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ABSTRACT: Magnetic van der Waals (vdW) materials are poised to enable all-
electrical control of magnetism in the two-dimensional limit. However, tuning the
magnetic ground state in vdW itinerant ferromagnets by voltage-induced charge
doping remains a significant challenge, due to the extremely large carrier densities in
these materials. Here, by cleaving the vdW itinerant ferromagnet Fe5GeTe2 (F5GT)
into 5.4 nm (around two unit cells), we find that the ferromagnetism (FM) in F5GT
can be substantially tuned by the thickness. Moreover, by utilizing a solid protonic
gate, an electron doping concentration of above 1021 cm−3 has been exhibited in
F5GT nanosheets. Such a high carrier accumulation exceeds that possible in widely
used electric double-layer transistors (EDLTs) and surpasses the intrinsic carrier
density of F5GT. Importantly, it is accompanied by a magnetic phase transition from
FM to antiferromagnetism (AFM). The realization of an antiferromagnetic phase in nanosheet F5GT suggests the promise of
applications in high-temperature antiferromagnetic vdW devices and heterostructures.
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Control of magnetism and magnetic properties by voltage
is vital to modern low-energy nanoelectronic devices.1−3

In traditional FM metals, tuning of magnetism by voltage-
induced charge doping is limited to the surface,4 due to the
strong electric-field screening effect in FM metals. The
emergence of vdW magnetic materials5−7 has greatly expedited
the development of vdW spintronic devices8−14 and, thanks to
the extreme large surface-to-bulk ratio in atomically thin layers,
provided an unrivalled opportunity to manipulate magnetism
in the two-dimensional (2D) limit by all-electrical
means.7,15−18 However, voltage-control of the magnetic
ground state in vdW itinerant FMs has remained elusive.
This is because the high carrier concentrations in vdW
itinerant FMs exceed those in any traditional field-effect
transistors or widely used electric double-layer transistors
(EDLTs).19

Here, we report a systematic investigation of the anomalous
Hall effect in vdW itinerant FM Fe5GeTe2(F5GT). Both the
coercivity and the critical temperature of the ferrimagnetic
transition of Fe1 sites depend strongly on the thickness of the
F5GT. Furthermore, we fabricate a solid proton field-effect
transistor (SP-FET) and demonstrate that an electron doping
concentration of above 1021 cm−3 (or 1016 cm−2 in 2D) can be
achieved with just a few volts applied to the gate. This is an
order of magnitude increase over doping concentrations
achievable in EDLTs.19 In the F5GT nanosheets, the high
gate voltage-induced doping suppresses the hysteresis of the

FM state, leading to a magnetic phase transition from FM to
AFM. This ability to control the magnetic phase in F5GT via
gate voltages suggests the possibility of antiferromagnetic
spintronic devices that operate at high temperatures and a new
pathway in the search for vdW itinerant AFMs.
F5GT is a newly synthesized vdW ferromagnet20−24 which is

noteworthy due to its high Curie temperature (Tc). This Tc

approaches room temperature and exceeds the Curie temper-
ature of up to 230 K exhibited by the widely investigated
itinerant vdW FM Fe3GeTe2 (FGT).7,25−28 Figure 1a
illustrates a schematic diagram of the Fe5GeTe2 crystal
structure projected along the [100] direction. Like FGT, the
F5GT crystal is formed from thicker Fe−Ge slabs sandwiched
by Te layers. The crystal structure of F5GT has a space group
R3m with lattice parameters a = 4.04 Å and c = 29.19 Å.20 In
each unit cell, there are 3 Fe sites, and the Fe1 site is regarded
as a split site located either above or below the Ge site, leading
to the complex crystal structure. Figure 1b shows optical and
atomic force microscope images of an ultrathin F5GT
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nanosheet supported on a SiO2 substrate. Figure 1c illustrates
the lateral distance-dependent height (corresponding to the
dashed blue line in Figure 1b) of a thin F5GT nanosheet,
indicating a thickness of 6.8 nm. The normalized resistance vs
temperature (RT) curves of F5GT devices with various
thicknesses are shown in Figure 1d. In samples with
thicknesses exceeding 6.8 nm, the RT curves exhibit a kink
around T ≈ 145 K. This resistance anomaly is attributed to the
gradual magnetic transition of the Fe1 site with decreasing
temperature,20 as discussed later. A small response near 115 K
is observed in the magnetization data collected from the bulk
crystal at 1 T (Figure S1a), which is also indicative of a first-
order transition of the magneto-structure.20,21

