explained by the trigonal CEF. This CEF model
should be useful for understanding the magnetic anisotropy
in isostructural compounds REPtsAl; (RE = Ce, Pr, Sm, and
Tb). Another important finding is that the DM interaction
between the NN moments works even in a perfect honeycomb
lattice to stabilize a noncollinear AFM structure. This finding
would open up future works to explore unconventional mag-
netic structures in honeycomb-lattice compounds.

IV. SUMMARY AND CONCLUSIONS

We investigated the magnetic properties of the Nd-—
honeycomb-lattice compound NdPtsAls with the centrosym-
metric trigonal space group R3c. Our magnetic-, transport-,
and specific-heat measurements using single-crystalline sam-
ples revealed a long-range magnetic order at Ty, = 1.2 K,
where the Nd moments lie in the honeycomb plane. The small
spontaneous moment of 0.2 ug/f.u. in the honeycomb plane
indicates the canted AFM order. The easy-plane magnetic

anisotropy, the inelastic excitations (at 0.6 and 2.9 meV), and
the Schottky anomalies (at 3 and 14 K) are explained on the
basis of the CEF model of the trigonal point group Cs. The
analysis of the neutron powder-diffraction data determined
the canted AFM ordered state with the propagation vector
k = [0, 0, 0], where the nearest-neighbor Nd3* moments
cant from antiparallel alignment by the angle of 15°. We
propose that the canting of the Nd** moments results from the
DM interaction between the nearest-neighbor Nd*+ moments
in the honeycomb structure with the centrosymmetric space
group R3c.
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