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Abstract

Two-dimensional van der Waals (vdW) heterostructures are an attractive platform for studying
exchange bias due to their defect free and atomically flat interfaces. Chromium thiophosphate
(CrPS4), an antiferromagnetic material, possesses uncompensated magnetic spins in a single
layer, rendering it a promising candidate for exploring exchange bias phenomena. Recent
findings have highlighted that naturally oxidized vdW ferromagnetic Fe3GeTe, exhibits
exchange bias, attributed to the antiferromagnetic coupling of its ultrathin surface oxide layer
(O-FGT) with the underlying unoxidized Fe3;GeTe.. Anomalous Hall measurements are
employed to scrutinize the exchange bias within the CrPS4/(O-FGT)/FesGeTe: heterostructure.
This analysis takes into account the contributions from both the perfectly uncompensated
interfacial CrPS4 layer and the interfacial oxide layer. Remarkably, a distinct and non-
monotonic exchange bias trend is observed as a function of temperature below 140 K.
Interestingly, the occurrence of exchange bias induced by a 'pre-set field' implies that the
prevailing phase in the polycrystalline surface oxide is ferrimagnetic Fe3O4. Moreover, the
exchange bias induced by the ferrimagnetic Fe3Os is significantly modulated by the presence
of the van der Waals antiferromagnetic CrPS4 layer, forming a heterostructure, along with
additional iron oxide phases within the oxide layer. These findings underscore the intricate and
unique nature of exchange bias in van der Waals heterostructures, highlighting their potential

for tailored manipulation and control.
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Introduction

The phenomenon of exchange bias (EB) arises when a ferromagnetic (FM) material and an
antiferromagnetic (AF) material are brought into contact, resulting in the development of a
unidirectional magnetic anisotropy at their interface [1]. This introduced anisotropy causes a
shift in the magnetic hysteresis loop of the FM along the field axis. EB has significant
implications in various device technologies, such as spin valves, which find applications in
high-density magnetic storage and sensor systems [2]. The underlying mechanism behind EB
is generally attributed to the exchange coupling between uncompensated spins within the AF
and the FM moments across the interface [3-4]. However, in thin-film heterostructures
comprising non-van der Waals solids, the presence of imperfections like interdiffusion, step

edges, grain boundaries, interfacial stress, and roughness can compromise the ideal interface

quality [5].

The recent emergence of van der Waals (vdW) magnetic materials exhibiting atomically
smooth surfaces has revitalized interest in understanding the microscopic origins of EB [6].
With their inherent layered structure, vdW materials offer the potential to form heterostructures
with nearly ideal interfaces, making them particularly promising for investigating interface-
related effects, especially pertaining to EB [7]. Recent reports have unveiled the occurrence of
EB in vdW FM/AF heterostructures. For instance, an EB of approximately 50 mT was
identified in a CrClz/FesGeTe: heterostructure at 2.5 K [8]. Subsequent investigations involved
various vdW AF layers (MnPSsz, MnPSes, FePS3) atop metallic FesGeTez or FesGeTe: [9, 10].
Remarkably, a substantial EB was observed in a heterostructure composed of a vdW FM
insulator and an antiferromagnetic topological insulator (Crls/MnBi;Tes) with partial coverage
[11]. Another notable development is the observation of EB in naturally occurring superlattice
structures of MnBi>Tes(Bi>Tes)n (n=1, 2), attributed to exchange coupling between co-

existing ferromagnetic and antiferromagnetic constituents in the ground state [12].