Figure 2a illustrates the magnetic field-dependent anomalous
Hall resistivity (ρxy) of F5GT nanosheets with different
thicknesses. All measurements were performed with the
magnetic field oriented perpendicular to the planes of the
nanosheets. The 113 nm nanosheet exhibits a hard magnetic
property with two magnetic phases and a small coercive field
(Hc) of 65.5 mT. These attributes agree well with the magnetic
measurements taken from the single crystal (Figure S1).
Reducing the thickness from 113 to 40 nm, ρxy(0 T)/ρxy

SAT

(with ρxy
SAT being the saturated anomalous Hall resistivity)

increases from 0.24 to 0.73, and the coercive field
correspondingly increases to 93.8 mT in the 40 nm thick
nanosheet. Furthermore, the magnetic loops from the samples
of thickness 17 and 12 nm exhibit larger Hc and are nearly
square-shaped with ρxy(0 T)/ρxy

SAT values approaching unity.
Further lowering the thickness to 5.4 nm results in a single,
hard magnetic phase with a large Hc of 1.7 T and a ρxy(0 T)/
ρxy
SAT ratio of 1. The larger ρxy(0 T)/ρxy

SAT ratios indicate the
magnetic moments align perpendicular to the plane of the
nanosheet at the remanence point in thinner F5GT nano-
sheets, implying a strong magnetic perpendicular anisotropy.
Interestingly, few-layer F5GT nanoflakes exhibit a much larger
(around 4 times) coercivity than FGT nanoflakes of similar
thicknesses. In the absence of defects, the coercivity is mainly
determined by the magnetic anisotropic energy (MAE).

However, the MAE of F5GT is much smaller than that of
FGT nanoflakes (see Table S3), revealing that the pinning
effect induced by defects might play a pivotal role in the
coercivity mechanism, given that F5GT usually has much more
Fe-deficiency-induced defects in a comparison with FGT.
While the theoretically calculated interlayer depinning field is
only ∼3.7 kOe (see Supporting Information), this is still
considerably smaller than the measured coercivity (∼20 kOe)
in few-layer F5GT. Therefore, the defect-induced intralayer
pinning effect possibly contributes to the large coercivity in

Figure 1. Crystal structure and initial characterization of Fe5GeTe2. (a) Schematic diagram of the F5GT crystal structure viewed along the a-axis.
(b) Optical and atomic force microscope images of a thin F5GT nanosheet. The white scale bars represent 5 μm. (c) Cross-sectional profile of the
F5GT flake along the dashed line in part b. (d) Temperature-dependent longitudinal resistances of F5GT devices with various thicknesses.
Resistances are normalized to their values at T = 2 K.

Figure 2. Anomalous Hall effect measurements performed on
Fe5GeTe2 devices of various thicknesses. (a) ρxy(B) for F5GT
nanosheets of various thicknesses at 2 K. (b) Temperature-dependent
remanence curves from devices with thicknesses ranging from 5.4 to
113 nm. (c) Thickness-dependent ρxy(B = 0 T)/ρxy

SAT (at T = 2 K)
and Tk. Inset displays the optical image of a thin F5GT device covered
with a h-BN layer. The white scale bar represents 5 μm.
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few-layer F5GT. In thicker F5GT nanoflakes, the chance of
domain expansion along the interlayer direction can be largely
enhanced. Accordingly, the interlayer depinning field and the
MAE will gradually dominate the mechanism of coercivity and
result in much smaller coercivity in thicker F5GT.
Figure 2b shows the temperature-dependent remanence of

