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Large intrinsic anomalous Hall effect in the hexagonal ferromagnet NdCrGe;
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We report the intrinsic anomalous Hall effect of NdCrGes single crystals, which is a hexagonal ferromagnet
metal with a one-dimensional crystal structure. The NdCrGe; undergoes multimagnetic transitions with a
ferromagnetic transition at 7c~101 K and a spin reorientation transition at ~55 K. The Hall effect indicates
that the dominant charge carriers shift from electrons to holes near 7¢. Large anomalous Hall conductivity
~681.8 (600.3) Q7! cm™! for H//ab (H//c) is observed, consistent with the theoretically anticipated value
derived from the intrinsic Berry-curvature mechanism. The linear scaling relationships observed between the
anomalous Hall resistivity and the longitudinal resistivity offer strong and convincing evidence indicating that
the intrinsic Karplus-Luttinger mechanism, rather than extrinsic side-jump and skew-scattering mechanisms,
assumes a dominant position in the anomalous Hall effect. The distinctive crystal structure, unconventional
complex magnetic interactions, and the observed intrinsic anomalous Hall effect could make NdCrGe; as a

promising candidate for future electronic devices.

DOI: 10.1103/1mxv-fttm

I. INTRODUCTION

The anomalous Hall effect (AHE), marked by a sharp
transverse voltage increase that arises when a longitudinal
current flows through a magnetic material with spontaneous
magnetization, stands as one of the most fundamental yet
puzzling phenomena and has garnered widespread research
interest from both the perspectives of fundamental physics and
practical applications [1-5]. Three mechanisms that account
for the AHE have gained broad recognition by researchers.
The intrinsic Karplus-Luttinger (KL) mechanism, which is
fundamentally and intricately tied to spin-orbit coupling, un-
dergoes perturbation under the influence of an externally
applied electric field, inducing the emergence of an extra
term within the carrier group velocity [2,6]. In addition to
other contributing factors, the AHE can also be generated
through extrinsic mechanisms, specifically skew-scattering
and side-jump mechanism, stemming from the asymmetric
scattering behavior of conduction electrons [7-9]. The in-
trinsic mechanism linked to Berry curvature has garnered
significant attention due to its remarkable ability to elucidate
and forecast substantial AHE in topological materials, exem-
plified by compounds like RMngSng [10,11], FesSn, [12], and
Co,MnAl [13], and Co3Sn,S; [14,15], etc.

Exhibiting a wide array of intriguing and novel physical
characteristics, the compounds RCrGe;, where R represents
rare earth elements La-Nd and Sm, adopt a hexagonal
BaNiOs-type crystal structure characterized by the space
group P63/mmc (No. 194) [16,17]. Materials that crystal-
lize within the space group P63/mmc, encompassing notable
examples such as the candidate ferromagnetic nodal-line
semimetal Fe;GeTe, [18,19], the topological superconduc-
tor BaSnj [20], and the Ising ferromagnet FeCr,Tes [21,22],
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have recently become the focus of considerable attention, pre-
sumably due to their distinctive crystalline symmetry which
imbues them with the potential to exhibit topological non-
triviality, thereby making them highly promising candidates
meriting both in-depth theoretical analysis and experimental
investigation [19,20,23]. Diverse intriguing physical proper-
ties have been found in RCrGes; systems. In LaCrGes, the
avoidance of a ferromagnetic (FM) quantum criticality has
been comprehensively investigated under pressure [24,25],
and large anomalous Hall conductivity dominated by intrin-
sic effects has been observed recently [26]. In CeCrGes,
which is a ferromagnetic Kondo lattice with heavy fermion
behaviors [27], strikingly large anomalous Hall and Nernst
effects correlated to Berry curvature at the Fermi energy
are detected [28]. For PrCrGes, we previously measured the
critical behavior and magnetocaloric effect [29], and large
anomalous Hall effect induced by skew scattering has been
observed recently by Yu et al. [30]. Obviously, the origin of
the large anomalous Hall effect in RCrGes system is diverse
and full of controversy. For NdCrGes;, the magnetic mea-
surements on a polycrystalline sample show ferromagnetic
ordering at 122 K [17], then a neutron diffraction study reveals
an axial ferromagnetic arrangement of both the Cr and Nd
sublattices below T¢ ~ 122 K [31]. We have investigated the
multiple magnetic transitions in NdCrGes single crystal with
Tr~101 K by critical behavior and magnetocaloric effect [32].
Furthermore, comprehensive investigations have been carried
out to examine the magnetic, magnetocaloric, and thermoelec-
tric properties of the polycrystalline NdCrGe; sample with
Te ~ 122 K [33]. Additionally, competing magnetic states
have been reported in Nd;_¢La,CrGe; single crystals with
the Tc of NdCrGe; ~ 104 K [34]. Some variance in the
characteristic temperatures, i.e., Tc ~ 122 K in polycrystals
and T¢ ~ 101 K in single crystals, could be due to the fact
that the single crystals were synthesized via a flux method
that yields higher crystalline quality but minor compositional
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fluctuations compared to the polycrystalline samples. Sys-
tematic investigations focusing on the electrical transport
properties of NdCrGe; single crystals are still absent.

