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Non-trivial spin textures driven by strong exchange interaction, magneto-crystalline anisotropy, and
electron correlation in a low-dimensional magnetic material often lead to unusual electronic
transitions. Through a combination of transport experiments in exfoliated nanoflakes down to 16
layers and first principle calculations, we unravel emergent electronic phases in quasi-2D van der
Waals ferromagnet, Fe,GeTe,, possessing ferromagnetic T ~ 270 K, along with a spin-reorientation
transition (Tsg ~ 120 K) with the change of magnetic easy axis. Two electronic transitions are identified.
The first transition near Tsg exhibits a sharp fall in resistivity, followed by a sign change in the ordinary
Hall coefficient (Ro), together with, maximum negative magnetoresistance (MR) and anomalous Hall
conductivity. Another unusual electronic transition, hitherto unknown, is observed near ~ 40-50 K (T),
where Ry again changes sign and below which, the resistivity shows a quadratic temperature
dependence, and MR becomes positive. An analysis of the experimental data further uncovers therole
of competing inelastic scattering processes in anomalous magnetotransport behavior. The density-
functional theory based first-principle calculations unveil two possible magnetic phases, followed by a
low-energy model Hamiltonian which captures the essence of these phases as well as explains the
observed magnetotransport behavior. Thus, we demonstrate an interplay between magnetism and
band topology and its consequence on electron transport in Fe,GeTe,, important for spintronic
applications.

The discovery of quasi-two-dimensional van der Waals (vdW) magnets'™
has opened up a new platform for investigating low-dimensional magnetism

and its possible application in two-dimensional (2D) spintronic devices'™.

against the thermal fluctuations. The enhanced T is achieved by increasing
the exchange interaction as a result of the metal-rich unit cell****’. However,
the magnetism in these materials is rather complex in nature as compared to

With the recent developments, the family of iron-based vdW magnets, like
Fe,GeTe, (n=3, 4, 5) (FnGT)""”, especially Fe,GeTe, (FAGT)*** and
Fes_,GeTe, (F5GT)” 7, have attracted immediate attention due to their
ferromagnetic transition temperature (Tc) close to room temperature. The
Mermin-Wagner theorem™ in the 2D limit dictates that there is no spon-
taneous magnetic order at finite temperature, but the uniaxial magneto-
crystalline anisotropy stabilizes the long-range order in these vdW systems

a typical ferromagnet, due to the presence of different inequivalent Fe atoms
in the unit cell. For example, Fe;GeTe, (F3GT) possesses antiferromagnetic
order and non-collinear spin structure below 152 K*', and also, 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**. More
recently, it has been reported that bulk FAGT single crystal exhibits a change
in easy axis of magnetization when cooled below ~120 K, termed as the
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‘spin-reorientation transition’ (SRT)***', making it magnetically quite dif-

ferent from the other two family members. A similar SRT was observed in
materials like FesSn,™, Nd,Fe 4B, TbMng¢Sns ™, LiMngSng',
NdCrSbs", Lag4Smg3Sre3MnO;* etc. The interplay between magnetic
exchange and effective magnetic anisotropy is possibly the reason for this
spin-reorientation’****". The recent transport measurements indicate that
the SRT may lead to Lifshitz transition in the electronic structure, and as a
result, the system may exhibit unusual magnetotransport and anomalous
Hall effect (AHE)*"". While in the case of FAGT, an anomaly in the specific
heat was seen, indicating that it is indeed a thermodynamic phase
transition™, its consequence on electron transport is still elusive.

Besides the unusual magnetic properties, electronically these materials
possess interesting features. All the members of the FaGT family are pre-
dicted to be semimetal as the density-functional theory (DFT)-based cal-
culations show multiple band crossing at the Fermi level'®”. More
importantly, the presence of different crystal symmetry and the spin-orbit
coupling (SOC) may suggest a topologically non-trivial phase with unusual
effects induced by the chiral anomaly like negative magnetoresistance (MR)
or nonlinear conductivity in the diffusive limit". Furthermore, the broken
time-reversal symmetry (TRS) in these topological phases hints at a more
exotic ground state leading to observations like large intrinsic AHE (in
F3GT)* or unusual magnetotransport behavior at low temperatures®.
These systems often exhibit non-monotonic transport features correlated
with temperature-dependent magnetization™. 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 interactions on the transport
behavior at intermediate or high temperatures is not fully established’".
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Fig. 1| Crystal structure, temperature-dependent magnetization and resistivity.
a Schematic diagram of the structure of FAGT crystal: side view (left) and the top
view (right). Seven atom thick FAGT monolayers are arranged in the ABC config-
uration, leading to the formation of the rhombohedral structure with the space group
R3m. b The dc magnetization data as a function of temperature are plotted with
applied field 500 Oe and 100 Oe along B || ab and B || ¢ of the crystallographic axis of
F4GT crystal, measured in zero-field-cooled (ZFC) condition. The red curve shows
the temperature derivative of the magnetization (dM/dT) data of 500 Oe with B || ab
plane, indicates three transitions, Curie temperature (T¢) ~270 K, the spin-
reorientation transition (Tsg) at around 120 K, and a small kink (Tq) near ~40 K.

