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Fe4GeTe2, an itinerant van der Waals (vdW) ferromagnet having Curie temperature (TC) close to
room temperature (∼ 270 K), attracted a lot of attention due to its unique magnetic properties. In
particular, it exhibits another transition (TSR ∼ 120 K) where the easy axis of magnetization changes
from in-plane to the out-of-plane direction in addition to the ferromagnetic transition. While the
nature of magnetic properties in Fe4GeTe2 has been investigated to some extent, the role of various
scattering mechanisms in electronic transport has not been investigated in detail. Here, we have
studied the magnetotransport in a multilayer Hall bar device fabricated on 300 nm Si/SiO2 substrate.
Interestingly, the zero field resistivity shows a negligible change in resistivity near the ferromagnetic
(FM) transition unlike the typical metallic ferromagnet, whereas, it exhibits a dramatic fall below
TSR. Also, the resistivity shows a weak anomaly at T ∼ 38 K (TQ), below which the resistivity
shows a quadratic temperature dependence according to the Fermi liquid behavior. Temperature-
dependent Hall data exhibits important consequences. The ordinary Hall coefficient changes sign
near TSR indicating the change in majority carriers. In a similar manner, the magnetoresistance
(MR) data also shows nonmonotonic behavior with a significantly large negative MR (∼ 11% at
9 T) near TSR and becomes positive below TQ. As positive MR signifies the dominance of the
orbital effect, negative MR reflects the reduction of electron-magnon scattering by the application
of an external magnetic field. The observations of anomaly in the resistivity, sign-change of the
ordinary Hall coefficient and maximum negative magnetoresistance near TSR, together suggest a
possible Fermi surface reconstruction associated with the spin reorientation transition. Furthermore,
analysis of the Hall data reveals a significant anomalous Hall conductivity from ∼ 123 Ω−1 cm−1 (at
T ≈ 5 K) to the maximum value of ∼ 366 Ω−1 cm−1 near TSR. While the low-temperature part may
originate due to the intrinsic KL mechanism, our analysis indicates that the temperature-dependent
anomalous Hall conductivity (AHC) is primarily appearing due to the side-jump mechanism as a
result of the spin-flip electron-magnon scattering. Our study demonstrates an interplay between
magnetism and band topology and its consequence on electron transport in Fe4GeTe2, important
for its future application in spintronic devices.

I. INTRODUCTION

The discovery of quasi-two-dimensional van der Waals
(vdW) magnets [1–6] has opened up a new platform for
investigating low-dimensional magnetism and its possi-
ble application in two-dimensional (2D) spintronic de-
vices [7–10]. With the recent developments, the family
of iron-based vdW magnets [11–14], like FenGeTe2 (n =
3, 4, 5) (FnGT) [15–27], especially Fe4GeTe2 (F4GT)
[18–20] and Fe5−xGeTe2 (F5GT) [28–30], have attracted
immediate attention due to their ferromagnetic transi-
tion temperature (TC) closed to room temperature. As
the Mermin-Wagner theorem [31] in the 2D limit dictates
that there is no spontaneous magnetic order at finite tem-
perature, the uniaxial magnetocrystalline anisotropy sta-
bilizes the long-range order in these vdW systems against
the thermal fluctuations. The enhanced TC is achieved
by increasing the exchange interaction as a result of the
metal-rich unit cell [18, 32, 33]. However, the magnetism
in these materials is rather complex in nature as com-
pared to a typical ferromagnet, due to the presence of
different inequivalent Fe atoms in the unit cell. For exam-
ple, Fe3GeTe2 (F3GT) possesses antiferromagnetic order
and noncollinear spin structure below 152 K [34], also an
unusual magnetic behavior was observed in F5GT at low