In this work, the heat capacity, magnetic, and electrical
transport properties of NdCrGes were comprehensively inves-
tigated. The NdCrGe; undergoes multimagnetic transitions
with a ferromagnetic transition at 7oz ~ 101 K and a spin
reorientation of Cr moments at 55 K. The field-dependent
MR and Hall effect are well in line with the isothermal mag-
netization curves. Large intrinsic AHC is observed, reaching
~681.8 (600.3) Q' cm™! for H//ab (H//c). The linear
scaling curves of a;‘y vs M, and py,/poHesr VS ,ofo / oHegt
demonstrate the AHE is predominantly governed by the con-
tribution arising from the intrinsic Berry-phase-related KL
mechanism.

II. EXPERIMENTAL DETAILS

The details regarding single-crystal growth and its crystal
structure are presented in our previous reports [32]. An optical
image of a typical crystal is presented in the (ii) inset of
Fig. 1(b). The crystal orientations are displayed in the (iii)
inset of Fig. 1(b). When the field is along y (z) direction,
it is marked as (H//ab) H//c in the context. The magneti-
zation was measured in quantum design magnetic property
measurement system MPMS-XL7. The specific heat and elec-
trical transport were measured in the quantum design physical
property measurement system (PPMS-9). The measurements
of longitudinal and Hall resistivity were carried out utilizing
the standard four-probe technique. The samples were polished
to rectangular bar to attach four contacts. The size of the
investigated samples is 1.5 x 0.67 x 0.35 mm?* for H//ab
plane and 0.67 x 0.35 x 0.25 mm? for H//c axis. The mea-
sured crystals for magnetization, specific heat, and transport
properties are from the same batch of synthesis. To remove the
effect of probe misalignment, Hall resistivity and longitudinal
resistivity were antisymmetrized and symmetrized, respec-
tively, i'e's IOyX(H) = [pvx(+H) - )ny(_H)]/z and pxx(H) =
[ox(+H) 4+ pox(—H)]/2. The applied magnetic field H, is
corrected to the internal field as H; = H, — N;M, where M
and N, are the magnetization and the demagnetization factor,
respectively. The corrected field H; was used for the analyses.

III. RESULTS AND DISCUSSION

The magnetization curves as a function of a temperature
of NdCrGes; under H = 1 kOe for H//ab and H//c are
displayed in Fig. 1(a), where strong anisotropic magnetic
properties with two main magnetic transitions at 7 ~ 101
and 55 K are observed, consistent with the previously de-
tected a paramagnetic (PM)-FM transition at 101 K and a
spin reorientation at 55 K [32]. The large anisotropic effect
is also manifested by the field-dependent isothermal magne-
tization curves at T = 2 K [inset of Fig. 1(a)]. The magnetic
properties are in good agreement with our previous reports
[32]. The anisotropic behavior is also present in resistivity
with a large p,./p.. = 3.3 at 2 K [inset (i) of Fig. 1(b)].
The temperature dependence of resistivity o(7) under zero
field for 1//ab plane and I//c axis exhibit metallic behaviors
with relatively low residual-resistivity-ratios of 3.8 and 6.3
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FIG. 1. (a) Temperature dependence of magnetization curves of
NdCrGes; under 1 kOe. Inset: Isothermal magnetization curves at
T =2 K. (b) Temperature dependence of in-plane resistivity p,, and
out-of-plane resistivity p,,. Inset: (i) px./p,, versus temperature 7T,
(i) an optical image of a typical crystal, (iii) the crystal orientations.
(c) Temperature-dependent heat capacity C,(T'). Inset: C,(T)/T vs
T? in low temperatures with a linear fitting curve.

