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Electrically and Magnetically Tunable Valley Polarization
in Monolayer MoSe, Proximitized by a 2D Ferromagnetic

Semiconductor

Tongyao Zhang, Siwen Zhao,* Anran Wang, Zhiren Xiong, Yingjia Liu, Ming Xi,

Songlin Li, Hechang Lei,* Zheng Vitto Han,

The emergence of atomically thin valleytronic semiconductors and 2D ferro-
magnetic materials is opening up new technological avenues for future infor-
mation storage and processing. A key fundamental challenge is to identify
physical knobs that may effectively manipulate the spin-valley polarization,
preferably in the device context. Here, a novel spin functional device that
exhibits both electrical and magnetic tunability is fabricated, by contacting

a monolayer MoSe, with a 2D ferromagnetic semiconductor Cr,Ge,Teg.
Remarkably, the valley-polarization of MoSe, is found to be controlled by a
back-gate voltage with an appreciably enlarged valley splitting rate. At fixed
gate voltages, the valley-polarization exhibits magnetic-field and temperature
dependence that corroborates well with the intrinsic magnetic properties of
Cr,Ge,Teg, pointing to the impact of magnetic exchange interactions. Due to
the interfacial arrangement, the charge-carrying trion photoemission predom-
inates in the devices, which may be exploited to enable drift-based spin-opto-
electronic devices. These results provide new insights into valley-polarization
manipulation in transition metal dichalcogenides by means of ferromagnetic
semiconductor proximitizing and represent an important step forward in

devising field-controlled 2D magneto-optoelectronic devices.

1. Introduction

Monolayer transition metal dichalcogenides (TMDs) have
attracted great attentions due to their extraordinary optical and

and Fenggiu Wang*

optoelectronic properties.' The optical
selection rules and spin-valley locking
effect in TMDs support the optical gen-
eration, propagation/modulation, and
detection of spin-valley polarization.l-)
The incorporation of magnetism with
TMD-based valley-optoelectronic function-
alities, through creation of magnetic semi-
conductor heterostructures, represents a
promising avenue for conceptually novel
spintronic devices.'! Proximity-induced
exchange interactions have proved effec-
tive to control the valley properties of
monolayer TMDs in ferromagnetic het-
erostructure comprising ferromagnetic
insulators, such as Crl; and CrBr;.[16-18]
For example, in the vdW heterostruc-
tures of ferromagnetic insulators Crl;
and monolayer WSe,, the spin-dependent
ultrafast charge hopping, arising from
the relative alignment between photocar-
rier spins in WSe, and magnetization of
Crl;, remarkably affects the valley split-
ting and polarization of WSe,.["] Despite
the breakthroughs, challenges still remain for fabricating real
devices. For example, although a back-gate voltage can pre-
cisely control carrier concentrations and polarity, the negligible
electrical conductivity in Crl; and CrBr; at low temperatures
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poses significant challenges for exploring electric field con-
trolled nanodevices.'”?! In contrast, 2D ferromagnetic semi-
conductor Cr,Ge,Teg has recently been demonstrated to remain
conducting and gate tunable below its ferromagnetic Curie
temperature (=50 K), yielding bipolar field effect transistors
with long-range spin ordering.[?!-23l The coupling of monolayer
TMDs and few-layer Cr,Ge,Teg can thus be of interest for engi-
neering spin-dependent charge transfer with an extra degree
of freedom of injected carriers into the junction, and it is also
highly desirable to explore the gate-tunable valley physics of
excitons in this unprecedented semiconductor heterojunction
formed by Cr,Ge,Tes and monolayer TMDs.