F5GT nanosheets with different thicknesses. In the nanosheets
with a thickness above 5.4 nm, the remanence first increases
with decreasing temperature and reaches a maximum at around
120−150 K, before declining sharply. This behavior indicates
that the phase in thicker F5GT nanosheets is ferrimagnetic
rather than ferromagnetic.20−22 However, for the 5.4 nm F5GT
device, the lack of the “peak” in the temperature-dependent
remanence curve indicates that the first-order magnetic
transition of the Fe1 sites disappears, and the curve shows a
typical ferromagnetic behavior. Note that the remanence of the
5.4 nm thick F5GT nanosheet decreases to zero at around 220
K, revealing a lower Tc. This lower Tc may result from weaker
interlayer magnetic coupling due to the reduced number of
layers, as reported to be the case in other vdW magnets.5,7,26

As discussed above (Figure S1a), the magnetic transition on
the Fe1 site results in a first-order transition on the
temperature-dependent magnetization curve of the bulk
crystal. In F5GT nanosheets, the temperature-dependent
magnetization curves correspond to the temperature-depend-
ent remanence curves, and we define the temperature at which
the remanence is at a maximum as the critical temperature
(Tk) of the ferrimagnetic transition on the Fe1 sites. Figure 2c
shows the thickness-dependent ρxy(0 T)/ρxy

SAT and Tk. Tk
gradually increases with decreasing thickness and eventually
disappears in the 5.4 nm thick nanosheet. The abrupt
disappearance of a ferrimagnetic transition of Fe1 sites in the
5.4 nm thick F5GT reveals a magnetic phase transition
between the thicknesses of 12 and 5.4 nm, again possibly due
to the increased intralayer pinning effect discussed above.
In vdW materials, controlling the magnetism by the

application of voltage would enable a greater number of
applications in spintronics and memory devices. For vdW
itinerant magnets, however, conventional field-effect transistors
or EDLTs19 are insufficient for electrical control of the
magnetic order, due to their limited capacities. To date,
protonic intercalation induced by a protonic gate29 has proved
effective in tuning the magnetism and interlayer coupling in
vdW itinerant FM FGT. Using the same protonic gate
technique, as illustrated in Figure 3a, we fabricate a SP-FET
and find that the FM in F5GT nanosheets can be significantly
modulated. Figure 3b shows the magnetic field-dependent
anomalous Hall resistivity ρxy at various gate voltages in the 40
nm thick F5GT at 2 K. In the pristine nanosheet, the hysteresis
loop shows a large ρAHE value, with ρAHE defined by ρAHE = |ρxy
(1 T) − ρxy (−1 T)|. Sweeping the voltage from 0 V to Vg =
−3.1 V and −3.6 V, we find the ρAHE decreases accordingly.
The anomalous Hall resistivity can usually be written as ρxy =
R0H + ρxy

A = R0H + RsMz, where Mz represents the
magnetization.30 As the normal Hall section R0H is small
compared with the whole anomalous Hall resistance, the
hysteresis loop here is proportional to the magnetization loop,
so the decrease of ρxy indicates a decrease in the magnetization.
If the magnitude of the gate voltage is increased, the
anomalous Hall resistivities are further suppressed and exhibit
a sign reversal at −4.2 and −4.5 V, as discussed later. At Vg =
−5 V, the anomalous Hall loop eventually disappears, implying
the possibility of a magnetic phase transition. Note that the

transport properties of F5GT nanoflakes are almost unchanged
under the positive voltages and the gate-induced proton
intercalation/deintercalation process mainly occurs in the
negative voltage range.
Note that the anomalous Hall resistivities exhibited by

