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Probing antiferromagnetism in exfoliated Fe;GeTe,
using magneto-transport measurementst
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Among the material class of van der Waals magnets, FezGeTe, (FGT) has emerged as one of the most
studied owing to features such as its relatively high Curie temperature, metallic nature, and large spin
polarization. Though most studies only investigate its explicitly ferromagnetic properties, FGT is also pre-
dicted to have an antiferromagnetic phase in the out-of-plane direction emerging at temperatures below
150 K, leading to a blend of ferromagnetic and antiferromagnetic ordering. Here, we explore the emer-
gence of this phase and its effects in FGT/h-BN heterostructures using magneto-transport measure-
ments. The devices’ anomalous Hall and magnetoresistance responses exhibit a complex trend with
temperature that is consistent with multiple magnetic phases. In addition to the usual out-of-plane
sensing, we also rotate the applied field to the in-plane direction and observe behavior resembling the
planar topological Hall effect. Intriguingly, this response follows a similar temperature trend to the out-
of-plane response. We also use the out-of-plane anomalous Hall response to show that, at sufficiently
low temperatures, both positive and negative field-cooling results in an increased saturation Hall resis-
tance. Such a field-cooling divergence is consistent with antiferromagnetic ordering resulting in a spin-
glass like state in the sample. In addition to providing insight into one of the most exciting candidate
materials for 2D magnetic devices, our work demonstrates the power of magneto-transport measure-
ments to probe complex behavior in vdW magnets where common magnetometry techniques used on
bulk samples may not be viable.

magnets. FGT has, for example, been used to create all-2D
magnetic tunnel junctions (MTJs) and showed a remarkably

Since their discovery, vdW magnets have attracted large
amounts of interest in the world of condensed matter physics.
Their unique properties such as high spin polarizations, large
anomalous Hall angles, and potential for atomically sharp
heterostructures make them exciting candidates for spintronic
devices.'” Their low dimensionality also provides an opportu-
nity to study novel physical phenomena such as magnetic
skyrmions.*®> Among the most common vdW magnets studied
is Fe;GeTe, (FGT). Compared to other early 2D magnets like
Crl; and Cr,Ge,Teg (both of which are semiconducting), FGT
exhibits metallic behavior and a high Curie temperature typi-
cally reported as 220 K at bulk.®”® FGT’s relative ease of use
has led to its incorporation in many studies of layered
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high spin polarization of up to 0.66 at sufficiently low tempera-
ture.'® FGT has also been used to demonstrate the electrical
control of magnetism via both gating and spin orbit torques
(SOT), pre-requisites for advanced magnetic devices."' ™
Despite the wealth of studies on the material, there is
limited work focusing on the complex magnetic phases that
have been shown to emerge. Particularly, the coexistence of
ferro/anti-ferromagnetism in FGT is seldom discussed. As
competing magnetic phases can significantly affect device pro-
perties (e.g., result in spin-glass like behavior), understanding
them is critical to device design. For FGT, antiferromagnetism
is sometimes discussed in the context of the oxide that forms
on the material. Like many other ferromagnets, FGT forms a
native antiferromagnetic oxide that can cause exchange bias
(EB)."**° This effect can be particularly strong in FGT due to
its layered nature and rapid oxidation. Aside from interfacial
effects like exchange bias, FGT is also predicted to exhibit anti-
ferromagnetic behavior intrinsically without an oxide layer.
Past experiments on bulk FGT crystals have shown the emer-
gence of a competing antiferromagnetic phase at 150 K, with
the ferromagnetic component becoming suppressed at low
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temperature."”” FGT’s metallic nature provides a convenient
means to study this behavior using electrical transport as
opposed to far more complex micro-magnetometry techniques
like nitrogen vacancy magnetometry.'® Specifically, the anoma-
lous Hall effect (AHE) and longitudinal magnetoresistance
(MR) can give insight into the material’s magnetic ordering.

In this work, we use magneto-transport measurements to
probe the presence of antiferromagnetic behavior in iron-
enriched FGT. We observed a non-monotonic trend in the anoma-
lous Hall effect (AHE) and longitudinal magnetoresistance signal
strength with temperature, a planar topological Hall effect, and a
field-cooling (FC) divergence in FGT. Each of these phenomena
suggests complex magnetic phases in the material consistent
with a blend of ferromagnetic and antiferromagnetic behavior.

