Electrical switching of valley polarization in monolayer semiconductors
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Abstract

Achieving on-demand control of the valley degree of freedom is essential for
valley-based information science and technology. Optical and magnetic control of the
valley degree of freedom in monolayer transition metal dichalcogenide (TMD)
semiconductors has been extensively studied. However, electrical control of the valley
polarization has remained a challenge. Here we demonstrate switching of the valley
polarization in monolayer WSe: by electrical gating. This is achieved by coupling a WSe2
monolayer to a two-dimensional (2D) layered magnetic insulator Crls. The valley
degeneracy in WSe is lifted by the magnetic proximity effect. The valley polarization is
switched through gate control of the interlayer spin-flip transition in 2D Crls, which
switches the magnetization of the Crls3 layer adjacent to the WSez layer. The effect is
manifested by a sign change in the photoluminescence handedness of WSez. Our results
provide the basis for high-speed and energy-efficient gate control of the valley degree of
freedom in monolayer TMD semiconductors.
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Monolayer transition metal dichalcogenide (TMD) semiconductors are direct
band gap semiconductors with two degenerate copies of conduction and valence bands
located at the K and the K’ points of the Brillouin zone [1-4]. As a result of the finite and
opposing Berry curvatures at the two valleys, the valley degree of freedom can be readily
controlled by the optical and magnetic fields [5-17]. However, electrical control of the
valley degree of freedom is essential for high-speed and energy-efficient applications. For
instance, electrical control of the valley polarization (a population difference between the
K and K’ valleys) could enable fast and energy-efficient valley-based photonic and
optoelectronic devices that encode information in the light handedness. Electrical
generation of the valley magnetization in monolayer TMD semiconductors has been
achieved via the valley magnetoelectric effect [18], but the effect does not generate net
valley polarization [19]. Electrical control of the valley polarization has remained an
experimental challenge because the valley polarization does not directly couple to an
electric field.

The recent discovery of two-dimensional (2D) layered magnetic materials [20—
29] and the demonstration of electrical switching of the magnetization in these
materials [30-33] provide a route to realize this goal. Of particular interest in this study is
few-layer Crls, which is an A-type antiferromagnet with ferromagnetic (FM) monolayers
coupled to each other with antiferromagnetic (AF) interactions [21,24,27,28,29]. Because
of the weak interlayer AF exchange, an external magnetic field of less than 1 T is
sufficient to induce an AF-FM spin-flip transition. The spin-flip transition field can also
be efficiently tuned by electrical gating [30-32], which allows robust and repeatable
switching of the material between the AF and the FM states. Electrical control of the
valley polarization in monolayer TMD semiconductors is therefore possible via magnetic
proximity coupling to the magnetic materials [34,35].

In this letter, we demonstrate robust and repeatable electrical switching of the
valley polarization in monolayer WSez. This is achieved by coupling the material to 2D
Crls, which lifts the valley degeneracy in WSe2 by the magnetic proximity effect at the
WSez-Crls interface [34]. Such device platform has also been employed by a recent
experiment to detect the spin state of the interfacial Crls layer [36]. By controlling the
spin-flip transition with a gate voltage under a constant magnetic field, we demonstrate
electrical switching of the valley polarization in WSe:, as manifested by a sign change in
the photoluminescence (PL) handedness. When WSe: is coupled to a Crls bilayer,
deterministic electrical switching of the valley polarization depends on whether the Crls
layer adjacent to WSe:> is a magnetic soft or magnetic hard layer. Electrical switching of
the valley polarization is not repeatable for the latter. We achieve deterministic valley
switching by employing 4-layer Crls, in which repeatable electrical switching of the
magnetization of the interfacial Crls layer can be guaranteed by the exchange bias field
from the interior layers.

We fabricate dual-gate field-effect devices of coupled WSe2-Crls heterostructures
(Fig. 1a and 1b) using the layer-by-layer dry transfer technique detailed elsewhere [37].
Since 2D Crls easily degrades under ambient conditions, the devices are fabricated in a
nitrogen-filled glove box with oxygen and water levels below 1 ppm. The magnetization



of Crls is probed by the magnetic circular dichroism (MCD). The sample is illuminated
by circularly polarized light centered at 633 nm. The incident light helicity is modulated
by a photoelastic modulator and the difference between the left- and right-handed
reflection, which is proportional to the sample magnetization, is recorded at varying
magnetic fields and gate voltages. To probe the spontaneous valley polarization, the
WSe: layer is excited by linearly polarized light centered at 633 nm so that the two
valleys are equally excited. Handedness-resolved PL from the fundamental exciton
resonance is measured by a charge-coupled device (CCD). The PL handedness p,
defined as the difference between the left- and right-handed PL intensity divided by the
total intensity, is proportional to the valley polarization [3,4]. All results presented below
are obtained at 4 K.

