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Anomalous transverse transport phenomena include two major effects. One is the anomalous Hall effect (AHE). The
other is the anomalous Nernst effect (ANE). It is an important probe of the interplay among magnetic-order, spin—-orbit
coupling (SOC), and electronic structure in magnetic materials. Rare-earth-based RMn,Ge; ferromagnets, due to their
unique layered structure, tunable magnetism, and complex electronic behavior, have emerged as an‘important platform for
studying these transport phenomena. This paper reviews recent research progress in the ferromagnetic RMn,Ge, (R = La,
Ce, Pr, Nd, Sm) system in the study of AHE and ANE, analyzes the modulation of these effects by different rare-earth
elements, and discusses the relationship between these effects and magnetic and electronic structures. Recent studies
suggest that by adjusting the magnetic structure, the response of these transverse transport phenomena can be significantly
altered, providing new directions for the application of low-power electronic devices and energy conversion technologies.
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1. Introduction

With the development of low-power electronic devices
and energy-conversion technologies, transverse transport phe-
nomena involving coupled transport of spin, charge, and heat
have become a research focus. In magnetic materials, two rep-
resentative transverse transport phenomena are commonly ob-
served. One is the anomalous Hall effect (AHE). The other
is the anomalous Nernst effect (ANE).!"™ The AHE describes
transverse charge transport that is driven by a longitudinal
charge current. The ANE is generated by a temperature gradi-
ent. Recent studies have shown that the strengths of the AHE
and ANE cannot be explained solely by the macroscopic mag-
netic moment. By contrast, these responses are governed by
multiple factors. These factors include crystal symmetry, mag-
netic structure, and the electronic states near the Fermi level.
The AHE is closely associated with Berry curvature. Specif-
ically, it reflects the Berry curvature integrated over the occu-
pied states.!”! Conversely, the ANE is more sensitive to Berry
curvature. In particular, it is strongly affected by the energy
dependence near the Fermi level. Consequently, anomalous
transverse transport phenomena serve as an important probe
of the electronic structure of topological magnets and complex
magnetic materials.

RMn;,Ge, (R denotes a rare-earth element) is a repre-
sentative series of layered Mn-based intermetallics.[>*! These
compounds crystallize in the ThCr,Si,-type body-centered
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tetragonal structure. In this structure, Mn atoms are arranged
in a square lattice within the ab plane. Along the c axis, these
Mn layers alternate with Ge layers and rare-earth-element lay-
ers, as shown in Fig. 1(a). This layered framework renders
the intralayer and interlayer exchange interactions within the
Mn sublattice highly sensitive to the lattice parameters and
interatomic distances, thereby providing the structural basis
for the formation, competition, and transformation of vari-
ous magnetic orders.!® Thus, RMn;Ge, can be better de-
scribed as a multiphase magnetic system governed by struc-
tural parameters, exchange competition, and magnetocrys-
talline anisotropy, rather than as a single conventional ferro-
magnet.

Variations in the rare-earth element can significantly af-
fect the magnetic ground states and the anomalous transverse
transport properties of RMn;Ge;. In this review, we fo-
cus on the light rare-earth elements, namely R = La,[-9-10]
Ce,[7:17-211 py [7.22-28] Nq 1729351 apd Sm.[836411 Previous
studies have shown that these compounds tend to exhibit ferro-
magnetic phases across a wide temperature range. This feature
renders them more suitable for comparative studies of AHE
and ANE. Conversely, many of the remaining rare-earth el-
ements exhibit predominantly antiferromagnetic phases, and
their anomalous transverse transport is less directly relevant to
the focus of this review.