Here, we fabricate van der Waals ferromagnetic hetero-
junctions formed by few-layer Cr,Ge,Te; and monolayer
molybdenum diselenide (MoSe;) and study the devices’
photoluminescence circular dichroism under different elec-
trical back-gate voltages and temperatures. Remarkably, we
found the degree of valley polarization in the heterojunction
exhibits clear modulation by external magnetic fields, when
biased at a positive gate voltage (=80 V). This indicates effec-
tive spin-dependent charge transfer across the heterointerface,
and is in agreement with the increased spectral weight of trion
photoemission in the heterojunction region. Further, the effect
is seen to disappear when operating above the magnetic Curie
temperature (Tc) of Cr,Ge,Tes, suggesting impact from the
exchange interactions due to the magnetic constituent. Band
alignment between Cr,Ge,Teg and MoSe, is experimentally con-
firmed by Kelvin probe force microscopy (KPFM), the type-II
structure facilitates electron injection from Cr,Ge,Tes to MoSe,
at high positive gate voltages. The valley splitting of trions in
the heterojunction was found to be several times larger than
that can be achieved by the Zeeman effect in bare MoSe,,
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evidencing the peculiar interfacial magnetic exchange field.
Our findings shed lights on the subtle magnetic proximity
effects on the valley properties in heterojunctions made of 2D
ferromagnetic semiconductors and TMDs, and pave the way for
future valleytronics in opto-electronic applications.

2. Results and Discussion

Cr,Ge,Teg is a layered ferromagnetic semiconductor with an
optical gap near 0.4 eV.2%24 Bulk Cr,Ge,Te; crystal exhibits a
Tc of =64 K, a saturation magnetization of =3 Bohr magneton
per Cr, and an out-of-plane easy axis.””! The typical X-ray diffrac-
tion (XRD) pattern of the as-grown Cr,Ge,Te, crystal is shown in
Figure S1 (Supporting Information). In order to prevent the deg-
radation of Cr,Ge,Tes, we have vertically assembled =5-10 nm
thick multilayered Cr,Ge,Te; and monolayer MoSe, (Figure 1a)
using a state-of-the-art h-BN encapsulation technique in a
nitrogen-filled glove box, as shown in Figure 1b (see also Experi-
mental Section).?6’] The two few-layer graphite flakes act as an
electrodes for reducing the contact resistance of Cr,Ge,Te; at low
temperatures. Monolayer MoSe, is side-contacted by Cr/Au via
standard lithography and plasma etching.

After the device fabrication, we noticed negligible degrada-
tion of Cr,Ge,Teq and this is confirmed by Raman spectroscopy
(Figure S2, Supporting Information). There are three character-
istic regions of the device, namely zone I (monolayer MoSe;),
zone II (few-layer Cr,Ge,Teg), and zone III (Cr,Ge,Tes/MoSe,
heterojunction). As shown in Figure 1c, we have measured
the field-effect curves of few-layer Cr,Ge,Te, at different tem-
peratures. Note that the transfer characteristics show bipolar
transport behaviors at 10-300 K, allowing us to investigate the
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Figure 1. Cr,Ge,Teg/MoSe, van der Waals heterojunction. a) Schematic diagram of the device showing three different regions. Specifically, region I:
bare MoSe, (TMD), region |I: magnetic semiconductor (MS) and region IlI: the heterojunction. b) Optical microscope image of one typical device.
The Cr,Ge;Teg/MoSe, heterojunction is sandwiched by h-BN. The scale bar is 5 um. c) Field-effect curves of MS with different temperatures. d) Kerr

angle of MS at different gates measured at 10 K.
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valley polarization of the heterostructures with both electron
and hole doping in Cr,Ge,Tes. Note that it takes increasingly
large back voltages to induce channel carriers as the tempera-
ture is decreased to =10 K, and the asymmetric transfer curve
indicates that electron-doping is somehow easier in Cr,Ge,Te,
at low temperatures. Figure S3 (Supporting Information) plots
the transfer characteristics of monolayer MoSe,, indicating that
MoSe, possesses n-type behavior. The rectifying behavior of the
[-V characteristics of the heterojunction clearly demonstrates
the built-in potential at the interface of MoSe, and Cr,Ge,Te.
In addition, we have also studied the gate dependent magneto-
optic Kerr effect in Cr,Ge,Tes. When the temperature is below
the T¢ of Cr,Ge,Tes, magnetic hysteresis loops of Cr,Ge,Teg
appear and can be significantly tuned by the gate voltage. Upon
carrier doping, both saturation field (Hg) and coercivity (H,)
exhibit bipolar characteristics, as shown in Figure 1d.