Here, we study the temperature-dependent electronic and magneto-
transport behavior of FAGT single crystal in detail. A single layer of FAGT
consists of seven atoms (Fe; and Fe, arranged on both sides of the Ge atomic
plane, and they are connected with Te atoms directly on both sides), as
shown in Fig. 1a. The stacking of these FAGT monolayers forms a rhom-
bohedral structure with space group R3m™. Electronically this has been
predicted to be a different class with non-trivial topology, unlike F3GT or
F5GT**. Single crystal of FAGT was prepared by the chemical vapor
transport (CVT) methods exhibiting the ferromagnetic T ~ 270 K where
the dM/dT shows the minimum, followed by the SRT at Tsg ~ 120 K below
which the magnetization along out-of-plane direction becomes larger than
that of its in-plane value (see Fig. 1b). By fabricating multilayer Hall bar
devices on predefined Ti/Au contacts using the dry-transfer method (see
Fig. 1c for the schematic of the device and Supplementary Note 1 and 2 for
details about the crystal preparation and device fabrication), we studied the
temperature-dependent resistivity, MR, and Hall effect from room tem-
perature (300 K) down to 1.6 K. In particular, we observe the direct con-
sequences of the SRT on the charge conduction mechanism, leading to the
change in the majority carrier types, confirmed by the temperature-
dependent ordinary Hall coefficient. Remarkably, a sharp decrease in
resistivity followed by the enhanced negative MR and the maximum
anomalous Hall conductivity were observed near the SRT. While the ana-
lysis of resistivity 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 scattering is also responsible for the temperature-dependent
MR and AHE. Finally, we report an electronic transition (Tq) occurring
near ~ 40-50 K, below which, the resistivity shows a quadratic temperature
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¢ Schematic diagram of six terminal Hall-bar electrodes with transferred FAGT
multilayer crystal for low-temperature magnetotransport measurements.

d Temperature dependence of the normalized zero-field electrical resistivity (pxy)
curves for two different nanoflake devices with thicknesses 95 nm (D95, blue) and
16 nm (D16, green). The corresponding temperature derivatives of resistivity for
both devices are shown by the blue and green dotted curves, respectively. Here, the
current is applied to the in-plane direction (I || ab plane). Theoretical fits to the
temperature dependence of zero-field resistivity data of D16 at different temperature
ranges are indicated with red, purple, and cyan colors. Inset: p,, vs T* curve shows a
clear change of slope above ~40 K.
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Fig. 2 | Magnetoresistance at different temperatures. a Magnetic field dependence
of magnetoresistance (MR) measured from temperature 1.6 K up to 300 K. Here, the
external magnetic field is applied parallel to the ¢ axis and the current is in the ab

plane of the FAGT sample (D95). Black lines are the fitting of Eq. (4) at 80 Kand

100 K. Inset: low-temperature (1.6 K) MR is fitted with Eq. (3). Fitting results pro-
vide the value of the parameters, 4 = 0.147 m’ V™' s and n = 1.847. b Temperature
dependence of MR is plotted for two devices with applied field 9 T along the c-axis of

the crystal, indicating a maximum negative MR at around Tsg and a small positive
MR below Tq. Background colors indicate two different regimes, positive and
negative MR. Color contrast signifies the magnitude of MR. ¢ Angle-dependent
transverse magnetoresistance (TMR) at 9 T at different temperatures shows a
definite spin-reorientation between 100 K and 160 K, and it confirms the anisotropic
behavior of the crystal.

dependence, consistent with Fermi-liquid behavior, along with a weak
positive MR. All the above experimental results were verified and compared
to elucidate the electronic properties in the thin limit using two distinct
exfoliated devices with thicknesses of ~95 nm (D95) and ~16 nm (D16).
DFT-based first principle calculations unravel two quasi-degenerate mag-
netic phases, collinear FM (cFM) and non-collinear FM (nFM), which are
associated with the SRT. The electronic structures and fermiologies of the
two magnetic phases also reveal Fermi surface (FS) reconstruction near this
transition. Motivated by the DFT result, a two-channel Heisenberg
Hamiltonian is introduced to explain the SRT in FAGT.

Results and discussion

Resistivity

Figure 1d shows the temperature-dependent normalized in-plane resistivity
(pxx) of two Hall bar devices D95 and D16, fabricated on 285 nm Si/SiO,
substrate (see Methods section and Supplementary Note 2 for details), both
measurements were done with a constant ac excitation of 50 yA at zero
magnetic field. py, exhibits a metallic behavior, with almost negligible
change near the FM transition. However, the resistivity falls dramatically
near SRT. p,, shows a weak anomaly near Tq, (~40 K), indicated by a clear
kink in the dpy,/dT curves (blue and green dotted line in Fig. 1d), whose
consequence on the transport will be discussed. The residual resistivity ratio
(RRR = p,(300 K)/pxx(1.6 K)) values of both the exfoliated devices are 3.87
(D16) and 3.04 (D95), while the corresponding absolute conductivity (o) at
Te (~270K) are ~9.6 x 10° Q' m™" (D16) and ~8.6 x 10° Q' m™" (D95),
being relatively higher compared to several other 2D ferromagnets™'** and
consistent with the reported value for this material”’. Comparatively, a
higher conductivity is observed for the thinner device (D16) at the lowest
temperature (1.6 K), indicating enhancement of metallicity at reduced
thicknesses. This observation also aligns with the findings from earlier
reports™.

According to Matthiessen’s rule, the total resistivity of a metallic fer-
romagnet consists of all the contributions coming from various scattering
mechanisms and they are additive within each conduction band***. The
temperature dependence of longitudinal resistivity can be written as:

Pl T) = po + Pep(T) + pe_e(T) + pe_ (T, B) (1
where p, is the residual resistivity arising due to the temperature-
independent elastic scattering from the static defects. pe.p» pe-e» a0d pen
are the inelastic electron-phonon, electron-electron, and electron-magnon
scattering contributions, respectively. Among these, p.., varies linearly with
temperature (xT), and both p,_. and p,_,, exhibit quadratic behavior with

temperature (xT°). 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.

