PHYSICAL REVIEW MATERIALS 7, 024423 (2023)

Magnetic phase diagram and multiple field-induced states in the intermetallic triangular-lattice
antiferromagnet NdAuAl,Ge, with Ising-like spins
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Geometrical frustration and the enhancement of strong quantum fluctuations in two-dimensional triangular
antiferromagnets can lead to various intriguing phenomena. Here, we studied the spin-1/2 triangular lattice
antiferromagnet NdAuAl,Ge,. Thermodynamic and transport properties, such as magnetization and specific
heat together with the resistivity measurements were performed. In zero field, two successive phase transitions
were observed at Ty; = 1.75 £ 0.02 and T, = 0.49 £ 0.02 K, respectively. Under magnetic field, XXZ-type
anisotropy was revealed with the moments pointing along the easy c axis. For B || ¢, multiple field-induced states
were observed, and the magnetic phase diagram was established based on the specific-heat and magnetization
data. The temperature-dependent resistivity measurements indicate that NdAuAl,Ge; is a good metal. It is very
likely that both the long-range Ruderman-Kittel-Kasuya-Yosida interactions and the geometrical frustration play

important roles in this case.
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I. INTRODUCTION

Geometrical frustrated quantum magnets have attracted a
great amount of attention over the past decades [1-3]. In
these frustrated magnets, various exotic magnetic orders with
nontrivial quantum spin excitations are expected especially
under external fields. Among different frustrated spin models,
the two-dimensional (2D) triangular antiferromagnetic spin
lattice is a prototype example. Originally, an entangled quan-
tum spin liquid state that does not exhibit any long-range order
was proposed to be the ground state of this 2D triangular
lattice with S = 1/2 [4]. Later numerical studies revealed that
the ground state is a 120° magnetic order where only the
nearest-neighbor antiferromagnetic interactions were consid-
ered [5,6].

Experimentally, 2D spin-1/2 antiferromagnetic triangular
lattices have been realized in a variety of systems, includ-
ing the anisotropic triangular compounds Cs,CuBrys and
Cs,CuCly with isosceles triangular layers [7-12], and the
perovskite materials BazCoSb,O9 with ideal equilateral tri-
angular layers [13—15]. Multiple fractional plateau phases,
including the 1/3 and higher fractional states were observed in
Cs,CuBr4 and Ba3CoSb, 0y under magnetic fields [10,15,16].
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To understand the spin dynamics in these systems, it is im-
portant to establish the spin Hamiltonian with determined
microscopic spin exchanges parameters. Inelastic neutron
scattering in the high-field polarized state is always a use-
ful technique where the quantum normalizations are small.
However, for most of these d-electron-based triangular spin
systems, critical fields are very high, and they are usually
beyond the limit of most laboratory magnets.

Recently, more attention has been drawn to the 2D geomet-
rically frustrated triangular-lattice with rare-earth ions, such
as the oxidized RMgGaO, (R = Yb, Tm) and the dichalco-
genide delafossites NaYbCh, (Ch = O, S, Se) in which the
rare-earth ions form well-separated triangular layers [17-20].
Intriguing properties, such as continuumlike fractional spin
excitations and Berezinskii-Kosterlitz-Thouless (BKT) phase
transitions were observed in these systems [21-24]. In con-
trast to d electrons, the 4 f electrons are more localized, and
the exchange couplings are relatively weak. In addition, the
large effective g factor arising from the strong spin-orbital
coupling, allows a more efficient tuning with external fields.
As a consequence of these reasons, the upper critical fields
for these rare-earth ion-based magnets are typically smaller
by almost one order of magnitude, and, thus, it is much easier
to access the whole field temperature phase diagram for the
rare-earth-based compounds.

In most of these insulating frustrated systems mentioned
above, the spin correlations are usually dominated by the
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nearest-neighbor spin interactions. On the contrary, metallic
compounds can host sizable next-nearest-neighbor interac-
tions or interactions of even further distance, mediated by the
conduction electrons. As these long-range spin interactions
are introduced into the triangular spin lattice, more peculiar
quantum ground states are expected [25-30]. In addition,
the presence of the conduction electrons provides a unique
opportunity to explore the novel transport properties related
to the possible nontrivial field-induced spin textures, such as
the topological Hall effect found in other metallic frustrated
lattices [31].

