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Abstract

The magnetic exchange bias (EB) effect is one of the representative interlayer magnetic coupling
phenomena and is widely utilized in numerous technological applications. However, its
mechanism is still elusive even in a simple magnetic bilayered system because of the complex
interface magnetic orders. Van der Waals (vdW) layered magnetic materials may provide an
essential platform for deeply understanding the detailed mechanism of the EB owing to its ideal
interface structure. Here we first observed the positive exchange-biased anomalous Hall effect with
a hopping switching behavior in the FeGeTe vdW nano-flakes. After systemically studying the
cooling field dependence properties of the EB effect, we propose that the coexistence of stable and
frustrated surface magnetization of the antiferromagnetic (AFM) phase will modify the total
interface coupling energy density between the ferromagnetic and AFM phases. This model could
provide a consistent description for such unusual EB effect based on microspin simulation.

1. Introduction

Exchange bias (EB) or exchange anisotropy effect [1],
arising from interface magnetic coupling, is an integ-
ral part of fundamental science and device applic-
ation in the field of spintronics. The most general
EB is achieved between different magnetic phases,
such as antiferromagnetic-ferromagnetic (AFM/FM)
[2—4], ferrimagnetic (FRM)-AFM [5], FRM-FRM [6]
and FRM-FM [7-9] material systems. Besides, the
EB behavior can also be realized by the indirect
exchange coupling, Ruderman—Kittel-Kasuya—Yosida
(RKKY) coupling, which is the weak magnetic coup-
ling between AFM and FM through a nonmagnetic
(NM) spacer (AFM-NM-FM) [10-12]. It should
also be noted that the RKKY-like exchange coupling
can also induce EB in a spin glass/FM bilayer sys-
tem [13-18]. The coupling between the topological
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properties and magnetic texture can also induce
strong exchange biased effect in the complex mag-
netic disorder materials [19, 20].

With the emergence of van der Waals (vdW)
materials during the past decades, the vdW ferro-
magnets, including intrinsic FM and AFM orders,
have been discovered very recently [21-24]. The two-
dimensional vdW magnetic materials provide an ideal
platform to study magnetic coupling phenomena
deeply. Of particular interest is the EB effect, which
is crucial to understand magnetic coupling in vdW
layers. The EB effect has been studied in the artifi-
cial AF/FM vdW structures, such as Crl;/Fe;GeTe,,
Fe;GeTe, /CrPS, Fe;GeTe,/FePS;, Fe;GeTe, /MnPX
and Fe;GeTe, /IrMn [25-30]. All those are the direct
magnetic coupling at the interface of AFM/FM. Inter-
estingly, the exchange-biased effect was also found
in the vdW ferromagnet FeGeTe (FGT) nanoflakes
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itself [31, 32]. They all mentioned that the coupling
between the AFM phase and FM phase is the key
point. But the AFM coupling mechanism is still a
controversy in this materials because of the complex
competition effects, such as Ising ferromagnetism and
Kondo screening effect inner-layer, RKKY interac-
tion and Dzyaloshinskii—Moriya interaction between
interlayer [33-35]. Here we experimentally observed
a positive exchange-biased anomalous Hall effect
(AHE) in the FeGeTe nano-flakes. Such unconven-
tional EB also shows a nontrivial training effect. After
we systemically studied the cooling field dependence
of exchange-biased AHE, we propose that unconven-
tional exchange-biased AHE is induced by the coex-
istence of stable and frustrated surface magnetization
of the AFM phase.

2. Method

High-quality FeGeTe single crystals were grown by the
chemical vapor transport method using iodine (1)
as a transport agent. Briefly, high-purity stoichiomet-
ric amount powders (1 g) of Fe, Ge, and Te, together
with 10 mg ml~! iodine, are sealed in a quartz tube
as the starting materials. The bulk crystal was growth
in a two-zone furnace between 750 °C (source) and
700 °C (sink) for one week. Then the thin FGT flakes
were obtained by the mechanical exfoliation method
on the Si0,/Si substrate in an argon atmosphere glove
box. Subsequently, the photo-resist was spin-coated
on the substrate to prevent the oxidation of FGT
flakes. After the preparation of thin FGT flakes, we
fabricated the cloverleaf structure to evaluate the elec-
tric transport properties of the FGT flakes. The elec-
trodes of Ti/Cu were fabricated by using the electron
beam lithography and wet lift-off process. Here, the 5
nm Ti was deposited in the ultra-high vacuum elec-
tron beam evaporator to get better adhesion. Then
100 nm Cu was deposited by using Joule evaporator
in the same chamber without breaking the vacuum.
After that, we etched the excess part of the thin FGT
flakes by argon ion-beam etching to get the stand-
ard cloverleaf structure. The scanning electron micro-
scopy (SEM) image of one fabricated device with a
cloverleaf structure is shown in figure 1(a). The thick-
ness of FGT flake in the present device is about 47 nm,
which was evaluated by using the transmission elec-
tron microscopy after all the electrical measurements
of the device. Anomalous Hall effect was performed
in a cryostat with a temperature controlling system.
To prevent the influence of spin-orbit torque effect,
we detected the anomalous Hall voltage by lock-in
amplifier with applying 10 1A AC current of 173 Hz.
The magnetic field H is sweeping out of the FGT sur-
face plane, as shown in figure 1(b). The magnetic field
sweep rate is about 13 Oes™!, the time constant is
300 ms for reading data. The AHE signals are eval-
uated at 10 K for zero-field cooling (ZFC), and field
cooling (FC) from 300 to 10 K.
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3. Results and discussion