Itis clear from Fig. 1d that the nature of the temperature dependence of
resistivity is extremely sensitive to temperature regions. At low temperatures
below ~40 K, p,, follows a perfectly quadratic behavior (p,, « T%), corre-
sponding to either electron-electron (e-e) scattering or electron-magnon
(e-m) scattering. To identify the actual mechanism, we measured the
temperature-dependent resistivity at a high magnetic field (9 T) in both the
in-plane and out-of-plane direction of the crystal (See Supplementary Note
4 and Supplementary Fig. 6). It is observed that the resistivity is almost
independent of the magnetic field, which suggests that the dominant scat-
tering mechanism is indeed the electron-electron interaction, confirming
Fermi-liquid behavior. The magnitude of the coefficient of the quadratic
term is the measure of the electron-electron scattering rate. Focusing on
D16, we found the value of this coefficient to be 4.24 x 10~° Q2 cm K2, 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.”. In the intermediate range (65-125K), p,, can be fitted
with the admixture of both linear and quadratic contributions ie.
Pr= P T> T?). While the linear dependence corresponds to the electron-
phonon coupling, the T* dependence signifies the electron-magnon scat-
tering. This is evident from the fact that the resistivity has a strong depen-
dence on the magnetic field in this regime and the coefficient of the T* term is
reduced significantly at a high magnetic field (see Supplementary Note 4).
Also, it is important to note that the electron-magnon scattering strength is
larger by a factor of four for D16 compared to D95 (see Table 2). At high
temperatures (7> 190 K), well above the SRT, a complete linear dependence
of resistivity on temperature is observed (p,, « T), indicating the dominance
of the electron-phonon scattering mechanism. A similar analysis is con-
sistent for the device D95, as discussed in Supplementary Note 8.

Magnetoresistance

We next concentrate on the temperature dependence of MR. Figure 2a
shows the MR [=((px(B) —pxx(0))/pxx(0)) x 100%] at different temperatures
starting from 300 K down to 1.6 K with the applied magnetic field along the
out-of-plane direction (c-axis) of the FAGT crystal (D95) (For D16, see
Supplementary Fig. 7). In order to eliminate the contribution from the Hall
resistance due to a small misalignment of the electrodes, we symmetrize the
data using the expression, p,(B) = (pxx( +B) + pxx(—B))/2. The high-field
(9 T) MR (Fig. 2b) exhibits several interesting features. MR is predominantly
negative in the range between ~40 K to 300 K, and its value is maximum
near the SRT, being ~11% for D95 and ~21.2% for D16 (see Fig. 2b). As the
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thinner device is more suspectable to electron-magnon scattering (see Table
2), the application of magnetic field suppresses the resistance more in the
case of the thinner device, providing greater negative MR. Below T, MR is
small but positive (~1.8% for D95 and 0.6% for D16 at 1.6 K), quite unusual
for a metallic ferromagnet. To test whether the electronic properties are
isotropic or not, the angle-dependent transverse magnetoresistance (TMR)
measurements at 9 T are performed at different temperatures, as shown in
Fig. 2c. While the low-temperature data below 100 K show cosine-like
behavior, it shows a phase shift by 90 degrees above the Ty, depicting the
easy axis change from the c axis to the ab-plane with increasing temperature
(See Supplementary Fig. 10 for plots near SRT).

In general, the resistivity of a ferromagnetic material can be expressed
as a function of the electronic relaxation time (7) and its field dependence

1,62
as®®,

Ptotal = kl(wcT)n + k2(1/T) (2)

where, w. is the cyclotron frequency of the free carriers. Here, the first term is
the orbital contribution to the resistivity 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 contributions from the
various scattering mechanisms as explained in Eq. (1). The field dependence
of the orbital term can be expressed as,

Porb X (wcT)n = (‘“B)n (3)

where y is the mobility of the free carriers. Ideally, for a nonmagnetic metal,
the exponent n=2%, but for other systems like doped semiconductors®,
ferromagnetic metallic thin films*, spin-glass systems®, etc., its value
deviates from 2 and lies in between 1 and 2 (1 < n < 2). By fitting the positive
MR at low temperature, we observe that the exponent 7 is close to 2 (See Fig.
2a inset, Supplementary Note 5 and Supplementary Fig. 9 for fitting), being
closer to the behavior of a typical metal having pure orbital contribution.

At higher temperatures above T, we have observed a crossover in MR
from positive to negative (see Fig. 2a) and its value becomes maximum near
the SRT. The enhanced MR is associated with the dominance of electron-
magnon scattering in this intermediate range, due to the strong coupling
between charge and spin degrees of freedom driven by the SRT.

The role of electron-magnon scattering on negative MR in a ferro-
magnet has been discussed in ref. ¥ and an analytical expression is given,
which is valid for magnetic field below 100 T and in the temperature range of
Te/5 to To/2,

Ap (T, B)

BT M
Dy " (kB T) @)

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

Hall Measurements
Now, we focus on the Hall effect in FAGT. Typically, the Hall resistivity (pyy)

of a ferromagnetic material can be described by an empirical formula®®,

Py =Py

+ Py = RoB+ pyRsM )

Here, the first term is the ordinary Hall resistivity (prYHE) and the
second term represents the anomalous Hall resistivity (p)‘?YHE). From
the magnitude of the ordinary Hall coefficient, Ry, one can calculate the
effective carrier concentration when a single band picture is valid, and its
sign determines the type of majority carriers present in the material. On the

other hand, the anomalous Hall part is proportional to the spontaneous
magnetization (M) and the proportionality constant, R, is defined as the
anomalous Hall coefficient. In most ferromagnets, as the magnetization
saturates well below T above some critical field, py, varies linearly with B.
From the linear fitting of p,, in the high-field regime, one can obtain R, from
the slope and the anomalous Hall resistivity (p2HE) from the intercept.
Also, the anomalous Hall coefficient, R, can be calculated by using the
relation, pAM® =y  Ra M, where M can be extracted from the M-B curves
(see Fig. 3a) above B>7 T.