Motivated by this idea, we investigated the rare-earth-
based intermetallic family RAuAlsGe, (R= rare earth) where
the magnetic rare-earth ions are arranged in well-separated
triangular lattices [32]. Previous studies of the isostructure
compound CeAuAlyGe,; indicate that the Ce** moments are
lying on the ab plane with a ferromagnetic intraplane in-
teraction, which partly releases the spin frustration [33]. By
replacing the magnetic Ce ions with Gd and Tb ions, larger
magnetic moments and stronger antiferromagnetic interac-
tions are realized [34]. The recent studies about GdAuAl;Ge,
and TbAuAl;Ge, reveal intriguing phase diagrams with
multiple metamagnetic transitions observed at low tempera-
tures [34]. In addition, specific-heat measurements suggest
strong magnetic fluctuations persist in the paramagnetic re-
gion above the antiferromagnetic phase transition.

In this paper, we present the study of the neodymium-
(Nd-) based triangular-lattice antiferromagnet NdAuAl,Ge;.
We found that the magnetic moments of Nd** are not con-
strained on the ab plane. Instead, they point along the ¢ axis
with a XXZ-type anisotropy at low temperatures. Statical an-
tiferromagnetic orders were established with two successive
transitions at Ty; = 1.75 £ 0.02 and Ty, = 0.49 £ 0.02 K in
zero fields. In addition, multiple magnetic states were found
in NdAuAl,Ge, with the field applied along the easy c axis.

II. EXPERIMENTAL METHOD

NdAuAl4Ge, single crystals were grown by the metal-
lic self-flux method [32]. The high-purity starting elements
neodymium [(Nd), Alfa Aesar, 99.99%], gold [(Au), Aladdin,
99.99%], aluminium [(Al), Alfa Aesar, 99.9%], and germa-
nium [(Ge), Aladdin, 99.999%] were mixed together in an
alumina crucible with extra Ge and Al as the flux. The mixture
was loaded in evacuated quartz tubes and heated up to 1080 °C
followed by a slow cooling procedure to 600 °C. The extra
flux were then mechanically removed by the centrifuge at this
temperature. Hexagonal-shaped NdAuAl,Ge, single crystals
of sizes around 2 x 2 x 0.5 mm® were left inside the growth
crucibles. The crystal structure of NdAuAl;Ge, was verified
by the Bruker APEX-II diffractometer. The magnetic suscep-
tibility and specific-heat measurements were performed by
the commercial Quantum Design magnetic property measure-
ment system and the physical property measurement system
with a *He refrigerator insert.

III. RESULTS AND DISCUSSIONS

A. Crystal structure and crystalline electrical field

NdAuAlsGe; crystallizes in the hexagonal crystal struc-
ture (space group: R3m, No. 166) with lattice parameters

FIG. 1. (a) Crystal structure of NdAuAl,Ge,. (b) The triangular
layer of magnetic NdGeg octahedra on the ab plane. (c) NdGeg
octahedra, with the local point symmetry Ds;(3m) at the Nd site.

a=>b=42258(4) and ¢ =31.359(5) A [32]. The crystal
structure is shown in Fig. 1. These magnetic Nd** ions in
the center of a distorted NdGeg octahedra, form an equilateral
triangular network on the crystal ab plane with the nearest-
neighbor distance of about 4.23 A [Fig. 1(b)]. Along the ¢
axis, these triangular planes are alternatively stacked with the
ABC-type sequence. The nonmagnetic Au and Al ions are
sandwiched between these triangular planes, resulting in well-
separated magnetic layers with an interlayer distance of about
10.45 A [Fig. 1(a)].

In NdAuAl4Ge,, the magnetic Nd3* ions are surrounded
by six nearby Ge ions with a local point symmetry Ds;(3m).
This local point symmetry liftsthe 2/ +1 =10 (L =6, S =
3/2, and J = 9/2) multiplet states of Nd>* into five doublet
crystalline electrical field (CEF) states. As the temperatures
drop low enough, the magnetic properties are dominated by
the ground doublet states. This enables us to describe the low-
temperature properties with an effective model of the quantum
spin S = 1/2. In addition, constrained by the local symmetry,
these magnetic Nd*>* moments are expected to either point
along the triple high-symmetric direction (Ising-like along c)
or lie on the plane perpendicular to the ¢ axis (XY type on the
ab plane).

