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The anomalous Hall and Nernst effects provide critical probes for investigating the Berry-curvature-related electronic
band characteristics in magnetic materials. In this study, we conducted a comprehensive investigation into the magnetic,
electrical, and thermal transport properties of NdCrGes single crystals with a Ge-based breathing kagome lattice. This
compound undergoes a ferromagnetic transition at 128 K, and magnetic ordering of the Nd sublattice emerges below 100 K.
Transport measurements indicate that NdCrGes manifests large anomalous Hall conductivity with Gf}i ~380Q l.em!at
low temperatures and an anomalous Nernst coefficient with |S?y_max| =0.74 nV/K at 100 K. Scaling analysis reveals that
NdCrGes exhibits large intrinsic anomalous Hall conductivity of ~ 260 Q~'.cm~! and falls within the intrinsic regime of
the unified model. Furthermore, the anomalous Nernst coefficient breaks down the scaling relationship with magnetization
observed in conventional ferromagnets, while the anomalous Nernst conductivity manifests a scaling behavior of T'InT.
These results demonstrate that the anomalous transverse transport properties of NdCrGes are predominantly governed by
the intrinsic Berry mechanism.
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1. Introduction

The anomalous Hall effect (AHE) is a significant elec-
tronic transport phenomenon in which conduction electrons
undergo transverse motion in the absence of an external
magnetic field.!'! Conventionally, the AHE is considered to
be proportional to the saturation magnetic moment (M), as
described by the relation pjj = 4nRM,, where Ry is the
anomalous Hall coefficient, a parameter linked to the inher-
ent characteristics of materials.[>3! However, the AHE of
some ferromagnetic compounds deviates from this empirical
rule. Mn,CoGa, which has a large saturation magnetic mo-
ment of ~ 2 ug/f.u., exhibits an almost zero anomalous Hall
conductivity (GA) (431 In contrast, a significant AHE is ob-
served in Mn3X (X = Ge, Sn) with nearly negligible mag-
netic moment. (%! These experimental results demonstrate that
M is not the dominant cause of the AHE. In the last several
decades, with further theoretical and experimental research,
the AHE has been broadly recognized as arising from two dis-
tinct microscopic mechanisms: an intrinsic mechanism associ-
ated with Berry curvature (£2%) and extrinsic processes arising
from scattering.[1-8-131 Among them, the intrinsic mechanism
is related to the electronic band structure of the material, with

TCorresponding author. E-mail: ekliu@iphy.ac.cn

CSTR: 32038.14.CPB.ae44f0

intrinsic anomalous Hall conductivity (o7 A int-y calculated us-
ing the formulal'¥

2 3
A_¢ &k,
o= Q7 fu, 1
%ij h ;/ (27[)3 ljf Q)

where f, is the Fermi distribution, indicating that strong Berry
curvature below the Fermi level (Ef) could lead to a giant G;A
As a thermal analogue of the AHE, the anomalous Nernst ef-
fect (ANE) describes the generation of a transverse electric
field under a longitudinal temperature gradient in zero mag-
netic field.['>161 The ANE is also associated with Q%, and the

anomalous Nernst conductivity (
[14,17]

o43) could be calculated using
the formula

d3k
 _ —**Z/
X [(E,,—Ep)fn-i-kBTln <1+expE k_l;: )} 2)

reflecting that the ANE is governed by the Berry curvature
around Er and is more sensitive to the band structure. On
the other hand, it has been established that topological elec-
tronic structures, such as Weyl nodes and nodal rings, can
generate strong Berry curvature.l'®2%1 Consequently, giant
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AHE and ANE have been extensively observed in magnetic
topological materials, including the magnetic Weyl semimetal
Co3Sn,S, 12?1 and the ferromagnetic nodal-line compound
ConnGa.m’z‘” Therefore, the anomalous transverse trans-
port phenomena, intrinsically dominated by the Berry curva-
ture, provide an effective tool to probe the topological nature
of magnetic materials.

Recently, RTX3 (R = La-Nd, Sm; T = transition met-
als; X = group 13-15 elements) compounds, with a rich
diversity of crystal structures, have attracted extensive sci-
entific interest due to a wide range of fascinating physical
properties, including superconductivity, heavy fermion behav-
ior, and topologically nontrivial states.[>>>% Among them,
RCrGes; compounds crystallizing in a hexagonal lattice struc-
ture exhibit a breathing kagome lattice composed of Ge atoms,
which might host nontrivial topological states such as Dirac
points, flat bands, and Van Hove singularities in the electronic
bands.[27-3%1 Besides, RCrGes are reported to be ferromagnets,
with Curie temperatures (7¢) ranging from 60 K to 155 K, thus
breaking time-reversal symmetry (TRS) and enriching physi-
cal properties.[*6!] Furthermore, giant AHE and ANE have
been observed in LaCrGe; and CeCrGes.[?>33 Considering
that the electrical and thermal transport properties of NdCrGes
single crystals have not yet been investigated, the present study
has been undertaken to comprehensively analyze and report on
the relevant characteristics.