However, the above-mentioned technique is not applicable when the
magnetization does not saturate at a high field as can be seen from the M-B
plots (see Fig. 3a, Supplementary Note 3 and Supplementary Fig. 5). We
observe that the magnetization does not show complete saturation as T
approaches Tgg even till B = 9 T (see Fig. 3a). To circumvent the problem, we
incorporate the field dependence of magnetization in Eq. (5) and use the
modified equation for fitting as,

P M
ny =Ry + pyRs B ()

From the fitting, we can determine the values of Rg and R,. Both methods
qualitatively provide equivalent results except some quantitative differences
in the high-temperature range. Details of calculation procedures are
explained in Supplementary Note 6.

Figure 3b demonstrates the magnetic field-dependent Hall resistivity
(pxy) for D16 measured at different temperatures down to 10 K (for D95, see
Supplementary Fig. 15). Here, the similarity in the nature of magnetic field
dependence curves of Hall resistivity and magnetization in the low-field
region suggests the presence of AHE.

We first discuss the behavior of temperature dependence of the
ordinary Hall coefficient, Ry, which shows a rather complex nature.
Figure 3¢ shows that R, changes sign from positive (red) to negative (blue) in
the proximity of Tgg, reaching its maximum negative value at ~Tsg and
becomes positive again in the vicinity of ~T. Almost identical behavior was
observed in both of the devices, D95 and D16. This indicates the change in
the majority carrier from holes to electrons, possibly due to the FS recon-
struction or Lifshitz-like transition occurring as a result of the SRT**,
however, the actual origin is not yet known. We compare the observed
behavior of R, for FAGT with the reported result* on F3GT. Unlike F4GT,
the slope of the Hall resistivity (R,) in F3GT is positive from 2 K to 300 K,
indicating the hole-dominating majority carrier throughout this tempera-
ture range™. Nevertheless, the Hall resistivity clearly demonstrates a strong
correlation between spin structure and the FS, which leads to the non-
monotonic temperature dependence of Ry" in FAGT down to 16 layers.

The temperature-dependent anomalous Hall coefficient (Rs) for D16,
derived using Eq. (6), is shown in Fig. 3d. Rg shows a non-monotonic
behavior with its maximum at ~140 K and a strong decrease below the SRT.
However, it was argued that the Rg may not describe the proper scaling with
M when there is a significant variation in resistivity with T or B and a
material-specific scaling factor Sy was introduced where Rg = Syp2 ©.
Figure 3d (red curve) shows the variation of Sy with temperature, which
shows a weak variation with the temperature well above the SRT transition
and changes significantly below SRT, indicating its complex dependence
with resistivity and magnetism below the SRT. A nearly identical behavior is
noticed for device D95 with the distinction lying in its enhanced values at
elevated temperatures (see Supplementary Notes 9 and 10 for the com-
parisons between D16 and D95).

To investigate the origin of the AHE, typically one looks at the scaling
behavior of p ™", pi™* = apl,”". Primarily three mechanisms were identified
to describe the AHE for ferromagnets or materials with strong spin-orbit
coupling (SOC): intrinsic Karplus-Luttinger (K-L) mechanism, extrinsic
side-jump mechanism, and extrinsic skew-scattering mechanism’. Intrin-
sic K-L mechanism’" is associated with the anomalous drift of carriers due to
the finite Berry curvature in the momentum space appearing due to the
SOC. 1t is mostly independent of scattering and solely dependent on the
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Fig. 3 | Temperature-dependent magnetization and Hall effect with analysis.

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
(Pxy) of D16 measured at temperatures from 10 K to 300 K, with current in ab-plane
and magnetic field along the c-axis of the FAGT crystal. ¢ Temperature dependence
of the ordinary Hall coefficient (R,) for the two devices (D16 and D95), indicating
both positive and negative regimes through the background colors. d Temperature
dependence of anomalous Hall coefficient Rs and scaling coefficient S; = Rg/p%, =

—04™® /M are plotted for device D16. e Scaling behavior of anomalous Hall resis-
tivity (pf"”:) vs in-plane resistivity (pyy) for both devices. The red curve indicates the
fitting of the experimental data with the equation p2HE = gp? , which helps to
understand the origin of the anomalous Hall effect. Inset: the data (D16) are fitted
with the equation p2™ = ap_ + bp?,. f Temperature dependence of anomalous
Hall conductivity (UAHE) provides a larger value of 243 Q™' cm ™ at 80 K for device
D16. Temperature dependence of anomalous Hall angle 6*"* = 04"/, has an
anomaly near the spin-reorientation transition (Tsg).

band structure of the crystal™’>”. Extrinsic side-jump mechanism™ is
related to the deflection of electrons due to scattering from the spin-orbit
coupled impurities, and extrinsic skew-scattering mechanism”’® 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, pAHE = ap¥, . For intrinsic K-L mechanism and extrinsic side-
jump mechanlsm a=2 and for extrinsic skew-scattering mechanism
o= 1 70'

