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Electric-field control of magnetismin a
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Manipulating a quantum state via electrostatic gating has
been of great importance for many model systems in nano-
electronics. Until now, however, controlling the electron spins
or, more specifically, the magnetism of a system by electric-
field tuning has proven challenging'*. Recently, atomically
thin magnetic semiconductors have attracted significant
attention due to their emerging new physical phenomena®:.
However, many issues are yet to be resolved to convincingly
demonstrate gate-controllable magnetism in these two-
dimensional materials. Here, we show that, via electrostatic
gating, a strong field effect can be observed in devices based
on few-layered ferromagnetic semiconducting Cr,Ge,Te,.
At different gate doping, micro-area Kerr measurements in
the studied devices demonstrate bipolar tunable magnetiza-
tion loops below the Curie temperature, which is tentatively
attributed to the moment rebalance in the spin-polarized band
structure. Our findings of electric-field-controlled magnetism
in van der Waals magnets show possibilities for potential
applications in new-generation magnetic memory storage,
sensors and spintronics.

Though most van der Waals (vdW) magnets behave as semi-
conductors, very few reports have been conducted on field-effect
transistors (FETs) based on such magnets*’. In particular, studies
that utilize an electric field to effectively tune their magnetism are
lacking. So far, multiple approaches have been developed, including
multiferroic heterostructures', thin metals'>"", multilayered mag-
netic thin films'*-*" and diluted magnetic semiconductors***. In this
Letter we show that few-layered semiconducting Cr,Ge,Te; devices
can remain conducting and gate-tunable below their ferromagnetic
Curie temperature. Micro-area Kerr measurements at low tempera-
tures were carried out on Cr,Ge,Te, transistors with both ionic lig-
uid and solid Si gates, which enabled tunable magnetization loops at
different gate doping.

Single-crystal Cr,Ge,Te;, was prepared using the Te self-flux
method and confirmed by X-ray diffraction (see Methods and

Supplementary Fig. 1), then further fabricated (see Methods) into
a FET (Fig. 1a). An atomic force microscope (AFM) scan of typical
flakes is shown in Fig. 1b,c. Before measuring few-layered Cr,Ge,Te,,
we obtained zero-field-cooled (ZFC) and field-cooled (FC) thermal
magnetization curves of its bulk. As shown in Fig. 1d, the Curie
temperature is determined to be around 64K with a 1,000 G mag-
netic field applied perpendicular to the a-b plane of the bulk crystal
(Supplementary Fig. 2).

For a Cr,Ge,Te; FET with thickness ¢ of ~19nm and source-
drain voltage of V=2V, a source-drain current I, on the order
of a few A is obtained. I, as a function of temperature is recorded
in Fig. le with a constant V,, of 2V. It is seen that I drastically
decreases on lowering the temperature, logarithmically following a
T~*law (Supplementary Fig. 3). Moreover, the I-V characteristics of
the devices show an ohmic to semiconducting transition on lower-
ing the temperature, as shown in Supplementary Fig. 4. This behav-
iour is typical of a semiconductor, and is in agreement with previous
reports™’. We found that the Cr,Ge,Te, device with thickness of
10nm turned into an insulator below 150K (Supplementary Fig. 5),
which is much higher than its Curie temperature (T). A systematic
study of such devices in air (Supplementary Figs. 6-8) indicated a
clear drop in I, and enhanced gate tunability with decreasing layer
thickness, as summarized in Fig. 1f.