In this work, NdCrGes single crystals were grown us-
ing the Ge self-flux method, and the magnetic, electrical,
and thermal transport properties were investigated in detail.
Magnetization measurements reveal that NdCrGes undergoes
a ferromagnetic transition at 128 K with the Cr moment
aligned along the c-axis, and the Nd moment emerges below
100 K. Electrical and thermal transport measurements show
that NdCrGe; exhibits large AHE and ANE, and further scal-
ing analysis indicates that the prominent anomalous transverse
transport properties of NdCrGes are dominated by the intrinsic
Berry mechanism.

2. Experimental methods

NdCrGes single crystals were grown using the high-
temperature Ge self-flux method.** The initial elements of
high-purity Nd (ingots, 99.9%), Cr (pieces, 99.99%), and Ge
(pieces, 99.999%) were weighed and combined in a molar ra-
tio of 13:13:74. Then, the mixture was placed in an alumina
crucible and sealed in a quartz tube under the partial pres-
sure of high-purity argon gas. The quartz tube was heated to
1100 °C in 12 h and kept for 24 h, then slowly cooled to 850 °C
over a week. Finally, the remaining liquid was decanted using
a centrifuge to obtain hexagonal prism-shaped NdCrGes sin-
gle crystals, as shown in the inset of Fig. 1(d).

The chemical composition and homogeneity of the as-
grown crystals were analyzed using a Hitachi S-4800 scan-
ning electron microscope (SEM) with energy-dispersive x-ray
spectroscopy (EDS). The single-crystal structure was deter-
mined by x-ray diffraction (XRD) on a Rigaku D/Max-2400
diffractometer at room temperature using Cu K, radiation
(A =0.71073 A). Additionally, the crystal orientation was ver-
ified on a Bruker D2 Phaser under the same experimental con-
ditions.

The electrical transport measurements were carried out
in the physical property measurement system (PPMS, Quan-
tum Design) over a temperature range from 2 K to 300 K. The
standard six-probe method was used to measure the longitudi-
nal (px,) and Hall (p,,) resistivities. The thermoelectric mea-
surements, including the Seebeck (S¢) and Nernst (S,,) co-
efficients, were carried out in the PPMS under high vacuum.
To isolate the intrinsic signal from contributions arising from
electrode misalignment, the four above-mentioned parameters
were measured by scanning both negative and positive mag-
netic fields, and the experimental data sets were then processed
using standard symmetry operations to separate the symmetric
and antisymmetric components.

3. Results and discussion

The bulk NdCrGejs crystallizes in a BaNiOs-type struc-
ture with the space group P63 /mmc (No. 194),13!1 as shown
on the left of Fig. 1(a). The orange, mazarine, and purple
spheres represent Nd, Cr, and Ge atoms, respectively. In the
ground state, the magnetic moments of Nd and Cr are aligned
along the c-axis.?>! Furthermore, Ge atoms form a breathing
kagome lattice, which is composed of corner-sharing triangles
with unequal Ge—Ge bond lengths, as illustrated on the right
of Fig. 1(a). By breaking the sixfold symmetry of a normal
kagome lattice, the breathing configuration potentially hosts
richer physical phenomena.(?8! The EDS results show that the
ratio of Nd:Cr:Ge is close to 1:1:3, and the elemental mapping
validates the homogeneous distribution of Nd, Cr, and Ge, as
depicted in Fig. 1(b). The powder XRD pattern of NdCrGes
can be accurately refined using the BaNiO3-type structure in
Fig. 1(c), yielding lattice parameters of a = b = 6.147 A and
¢ =15.720 A, which are consistent with previous reports.3!]
The single-crystal XRD pattern in Fig. 1(d) shows that the ex-
posed crystal plane of the sample (see the inset figure) corre-
sponds to the (100) plane.

