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Sign-tunable exchange bias effect in proton-intercalated Fe;GaTe, nanoflakes
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The exchange-bias (EB) effect, usually arising in ferromagnetic (FM)-antiferromagnetic (AFM) interfaces
with uniaxial magnetic anisotropy, holds high potentials in spintronic applications. Here, we report both field-
cooling and zero-field cooling EB effects with a maximal EB field |Hgg| reaches up to 3859 Oe in above-
room-temperature van der Waals (vdW) ferromagnet Fe;GaTe, nanoflakes at low temperatures. The observed
intrinsic EB effects can be largely tuned via the gate-induced proton intercalation. Moreover, we observe an
unusual sign-tunable EB effect under different gate voltages after £2 T field cooling, leading to a crossover
between positive and negative EB effects. Theoretical analysis based on density functional theory indicates that
the magnetic coupling at the FM/AFM interface in proton-intercalated Fe;GaTe, is highly controllable and can
be tuned to be FMI-1 (1 / |1, positive EB) or FMI-2 (|, / | 1, negative EB) magnetic configurations, depending
on different H-absorption sites. Our experiments offer a knob to control the sign of EB effects and further open
opportunities for more applicable spintronic devices in high-temperature vdW ferromagnets.
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Searching for van der Waals (vdW) magnets [1-7] and
constructing relevant vdW spintronic devices [8-22] have
opened a new arena of research in physics and materi-
als science. Among them, iron-based vdW ferromagnets
Fe,GeTe, (x = 3-5) [3,5-7] are of special interest due to
their high Curie temperatures and vast potentials in spintronic
applications. Recently, another iron-based vdW ferromag-
net Fe;GaTe, (FGaT) was found to be an above-room-
temperature ferromagnet (7. ~ 340 K in bulk) with very
large perpendicular magnetic anisotropy (with perpendicular
magnetic anisotropy energy density ~4.79 x 10°J/m?) and
large anomalous Hall angle (3%) at room temperature [23].
FGaT has, thus, become one of the ideal platforms to develop
the room-temperature vdW spintronic devices. However, the
magnetic properties in this intriguing material especially with
charge doping are not fully resolved.
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Here, we report huge field-cooling (FC) and zero-field
cooling (ZFC) exchange bias (EB) effects in FGaT nanoflakes
with the maximal FC EB field |Hgg| reaches up to 3859 Oe.
The FC EB effect in intrinsic FGaT nanoflakes can be either
positive or negative, revealing different magnetic coupling
types in FM/AFM interfaces. Under a protonic gate, however,
we found the sign of the FC EB effect can be in situly tuned via
the gate-induced proton intercalation, leading to a crossover
between positive and negative EB effects. Besides the FC EB
effects, ZFC EB effects were found suppressed and finally
disappeared whereas sweeping the gate voltage up to —6.5 V.
These observations can be well captured by theoretical anal-
ysis based on density functional theory (DFT). It reveals that
H absorption on different Fe sites leads to a dramatic change
in magnetic coupling at FM/AFM interfaces. The interface
magnetic coupling can be FMI-2 (| / | 1) when H is inserted
above the Fe; and Feg ions whereas it is FMI-1 (1 / 1)
when H is located below Te5 and above Te4 ions, leading
to a crossover between positive and negative EB effects. Our
experiments provide evidence of possible AFM phase in vdW
ferromagnet FGaT nanoflakes.