B. Magnetization and single-ion anisotropy

Further investigations of the magnetic ground state are
presented in Fig. 2. As expected from symmetry arguments,
these moments are likely to lie either along ¢ or on the
ab plane. Thus, two crystal directions [B || ¢ and B || b*, inset
of Fig. 2(a)] are chosen. Figure 2(a) shows the field depen-
dence of the isothermal magnetization M (B), measured at
1.8 K. For B || ¢, the magnetic moments saturate at higher
fields with Mg >~ 1.41up/Nd at 1.8 K, 7 T. On the other
hand, the magnetic moment keeps increasing until 7 T for
B || b*. The angle-dependent magnetization with the magnetic
field applied on the ab plane is shown in Fig. 2(b). Nearly
isotropic behaviors are found with the measured moment
around 1.23up/Nd at 7 T for B || ab.
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FIG. 2. (a) Isothermal magnetization M (B) measured at 1.8 K with the field applied along the ¢ and b* directions. The inset: Single crystals
of NdAuAl,Ge, grown by the flux method with sizes about 2 x 2 x 0.5 mm?>. (b) The angle-dependent magnetization measured at 1.8 K, 7 T
with the magnetic field applied on the ab plane. (c) Temperature dependence of the magnetic susceptibility x, (d) and the inverse susceptibility
1/x, measured in field 0.1 T along the b* and ¢ directions. The red solid lines show the fits base on the Curie-Weiss law. (e) Field dependence
of magnetization at different temperatures with the field along the ¢ axis. (f) Magnetization measured at different temperatures presented as a
function of B/T. The black solid line is the calculated Brillouin function corresponding to noninteracting Nd** ions with J. = 1/2 and the

effective g-factor gi; = 2.83 for B || c.

The temperature-dependent magnetic susceptibility x (7)
with B || b* and B || ¢ are shown in Fig. 2(c). For both field
directions, no trace of the long-range magnetic order is ob-
served down to 1.8 K. It is interesting to note that at higher
temperatures, the measured susceptibility for B || b* is larger
than that for B || c. However, at temperatures lower than
Tross = 8 K, the ¢ axis turns out to be the easy axis. These
anisotropic behaviors are related to the CEF configurations.
When the measuring temperatures are lower than the excited
CEF states, the magnetic properties are dominated only by the
ground doublet states. However, the excited CEF states will
contribute more with increasing temperatures. The crossover
temperature T, = 8 K reflects the energy scale of the first
excited CEF level, which is likely to be located around a few
millielectronvolts (meV) from the ground doublet state.

The inverse magnetic susceptibility is shown in Fig. 2(d).
The red solid lines are the fit to the Curie-Weiss law x (T) =
C/(T — 6cw), where Ocw is the Curie-Weiss temperature,
and C is the Curie constant associated with the effective
magnetic moment. For temperatures higher than 20 K, the
Curie-Weiss fit gives rather large negative values of the
Curie-Weiss temperatures. However, these values are not in-
dications of strong antiferromagnetic interactions. Instead,
the magnetic susceptibility at these temperatures is greatly
affected by the excited CEF levels. Here, we focus on the

lowest-temperature region, trying to minimize the affect of the
CEF splittings. The effective moments and Curie-Weiss tem-
peratures are found out to be Mé’;f = 2.75up/Nd, and chi,v =
—5.38 K for B || b*, and ugy = 0.79up/Nd, and 65y, =
—1.12 K for B || ¢, respectively. These refined effective mo-
ments are quite different from the value 3.62u5/Nd expected
from free Nd** ions or the saturation moments expected from
the doublet ground state. This is because that the first excited
CEF levels still contribute to these temperatures. However, the
negative Curie-Weiss temperatures in both directions indicate
antiferromagnetic interactions persist at low temperatures. It
needs to emphasized again that these values obtained by fitting
the Curie-Weiss law cannot be dealt with quantitatively but
can be used as a useful guide for further neutron-scattering
experiments.

Isothermal magnetization curves measured at different
temperatures are presented in Fig. 2(e). Although no statical
magnetic order has been established down to 1.8 K, indica-
tions of antiferromagnetic correlations can be found below
10 K. Shown in Fig. 2(f) are the measured isothermal magne-
tization presented as a function of field divided by temperature
(B/T). Overplotted is the Brillouin function [black solid
line in Fig. 2(f)] of § = 1/2, with g&;; = 2.83. We can find that
the magnetization measured at 10 K can be described well by
the Brillouin function. At lower temperatures, however, a clear
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deviation is observed, suggesting that the antiferromagnetic
interactions begin to play a role.