Experimental

We prepared devices using exfoliated Fe;GeTe, crystals pur-
chased from 2D Semiconductors. The crystals were exfoliated
using the Scotch tape method in a <20 ppm O, nitrogen glove-
box onto an Si/SiO, wafer to prevent significant oxidation of
the flakes. The exfoliated flakes were then transferred onto
pre-patterned Ti/Au electrodes using polycarbonate-coated
polydimethylsiloxane (PDMS) lenses on glass transfer slides
(see Fig. S1t for more details)."® The transfer process is then
repeated with a hexagonal boron nitride (h-BN) flake to cover
the FGT, protecting it from air and allowing it to be removed
from the glovebox without immediate risk of damage. During
the process, the exfoliated flake is never exposed to the atmo-
sphere. Such care is necessary as even momentary exposure to
air can alter device properties.’*™** Upon removal, we measured
devices immediately as while h-BN capping slows degradation,
it does not completely prevent it and changes in sample behav-
ior arise over long periods of time. Studied FGT flakes have
thicknesses in the range of 30 nm to 260 nm (see Fig. S2} for
examples). The thickness of most flakes used in this study
brings their magnetic properties close to that of bulk FGT.®
We completed all magneto-transport measurements using
the AC ETO option of a Quantum Design Physical Property
Measurement System (PPMS) cryostat.

Results and discussion

FGT’s unit cell exhibits hexagonal symmetry and is a member
of the P6/mmc space group.’ Individual vdW layers are about
0.8 nm thick and consist of iron and germanium atoms sand-
wiched in between two layers of tellurium atoms. This rela-
tively thick vdW layer allows for more intralayer exchange inter-
actions to occur between magnetic ions, stabilizing the mag-
netic ordering at higher temperatures compared to many other
vdW magnets. Other stoichiometries of FGT (e.g., Fe,GeTe,
and Fe;GeTe,) have higher Curie temperatures than Fe;GeTe,
for the same reason.’® Energy dispersive X-ray spectroscopy
(EDS) measurements on our crystals show a higher iron
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content than expected, with the measured atomic ratios of
Fe:Ge:Te being approximately 4.5:1:1.8, suggesting iron
doping in the sample, as depicted in Fig. S3.1 Schematics for a
typical device made with our methods are shown in Fig. 1a
and b, with an optical image of a real device shown in Fig. 1c.
This device’s FGT is estimated to be 120 nm thick based on
transport measurements. A standard Hall sensing geometry is
used. Flakes used in all devices are irregularly shaped as they
cannot be etched without exposing them to the atmosphere.
As a result, small offsets are usually present in the Hall signals
due to asymmetries in the contacts. These do not significantly
affect the signal and are removed by subtracting the average
from the measurements. Standard four-point resistance
measurements on flakes indicate that the FGT flake is metal-
lic, as indicated by the device’s low longitudinal resistance
(Ryy) and its monotonic decrease with decreasing temperature
as shown in Fig. 1d. Additionally, the devices did not exhibit
any gate modulation when the substrate was used as a back-
gate, which further confirmed the metallic nature of FGT.

We first measure the temperature dependence of magnetic
behavior in FGT samples with a magnetic field parallel to the
out-of-plane direction using the AHE. In a magnetic conduc-
tor, the Hall resistance caused by an out-of-plane magnetic
field can usually be expressed as R,, = RoH; + R;M,, where H,, is
the applied perpendicular magnetic field, M, is the perpen-
dicular magnetization, and R, and Rg are the ordinary and
anomalous Hall coefficients, respectively.”’ As FGT is a metal-
lic ferromagnet, the normal Hall resistance is negligible com-
pared with the anomalous Hall resistance in the magnetic
field range of interest (i.e., RyH, < RM,). As a result, the
measured Hall resistance can be treated as being directly pro-
portional to the sample magnetization. The applied magnetic
field was swept from —2 to +2 Tesla at temperatures starting
from 300 K down to 5 K. Measured AHE hysteresis loops at
select temperatures are shown in Fig. 2a. Compared to other
reports of Fe;GeTe,, our sample’s AHE response persists even
up to room temperature, which we attribute to the high iron
content in the material. At temperatures above 220 K the
response resembles that of a super-paramagnetic material,
with non-linearity but no hysteresis discernable. Similar to pre-
vious studies, however, the hysteresis window begins to open
and a remanence appears at 220 K. The relatively narrow hys-
teresis in our samples suggests that the anisotropy axis may
not lie completely in the out of plane direction and is instead
canted with respect to the sample vertical. For the devices with
thinner FGT flakes (e.g., 30 nm), the hysteresis widens (see
Fig. S41) and the coercivity increases, consistent with previous
reports.”?**? This behavior indicates increasing perpendicular
magnetic anisotropy (PMA) as the thickness decreases.
Notably, the derivative of the Hall resistance (dR./d(uoH))
follows a non-monotonic trend with temperature as shown in
the inset of Fig. 2a. The dR,,/d(uoH) increases with decreasing
temperature until a peak at around 120 K before decreasing.
This behavior is consistently observed in FGT samples fabri-
cated with our crystals. This contrasts quite sharply with the
usual monotonic change in magnetic behavior (e.g., suscepti-
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(a) (b)
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Fig. 1 Typical fabricated FGT device. (a) Top-view schematic showing flake placement and sensing geometry. (b) Side-view schematic showing
flake placement and sensing geometry. (c) Optical image of a covered FGT device made using our methods. Subsequent magneto-transport
measurements presented in the main text were all taken from this specific device. Scale bar: 20 ym. (d). Longitudinal four-point resistance vs. temp-
erature measurement for an FGT device, demonstrating metallic nature.
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Fig. 2 Basic Hall and magnetoresistance responses. (a) Hall response of standard FGT from +1 to —1 T at various temperatures, showing narrow hys-
teresis. Inset: dR,,/d(uoH) and coercivity vs. temperature. See Fig. S5 for sweeps at additional temperatures and Fig. S4a—ct for sweeps from other
devices. (b) Two-point magnetoresistance sweeps at various temperatures. Inset: maximum range of MR across sweep of +2 T.