Although these light rare-earth elements are often re-
garded as ferromagnetic systems, they do not usually exhibit
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magnetic structures.
LaMn,Ge; [®! and CeMn,Ge; ! exhibit an intralayer an-

simple collinear ferromagnetism. The Mn sublattices in these
compounds typically display canted or conical noncollinear

tiferromagnetic (AFM) state at high temperatures, and also
transform into the conical ferromagnetic structure (FMconi-
cal) phase upon further cooling as shown in Fig. 1(b). As the
temperature decreases, PrMn,Ge, "l undergoes a sequence of
magnetic phase transitions, as illustrated in Fig. 1(c). The sys-
tem first enters an AFM state, followed by a ferromagnetic
phase (FM). Upon further cooling, the Mn sublattice devel-
ops the FMconical structure. At lower temperatures, the Mn

becomes ferromagnetically ordered along the ¢ axis (FMPr).
Consequently, the two magnetically ordered sublattices coex-
ist in the low-temperature phase. With decreasing tempera-
ture, NdMn,Ge, ! exhibits a successive evolution of mag-
netic phases, as shown in Fig. 1(d). The system first enters
an AFM state, followed by a canted ferromagnetic state in
which the Mn sublattice contains antiferromagnetic compo-
nents within the layers and a FM component along the ¢ axis.
Upon further cooling, the Mn sublattice transforms into a FM-
conical, characterized by spiral antiferromagnetic components
within the layers accompanied by ferromagnetism oriented
along the ¢ direction. At the lowest temperatures, the Mn

the ferromagnetic component switches to the b axis (FMb).

related noncollinear magnetic order.

sublattice retains this conical ordering, while the Pr sublattice

anomalous transverse transport.
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2. Theoretical framework and transport mecha-
nisms of the AHE

AHE is a typical transverse transport phenomenon in
magnetic materials. The schematic diagram is illustrated in
Fig. 2. Unlike the ordinary Hall effect driven by an external

der even without an external magnetic field. Its emergence
typically relies on the violation of time-reversal symmetry and
is intimately associated with spin—orbit coupling (SOC). Be-
cause the AHE is highly sensitive to the electronic structure,
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Fig. 1. Schematic illustration of the crystal structure and magnetic configuration of RMn,Ge;: (a) crystal structure, the magnetic moments of
the R atoms are represented by the green arrows, whereas orange arrows represent those of the Mn atoms. Temperature-dependent magnetic
phase diagrams of (b) LaMn,Ge,, %! (¢) PrtMn,Ge,,[”! (d) NdMn,Ge,,!”) and (e) SmMn,Ge,.[#!

important probe of transport properties and topological band

features in magnetic systems. 4>

The anomalous Hall resistivity p)ﬁ is defined by

Py =Ey/Js.

magnetic field, the AHE may arise from internal magnetic or-

magnets, the anomalous term is often approximated by

A
pyx = Rs.uOM1~
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sublattice remains conically ordered; however, the spiral an-

tiferromagnetic components reorient into the ac plane, while

Simultaneously, the Nd sublattice becomes ferromagnetically
ordered (FMNd), with its magnetic moments aligned along
the b axis. SmMn,Ge, exhibits even more complex magnetic
phenomena. ®! It exhibits a high-temperature FM phase, a pre-
dominantly AFM intermediate phase, and a low-temperature
reentrant ferromagnetic (RFM) phase, as'shown in Fig. 1(e).
In summary, the common feature of light rare-earth RMn;,Ge,

is not simple ferromagnetic alignment; but ferromagnetism-

The light rare-earth RMn,Ge, compounds exhibit a com-
bination of layered crystal structures, complex magnetic phase
evolution, and ferromagnetism-associated noncollinear mag-
netic order. Along with the pronounced member-dependent
differences in AHE and ANE responses, these features ren-
der them a suitable platform for investigating the coopera-
tive influence of ‘structure, magnetism, and electronic struc-
ture on anomalous transverse transport. This article summa-
rizes newly reported developments concerning the AHE and
ANE of light rare-earth RMn;Ge, compounds. The discus-
sion focuses especially on the effect of rare-earth elements on

band geometry, and scattering mechanisms, it has become an

Here, E, denotes the transverse electric field, whereas J; rep-
resents the longitudinal current density. In conventional ferro-
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Here, R denotes the anomalous Hall coefficient. L stands for
the vacuum permeability. M, represents the z component of
the magnetization. This decomposition is primarily an empir-
ical formula employed in experimental analysis and does not
imply a strict one-to-one correspondence between the AHE
and the net magnetization. In multiband systems, noncollinear
magnets, and topological magnetic materials, the anomalous
Hall response is often governed jointly by the band structure,
crystal symmetry, and scattering processes.