Among vdW antiferromagnets, CrPS4 stands out due to its fully uncompensated layered
structure, enabling ideal coupling at the interface within vdW FM/AF heterostructures [13-15].
Moreover, FesGeTe, (FGT) is an itinerant vdW ferromagnet boasting a substantial Curie
temperature of 220 K in bulk [16]. Recent investigations have highlighted that an air-exposed
FesGeTe, crystal naturally forms a thin antiferromagnetic surface oxide layer (O-FGT),
resulting in EB in the underlying unoxidized crystal [17]. Analytical techniques, including
energy dispersive spectroscopy mapping, X-ray absorption spectroscopy, and electron energy
loss spectroscopy, have indicated a polycrystalline nature for the oxide layer, suggesting the
presence of diverse phases such as FeO, Fe;Os, and FesOs corresponding to varying Fe?* and
Fe3* oxidation states [18,19]. This surface oxide has also been found to enhance EB in
CrOCI/Fe3GeTe> heterostructures [20]. Notably, significant EB has been reported in naturally
oxidized and restacked liquid exfoliated FesGeTe, nanoflakes [21]. Nevertheless,
investigations elucidating the precise magnetic characteristics of the formed oxide layer and its

role in introducing EB remain lacking.

This study focuses on the characterization of EB properties within vdW heterostructures,
specifically CrPS4/(O-FGT)/FesGeTe, and CrPSs/FesGeTe,, using magneto-transport
measurements. Our findings unveil the intricate magnetic signatures underlying the observed
robust EB in CrPS4/(O-FGT)/FesGeTez, which primarily stems from the dominance of
ferrimagnetic magnetite within the surface oxide at the interface. Furthermore, we ascertain
that the EB attributed to magnetite is influenced by the presence of vdwW CrPSs in a
heterostructure arrangement and the coexistence of a second antiferromagnetic iron oxide
phase in the polycrystalline surface oxide. Through a comprehensive analysis of both the
complex EB in CrPS4/(O-FGT)/FesGeTe2 and the intrinsic EB in CrPS4/FesGeTe; featuring a

pristine interface, this study provides insights into tailoring EB in vdW heterostructures.



Results and Discussions

Single crystals of FesGeTez (FGT) and CrPS4 were grown using chemical vapour transport
following previous reports [22], [23]. The quality of synthesized crystals was examined by
Raman spectroscopy (please refer to Figure S1 in Supporting Information Section 1). All the
modes obtained for both FesGeTe; and CrPS4 bulk crystals match well with predicted Raman
modes [24,25]. To explore the impact of a surface oxide layer (O-FGT) on exchange bias (EB),
two heterostructures were created: CrPS4/(O-FGT)/FesGeTe, and CrPSa/FesGeTez. In the
former, a surface oxide layer coats the surface of the FesGeTe> flake at the interface, while the
latter features a pristine FesGeTe; surface. The surface oxide formation was confirmed using
element-sensitive cross-sectional transmission electron microscopy measurements (please
refer Supporting Information Section 2 for details) of a CrPS4/(O-FGT)/FesGeTe>
heterostructure (Figure S2a-h). The thickness of the FM and AFM layers of the exposed
heterostructure was determined to be 30 nm and 100 nm, respectively, using atomic force
microscope (for details please refer to Figure S3 in Supporting Information Section 3).
CrPS4/(O-FGT)/FesGeTe, heterostructures were fabricated on to a prepatterned anomalous
Hall contacts and were subjected to magneto-transport anomalous Hall voltage measurements.
Please refer to the methods section for more details about the device fabrication and anomalous
Hall voltage measurements. The results obtained are summarised in Figure 1. Exchange bias
was determined from transport measurements and calculated for each and every measurement

+ -
as Hgp = e ZHC, where H} and H; represent the coercivities at positive and negative fields,

respectively.

Initially, we used a magnetic field of +8 T to cool down the CrPS4/(O-FGT)/FezGeTe:
sample from room temperature to the desired temperatures. Then, we determined the strength
of exchange bias (Hgg) at these temperatures by analysing the anomalous Hall voltage

measured as a function of swept magnetic field. The process was repeated for several