As illustrated in Figs. 2(a) and 2(d), the magnetization in-
creases sharply around 128 K, suggesting that the Curie tem-
perature (7c) of NdCrGejs is 128 K. The c-axis is identified as
the easy magnetization direction of NdCrGes, as evidenced by
a comparison of the results presented in Figs. 2(b) and 2(e).
Furthermore, as demonstrated in Fig. 2(a), the magnetic sus-
ceptibility undergoes a further increase below T¢ in the field-
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cooling (FC) mode with H || ¢, which is attributed to the onset
of the Nd moment. The initiation and termination tempera-
tures are denoted as TN (~ 100 K) and T2 (~ 20 K), re-
spectively. This finding is consistent with the results of the
isothermal magnetization curves in Fig. 2(b). The magnetiza-
tion reaches a saturation value of My = 1.18 ug/f.u. at 120 K,
which is essentially identical to the Cr-only moment reported
for LaCrGes (M ~ 1.25 ug/Cr at 2 K).3* Consequently, at
this temperature, the magnetization is attributable solely to the
Cr sublattice. As the temperature decreases further, the satura-
tion moment increases to a maximum value of approximately
3.15 ug/fau. below 20 K, which reflects the fact that the Nd
contribution is equivalent to Mg ~ 1.97 ug/Nd in NdCrGes.
The magnetization curves show the distinctive hysteresis of a
hard ferromagnet. The coercive field is as large as 0.72 T at
2 K, decreasing monotonically with increasing temperature, as
illustrated in Fig. 2(c).

Figure 2(e) shows the isothermal magnetization curves
with H || ab, which present more complex magnetic behav-
ior compared with those of H || ¢. It is demonstrated that a
hard-magnetic hysteresis loop manifests at low fields (i.e., be-
low 20 K), while a metamagnetic transition becomes evident
at high fields (i.e., below 100 K). It is noted that the metam-
agnetic field at 2 K is higher than the largest measured field
(9 T). Furthermore, it is observed that the metamagnetic tran-

sition vanishes at 100 K, a temperature (TCNld) at which the Nd
moment emerges, as demonstrated in Fig. 2(f). Evidently, the
occurrence of the metamagnetic transition can be attributed to
the f electrons of Nd, thereby underlining the delicate interplay
between the Cr-derived itinerant magnetism and the localized
Nd f-moment in NdCrGejs.

10 um

—~
)
~

=

o

&
—~

o

~

(200)

Intensity
Intensity

S
S
»

(400)

4 )
LN L ¥ 1 1 1
20 30 40 50 60 70 &80 20 40 60 80

26 (°) 20 ()

Fig. 1. Structure and chemical composition of NdCrGes. (a) Crystal struc-
ture. The left image shows that the magnetic moments of Nd and Cr align
along the c-axis. The right image shows a breathing kagome lattice com-
posed of Ge atoms within the ab-plane. (b) EDS result. (c) Refined pow-
der XRD pattern recorded at room temperature. (d) Single-crystal XRD
pattern. The inset is an image of NdCrGes single crystal.
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Fig. 2. Magnetic properties of NdCrGes. (a) and (d) Temperature dependence of the magnetic susceptibility with H || ¢ and H || ab at 100 Oe,
respectively. (b) and (e) Isothermal magnetization curves at different temperatures with H || ¢ and H || ab, respectively. (c) Temperature
dependence of the coercive field (H,) with H || ¢. (f) Temperature dependence of the metamagnetic field (Hy,) and the saturation field (Hs) with

H || ab. Hy, and H exhibit a shift toward lower values upon warming.

To elucidate the properties of NdCrGes further, we car-
ried out comprehensive electrical and thermal transport mea-

surements. Figure 3(a) presents the temperature-dependent re-

sistivity (py,) measured in both zero field and a field of 9 T,
and the inset provides a visual representation of the measure-

ment configuration with 7 || @ and H || ¢. The zero-field py
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demonstrates metallic behavior, exhibiting a linear decrease
from room temperature down to 7c, below which it experi-
ences a sharp decline. The sharp downturn observed in the
data signifies the suppression of spin-dependent scattering.
The additional reduction of py, around T under a field of 9 T
further corroborates the pivotal role of spin-dependent scat-

280

tering in governing the resistivity. In addition, the residual
resistivity is 150.09 pQ-cm at 2 K, and the residual resistiv-
ity ratio (RRR) is found to be approximately 1.8, evaluated by
RRR = p(300 K)/p(2 K). The value falls within the lower
range, which is of the same order of magnitude as that of
LaCrGes.[32
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Fig. 3. Electrical transport properties of NdCrGes. (a) Temperature dependence of the longitudinal resistivity (pyy) in zero field and a field of
9 T. The inset shows the measurement configuration with / || @ and H || c. (b) Field dependence of the Hall resistivity (py,) at various temper-
atures. (c) Temperature dependence of the normal Hall coefficient (Ryp) and the anomalous Hall coefficient (R;). (d) The relationship between
pé and P}%x- The inset shows the temperature-dependent anomalous Hall resistivity (pﬁ). (e) Temperature dependence of the anomalous Hall

conductivity (O'f;,) and the anomalous Hall angle (AHA). (f) Unified model of Gf)‘. as a function of oy, for different magnetic materials. The ny

is extracted below T¢ in NdCrGejs.