FGaT crystals with hexagonal structure of space-group
P63 /mme (a = b =3.986, A, ¢ = 16.229 A) were grown by
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FIG. 1. (a) FC EB effects in intrinsic FGaT nanoflake (device
No. 1 with thickness 17 nm) on SiO, after £2 T field cooling from
200 to 2 K, respectively. (b) Temperature dependence of the FC EB
effect in device No. 1 after 4+-2-T field cooling. (c) Remanent Hall
resistance R>" as a function of temperature exhibits a dip between
20 and 100 K, revealing the possible existence of the AFM phase.
The inset: optical image of the FGaT Hall-bar device.

the self-flux method as discussed in our previous study [23].
Monolayer FGaT contains two Te layers separated by the
FesGa slab, and the interlayer spacing among different layers
is around 0.78 nm. The large interlayer spacing allows us to
get the thin FGaT nanoflakes by mechanical exfoliation. Fig-
ure 1(a) illustrates the anomalous Hall effect of a typical FGaT
nanoflake (device No. 1 on SiO, substrate) with thickness
around 17 nm at 2 K. As we can see, FGaT exhibits a much
larger coercive field H, = (H} — H)/2 of around 0.8 T,
compared to the Fe;GeTe, nanoflake at the same thickness
at 2 K [24]. Generally, coercivity in ferromagnets without de-
fects is mainly determined by the magnetic anisotropic energy,
the large coercive field in FGaT reveals large perpendicular
magnetic anisotropy [23].

Note that, the hysteresis loop exhibits obvious ZFC EB
effect with maximal EB field Hgg = 1120 Oe at low temper-
atures as shown in Fig. S2 in the Supplemental Material (SM)
[25]. Applying a magnetic field of 2 T (—2T) at 200 K fol-
lowed by field cooling from 200 to 2 K, device No. 1 exhibits
a huge positive exchange bias effect with EB field Hgp =
43611 Oe (—3859 Oe) as shown in Fig. 1(a). Figure 1(b)
illustrates the temperature-dependent EB effects with a cool-
ing field of 2 T, and the FC EB disappears at around 60 K. The
intrinsic EB effects in FeGaT nanoflakes on SiO, substrates
are further confirmed in device No. 2 in Fig. S3 of the Supple-
mental Material [25]. Interestingly, we find the FC EB effect
in FGaT nanoflakes can be either positive or negative, but the
sign of the EB effects remains unchanged after multiple field
coolings as we can see in Fig. S4 in the SM [25]. Generally,
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FIG. 2. (a) Optical image of one of the SP-FETs. (b) Gate depen-
dence of the FC EB effects after +2-T field cooling from 200 to 2 K
in device No. 3 (16 nm). It clearly exhibits sign-tunable EB effects at
2 K under different gate voltages. (c) FC EB effects disappeared at
Ve =—8 V at 2 K. (d) A summary of gate-dependent EB fields the
Hgp in device No. 3 at 2 K.

EB effect arises in different types of magnetic interfaces, such
as FM-antiferromagnetic (AFM) [26], FM-ferrimagnetic [27],
and AFM-ferrimagnetic [28] interfaces. In ion-based van der
Waals ferromagnets Fe;GeTe,, the coexistence of FM and
AFM phases is confirmed recently by the observation of EB
effects [19]. It is possible that similar AFM phases are formed
in FGaT nanoflakes. To clarify this point, we first saturated
the Hall resistance Ry, with £2 T at 2 K, the field was then
reduced to zero, and the temperature-dependent zero-field
Hall resistance Rffy was examined. The temperature-dependent
remnant Hall resistance RE" = (Rjy —R,))/2 in device
No. 1 is shown in Fig. 1(c). As we can see, the R;j,’” -T
curve exhibits a dip between 20 and 100 K, probably due to
the coexistence of AFM and FM phases in FGaT. Note that the
interlayer magnetic coupling in FGaT is highly dependent on
charge doping (Supplemental Material [25]). The AFM phase
can be developed in FGaT due to the defects- (e.g., Fe defect-)
induced charge doping.