temperature due to structural ordering of one of the Fe-
atoms in the unit cell at ∼ 120 K [28]. More recently, it
has been reported that F4GT exhibits a change in easy
axis of magnetization when cooled below ∼ 110 K termed
as the ’spin reorientation transition’ (SRT) [18, 19], mak-
ing it magnetically quite different from the other two
family members. A similar spin reorientation transition
was observed in materials like Fe3Sn2 [35–38], Nd2Fe14B
[39], TbMn6Sn6 [40–43], LiMn6Sn6 [44], NdCrSb3 [45],
La0.4Sm0.3Sr0.3MnO3 [46] etc. The interplay between ex-
change and anisotropy is possibly the reason for this spin
reorientation [18]. The recent transport measurements
indicate that the SRT may lead to Lifshitz transition in
the electronic structure which may lead to unusual mag-
netotransport and anomalous Hall effect [44, 47]. While
in the case of F4GT, an anomaly in the specific heat was
seen, indicating that it is indeed a thermodynamic phase
transition [20], its consequence on electron transport is
still elusive.

Besides the unusual magnetic properties, electronically
these materials possess interesting features. All the mem-
bers of the FnGT family are predicted to be semimetal
as the DFT-based calculations show multiple band cross-
ing at the Fermi level [48]. More importantly, the pres-
ence of different crystal symmetry and the spin-orbit
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Figure 1. (a) Schematic diagram of the structure of F4GT crystal. ABC stacking of monolayer F4GT is shown in the right-
handed picture. (b) The dc magnetization data as a function of temperature is plotted with applied field 500 Oe and 100 Oe
along B ‖ ab and B ‖ c of the crystallographic axis of F4GT crystal, measured in ZFC condition. The red curve shows the
temperature derivative of the magnetization (dM/dT) data of 500 Oe with B ‖ c, indicates three transitions, Curie temperature
(TC) around 270 K, the spin-reorientation transition (TSR) at around 120 K, and a small kink (TQ) at around 38 K. (c)
Temperature dependence zero field electrical resistivity curve (black color) and its temperature derivative (black dotted) is
plotted with current through in-plane direction (I ‖ ab plane). Theoretic fits to the temperature dependence of zero-field
resistivity data at different temperature ranges is indicated with red, green, and light blue color. Inset: ρ vs T 2 shows a clear
change in the slope above 38 K.

coupling (SOC) may suggest a topologically nontrivial
phase with unusual effects induced by the chiral anomaly
like negative magnetoresistance or nonlinear conductiv-
ity in the diffusive limit [17]. Furthermore, the bro-
ken time-reversal symmetry (TRS) in these topological
phases hints a more exotic ground state leading to ob-
servations like large intrinsic anomalous Hall effect (in
F3GT) [49] or unusual magnetotransport behavior at low
temperatures [50]. With increasing temperature, these
systems often exhibit nonmonotonic transport features
connected to temperature-dependent magnetic behavior
[51]. While the low-temperature transport is relatively
easy to address as the effect of inelastic electron-phonon
or electron-magnon interactions is negligible compared to
the intrinsic effect, the role of these competing interac-
tions on the transport behavior at intermediate or high
temperatures is not fully established [52].

Here, we study in detail the temperature-dependent
electronic and magnetotransport behavior of F4GT. A
single layer of F4GT consists of seven atoms (Fe1 and
Fe2 arranged on both sides of the Ge atomic plane and
they are connected with Te atoms directly on both sides)
as shown in Fig. 1(a). The stacking of these F4GT mono-
layers forms a rhombohedral structure with space group
R3̄m [18]. Electronically this has been predicted to be a
different class with nontrivial topology, unlike F3GT or
F5GT. Single crystal of F4GT was prepared by the chem-
ical vapor transport (CVT) methods exhibiting the fer-
romagnetic TC ∼ 270 K, followed by the SRT at ∼ 120 K
(see Fig. 1(b)). By fabricating multilayer Hall bar de-
vices on predefined Ti/Au contacts using the dry transfer
method (see Supplementary Information S1 for details),
we studied the temperature-dependent resistivity, mag-
netoresistance, and Hall effect from room temperature
(300 K) down to 1.6 K. In particular, we observe the

direct consequences of the SRT, leading to the change
in carrier types (electrons to holes) through a Lifshitz
transition, confirmed by the temperature-dependent or-
dinary Hall coefficient. Similarly, a strong decrease in
resistivity followed by the enhanced negative MR and
the maximum anomalous Hall conductivity were also ob-
served near the SRT. While the analysis of the resistiv-
ity data uncovers the role of different inelastic scattering
mechanisms like electron-electron, electron-magnon, and
electron-phonon interaction in the different temperature
ranges, we find that electron-magnon is also responsible
for the temperature-dependent MR or anomalous Hall ef-
fect. Finally, we report a new electronic transition (TQ)
near ∼ 38 K, below which the resistivity behaves like
a Fermi-metal with quadratic temperature dependence,
along with a weak positive MR.