The magneto-optic Kerr effect has been widely used in surface
science, including the recent 2D vdW magnetic materials*”. Here,
we use an ultrahigh-sensitivity Kerr set-up with a low-temperature
vacuum cryostat to investigate the magnetization of few-layered
Cr,Ge,Te, transistors, while monitoring their electrical trans-
port in situ. An optical diagram and the measuring protocols are
described in Supplementary Fig. 9. By using an objective close
to the sample surface, a spot size with a diameter of about 2 pm
was achieved with the incident laser with a wavelength of 800 nm.
Supplementary Fig. 10a presents micro-area Kerr measurements at
different temperatures for a Cr,Ge,Te; device (thickness of about
19nm). At T=70K the sample behaves paramagnetically, in good
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Fig. 1| Characterization of Cr,Ge,Te, and its FET with a Si gate. a, Schematic of Au-contacted few-layered Cr,Ge,Te, device. b, AFM image of a typical
Cr,Ge, Te, flake of ~19 nm in thickness. ¢, Height profile of the flake along the green dashed line in b. d, Magnetization of bulk Cr,Ge,Te, as a function of
temperature with ZFC and FC processes. e, I, as a function of temperature for a typical 19 nm Cr,Ge,Te, device, with V,;=2V and V,=-50V. Insets: field-
effect curves at 300K (top) and 50K (bottom), respectively. Red and blue inset curves correspond to positions shown as solid squares and circles in the
I4—T curve. f, A statistic on Cr,Ge,Te, FET devices with different layer thickness at room temperature. Top, gate-tuned ratio calculated from the ratio of /,
at V,=-50V and +50 V. Bottom, /,; at V,=0V. All measurements were performed with V,;=2V.

agreement with the ZFC-FC characterization of its bulk form. On
decreasing the temperature below 60K, it shows ferromagnetic
loops, with an enhanced saturation field at lower temperature
(Supplementary Fig. 11). However, even with the largest possible
gate voltages (from —80V to 470V, with total charge doping on the
order of 10" cm™; ref. *°) applied on the Cr,Ge,Te, transistors, no
obvious tuning of the Kerr signal was observed at T'< T, as shown
in Supplementary Fig. 10b.

Tonicliquids such as N,N-diethyl-N-methyl-N-(2-methoxyethyl)
ammonium bis(trifluoromethylsulfonyl)imide (DEME-TEFSI) are
often used for gate-tuning of semiconductor conducting channels
because the molecules in the liquid can form an electric double layer
(EDL) that significantly reduces the thickness compared to conven-
tional solid dielectric materials***. Figure 2a shows a schematic
image of a Cr,Ge, Te, flake on a Si/SiO, substrate contacted by Cr/Au
(5/50nm) electrodes. Together with the contacts, a large-area pad
acting as a gate was defined close to the sample. A small droplet of
DEME-TESI was placed onto the device and the gate pad, followed
by a glass cap that covered the whole area, enabling access for the
laser for further Kerr measurements. Before cooling, the device was
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left in vacuum at room temperature at a pressure of ~1 X 10~ mbar
for a few hours. It was then cooled to 235K (above the freezing point
of DEME-TFSI®) to test the field-effect curves.

As shown in Fig. 2b, within a chemical window of +4 V (for more
details see Supplementary Fig. 12), the sample is stable and a strong
field effect can be obtained, with a gate-tuned ratio of about 10
(defined as the ratio of I, for gate voltage V,=—4V and +4 V). The
I-V characteristics show a linear behaviour at all gate voltages at
235K, as shown in Supplementary Fig. 13. Note that the field-effect
curve stabilizes after several thermal cycles (Supplementary Fig. 14)
as there is a surface potential reconfiguration process that takes
place until a stable state is reached. Once the field-effect curve is
stabilized, the sample was cooled below T for Kerr measurements.
Figure 2c shows I-V characteristics of the same device with fixed
ionic gate voltages of 0, —2 and —4V, respectively, measured at 20K.
A semiconducting output curve is seen at low temperature, but with
a much higher I, than obtained in the Si-gated devices for similar
Cr,Ge,Te; flake thickness.