The AHE effect is one typical feature of the FM
material. To characterize the magnetic properties of
the FGT flake, we first evaluated the AHE effect by
measuring anomalous Hall resistance Ry, anomal-
ous Hall voltage normalized by the applied current,
as a function of external magnetic field sweeping in
the out-of plane direction. The SEM and schematic
of the measurement setup is shown in figures 1(a)
and (b). Figure 1(c) shows the zero-field cooled AHE
signal by a sweeping magnetic field from —3000 Oe
to +3000 Oe and sweeping back to —3000 Oe. The
square-shaped magnetic loop indicates a large per-
pendicular magnetic anisotropy of FGT. Here we
can see the asymmetry between negative switching
field (Hcp) and positive switching field (Hcg) induces
an exchange-biased field Hex = (Her + Her) /2 = 70
Oe, which is a critical parameter to evaluate the
EB effect. Such a spontaneous exchange-biased AHE
has been reported due to the coexistence of a field-
induced irreversible magnetic behavior and a spin-
glass-like phase [36]. It is the first time to observe this
kind of properties in the FGT flakes. To understand
the underlying mechanism, we measured the FC AHE
signals with applied cooling fields (Hpc) of £1600
Oe from a temperature of 300 to 10 K, as shown in
figures 1(d) and (e). Interestingly, the positive cooling
field of 1600 Oe gives the positive EB field of 274 Oe,
and the negative cooling field of —1600 Oe induces
the negative exchanged bias field of —383 Oe. Those
results are quite different from the conventional EB
effect, where the EB field is opposite to the cooling
field. This phenomenon is usually called the posit-
ive EB effect, which strongly depends on the detailed
crystal structure and the interface coupling. The pos-
itive EB effect has been observed in several bi-layer
systems [37-42]. Here, vdW FGT is quite different
from the upon mentioned bi-layer systems, because
the magnetism of FGT is highly sensitive to the local
atomic arrangements or defect in a given FGT layer as
well as the layer stacking configuration [43, 44]. Most
recently, researchers confirmed that the Fe defect-
induced Kondo hole effect or surface oxidation could
induce weak coupling in the FGT layers [32, 34]. The
anomalous phenomena induced by the coexistence of
AFM and FM phases have been discussed with consid-
ering the existing metastable state in FGT [33, 45-47].
But the positive exchange-biased AHE can not be
explained by the simple interface coupling between
AFM and FM phases.

With a view to understanding such a positive EB
effect, the cycle-dependence of the EB field is also
studied by repeating 30 times for various cooling field
at 10 K. Figure 2(a) shows the contour plots of Ry, as
a function of cycle number N and sweeping magnetic
field. The clear field switching process is observed.
However, it is hard to see the standard training effect,
where the coercivity and EB field gradually reduce
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Figure 1. Characterization of EB in vdW FGT flakes. (a) Scanning electron microscopy (SEM) image of one fabricated device with
cloverleaf structure. (b) The schematic of the Ry, measurement setup. (c)—(e) The AHE signals for zero-field cooling (ZFC) and
field cooling (FC) with applied fields of 1600 Oe from 300 to 10 K. The AHE signals are obtained by measuring R, with
sweeping out-of-plane magnetic field from —3000 Oe to +3000 Oe and sweeping back to —3000 Oe. The H¢r, and Hcr are the
negative and positive switching fields, respectively. The EB field is defined as Hex = (Hcr + Her) /2. The coercivity field is

Hc = (HCR — HCL)/Z.
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Figure 2. (a) Contour plots illustrating the magnetization switching process of anomalous Hall signal at 10 K for ZFC, FC = 1.6
kOe and FC = —1.6 kOe. The contour plot displays Ry, as a function of cycle number N and the sweeping magnetic field
strength. One horizontal line is obtained by the averaged Ry values at the same magnetic field strength with different sweeping
directions for one full sweeping cycle. The boundary of the red and green regions corresponds to the negative switching field
(Hce). The boundary of the blue and green regions corresponds to the positive switching field (Hcg). The black solid line with
dots corresponds to the EB field (Hex). (b) Cooling field dependence of the average switching fields and the average EB fields.
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during consecutive sweeping cycles. Here both the
coercivity field and EB field show the hopping beha-
vior. As we know, the standard training effect is more
critical for the polycrystalline system. The origin of
the training effect relates to thermally de-pinning of
AFM momentum or reorientation of the coupling
surface spins.

