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The exploration of nontrivial transport phenomena associated with the interplay between magnetic order and
spin-orbit coupling (SOC), particularly in van der Waals (vdW) systems, has gained a resurgence of interest
due to their easy exfoliation, ideal for two-dimensional (2D) spintronics. We report the near room temperature
quasi-2D ferromagnet, Fe,GeTe, from the iron-based vdW family (Fe,GeTe,, n = 3,4,5), exhibiting a large
anomalous Hall conductivity (AHC), a’f;, ~ 490 Q 'em™! at 2 K. The near quadratic behavior of anomalous
Hall resistivity (p;‘),) with the longitudinal resistivity (po,,) suggests that a dominant AHC contribution is coming
from an intrinsic Berry curvature (BC) mechanism. Concomitantly, the electronic structure calculations reveal
a large BC arising from SOC induced gapped nodal lines around the Fermi level, governing such large AHC
property. Moreover, we also report an exceptionally large anomalous Hall angle (~10.6%) and Hall factor
(~0.22 V=) values which, so far, are the largest in compared to those for other members in this vdW family.

DOLI: 10.1103/PhysRevB.108.115122

I. INTRODUCTION

Topological semimetals (TSMs) are characterized by gap-
less low-energy electronic states that can be protected by
symmetries and simultaneously, offer an excellent platform
for exploring unconventional transport phenomena [1-5]. By
examining the electronic structures, the TSMs can be further
classified into Dirac semimetals (DSMs), Weyl semimetals
(WSMs), and nodal-line semimetals (NLSMs) depending on
the degeneracy and dimensions of the band crossings in the
Brillouin zone (BZ). The DSMs [6-11] with fourfold de-
generate band crossing point may transform into twofold
degenerate WSMs [12-15] carrying chiral charges which
are attributed to certain symmetry breaking. In the case of
NLSMs, the band crossings either form a closed loop or a line
instead of discrete points in the BZ [16-22].

Recently, various magnetic systems carrying topologically
nontrivial quantum states protected by symmetries governed
by their magnetic order, have attracted tremendous attention,
owing to the unusual transport properties like anomalous
Hall effect (AHE) [15,20-24], anomalous Nernst effect, etc.
[25,26]. In particular, the AHE becomes one of the most
intriguing transport phenomena in magnetic TSMs in which
transverse charge current is generated without any external
magnetic fields. Especially, the intrinsic contribution to AHE
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comes from the topologically nontrivial states via a geometri-
cal quantity in the band structures—the Berry curvature (BC)
[27]. A gapless nodal line often does not exhibit a net BC
and hence, the anomalous Hall conductivity (AHC) calculated
for such nodal-line features near about the Fermi energy (Ep)
turns out to be zero. These topological features are generally
protected by mirror symmetry [28,29], which may break in the
presence of spin-orbit coupling (SOC) in magnetic systems
[30,31], then the nodal line gets either gapped out fully or
evolves into a pair of Weyl points [32]. In both cases, the
AHC can be observed and tuned by changing the electronic
structures through suitable manipulation of the magnetic state
[15,32-34].

The class of quasi-two-dimensional (2D) van der Waals
ferromagnet (vdW-FM) provides an excellent platform for
investigating many of these novel topological transport phe-
nomena in the 2D limit by probing AHE. However, in most
cases, the 2D vdW-FMs such as Cr(Si, Ge)Te; [35], Crls
[36], etc., show magnetic transition temperatures (T.) well
below the room temperature, making them unsuitable for 2D
spintronic applications. Very recently, there has been renewed
interest in Fe-based 2D vdW-FMs where the T, can be in-
creased with the Fe concentration, by means of increasing
n from three to five in the Fe,GeTe, (FnGT) vdW family
[37-42]. With increasing n, the Fe-rich slab making the bulk
system exhibits increased strength in exchange interactions
between Fe moments, and hence, the T, of the corresponding
member increases [41]. Additionally, their physical proper-
ties significantly differed based on the value of n due to
the changes in their electronic structures [20,37,43—47]. As
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an example, the n = 3 member having the closest stoichio-
metric Fe concentration (Fe;91GeTe,, T, >~ 220K) shows
moderately large anomalous Hall angle (® ) and Hall factor
(Su), which are ~9% and 0.17 V~!, respectively [20]. Note,
in this vdW-FM family, the only nonzero AHC component
is afy [45]. The experimentally reported U;‘V for Fe;GeTe,

