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ABSTRACT

The exchange bias (EB) effect—an asymmetric shift in the ferromagnetic (FM) hysteresis loop arising from the coupling between bulk FM and
surface antiferromagnetic (AFM) spin alignments in FM materials—has attracted considerable attention. Owing to their weak interlayer FM
spin-coupling and facile surface oxidation that promotes AFM spin formation, thin van der Waals (vdW) magnetic materials provide an ideal
platform for investigating the EB effect. In this study, we fabricate thin vdWmagnetic flakes of Fe3GeTe2 (F3GT) and Fe5GeTe2 (F5GT) and sub-
ject them to both natural and intentional oxidation under ambient air. It is found that intentionally oxidized F3GT flakes exhibit an enhanced EB
effect, approximately 2.5 times larger than that of naturally oxidized flakes, owing to homogeneous surface oxidation. In contrast, F5GT flakes dis-
play an AFM spin phase with the negligible EB effect in both naturally and intentionally oxidized samples. However, high-temperature annealing
of the intentionally oxidized F5GT flakes under vacuum eliminates the AFM phase, leading to the emergence of diamagnetism superimposed
with a pronounced EB-like effect, which is approximately 1.5–2.5 times greater than that observed in intentionally oxidized F3GT. These findings
demonstrate innovative strategies for controlling and inducing the EB effect, paving the way for its potential spintronic applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0312737

Two-dimensional (2D) van der Waals (vdW) (anti)ferromagnets
have exhibited unique spintronic and magnetic properties, making
them promising candidates for next-generation spintronic devices.
Representative examples include CrI3,

1,2 CrSBr,3 Fe3GeTe2 (F3GT),
4–12

Fe5GeTe2 (F5GT),
13–18 and Fe3GaTe2.

19 Among these materials, F3GT
and F5GT stand out due to their distinctive physical characteristics,
such as high Curie temperatures (TC), large anomalous Hall effects,
pronounced exchange bias (EB) effects, high tunnel magnetoresistance
(TMR) ratios, and stable magnetic skyrmions.

Among these phenomena, the exchange bias (EB) effect is partic-
ularly intriguing.8–11,16–18 It is characterized by the appearance of an
asymmetric magnetic hysteresis loop, that is, unequal coercivities
under positive and negative magnetic fields (H). This effect is
caused by cooling the sample from room T under a constant applied
þH or – H. The EB effect conventionally originates from the

formation of interfacial spin coupling between bulk ferromagnetic
(FM) regions and surface antiferromagnetic (AFM) layers during the
cooling process. While the AFM phase is relatively insensitive to the
applied H direction, the FM spin moments align with the constant
6H during cooling and become strongly coupled with the surface
AFM spins at the interface, resulting in an interfacial spin-coupling
moment opposite to the applied H. This interfacial coupling is robust;
consequently, the FM spins at the topmost layer in the bulk region
resist reversal under alternating 6H during subsequent magnetization
(M)–H curve measurements at low T, giving rise to the EB effect.

This effect becomes particularly pronounced in thin two-
dimensional (2D) magnetic materials such as F3GT, where the weak
interlayer FM spin coupling in the bulk enhances the relative contribu-
tion of surface interactions. Surface oxidation in such systems facili-
tates the formation of AFM spin alignment at the interface, thereby
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strengthening the EB effect.5,20,21 This can be significant in Fe-based
2D magnetic layers, as Fe–O coupling leads to a strongly reinforced
AFM interaction.

The EB effect has been reported in various 2D magnetic layers,
e.g., 2D-intrinsic F3GTs,

8–10 F3GT-based artificial AFM/FM layers,11

2D-intrinsic F5GTs,
16 and F5GT-based artificial layers.17,18 Although

the artificial AFM/FM materials have yielded large EB effect (e.g.,
�1400Oe in F5GT/V2O5 or Al2O3), the correlation of the EB effect
with oxidation, defects, and annealing conditions in intrinsic F3GT
and F5GT has not been almost reported.

Here, we reveal that intentionally oxidized thin intrinsic F3GT
flakes exhibit an EB effect, �1.5 times greater than that of naturally
oxidized flakes. In contrast, thin intrinsic F5GT flakes display an AFM
spin phase with almost no observable EB effect in both naturally
and intentionally oxidized samples. However, high-T annealing of the

intentionally oxidized F5GT flakes under low vacuum leads to the
emergence of diamagnetism superimposed with a pronounced EB-like
effect, which is �1.5–2.5 times stronger than that observed in the
intentionally oxidized F3GT.