Magnetization(M)

&
%
%,
“©

Electric field (E,)

2/

Fig. 2. Schematic illustration of AHE.

Within the linear-response framework, the AHE is more
commonly characterized by the anomalous Hall conductivity
(AHC) o)}

Jy = OnEx. ®)

Here, J, denotes the transverse current density. ‘Ey represents
the longitudinal electric field. In experiments, the Hall resis-
tivity is usually measured directly, so a tensor conversion is
required when comparing experimental data with theoretical
results. In the common case,

A
p;
oA _ yx

= —— e — 4)
yx 2
PrcPyy+(PE)

Here, p,, and pyy are the longitudinal resistivity along the x
and y directions. From a microscopic standpoint, the AHE is
generally considered to contain contributions of intrinsic and
extrinsic origin. The intrinsic component originates from the
Berry curvature of the electronic bands. The corresponding
AHC can be written as the integral of the Berry curvature
over the occupied states in the Brillouin zone. As a result,
it is highly sensitive to band regions near the Fermi level. In
these regions, the Berry curvature is strongly enhanced, such
as near Weyl nodes, avoided band crossings, and regions with

[4647] The assertion that the intrinsic part re-

small band gaps.
mains unaffected by the scattering time merely indicates that
its physical origin differs from that of impurity-induced ex-
trinsic scattering. It does not mean that the experimentally
measured Hall signal is completely unaffected by tempera-
ture, disorder, or multiband effects. In practice, identifying

the intrinsic mechanism still requires a combined analysis of

transport measurements and electronic structure calculations.
In addition to the intrinsic contribution, extrinsic contribu-
tions to the AHE may also originate from impurity scattering
in the presence of SOC. The principal extrinsic mechanisms
include skew scattering!*® and the side-jump mechanism. [4°!
Skew scattering originates from the unequal probabilities of
leftward and rightward scattering. That is, in the presence of
SOC, impurity potentials deflect electrons unequally toward
two opposite transverse directions. After statistical averaging,
this imbalance leads to a finite net transverse current. This
mechanism is therefore more important in clean samples with
high conductivity and low disorder. By contrast, the side-jump
mechanism does not rely on asymmetric scattering probabili-
ties, but instead originates from the lateral shift of the electron
wave packet during a single scattering process. In real mate-
rials, the AHE is often determined by the combined effects of
intrinsic, skew-scattering, and side-jump contributions.

Experimentally, a common way to distinguish different
mechanisms is.to analyze the empirical dependence of anoma-
lous Hall resistivity on longitudinal resistivity:

Prro< Py ®)

It is generally believed that, in the relatively clean limit, a ~
1 indicates a dominant skew-scattering contribution, whereas
a =~ 2 is more often associated with intrinsic or side-jump-
dominated behavior. However, this scaling relation is an em-
pirical criterion rather than a strict theorem. In the presence of
multiband transport, strong disorder, pronounced localization
effects, or significant temperature-induced band reconstruc-
tion, the simple power-law relation may deviate substantially
or even break down.

The dominant AHE mechanism is strongly material de-
pendent. In conventional ferromagnetic metals, intrinsic
and extrinsic contributions usually coexist, and their relative
weights can be redistributed by sample purity, temperature,
and transport conditions. By contrast, in topological magnets,
magnetic Weyl semimetals, and some noncollinear antiferro-
magnets, the Berry curvature-driven intrinsic mechanism is
often more prominent. For the RMn;Ge, system, the phys-
ical origin of the AHE likewise cannot be simply attributed
to a single mechanism, but should be analyzed in light of its
specific magnetic structure, electronic structure, and transport
behavior.

3. Theoretical framework and transport mecha-
nisms of the ANE

In magnetic systems, a longitudinal temperature gradi-
ent can induce a transverse electric field. This phenomenon
is called the ANE. The schematic diagram is illustrated in
Fig. 3. Unlike the conventional Nernst effect, which requires
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a magnetic field emerging from an external origin, the ANE
may originate from the intrinsic magnetic order of the sys-
tem, without the application of an external field.% Tts occur-
rence generally requires broken time-reversal symmetry and is
closely associated with SOC. Because the ANE is highly sen-
sitive to the electronic structure, band geometry, and scattering
processes, it has become an important probe of transverse ther-
moelectric transport in magnetic materials.

z

Magnetization (M)

Fig. 3. Schematic illustration of ANE.