To get a quantitative estimate, we have calculated the anomalous Hall
conductivity (JoAHE| = AHE /P2, = thoRsMg/p2,) and the anomalous Hall
angle (O,pp = 0y HE /& ) which is a measure of the strength of the trans-
verse current generated with respect to the applied normal current™. It must
be noted that the anomalous Hall conductivity is overestimated at the higher
temperatures (T > Tsg) as M does not show full saturation even with 9 T
magnetic field (see Fig. 3a). The temperature dependence of |¢2HE| and
Oane exhibit a non-monotonic behavior, as shown in Fig. 3f (for D16).
While at low temperature (10 K), |UQYHE| ~155Q " 'em™}, it increases
and attains a maximum value of ~243 Q 'cm ™' at ~80 K, then decreases
with increasing temperature. In case of D95, a similar non-monotonic
temperature-dependent behavior is observed, with |afyHE| =~121Q7 'em™!
at 10 K and a relatively higher maximum value of ~376 Q™' cm ™ at ~80 K
(see Supplementary Note 9 for detail comparison). For thinner nanoflake
device, D16, O,y and Sy reach the values of ~0.015 and ~0.15V !
respectively, near Tgg (see Fig. 3d, f). The corresponding values for D95 are
~0.032 and ~0.24 V™', respectively (see Supplementary Fig. 16). These
results are quite high among these classes of 2D ferromagnetic materials at
such higher temperatures, especially in devices with lower thicknesses'*””.

The low-temperature value is almost three times smaller
than the expected AHE conductivity in the ‘resonant’ condition,
~e*ha =390 Q" 'cm™""*” in three dimensions, where e is the elec-
tronic charge, h is the Planck constant and a = 9.97 A », being the
lattice constant of FAGT. Also, the recent DFT-based calculations

show that F4GT belongs to a different magnetic symmetry class
compared to the other two members, having a non-trivial Berry cur-
vature leading to the low-temperature AHE conductivity via intrinsic
K-L mechanism*. However, the strong temperature dependence of
the AHE suggests that extrinsic mechanisms might play a role in
determining the AHE in F4GT. The extrinsic side-jump contribution
to the AHE conductivity (UQYHE) is of the order of e*/(ha)(eso/Eg) 7%,
where &gp is the spin-orbit coupling interaction and Eg is the Fermi
energy. While for ferromagnetic metals, the ratio, e5o/Eg is usually
small (~0.01) and so the extrinsic side-jump contribution'**, it may
enhance due to the complex nature of magnetic interaction in this
class of van der Waals ferromagnets.

It is hard to identify the exact mechanism responsible 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 scattering
like electron-electron, electron-magnon, or electron-phonon interaction. As
both 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, pAME vs p,, is plotted to check the scaling behavior of
prHE of both devices (D16 and D95) in the temperature range from 5K to
100 K, as shown in Fig. 3e. From the fitting (red curve in Fig. 3e) of the
equation pQYHE = ap¥,, we have determined the values of & = 1.68 (for D16)
and 1.71 (for D95), i.e., almost quadratic dependence of p)‘:‘YHE on pyy, which
indicates that the AHE of FAGT could be originated dominantly from the
intrinsic K-L mechanism or extrinsic side-jump mechanism, rather than the
extrinsic skew-scattering mechanism where pAHE linearly dependent on py.
To understand the dominant contributions, we have plotted p2HE with p,,
(inset of 3e for D95, see Supplementary Fig. 8 for D16) and fitted with the
equation pAHE = ap, + bpZ,, where a is the strength of skew-scattering
contrlbutlon and b denotes the strength of the side jump/intrinsic con-
tribution. From the fitting, we estimate a = —0.0181 and b ~ 604 S cm),
which indicates that the intrinsic Berry phase and/or extrinsic side-jump
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Fig. 4 | Results from theoretical calculations. a A 2 x 2 supercell is constructed
using the Rhombohedral primitive cell (depicted by the solid line) of the FAGT
compound. Four Fe atoms are labeled as Fel, Fe2, Fe3, and Fe4 in different colors.
b The cFM phase with all Fe atoms having magnetic moments along the ab-plane, as
indicated by black (Fel-Fe2) and cyan (Fe3-Fe4) arrows. Only two layers, each
composed of Fe, Ge, and Te, from the 4 x 4 supercell are displayed here for sim-
plicity. ¢ In the nFM phase, the magnetic moments of all Fe atoms are shown

reoriented and shown by corresponding arrows. d, e The projected band structure is
shown in the cFM and nFM phases. We also plot the total d orbital weights of all four
Fe atoms, with the thickness of the line indicating the orbital weight while different
color reflects different Fe atoms. f, g Corresponding Fermi surfaces in the two phases
are drawn here. Here color has no physical meaning except to distinguish
different bands.

contribution highly dominate 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 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
(o p2,), it is difficult to separate the intrinsic K-L and extrinsic side-jump
contributions. Usually, the intrinsic part does not change with temperature
in most cases unless there is an electronic transition with temperature
leading to non-monotonic Berry phase contribution’*". Recently, Yang
etal.” 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 Rg(T) using the procedure men-
tioned in refs. ***"**" (for detailed calculations, see Supplementary Note 7).
Supplementary Fig. 13 shows the temperature dependence plot of change in
resistivity (Apy) at 9T magnetic field and the extrinsic side-jump con-
tribution, RY'. The red line shows the extracted side jump contribution to the
resistivity, which scales perfectly in the temperature range Tq < T < Tsg, but
deviates in the low-temperature regime (T'< Tq) as well as for T> Tgp.
Additionally, RS also shows a linear relation with |Apy|or (see the inset in
Supplementary Fig. 13). The analysis directly indicates that the RY(T) pri-
marily originates from the spin-flip electron-magnon scattering. The above
analysis is also consistent with the observed reduction in the AHE con-
ductivity near Tgg for the thinner layer device (see Supplementary Fig. 16).
As the observed electron-magnon scattering coefficient deduced from the
resistivity data is higher for thinner flake, it leads to the enhanced side jump
contributions*** which further reduces the AHE conductivity near Ty for
thinner layer device, consistent with the above analysis.