By carefully comparing the results, we can con-
firm that the positive cooling field will stabilize
positive switching fields (Hcgr) and vibrate negative
switching fields (Hcy), as shown in figure 2(a). The
EB fields also show the hopping behavior. The negat-
ive cooling field will give us a much more stable neg-
ative switching field. For ZFC, there is a significantly
low negative switching field, which will produce the
negative EB field. For understanding the absolute dif-
ference of the FC behavior, we also plotted the cooling
field dependence of the average switching fields and
the average EB fields shown in figure 2(b). The pos-
itive switching field Hcg is monotonically increasing
with the cooling field, whilst Hey, seems already satur-
ated in the range of cooling fields over 1.6 kOe. Nev-
ertheless, the EB field is still almost monotonically
increasing with the cooling field. The cooling-field
dependence of switching fields indicates the coupling
mechanism is supposed to be more complicated than
one interface coupling effect for the two switching
fields.

To understand this scenario, we are of the opin-
ion that the FM phase packs the local AFM phase in
such nano-flakes because of the coexisting of the AFM
and FM phase in such materials [45]. The local AFM
phase should have different surface coupling types
with the surrounding FM phase due to the different
defect densities of Fe. Here, we give a simple assump-
tion that the coupling energy density (J;) between the
AFM phase and the surrounding FM phase are dif-
ferent for the two interfaces shown in figure 3(a).
For the AFM/FM1 interface, the interface coupling
energy density J;; = j; Sar1 - Spmi is related to the up
surface magnetization of AFM phase (Sap) coupling
via exchange with the bottom surface magnetization
of FMI (Spm1). j, is the exchange coupling strength
between Sap; and Sgyp;. For the AFM/FM2, the inter-
face coupling energy density J;, can be expressed as
i, Sar - Semz. Based on the Meiklejohn—Bean (MB)
model [1], the switching field is simply given as
follows:

Ku  jiSari-Semi  joSar2 - Semz (1)

Hep = —
HoMs  poMemitem1  poMemz2tem2
K j19aF1 - SeM1 j,SAF2 - Sem2
Hop = —2 — 11 s (2)
toMs  poMpenitemr  oMem2temez

where, K, is the anisotropy energy of FM layers, the
Mg is the saturation of the FM layer, Mpv; = Mg m;
and Mgy, = Mg my. m; and m, are the unit vector
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for magnetic momentum of FM1 and FM2, respect-
ively. tpn and tpypp are the thickness for the FM1 and
FM2 layer, respectively. In the following analysis, we
assume tpv; = tev2 = teMm-

The interface coupling energy density is also
affected by the anisotropy energy and total Zeeman
energy of the surface magnetization with the cool-
ing field. When the temperature is below the freez-
ing temperature of the AFM phase for zero cooling
field, the Sar will be a metastable state because of
the competition of anisotropy strength of AFM and
surface exchange coupling strength. So the interface
coupling energy density may positive or negative. If
the total value of the two interface coupling energy
density (J; = J;; + J12) is not zero, the spontaneous EB
effect will happen even for the ZFC. For the negat-
ive total interface coupling energy density J; <0, a
positive EB field will be created. The positive value
of J; will create a negative bias field. The interface
coupling energy density also depends on the cooling
field-induced Zeeman energy. The Zeeman energy of
the interface magnetization in the cooling field favors
parallel alignment of Sar with respect to Sgy. The
AFM coupling supports antiparallel alignment of the
Sar with respect to the Sgyv. The total result of this
fight between these two energies will determine the
future of the EB field.

The figure 3(b) displays the situation of a large
positive FC (poHpcMstem > | j;Semit |> | j,Sem2 |)-
The Zeeman energy overcomes the AFM exchange
coupling giving rise to a parallel alignment of Sag
and Spv for two interfaces during the field-cooling
process. For the AFM exchange coupling of inter-
face 2 (j, < 0), the positive Sgap, will be much stable
due to the enhancement of anisotropy strength dur-
ing the positive cooling field. If interface 1 holds the
FM exchange coupling (j, > 0), the Ssap; will be in
a metastable state because of the reduction of aniso-
tropy strength during the positive cooling field. The
positive EB indicates that | J;; | is less than | J;, |. In
addition, the Sgap; will be easily reversal by applying
one negative field shown in figure 3(c). As a result, the
J1Ssar1 will change the sign resulting in the modifica-
tion of J;. Hence, we can observe the vibrated EB field
asa function of sweeping cycles. Due to the anisotropy
of the AFM phase, we believe that the negative cool-
ing field will not produce the same amplitude of Ssar
and Sgap; as the positive cooling field. As a result, the
exchange bias behavior will exhibit asymmetry cool-
ing field dependence.

