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ABSTRACT: Anomalous Nernst effect, a result of charge current driven
by temperature gradient, provides a probe of the topological nature of
materials due to its sensitivity to the Berry curvature near the Fermi level.
Fe;GeTe,, one important member of the recently discovered two-
dimensional van der Waals magnetic materials, offers a unique platform
for anomalous Nernst effect because of its metallic and topological nature.
Here, we report the observation of large anomalous Nernst effect in
Fe;GeTe,. The anomalous Hall angle and anomalous Nernst angle are
about 0.07 and 0.09, respectively, far larger than those in common
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ferromagnets. By utilizing the Mott relation, these large angles indicate a

large Berry curvature near the Fermi level, consistent with the recent proposal for Fe;GeTe, as a topological nodal line
semimetal candidate. Our work provides evidence of Fe;GeTe, as a topological ferromagnet and demonstrates the feasibility of
using two-dimensional magnetic materials and their band topology for spin caloritronics applications.
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he recently discovered two-dimensional (2D) van der

Waals (vdW) magnets,'® providing new constituent
materials for spintronics and caloritronics, have attracted much
attention. To date, most 2D vdW ferromagnets are semi-
conductors (e.g., Cr,Ge,Te,) and insulators (e.g., Crly), with
Fe;GeTe, (FGT) being the only ferromagnetic (FM) metal.
Electrical switching of FGT by spin orbit torque”'® and
tunneling magnetoresistance in FGT/h-BN/FGT heterostruc-
ture'’ have recently been demonstrated. FGT also has the
highest Curie temperature (T;) among the 2D vdW
ferromagnets, and the value of T¢ in thin FGT films can be
tuned by ionic gating up to about room temperature.’
Furthermore, the topological nature of FGT gives rise to
some intriguing phenomena, for example, the observation of
large anomalous Hall effect (AHE)" and magnetic sky-
rmions."~"® Of particular interest is the anomalous Nernst
effect (ANE) in topological materials because the special band
t0p010§y in these materials could introduce a very large
ANE,"*™" which shares some similarities with, but also
differences from, the better known AHE. In AHE and ANE,
the current is driven by an electric field and temperature
gradient VT, respectively, while a voltage is measured
perpendicular to both the current and the magnetization M
of the material. While the AHE is dominated by the sum of the
Berry curvatures for all the occupied states, ANE is determined
by the Berry curvature at the Fermi level &g thus providing a
different probe of the Berry curvature near &p and the
topological nature of materials.'®""® Therefore, FGT provides
a unique platform for studying the ANE in 2D vdW
ferromagnets and their topological properties.
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In this work, we report the observation of AHE and ANE in
exfoliated FGT thin film devices. We have determined o
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defined as szx 5, and o, | ——5—— | the longitudinal and
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the transverse (or Hall) conductivities, respectively, as well as

vy, vy,
S <— ") and S, (— y) the longitudinal and the
VT,
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transverse Seebeck coeflicients, respectively. We have found

very large AHE angle (91-1 = %) and very large ANE angle

S
(9N= f), about 0.07 and 0.09 at low temperatures,

respectively, much larger than those found in common FM
metals of 0.02 or less'**°~>* and comparable to those of other
topological materials.'”'®** This places FGT outside the realm
of common FM materials. We further found that the
temperature dependence of the transverse thermoelectric

conductivity a,, follows the Mott relation
27 2 O
a, = —(” b )T(&) , and the Hall resistivity follows the
x 3e oe .
F

scaling relation of p,, = AMp,," with n ~ 2, where 4 represents
the strength of the spin—orbit coupling, M the magnetization,
and p,, (pxy) the longitudinal (transverse) resistivity. This
scaling relationship together with the observed large
anomalous Hall conductivity (360—400 Q™' cm™) indicates
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Figure 1. Crystal structure of Fe;GeTe, (FGT) and FGT device for transport measurements. (a) Side view of Fe;GeTe, crystal structure. Fe;Ge
slabs sandwiched by two layers of Te atoms and a van der Waals gap between the adjacent Te layers. The dashed rectangular box denotes the unit
cell. (b) FeyGeTe, device structure for anomalous Nernst effect. A lateral temperature gradient VT, is applied along the x direction, a magnetic
field H, is applied along the z direction, and both longitudinal and transverse voltages V,, and V, are measured.
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Figure 2. Temperature dependence of anomalous Hall effect (AHE). (a) Hall conductivity 6, as a function of external applied magnetic field H, at
different temperatures. (b) Temperature dependence of Hall conductivity o,, (blue curve) extrapolated at zero field and longitudinal conductivity