II. RESULTS AND DISCUSSIONS

A. Resistivity

Figure 1(c) shows the temperature-dependent in-plane
resistivity (ρxx), measured with a constant ac excita-
tion of 50 µA at zero magnetic field. This exhibits a
metallic behavior, with almost negligible change near the
FM transition. However, the resistivity falls dramatically
near SRT. ρxx shows a weak anomaly at TQ (∼ 38 K),
indicates a clear kink in the dρxx/dT curve (black dotted
line in Fig. 1(c)), whose consequence on the transport
will be discussed. The residual resistivity ratio (RRR
= ρxx(300 K)/ρxx(1.6 K)) value of the exfoliated F4GT
device is 3.04, which is consistent with the previous re-
port [18]. The conductivity (σ) of our sample at TC
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Figure 2. (a) Magnetic field dependence of magneto-resistance (MR) measured from temperature 1.6 K upto 300 K. Here, the
external magnetic field is applied parallel to the c-axis and the current is in the ab plane of the F4GT sample. Black lines
are the fitting of Eq. 4 at 80 K and 100 K. Inset: Low-temperature MR is fitted with Eq. 3. (b) Temperature dependence
of MR is plotted with applied field 9 T along the c-axis of the crystal, indicating a maximum negative MR at around TSR.
(c) Angle-dependent transverse magneto-resistance (TMR) at 9 T at different temperatures shows a definite spin reorientation
between 100 K and 160 K and it promotes the anisotropic behavior of the crystal.

(∼ 270 K) is ∼ 8.6 × 105 Ω−1m−1, indicating relatively
higher conductivity compared to the other 2D ferromag-
nets [6, 17, 53] and consistent with the reported value in
this material [18].

According to Matthiessen’s rule, the total resistivity
of a metallic ferromagnet consists of all the resistiv-
ity contributions coming from various scattering mecha-
nisms and they are additive within each conduction band
[54, 55]. The temperature dependence of longitudinal re-
sistivity can be written as:

ρxx(T ) = ρ0 + ρe−p(T ) + ρe−e(T ) + ρe−m(T,B) (1)

where ρ0 is the residual resistivity arising due to
the temperature-independent elastic scattering from the
static defects. ρe−p, ρe−e and ρe−m are the inelastic
electron-phonon, electron-electron and electron-magnon
scattering contributions, respectively. Among these,
ρe−p varies linearly with temperature (∝ T ) and both
ρe−e and ρe−m exhibit quadratic behavior with temper-
ature (∝ T 2). As the electron-magnon term is strongly
dependent on the magnetic field, whereas, other terms
remain insensitive, the field-dependent resistivity can be
used to identify the actual mechanism.

The temperature-dependent resistivity data in Fig.
1(c) shows different natures in different temperature
regimes. At very low-temperature below 30 K, ρ follows
a perfectly quadratic behavior (ρ ∝ T 2), corresponding
to either electron-electron (e-e) scattering or electron-
magnon (e-m) scattering term. To identify the actual
mechanism, we measured the temperature-dependent re-
sistivity at a high magnetic field (9 T) in both the in-
plane and out-of-plane direction of the crystal (See Sup-
plementary Information, section S3). It is observed that
the temperature-dependent resistivity is almost indepen-
dent of the magnetic field, which suggests that the domi-

nant scattering mechanism is indeed the electron-electron
interaction, confirming Fermi-liquid behavior. The mag-
nitude of the coefficient of the quadratic term is the
measure of the electron-electron scattering rate. In our
case, we found the value of this coefficient is 7.73 ×10−9