First principle study of Fe,GeTe,
It is one of the outstanding puzzles in this material class that despite strong
ferromagnetic transitions (nearly reaching room temperature), the mate-
rials’ charge degrees of freedom are not frozen and the material behaves as a
ferromagnetic metal. Moreover, the above experimental results clearly
indicate that within the ferromagnetic phase, there are multiple phase
transitions-with lowering the temperature, there exists a spin reorientation
(SR) transition (at Tsg), while another electronic phase transition occurs at a
much lower temperature Tq, giving a Fermi-liquid-like behavior. A ferro-
magnetic metal suggests a Hubbard model as a starting Hamiltonian, while
the SR phase suggests an anisotropic Heisenberg coupling term, and the
electronic phase transition within a magnet entails a Kondo coupling. After
delineating the electronic properties within the DFT calculation, we propose
a low-energy model Hamiltonian to capture the essence of these phases.
We first present the results from the DFT calculation in two nearly
degenerate magnetic configurations, as shown in Fig. 4. The details of the
DFT calculation are given in the Methods section and Supplementary Note
11. The Fe,GeTe, compound has two well-separated quarter-layers of Fe, in
which two pairs of equivalent Fe atoms reside as Fel, Fe2 and Fe3, Fe4. Due
to van der Waals interaction between these quarter-layers, and hence having
negligible exchange interaction between their spins, we can essentially focus
on a given quarter-layer. The energy optimization within the non-collinear
DFT+U calculation yields two FM configurations which are nearly 10 meV
(see Table 1). The lowest energy configuration is a collinear ferromagnet,
with an easy axis pointing along the ab-plane for all Fe atoms. In the other
phase, there is a relative tilt (~60°) between the spin easy axes of the two Fe
atoms, with the overall spin orientation also nearly 40° from the c-axis.
Experimentally, the spin orientation is nearly 90° and this difference
between theory and experiment could be related to the global spin-
rotational symmetry. In both phases, the magnetic moment of Fel (and Fe2)
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Table 1 | DFT deduced values of the magnetic moment in both
spin orientations are presented in yg unit

Table 2 | Parameters obtained from the transport
measurements

lons cFM phase nFM phase
E=-32.094eV E = —32.083eV
my m, m, my m, m;
Fe1, Fe2 0 0 2.8 1.6 1.6 1.7
Fe3, Fe4 0 0 3.2 1.0 1.0 2.7

is lower than that of Fe3 (Fe4). We refer to the first phase as collinear FM
(cFM) and the second one by non-collinear FM (nFM). The quasi-
degeneracy in the two reoriented spin configurations is responsible for the
SR transition in this compound.

The band structure and the ES topology for the two phases are shown in
Fig. 4d-g. We observe significant band structure differences near the Fermi
level, with spectral weight redistribution as well as the appearance of new FS
pockets in the nFM phase. Remarkably, all FSs are significantly 2D in nature,
consistent with the vdW type interaction along the c-direction. In the cFM
phase (see Fig. 4f), we have five FS pockets, four of which are hole-like while
the fifth one is electron-like. On the other hand, in the nFM phase (see Fig.
4g), we find that two new FS pockets develop, with one of them being hole-
like but much smaller in area, while the other one is electron-like and much
larger in area. In addition, the area of all other FS pockets also increases. This
result suggests that owing to the smaller magnetic moment of the Fel (and
Fe2) compounds, the itinerant characteristics of the Fe-orbitals are
enhanced here. This is evident by the fact that the two-electron pockets are
dominated by the Fe3 and Fe4 atoms, as shown in Fig. 4e. The appearance of
the new electron pockets is consistent with the sign change in the Hall
resistivity from positive to negative in the intermediate temperature region.
In addition, in the nFM phase, the wider bandwidth of the bands leads to
higher velocities for electrons near the Fermi level due to a larger range of
available states for them to occupy. This wider range of available energy
states reduces the likelihood of electron scattering events, resulting in a sharp
drop in resistivity at Tsg in the nFM phase.

The DFT results indicate that the low-energy electronic states are
dominated by Fe-d orbitals (hybridized with p-states of the Te atoms.
Therefore, the effective low-energy model requires a multi-band tight-
binding model. But with an eye to the active spin degrees of freedom, one
starts with a multi-band Hubbard model for two Fe-d orbitals with Hund’s
coupling, projects to the highest spin states in the ferromagnetic phase and
obtain a Heisenberg model (where we suppress the charge degrees of free-
dom for simplicity). The model Hamiltonian is

H = _]1257"31‘—]3251"5]‘

<ij> <ij>
—K, X (s ) — K3 YO (8, - Ny @)
—J Z S, -s;.