0, (red curve). 6, vanishes around 200 K, the Curie temperature T of the sample. The Hall angle 6}; = ?reaches about 0.07 at low temperature.

the origin of the observed large AHE and ANE in FGT is
primarily the intrinsic mechanism from the large Berry
curvature, and not scattering, such as skew scattering and
side-jump,”*>*® consistent with the topological nature of
FGT."”” Our work provides evidence for FGT as a
topological ferromagnetic metal and demonstrates the
teasibility of using 2D vdW magnetic materials and their
band topology for spin caloritronic applications.

The vdW material of Fe;GeTe, consists of Fe;Ge slabs
sandwiched by two layers of Te atoms and a van der Waals gap
between the adjacent Te layers as shown in Figure la. Single
crystals of bulk FGT, grown by chemical vapor transport
method, exhibit a lattice constant of ¢ = 16.36 A, measured by
X-ray diffraction (for details, see Supporting Information). The
magnetic properties of bulk FGT, characterized by a
superconducting quantum interference device, show a
saturation magnetization of about 310 emu cm™ with a
magnetic moment of 125 pup per Fe atom and Curie
temperature of about 200 K (see Supporting Information
Figure S3). Thin FGT flake is mechanically exfoliated onto a
heavily n-doped Si wafer with a 300 nm SiO, layer, then
transferred onto prepatterned Au contacts using dry trans-
ferred method (see Supporting Information for details). The
thickness of our FGT samples are about 20—40 nm. Figure 1b
shows the schematic of a finished FGT device. There are two
Au electrodes on the Si/SiO, substrate used as heaters to
generate a lateral temperature gradient VT, and also as a
thermometer to measure the local temperature (see Supporting
Information). There is a ~20 nm h-BN insulating layer to
electrically isolate the Au heaters and the FGT layer. On top of
h-BN, there are Au electrodes to make electrical contact to the
FGT layer to measure the longitudinal voltage V, and
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transverse voltage V. For the measurements of both AHE
and ANE, the magnetic field is applied out-of-plane, along the
z-axis, unless otherwise noted.

We first examine the magnetic properties of FGT through
the anomalous Hall effect with magnetometry results in the
Supporting Information. For AHE, a small DC current (1 uA)
is applied along the x-axis in FGT, while both longitudinal
voltage V, and transverse voltage V| are measured. We
experimentally measured the longitudinal (p,,) and the

N ) n
transverse (p,,) resistivities, which convert to o, = pT""pz

xx Xy

Py

and Oy =—"5_ 5 the longitudinal and the transverse (or
TPy

Hall) conductivities, respectively, for quasi 2D materials. As
shown in Figure 2a, at low temperatures (50 K), the Hall
conductivity o,, shows a rectangular hysteresis loop with sharp
switching under an external magnetic field H,, suggesting a
single magnetic domain over the entire device. Together with
the near 100% remnant o, at zero field, these ferromagnetic
hallmarks indicate that a thin FGT device exhibits strong
perpendicular magnetic anisotropy (PMA) with the magnetic
moments pointing in the out-of-plane direction. Thin films of
common ferromagnets, hampered by the large shape
anisotropy of 4zM, rarely achieve PMA without very strong
crystalline anisotropy or broken inversion symmetry and
interface charge transfer. As the temperature increases (e.g.,
140 K in Figure 2a), the rectangular hysteresis loop gradually
evolves into narrow-waist shape due to the weakened PMA and
the formation of a labyrinthine domain structure.* The
temperature dependence of the Hall conductivity o,,
extrapolated to 0 Oe and the longitudinal conductivity o,, is
shown in Figure 2b. For increasing temperature, the value of
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Oy decreases and vanishes around 200 K, similar to bulk single
crystals of FGT. The longitudinal conductivity o,, varies about
10% within the measured temperature range. Very significantly,

the Hall angle 6 = %

xx

reaches about 0.07 at low temper-

atures, similar to previous reports,"> much higher than those of
common ferromagnets (30.02).20_23