In order to investigate the impact of proton doping
on EB effects in FGaT nanoflakes, we fabricated solid
proton-field effect transistor (SP-FET) [19,29]. Figure 2(a)
shows one of our SP-FETs. In our SP-FET, the FGaT
nanoflake was transferred onto the solid proton conductor
with a Pt electrode underneath, the Hall-bar devices were
then prepared by standard electron-beam lithography method.
Gate voltage was applied between the Pt electrode and the
source at 250 K. Generally, the protons can be stabilized
once the temperature is decreased down to below 200 K.
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FIG. 3. (a) Gate-dependent ZFC EB effects in device No. 4 (with thickness 38 nm) at low temperatures. ZFC EB effects were totally
suppressed at V, = —6.5 V. (b) The corresponding gate-dependent EB field Hgp under different temperatures.

Figure 2(b) illustrates the gate-dependent EB effects after
+2-T field cooling from 200 to 2 K in device No. 3
(around 16 nm) on solid proton conductor. Interestingly,
we observed the sign-tunable EB effects under different
protonic gate voltages at 2 K. Specifically, a standard
negative EB effect with Hgg = —1687 Oe (4251 Oe)
was identified at V,=-3.1 V after 2-T (=2-T)
field cooling. However, a positive EB effect with Hgpg =
+564 Oe (—539 Oe) suddenly emerged after 2-T (—2-T)
field cooling at V, = —4 V. The EB field of the positive EB
effect was further increased to Hgg = +1368 Oe (—1818 Oe)
after field cooling at V, = —5 V. Sweeping the gate voltage
up to —6 V followed by 2-T (—2-T) field cooling, however,
we found the sign of EB effect was changed back to negative
again with EB field Hgp = —1146 Oe (+1032 Oe) as shown
in Fig. 2(b). Interestingly, the EB effects disappeared whereas
Ve, < =7V, this can be seen in Fig. 2(c) with V, = —8 V (also
in Fig. S5 in the Supplemental Material [25]). Figure 2(d)
further summarized the gate-dependent EB fields Hgp in
device No. 3. The pink bar represents 2-T field cooling
whereas the purple bar represents the —2-T field cooling. It
clearly shows that the EB effect can be alternatively switched
to positive and negative via the protonic gate. The similar
phenomenon was also observed in another device No. 4
(with thickness ~38nm) (see Fig. S6 in the Supplemental
Material [25]). Basically, the FM/AFM interface has two
different magnetic coupling types, FMI-1 (1 / | 1) or FMI-2
(} / 11) as mentioned above. If the interface coupling is
FMI-1 (FMI-2), the resultant EB effect is positive (negative).
The sign change in the EB effects indicates the crossover
between two different magnetic coupling types at AFM/FM
interfaces under different gate voltages.

Besides of the field-cooling EB effects, the ZFC EB ef-
fects can also be dramatically tuned by the protonic gate.
Figure 3(a) shows the gate-dependent ZFC EB effects at

different temperatures in device No. 4. At V, = —-3.5V, a
very large ZFC EB effect with Hgg = 2308 Oe was observed
at 2 K. Increasing the temperature, we found the sign of Hgp
was reversed, and the amplitude was largely suppressed and
finally disappeared at above 30 K. Note that the coercive
field H. = (HF — H.)/2 at 2 K is much smaller than that at
10 K. Basically, the emergence of ZFC EB with both positive
and negative Hgp indicates that the unidirectional magnetic
anisotropy occurs between the FM and the AFM domains
and the magnetic coupling at AFM/FM interfaces can be
both FMI-1 (1 / | 1) or FMI-2 (| / | 1). We hypothesize that
the energy discrepancy between these two magnetic coupling
types at AFM/FM interfaces is small, and this is also consis-
tent with our experimental observations that the intrinsic FC
EB effects in different FGaT nanoflakes can be either positive
or negative as discussed above. Thus, under the external per-
turbations, such as magnetic field and thermal fluctuation, it is
possible that the magnetic coupling at AFM/FM interfaces can
be transferred between FMI-1 (1 / | 1) or EMI-2 ({4 / {1)
even in a single hysteresis loop [19]. Under this circumstance,
the coercive field H,. can be increased or decreased in the ZFC
EB effect, depending on the type and magnitude of the mag-
netic coupling at the AFM/FM interfaces. Similar phenomena
were also observed at V, = —4 V. Sweeping the gate voltage
to —6.5 V, however, the ZFC EB effects disappeared. Besides
of the gate-tunable EB effect, we found both the coercive
field and the anomalous Hall resistivity can also be largely
tuned. We take 7' = 30 K (with negligible EB effects), for
example, both coercive field (with H. = 0.8 T) and anomalous
Hall resistance (with R}}'* = 1.4 Q) are nearly unchanged
at —3.5and —4.5 V. At — 6.5V, however, H, decreases to
0.38 T whereas RAHE increases up to 6.5 Q. Those dramatic
changes highlight possible gate-tuned anomalous Hall effect
and magnetic anisotropy at above room temperatures in FGaT.
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FIG. 4. (a) The illustration of structural and magnetic configurations of Fe;GaTe,. (b) The calculated formation energy and AE., with
various H-inserting sites. Here, the structural configurations were sorted by the formation energy.