Thin flakes of F3GT and F5GT [Figs. 1(a) and 1(b)] are fabricated
by mechanically exfoliating bulk crystals onto Si/SiO2 substrates. Each
substrate contains approximately five flakes, with areas ranging from
�20 to 100lm2 for F3GT and �10 to 50lm2 for F5GT. We measure
the average magnetic response of these flakes on each substrate
because the fabrication of large-area thin F3(5)GT flakes is very difficult,
and the magnetization of individual flakes is too small to be accurately
detected owing to noise.

Representative atomic force microscopy images of the flakes are
shown in Figs. 1(c)–1(f), including top views [Figs. 1(c) and 1(d)] and
cross-sectional profiles with thicknesses of �38 and �22 nm for F3GT

FIG. 1. Schematic views of (a) F3GT and (b)
F5GT crystal lattices. Upper and lower pan-
els correspond to cross-sectional and top
views, respectively. AFM images of (c) and
(e) F3GT and (d) and (f) F5GT flakes. (c)
and (d) and (e) and (f) correspond to top
and cross-sectional views, respectively.
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and F5GT, respectively [Figs. 1(e) and 1(f)]. The flakes are subjected to
either natural or intentional oxidation. For natural oxidation, samples
are exposed to ambient air at room T for 3 days. For intentional oxida-
tion, samples are annealed at�100 �C for 30min in ambient air.

The M values of the flakes are measured under out-of-plane H
using a superconducting quantum interference device (SQUID;
Quantum Design, MPMS3). To observe the EB effect, the samples are
cooled from room temperature to 2K under a constant out-of-planeH
of either þ2500 or �2500Oe. The strength of the EB effect
HEB¼ (HcþþHc�)/2, where Hcþ and Hc� denote the positive and
negative coercive Hs, respectively, is obtained from theM–H hysteresis
curves.

Figures 2(a) and 2(b) show the M–H curves of naturally and
intentionally oxidized F3GT flakes, respectively, measured at T¼ 2K
after positive and negative H cooling. Evident asymmetry is observed
in the M–H loops for both samples. The samples cooled under þH
exhibit larger Hc� values along with higher positive saturation magne-
tization (Ms), whereas those cooled under �H show larger Hcþ values
and higher negative Ms. Notably, the HEB value (�175Oe) of the
intentionally oxidized F3GT is �2.5 times greater than that (�75Oe)
of the naturally oxidized sample afterþH cooling.

TheM–H hysteresis loops also exhibit a vertical shift along theM
axis. One possible cause for this shift—an asymmetric displacement of
the residual magnetization (Mr)—is the markedly different densities of
residual spins accumulated at H¼ 0, arising from the different Hcþ
and Hc� values induced by the EB effect. For instance, Hc� increases
after the fixed H of þ2500Oe cooling. This behavior suggests that a
large spin moment aligned with the applied constant þH direction

couples to the surface AFM spins in the top region of the F3GT layers
and accumulates there because a larger Hc� is required to compensate
for this accumulated spin moment. This accumulation manifests itself
as a large positiveMr.

The T dependence of HEB for all F3GT samples, including the
results shown in Figs. 2(a) and 2(b) at T¼ 2K, is presented in
Fig. 2(c). The intentionally oxidized samples exhibit HEB values that
are consistently higher than those of the naturally oxidized samples
across all T, except for the case of �H cooling at 2K described earlier,
although HEB rapidly decreases with increasing T and nearly vanishes
around T� 30K.

On the other hand, results of similar M–H measurements for
F5GT samples, subjected to the same oxidation procedures as those
applied to F3GT, are presented in Fig. 3. In contrast to F3GT (Fig. 2),
the FM hysteresis is almost completely suppressed, while AFM M–H
behavior is observed in all samples with a slightly asymmetric hystere-
sis loop only in Fig. 3(a) (see inset).

Figure 4(a) shows the M–H curves of the sample from Fig. 3(b)
after high-T annealing under vacuum (500 �C, 0.02 Pa, 5min). The
AFMM–H behavior observed in Fig. 3 is completely suppressed, while
diamagnetic M–H curves with superimposed FM-like hysteresis and a
pronounced EB-like effect (HEB� 250Oe) are observed, �1.5 times
larger than those in Fig. 2(b). Remarkably, this EB-like effect persists
up to higher T [�50K; Fig. 4(b)], in contrast to the T-dependent EB
behavior observed in Fig. 2(c), implying �1.5–2.5 times larger values
depending on T.