(F3GT) is ~540 Q~'cm ™!, much larger than the theoretically
measured value, 2180 Q~'cm~! [20]. The above room tem-
perature candidate, FesGeTe, (F5GT), however, shows the
maximum AHC value about 120 Q~'cm~! near temperatures
of about 100 K [40]. In particular, the theoretically designed
FAGT sample by Seo et al. [41] has gained tremendous atten-
tion when experimentally it was found as a good candidate
showing large magnetization and high conductivity near room
temperatures (T, ~ 270 K) and these properties were well
retained even when it is cleaved.

In this study, we investigate the topological aspects of AHE
for the Fe,GeTe, (FAGT) sample which is found to show a
large AHC value, ~490 Q~'ecm™! at 2 K, comparable with
the F3GT sample. Although, a few theoretical works have
been primarily focused on comparing anomalous transport
properties among FnGT members [45,48], a well-connected
experimental and theoretical study to understand transport
properties in FAGT is still lacking. Experimentally, based on
the Kaplus-Luttinger (KL) mechanism, we have identified
that in FAGT the most contribution to AHC is coming from
intrinsic BCs, and the estimated value is ~462 Q~'cm~!. This
has been further confirmed by electronic structure calculations
where the theoretically estimated value is about 485 Q~'cm™!
at Eg. We find that such a large AHC results from BC induced
by the gapped nodal line near about Er in the presence of
SOC. Furthermore, in our sample, exceptionally large ®ay
(*10.6%) and Sy (~0.22 V™) values are simultaneously ob-
served.

II. METHODS

High-quality single crystals of F4AGT were grown by the
chemical vapor transport (CVT) method using I, as a transport
agent (see Sec. S1(A) of the Supplemental Material [49]). The
crystal structures of FAGT (both primitive and conventional
unit cell) are depicted in Fig. 1(a), and the x-ray diffraction
(XRD) pattern of the FAGT single crystal at room tempera-
ture is given in Fig. S2 in the Supplemental Material (SM)
[49]. The crystal morphology and chemical compositions of
the samples were analyzed using a high-vacuum scanning
electron microscope (SEM), specifically the JEOL LSM-6500
model. Results are discussed in Sec. S1(C) of the Supplemen-
tal Material [49].

The magnetization measurements of the sample were
performed using a magnetic property measurement system
(MPMS-SQUID, Quantum Design, USA). The magnetization
data up to an applied field of 5 T and temperature down
to 2 K were recorded. The sample used for the magnetic
measurements was of approximate dimensions 1.4 x 1.4 x
0.06 mm?>. The electrical and magnetic transport measure-
ments were carried out by using a 9 T Physical Property
Measurement System (PPMS, Quantum Design, USA) using
the electrical transport option (ETO). Measurements of both
longitudinal (py,) and Hall (p,,) resistivities were done in a
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FIG. 1. (a) The crystal structures of FAGT are represented in the
conventional (hexagonal) and primitive (thombohedral) unit cells.
(b) Temperature dependence of dc magnetization measured in the
zero-field-cooled condition for applied magnetic field H = 1kOe
with H || aband H || c, respectively. Inset shows the derivative of
M, ie., (M;;H )y vs T plot. (c) The M variation as a function of an
applied magnetic field along ¢ axis at different 7's. (d) Temperature
dependence zero field electrical resistivity curve with current through
in-plane direction (I || ab plane). The solid red line shows the fit of
0 ¢ T2, Inset shows the temperature derivative of p,..

standard four-probe method using conducting silver paint and
gold wires. The current (/ = 100 uA) is applied along the ab
plane and the applied magnetic field along the ¢ axis of the
sample. In order to effectively eliminate the p,, contribution
coming from the voltage probe misalignment, the final p,y is
obtained by the difference of transverse resistivity measured
at the positive and negative magnetic fields.