2.1. Polarization-Resolved Magneto-Photoluminescence in
Monolayer MoSe, and Cr,Ge,Tes/MoSe, Heterostructure

We then investigate the photoluminescence characteristics of
the fabricated devices. Figure 2a shows the schematic crystal

a
b
PL Intensity
(@u) | Zone-lll
20991 (Junction)
1.68 2500
S
21,66
>
2
[}
5]
c 1.64
S
°
&
o
1.62
1.60
1.58

Vg(V) Vg(V)

structure of the heterojunction. We focus on measurement at
10 K, which is well within the T of the magnetic constituent.
PL spectra for different regions of the devices at 10 K are shown
in Figure 2b,c, using 10 uW laser excitation centered at 1.75 eV.
For both monolayer MoSe, and the heterojunction, trion emis-
sion predominates. As shown in Figure 2d, the trion binding
and emission energies are =30 meV and =1.63 eV (for mono-
layer MoSe,) and =27 meV and =1.61 eV (for heterojunction),
respectively. Due to dielectric screening effect, both the emis-
sion peaks of exciton and trion at the junction region show red-
shift compared to the bare MoSe,.[28-3

When an electron-hole pair locates in the same valley
(either K or —K valley) with opposite spins, the exciton is a
bright neutral exciton. The valley optical selection rule for
interband transition correlates the excitonic valley pseu-
dospin and the polarization of the photon: K (-K) valley
bright exciton can be interconverted with a ¢* (07) circularly
polarized photon. In monolayer MoSe,, negatively (positively)
charged trion is composed of exciton in the same valley and
an additional electron (hole) in the opposite valley. Spin-
valley locking and optical selection rules lead to emission
helicity being tied to the spin of the electron in the trion.?"3%
This allows optical generation and addressability of valley
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Figure 2. PL spectra of monolayer MoSe, and Cr,Ge,Tes/MoSe, heterojunction. a) Schematics of crystal structure of Cr,Ge,Teg/MoSe, heterojunc-
tion. PL spectra as a function of gate voltage in b) bare monolayer MoSe, and c) Cr,Ge,Tes/MoSe, heterojunction. The white dash line represents the
neutral exciton emission at the charge neutrality point. d) PL spectra of monolayer MoSe, and heterojunction at Vg =0V and 10 K. The PL spectra in
the heterojunction can be well fitted by two Gaussian peaks, which are associated with trions and neutral excitons, respectively.
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polarized excitons, along with trions. The degree of circular
polarization (DOCP) can be depicted byl°!

Ilo
DOCP = ; 1)

where I(0*) and I(07) are the left and right-handed circularly
polarized PL intensities, respectively. The DOCP value charac-
terizes the degree of valley polarization in the two valleys K (—K)
of the monolayer MoSe,.133l To elucidate the exciton and trion
magneto-optical response, we perform polarization resolved
magneto-PL spectra in monolayer MoSe, and heterojunction.
A schematic of the experimental setup is shown in Figure S6
(Supporting Information). The DOCP values of both exciton
and trion in bare MoSe, under the polarized light of 1.75 eV are
extremely low (=0) and insensitive to the gate voltage (Figure S7,
Supporting Information), which is consistent with previous
results.[3234

We then investigate the gate-dependent magneto-DOCP
map of the heterojunction, as plotted in Figure 3a. Two
remarkable trends were immediately visible. First, the
magnitude of DOCP is clearly larger as the gate voltage is
ramped up to 80 V, as reflected by the increasingly dark
colors toward the right of Figure 2a. Second, the polarity of
the DOCP is seen to be inverted with the change of orienta-
tion of the external magnetic field. This is illustrated by the