Figure 1c shows the top gate voltage (V) dependence of the PL spectrum from
WSez. The WSez layer is hole-doped when coupled to Crls. The PL from the positively
charged exciton is seen at Vy; = 0 V. The neutral exciton PL is only seen at large
positive Vr;’s, where the material becomes charge neutral. As a result of the large
quantum capacitance of Crls, the bottom gate voltage (V) has a negligible effect on the
WSe: PL spectrum (Supplementary Fig. S1 and S2). Therefore, the top and bottom gate
independently vary the doping level in the WSe2 and the Crls layer, respectively. The
modification of the spin-flip transition field in bilayer Crlz by Vg, is shown by the
magnetic-field dependent MCD in Fig. 1d. The material undergoes a spin-flip transition
from an AF state to a fully spin-polarized state at ~ 0.8 T at Vz; = 0 V. The spin-flip
transition field decreases to ~ 0.5 T at Vg; = 9 V. The result is consistent with earlier
reports on doping-induced modifications of the spin-flip transition field in 2D
Crls [30,31]. This forms the basis for electrical switching of the valley polarization in our
heterostructures.

Figure 2a shows the handedness-resolved PL spectra from WSe: at zero gate
voltage and zero magnetic field. The significant difference in the left- and right-handed
emission intensity and the presence of a finite Zeeman splitting of ~ 2.5 meV
demonstrate the presence of strong magnetic proximity coupling at the WSe2-Crls
interface (which lifts the valley degeneracy). The finite valley splitting disappears above
the critical temperature of Crls, which further confirms the interpretation. Based on the
measured Zeeman splitting and the known exciton g-factor of WSez2 (|g| = 4), an
exchange magnetic field of ~ 10 T is estimated, which is also consistent with recent
reports [34]. The magnetic-field dependence of the spectrally integrated PL handedness
p and the exciton Zeeman splitting A is shown in Fig. 2b. The exciton Zeeman splitting
is determined by fitting the PL spectra to Voigt functions. A clear hysteresis loop with
transition fields corresponding to the spin-flip transition fields of bilayer Crls is seen.
Both the PL handedness and the exciton Zeeman splitting follow the magnetic state of the
Crls layer adjacent to WSe2 and are insensitive to the magnetic state of the other Crls
layer. This is expected for magnetic proximity coupling at the WSe2-Crls interface which
is a short-range interaction.

With the demonstrated magnetic proximity coupling and the gate tunable spin-flip
transition field in bilayer Crls, the PL handedness (and therefore the valley polarization)



can now be electrically switched by switching the magnetic state of the Crls layer
adjacent to WSe2. This is demonstrated in Fig. 2c. The top panel shows the sequence of
Vge as a function of scanning step; and the bottom panel is the corresponding PL
handedness under a constant magnetic bias of 0.9 T. Repeatable switching of the PL
handedness corresponding to the gate-induced spin-flip transition is seen. The
repeatability is further demonstrated in Fig. 2d, which shows switching for 30 cycles.

Although electrical switching of the valley polarization is demonstrated in Fig. 2
for WSe:2 coupled to bilayer Crls, deterministic switching is not guaranteed because the
WSe: layer is randomly coupled to the magnetic hard or the magnetic soft Crls layer (the
two Crl3 layers are never identical). The distinctive behaviors for the two different kinds
of samples are illustrated in Fig. 3a and 3b, which show the dependence of the WSe> PL
handedness on magnetic field near the positive spin-flip transition field. For samples with
WSe: coupled to the magnetic soft Crls layer (Fig. 3b), which has a lower energy barrier
for magnetization reorientation, the PL handedness can be switched back at the spin-flip
transition after the sample magnetization is saturated at large positive fields (1.1 T).
Repeatable electrical switching of the valley polarization via gate-induced spin-flip
transition is therefore possible. However, when WSe: is coupled to the magnetic hard
Crls layer (Fig. 3a), which has a higher energy barrier for magnetization reorientation, the
PL handedness can only be switched once at the spin-flip transition when the magnetic
field increases. It cannot be switched back by decreasing the magnetic field because the
magnetization of the hard layer stays unaltered after the first switch. Repeatable electrical
switching of the valley polarization is thus not possible. Similar results for several other
bilayer Crls devices are shown in Supplementary Fig. S4. In addition to coupling to the
magnetic hard or magnetic soft layer, signatures of coupling to both (i.e. existence of
soft- and hard-domains) are seen.