C. Zero-field magnetic transitions

To explore the magnetic properties below 1.8 K,
specific-heat measurements were performed. The zero-
field temperature-dependent specific-heat C(T") is presented
in Fig. 3(a). The nonmagnetic isostructural compound
LaAuAl;Ge, was synthesized and used to estimate the
nonmagnetic contributions [blue circles in Fig. 3(a)]. The
magnetic specific-heat Cy; with the nonmagnetic contributions
subtracted is shown in Fig. 3(b) (red circles). A sharp peak at
Tny = 1.75 £ 0.02 K indicates the establishment of the long-
range magnetic order. Interestingly, the system goes through
another phase transition with a weak shoulderlike anomaly
appearing at T, = 0.49 £ 0.02 K. The integrated magnetic
entropy is presented in Fig. 3(c) (green line) with 3% of the
zero point entropy R In 2 below 0.2 K by linearly extrapolating
the specific-heat C/T to zero as the temperature approaches
zero. A full entropy of RIn?2 is realized around 10 K, con-
firming a doublet ground state. However, only about 7.5% and
60% of the full entropy are released at Tx, and Ty, respec-
tively. Similar observations were found in isostructure family
compounds CeAuAl;Ge,, GdAuAl;Ge;, and TbAuAl,Ge,,
indicating that strong spin fluctuations persist above these
phase transitions [33,34].

Two scenarios are possible for understanding these suc-
cessive phase transitions in zero field. One scenario is that
the higher-temperature transition at 7y; is associated with
the ordering of the collinear Ising component, whereas the
lower-temperature transition at Ty is related to the BKT-type
coplanar transition of the XY components as observations
in the perovskites Caz;CoNb,Og and Ca3NiNb,Og where
the magnetic Co and Ni ions form deformed triangular
lattices [35]. It was argued that the easy-axis-type spatial
anisotropy might be responsible for the observation of these
two-step transitions in zero field [36-38]. An alternative
explanation is that only part of the total moments in the tri-
angular layer are ordered at Ty;, and the intermediate state
between Ty; and Ty is a partially ordered magnetic state.
This partially ordered state was observed in the intermetallic
kagome ice compound HoAgGe with Ising spins lying on the
kagome plane [39]. However, it is difficult to distinguish these
two possibilities with specific-heat measurements alone, and
further neutron-diffraction experiments are needed.

For the specific heat in the temperature region between 10
and 100 K, an additional broad peak is observed [Fig. 3(b)].
The Schottky-like peak is contributed from the excited CEF
levels. The analytical expression of the specific heat with two
or more excited states is complicated. However, we can start
with the partition function,

Z= ge NN, (1)

where kp is the Boltzmann constant, g; and A; are the
degeneracies and energies of different crystal-field levels, re-
spectively. Then the internal energy,

dlnZ

U(T) = kgT? T (2)
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FIG. 3. (a) Temperature-dependent specific-heat C/T of
NdAuAl4Ge, (black circles, Cng) and LaAuAl,Ge, (blue circles,
Cp,) in zero field. (b) Temperature dependence of the magnetic
specific heat (red circles, Cyy = Cng — CLa) With the nonmagnetic
contributions removed. The blue line is the fit of the Schottky
anomaly with the first two CEF excited levels considered. The
inset: A simplified sketch of the CEF configurations where
the first and second excited doublet states are located around
Ay ~49 and A, ~ 89 meV above the ground doublet state.
(c) Temperature-dependent integrated magnetic entropy Sy (green
line). A full entropy of RIn2 and RIn6 is released around 10 and
100 K, respectively.

From the above equations, the specific heat can be numerically
calculated as

Coa(T) = = )

Sch = aT .
The experimental data can be well described when the first
and the second excited doublet states are taking into consider
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FIG. 4. (a) Zero-field temperature dependence of the electrical
resistivity p in NdAuAl,Ge,. (b) Resistivity po(7') and (c) tempera-
ture derivatives of resistivity (dp/dT) as a function of temperature
at the low-temperatures region. The red and green lines are fits to
the resistivity for Fermi-liquid-like behavior in different temperature
regions.