Under open-circuit conditions, the anomalous Nernst sig-
nal is defined as

E
S = o
TV, T

Here, V,T denotes the temperature gradient imposed along

(©6)

the x direction. Under an external magnetic field, the con-
ventional Nernst background must first be separated from the
anomalous contribution before turning to the physical. mean-
ing of the anomalous component Sg. In'multiband systems,
noncollinear magnets, and topological magnetic materials, the
magnitude of the transverse thermoelectric signal cannot be
inferred solely from the net magnetization. As long as a pro-
nounced Berry curvature distribution exists near the Fermi
level,’19%] a sizable transverse response can arise even when
the net magnetic moment is relatively small.

ANE measurements are highly sensitive to the measure-
For thin-film
samples, heat conduction through the substrate and interfa-

ment geometry and temperature distribution.

cial thermal resistance can strongly affect the effective thermal
gradient across the sample interior. For single-crystal samples,
the relation between the measurement direction and the crys-
tallographic axes must be clearly specified, especially in low-
symmetry or anisotropic systems. In these cases, the extracted
Sfx under different configurations corresponds to distinct com-
ponents of the anomalous thermoelectric transport tensor. In
addition, the longitudinal Seebeck signal can contribute to the
transverse channel due to electrode misalignment or an in-
homogeneous temperature field, resulting in an overestima-
tion of the ANE.5?! Reliable ANE measurements therefore
require not only good signal reproducibility, but also system-
atic checks of the temperature distribution, polarity reversal,
background symmetry, and geometric errors.

In transport analysis, Sfx is not equivalent to a sin-
gle anomalous transverse thermoelectric conductivity (ANC)
component. Under open-circuit conditions, the anomalous

transverse thermoelectric signal can be written as
A A A
Syx = pyxaxx+pyyayx' (7)

Here o, and a;}c are the longitudinal and ANC components.
This expression indicates that the anomalous transverse ther-
moelectric signal arises from the coupled contributions of ther-
moelectric and electrical transport, rather than directly reflect-
ing a single transport coefficient. Here; pyy(xy’} represents the
direct contribution of Ocy’},
rection induced by the longitudinal thermoelectric response

whereas pyﬁaxx describes the cor-

through the anomalous Hall channel. Therefore, even when

different samples have similar a;},

cantly because of differences in py,, p}/}, or ¢. When com-

S, can still differ signifi-

paring ANE responses in-different materials, SQC, ocy’}, Py, and
p)ﬁ should be analyzed within a unified transport framework.

From a microscopic perspective, the ANE and the AHE
share a common geometric origin, since both are related to
Berry curvature. However, they emphasize different aspects
of the electronic structure. The AHE is more directly asso-
ciated with the cumulative contribution of occupied states to
transverse charge transport. In contrast, the ANE is more sen-
sitive to the Berry curvature distribution in the vicinity of the
Fermi level. As a result, the ANE is more effective in am-
plifying fine band features near the Fermi level, such as re-
gions around Weyl nodes, avoided band crossings, and Berry
curvature-enhanced regions near small band gaps. In the low-
temperature and degenerate limit, the relation between the
ANE and the AHE is often described by the generalized Mott
relation

227 dah
A ThgT I0y,

o, = .
"7 3 O |pp

®)

Moreover, kg represents the Boltzmann constant. T is the ab-
solute temperature. e denotes the elementary charge. And Er
is the Fermi level. Under the coordinate convention adopted
here, the transverse anomalous component is described by the
relation between oy and oj.
anomalous transverse thermoelectric conductivity is not deter-

This equation shows that the

mined directly by the AHC itself, but mainly by its energy
derivative near the Fermi level.[’*! Therefore, even if the AHE
amplitude is not particularly large in a given material, a pro-
nounced ANE signal may still emerge provided that 0';,} ex-
hibits a strong energy dependence in the vicinity of the Fermi
level.