As illustrated in Fig. 3(b), the field-dependent Hall resis-
tivity (pyy) of NdCrGes from 2 K to 150 K displays a clearly
defined rectangular hysteresis loop, which is indicative of the
AHE. In general, the Hall resistivity can be expressed as!!!

Pyx = Piy + Py = RoB+4TRM (3)

where R and R represent the normal and anomalous Hall co-
efficients, respectively. The obtained parameters Ry and Ry
are depicted in Fig. 3(c). The negative Ry below 100 K signi-
fies the dominant presence of electron-type carriers within the
band structures, and further calculations reveal that the car-
rier density of NdCrGes is estimated to be ne ~ 102! cm—3,
which falls within the boundary region between metals and
semimetals. The large Ry indicates the predominant anoma-
lous Hall effect in NdCrGes, which is approximately two or-
ders of magnitude greater than Ry. The temperature-dependent
anomalous Hall resistivity (py’}) can be obtained by estimating
the high-field linear component of py, at different tempera-
tures, as shown in the inset of Fig. 3(d). It is evident that py‘}
exhibits an initial increase followed by a subsequent decrease
in response to increasing temperature, attaining a maximum

value of 11.9 pQ- cm at 100 K. Furthermore, the anomalous
Hall conductivity (GS) is calculated using the equation

A
A Pyx

AL S 4
5= 52+ (ph)? @

Here, p,, is estimated by the zero-field value. As depicted in
Fig. 3(e), o;‘éV maintains a comparatively substantial constant
value of ~ 380 Q '.cm™! below TCde when the magnetic
order stabilizes, and Gg undergoes a gradual decline as the
temperature rises. The intrinsic anomalous Hall conductivity
(Gx@’im') could be obtained in Fig. 3(d) by applying the TYJ
scaling mode] 3¢

pan = (0tpxo+BPio) +bPss 5)

where the fitting range is below Tgf. Here, puo is the
residual resistivity, and bp2, represents the intrinsic contribu-
tion. The result of the fitting process indicates that Gg’im' is
~ 260 Q'.cm™!, which can be ascribed to the presence of
relatively strong Berry curvature. The intrinsic value is ap-
proximately 70% of the total 62, indicating that the intrin-

sic Berry curvature dominates the anomalous Hall effect of
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NdCrGes. Additionally, it is noteworthy that no substantial al-
terations of GQ are observed following the emergence of the
Nd moment in Fig. 3(e). Since the intrinsic AHE is related
to the Berry curvature arising from the energy bands, the ob-
servation suggests that Nd bands contribute little to the Berry
curvature responsible for generating 0';;, which might be at-
tributed to the relatively narrow width of Nd bands and their
greater distance from Ep. As demonstrated in Fig. 3(e), the
anomalous Hall angle (AHA) of NdCrGes; manifests a rela-
tively large constant value (~ 6 %) below Té‘lld, calculated by

_ P
Poxx

Furthermore, the data of NdCrGes were incorporated into the
unified model for analysis, 738! with the absolute amplitudes

AHA (6)

of Gx/; plotted against the conductivity (oy,) in Fig. 3(f). Ap-
parently, o, of NdCrGes (~ 10° Q~'.cm™) falls into the
intrinsic regime with Oy, ~ 10*-10° Q'.cm™!, and in this
regime, G)@ remains constant in the presence of changes to Oy,
This provides the information that NdCrGes exhibits relatively
large Berry curvature. Meanwhile, compared to LaCrGes, [*?]

NdCrGejs incorporates f-electrons, resulting in richer magnetic

behavior. However, the order of magnitude of 0';} in the two
compounds remains approximately the same, suggesting that
the Cr magnetic moment primarily contributes to the intrinsic
AHE. In contrast to the previous two compounds, CeCrGes
exhibits strong electronic correlations that may induce band
renormalization, thereby enhancing the Berry curvature of en-
ergy bands; consequently, CeCrGes exhibits a significantly gi-
ant AHE. 3]