Strikingly, unlike the Si-gated Cr,Ge,Te; FETs (Supplementary
Fig. 10b), a renormalized magnetization loop of the devices gated
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Fig. 2 | Electrical transport and magnetic properties of ~20 nm Cr,Ge,Te, FETs with ionic gate. a, Schematic image of the experimental set-up for Kerr
measurement of the micrometre-sized device using ionic liquid. b, Field-effect curves at 235K with V,,=—0.1and +0.1V, respectively. ¢, I-V characteristics
of the same device with fixed ionic gate voltages of O, —2 and —4 V, measured at 20 K. d, Renormalized Kerr angle measured at 20 K and with fixed ionic
gate voltages of 0, —2 and —4 V. Coloured arrows indicate H, for the loops measured at each V,. Note that the ionic liquid freezes below 220K, so the

curves are taken for several different cooling procedures.

by ionic liquid can be largely tuned, as shown in Fig. 2d. If we take
the V,=—4V loop, for example, the saturation field H,, indicated
by arrows in Fig. 2d, can be reduced by a factor of 2 at V,=—4V
compared to the values of the loop measured at V,=0V. For the
ionic liquid DEME-TFSI used here, the gate-induced carrier den-
sity n,p, is usually about 100 times higher than that in solid-state
FETs with 285nm oxides”. We also studied the magnetic domain
of bulk Cr,Ge,Te,, as shown in Supplementary Fig. 15. It is seen
that the domain sizes are less than 2 pm (as reported elsewhere®),
smaller than the laser spot used in the Kerr measurements. We also
measured multiple samples and verified the reproducibility of the
experiment, as shown in Supplementary Figs. 16 and 17.

To push the Cr,Ge, Te, into a true 2D limit, we assembled samples
with much reduced thickness using a state-of-the-art BN encapsula-
tion technique in a glove box’~’, as shown in Fig. 3a-d. Thanks to
the enhanced air stability, BN-encapsulated Cr,Ge,Te; with 3.5nm
thickness demonstrates the field effect as well as semiconducting
characteristics, even below the Curie temperature, as shown in
Fig. 3e. Note that the electrically probed gap becomes larger on low-
ering the temperature, along a source-drain current with reduced
amplitude . Interestingly, as shown in Fig. 3f, the sample shows trans-
port on both the electron and hole sides, exhibiting the behaviour

of a bipolar FET. This allows the investigation of gate doping for
both conduction and valence bands.

As shown in Fig. 4a,b, when cooled to 40K, the sample shows
a source—drain current of tens of nA with typical p-type semicon-
ducting I-V and field-effect curves. However, the fact that n-type
transport is missing at this low temperature may be due to a contact
issue (or the gate needs to be more positive), as is often seen in semi-
conducting vdW materials. Strikingly, at this temperature, the Si
gate can effectively tune the hysteresis loop with both electron and
hole doping, as illustrated by the Kerr measurements in Fig. 4c,d.

In both ionic and Si-gated samples (thick and thin), the hole
doping effects on the magnetic loop of Cr,Ge,Te, are consistent.
With hole doping, an enhanced saturation magnetization (M)
and a reduced saturation field (H,), as well as a doping-insensitive
coercivity (H,), are observed, as shown in Figs. 2d and 4c,d. In fact,
for relatively thicker samples (#~20nm), there is indeed always a
gradient of the electric field and the Cr,Ge,Te, layers are no excep-
tion. The carriers induced by the ionic liquid are often active in the
top layers, but are screened deeper in the sample in the z direction.
Moreover, due to the highly resistive nature of the samples, we failed
to extract the exact value of carrier density via Hall measurements,
so, in the scenario of ionic gating, the hole number per unit (carrier
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Fig. 3 | Electrical transport properties of BN-encapsulated few-layered Cr,Ge,Te, FETs with Si gate. a, Schematic of a few-layered Cr,Ge, Te, flake
encapsulated by two h-BN layers, contacted via graphene electrodes. b,¢, Optical and AFM images of the sample; black and red dashed lines indicate
graphene electrodes and Cr,Ge, Te, flake, respectively. d, Height profile of the Cr,Ge,Te, flake along the solid green line in c. e, Colour map of -V curves as
a function of gate voltage at different temperatures. The colour code of I is set with a threshold of +£1nA to show the gapped regions below 1nA. f, Field-
effect curves with different V,, and temperatures, measured in the same sample.

concentration) could only be estimated using a calibrated value
reported elsewhere, which is a rather qualitative estimation. With
the 3.5nm Cr,Ge,Te, and a Si gate, we were able to quantify the car-
rier concentrations induced by the gate. As shown in Supplementary
Fig. 18, H, and M, could be extracted at different doping levels.
Bipolar gate tunability of the magnetization loop is seen, with a
stronger gating effect on the electron side. Interestingly, a gapped
region where the doping effects are negligible can be observed in
the range of V,~—30 and 0 V. Note that, in electrical transport, this
gate range is turned into an off state, as seen in the field-effect curve.
However, this might be due to a non-ohmic contact. In the opti-
cal measurements, the doping effects can be more intrinsic, which
excludes external parasitic effects such as contact issues.