The difference in the extent of oxidation between F3GT and
F5GT strongly depends on the number of Fe sites, i.e., three in F3GT

FIG. 2. M–H curves of (a) the naturally and (b) the intentionally oxidized F3GT flakes measured with out-of-plane H after the sample cooling with applying constant out-of-pane
H¼þ2500 or �2500 Oe. (c) Temperature dependence of the EB effect values (HEB) of the naturally and intentionally oxidized F3GT flakes including the results of (a) and (b).
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and five in F5GT. In particular, in F5GT, only the top and bottom Fe-
atomic layers within a single quantum layer host spin-up and spin-
down sites [Fig. 1(b)]. Oxidation of these surface Fe sites results in a
greater degree of oxidation, as they are more susceptible to oxidation.
On the other hand, the reduced magnetization observed after oxida-
tion in F5GT [Fig. 3(a)] is attributed to the suppression of FM due to
the emergence of AFM ordering induced by oxidation. As mentioned
earlier, the larger extent of oxidation in F5GT facilitates the formation
of this AFM phase.

Here, we discuss a qualitative interpretation of the three main
observations: (1) the HEB values of intentionally oxidized F3GT flakes,
�2.5 times greater than that in the naturally oxidized sample (Fig. 2);
(2) the appearance of AFM M–H curves with slight FM asymmetry in
F5GT flakes (Fig. 3); and (3) the emergence of diamagnetic M–H
curves with the superimposed EB-like effect, which is �1.5–2.5 times
larger than those in the intentionally oxidized F3GT flakes, in the high-
T, vacuum-annealed sample from Fig. 3(b) (Fig. 4).

For (1), intentionally oxidized F3GT flakes exhibited HEB values
�2.5 times greater than those of the naturally oxidized sample (Fig. 2).
Figures 5(a) and 5(b) show cross-sectional high-resolution transmis-
sion electron microscopy (HRTEM) images of the surface regions
of these two samples. In both cases, the topmost layers are clearly
oxidized. The interface between the surface-oxidized and bulk non-
oxidized regions is relatively uniform in the intentionally oxidized

sample [Fig. 5(b)] compared with the naturally oxidized sample
[Fig. 5(a)]. In the naturally oxidized sample, where the flakes were sim-
ply exposed to ambient air at room T for an extended period, oxidation
occurs randomly across the surface [Fig. 5(a)]. By contrast, in the
intentionally oxidized sample, uniform heating from the substrate side
results in homogeneous surface oxidation [Fig. 5(b)].

As explained above, the EB effect arises from interfacial spin cou-
pling between bulk FM regions and surface AFM layers, and it
becomes more pronounced in thin 2D magnetic materials such as the
present F3GT flakes, where interlayer FM spin coupling in the bulk is
weak, enhancing the relative contribution of interfacial coupling with
surface AFM layers. Consequently, the uniform surface-oxidized layers
in intentionally oxidized samples enlarge the area of strong interfacial
coupling between surface AFM and bulk FM spins [Fig. 5(c)], resulting
in the observed enhancement of the EB effect.

For (2), AFM behavior with slight FM M–H asymmetry, like an
EB effect, was observed in F5GT flakes, in contrast to F3GT (Fig. 3).
This behavior can be attributed to the oxidation of the numerous Fe-
atom vacancies inherent to the complex lattice structure of F5GT,
which contains multiple Fe sites [Fig. 1(b) and right panel of Fig. 5(d)].
It is well established that oxidation at Fe-atom vacancy-sites in F5GT
stabilizes AFM spin states. Furthermore, since the thin F5GT flakes
were mechanically exfoliated using Scotch tape, additional Fe-atom
vacancies are likely introduced, particularly at the surface [left panel if

FIG. 3. M–H curves of (a) the naturally and (b) the intentionally oxidized F5GT flakes measured with out-of-plane H after the sample cooling with applying constant with out-of-
plane H¼þ2500 or �2500 Oe. Insets: zoom of main panels.

FIG. 4. (a) M–H curves of Fig. 3(b)-sample after the high-T annealing at 500 �C under vacuum, measured with out-of-plane H after the sample cooling with applying constant
with out-of-plane H¼þ2500 or �2500 Oe. (b) Temperature dependence of HEB including the results of (a).
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Fig. 5(d)]. Although this has not yet been experimentally confirmed,
the crystal structure of F5GT with five Fe sites is highly complex and is
known to be that attaching Scotch tape to the sample surface tends to
introduce Fe-vacancy defects at these sites, particularly at the topmost
surface of flakes.14–17 Consequently, AFM behavior dominates the M–
H response, while the small remaining FM regions give rise to the
observed EB-like hysteresis with slight asymmetry.