nanosheets thinner than 40 nm are nearly “flat” at high
magnetic fields. In order to qualitatively determine the doping
concentrations during the gating process, we tested more
samples with different thicknesses (Figure S3). In a 78 nm
thick nanosheet, we found that negative gate voltages led to
electron-type doping (Figure S3a) which suppressed the
anomalous Hall resistivity. A similar suppression of anomalous
Hall resistivity has also been identified in other samples at
negative gate voltages, indicating the same n-type doping at
negative gate voltages. We can rule out the possibility of the
magnetic anisotropy changing from out-of-plane to in-plane,
because there is no magnetic hysteresis loop at Vg = −5 V. An
in-plane magnetization should be rotated to the perpendicular
direction gradually under an increasing perpendicular magnetic
field, and this is not shown in our results. Therefore, the
absence of a hysteresis loop at Vg = −5 V is attributed to the
formation of an AFM state. Figure 3c shows the Vg-dependent
carrier density of a 78 nm thick nanosheet as well as the ρAHE
(Vg)/ρAH (0 V) of 40 and 78 nm thick nanosheets,
respectively. Sweeping the voltage Vg from 0 to −5 V, ρAHE
(Vg)/ρAHE (0 V) values in both the 40 and 78 nm thick
nanosheets decrease while the electron density in the 78 nm
thick nanosheet increases by 0.8 × 1022 cm−3. As discussed
above, since ρAHE (Vg)/ρAHE (0 V) of the 40 nm thick
nanosheet exhibits a similar tendency under negative gate
voltages, we speculate that an electron doping concentration of
above 1021 cm−3 could totally suppress ferromagnetism and
give rise to a magnetic phase transition from FM to AFM in
F5GT nanosheets. Generally, the maximal carrier accumulation
in widely used EDLTs19 is less than 1015 cm−2, which is at least
one order smaller than present solid protonic gates (above 1016

Figure 3. Protonic gating modulation of the 40 nm Fe5GeTe2
nanosheet. (a) Schematic diagram of a F5GT SP-FET, where an
F5GT flake lies on the solid proton conductor (SPC). The scale bar
represents 10 μm. (b) ρxy(B) loops at various gating voltages on the
40 nm thick F5GT device. (c) Gate voltage-dependent carrier
densities and anomalous Hall ratios of the 40 and 78 nm thick F5GT
nanosheets. The definition of the ρAHE is the same as that given in
Figure 2a.
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cm−2 in 2D). The extremely high electron doping concen-
trations observed in F5GT can be ascribed to the high mobility
of protons which are easily intercalated into vdW materials
under modest gate voltages. This leads to a dramatic change of
carrier density within the F5GT. Recent experiments have
revealed that the cobalt substitution can change the intralayer
local configuration and interlayer stacking configuration of
F5GT (or Fe4GeTe2

31) and result in AFM states.32−34 In
addition, the gate-controlled charge doping here mainly
changes the magnetic interaction in F5GT by affecting the
interlayer coupling energy (see Figures S6 and S7) and results
in a possible in situ magnetic phase transition in nanodevices,
potentially enabling greater applications in vdW spintronics.
As mentioned above, the anomalous Hall loops exhibit sign

reversal during the gate process (at Vg = −4.2 V and −4.5 V);
this reversal in the hysteresis loops indicates the reversal of ρxy

A

= RsMz. The latter could merely be ascribed to the flip of the
total magnetization Mz due to the change of carrier type.
However, since there is no experimental evidence of sign
change in the Hall slope around Vg = −4.5 V, this change in ρxyA
cannot be simply attributed to a change of carrier type. To
obtain more insight, we calculated the anomalous Hall
conductivity in terms of Berry curvature.30,35 Band structures
and relativistic anomalous Hall conductivity (σxy

z component)
based on density functional theory (DFT) calculations with
PBE (Perdew−Burke−Ernzerhof) and LDA+U (local density
approximation plus Hubbard U) functionals,36−39 with
consideration of spin−orbit coupling (SOC), are presented
in Figure 4a,b, respectively. Hartree−Fock band structures40

without SOC are also shown in Figure S5. Despite the different
theoretical functionals employed, they all reveal that an
electron doping treatment of the system can indeed lead to a
reversal of Hall conductivity σxy

z . This qualitatively agrees with
the reversed anomalous Hall resistivity at Vg = −4.2 and −4.5
V, indicating the intrinsic topological nature of the effect.