[the blue line and the inset of Fig. 3(b)]. The energy levels
of these two excited states are found to be located at A; >~
4.9 and A, ~ 8.9 meV [inset of Fig. 3(b)]. At the meantime,
the integrated entropy connected with this Schottky anomaly
indicates a full entropy of about RIn6 is released at 100 K
in accordance with the expectation that in total three doublet
states are involved.

The temperature-dependent resistivity was also measured
as presented in Fig. 4(a). The resistivity decrease monotoni-
cally from about 60 €2 cm at 300 K to about 6 12 cm at 3 K,
resulting a residual resistivity ratio RRR = p3pok /03 = 10.
It is worth noting that no significant upturn was observed
down to 2 K, suggesting that the Nd** moments are well
localized and the Kondo effect is very weak in this com-
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FIG. 5. (a) Field-dependent magnetization, (b) and magnetic sus-
ceptibility dM/d B, measured at 0.5 K with applied field along the b*
direction.

pound. As the temperature was further decreased, a significant
decrease in the resistivity was observed at Ty; due to the
reduction of spin disorder scattering in the ordered state. On
the other hand, no significant anomaly was observed in the
resistivity at Tnp [Fig. 4(b)]. We found that the temperature
dependence of the resistivity below 7x; can be well described
by Fermi liquidlike behavior with o(T) = py + AT>. The
second transition at a lower temperature Ty, corresponds to
a slight change in the coefficient A (A = 0.3425 Q2 cm/K?
for Tny > T > Tno, and A = 0.4495 Q2 cm/K2 forT < Tno)
as can be seen from the temperature-derivative resistivity of
the dp/dT [Fig. 4(c)]. The residual resistivity pg also reduced
from 4.729 to 4.685 €2 cm as decreasing temperature, indi-
cating a better ordered state below 7Ty;.

D. Multiple magnetic states induced in fields

Magnetization measurements below 1.8 K were performed
on a home-built Hall sensor magnetometor [40,41], integrated
with a 3He insert. The field-dependent magnetization M(B)
for B || b* at 0.5 K is presented in Fig. 5(a). The measured
magnetization curve at 0.5 K is qualitatively the same as the
magnetization measured at 1.8 K shown in Fig. 2(a). The
corresponding differential magnetic susceptibility dM/dB is
shown in Fig. 5(b), and no obvious anomaly is observed at
0.5 Kup to 7 T. This is quite different from the observations in
GdAuAl,Ge; and TbAuAlsGe, where easy-plane anisotropy
was found, and multiple magnetic states were induced under
external fields applied on the ab plane [33,34].

On the contrary, multiple phase transitions are observed
for B || ¢, consistent with the expectation that the magnetic
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FIG. 6. (a) Field-dependent normalized magnetization M /M,
(b) and magnetic susceptibility dM/dB, measured at 0.5 K with
applied field along the ¢ directions. The vertical gray dotted lines
indicate the critical fields, and the vertical blue dashed lines are the
center between the gray dotted lines.

Nd3>* moments in NdAuAl,Ge, lie along the ¢ axis at low
temperatures. Shown in Fig. 6(a) are the field-dependent mag-
netization measured at 0.5 K with B | ¢. These magnetic
moments are normalized by the saturation moment M, =
1.41 5 /Nd. It is interesting to find that these multiple phases
induced in fields are centered at fractional ratios around
M/M; ~ 0.10, 0.32, and 0.60 as marked as phases I-III in
Fig. 6. However, different from the magnetic plateau phases
observed in other frustrated triangular systems [15,42], a finite
slope persists in the measured field-dependent magnetization
M (B) in these phases. It is also evident that even at the base
temperatures, the differential susceptibility dM/dB does not
drop to zero in these field-induced phases [Fig. 6(b)]. These
phase boundaries are defined by the peak like anomalies in
dM/dB, and the critical fields are found out to be B,; = 0.04,
B, =0.75,B;s =1.6,and B, = 2.1 T.