temperature set points from 5 K up to 150 K and the results are summarized in Figure 1a. Hgp
was calculated for all of them and was plotted as a function of temperature (Figure 1d). It is
generally expected that the magnitude of Hgp is maximum at low temperatures and gradually
decreases as we go to higher temperatures and disappears above the blocking temperature of
the antiferromagnet. However, the Hgg here follows a unique and complex non-monotonic
trend with the temperature. As indicated by the curve in green circles in Figure 1d, the observed
trend consists of three distinct regions (indicated by three different colors) characterised by two
local minima at ~20 K and ~70 K, respectively. The robust EB observed up to 140 K can be
attributed to the surface oxide formation on FesGeTe> at the interface as previously reported
[17]. However, the complex trend with temperature that we observe has not been studied and
reported before. To understand the mechanisms on the low temperature regime, i.e., 5 K to 35
K, one needs to analyse the EB on an h-BN capped CrPS4/FesGeTe> device with a pristine
interface without any oxide formation (please refer to the methods section for details of device
fabrication). To analyse the EB of the device with a pristine interface (see Figure 2c for the
optical image), the device was field-cooled from room temperature to below the Néel
temperature of CrPS4 (Tn = 36 K) with an out of the plane field of + 8 T. After the field cooling,
AHE measurements were carried out at various temperatures from 5 K to 50 K and are
summarised in Figure 2a. The Hgp calculated was then plotted as a function of temperature
(Figure 2b). Interestingly, the variation of Hgp for a CrPS4/(O-FGT)/FesGeTe, was found to be
following a similar trend as observed for a pristine CrPS4/FezGeTe> interface, however with an
enhanced magnitude (Figure 2d). The enhancement in the magnitude of Hgp observed here is
analogous to what has been already observed in CrOCI/(O-FGT)/ FesGeTe heterostructures
[20]. The presence of O-FGT layer increases the interface coupling strength between FesGeTe>
and CrPS4, and further increases the Hyg the magnitude of which is found to be greater than

the Hgp observed for a pristine CrPS4/FezGeTe; interface. At 5 K, the magnitude of Hgp for a



CrPS4/FesGeTe, device with a pristine interface is found to be ~ 12.5 mT (+5 mT) which
gradually decreases as the temperature is increased and found to be negligible (< 2 mT) above
20 K which is the blocking temperature of CrPS4. Given the fully uncompensated layer of spins
in the CrPS; at the interface, the comparatively small magnitude of Hgp induced by CrPSs in
CrPSa4/FesGeTe: heterostructure even for 8T field-cooling is counterintuitive and warrants
further studies. However, we observed a switching of the polarity of exchange bias from
negative to positive at 15 K close to the blocking temperature observed (20 K) which is similar
to the observations by S. Ding et al., where they observed similar switching exchange bias
behaviour in pristine CrPS4/FeNi interface [22].

Since the Hgp of the CrPS4/(O-FGT)/FesGeTe: follows a similar trend as that of the h-
BN capped FesGeTe,/CrPS4 device with a pristine interface, the reduced value of |Hgg| and
sharp decrease to a minimum of about 20 K are then can be attributed to the blocking
temperature (Tg) of CrPS4. Moreover, the exchange field of the saturated FesGeTe; layer at 20
K may just be sufficient to pin adjacent CrPSs layer either parallel (ferromagnetic) or
antiparallel (antiferromagnetic) to its magnetization direction irrespective of the magnetic
ordering of the remaining layers and act as an effective exchange bias [26]. Here, the effective
EB seems to be positive and inversely affects the negative EB induced by surface oxide. The
influence of this positive EB would be maximum at 20 K corresponding to the minima which
reduces gradually and ceases at Tn = 36 K where CrPSs becomes paramagnetic. This can
explain why the |Hgg| slightly increases from 20 K to 36 K. Above the CrPS4 Néel temperature
of 36 K, only the O-FGT contributes to the EB. The second minimum at 70 K further suggests
that two different phases in the surface oxide contribute to EB which is in line with previous
reports [18,19]. However, determination of the exact nature of oxide phases is difficult

considering the polycrystalline nature of the surface oxide. Here, our investigation of EB in



CrPS4/(O-FGT)/FesGeTe: helps us to unravel the nature of two distinct phases of oxides in O-
FGT through their unique EB fingerprints.