for I//ab and I//c, respectively [Fig. 1(b)]. The kinks at
~101 K is consistent with the magnetic transition at T¢. The
temperature-dependent heat capacity C,(T) for NdCrGejs is
presented in Fig. 1(c), where a clear A-type transition at 101 K
and a small anomaly at 55 K can be observed, agreeing well
with the transitions in M(T) curves. The C,(T') at high tem-
perature (=275 K) matches well with the Dulong Petit value
3NR = 124.7 J mol~! K~!, where N = 5 is the number
of atoms per formula unit and R = 8.314 J mol~' K~ is
the molar gas constant. The low-temperature data of heat
capacity can be well fitted by C,(T)/T =y + BT? [inset of
Fig. 1(c)], where y and B represent the Sommerfeld elec-
tronic specific-heat coefficient and the lattice heat capacity
coefficient in low-temperature limit, respectively. The fitting
yields the following results: y = 13.6 mJ mol~' K~? and
B = 0487 mJ mol~! K~* With the equation ©p =
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FIG. 2. (a), (b) Isothermal magnetization curves for (a) H//ab and (b) H//c at different temperatures. Insets: the contour plots of dM/dH,
displaying the M-H phase diagram. (c), (d) The magnetoresistance (MR) versus field H for NdCrGe; at various temperatures with (¢c) H//ab
and (d) H//c. (e), (f) The field-dependent Hall resistivity under (e) H//ab and (f) H//c.

(127*NR/5p)!/3, the Debye temperature ©p = 271(5) K can
be acquired.

Figures 2(a) and 2(b) show the plots of M(H) curves at
various temperatures for H//ab and H//c. When T < T¢, the
M (H) curves exhibits a rapid rise at low magnetic fields and
reaches saturation in the high-magnetic-field region, demon-
strating characteristics typical of ferromagnets. Below the
transition around 7 = 55 K, metamagnetic transitions can
be found in the M (H) curves of H//ab, which could be due
to the reorientation of Cr moments, consistent with previous
literature [32]. With the detailed measured M (H ) curves, the
field and temperature dependence of derivative magnetization
(dM/dH) can be evaluated, resulting in the contour plots in the
insets of Figs. 2(a) and 2(b), which clearly distinguish the crit-
ical fields of the magnetic transitions at 55 and 101 K and map
out the phase diagram for the complex magnetic interactions.
As reported by Lemoine et al. via neutron diffraction [31],

NdCrGes exhibits a complex magnetic structure where Cr
and Nd moments order ferromagnetically at high temperature
~122 K, and Nd moments undergo a subsequent ordering
transition at low temperature ~70 K. The coupling between
Cr and Nd sublattices is nonnegligible: the two magnetic
sublattices are ordered separately, but at the same time the
Cr sublattice, which orders at a higher temperature, polarizes
the Nd sublattice. For our results on magnetic and magne-
totransport, the metamagnetic transition observed in H//ab
below 55 K may be associated with the reorientation of Cr
moments, which result from the interplay between Cr sublat-
tice reordering and Nd moment alignment, consistent with the
phase boundary features noted in the dM/dH inset. We also
compared our characteristic temperature (e.g., the ~101 K
transition) with the report of transition at ~122 K [31,33],
attributing the slight discrepancy to sample-dependent varia-
tions in stoichiometry, as our single crystals were synthesized
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via a flux method that yields higher crystalline quality but
minor compositional fluctuations compared to the polycrys-
talline samples used in some previous studies. Other results on
the single crystalline sample with characteristic temperatures
Te ~ 104 K are compatible with our data within experimental
error [34].

The magnetoresistance (MR = [p(uoH) — p(0)]/p(0)x
100%) as a function of fields for H//ab and H//c are dis-
played in Figs. 2(c) and 2(d), both of which exhibit complex
competitive behavior. Below 60 (30) K for H//ab (H//c), the
MR is positive and shows a consistent monotonically increas-
ing trend as the magnetic field intensifies. This phenomenon
can be ascribed to the Lorentz force, generated by the applied
magnetic field, which impedes the motion of charge carriers
[35,36]. The positive MR exhibits a gradual increase as the
temperature decreases, which can be attributed to the fact
that the influence of the Lorentz force on MR becomes pro-
gressively more significant with the lowering of temperature.
For H//ab, sharp transitions can be observed below 55 K,
which agrees well with the metamagnetic transitions in M (H )
curves. Above 60 (30) K for H//ab (H//c), the MR manifests
as negative and demonstrates a nonmonotonic variation with
increasing temperature, a characteristic commonly observed
in ferromagnetic metals; this negative MR arises from the
magnetic field’s suppression of electron-magnon scattering
processes [37].