Furthermore, by monitoring the Kerr signal with a saturation
field such as 200 mT while varying the temperature, we were able to
measure the Curie temperature at different doping levels, as shown
in Supplementary Fig. 19. A phase diagram of the magnetization in
the parameter space of the gate voltage and temperature is shown
in Supplementary Fig. 19b. Here, within the detection precision, no
obvious gating effects were seen on T, indicating a rather constant
exchange coupling stiffness J in the ferromagnet. More discussion
will be given in the following paragraphs.
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We now compare the measured data with first-principles calcula-
tions and micromagnetic simulations. Given that our experimental
Cr,Ge,Te, flakes are more than 18 nm (Figs. 1 and 2) and around
3-4nm (Figs. 3 and 4) in thicknesses, we use three-layer bulk and
six-layer slab phases of Cr,Ge,Te, to represent the two structures for
computational simplicity. In Fig. 5a,b we show the electronic band
structure and density of states (DOS) of a few-layered Cr,Ge,Te,
flake (six-layer slab). Few-layered Cr,Ge,Tes is a ferromagnetic
semiconductor, and both spin majority and minority (spin up and
down) bands are mainly contributed by the p orbital of Te atoms
in the vicinity of the valence band maximum (VBM) and by the
d orbitals of Cr atoms near the conduction band minimum (CBM),
as seen from the projected DOS in Supplementary Fig. 20. Hole (elec-
tron) doping by electrostatic gating will shift the Fermi level into the
valence (conduction) band by depleting (filling) Te-p (Cr-d) orbitals.
It is worth pointing out that the bands near the VBM and CBM are
contributed by spin minority and spin majority states, respectively,
in a narrow energy range, suggesting that an increased net magnetic
moment M, will be anticipated for mild doping of either electrons
or holes, as indicated in the schematic in Fig. 5c. Indeed, the dop-
ing-enhanced M, has been observed with carrier concentrations
below 1x10”cm™ in our experiment, as shown in Fig. 4c,d and
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summarized in Fig. 5d. In Fig. 5d, normalized spin magnetization
as a function of carrier density is compared between the experiment
(black open squares) and first-principles calculations (red and blue
filled circles), with good agreement. Obviously, bipolar gate enhance-
ment of the magnetization in the 2D limit is achieved. Electron dop-
ing seems to be advantageous over hole doping in terms of the rate
of increase of M,, which is ascribed to the subtle orbital character of
the CBM and VBM (the d orbital for the CBM due to the Cr atoms
gives rise to a potentially larger magnetization than the p orbital for
the VBM from Te atoms; Supplementary Fig. 20).

To understand the coercivity field H, and saturation field H; as a
function of electrostatic doping, we performed micromagnetic simu-
lations to study multiple-domain properties. All the parameters in the
Heisenberg model, such as exchange stiffness J, magneto-crystalline
anisotropy energy D and saturation magnetization M, are chosen
based on our density functional calculations. These calculations show
that, with increasing carrier concentration, the magnitude of J increases
while D decreases, as shown in Supplementary Fig. 21. A small varia-
tion (~0.5%) in the calculated exchange stiffness J with carrier density
within the experimental range explains why the Curie temperature T,
(Tc~] according to the Weiss-Heisenberg model*’) does not change
much, as indicated in Supplementary Fig. 19b. Incorporating J and D
into the model, we solve for hysteresis loops at different (J, D) pairs
(Supplementary Fig. 22). The phenomenon observed in Fig. 4, where
the H, of few-layered Cr,Ge,Te, is almost insensitive to doping but H,
changes inversely with doping, can be reproduced well by our simula-
tions, as shown in Supplementary Fig. 22.