bility) with cooling that is reported for simple magnetic shown in the inset. Our measured magnetoresistance values
materials. A similar trend can be seen in the longitudinal mag- are similar in magnitude to those reported in past studies.>**
netoresistance response in a perpendicular field as shown in The presence of a competing ferromagnetic/antiferro-
Fig. 2b, with a spike in the same temperature range clearly magnetic order explains these results. While many previous
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studies on FGT samples of varying thicknesses report simple
hysteresis loops that vary monotonically with temperature,
others have reported similar trends in not only the Hall
response but also in the anomalous Nernst response of the
samples.”®?° variations in FGT’s behavior across studies can
potentially be explained by different sample thicknesses and
growth conditions for the used crystals. As the temperature
falls, an antiferromagnetic interaction between adjacent layers
forms and grows stronger. This interaction is explained as the
antiferromagnetic coupling between two ferromagnetic layers,
similar to the interlayer interaction in few layer Crl'7*°
Though antiferromagnetic behavior is predicted to emerge in
FGT at around 150 K, based off our results it does not become
strong enough to reduce the out-of-plane response until the
temperature is lowered further to 120 K. The maximum
response at this temperature agrees very well with measure-
ments in ref. 17 conducted using SQUID magnetometry on
mm-sized crystals.

Next, we measure the Hall response while rotating the
sample in an applied magnetic field. In ferromagnets, chan-
ging the applied field direction away from the sample normal
will often result in a planar Hall effect (PHE) signal. This con-
tribution is distinct from the normal and anomalous Hall
effects caused by an out of plane field and is linked to aniso-
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tropic magnetoresistance (AMR) in a material.>’ The PHE
signal is maximized when the applied current makes a 45
degree angle with the magnetization direction and vanishes
when the sample magnetization is parallel or perpendicular to
the current.>> AMR measurements on one of our samples did
show a pronounced anisotropy emerging at lower temperatures
(see Fig. S6t), with the largest magnetoresistance (MR) emer-
ging with a field applied nearly in plane at 100 K. The PHE is
often reported as producing a symmetric curve due to the
nature of the AMR. Here however, we consistently measure
strong anti-symmetric hysteresis loops at low temperature
similar to the AHE when the applied field is rotated in-plane.
Notably, in-plane measurements produce a strong, non-sinu-
soidal signal at lower temperatures and fields as shown in
Fig. 3a and b. The curves also bear distinctive anti-symmetric
humps, a commonly cited characteristic of the topological
Hall effect (THE) caused by the presence of skyrmions. These
results are very similar to those reported in other literature
studying macroscopic FGT crystals, which named the phenom-
enon the planar topological Hall effect (PTHE) and attributed
it to skyrmion formation.> Considering this effect, the total
Hall signal can be expressed as Ry, = RoHz + RM, + Rprug.
More recent work has directly imaged skyrmions in FGT/h-BN
heterostructures similar to those used in our study, lending
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In-plane Hall resistance in FGT samples. (a) and (b) Hysteresis loops measured at four angles at 235 K and 105 K, respectively. The THE signal