MATERIALS
|
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vertical change of colors, i.e., from blue to red, especially at
higher gate voltages. The second observation is further mag-
nified in Figure 3b, which displays two representative curves
of the measured DOCP versus magnetic field at gate volt-
ages (V) = 0 V and 80 V. Remarkably, the DOCP value at
a positive 80 V gate is not only enlarged but also exhibits
hysteresis behavior similar to the magnetic semiconductor
Cr,Ge,Teg (See Figure 1d). The DOCP values at different
gate voltages of the heterojunction could be obtained from
Figure S8 (Supporting Information). To further illustrate
the impact of gate voltage on DOCP values, we display the
DOCP values as a function of gate voltage at 50 and —50 mT
in Figure 3c. When we tune V, from 0 to 80 V in the electron
side, the DOCP values increase from =0 to =1.5%. Although
the absolute value is not large, it is clearly identifiable within
our experimental error. To clarify the interaction between
the enhanced DOCP and the proximity effect of Cr,Ge,Te
and MoSe,, temperature-dependent saturation magneti-
zation (Ms) of Cr,Ge,Tes and DOCP values are plotted in
Figure 3d. A significant drop of Mg of Cr,Ge,Te; is observed
at 50 K, in agreement of T¢ obtained in such typical few-
layer Cr,Ge,Teq.23 Error bars in Figure 3(c),(d) indicate the
standard deviation of DOCP or Ms at magnetization satura-
tion. It is interesting to note that the DOCP difference also
vanished at =50 K. We then attribute the strengthened DOCP
in the heterojunction to the proximity effect of interface
between Cr,Ge,Te, and MoSe,.
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Figure 3. Electrically and magnetically tunable valley polarization in Cr,Ge,Teg/MoSe, heterojunctions. a) Color map of DOCP for trions in the hetero-
junction as a function of gate voltage and applied magnetic field. b) DOCP as a function of magnetic field at V;=0 V and V, =80 V. c) Gate-dependent
DOCP at = 50 mT. d) Temperature-dependent saturation magnetization (Ms) of Cr,Ge,Tes and DOCP values of the heterojunction.
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2.2. Band Alignment and Zeeman Splitting at Cr,Ge,Teg/MoSe,
Heterostructure

To reveal the physical origin of the observed polarization
dynamics and the roles the heterojunction plays, we have car-
ried out further investigations and analysis. First, it can be
seen from Figure 2c that the line width of trions at the region
of heterojunction is broadened compared with bare MoSe,.
There can be many reasons that lead to line width broad-
ening, including impurities at the interface, enhanced thermal
phonon scattering, and charge transfer.3>3¢ But in the case
of Cr,Ge,Teg/MoSe, heterojunction, the dominant factor for
the broadening may be charge transfer. Figure S9 (Supporting
Information) presents the spatial correlation of the PL inten-
sity of monolayer MoSe, and heterojunction. It can be noted
that when the emission of trions becomes more pronounced in
the heterojunction, the emission of neutral excitons decreases
correspondingly, which is a signature of charge transfer. In addi-
tion, the intensities of excitonic states emission from the hetero-
junction is about one order of magnitude smaller than the bare
MoSe,. The quenching of emission in the Cr,Ge,Tes/MoSe,
heterojunction also supports efficient charge transfer at the
interface.l”3l We have carried out power-dependent PL spectra
for the bare monolayer MoSe, and heterojunction, as shown in
Figure S10 (Supporting Information). The power law Iec P* is
used to fit the experimental data, where I, P, and o are the PL
peak intensity, excitation power, and exponent factor, respec-
tively. From the fitting results, the obtained ¢ values of neutral
exciton and trion emission in monolayer MoSe, are 0.96 and
1.01, respectively, presenting a linear dependence on the excita-
tion power. However, the obtained o values of neutral exciton
and trion emission in the heterojunction are 0.72 and 1.07,
respectively. The sublinear power-dependent emission of neu-
tral exciton in the heterojunction may originate from the free-
to-bound transitions.*’]