III. RESULTS AND DISCUSSION

A. Magnetization and resistivity

Figure 1(b) shows the temperature-dependent dc magne-
tization (M) under 1 kOe applied magnetic field in parallel
to the ab and c directions of the FAGT single crystal. A
sharp increase in M is observed with decreasing tempera-
ture, which clearly signifies a paramagnetic (PM) to an FM
phase transition. The observed magnetic behavior of FAGT
is consistent with previous reports [40,50]. From the %
vs T curve shown in the inset of Fig. 1(b), the estimated T,
(Curie temperature) is about 270 K. With further lowering
the temperature, the magnetic moment along the ab plane
continuously increases to maxima, then quickly decreases and
becomes equivalent to the moment along the ¢ axis. In the
temperature range 270-160 K, the majority of Fe atoms at
sites other than Fel (i.e., Fe2) and minor proportions of Fel
align along the direction of the field. Therefore, the resultant
moment of the system is ferromagnetically ordered. Below
160 K down to 100 K, a major proportion of the Fe atoms
at Fel sites, initially, in a disordered state, reorients and in-
teract with the other Fe atoms. This reduces the magnetic
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FIG. 2. (a) Magnetic field dependent Hall resistivity (o,,) at various temperatures ranging from 2 K to 250 K. Inset: The schematic diagram
of the sample device used for longitudinal voltage V., and the Hall voltage V,, measurements. (b) Temperature dependence of anomalous Hall
resistivity ,ofy. (c) The plot of lnpfv(T) vs Inp,,(T), with the solid red line representing the fit using the relation pﬁv o' pfx. (d) Field-dependent
Hall conductivity (o) at various indicated temperatures. (¢) Temperature-dependent anomalous Hall conductivity (0;;,). (f) Plot between p;‘y

and p?, and the fitting using Eq. (3) is shown in solid line.

moment with decreasing temperature [50]. By further decreas-
ing temperature, another magnetic transition is observed at
T ~ 95K, matching well with the recently reported spin-
reorientation transition temperatures (Tsgr) [40,41]. Below
Tsgrr, the moment value along the ¢ axis is a little larger than
ab plane which signifies the switching of the easy axis of the
magnetization. The above results reveal the reorientation of
the magnetic easy axis towards the ¢ direction from the ab
plane below Tsgrr [50].

In Fig. 1(c), the isothermal magnetization as a function of
an applied magnetic field for different temperatures is shown
up to 5 T along the ¢ direction. The M-H data along the ab
direction is incorporated in the Supplemental Material (see
Fig. S4) [49]. At temperatures well below T., each M(H)
isotherm shows a sharp increase in the low field region and a
saturationlike behavior in the high field region. The saturation
magnetization decreases continuously as the temperature in-
creases, and the overall nature of the M (H ) isotherms changes
significantly as we approach T.. The temperature-dependent
Pxx 18 shown in Fig. 1(d) where the residual resistivity value
is ~0.1396 mQ2 cm at 2 K, yielding a residual resistivity ratio
[RRR = p,+(300K)/pxx(2K)] of ~1.75. The d py,/dT vs T
plot in the inset of Fig. 1(d) further reveals clear slope changes
near Tsgr ~ 95K and T, ~ 270K which strongly supports
the magnetic origin of phase transitions around the Tsgr and
T.. A clear anomaly in the resistivity data is observed around
40 K. This anomaly is related to the Fermi-liquid behavior
of the present compound where the p,, shows a quadratic
temperature dependence [51]. To establish the Fermi liquid
behavior for the present compound, the resistivity data is fitted

from 2 K to 40 K using p,, oc T2. The observed temperature
behavior of transport properties is consistent with the previous
report [41].