To further assess the experimental results above, additional
DFT calculations with PBE and LDA+U functionals were
carried out. Figure 4c shows the doping-dependent energy
difference between FM and AFM. Here, the ΔE is defined as
ΔE = EFM − EAFM, where EAFM and EFM represent the energy of
antiferromagnetic and ferromagnetic F5GT, respectively. Both
PBE and LDA+U functionals exhibit a doping-dependent ΔE.
Moreover, ΔE values of LDA+U and PBE are only −1.42 and
1.45 meV, respectively. This may explain the highly tunable
hysteresis loop as well as the magnetic order in F5GT under
various gate voltages. We first rule out the possibility of a
paramagnetic phase in electron-doped F5GT. This is because
the pristine F5GT nanosheets have a high Curie temperature
(TC ≥ 250 K, Figure S2), indicating a large energy gap (>20
meV) between the FM state and the paramagnetic state at 2 K,
which is much larger than ΔE calculated from both LDA+U
and PBE methods. In pristine F5GT, ΔE should be negative
due to its FM ground state. As shown in Figure 4c, electron
doping applied in both PBE and LDA+U functionals can
narrow the energy discrepancy between FM and AFM and
eventually lead to a positive ΔE, or an AFM ground state. This
tunable magnetism for F5GT is mainly due to the evolution of
interlayer coupling under various charge dopings (Figure S6a).
On the other hand, the intralayer magnetism almost stays
unchanged with the doping (Figure S6b). The doping amount
corresponds with the experimental observation qualitatively
such that the hysteresis loops are gradually suppressed and
eventually disappear when electron doping exceeds 1021 cm−3.
The charge density difference in Figure S7 shows that the
whole layer is affected by electron doping as the charge
accumulation regions spread over the atomic volume.
In conclusion, we have studied the anomalous Hall effect in

a vdW itinerant ferromagnet F5GT. This study was performed
with different thicknesses and gating voltages to show that the
magnetic ground state in F5GT can be tuned in situ by a gate

Figure 4. Theoretical calculation. (a) PBE band structure with corresponding Hall conductivity in F5GT. (b) LDA+U band structure with
corresponding Hall conductivity in F5GT. In parts a and b, the red lines indicate the energy bands fully located above Fermi level, while blue lines
indicate the other bands. (c) Evolution of energy difference between FM and AFM (ΔE) with charge doping under LDA+U and PBE functionals.
The ochre region indicates AFM coupling, while the blue region indicates FM coupling.
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voltage. An electron doping concentration of above 1021 cm−3

induced in F5GT by a protonic gate can trigger a magnetic
phase transition from FM to AFM. Theoretical calculations
based on DFT support the experimental observations and
demonstrate that the F5GT can be modulated from an FM
state to an AFM ground state by electron doping. Realizing an
AFM phase in vdW FM F5GT nanosheets by protonic gating
may constitute an important step toward vdW antiferromag-
netic devices and heterostructures that operate at high
temperatures.
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■ ABBREVIATIONS
vdW, van der Waals; F5GT, Fe5GeTe2; FM, ferromagnetism;
AFM, antiferromagnetism; FGT, Fe3GeTe2; TC, Curie temper-
ature; EDLTs, electric double-layer transistors; SP-FET, solid
proton field-effect transistor; MAE, magnetic anisotropic
energy; DFT, density functional theory; PBE, Perdew−
Burke−Ernzerhof; LDA+U, local density approximation plus
Hubbard U; SOC, spin−orbit coupling
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