Ω cm K−2, which is nearly two orders of magnitude
larger than the elemental ferromagnets like Fe, Co, and
Ni, but comparable to the value of the semi-metals like
Bi, graphite, etc. [56–61]. In the intermediate range
(59 K - 135 K), the data can be fitted with the ad-
mixture of both linear and quadratic contributions (i,e.
ρ ∝ (T + T 2)). While the linear dependence corresponds
to the electron-phonon coupling, the T2 dependence sig-
nifies the electron-magnon scattering. This is evident
from the fact that the resistivity has a strong dependence
on the magnetic field in this regime and the coefficient
of the T2 term is reduced significantly at a high mag-
netic field (see Supplementary Information S3). At the
high-temperature range (T> 190 K), well above the spin-
reorientation transition, a complete linear dependence of
resistivity with temperature is observed (ρ ∝ T ), indi-
cating the dominance of the electron-phonon scattering
mechanism.

B. Magnetoresistance

We next concentrate on the temperature-dependent
magneto-resistance (MR) data. Fig. 2(a) shows the MR
( = ((ρxx(B)−ρxx(0))/ρxx(0))×100%) at different tem-
peratures starting from 300 K down to 1.6 K with the
applied magnetic field along the out-of-plane direction
(c-axis) of the F4GT crystal. In order to eliminate the
contribution from the Hall resistance due to a small mis-
alignment of the electrodes, we symmetrize the data us-
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ing the formula ρxx(B) = (ρxx(+B) + ρxx(−B))/2. The
high field (9 T) MR data (Fig. 2(b)) exhibit several in-
teresting features. MR is predominantly negative in the
range between ∼ 40 K to 300 K and maximum near the
SRT (∼ 11%). At temperature, below TQ, the MR be-
comes positive (∼ 1.8% at 1.6 K), unusual for a metallic
ferromagnet. To determine the anisotropy of the crystal,
we have performed the angle-dependent transverse mag-
netoresistance (TMR) measurements at 9 T at different
temperatures, as in Fig. 2(c). While the low-temperature
data below 100 K show cosine-like behavior, above the
SRT (160 K and 300 K) it shows a phase shift by 90 de-
grees, depicting the easy axis change from the c-axis to
the ab-plane with increasing temperature. (See Supple-
mentary Information Fig. S4.2).

Typically the resistivity of a ferromagnetic material
can be represented as a function of the electronic relax-
ation time (τ) and its field dependence as [62, 63],

ρtotal = k1(ωcτ)n + k2(1/τ) (2)

where, ωc is the cyclotron frequency of the free carriers.
Here, the first term is the classical contribution to the re-
sistivity arising due to the constrained orbital motion of
the free carriers under the Lorentz force and responsible
for positive MR. The second term describes the contri-
butions from the various scattering mechanisms as ex-
plained in Eq. (1). The field dependence of the orbital
term can be expressed as,

ρorb ∝ (ωcτ)n = (µB)n (3)

where µ is the mobility of the free carriers. Ideally, for
a nonmagnetic metal, the exponent n = 2 [64], but for
other systems like doped semiconductors [65], ferromag-
netic metallic thin films [54], several spin-glass systems
[66], etc., it deviates from 2 and lies in between 1 and 2
(1 < n < 2). By fitting the positive MR at low temper-
ature, we observe that the exponent, n, becomes close
to 2 (See Fig. 2(a) inset and Supplementary informa-
tion section S4.1 for fitting), confirming that the material
behaves like a nonmagnetic metal below TQ, consistent
with the Fermi liquid behavior.

At higher temperatures above TQ, we have observed a
crossover in MR from positive to negative (See Fig. 2(a))
and becomes maximum near the SRT (∼ −11% at 9 T).
The enhanced MR is possibly associated with the domi-
nance of electron-magnon scattering in this intermediate
range, along with the possible change in electronic and
magnetic properties associated with the spin reorienta-
tion transition. Similar behavior was observed in F5GT,
where a structural ordering was observed through neu-
tron scattering measurement near (∼ 100 K), which in-
fluences the electronic structure and magnetic moment
of the system [28].