B. Anomalous Hall effect

We have now carried out detailed magnetotransport mea-
surements over a wide range of temperatures to study the AHE
in this compound. Figure 2(a) depicts the Hall resistivity (ox,)
as a function of the applied magnetic field for temperatures
ranging from 2 K to 250 K. The p,,(H) grows sharply for
a small applied magnetic field and anomalous behavior is
observed up to ~ 0.6 T. In the high field region, p,,(H) shows
a weak linear field dependence up to a magnetic field of 9 T.
Similarities in the forms of the M(H) and p,,(H) curves
clearly indicate the presence of AHE in the investigated stud-
ied compound. As we approach the T, the overall character
of the py,(H) curves changes substantially in both the low
field and the high field regions. Generally, in addition to the
ordinary Hall effect, p,, in a FM material has an additional
contribution from M and is expressed as

pxy(H) = 03, + pfy = RoH + Ry oM, (1

where p)?y and p;‘y are the ordinary and anomalous contribu-
tions to the Hall resistivity, with Ry and R, being the normal
and anomalous Hall coefficients, respectively. The values of
Ry and p;‘y are determined from the linear fit to the p,,(H)
curve in the high field region, where the slope and the y-axis
intercept of the linear fit correspond to Ry and pj?y, respec-

tively. Figure 2(b) depicts the variation of the pfy as a function
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of temperature, demonstrating that the ,ofy increases with ris-
ing temperature from 2 K to approximately 100 K, and then
starts decreasing above 100 K.

To elucidate the mechanism responsible for the observed
AHE in F4GT, we have plotted ,of‘, VS pxy on a double
logarithm scale, and a fitting was employed to evaluate the
exponent B using the relation pf, o pf. [27], as shown in
Fig. 2(c). As above ~100 K, the magnetic transition comes
into play and p? starts decreasing at higher temperatures.

So, for a good comparison, the plot between ,o;‘y and oy, is
restricted in the temperature range from 2 K to 100 K, and
this has been addressed previously for several metallic ferro-
magnets [24,52,53]. The near-quadratic relationship between
pfv and p,, (i.e., B = 2) strongly indicates that the intrinsic
KL or the extrinsic side-jump mechanism dominates in the
AHE rather than the extrinsic skew-scattering mechanism.
Furthermore, we have also calculated the Hall conductivity
(0yy) using the tensor conversion relation [24] as

_ Py
(P2, + P3)

Figure 2(d) demonstrates the field dependence of Hall con-
ductivity at various temperatures. The AHC is obtained by
extrapolating the high-field o,, data to zero fields on the y axis.
The temperature dependence of AHC is shown in Fig. 2(e). At
2 K, a large value of AHC is observed to be ~490 Q~'cm™!.
The temperature-dependent AHC and ,ofy are presented in
Fig. S5 of the Supplemental Material [49], and the change
of AHC is almost temperature independent, showing that the
origin of AHE in F4GT is intrinsic in nature [53]. To extract
the intrinsic AHC value, we have fitted p;‘y vs p2 plot as
illustrated in Fig. 2(f), using the following equation [24,53]:

Pl = f(oxx0) + 0 07, 3)

where, the first term, i.e., f(py0), is a function of residual
resistivity p..0, which includes the contributions due to skew
scattering as well as side-jump mechanisms, and og‘ is the
AHC purely due to the intrinsic Berry curvature mechanism
[24,53]. The estimated oj;t is found to be about 462 @~ 'em™!.
As a result, the intrinsic Berry phase-driven mechanism is
responsible for more than 90% of the total AHC. The extrinsic
side-jump contribution of AHC |ofy,s ;| has been shown to be