becomes strong beneath 150 K, aligning with the emergence of the antiferromagnetic phase in FGT. Inset: schematic showing sample rotation in the
applied field. See Fig. S8t for additional rotation-dependent data. (c) Hall resistance of FesGeTe; at various temperatures for applied field parallel to
the sample plane (p = 90 deg). Inset: maximum Hall signal and coercivity vs. temperature. Due to small irregularities in sample mounting and
rotation, alignment of the applied field with respect to the current direction may have a slight error.
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credibility to this claim.*® Importantly however, the samples in
ref. 33 were fabricated under ambient conditions and thus
have significant oxidation on the top and bottom of the FGT
flake. These oxide interfaces are claimed to be the source of
the Dzyaloshinskii-Moriya interaction (DMI) that gives rise to
skyrmion formation. Our samples were exfoliated in a glovebox
where the risk of significant oxidation is small, and they do
not exhibit other features like tails in the hysteresis loop that
suggest oxidized FGT (see Fig. S7t). Signals similar in shape to
the THE not caused by skyrmions can arise in inhomogeneous
systems, however this is unlikely here given the uniformity of
exfoliated flakes.>* Other work using both cryogenic magnetic
force microscopy (MFM) and micromagnetic simulations
however suggests that the DMI could be intrinsic to FGT
without an oxide layer, arising from the broken inversion sym-
metry in individual FGT layers.*® Assuming negligible oxi-
dation in our samples, this explains the strong PTHE signal
that was observed. Ultimately, however, more work is needed
to pin down the precise origin of the DMI in FGT.

Despite the uncertainty of the planar topological Hall
signal’s origin in our samples, we can nonetheless see that it
follows a trend very similar to that of the AHE and MR signals
in the sample. Just like the out-of-plane measurements, the in-
plane Hall signal rapidly peaks at 120 K before being sup-
pressed at lower temperatures as is clearly seen in Fig. 3c.
Assuming the observed signal is indeed the PTHE, this shows
that skyrmion density is highest when the ferromagnetic
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phase is strongest. The results can again be qualitatively
explained by returning to the intuitive picture of interlayer
coupling giving rise to an out-of-plane antiferromagnetic
phase. As the interlayer interaction increases, complex spin
textures (including skyrmions) can no longer be stabilized and
thus reduces the PTHE signal with decreasing temperature. In
this way, temperature can be used to precisely control sky-
rmion density across different magnetic phases.

Lastly, we use the AHE to investigate the effects of cooling
the sample in the presence of a magnetic field. Another strong
signature of antiferromagnetic behavior in FGT comes from its
field-cooling response.'” Similarly to how field-cooling can be
used to control systems with an EB present, field-cooling in a
mixed phase system will affect susceptibility at lower tempera-
tures. This can intuitively be thought of as the cooling field
“locking” the antiferromagnetic-coupled spins into favorable
orientations. This behavior is similar to so-called spin glasses,
which mixed phase systems have been known to resemble.?®
Unlike the case of EB, the field cooling response will be nearly
symmetric instead of anti-symmetric. Field-cooling measure-
ments on our FGT samples were conducted by lowering the
temperature from 300 K down to 5 K in the presence of a +8 T
field. Hysteresis loops were then measured at increasing temp-
eratures as shown in Fig. 4a-c. These results clearly show a
nearly matching field-cooling response, with the divergence
between field-cooled (FC) and zero-field-cooled (ZFC) curves
decreasing with increasing temperature as shown in Fig. 4d.
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Fig. 4 Field cooling response of FGT sample. (a—c) Comparison of zero-field-cooled (ZFC), positive-field-cooled (PFC), and negative-field-cooled
(NFC) Hall resistances at 5 K, 40 K, and 80 K respectively. See Fig. S9t for additional field-cooling data. (d) Ratio of ZFC to FC saturation Hall resis-

tance as a function of temperature.
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Both positive field cooling (PFC) and negative field cooling
(NFC) increased the susceptibility compared to the zero-field
cooled case, consistent with the presence of an antiferro-
magnetic phase. Measurements in our samples did not reveal
a training effect, ie., repeated measurements at the same
temperature did not change the shape of the hysteresis loop.
This trend likely reflects the high energy cost of opposing the
FC configuration which weakens at high temperature, thus
reducing the divergence.

Conclusion

In summary, we have employed simple magneto-transport
measurements to gain insight into the complex magnetic
phase transitions of Fe;GeTe,. We observed a unique tempera-
ture dependence in the out-of-plane AHE and MR response
that signifies changing dominance between ferromagnetic and
antiferromagnetic phases in the samples. By rotating the
applied field into the sample plane, we can observe similar
trends in the planar topological Hall response. Finally, the use
of the AHE to probe a field-cooling divergence in the sample
unveils a spin glass like behavior consistent with a mixed
phase system. Our results show that even simple transport
measurements can be used to identify novel properties in vdW
magnets. The unique behavior we have observed with these
measurements makes FGT a promising material platform for
investigating emerging physical phenomena and -creating
novel magnetic and spintronic devices.
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