Besides the intrinsic geometric mechanism, the ANE can
also receive contributions from extrinsic scattering. Similar
to the AHE, skew scattering originates from the asymmetry of
the scattering probability, whereas the side-jump mechanism is
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associated with the transverse coordinate shift during the scat-
tering process. Their relative weights are not fixed across dif-
ferent disorder strengths or transport regimes. Therefore, the
ANE in real materials is often the result of the combined action
of the intrinsic Berry curvature effect and extrinsic scattering
processes, rather than a pure manifestation of a single mech-
anism. Accordingly, the physical origin of the ANE should
not be judged solely from a single temperature point or a sin-
gle peak value. Instead, it should be analyzed together with
the resistivity, Hall response, thermoelectric conductivity, and
electronic structure calculations.

Overall, the ANE connects thermoelectric transport,
charge transport, and band geometry within a unified frame-
work. Compared with the AHE, it is more sensitive to the
energy dependence of the Berry curvature in the vicinity of
the Fermi level. This gives the ANE a unique advantage in
revealing subtle band reconstructions and clarifying the origin
of transverse thermoelectric responses. For the RMn,Ge; sys-
tem, the physical origin of the ANE likewise cannot be simply
attributed to a single mechanism. Instead, it should be un-
derstood in light of the specific magnetic structure, electronic
structure, and transport background of the material.

4. AHE and related phenomena in RMn,Ge;
ferromagnets

The light rare-earth intermetallic RMn;Ge; family ex-
hibits rich magnetic structures and strong anisotropic.inter-
actions, making it an excellent platform for studying the
AHE. Different rare-earth elements modify the magnetic
ground state and lead to distinct low-temperature spin con-
figurations as well as different temperature-driven magnetic
transitions. These variations in magnetic order directly af-
fect transverse charge transport and provide a basis for an-
alyzing the respective intrinsic and extrinsic terms of the
AHE. This section reviews experimental and theoretical stud-
ies on.LaMnyGe,,!?100" CeMn,Ge,, ' PrMn,Ge,, 222728
NdMn;Ge,, 232! and SmMn,Ge, 3040 with emphasis on the
interplay among magnetic structure, measurement geometry,
and temperature-dependent scaling behavior.

4.1. LaMn,Ge,

Gong et al.'! measured the Hall response in LaMn,Ge,
single crystals under H || ¢ and I || a as shown in Fig. 4(a). To
suppress electrode misalignment and longitudinal-signal mix-
ing, the data were antisymmetrized with respect to positive
and negative magnetic fields and then converted into the G)ﬁ}
using the longitudinal resistivity. At 10 K, G;,} reaches ap-
proximately 730 Q~'-cm~! as shown in Fig. 4(b). It decreases
gradually with increasing temperature but remains substantial.
The isothermal p,, closely follows the magnetization curve,
indicating that the anomalous term dominates.
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Fig. 4. Experimental results and intrinsic mechanism of the AHE in
LaMn;Ge;. (a) Magnetic-field-dependent Hall resistivity;m (b) 0';}
and scaling relation;[?! (c) Berry curvature contribution induced by Mn-
d and Ge-p orbital hybridization. ]

Power-law. scaling, p;} o< pd . gives a ~ 1.81 as shown
in Fig. 4(b). This value is close to quadratic scaling and sug-
gests that the low-temperature AHE is predominantly intrinsic
and governed by Berry curvature. Roychowdhury et al.[']
further combined angle-resolved transport, single-crystal neu-
tron diffraction, together with the first-principles calculations
presented in Fig. 4(c). They linked the experimental peak re-
sponse to Berry curvature hotspots arising from Mn-d and Ge-
p hybridization near the Fermi level. Together, these studies
establish the intrinsic source of the low-temperature AHE in
LaMn,Ge; and connect the transport response with its elec-
tronic structure.