The role of electron-magnon scattering on negative MR
was discussed in Ref. [54] and an analytical expression
was given, which is valid for magnetic field below 100 T

and in the temperature range of TC/5 to TC/2,

∆ρxx(T,B) ∝ BT

D(T )2
ln(

µBB

kBT
) (4)

where, D(T) is the magnon stiffness or magnon mass
renormalization, µB is the Bohr magneton and kB is the
Boltzmann constant. The high field MR data (B > 7 T)
above 50 K in the temperature range 80 K and 100 K
(TC/5 < T < TC/2) can be well-fitted with Eq. (4) (Fig.
2(a)), confirming that the non-saturated negative MR is
originated primarily due to the suppression of electron-
magnon scattering under the external magnetic field.

C. Hall Measurements

Now we will focus on the Hall effect in F4GT. Typi-
cally, the transverse Hall resistivity (ρxy) of a ferromag-
netic material can be described by an empirical formula
[67, 68],

ρxy = ρOHExy + ρAHExy = R0B + µ0RSM (5)

Here, the first term is the ordinary Hall resistivity
(ρOHExy ) and the second term represents the anomalous

Hall resistivity (ρAHExy ). From the magnitude of the ordi-
nary Hall coefficient, R0, one can calculate the effective
carrier concentration (n) when a single band picture is
valid and its sign determines the type of majority carriers
present in the material. The anomalous Hall part is pro-
portional to the spontaneous magnetization (M) and the
proportionality constant, RS , is defined as the anoma-
lous Hall coefficient. In most ferromagnets, the magneti-
zation (M) saturates above some critical field below the
Curie temperature and ρxy varies linearly with B. From
the linear fitting of ρxy in the high field regime, one can
obtain R0 from the slope and the anomalous Hall resis-
tivity (ρAHExy ) from the intercept. Also, the anomalous
Hall coefficient, RS can easily be calculated by using the
relation, ρAHExy = µ0RSMS , where MS can be extracted
from the M-B curves Fig. 3(a) above B ≥ 7 T.

However, the above-mentioned technique is not appli-
cable when the magnetization does not saturate at a high
field as can be seen in the temperature-dependent M-H
data for F4GT (see Fig. 3(a) and Supplementary Infor-
mation S2). We observe that the magnetization does not
show complete saturation above TSR till B = 9 T (Fig.
3(a)). To circumvent the problem, we incorporate the
field dependence of magnetization in Eq. 5 and use the
modified equation for fitting as,

ρxy
B

= R0 + µ0RS
M

B
(6)

From that fitting of
ρxy

B vs M
B , we can easily deter-

mine the slopes and y-axis intercepts, which provide us
the temperature-dependent values of RS and R0, respec-
tively. Both methods qualitatively provide equivalent re-
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Figure 3. (a) Magnetic field dependence of magnetization (M) at different temperatures with B normal to the ab-plane of the
crystal. (b) Magnetic field dependence of Hall resistivity (ρxy) measured at temperatures from 5 K to 250 K, with current
in ab-plane and magnetic field along the c-axis of the F4GT crystal. (c) Temperature dependence of ordinary Hall coefficient
(R0) indicates both positive and negative values at different temperatures. (d) The temperature dependence of anomalous Hall
coefficient RS and scaling coefficient SH = RS/ρ

2
xx = −σAHE

xy /M .

sults except some quantitative differences in the high-
temperature range. Details of calculation procedures are
explained in Supplementary Information section S5.

Figure 3(b) demonstrates the in-plane Hall resistivity
(ρxy) measured at different temperatures down to 1.6 K
with an ac excitation current of 5 µA with the magnetic
field along c-direction. In order to eliminate the longitu-
dinal component due to small misalignment of the Hall
electrodes, the transverse Hall resistivity (ρxy) was mea-
sured by taking the data for both positive and negative
magnetic fields and then taking the anti-symmetric com-
ponents of the transverse Hall resistivity by using the
formula: ρxy(B) = (ρxy(+B) − ρxy(−B))/2. The sym-
metrized transverse Hall resistivity is plotted as a func-
tion of magnetic field at different temperatures as in Fig.
3(b). Here, the similarity in the nature of magnetic field
dependence curves of transverse Hall resistivity and mag-
netization in the low-field region indicates the presence
of anomalous Hall effect behavior.