h

— Lo e
h

MoSe, Cr,Ge,Te,

To further identify the origin of the observed DOCP in the
heterojunction and determine the band alighment, we per-
formed KPFM measurements for the Cr,Ge,Te;/MoSe, hetero-
junction on conductive Si substrate. Since the work function
of Cr,Ge,Tey is dependent on the number of layers, we chose
Cr,Ge,Te, flakes with similar thicknesses among the samples
measured by PL.3® To prevent degeneration, the stack of the
heterojunction is constructed in the glove box and then meas-
ured by AFM as soon as possible. As shown in Figure S11
(Supporting Information), the surface potential of monolayer
MoSe, decreases by about 100-200 meV upon stacking by few
layer Cr,Ge,Tes. Therefore, the work function of monolayer
MoSe, is higher than that of few layer Cr,Ge,Tes. Consid-
ering the bandgap and affinity of Cr,Ge,Te; and MoSe,,13%*
they are likely to form type-II band alignment, as illustrated
in Figure 4a. The rectifying behavior of the heterojunction in
Figure S3 (Supporting Information) further confirms the built-
in potential at the interface.

When the heterojunction is illuminated by the laser, electron-
hole pairs are excited in the conduction bands (CB) and valance
bands (VB) of monolayer MoSe, and Cr,Ge,Te,, respectively.
Because the energy of CBs for MoSe, and Cr,Ge,Te; are very
close, the photogenerated electrons in Cr,Ge, Teg are transferred
to the CB of MoSe,. In the case of applying magnetic fields, the
photogenerated electrons in Cr,Ge,Tes are spin aligned with
Cr,Ge,Te, majority-spin states and will be able to efficiently
transfer to CB of MoSe,. However, due to the large valence
band offset between MoSe; and Cr,Ge,Te;, the photogenerated
holes in MoSe, are prohibited to move to Cr,Ge,Te,, even at
large negative gate voltage. As a result, the electron-hole pairs
in MoSe, and the spin-polarized electrons introduced from the
neighboring Cr,Ge,Tes are more favorable for the formation
of trions. Because of the optical selection rules and spin-valley
locking in TMDs, the spin-polarized trions will give rise to an
enhanced valley polarization as shown in Figure 3c. Moreover,

b
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Figure 4. Band alignment and valley splitting of Cr,Ge,Teg/MoSe, heterojunctions. a) Schematic illustration of spin-polarized charge transfer phe-
nomena and trion formation in the MoSe,/Cr,Ge,Teg heterojunction when a magnetic field is applied. b) Plots of Zeeman splitting energy versus

magnetic field with linear fits for the trions.
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when the applied gate voltage increases, the spin-polarized elec-
trons in Cr,Ge,Tey can transfer to MoSe, more efficiently due to
the enlarged vertical field, leading to the increased DOCP value
of trions in the heterojunction as displayed in Figure 3c.

Moreover, valley splitting of trions can be observed in the
heterojunction with out-of-plane magnetization, as shown in
Figure 4b (Figure S12, Supporting Information). The obtained
valley splitting rate is estimated to be =0.6 meV/T, which is
several times larger than that can be achieved by the Zeeman
effect in bare MoSe,.*#!l Note that the large valley splitting rate
of the heterojunction is also observed in other TMD/FM sys-
tems,7*] indicating the presence of the proximity effects in the
interface between MoSe, and Cr,Ge,Tes Another essential topic
for further study is whether we could observe similar or better
results of gate-tunable DOCP in other TMD-based vdW mag-
netic heterojunctions. For example, in stark contrast to MoSe,,
the degree of valley polarization in monolayer WSe, is much
larger. However, DOCP in our fabricated Cr,Ge,Tes/WSe, het-
erojunctions exhibited negligible gate tunability. This unex-
pected result indicates there may be other important factors
that can influence the magnetic proximity effect of heterojunc-
tions, such as interfacial exchange coupling and type-II band
alighment.'%l We emphasize that further theoretical studies
and detailed experiments will be required to fully understand
the gate-tunable magnetic proximity effect in other Cr,Ge,Te;-
interfaced TMD systems.