To overcome this problem and to achieve deterministic valley polarization
switching even if WSe2 is coupled to the magnetic hard layer, we make use of the
intermediate magnetic state in 4-layer Crls. Similar to bilayer Crls, 4-layer Crlz has an
interlayer AF state under zero magnetic field (Fig. 4a). With increasing magnetic field, it
undergoes two spin-flip transitions, with one at ~ 0.8 T corresponding to spin-flips at the
surface layers and another one at ~ 1.7 T corresponding to spin-flips at the interior layers.
The interior layer spin-flip transition field is about twice the field of the surface layers
because each interior layer experiences interlayer AF exchange from two adjacent layers
whereas the surface layers experience magnetic interactions only from one adjacent layer.
The magnetic states of 4-layer Crls at different magnetic fields are illustrated in Fig. 4a.

Figure 4b shows the magnetic-field dependence of the spectrally integrated PL
handedness from a WSe2 monolayer coupled to a 4-layer Crls sample (see Supplementary
Fig. S3 for the exciton Zeeman splitting). Similar to the case of bilayer Crls, a clear
hysteresis loop with sudden jumps between the positive and negative values of p at the
spin-flip transitions of the surface layers is seen. The PL handedness is largely insensitive
to the spin-flip transitions of the interior layers, as expected for short-range exchange
coupling at the WSe2-CrIs interface. To illustrate repeatable valley polarization switching
in this type of samples (Fig. 4c), we first prepare the heterostructure to the llll-WSe:



state (WSe2 couples to the right-most Crls layer) by sweeping the magnetic field to -2.2
T, which fully saturates the 4-layer Crls to the spin-down state llll. No significant
change in the PL handedness is seen as the magnetic field increases from -2.2 T to ~ 0.8
T, which induces spin-flip transitions only at the interior layers. As the sample goes
through a spin-flip transition from TITL-WSe2 to TITT-WSe2 at ~ 0.8 T, the PL
handedness changes from ~ -20 % to ~ +20%. Now as long as the magnetic field does not
exceed the second spin-flip transition that brings the sample to TTTT-WSe2, valley
polarization switching is repeatable because the magnetic state of the interior layers,
which provide an exchange bias to the surface layer, remains unchanged. Indeed, if we
stop at 1.5 T and scan the field backwards, the sample goes back to TIT!-WSe2 from TIT
T-WSe2 and the PL handedness changes sign accordingly. Conversely, this is no longer
the case if the magnetic field exceeds the second spin-flip transition field of ~ 1.7 T,
under which the magnetic state of the interior layers is modified (see Fig. 4a and 4b). In
this case, repeatable valley polarization switching can only be reestablished near the
spin-flip transition of the surface layers at negative magnetic field (~ -0.8 T), provided
that the magnetic field does not decrease beyond the second spin-flip transition (near -1.7
T).

The intermediate magnetic state of 4-layer Crls has solved the magnetic soft and
hard layer problem in bilayer Crl3 so that deterministic electrical switching of the valley
polarization becomes possible. We first initialize the sample at the TIT!-WSe: state by
polarizing it at -2.2 T followed by turning the magnetic field back to 0 T. We then
magnetically bias the sample at 0.7 T near the first spin-flip transition field. Figure 4d
shows the Vg, dependence of the PL handedness and the MCD signal under this
condition. The hysteresis loop corresponds to the gate-induced spin-flip transition in
4-layer Crls, which switches the valley polarization via the magnetic proximity effect.
Repeatable electrical switching of the PL handedness over many cycles is shown in Fig.
4e.