First, we concentrate on the temperature-dependent
behavior of the ordinary Hall coefficient, R0, which shows
a rather complex nature. Fig. 3(c) shows that R0

changes sign from positive (red) to negative (blue) near
the SRT region (≈ 130 K) and again becomes positive
≈ 50 K. This indicates the change in the majority car-
rier from electrons to holes, possibly due to the Fermi

surface reconstruction or Lifshitz-like transition occur-
ring as a result of the SRT [44, 47]. The origin of this
change of holes to electrons near ≈ 50 K is not clear, al-
beit, the dominance of pure electron-electron interaction
along with the occurrence of positive MR below TQ in-
dicate an electronic transition to a typical Fermi metal.
We can compare this observed data of F4GT with the
reported result [49] of F3GT. Similar to F4GT, the Hall
resistivity in F3GT is linear in field above a critical value.
Unlike F4GT, the slope of the Hall resistivity (R0) in
F3GT is positive from 2 K to 300 K, indicating the hole-
dominating majority carrier throughout this temperature
range [49]. Nevertheless, the Hall data demonstrates a
strong correlation between the magnetic structure and
the Fermi surface which leads to the non-monotonic tem-
perature dependence of R0 in F4GT [69].

The temperature-dependent anomalous Hall coefficient
(RS), derived from the slope of Eq. 6 by fitting the Hall
data, is shown in Fig. 3(d). RS shows a non-monotonic
behavior with its maximum at ∼ 130 K and a strong de-
crease below the SRT. However, it was argued that the
RS may not describe the proper scaling with M when
there is a significant variation of resistivity with T or B
and a material-specific scaling factor SH was introduced
where RS = SHρ

2
xx [70]. Fig. 3(d) (red curve) shows

the variation of SH with temperature, which shows weak
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Figure 4. (a) Scaling behaviour of anomalous Hall resistivity (ρAHE
xy ) vs in-plane resistivity (ρxx). The red curve indicates the

fitting of the experimental data, which helps to understand the origin of the anomalous Hall effect. Inset; The data is fitted
with the equation ρAHE

xy = aρxx + bρ2xx (b) Temperature dependence of anomalous Hall conductivity (σAHE
xy ) provides a large

anomalous Hall conductivity of 365.8 Ω−1cm−1 at 80 K. Temperature dependence of anomalous Hall angle θAHE = σAHE
xy /σxx

has an anomaly near the spin reorientation transition (TSR)

variation with the temperature above the SRT transition
and changes significantly below SRT, indicating its com-
plex dependence with resistivity and magnetism below
the SRT.

To investigate the origin of the anomalous Hall effect
(AHE), typically one looks at the scaling behavior of
ρAHExy , ρAHExy ≈ aραxx[71]. Primarily three mechanisms
were identified to describe the AHE for ferromagnets
or materials with strong spin-orbit coupling (SOC): in-
trinsic K-L mechanism, extrinsic side-jump mechanism,
and extrinsic skew-scattering mechanism [71]. Intrinsic
K-L mechanism [72] is associated with the anomalous
drift due to the finite Berry curvature in the momen-
tum space appearing due to the SOC. It is mostly inde-
pendent of scattering and solely dependent on the band
structure of the crystal [71, 73, 74]. Extrinsic side-jump
mechanism [75] is related to the deflection of electrons
due to scattering from the spin-orbit coupled impuri-
ties, and extrinsic skew-scattering mechanism [76, 77] is
caused by the asymmetric scattering of electrons from
the impurities due to the spin-orbit interactions. All of
these three mechanisms are associated with the power
law ρAHExy ≈ aραxx. For intrinsic KL mechanism and
extrinsic side-jump mechanism α = 2 and for extrinsic
skew-scattering mechanism α = 1 [71].