4.2. CeMn,Ge,

CeMn,Ge, undergoes antiferromagnetic ordering at
394 K and forms a conical spin state at low temperatures. Xu
et al.!""! measured p,, in single crystals under H || cand I || a
as shown in Fig. 5(a). The data were antisymmetrized under

(a) T ) — 1 (b) ]
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G i 42005
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0 R T . |10(;.'(2K0)0| 3000
0 1 2

o, (10° 07 em?)

Fig. 5. Measurement configuration and intrinsic contribution of the
AHE in CeMn,Ge,.['7! (a) Hall-effect measurement configuration and
magnetic-field-dependent Hall resistivity; (b) intrinsic Gf)‘, obtained
from TY]J scaling analysis.
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field reversal and converted into 0';}. As shown in Fig. 5(b),
the peak low-temperature value of qf; is approximately
276 O l.em™ 1.

tion is the dominant component of the Hall response. Anal-

This suggests that the anomalous contribu-

ysis based on the Tian—Ye-Jin (TYJ) scaling relation, G;} =
ac’ + G}C;t, shows that the intrinsic contribution accounts

for about 81% of the total response as shown in Fig. 5(b).
Combined with magnetic characterization, transport fitting,
and TY]J scaling analysis, these results indicate that the low-
temperature AHE in CeMn;Ge; is mainly intrinsic.

4.3. PrMn;,Ge;

Wang et al.1?*) measured pj) in PrMnyGe, single crys-
tals under H || ¢ and I || a, obtaining a low-temperature o7y of
about 220 Q~'-.cm~! as shown in Fig. 6(a). The power;law
exponent a ~ 1.18 indicates that skew scattering dominates
at low temperatures. Abrupt jumps in the low-temperature
magnetic hysteresis loops are accompanied by corresponding
changes in the Hall resistivity, showing that domain dynamics

1.0

affect charge transport. Huang et al.!*’! extended the measure-
ments to different field and current orientations. For H || ¢, 6/
reaches about 300 Q~!-cm~! at low temperatures. When an
in-plane magnetic field was applied, nonlinear positive mag-
netoresistance was detected. A planar topological Hall effect
was also identified. The corresponding exponent, a ~ 1.74
as shown in Fig. 6(b), indicates that both intrinsic and extrin-

1.22] Jater

sic mechanisms contribute in this regime. Lyu ef a
combined transport measurements with first-principles calcu-
lations to examine the low-temperature AHE. As shown in
Fig. 6(c), the intrinsic contribution was found to account for
91.7% of the total AHC. This contribution is associated with
Berry curvature hotspots resulting from spin—orbit-coupling-
driven anticrossings of electronic bands near the Fermi level.
These results show that the interpretation of PrMn;Ge, has
moved from low-temperature skew scattering to mixed intrin-
sic/extrinsic behavior and finally to quantitative identification
of a dominant intrinsic contribution.
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Fig. 6. Evolution of the AHE mechanism in PrMn,Ge;,. (a) Relationship between AHC and temperature; 28! (b) scaling relation between log(pfy)

and log(px);?”! (c) comparison between intrinsic and total anomalous Hall contributions, indicating the dominant role of Berry curvature. %!

4.4. Ndan Gez

Zheng et al.*®! extended the investigation to NdMn,Ge,
single crystals, and the team measured the Hall response un-
der I'|| a and H/|| c. As shown in Fig. 7(a), it can be seen that
between 220 and 320 K, p;} increases rapidly and saturates in
low fields, showing a typical AHE response in this temperature
range. At low temperatures, p;} scales linearly with p,y, indi-
cating a skew-scattering-dominated regime. At higher temper-
atures, pf; develops an enhanced broad peak. The available
results therefore show how the Hall response in NdMn;Ge;
evolves across magnetic phases and temperature regimes as
shown in Fig. 7(b). Xu er al.®? reported that the AHE in
NdMn,Ge; does not originate from a single mechanism. The
Pyx/M data can be fitted with both linear and quadratic terms
of py. In addition, the resistivity in the relevant temperature
range is about 100-200 puQ-cm, which argues against skew
scattering as the sole dominant contribution. They therefore
concluded that the AHE in NdMn,Ge; most likely arises from
the combined effects of extrinsic skew scattering and an intrin-

sic Berry curvature related contribution.