Furthermore, thermoelectric measurements provide a
powerful means to probe the intrinsic transport properties of
materials. Accordingly, the Seebeck and Nernst effects of
NdCrGes were carried out in the configuration with —VT || a
and H || ¢, as illustrated in the inset of Figs. 4(a) and 4(b). In
Fig. 4(a), a distinctive kink is observed around 7¢ in the zero-
field Seebeck coefficient (Sy,) curve, indicating the occurrence
of a ferromagnetic phase transition. It is noteworthy that the
signs of Sy, and Ry appear mismatched below 7c. In magnetic
materials, the contribution from spin entropy or magnetic drag
may provide a significant component to S, potentially domi-
nating the carrier contribution. 3! This could lead to S,, main-

taining positive values below 7¢ in NdCrGes.
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Fig. 4. Thermal transport properties of NdCrGes crystals. (a) Temperature dependence of the Seebeck coefficient (Sy,) in zero field. The inset
shows the measurement configuration with —VT || a. (b) Magnetic field dependence of the Nernst coefficient (S,y) at different temperatures.
The inset shows the measurement configuration with —V7 || a and H || ¢. (c) Temperature dependence of the anomalous Nernst coefficient
(S;,*x). (d) Magnetization dependence of |S{§(| for different magnetic materials. It is observed that NdCrGes is located outside the conventional

ferromagnets regime, which is marked by light blue. (e) \(x}ﬁﬂ /T as a function of temperature. The inset shows the temperature-dependent

anomalous thermoelectric conductivity (a@). (f) Temperature dependence of the ratio \Oci’;? / O-i?'| for different magnetic topological materials.

The aﬁ; is extracted below T¢ in NdCrGes, and the red solid line represents the value of kg /e.

The Nernst coefficient (Sy,) of NdCrGe; exhibits a dis-
tinct hysteresis loop at low fields and saturates at high fields,

as demonstrated in Fig. 4(b). Analogous to the Hall effect,

the total Nernst signal comprises the normal and anomalous

contributions!4?!

Sy = SN+Si = QoH + Qs ioM, @)

where Qg and Qg represent the normal and anomalous Nernst
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coefficients, respectively. The symbol g denotes the vac-
uum permeability, which is a fundamental concept in the
field of electromagnetism. The anomalous Nernst coefficient
\S‘yéc| attains a maximal value of 0.74 pV-K~! at 100 K in
Fig. 4(c), which is considerably larger than that observed in
conventional ferromagnetic materials (i.e., Fe and Co,[*! as
well as the ferrite Fe30412!). Moreover, a comparison of
the magnetization-dependent S%, across several materials'*34*!
is outlined in Fig. 4(d). The Qg of NdCrGes is as high
as 3 wV-K~1.T~!, surpassing the threshold of the scaling
regime of conventional ferromagnets (0.05 puV-K—1.T-! <
Qs < 1.0 uV-K~1.T1),[401 which reveals that NdCrGes ex-
hibits a relatively large Berry curvature compared to conven-
tional ferromagnets.

In order to achieve a more profound comprehension of
the intrinsic ANE, the thermoelectric conductivity (a;}) can

be calculated through the equation#*!

0 = Sty — O S (8)

As illustrated in the inset of Fig. 4(e), a;} of NdCrGejs is ob-
tained, with an absolute maximum value of 0.55 A-K~!-m~!
at 100 K. Moreover, the temperature dependence of |O¢§}] /T
below T¢ is exhibited in Fig. 4(e), demonstrating a distinc-
tive scaling behavior of 7'InT above 100 K. This phenomenon
indicates that the presence of large ANE stems from the rela-

e.[445] Furthermore, we system-

tively strong Berry curvatur
atically compared the ratio of |a}|/|o/}| with some novel
It can be posited that the

ratio of NdCrGes approaches a saturation value of kg/e =

magnetic materials in Fig. 4(f).

86 uV-K’l, which has been observed in materials exhibiting
strong Berry curvature.[*>#01 This provides further evidence
that the anomalous transverse transport properties of NdCrGes
stem from relatively large Berry curvature.

4. Conclusion

We have successfully grown NdCrGes single crystals us-
ing the Ge self-flux method and carried out systematic inves-
tigations of their magnetic and transport properties. NdCrGes
adopts a hexagonal BaNiOs-type structure with a breathing
kagome lattice of Ge atoms, and the ferromagnetic ordering of
NdCrGes at 128 K is characterized by magnetic susceptibility,
electrical resistivity, and Seebeck coefficient measurements.
Remarkably, NdCrGe; exhibits a large AHE of 380 Q~!-cm™!
at low temperatures and an ANE of 0.74 uV-K~! at 100 K,
accompanied by typical hysteresis loops. Further scaling
analysis demonstrates that the anomalous transverse transport
properties of NdCrGes are primarily dominated by relatively
strong Berry curvature arising from the electronic bands. Fur-
thermore, theoretical calculations and spectroscopic experi-
ments are required to clarify the electronic band structure of
NdCrGes.
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