To get a quantitative estimate, we have calculated the
anomalous Hall conductivity (|σAHExy | ≈ ρAHExy /ρ2xx ≈
µ0RSMS/ρ

2
xx) and the anomalous Hall angle (θAHE =

σAHExy /σxx). It must be noted that the anomalous Hall
conductivity is overestimated at the higher temperatures
(T > TSR) as M does not show full saturation even with
9T magnetic field (see Fig. 3(a)). The temperature de-
pendence of |σAHExy | and θAHE exhibit a non-monotonic
behavior, having a maximum near TSR, as shown in Fig.
4(b). While at 5 K, |σAHExy | ≈ 123 Ω−1cm−1, it increases

and attains a maximum value of ∼ 365.8 Ω−1cm−1 at
∼ 80 K, which is sufficiently high among these class of

2D ferromagnetic materials at this higher temperature
regime [17, 78]. The low-temperature value is almost
three times lower than the expected AHE conductivity
in the ’resonant’ condition, ∼ e2/ha ≈ 390 Ω−1cm−1

[74, 79] in three dimensions, where e is the electronic

charge, h is the Planck constant and a = 9.97 Å [18],
being the lattice constant of F4GT. Similarly, at low-
temperature, θAH ∼ 0.005 and it becomes maximum
(∼ 0.0308°) near TSR (See Fig. 4(b)), which is con-
sistent with the previously reported data [18]. These
results suggest that extrinsic mechanisms might play a
significant role in determining the AHE in F4GT. The
extrinsic side-jump contribution to the AHE conductiv-
ity (σAHExy ) is in the order of e2/(ha) ∗ (εSO/EF ) [80],
where εSO is the spin-orbit coupling interaction and EF
is the Fermi energy. For ferromagnetic metals, this ratio
εSO/EF is usually small (∼ 0.01) and so the extrinsic
side-jump contribution [35, 79]. It will be interesting to
calculate this ratio for this class of van der Waals fer-
romagnet to get an estimate of the external side-jump
contribution. Very recently, DFT-based calculations re-
veal that all three members of the FGT family exhibit
finite Berry curvature in their electronic structure and
show significant AHE contributions [48]. More impor-
tantly, F4GT belongs to a different magnetic symmetry
class compared to the other two members, having a non-
trivial Berry curvature leading to the maximum intrinsic
value (≈ 365.8 Ω−1cm−1). As the other inelastic scat-
tering contributions almost vanish, the low-temperature
AHE conductivity seems to originate from the intrinsic
KL mechanism, albeit with a lower magnitude. In the
next, we focus on the observed strong temperature de-
pendence of AHE conductivity.

It is hard to identify the exact mechanism responsi-
ble for AHE due to the observed strong temperature
dependence of the AHE coefficient below the SRT. The
theory of AHE does not include the role of inelastic
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scattering like electron-electron, electron-magnon, or
electron-phonon interaction. As both of our resistivity
and MR data indicate a dominant electron-magnon
scattering in the intermediate temperature range, the
AHE might also have a similar origin. First, ρAHExy vs

ρxx is plotted to check the scaling behavior of ρAHExy in
the temperature range from 5 K to 100 K, as shown
in Fig. 4(a). From the fitting (red curve in Fig. 4(a))
of the equation ρAHExy ≈ aραxx, we have determined the
value of α = 1.71, i, e. almost quadratic dependence
of ρAHExy on ρxx, which indicates that the AHE of
F4GT could be originated dominantly from the intrinsic
KL mechanism or extrinsic side-jump mechanism,
rather than the extrinsic skew-scattering mechanism
where ρAHExy linearly dependent on ρxx. To understand

the dominant contributions, we have plotted ρAHExy

with ρxx (inset of 4(a)) and fitted with the equation
ρAHExy = aρxx + bρ2xx, where a is the strength of the skew
scattering contribution and b denotes the strength of
the side jump/intrinsic contribution. From the fitting,
we found a = -0.0181 and b ∼ 604 S cm−1, which
indicates that the intrinsic Berry phase and/or extrinsic
side-jump contribution highly dominates over the skew
scattering contribution. Here, the negative sign of a
indicates that the skew scattering contribution is acting
in the opposite direction as compared to the other two
mechanisms. Since, the extrinsic side-jump contribution