Here s, and S correspond to the spin vectors at the Fel and Fe3 atomic
sites, with corresponding exchange and anisotropy interactions J;, /3, and K;
and K;, while J' is the inter-atomic exchange interaction. For J' = 0, the
model enjoys spin-rotational symmetry for each Fe atom with respect to
their easy axes i and N, and a Ferromagnetic phase appears for J;>0 and
K;=0. For J'#0, the individual spin-rotational symmetry is lost, and a
rotational symmetry with respect to the total spin S+ s with a common
quantization axis is present.

Given that both phases are ferromagnetic along each Fe-layer, there-
fore the in-plane exchange terms J; > 0 and /5 > 0, do play no role in the cFM
to nFM phase transition. We rotate the spin-quantization axis by the polar
angles n, = cos(0;) and N, = cos(6;) (with respect to the c-axis). Clearly, a
trivial classical ferromagnetic solution exists at 6;=0 for all values of J',
which is the cFM phase.

Properties D16 (16 nm) D95 (95nm) Bulk

RRR 3.87 3.04 1.312°
1.75%

Conductivity (o) at T 9.6 x10° 8.6 x10° 5x10°%°

@'m™) 4.1 x10°°%

Conductivity (o) at 1.6 K 36.8 x 10° 26.1x10° 6.4x10°%

Q'm™) 7.1x10°%

Coeff. of T2 below Tq 424 x107° 7.73x107° not reported

(QecmK?)

Coeff. of T? within 65 - 125 K 8.12x10°° 2.41x10°° not reported

(QecmK™)

Negative MR (max) near Tgg 21.2% 11 % not reported

@9

Positive MR (max) below Tq 0.6 % 1.8% not reported

(@t9T)

|02 E| at 10K 155 121 495

@Q'em™)

|lojE| (max) near Tsp (Q 'cm ™) 243 376 400%

Sh (max) near Tsg 0.15 0.24 0.0235%

&) 0.22%

0 (Max) near T 0.015 0.032 0.028%°
0.106%

Scaling parameter o 1.68 1.71 1.89%

Coercive field near Tgg 1050 270 negligible®

(Ce)

Comparison of several parameters deduced from the transport data of D16 and D95 with that
reported for bulk F4GT?*%,

Is there any other ferromagnetic order (|65-6,| <) possible in the
realistic parameter region in this model? The 0H/06;= 0 condition of the
Hamiltonian in Eq. (7) yields K s sin 26, = —K;S sin 26, where Sand s
are the spin magnitudes of Fe3 and Fel. In the FM region (|65-0,| < ), the
condition is satisfied for K;/Ks < 0 for any J'#0. Furthermore, 9*H /967 >0
condition for the energy minimum imposes K; <0 and K3>0 for J'>0
and 0;<n/4, which is satisfied in the parameter range of
2|K,|s cos 26, <|J'|Scos(8; — 0,) <2|K;| cos 20,. This gives the nFM
phase. The self-consistent DFT result gives 6; =10° and 6;=71" and
s=1.7up and S = 2.7up in this phase.

Due to the presence of an inter-atomic spin-spin exchange term J',
there arises a temperature scale below which the spins in the lower-moment
Fe-d states are screened and give rise to a metallic phase. This characteristic
temperature is the T ~ kp/J’ in this material.

Conclusions
In summary, a comprehensive magnetotransport study is presented in a
quasi-two-dimensional van der Waals ferromagnet, FAGT, followed by the
understanding of different magnetic and electronic phases through first-
principle calculations. By combining various transport properties like
resistivity, ordinary Hall effect, AHE, and MR from two exfoliated nanoflake
devices, we have identified two electronic transitions specified by Tsg and
Tq. While Tsg was reported before, the second transition, Tq, was not
identified earlier. We do observe these two transitions in both devices,
however, the values of the transport parameters are sensitive to the sample
thickness. A comparison (Table 2) of various transport parameters can be
drawn from our devices with that of the reported data on bulk single crystals.
While at low temperatures, below T, resistivity is governed mainly by
electron-electron scattering, the other inelastic scattering contributions,
electron-magnon and electron-phonon, become significant in the inter-
mediate temperature range (Tq < T < Tsr). Beyond Ts, electron-phonon
scattering dominates the resistivity. Notably, both the RRR and the absolute
value of the conductivity increase with the reduction of thickness. Our
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analysis clearly indicates that the electron-magnon interaction is stronger in
the thinner device, consistent with the larger negative MR near Tsg. For both
devices, MR becomes positive below Tq and the ordinary Hall coefficient
exhibits a clear sign change in the vicinity of Tsg and Tq. Finally, we observe
significant AHE contribution in both devices, however, the AHE con-
ductivity near Tsg reduces with decreasing thickness. While the low-
temperature AHE possibly arises due to the intrinsic K-L mechanism, our
analysis reveals the extrinsic side-jump mechanism arising from spin-flip
electron-magnon scattering, is responsible for the strong temperature
dependence of AHE in the intermediate temperature range. Theoretical
calculations reveal that the difference in the environment of Fel and Fe3
atoms and the inter-atomic exchange coupling (J’) are responsible for
complex phases, which in turn leads to a FS reconstruction. Our study
deciphers an intriguing connection between charge and spin degrees of
freedom, important for fundamental understanding as well as for possible
futuristic applications.

Methods

Fe,GeTe; single-crystal growth

The high-quality single-crystal Fe,GeTe, was grown by the standard CVT
method along with I, as a transport agent. Here, we have used the mixture of
highly pure (99.99%) Fe, Ge, and Te materials powder with a molar ratio of
5:1:2 in a high vacuum quartz tube, and this was heated for seven days at
725°C. The resultant material was further inserted inside an evacuated
quartz tube and placed in a gradient temperature-based horizontal furnace
with temperatures 800 °C and 750 °C maintained on each end for seven days
along with the transport agent I, (2 mgcc™). Tiny pieces of thin single
crystals were collected from the cold end of the quartz tube, each one having
the typical dimensions of 1.3 x 1.3 x 0.05 mm”. The details of the sample
preparation are given in our earlier report”.