We next describe the anomalous Nernst effect results in thin
FGT devices. As depicted in Figure 1b, by applying a DC
current 14 mA to the right side heater, we generate an in-plane
temperature gradient VT, of about 1.3 K yum™". The transverse
voltage V, is measured as a function of external perpendicular

y
magnetic field H, as shown in Figure 3a. Similar to that of
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Figure 3. Anomalous Nernst effect (ANE), longitudinal voltage (V,),
and transverse voltage (Vy). (a) Nernst signal V, as a function of H_ at
VT, = 1.3K um™". (b) Nernst signal V, as a function of H, at VT, =
—1.1 Kum™". The data are taken at an effective sample temperature
T* = 45 K. The blue (red) curve is for increasing (decreasing)
magnetic field. (c) Longitudinal voltage V, (displayed in colors) as a
function of temperature and temperature gradient. (d) Transverse
voltage V, (displayed in colors) as a function of temperature and
temperature gradient. By definition, VV, = =S, VT, and VV, =
—=$,,VT,, both V, and V, will increase as a function of VT,. The
general trend that V, (Vy) increases (then decreases) as T* increases
indicates S, (S,,) increases (then decreases) with sample temperature

T*.

AHE, we observe a rectangular hysteretic ANE loop. When we
apply 12 mA current to the left side heater to generate an
opposite temperature gradient VT, of about —1.1 K um™", we
observe a similar but reversed rectangular hysteresis loop as
shown in Figure 3b. These results conclusively demonstrate
ANE in the FGT device after we address one experimental
issue. It is well-known that for thin films on thick substrates,
the intended in-plane temperature gradient (VT,) is often
accompanied inadvertently by an out-of-plane temperature
gradient (VT,) due to the thermal conduction through the
much thicker substrate. The latter may contribute an ANE
voltage via VT,XM,, eg, in permalloy thin films on Si
substrate,”” where permalloy has in-plane magnetization M,.
To assess and eliminate this possible contribution, we apply a
large magnetic field H, up to 6 kOe along the x direction and
observed no appreciable signal (see Supporting Information
Figure SS). This is because the PMA of FGT is so strong that
there is no measurable M, even with the presence of a large in-
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plane magnetic field. Thus, all the measured thermal voltage is
due to the anomalous Nernst signal of VT, X M, in FGT.
To gain further insight and extract the Seebeck coefficients
at zero field, provided by the robust PMA, we measure the
ANE in the FGT devices at different temperatures T%, and also
with different temperature gradients VT,, as summarized in
Figure 3¢,d. The longitudinal voltage V, and the transverse
voltage V) are displayed in colors as a function of T* and VT,.
Using the definitions of S, = =VV,/VT, and S, = -VV,/

er .
VT,, we obtain the ANE angle 6 = SL via LV,/WV,, where L

=10 ym and W = § pm are the length and width of the sample,
respectively. We obtained very large ANE angle 0y of as much
as 0.09 at low temperature, a value much higher than those of
common ferromagnets (<0.02).2%*" These large ANE angle Oy
of 0.09 corroborates with the similarly large AHE angle 6y of
0.07, both are much larger than those in common FM metals
of <£0.02 and comparable to those of other topological
materials' "' ®*%** (see Supporting Information Figure S6).
Furthermore, while only Berry curvature near the Fermi level
contributes to ANE, AHE originates from all the occupied
bands. Therefore, these similar values of AHE and ANE angles
may suggest the dominant contribution of a large Berry
curvature near € to AHE over all the other occupied bands in
Fe;GeTe,.