in the order of (e?/(ha)(esoc/Er)), where esoc is the SOC
strength [54,55]. For metallic FMs, (esoc/Er) is usually in
the order of 1072 [52,53]. Consequently, the extrinsic side-
jump contribution to AHC should be very small or negligible
in comparison to the intrinsic AHC. Therefore, the AHE in
FAGT is primarily dominated by the intrinsic Berry phase-
driven KL mechanism. Theoretically, the intrinsic AHC is
of the order of e?/(ha) in the resonance condition, where e
is the electronic charge, & is Planck’s constant, and a is the
lattice constant [55,56]. Taking a = VI3 ~ 732 A for the
studied compound [57], we estimate the intrinsic AHC to
be around ~ 525 Q" 'cm~! for FAGT, which is closer to our
experimentally observed value of 462 Q~'cm™~! [58].

To further assess the strength of AHE in such vdW FM,
we have estimated the two characteristic quantities, namely
the anomalous Hall angle, ® gy and the anomalous Hall fac-
tor, Sg. The former can be determined as, ® g = ofy /Oxxs
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FIG. 3. (a) and (b) represent the ®,y and the Sy as a function
of temperature, respectively. (c) The ® 4y and Sy of the FAGT com-
pound are plotted along with the other previously reported metallic
FMs. Particularly, the symbols enclosed by the black empty circle
represent vdW materials.

measuring the strength of the transverse current generated
with respect to the applied normal current [27]. The latter one
is defined as, Sy = 0;} /M, the measure of sensitivity of AHC
with respect to M [59]. Figures 3(a) and 3(b) show the plot
of ®ay and Sy as function of temperature, respectively. The
®4pg value reaches maximum which is about 10.6% at Tsgrr
and it is also significantly large (~7.6%) even at T = 250K.
On the other hand, the Sy remains almost invariant with T,
and a maximum value of about 0.22 V~! is obtained at 250 K.
Such surprising coexistence of large ®,y and Sy within a
wide temperature window has led us to compare those quan-
tities with other known metallic FMs, as shown in Fig. 3(c).
It is extremely rare to find a ferromagnetic metallic system
with both large ®45 and Sy [20]. From Fig. 3(c), we infer
that the FAGT shows significantly larger @4y and Sy values
compared to all previously reported metallic ferromagnets
[53,57,59-63].

C. First-principles calculations

In order to investigate the intrinsic origin of AHE for
F4GT, we performed first-principles electronic structure cal-
culations within density functional theory (DFT) formalism
where the band structure is further parametrized using max-
imally localized Wannier functions (ML-WFs) for AHC
calculations. Details of the computational methodology and
numerical AHC simulations are provided in the SM [49]. All
calculations are performed using the primitive rhombohedral
unit cell and the band strictures are plotted along the lines
connecting high symmetry points in the BZ, as shown in
Fig. S6. Within magnetic calculations, the spin-resolved atom
projected density of states in Fig. S6(c) from SM [49] clearly
indicate two types of Fe atoms having the magnetic moments,
1.94 and 2.64 up for Fel and Fe2, respectively. The average
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FIG. 4. (a) FAGT band structure is calculated for the primitive rhombohedral unit cell [Fig. 1(a)] without SOC for the majority (blue) and
minority (red) spin channels. In the inset, the zoomed band structures around the high-symmetric F point in the BZ show the gap opening
with SOC. (b) The BC induced by SOC for various k-path segments (the inset) is shown along the gapped nodal line where the red curved
line passing through all blue boxes is the guide to the eye. The color bar represents the amplitude of the 2. (c) The BC plot along the
high-symmetry path in the BZ for E = Eg. (d) The 3D map of Q7 in the full BZ shows the hot spots (e.g., like the closed black circle) around
F point with a large BC value. (e) a)g, is calculated from BCs over full BZ within the energy range —0.5eV to 0.5 eV around Ep.

magnetic moment per Fe atom is slightly higher than the
experimentally reported value (~2.12 ug/Fe) [50].