Surprisingly, unlike the CrPS4/ FesGeTe, with a pristine interface, the CrPS4/(O-
FGT)/FesGeTe> device found to be generating EB even without field-cooling by merely
applying a ‘pre-set field’ (Hpr), and the Hgp due to +1 T pre-set field follows a similar trend
as obtained for field-cooling (please see more information about ‘pre-set field’ in the methods
section). It is important to note here that the h-BN capped FesGeTe/CrPSs with pristine
interface shows exchange-bias only if we do a conventional field-cooling, but remains unbiased
for a pre-set field (please refer to Figure S11 in Section 11). Anomalous Hall voltage
measurements for h-BN capped CrPS4/(O-FGT)/FesGeTe> corresponding to all the three
regions for both +1 T and -1 T pre-set fields are summarised in Figure 1b and 1c, respectively.
Hgp was calculated and plotted as a function of temperature (Figure 1d, bottom). EB found to
be larger for a + 1 T pre-set field measurements than those preceded by even an 8 T field
cooling at temperatures (for details, please refer to Figure S4 in Section 4) below 20 K, the
blocking temperature of CrPSs4. This suggests that the dominant phase in the surface oxide layer
that contributes to EB could be ferrimagnetic Fe3O4 [27, 28]. The dominance of ferrimagnetic
Fe30s in the surface oxide layer is suggested as its magnetic alignment in a particular direction
by a pre-set field determines the direction of pinning and hence the direction of loop shift
(please refer Figure S10 in Supporting Information Section 10).

Material characterization techniques such as cross-sectional scanning transmission
electron microscopy (STEM) — electron energy loss spectroscopy (EELS) and surface sensitive
x-ray photoelectron spectroscopy (XPS) (see Figure S8 and Figure S9 respectively) are
performed to check possible phases of oxides. XPS 2pz» and 2p12 peaks suggest the possible
oxide phases are Fe3Oas, and Fe2Os, with both Fe** and Fe?* valence states. However, the

analysis of the Fe-L3/L2 intensity ratio in EELS, in comparison with ratios obtained from



spectra of reference samples, suggests the presence of FezOs [19]. The presence of FezOa is
further supported by the observation of a sudden increase in longitudinal resistance in an O-
FGT flake at around 125 K, indicating a Verwey transition in FezO4 (see Figure S5a in Section
5).

Importantly, the minimum field required to saturate the ferrimagnetic FesOxs in the O-
FGT at a particular temperature can be considered as the critical pre-set field (H.r) for the
system. Therefore, a pre-set field (Hpr) greater than the H. in the preferred direction can be
applied to judiciously determine the direction of EB (please refer Figure S10 in Supporting
Information Section 10). When the field is swept with a maximum value greater than H.r at a
given temperature preceded by a Hpr = Hp, there is no preferred pinning by Ferrimagnetic
Fe30s, resulting in zero EB (refer to Figure S6a-d in Section 6) [27, 28]. In addition to Fe3Oa,
previous reports confirmed the presence of an antiferromagnetic FeO phase in the natural O-
FGT [18,19]. This co-existing FeO phase may have a low blocking temperature (Tg) of around
70 K, which is below the bulk Néel temperature (Tn = 198 K) [29]. The FeO phase is
responsible for modulating the EB up to 70 K, where we observed a second minimum
corresponding to blocking temperature of FeO (refer to Figure 1d). Beyond 70 K, the EB is
solely due to ferrimagnetic FesOs, which disappears at 140 K, the identified blocking
temperature.

Finally, the complex trend of Hgp with respect to the temperature can be understood
based on an intuitive model of the contributions of CrPS4 as well as the two iron oxide phases
in the O-FGT layer. The intuitive model is schematically represented in Figure 3. The various
magnetic layers are colour coded. The grey and yellow layers are the bottom and top layers of
CrPS4 and FesGeTez on either side of the van der Waals gap, whereas the O-FGT consists of
two layers: a thick top layer mainly composed of Fez0a, as suggested by cross-sectional STEM-