Figure 3(b) summarized the ZFC EB effects under different
gate voltages and temperatures, and ZFC EB effects only
survive at low temperatures with V, > —6.5 V.

To understand those observations, we conducted the the-
oretical studies based on the DFT [30,31]. The constructed
FM/AFM Fe;GaTe, interface is shown in Fig. 4(a). According
to the Malozemoff random field mode [32-34], the EB effect
can be estimated by Hgp = AE3./2Mpty with Mg and tp
being the magnetization and thickness of the ferromagnet,
respectively. AEj3; is the energy difference between two dif-
ferent magnetic configurations FMI-1 (1 / | 1) or FMI-2 (|
/ 11). Therefore, the exchange bias strongly depends on the
FM/AFM interface magnetic coupling [32], and its intensity
can be characterized by the energy difference between FMI-1
(1 /41 or FMI-2 (| / | 1). Figure 4(b) presents the forma-
tion energy (Hp) and AEj3; with various H-inserting sites. H
locates around Fe ions are more energetically favorable as the
Hp of Fe sites are lower than that of Ga and Te sites (the
origin bar diagram). Regarding the Fe sites, AEj3; reaches
the maximum and minimum values when H is inserted above
the Fes and Feg ions. The extreme values can be explained
by the compensation theory [32]. H can reduce the magnetic
moment of the neighboring Fe ion [Figure S11(a) in the
Supplemental Material [25]; see, also, Refs. [35—40] therein],
leading to an unbalanced interface magnetic coupling. For
example, H absorbed above Feg ion could directly weaken
the AFM/FM layers coupling. Although H absorbed above
the Fej ion could decrease the magnetic coupling of the bot-
tom two layers and, consequently, enhance the coupling of
AFM/FM interface. If a large voltage is applied, the concen-
tration of H increases and continues to occupy the sites with

higher formation energy, i.e., sites around Te and Ga ions.
AEj;; even presents negative values when H is located below
Te5 and above Te4 ions, indicating the observed sign change
in the EB effect. This may be ascribed to the redistribution
of interface charge due to H insertion as plotted in Fig. S12
in the Supplemental Material [25] (see, also, Refs. [35-40]
therein). As for the insertion near Ga, AE3; presents compli-
cated results since its value relies on the different absorbing
sites. Note that AE3; can also be extremely small when H
locates at above Feg and above Ga,. This probably explains
the disappearance of EB effects under the protonic gate since
Hgp = AE3 /2MFtr.

In conclusion, we observed both FC and ZFC EB ef-
fects in above-room-temperature vdW ferromagnet Fe;GaTe,
nanoflakes. Applying a protonic gate, we found both ampli-
tude and sign of magnetic coupling (AEs;, ) at FM/AFM
interface can be dramatically tuned by gate-induced proton in-
tercalation, giving rise to sign-tunable EB effects in Fe;GaTe,
nanoflakes. The intrinsic huge EB effect and its tunability
promise more applicable room-temperature vdW spintronic
devices.
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