In summary, we have investigated the gate-dependent cir-
cularly polarized photoluminescence in monolayer MoSe,
interfaced with 2D ferromagnetic semiconductor Cr,Ge,Tes.
Significantly, the observed trion DOCP in the heterojunc-
tion exhibits magnetic hysteresis loop behavior that inherits
from the neighboring magnetic semiconductor. The DOCP
of the heterojunction is seen to be electrically manipulated
or enhanced by a gate voltage that encourages electron hop-
ping from the Cr,Ge,Tey side into the TMD monolayer. The
DOCP's temperature dependence and enlarged Zeeman split-
ting points to interfacial magnetic exchange field as the under-
lying physical mechanism. Our findings shed new light on
the mechanisms of interlayer charge transfer in 2D TMD/
ferromagnetic semiconductor van der Waals interfaces and rep-
resent an important step forward in devising field-controlled
2D magneto-optoelectronic devices.

3. Experimental Section

Device Fabrication: Monolayer MoSe,, h-BN, and few-layer graphene
flakes were mechanically exfoliated from bulk crystal onto silicon
substrates with a 300 nm SiO,. Monolayers of MoSe, were identified
by optical contrast and PL measurements, while the thickness of
h-BN flakes was determined with atomic force microscopy. First, h-BN
(=20-30 nm) was used to pick up the monolayer MoSe, by dry transfer
technique and flipped the stacks on PPC on bare substrates. Then
the stacks were annealed in a high vacuum furnace at 300 °C for 1 h
to ensure the cleanness of the monolayer MoSe, and bottom h-BN.
Due to the instability of Cr,Ge,Teq, few-layered Cr,Ge,Teg flakes were
exfoliated onto PDMS and identified their thickness by optical contrast
in a glove box with O, and H,0 levels below 0.1 parts per million. After
the proper Cr,Ge,Teg samples were found, the Cr,Ge,Teg samples were
transferred onto the pre-prepared MoSe,/h-BN heterostructure. In order
to complete the encapsulation of MoSe,/Cr,Ge,Teg heterojunction
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between h-BN layers, another h-BN (20-30 nm) with two graphite flakes
was further picked up and transferred onto the Cr,Ge,Tes/MoSe,/h-BN
heterostructure to form h-BN/graphite/Cr,Ge,Tes/MoSe,/h-BN. The two
pieces of graphite flakes were used as electrodes to contact Cr,Ge,Tes.
Next, electrical contacts to graphite flakes and MoSe, were defined with
electron-beam lithography and deposited via thermal evaporation (5 hm
chromium and 50 nm gold).

Magneto-Optic Kerr Effect (MOKE) Measurements: The experiments
were performed in a closed-cycle optical cryostat at a sample temperature
of 10 K unless special notification. The samples can be positioned to
scan by a nano-precision x-y-z piezo stage. A linear polarized laser of
1.73 eV was focused on the sample surface in Faraday geometry with
respect to the magnetic field up to 400 mT. The focused spot diameter
was estimated to 2 um. The reflected laser was analyzed by a half-wave
plate and a Wollaston prism and collected by a balanced photoreceiver.
More technical details can be referred in ref. [21].

Photoluminescence Measurements: To measure photoluminescence
(PL) of the samples, a mode-locked Ti: Sapphire laser with a photon
energy of 1.75 eV was used for sample excitation. The spatial resolution
of PL was similar to MOKE. After filtered by a long-pass filter, the PL
photons were coupled to a Horiba iHR550 monochromator with a
liquid nitrogen cooled CCD detector (Horiba, Symphony Il). For DOCP
measurements, the polarization of excitation laser was controlled by a
calibrated liquid crystal retarder. The helicity of PL was distinguished
by a quarter retardance and a Glan-Thompson prism. All the optics in
the measurements were achromatic in the studied spectrum range to
minimize the chromatic aberration.
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