6
6 ()
_ , _s
E 2t 1// a axis E 4
& H // ¢ axis a
3 0 — 220K — 280K 33
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< — 240K — 300K &
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Fig. 7. Hall response in NdMnyGe;:*" (a) magnetic-field-dependent
Hall resistivity obtained; (b) temperature-dependent anomalous Hall re-
sistivity and the corresponding linear fit.

4.5. SmMn,Ge;,

Singh et al.l*®] showed that in the high-temperature
phase, under H || [001] and 7 || a, the AHE is completely in-
trinsic. As shown in Fig. 8(a) in this geometry, G;} is about
77-105 Q~em 1.
p}‘i /M scales linearly with pfx, yielding an intrinsic compo-

As presented in Fig. 8(b), the quantity

nent of about 107 Q~'-cm™!. In the same phase, rotating the
field to H || [010] changes the response to an extrinsic skew-
scattering regime, with 0'2 reaching 456 Q~!.cm~! at 150 K
as shown in Fig. 8(c). This contrast shows that the dominant
AHE mechanism can be tuned by magnetization direction. At
low temperature, the AHE nearly vanishes at 5 K, leaving only
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the ordinary Hall effect. As shown in Fig. 8(d), when the
temperature is increased to about 50 K and above, the AHE
reappears, and o can rise to 1400 Q~'-cm™! under the same
magnetization direction.
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Fig. 9. Giant AHE and scaling behavior in SmMnyGes:# (a) tem-
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Huang et al.™l also measured o,, under H | a and
I ||.b, obtaining 1715 Q@ '.cm™! at 40 K as presented in
Fig. 9(a), confirming the reproducibility of the giant AHE.
By contrast, under H || ¢ and [ || b, the maximum 0';; is only
about 166 Q~!-cm~! at around 100 K. @ = 1.33 as shown in

Fig. 9(b), these findings suggest that the giant AHE for H || a
mainly arises from an extrinsic skew-scattering contribution
induced by the scalar spin chirality of short-range conical spin
clusters, whereas the much smaller AHE for H || ¢ is domi-
nated by an intrinsic mechanism.

The pronounced AHE anisotropy in SmMn;Ge, mainly
arises from the different contributions of intrinsic Berry cur-
vature and extrinsic scattering mechanisms, both of which
are strongly dependent on the magnetization direction. First-
principles calculations show that for spin alignment along the
¢ axis, SOC-gapped nodal lines near the Fermi level gener-
ate a sizable Berry curvature.3% In contrast, when spins are
aligned along the a axis, these nodal-line states shift above the
Fermi level, which strongly suppresses the intrinsic AHE. The
scaling analysis suggests that the giant AHE for H || a is pre-
dominantly governed by unconventional skew scattering aris-
ing from conical Mn spinclusters with scalar spin chirality. ]

5. ANE and related phenomena in RMn;Ge;
ferromagnets

The systematic studies of ANE in light rare-earth
RMn;,Ge, have mainly focused on PrMn,;Ge,, NdMn;Ge;,
and SmMn;Ge;. Accordingly, this section does not repeat the
concepts and theoretical definitions already introduced in the
previous sections, but instead discusses the experimental re-
sults, mechanistic criteria, and their connection with the AHE
results presented in the previous section for these three mate-
rials.

5.1. PrMn,Ge,

Lyu et al.l*?! systematically investigated the ANE
in PrMn,Ge;. Sﬁ as presented in Fig. 10(a), the value
reaches 1.16 wV-K~! at room temperature and increases to
1.44 uv-K~! at 260 K. The o, reaches 2.61 A- m™~'.K™!
under low-temperature conditions. The reported ratio |S;| /M
is 4.6 wV-K~L.T~!, which is well above the typical range
observed in conventional ferromagnets. This indicates that
the ANE in PrMn;Ge; cannot be accounted for solely by
the macroscopic magnetic moment. As shown in Fig. 10(b),

4 m
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Fig. 10. ANE and Berry curvature mechanism in PrMn;Ge,:[??! (a) temperature-dependent behavior of the anomalous Nernst signal;
(b) temperature scaling behavior of Ocyﬁ /T; (c) Otg, profile in the vicinity of the Fermi level.
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with respect to temperature dependence, aﬁ exhibits T'InT
scaling above 150 K but increases rapidly at lower tempera-
tures, deviating from this relation. As shown in Fig. 10(c),
theoretical analysis based on first-principles calculations with
SOC taken into account, combined with a Wannier tight-
binding model, reveals pronounced Berry curvature hot spots
near the Fermi level. The calculated (xy’i agrees well with ex-
perimental data, confirming that the ANE is predominantly in-
trinsic and driven by Berry curvature.