Finally, we note the presence of another possible configuration TI{T-WSe2 (in
addition to TIT!-WSe2) after we initialize the sample at -2.2 T and turn off the magnetic
field. For this configuration, the PL handedness switching shown in Fig. 4c would have
occurred at -0.8 T instead of +0.8 T. To achieve repeatable electrical switching of the
valley polarization in this configuration, we need to either initialize the sample at -2.2 T
and magnetically bias near -0.8 T or initialize the sample at +2.2 T and magnetically bias
near + 0.8 T. The situation is similar to the magnetic hard or magnetic soft layer issue
in bilayer Crls devices discussed in Fig. 3. However, unlike the bilayer Crls devices,
repeatable electrical switching of the valley polarization can be achieved in both
configurations for 4-layer Crls devices thanks to the intermediate magnetic states.

In conclusion, we have realized deterministic and repeatable electrical switching
of the valley polarization of monolayer WSe: in a gated WSe2-Crl3 heterostructure. This
is possible thanks to the strong magnetic proximity effect at the WSe2-Crls interface and
the doping-dependent spin-flip transition field in 2D Crl3. To ensure deterministic valley
switching, we make use of the intermediate magnetic states in 4-layer Crl3, in which the
interior layers provide a necessary exchange bias to the surface layer. Although a



constant magnetic bias of ~ 1 T is required, switching near zero magnetic field is possible
by intentional electron doping of the Crls crystals, which can substantially weaken the
interlayer AF coupling [30]. The ability to switch the valley polarization by an electric
field will enable high-speed and energy-efficient valley-based device concepts.
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Figures and figure captions
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Figure 1(a) Schematic side view of a dual-gate monolayer WSez/multilayer Crls
heterostructure. (b) Optical micrograph of a device used in this study. The WSe2 (Crls)
region is outlined by the blue (red) dashed line. The top and bottom graphite gate
electrodes are outlined by white dashed lines, and the graphite contact electrode
(grounded) is outlined by the black dashed line. Scale bar is 5 pm. (c¢) The
top-gate-dependent PL spectrum of the device shown in (b). The bottom gate voltage is
fixed at 0 V. The WSe: layer is hole-doped due to charge transfer between the WSe2 and
Crls layer. (d) MCD versus magnetic field measured on the WSe2/Crls overlapped region
at two different back gate voltages. The top gate voltage is fixed at 0 V.
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Figure 2(a) Handedness-resolved PL spectrum from monolayer WSe: coupled to bilayer
Crls at zero magnetic field. The PL spectrum for each handedness is fitted with two Voigt
functions (solid lines) to account for the main peak and the weaker feature at a lower
energy. Valley Zeeman splitting of 2.5 meV is extracted for the main peak. (b) Exciton
Zeeman splitting A (upper panel) and spectrally integrated PL handedness p (lower
panel) as a function of magnetic field. (c) The PL handedness (lower panel) and the
back-gate voltage Vp, (upper panel) as a function of switching step of Vg, under a
fixed magnetic field 0.9 T and Vre = 0 V. (d) Electrical switching of PL handedness
under the same condition as in (c) for 30 cycles as Vpc is switched between two values -1
V and -6 V. The spin directions of the Crls (WSe2) layer are labeled by solid (dashed)
arrows.
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Figure 3(a) Spectrally integrated PL handedness p as a function of magnetic field near
the spin-flip transition for WSe2 coupled to the hard Crls layer in a WSez-bilayer Crls
heterostructure. The PL handedness can only be switched once as the magnetic field
increases beyond the spin-flip transition field (blue). The PL handedness remains almost
unchanged in the reverse scanning direction (red). The spin directions of the Crlz (WSe2)
layer are labeled by solid (dashed) arrows. (b) Same as (a) for a different device with
WSe: coupled to the soft Crls layer. After the sample magnetization of Crl3 is saturated at
1.1 T, the PL handedness can be switched back to the original state at the spin-flip
transition.
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Figure 4. MCD (a), PL handedness p (b and c) as a function of magnetic field for a
monolayer WSez/4-layer Crls device. The spin directions of the Crlz (WSe2) layer are
labeled by solid (dashed) arrows. The magnetic field is scanned in the full range between
-2.2 T and +2.2 T in (b), and is scanned between -2.2 T and +1.5 T in (c). Sign change in
the PL handedness is seen only for the spin-flip transitions of the Crls surface layers. (d)
Integrated PL handedness (blue) and MCD (red) as a function of Vg, at 0.7 T and
Vre = 3 V. Reversible electrical switching of PL handedness is seen. (¢) Corresponding
electrical switching of the PL handedness for 20 cycles as Vg is switched between 0 V

and 10 V.
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