For intuitionally understanding the vibration of
EB, we demonstrate the magnetization process for
exchanged-bias anomalous Hall signal with positive
cooling field shown in figure 3(d) under two cycles.
The initial state 1-1 contains two surface coupling
interfaces. When the negative field breaks the Sgar;
state, the Sgap; could be reversed shown in 1-2 state.
The probability of the reversion of positive Sgap; to
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Figure 3. (a) Schematic picture of one unit cell’s magnetic configuration for the coupling model. The magnetic configurations of
the AFM phase (center of black dashed box) are sandwiched by the FM phase. The dashed arrows between the layers indicate the
surface magnetization of AFM phase (Sar) and surface magntization of FM (Sgm). (b) Schematic picture of the magnetic
configuration for positive field cooling (PFC). (c) The magnetic configuration for applying negative field after PFC. The positive
Sar1 becomes negative Sap1 during the applying negative field. The Sar> does not alter the magnetization direction. (d) Magnetic
hysteresis curves with the corresponding magnetic configurations for two cycles with the reversion of Sap;.

J184ar1 > 0
J284r2 <0

e [1S 451 > 0

p>H Fson

J18ar1 <0

the negative Ssap state is 100% under the negative
external magnetic field. Applying the positive field
also has a chance to reverse negative Sgap; to posit-
ive Ssar1 state again. Moreover, the possibility is about
50% based on the number of hopping switching in
the experimental results. If the positive field does not
change the Sgap; state at the end of the first cycle, the
absolute value of total interface coupling energy dens-
ity will be higher for 2-1 sate in cycle 2. This will
make the negative switching field come earlier than
the first cycle. The positive switching field will not
change because the 2-2 state is the same as 1-2. So the
positive switching field is very stable. The magnetiz-
ation also can become 2-3 state due to the reversion
of the negative Ssap; state during the magnetization
switching by sweeping the magnetic field in the pos-
itive direction. Then it will repeat cycle 1. Moreover,

we can obtain the EB fields for cycle 1 (—M)

HoMpmtem

—j;SAR S J, SAF2S:
and (- )1 SAF1SEM1 4, SaF2 SEMm2
HoMemtem

) for cycle 2. This process

can help us to understand the hopping behavior of the
EB field clearly.

4. Microspin simulation

To deeply understand this upon the model in FGT,
we calculated the exchange-biased magnetic hys-
teresis loops using the microspin simulation with
Mumax3 [48, 49]. The AFM layer is covered by
two FM layers in the simulation, as shown in
figure 3(b). Both saturation magnetization of FM
and AFM layer are M, =3.76 x 10° Am~!. The
magnetic anisotropy energy density of FM and AFM
are K, =5.1 x10° Jm2and K, =1.0 x 17 Jm™?
[23, 32]. The interlayer coupling energy density
of stable surface magnetization of AFM phase
Jp = —2.9x 107* Jm~2 and frustrated surface mag-
netization of AFM phase J;; =2.9 x 107* Jm~2 are
evaluated from maximum and minimum values of
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Figure 4. Contour plots illustrate the magnetization switching process with 50 sweeping cycles. The contour plot displays
magnetic momentum as a function of cycle number N and the sweeping magnetic field strength. One horizontal line is obtained
by the averaged M values at the same magnetic field strength with different sweeping directions for one full sweeping cycle.

EB field (HD™ = 400 Oe and H™" = 200 Oe) at Hyc
= 1.6 kOe with the Meiklejohn—Bean model [1].
We calculate 50 M-H loops and give the contour
plots illustrating the magnetization switching process
in figure 4. The random hopping of the switching
fields is also clearly obtained. We can reproduce the
experimental results based on two different coupling

surfaces model in AFM and FM states.
5. Conclusion

In summary, we first observed the positive exchange-
biased anomalous Hall effect with a hopping switch-
ing behavior in FeGeTe nano-flakes. The exchange-
biased field is monotonically tunable by the cooling
field. Furthermore, the coexistence of stable and frus-
trated surface magnetization of the AFM phase gives
a good explanation of the unconventional exchange-
biased effect. Our findings may provide essential
insights into the spin coupling mechanism between
the vdW magnetic layers.
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