Crystal characterizations

Basic characterizations like X-ray diffraction are performed on a freshly
cleaved thin and shiny single-crystal of Fe,GeTe,”". The presence of very
sharp (0 01) peaks in the diffraction pattern confirms that the flat plane of
the crystal is perpendicular to the crystallographic c-axis with interlayer
separation of 28.74 A. Also, high-resolution transmission electron micro-
scopy and energy-dispersive X-ray spectrum were performed” revealing
good single-crystal quality.

Magnetization measurements

The magnetization measurements of the bulk Fe,GeTe, crystal were per-
formed at ambient pressure in a superconducting quantum interference
device vibrating sample magnetometer (SQUID-VSM) (MPMS 3, Quan-
tum Design, USA) with the magnetic field applied along both out-of-plane
and in-plane directions. Before starting the measurement, the remanence of
the sample and the superconducting coil was removed by applying a
magnetic field to 5 T and then by making it zero with oscillating mode. For
each magnetization isotherm in M-B curves, the temperature was stabilized
for around 25 min, and data were collected at different stable magnetic
fields. The temperature-dependent dc magnetization was measured in the
zero-field-cooled (ZFC) condition for the applied magnetic field of B=0.5
kOe and 0.1 kOe with Bl|ab and BJ|c crystallographic axis of Fe,GeTe,
crystal. For M-T curves, The data were taken with an interval of 0.25 K with a

rate of temperature change of 0.5 K min™".

Device fabrication and magnetotransport measurements

As these ferromagnetic materials are sensitive in ambient conditions, we
fabricated the Hall bar devices through the dry-transfer method on a pre-
patterned Ti (10 nm)/Au (45 nm) contacts on a 285 nm SiO,/Si(p++)
substrate. First, we fabricate gold pads using optical lithography (LW405 by
MICROTECH) and a lift-off process followed by oxygen plasma treatment
(ICP-RIE unit by SENTECH 500) to clean the organic residues. Then we
exfoliate thin layers of Fe,GeTe, crystal by standard mechanical exfoliation
on a thin polydimethylsiloxane (PDMS) layer and transferred onto the gold

pads at an elevated temperature (90 °C-110 °C) using a home-made dry-
transfer set up. The device was then immediately coated with PMMA
(microresist technology) e-beam resist to avoid any oxidation of the flake.
The whole transfer process was completed within 30 minutes. The device
was then bonded with silver paint (SPI supplies) and contacts were checked
using SR830 lock-in and Keithley 2450 source meter. All the contacts were
found to be ohmic. The in-plane resistivity, Hall coefficient, and other
transport measurements are performed using standard lock-in techniques
at frequency 234.1Hz in a low-temperature magnetotransport setup
(Teslatron, Oxford Instruments) in the temperature range: 1.6-300 K. The
four-terminal resistivity (p,) is calculated from the measured resistance (R)
using the formula, p,, = R x (W x t/L), where W is the width of the flake, ¢ is
the thickness of the flake and L is the distance between two longitudinal
electrodes. To eliminate the longitudinal component due to small mis-
alignment of the Hall electrodes, the Hall resistivity (py,) was measured by
taking the data for both positive and negative magnetic fields and then
taking the anti-symmetric components of the Hall resistivity by using the
formula: py,(B) = (pyy(+B)—pyy(—B))/2.

Theoretical calculation and computational details

The DFT simulation was performed by using the Vienna Ab initio Simu-
lation Package (VASP)***. For the exchange-correlation between electrons,
the generalized gradient approximation (GGA) was employed and it was
parametrized by Perdew-Burke-Ernzerhof™. The projector-augmented
wave (PAW) approach was employed to characterize the interaction
between the core and valence electrons’”*. The plane-wave energy cutoff is
set at 400eV. The Brillouin zone (BZ) is sampled using the
Monkhorst-Pack technique® with a grid spacing of 0.01 for all calculations,
which vyields equivalent 29 x 29 x 29 and 30 x 30 x 3 k-point meshes for
rhombohedral and hexagonal unit cells, respectively. The structural
relaxation was carried out until the forces acting on each atom were less than
0.0001 eV/A. The convergence threshold for energy in the electronic
self-consistent cycle was set to 10~ eV. The simplified method suggested by
Dudarev et al.” was used to make the GGA + U calculations, which simply
considers the difference of U and J (U= U—]). The value of U.g for Fe 3d
was setat 4.0 eV’', while it is zero for the other atoms. We also performed the
spin-orbit coupling (SOC) calculations.

The Fe,GeTe, crystal structure belongs to the space group R3m (No.
166). The position of the atoms was relaxed while maintaining the lattice
constants at the experimental values®' of a = b = 4.044 A, and c = 29.247 A
for the hexagonal unit cell. The band structure and FS calculations were
performed using the rhombohedral primitive cell (see Fig. 4a—c), which was
generated using the VASPKIT code™. Fe atoms in the primitive cell are
shown in different colors. All the crystal structures shown here were created
using VESTA software™.

Note added: After our submission™, a recent work™ focusing only on
the AHE in a bulk Fe,GeTe, single crystal is reported.
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The authors declare that the data, supporting the findings, are available
within the paper and its Supplementary Information. The corresponding
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