To conclude, we have demonstrated that few-layered semiconduct-
ing Cr,Ge,Te, devices can serve as transistors that exhibit a gate-tuned
modification of magnetism, as observed from micro-area Kerr mea-
surements below the ferromagnetic Curie temperature via gating. The
observed behaviour of bipolar gate-tuned magnetism in few-layered
Cr,Ge,Te, may be attributed to a rebalance of the spin-polarized band
structure while tuning its Fermi level. Our findings therefore indicate
that vdW magnets can form a promising platform that may open fur-
ther opportunities for future applications in spin transistors.

Note added in proof. During consideration of our work, three
papers showing gate-tuning effects in 2D antiferromagnetic CrL,, as
well as in 2D metallic Fe,GeTe,, were published®*~*.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
0rg/10.1038/s41565-018-0186-z.
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Methods

Single-crystal Cr,Ge,Te, was prepared via the Te self-flux method. Raw material
powders with a stoichiometric ratio of Cr (purity 99.9%):Ge (purity 99.9%):Te
(purity 99.99%) = 1:4:20 were mixed and kept at 950 °C for 6 h. The mixture

was then cooled at a rate of 2°Ch!, followed by centrifugation at 500 °C. For
devices studied in air we applied the scotch tape method to exfoliate the bulk and
deposited few-layered Cr,Ge,Te; onto 285-nm-thick silicon oxide grown on heavily
doped silicon wafers for further FET fabrication. Few-layered Cr,Ge,Te, devices
encapsulated by h-BN (crystals from HQ-Graphene) were fabricated in a glove box.
Sample morphology was characterized using a Bruker-Icon AFM system.

Kerr rotation was performed to monitor the electrically tunable out-of-plane
magnetization of the sample. A continuous-wave Ti:sapphire laser with 100 kHz
bandwidth was used to generate linearly polarized light, and the probe energy was
fixed at 1.550 eV for all measurements. By using a lens with a numerical aperture
of 0.50, the Gaussian beam was tightly focused with a sigma width of 2 pm on the
sample surface. A balanced photodiode bridge was adopted to sensitively monitor
the polarization change of the probe beam due to the polar magneto-optic Kerr
effect (MOKE). The sample was mounted in the Faraday geometry in a helium-
free cryostat; that is, both the external applied magnetic field B,,, and the light
propagation vector were along the out-of-plane direction of the sample. The
sample was moved by an x—y-z piezo stage with an accuracy of 200 nm, and the
sample temperature could be set from 4.0K to 350 K. To characterize the coercive
field and saturation magnetization of the sample, MOKE loop measurements
were performed continuously by scanning the longitudinal magnetic field from
a negative |B,,| to a positive |B,,|, and backwards to —|B,,,|, which produced the
MOKE loops recorded under various experiment conditions.

The simulations in this work were partly carried out by using first-principles
density functional theory as implemented in the VASP code’! at the local
spin density approximation (LSDA) plus U level’”. A Coulomb repulsion U

NATURE NANOTECHNOLOGY

(0.8eV) was considered (Supplementary Fig. 23)°. Projector augmented wave
(PAW) pseudopotentials® were used to describe electron—ion interactions. The
Brillouin zone of the primitive unit cell was sampled by 6 X6 X 1 k-points for
layered Cr,Ge,Te,. We adopted 500 eV as the electronic kinetic energy cutoff
for the plane-wave basis and 1 x 10~*eV as the criterion for reaching self-
consistency. The magneto-crystalline anisotropy energy was calculated by using
a more dense k-mesh, that is, 13 X 13 X 1 k-points. Micromagnetics simulations
were performed by using an atomistic spin model based on the Heisenberg
Hamiltonian as implemented in the Vampire software package®. The lattice
parameters were drawn from the Rietveld refinement of our X-ray diffraction
data, and the parameters of the bulk phase were consistent with those of the
Springer Materials database.

Data availability. The data sets generated during and/or analysed during
the current study are available from the corresponding authors upon
reasonable request.
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