Field dependence of the Hall resistivity for H//ab (px;)
and H//c (pyy) is displayed in Figs. 2(e) and 2(f), respectively.
Below 50 K, the variation of p,, are well consistent with the
M (H) curves with two step transitions probably due to meta-
magnetic transition for H//ab. For H/ /ab, the metamagnetic
transitions in the MR and Hall data [Figs. 2(c) and 2(e)] are
at higher fields than for the magnetization data [Fig. 2(a)].
Since the misalignment the effect between the ab plane and
¢ axis can never be totally corrected in an anisotropic sys-
tem, and metamagnetic transitions only occur in the H//ab
plane, a higher magnetic field should be applied to reach
the transition field when there is a slight misalignment of
the magnetic field with respect to the ¢ axis. This can lead
to different metamagnetic transition fields between Hall and
magnetization measurements. The above conclusion is further
supported by the well-matched metamagnetic transition fields
of MR and Hall, as MR and Hall are measured simultaneously
using a Hall bar. As the difference of saturated magnetization
for H//ab and H//c is not very large (e.g., ~13.6% at 80 K),
and the analysis on Hall effect is only corresponding to the
high-field data, a slight misalignment like ~10% will not have
a large effect on the resulting analysis on Hall effect. In the
temperature range of 60-100 K for H//ab (p,;) and 2-100 K
for H//c (p,x) below Tc, the Hall resistivity undergoes a sharp
and significant increase, and this phenomenon is a clear sign
of the presence of an anomalous Hall response. The saturation
magnetization of ~27.6 emu/g (or 2.05 ug/f.u.) for H//ab
and 22.5 emu/g (or 1.67 up/f.u.) for H//c at 2 K is lower
than the expected value if both Nd and Cr moments are fully
ferromagnetically aligned (~1 ug/f.u. for Cr** [31,32] and
~3.6 up/f.u. for Nd*"). This discrepancy, as discussed in our
previous work [32], arises from the coexistence of ferromag-
netic and other complex magnetic interactions in NdCrGes.
For the Hall effect analysis, the AHE is sensitive to the net
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FIG. 3. Temperature dependence of the normal and anomalous
Hall coefficient Ry (left axis) and R, (right axis) for (a) H//ab (py;)
and (b) H//c (pyx)-

magnetization, so the reduced saturation magnetization means
the AHE contribution is weaker than in a fully ferromagnetic
system. Synoradzki et al. show a further increase in magneti-
zation at 2 K beyond 8 T [33], further experiments extending
the magnetic field range above 8 T are worthy of being carried
out in future work. the further increase in magnetization could
be due to the same origin of the metamagnetic transition with
different critical fields in polycrystalline and single crystalline
samples.

In ferromagnets, the Hall resistivity p,, generally consists
of two parts [1,30,38],

Pye = P + Pl = RoB + Ry oM, (1)

where ,0)‘; is the ordinary Hall resistivity and ,ofx is anomalous
Hall resistivity, and Ry represents the ordinary Hall coefficient
and R, denotes the anomalous Hall coefficient. Well below
Tc, the Ry and p;‘x, which can be determined by a linear fit to
the p,x vs B curve in the high-field region, are the slope and
intercept of yaxis, respectively. Around T, the large change
in M prevents accurate determination of the coefficients by
the above linear fitting. We fit the coefficients around T¢
using a linear fit to the p,./B vs uoM/B curves in high field
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e

The scaling plots of p./uoHesr versus p> M/ uoHe curves at several temperatures with vertically shifts of 4 x 10~ m® C~! for clarity for

(c) H//ab and (d) H/ /.

region (Fig. S1 in Supplemental Material [39]), because the
equation p,,/B = Ry + R,uoM/B considers the curvature of
M(H) curves around T¢. As displayed in the left axis of
Fig. 3, the Ry changes from positive to negative at ~7T¢ with
a decreasing of the temperature, demonstrating the major-
ity electronic carriers alternate from hole type to electronic
type, which could be associated with the Lifshitz transition
or the temperature-dependent variation in carrier mobilities
and band occupations [30,40,41]. Furthermore, the R; [right
axis of Fig. 3] can be acquired by the equation p. = R,uoM;,
where M, is obtained by a linear fit to the plots of M vs
H at the high-field regime, which is positive in the whole
temperature region. In addition, the value of R, exceeds that of
Ry by two orders of magnitude, indicating the Hall resistivity
is dominated by the anomalous part. The carrier concentration
can be estimated n ~ 10%® m~3, combining with the resistivity
of 1~2 uQm [Fig. 1(b)] around T, a mean free path (X)
of about 10 A can be evaluated, which is comparable with
the lattice constants and close to the Mott-Ioffe-Regel limit
[38,42], indicating a metallic behavior in dirty region.