EELS measurements (see Figure S8), and a thin bottom layer composed of FeO, corresponding



to the low valence state of Fe. The presence of two types of oxides layers is also evident from
the different contrasts observed in the cross-sectional STEM image of the CrPS4/(O-FGT)
FesGeTe: interface (Figure 3a inset). In the case of the first device with a pristine interface,
only a field-cooling below the Néel temperature of CrPS4 (36 K) can induce uniaxial exchange-
anisotropy by direct ferromagnetic coupling of CrPS4 moments with FesGeTe, moments across
the van der Waals gap (Figure 3a), whereas, it remains unbiased for a pre-set field (please refer
to Figure S11 in Section 11). However, the reason for the observed positive EB close to the
blocking temperature is still not understood properly. In the case of the second device with the
O-FGT, however, three cases have to be considered: (i) T < 36 K (Figure 3b), where all the
three constituents are magnetically ordered, (ii) 36 K < T < 70 K (Figure 3c), where CrPSs is
paramagnetic, while both oxide phases are magnetically ordered, and (iii) 70 K < T < 140 K
(Figure 3d), where only FesO4 is magnetically ordered, and contributes to EB since Tg of FeO
is at 70 K. Here, it is important to note that the dominant contribution is due to ferrimagnetic
Fe304 since we are observing a pre-set field induced EB throughout the temperatures from 5 K
to 140 K. This is further reinforced by the fact that we already observed no EB due to pristine
CrPS4 after a pre-set field. However, here CrPS4 and FeO plays important roles in modulating
dominant EB due to FesOs in the first two regions where they are magnetically ordered and
their contributions to EB is apparent. In the first case, since all the magnetic layers are in their
magnetically ordered state, the resulting EB is then the net effect of all three EB contributions.
The first local minimum of about ~20 K is identified to be the Tg of CrPSa. It is worth noting
that below 20 K, the influence of CrPSs on Hgp is visibly different for field-cooling and pre-
set field measurements (Figure 3c). Hgp is found to be large for 1 T preset-field more than
what we obtained for even higher cooling-field of 8 T (please refer Figure S4 in Section 4).
This suggests that in addition to modulation, a field-cooled CrPS4 can have converse effects on

the magnitude of Hgp, whereas CrPSs under pre-field does not. Magnetic domain level
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information is necessary to find out the underlying reason for this contrasting behaviour, which
is beyond the scope of this investigation.

Finally, above 70 K, the EB contribution is only from ferrimagnetic FesO4 that acts
directly as the source of pinning, however, through a thin magnetically inactive spacer layer
that mainly consists of FeO. This might weaken the longevity exchange coupling, as evident
by the significant training effect above 70 K (see Figure S7 in Section 7). Interestingly, we
noticed that the strength of the exchange bias caused by FesOs is quite high at 80 K, almost as
strong as at a much lower temperature of 5 K. This sudden increase in strength above 70 K is
reasonable in the sense that the major pinning source is the Fe3Oa4 layer, which acts directly on
the FesGeTe, without any magnetically active intermediate layers, in contrast to the case where
FeO is active below 70 K.

Conclusions

In summary, we have successfully demonstrated exchange bias in CrPS4/(O-FGT)/FesGeTe:
vdW heterostructures, where we observed a unique and complex non-monotonic trend of
exchange bias with temperature. The observed trend is apparent for both field-cooling as well
as for a ‘pre-set field’. The two local minima observed in the exchange bias trend with the
temperature are identified to correspond to the Te of CrPSs and FeO. Saturating the
ferrimagnetic FesO4 in the surface oxide by applying a field above a ‘critical pre-set field’
determines the direction of the unidirectional exchange anisotropy and hence the direction of
loop shift, which then allows us to tune the exchange bias. An intuitive model is proposed to
explain the complex non-monotonic trend of exchange bias fields as a function of temperature
based on the different contributions. Our investigation identifies an alternative approach to
tailor exchange bias in van der Waals heterostructures by extrinsic methods such as oxidation
combined with applied fields. We believe this investigation will motivate researchers to explore

the exceptional tunability of magnetic van der Waals heterostructures for spintronic
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applications. Given the large number of AFM vdW materials, our work opens a path to the
study of how surface oxide formation on the FesGeTe: layer affects the exchange bias when in

contact with other vdW antiferromagnets.
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Figure 1. EB due to surface oxide layers formed at the CrPSs- Fe3sGeTe: interface: EB

observed for (a) + 8 T field-cooling (FC), (b) +1 T pre-set field (PF), (¢) -1 T pre-set field, and
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(d) trend of strength of EB (Hgg) as a function of temperature for both +ve (orange) and -ve