For (3), high-T annealing of the sample from Fig. 3(b) under low
vacuum transformed the AFM M–H curves into diamagnetic curves
with superimposed ferromagnetic-like hysteresis, giving rise to a

pronounced EB-like effect approximately 1.5–2.5 times larger than
that observed in F3GT, depending on T (Fig. 4). The emergence of dia-
magnetism can be attributed to partial lattice destruction to yield FM
(or AFM) spin alignments, caused by the excessively high annealing T,
which was not optimized to preserve the crystal structure [left panel of
Fig. 5(e)]. Two possible mechanisms may account for the observed dia-
magnetism: (a) the emergence of intrinsic diamagnetism in the Fe5GT
flakes themselves resulting from partial lattice destruction and activa-
tion of some O-coupled atomic sites induced by high-T annealing with
oxidation, and (b) the suppression of FM in the flakes due to lattice

FIG. 5. (a) and (b) Cross-sectional HRTEM
images of the surface regions of (a) the nat-
urally and (b) the intentionally oxidized
F3GT flakes. Darker parts without lattice
structure at the surface side correspond to
oxidized regions. (c) and (e) Schematic
views of spin models to interpret the
observed three main results. (c) The large
EB effect in the intentionally oxidized F3GT,
(d) he AFM behavior in the oxidized F5GT,
and (e) the diamagnetism with the strong
EB-like effect in the high-T and vacuum-
annealed (d)-sample.
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destruction and appearance of diamagnetism in Si substrate caused by
high-T annealing with oxidation.

For (a), O–Fe coupling is known to favor FM, and, thus, coupling
involving Ge–O or Te–O bonds may instead be responsible for the
emergence of diamagnetism. For (b), the Si substrates used in this
study contain a small amount of Nb. If a fraction of Nb atoms is pre-
sent near the substrate surface, O–Nb coupling may induce diamag-
netic behavior. Indeed, diamagnetism was observed in some substrates
without flakes subjected to the same low-pressure annealing condi-
tions. The diamagnetic response becomes significant, as in the present
case, only when the diamagnetism originating from the substrate is
much larger than the reduced FM contribution from the F5GT flakes.

On the other hand, the appearance of the EB-like effect can be
ascribed to partial recovery of oxidized Fe-atom vacancy-sites in
regions where the crystal structure remained intact during high-T vac-
uum annealing [right panel of Fig. 5(e)]. Although this leads to only
partial restoration of FM spin regions, the observed EB-like effect is
substantially larger than that in intentionally oxidized F3GT up to the
high-T regions. These observations suggest that defect-free oxidized
F5GT could potentially exhibit an even stronger EB effect, as F5GT
contains numerous Fe sites, including spin-split sites [Fe1up and
Fe1down in Fig. 1(b)]. Coupling of these spin-split sites in the topmost
bulk FM layers with surface AFM spins [Fig. 5(e)] could generate an
enhanced EB effect up to the high-T regions. The observed results with
the robust EB effect are qualitatively consistent with the large EB effect
in the F5GT-based artificial AFM/FM layers and the presence of the
high Tc (>300K) in F5GT. Optimized high-T annealing is, therefore,
expected to further confirm this hypothesis and achieve a greater EB
effect even in intrinsic F5GT flakes like the case of artificial AFM/F5GT
layers.

In conclusion, we have demonstrated that intentionally oxidized
thin intrinsic F3GT flakes exhibit an EB effect (HEB value �175Oe),
�2.5 times greater than that of naturally oxidized flakes. In contrast,
thin intrinsic F5GT flakes displayed an AFM spin phase with negligible
EB effect in both naturally and intentionally oxidized samples.
However, high-T annealing of the intentionally oxidized F5GT flakes
under low vacuum transformed the M–H response into diamagnetic
behavior with the superimposed EB-like effect, �1.5–2.5 times larger
than that observed in intentionally oxidized F3GT depending on T.
Although the observed HEB values are much smaller than those in arti-
ficial AFM/FGT layers, the enhanced EB effect revealed in the present
intrinsic FGT layers is valuable for further understanding of mecha-
nisms of the EB effect and advance of this field. They provide a path-
way for controlling and enhancing the EB effect, with potential
implications for spintronic applications.
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