With the measured longitudinal (S,,) and transverse (Syx)
Seebeck coeflicients, we can obtain the transverse thermo-
electric conductivity —a,,. The temperature dependence of the
transverse and longitudinal Seebeck coefficient S, and S, is
shown in Figure 4a. The laws of thermodynamics and FM
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Figure 4. Temperature dependence of S, S, and a,,. (a)
Temperature dependence of S, (top panel) and S,, (bottom
panel). S, and Sy« is extracted from linear fitting V, and V, vs VT,
respectively. (b) Temperature dependence of a,,. a,, is determined
via eq 1. Blue solid curve is the best fit using eqs 2 and 3 for S, and
@, respectively, and red dashed curve is the best fit with n = 1.

ordering dictate the temperature dependence of S, which
must vanish at T = 0 K, remain finite below T, and become
negligible above T. With the aid of the Mott relation,' >
quantitative analysis can be performed. The transverse
thermoelectric conductivity —a,, and Seebeck coefficients are

related through

axy = GxxSxy + nysxx = _Gxxsyx + nysxx (1)
Therefore, a,, can be determined from the measured o,,, 0,,,
Sww and S,,. However, if the Mott relation holds, a,, can be

27 2
. . =’k do,
obtained from via @, = —(—>|T|—=2) , and S,, from
xy 3e 3
€
27 2
7k dlng, .
Sxxz—( B)T(—"") , where kg is the Boltzmann
3e oe .
F
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constant, ¢ is the energy, and &g is the Fermi energy. By
substituting the scaling relationship for the Hall resistivity p,, =
IMp,." into the Mott relation and eq 1, we have***’

(%)

oy | 7’ky 5
S = _}’ B —FT + (n — 1 S
oo 3e ] A ( S
(2)
a2
n_szZ (E)SF T ( 2)8
a,, = —0, —T+ (n—
xy xy 3e 2 xX
3)

To examine the Mott relation and determine the exponent n,
we use eqs 2 and 3 to fit S, and a,, to search for the best-fit

2

de ep

values of —* and n, as shown in Figure 4. The best-fit

exponent is n = 2.3 + 0.1 (blue solid curves). The exponent is
clearly close to n = 2, and not n = 1, as shown in Figure 4. The
scaling relationship with n = 2 indicates that the intrinsic
mechanism or side-jump, instead of skew scattering, dominates
AHE and ANE in EGT.***>*° Previous reports have shown the
intrinsic mechanism dominates AHE in FGT;'>*” therefore, n
close to 2 favors the intrinsic mechanism in FGT. At the same
time, the anomalous Hall conductivity is 6,, ~ 360—400 Q'

xy
cm™! at low temperature, which is close to the intrinsic

2
- ;7 ~ 470 Q7' cm™!, where h is Planck

constant and a, is the interlayer distance (a, = ¢/2 = 8.18
A).'»*7*7 This further corroborates the intrinsic Berry
curvature as the primary source of the observed large AHE
and ANE angles. This is consistent with the recent proposal of
FGT as a topological nodal line semimetal with a large Berry
curvature from the nodal line."” This may be the reason for the
exceptionally large AHE angle 6 and ANE angle 0y of 0.07
and 0.09, far larger than those in common ferromagnets.

In summary, we have observed ANE in exfoliated 2D van
der Waals ferromagnetic metallic Fe;GeTe, thin film devices.
We have observed an exceptionally large anomalous Nernst
effect angle Oy of 0.09, corroborated by the similarly large
anomalous Hall effect angle 0} of 0.07, much larger than the
values of <0.02 for common ferromagnetic metals. From the
measured transport coefficients and the Mott relation, we find
the large Berry curvature is responsible for the observed large
AHE and ANE angles, which provides evidence for FGT as a
topological ferromagnet. Our results demonstrate the feasibility
of using 2D vdW magnetic materials and their band topology
for spin caloritronics applications.
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