Three potential mechanisms have been proposed to ac-
count for the AHE. Recently, the intrinsic KL mechanism has
undergone a reinterpretation, highlighting a Berry curvature

term [43,44]. This term represents an inherent characteristic
of the occupied electronic states within a crystal possessing
specific symmetry. It takes on a nonzero value under two spe-
cific conditions: either the time-reversal symmetry is broken
or there exists a net magnetic moment. The intrinsic mecha-
nism gives rise to a quadratic scaling relationship expressed
as ,ofx = Bp2.. The side-jump mechanism is one where the
potential field generated by impurities plays a part in creating
an anomalous group velocity. Interestingly, it demonstrates
the same quadratic scaling pattern as the KL mechanism.
On the other hand, the skew-scattering mechanism, which
is responsible for asymmetric scattering due to impurities or
defects, can also make a contribution to the AHE. It shows a
distinct linear scaling behavior, namely ,o;,*x = BOxx-

In theory, the the magnitude of the intrinsic anomalous Hall
conductivity o} i, (=p0/(pr, + p3) ~p/pE) is shown to
be on the order of 2 /(ha), where a is the lattice constant, & is
the Plank constant, and e is the charge constant [2,38]. Taking
a=V"'3 ~ 5.7 A approximately for the NdCrGes sample, the
estimated ofv’in ~678 Q' cm~!, which is the same magnitude
of order of the experimentally measured AHE as shown in
Figs. 4(a) and 4(b), with large AHC reaching up to ~681.8
(600.3) Q7! cm~! for H//ab (H//c). In contrast, it has been
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demonstrated that the extrinsic side-jump contribution to U)?y,s j

is on the order of e?/(ha)esoEr, where Er denotes the Fermi
energy and ego represents the spin-orbit interaction strength
[45], which can be comparable with the value of e?/(ha)
only in the ultraclean limit [46,47]. In metallic ferromagnets,
the product esoEr usually remains below 0.01, the extrinsic
side-jump effect is expected to be much smaller than the ex-
perimentally obtained value, indicating the AHE in NdCrGes
is predominantly governed by the intrinsic KL contribution.
Furthermore, the intrinsic anomalous Hall conductivity is in
proportion to magnetization M [3], which is indeed observed
in Figs. 4(a) and 4(b), exhibiting linear fits with scaling co-
efficient Sy = og,/M = 0.46(3) and 0.38(2) V™! for H//ab
and H//c, the value is larger than those traditional metallic
ferromagnets, such as Ni and Fe (Sy ~0.01-0.2V~ 1) [48,49].
The intercepts in Figs. 4(a) and 4(b) are not zero, which
is further indicative of a complex magnetic structure and is
consistent with previous publications on magnetization [32].
Furthermore, Figs. 4(c) and 4(d) displays the scaling plots of
the modified anomalous Hall resistivity versus modified longi-
tudinal resistivity (oy;/moHesr VS ,osz /oHege for H//ab and
Pyx/ oHegr VS pfo /oHege for H/ /c) at several temperatures.
To enhance clarity, the scaling curves have been vertically
shifted by 4 x 10~ m®> C~!. Without offset all the curves
collapse onto one universal curve (Fig. S2 [39]). In Figs. 4(a)
and 4(b), the temperature is an implicit parameter, while in
Figs. 4(c) and 4(d), H is the implicit parameter for each
curve. This indicates that the quadratic scaling relationship
,ofx = pﬁx is suitable for the NdCrGes sample, regardless of
whether temperature or magnetic field is varied. The linear
behavior that remains consistent across a range of different
temperatures offers additional corroborative evidence, rein-
forcing the conclusion that the AHE in NdCrGe; is best
characterized by the intrinsic KL theory.

IV. CONCLUSIONS

To summarize, a comprehensive investigation has been car-
ried out on the electrical transport properties of the NdCrGes
single crystal. The sign of MR undergoes a transition from
positive to negative in the vicinity of 60 (30) K for H//ab
(H//c) as the temperature increases, resulting from the com-
petition between the increased scattering by Lorentz force and
the suppression of electron-magnon scattering. The measured
Hall effect indicates the dominating carriers change from neg-
ative to positive at around 7¢ ~ 101 K. The large AHC reaches
up to ~681.8 (600.3) Q! cm~! for H//ab (H//c), the value
aligns with the contribution stemming from the intrinsic Berry
curvature. The linear scaling behavior indicates that the intrin-
sic KL mechanism plays a predominant role in the observed
AHE. With the swift advancement of low-dimensional mate-
rials in the field of spintronics, there is significant interest in
conducting further research on the AHE within the nanosheet
structure of NdCrGes.
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