5.2. NdanGez

Xu et al.3? reported the ANE in NdMn;Ge; single crys-
tals. As shown in Fig. 11(a), |Sfy| reaches 1.4 uV-K~!, mainly
in the canted antiferromagnetic and conical phases with a sub-
stantial out-of-plane ferromagnetic component. The Oc}‘,} is ex-
pressed as: Oy = OGSy, + OhSk. @y increases upon cool-
ing, reaching 0.6 A-m~!-K~! at 160 K as shown in Fig. 11(b).

The two contributions, GxxSf‘y and o2

oS, have opposite signs,

indicating multicomponent coupling in the anomalous trans-
verse transport. The ANE in NdMn;Ge; was interpreted by
the authors as arising from combined contributions of skew
scattering and the Berry curvature of electronic bands, rather
than a single mechanism.

5.3. SmMn,Ge;

Yan et al.!*! reported a pronounced ANE in SmMn;Ge,
single crystals. As shown in Fig. 12(a), S)’} reaches 1.04.1V/K

at room temperature, with an anomalous Nernst angle (ANA)
of 11%. The corresponding transverse thermoelectric figure
of merit, zT Ang, iS 3X107°. As shown in Fig. 12(b), based
on the comparison of |SQC| with oM, the anomalous Nernst
coefficient Qg is 2.97 uV-K~!'- T~!, exceeding the typical em-
pirical range for conventional ferromagnets. Decomposition
analysis shows that (x)/; reaches 0.27 A-m~1-K~! at 290 K.
The two contributions have opposite signs, with the first term
dominant. a;; follows T'InT scaling at above 280 K and ap-
proaches a linear temperature dependence at below 280 K as
shown in Fig. 12(c). These results indicate that the ANE in
SmMn,Ge, is predominantly intrinsic and governed by Berry
curvature. Taken together, SmMn,Ge, exhibits a large S;*x, a
high ANA, and considerable transverse thermoelectric perfor-
mance at room temperature. Its anomalous transverse ther-
moelectric transport originates predominantly from intrinsic
Berry curvature.
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Fig. 11. ANE and decomposition of transverse thermoelectric transport
in NdMn,Ge,:13?! (a) Nernst signal measured at different temperatures
as a function of magnetic field; (b) temperature dependence of ay"\x and
its two contributing terms.
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6. Conclusion and perspectives

In summary, light rare-earth RMn,Ge, compounds rep-
resent-an ideal platform for studying anomalous transverse
transport in layered magnetic systems. The results reviewed
here indicate that the AHE and ANE in these compounds are
primarily attributable to the Mn-3d electronic states. Con-
sistently, LaMn,Ge; exhibits a pronounced intrinsic AHE
even in the absence of localized 4f magnetic moments.[%!0]
The rare-earth 4f electrons modulate the relative contributions
of intrinsic Berry curvature and extrinsic scattering mech-
anisms via 4f-3d exchange coupling, magnetic anisotropy,
Mn-spin reorientation, etc. For example, the intrinsic AHE

contribution is approximately 81% in CeMn,Ge,!'”! and

91.7% in PrMn,Ge,.*”! Further work combining transport
measurements, magnetic-structure characterization, and first-
principles calculations under well-defined measurement con-
ditions will be crucial for elucidating the dominant mecha-
nisms in this family. In addition, systematic studies on dis-
order, strain, pressure, chemical substitution, and reduced di-
mensionality may provide further insights into, and facilitate
control over, the anomalous transverse transport properties of
RMn,Ge; compounds.
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