The distinguished behaviors observed for fields applied
along the c axis and the ab plane are consistent with the expec-
tation of previous theoretical reports [43], indicating that the
magnetic moments are Ising type, pointing along the ¢ axis.
However, we have to mention that NdAuAl4Ge; are quite dif-
ferent from most of those previously reported triangular spin
lattices, such as Ba;CoSb,0Og [15] and Na,BaCo(POy), [42].
In those insulating compounds, the nearest-neighbor inter-
actions are usually dominating. Although in NdAuAl,Ge,,
the long-range Ruderman-Kittel-Kasuya-Yosida (RKKY) in-
teractions mediated by the conduction electrons play a key
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FIG. 7. (a) Field dependence of magnetization, (b) and differen-
tial magnetic susceptibility dM/dB at different temperatures below
Ty with field along the ¢ axis. (c) The field-temperature magnetic
phase diagram overlaid on the contour plots of the magnetic suscep-
tibility dM/dB with field along the ¢ direction. The magnetic phase
boundaries were extracted through M(7T') and M (B) measurements
with the saturation field By = 2.1 T for B || c.

role, and the second, third neighbor, or even longer distance
interactions are introduced on the triangular plane. This long-
range RKKY interaction together with the geometrical spin
frustration can establish various complex incommensurate
(IC) states with sinusoidally modulated magnetic structures
in fields [44]. More interestingly, magnetic lattices with non-
trivial spin textures, such as skyrmions can be potentially
stabilized. However, to verify this scenario, more electrical
transport measurements and neutron-scattering characteriza-
tions under magnetic fields are required in the future.
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To clarify the magnetic phase diagram in fields, the
magnetization, and the differential susceptibility at differ-
ent temperatures were measured as presented in Figs. 7(a)
and 7(b). With increasing temperatures, these field-induced
magnetic phases gradually melt at higher temperatures. The
IC phases I and II at low fields disappear at around 0.6 K,
whereas the IC phase III disappears at the temperature around
1.3 K. Finally, smooth field-dependent magnetization was ob-
served above 1.6 K. These phase boundaries extracted based
on the peak positions of dM/dB were shown in Fig. 7(b), and
the magnetic phase diagram was overlaid with the contour of
the susceptibility [Fig. 7(c)].

From the field-temperature phase diagram, we can see that
the phase boundary of the IC phase III exhibits an S-type
feature as the temperature changes [Figs. 7(b) and 7(c)]. The
lower critical field of this phase starts from the tricritical
point around 1.46 T at 1.35 K. Then it shifts to the lower
field around 1.32 T as the temperature is lowered to 1.15 K.
However, as the system temperature is further lowered, the
phase boundary shifts to higher fields again, reaching to about
1.62 T at 0.5 K. Coincidentally, the S-type phase boundary
has also been observed for the family compound TbAuAl,Ge;
[Figs. 8(c) and 9(a)] in Ref. [34]. This rare phenomenon is
similar to the observations in the solidification of *He from
the liquid phase, known as the Pomeranchuk effect [45] due
to the competition between the lattice and the magnetic en-
tropy in the superfluid and solid phases. Nevertheless, we also
noted that similar observations were found in the magnetic
metallic compound SrzRu;O; [46] where a Fermi-surface
distortion was proposed to be responsible for the “spin-
dependent Pomeranchuk instability”. For NdAuAl;Ge,, it is
still unclear why such a similar phenomenon can be observed.
However, it is likely to be raised by the combined effect of
geometric spin frustration and the long-range RKKY interac-
tions, and we believe that similar behavior can be expected in
other metallic spin frustrated lattices.

IV. CONCLUSIONS

To summarize, single crystals of NdAuAl,Ge, with
well-separated 2D triangular layers were synthesized. The
magnetic properties were investigated through specific heat,

magnetization, and resistivity measurements. The experimen-
tal results, along with the CEF analysis, suggest a doublet
ground state with Ising-like moments along the ¢ axis.
Long-range magnetic orders are established with successive
transitions observed at Ty; = 1.75 £ 0.02 and Ty, = 0.49 +
0.02 K in zero field. In addition, multiple incommensurate
states were observed, which are likely induced by the long-
range RKKY interactions. To resolve the spin configurations
in the ground state as well as these field-induced states,
neutron-scattering experiments are required. Besides, due to
the presence of the RKKY interactions, the couplings between
spins are not limited within the nearest neighbors. Both the
further neighbor intraplane interactions and the interlayer in-
teractions will matter, and it is hard to construct a correct spin
Hamiltonian based on the thermodynamics data only. Thus,
it is hard to conclude whether these field-induced states are
originated from the intraplane interactions or the interlayer
interactions. To clarify this, inelastic neutron scattering, espe-
cially in the high-field polarized state where linear spin-wave
theory can be applied, is highly demanded.
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