Figure 5. Temperature dependence of the change in longitu-
dinal resistivity (|∆ρxx|9T ) (black solid circles) and extrinsic
side-jump contribution (RSJ

S ) (red line). Inset: The fitting
between |∆ρxx|9T and RSJ

S shows linear behavior in the tem-
perature range between TQ and TSR.

is independent of the strength and density of the scatters
similar to intrinsic mechanisms and both of them follow
the quadratic dependence to the longitudinal resistivity
(∝ ρ2xx), it is difficult to separate the intrinsic KL and
extrinsic side-jump contributions. However, the intrinsic
part typically does not change with temperature in
most cases unless there is an electronic transition with

temperature leading to non-monotonic Berry phase
contribution [71, 81]. At this moment, as there is no
consensus on the Fermi surface reconstruction and
possible electronic transition near SRT, it is not possible
to comment on the change in the intrinsic contribution
due to SRT. Recently, Yang et. al. [82] theoretically
proposed that the side-jump contribution can be affected
by the electron-magnon scattering, which may lead
to the temperature dependence of anomalous Hall
conductivity (AHC). To investigate further, we decouple
different scattering terms of RS(T) using the procedure
mentioned in Ref. [82] (for detailed calculation, see
Supplementary Information section S6). Fig. 5 shows
the temperature dependence plot of change in resistivity
(∆ρxx) at 9 T magnetic field and RS

SJ . The red line
shows the extracted side jump contribution to the resis-
tivity, which scales perfectly in the temperature range
TQ < T < TSR and deviates in the low-temperature
regime (T < TQ) as well as T > TSR. Additionally,
RS

SJ also shows a linear relation with |∆ρxx|9T (Inset
in Fig. 5). The above analysis directly indicates that
the RS

SJ(T) primarily originates from the spin-flip
electron–magnon scattering.

III. CONCLUSION

In summary, a comprehensive electronic and magneto-
transport study is presented in a quasi-two-dimensional
van der Waals ferromagnet, F4GT. Temperature-
dependent resistivity shows a metal-like behavior with a
strong fall after the spin reorientation transition. While
at the low-temperature limit (below TQ ∼ 38 K), resistiv-
ity is governed by pure electron-electron scattering with a
quadratic temperature dependence, the inelastic scatter-
ing contributions, electron-magnon and electron-phonon
scattering, become significant in the intermediate tem-
perature range (TQ < T < TSR). Beyond TSR, electron-
phonon scattering dominates the resistivity. Similarly,
the magnetoresistance data shows distinctive features
with positive (T < TQ) to negative (TQ < T < 300 K)
MR having a maximum near the SRT, indicating a dom-
inant orbital contribution at low temperatures and dom-
inant electron-magnon scattering exhibiting in the inter-
mediate temperatures. The temperature-dependent Hall
data also displays interesting features, with the ordinary
Hall coefficient showing a sharp transition from positive
to negative near the SRT and again to positive above TQ,
suggesting a significant Fermi surface reconstruction pos-
sibly arising due to the SRT. In addition, we observe a
large anomalous Hall conductivity with its value ranging
from ≈ 123 Ω−1cm−1 at low temperature (∼ 5 K) to a
maximum value of ≈ 365 Ω−1cm−1 near the SRT. While
the low-temperature contributions possibly arise due to
the intrinsic KL mechanism due to the finite Berry cur-
vature in the electronic structure of F4GT, our analysis
reveals the extrinsic side jump mechanism arising due to
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the spin-flip electron-magnon scattering, is responsible
for the strong temperature dependence of AHE in the
intermediate temperature range. The detailed transport
study not only sheds light on the scattering mechanisms
responsible for temperature-dependent behavior resistiv-
ity, MR, and Hall effect but also clearly demonstrates
a new electronic transition to a pure nonmagnetic metal
below ∼ TQ other than the spin re-orientation transition.
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