By analyzing the band structure without SOC, we identify
two band crossing points along F'Z and FT directions in the
close vicinity of Ep, see the boxed region in Fig 4(a). Two inset
figures describe that by introducing SOC in our calculations,
the crossing points are gapped out. In order to identify the
nodal line, we have calculated band structures without SOC
along several line segments connecting the F point and a
few points on the ZI'Z line, see Fig. S8 of the SM [49].
Near Ef, the nodal line is depicted by joining the crossing
points of bands (up and down) by a curved black line, i.e., a
dispersive gapless nodal line. The projected orbital analysis,
see Fig. S7 in the SM [49], suggests that those key bands
have strong hybridization primarily between Fe-d (d,,, d..,
and d2) and Te-p (p,) orbitals. The twofold degeneracy of the
nodal line is lifted with the inclusion of SOC. Therefore, the
gapped nodal line in the presence of SOC is found to generate
nonzero BC, see Fig. 4(b) as well as Fig. S9 in the SM [49].
It is evident from Fig. S9(b) of the SM [49] that a strong
BC is generated by the SOC-induced gap between bands at
Er. Moreover, the color map denoting the BC contributions
on band structures for various line segments, see the inset
of Fig. 4(b), infers that the gapped nodal line in the FZI"
plane plays the key role in generating the BC in FAGT. In
Fig. 4(c), the calculated BC at slightly above Ef as a function
of momentum k along the high symmetric directions also
reveals a large value around the F point, and the largest value

is found along the FZ direction. The three-dimensional Fermi
surface plot in conjunction with the BC color map in Fig. 4(d)
further strengthens these observations by identifying hot spots
(e.g., like the black, circled one) near the F point region
point. This also yields that the major contributor to the BC
in the BZ comes from those hot spots. After identifying the
BC contribution from band structure, we have performed the
numerical calculations for AHC (see Sec. S4 of the SM for
details [49]). Note, the calculated AHC shown in Fig. 4(e)
will be completely intrinsic. We observe a nearly constant
value within a range of 100 meV around Ef and the calculated
value is about 485 Q~!cm~! at Er. This is now attributed to
the BC arising from the gapped nodal line and the value is in
close agreement with the experimentally estimated intrinsic
AHC value (~462 Q 'cm™!). It is also noteworthy that we
observe a significant change in transport properties above the
Tsgrr, as demonstrated in Figs. 1(d) and 2(b). Additionally, we
have explored from the first-principle electronic structure cal-
culations that the AHC is changing gradually with a change in
magnetization orientation (see Sec. S5(E) of the Supplemental
Material [49]). This is due to the change in BC obtained from
the calculated band structure.

IV. CONCLUSIONS

In summary, we have systematically investigated the
AHE in a quasi-2D vdW FM, Fe,GeTe;, a member in the
Fe,GeTe, family. The detailed analysis of our results reveals
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that FAGT exhibits a significantly large AHE along with a
rare coexistence of a large anomalous Hall angle, ®,5 =~
10.6%, and a large anomalous Hall factor, Sy ~ 0.22 V7!
The pfy scales near quadratically with p,, and our com-
prehensive experimental analysis reveals that the observed
large AHE in the FAGT compound is attributed to an in-
trinsic BC-driven KL mechanism. Experimentally, a large
AHC oy, ~ 500Q~'em™' with an intrinsic contribution of
~462 Q 'cm™! is seen at 2 K. Theoretically, our band struc-
ture calculations establish that such a large BC is owing
to the gapped nodal line in the presence of SOC. Notably,
our first-principles calculation also predicts an intrinsic AHC
value of 485 Q~'em™!, which is in good agreement with the
aforementioned experimentally observed value. Therefore,
the coexistence of exceptionally large AHC, ®ap, and Sy
values along with a better T, make FAGT a suitable candidate
for 2D spintronic devices in comparison to other vdW FMs.
Note added. We are also aware of the experimental work
on the recent arXiv paper [51] dealing with, primarily,

magnetoresistance and briefly on AHE in the same system but
on the FAGT flake instead of a bulk single crystal presented
here.
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