(blue) 1 T pre-set field experiment as well as for the +8 T field-cooled experiment (green).
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Figure 2. EB due to a pristine CrPS4/ Fe3GeTe: interface: (a) EB observed for encapsulated
device at various temperatures from 5 K to 50 K for + 8 T field-cooling, (b) The trend of
strength of EB (Hgg) as a function of temperature for + 8 T field-cooling, (¢) Optical
micrograph of hBN/CrPS4/ Fe;GeTe: device (scalebar 10 um), and (d) Comparison of Hgg for

a pristine and for an oxygen - exposed devices for + 8T field-cooling.
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19



Methods

Few layered flakes of Fe3GeTe, and CrPSs were exfoliated onto Si/SiO; (300 nm) substrates
using standard mechanical exfoliation with scotch tape. The bulk crystals were characterized
employing Raman spectroscopy (please refer to Supporting Information Section I). Suitable
flakes of uniform thickness were located using an optical microscope. The located FGT and
CrPSs4 flakes were picked up and transferred in the order mentioned, by typical polymer based
dry transfer method, to pre-patterned Hall contacts of Au/Cr (25 nm/5 nm) on Si/SiO2 (300
nm) fabricated employing standard e-beam lithography. In order to investigate the impact of
the surface oxide formed at the FM/AFM interface on EB, the surface of FGT was exposed to
an ambient atmosphere for about 30 minutes before transferring the CrPS4 layer resulting in
the formation of an ultra-thin oxide layer, which is referred to as (O-FGT). To compare, another
CrPS4/ FesGeTe: heterostructure with a pristine interface was fabricated the process of which
was completely carried out inside the glovebox, containing an inert atmosphere (argon gas),
and oxygen and moisture levels were kept below 0.5 ppm, to make sure there is no effect of
any oxidation. The fabricated device with a pristine interface was then encapsulated by
hexagonal boron nitride (h-BN) flakes to prevent any chances of oxidation in air during sample
manipulation. The surface oxide formation was confirmed using element-sensitive cross-
sectional transmission electron microscopy measurements (please refer Supporting
Information Section 1 for details) of an exposed FGT flake capped with platinum (Pt) (Figure
S2a-c). The thickness of the FM and AFM layers of the exposed heterostructure was
determined to be 30 + 2 nm and 100 + 2 nm, respectively, using atomic force microscope
whereas it was found to be 33.3 + 11.2 nm and 43.7 + 9.8 nm for the encapsulated device
(please refer to Figure S1 in Section 2). Both devices with a pristine and exposed interfaces
were then wire-bonded and immediately loaded onto a variable temperature insert (VTI)

cryostat in which we can apply a magnetic field up to 12 T (field precision of ~ 0.1 mT) for
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anomalous Hall effect (AHE) measurements. Since CrPS4 is an insulating antiferromagnet, the
current will only flow through the metallic FGT layer. The cross-sectional area of the current
channel (10 um x 5 pm) is 1.5 x 1071* m? and is used to calculate the current density, which is
approximately 6.7 x 105 Am™ along a 30 nm FGT flake for an applied current of 1 uA.

A 1 uA current was transmitted through the FGT flake along Xx-direction and the
anomalous Hall voltage (Vxy) was measured across the transverse terminals along y-direction.
The field was applied OOP orientation always for field-cooling, for field sweeping and for
application of a pre-set field*. A Keithley 2400 source meter was used to flow current through

the device, and Keithley 2182a nanovoltmeter was used to measure voltage.

*Pre-set Field (Setting Field): The pre-set field, which is an out-of-plane field, is the field to
which the device was exposed at a specific temperature just before starting the measurement
of transverse anomalous Hall voltage (Vxy). It is important to note that the pre-set field and
field cooling are different because pre-set field doesn't involve any cooling process through the
Tw of the antiferromagnet.
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