PNAS

APPLIED PHYSICAL SCIENCES

Check for
updates

Giant bipolar unidirectional photomagnetoresistance

Yucheng Jiang®'2, Anpeng He*?[, Kai Luo®?, Jinlei Zhang®?

Yaping Qi"®, Ju Gao®, Kian Ping Loh™, Andrew T. S. Wee"@®, and Cheng-Wei Qiu®’

, Guozhen Liu®, Run Zhao?, Qing Zhang®, Zhuo Wangd, Chen Zhao*, Lin Wang®,

Edited by David Weitz, Harvard University, Cambridge, MA; received August 30, 2021; accepted May 15, 2022

Positive magnetoresistance (PMR) and negative magnetoresistance (NMR) describe
two opposite responses of resistance induced by a magnetic field. Materials with giant
PMR are usually distinct from those with giant NMR due to different physical natures.
Here, we report the unusual photomagnetoresistance in the van der Waals heterojunc-
tions of WSe,/quasi-two-dimensional electron gas, showing the coexistence of giant
PMR and giant NMR. The PMR and NMR reach 1,007.5% at -9 T and -93.5% at
2.2 T in a single device, respectively. The magnetoresistance spans over two orders of
magnitude on inversion of field direction, implying a giant unidirectional magnetoresis-
tance (UMR). By adjusting the thickness of the WSe, layer, we achieve the maxima of
PMR and NMR, which are 4,900,000% and —99.8%, respectively. The unique magne-
tooptical transport shows the unity of giant UMR, PMR, and NMR, referred to as
giant bipolar unidirectional photomagnetoresistance. These features originate from
strong out-of-plane spin splitting, magnetic field—enhanced recombination of photo-
carriers, and the Zeeman effect through our experimental and theoretical investiga-
tions. This work offers directions for high-performance light-tunable spintronic
devices. NMR)

photomagnetoresistance | van der Waals heterojunction | WSe, | two-dimensional electron gas |
spin polarization

Ordinary magnetoresistance (MR) is commonly found in conductive materials (1).
Most materials show the positive magnetoresistance (PMR) effect originating from the
Lorentz force (2, 3), which describes a magnetic field-induced increase of resistance. In
contrast, the negative magnetoresistance (NMR) usually results from the spin-
dependent scattering in the magnetic materials (4, 5). Large MR effects have attracted
much interest for their valuable applications as spintronic sensors and memory devices
(6-8). Large PMR or NMR is often governed by a specific physical mechanism, and its
rarity motivates many efforts on material selection and structural designment (9-12).
Giant MR and colossal MR are two well-known NMR effects and are explained by the
ValetFert model and Mn?*-O-Mn®* double-exchange mechanism, respectively (13-15).
Subsequently, various physical processes have been discovered to achieve significant MRs,
including tunneling MR (16-19), the Zeeman effect (20, 21), perfect 7—p compensation
(22, 23), etc. The inventon of a larger MR device is always a topical field fueled by
improvements in both theory and device applications.

Distinct in their physical mechanisms, PMR and NMR effects often counteract each
other, inevitably rendering one dominant over the other in a single large-MR material.
For example, some Weyl semimetals tend to show very large PMR but small NMR
(24-26). To the best of our knowledge, there has been no report of the systems with
both giant PMR and giant NMR. Through a comprehensive investigation of known
materials, we postulate that a conventional single material cannot achieve such a unique
magnetic transport; thus, we turn our attention to composite materials. Recent advan-
ces in van der Waals (vdW) heterojunctions have led to the development of new high-
performance functional devices (27-32). Numerous remarkable properties were found
by optimizing the design of atomically thin devices, such as magnetotransport (33),
electric gating (34), photoconductivity (35, 36), electroluminescence (37), and so on.
Such vdW heterojunctions combine the advantages of multiple materials, which offers
a possibility to realize the two competing effects, PMR and NMR, in a single device.

In this work, we fabricated lateral vdW heterojunctions between WSe, and quasi-two-
dimensional electron gas (Q2DEG; WSe,/Q2DEG) on SrTiO5 (STO) substrates (38).
Since the vdW heterojunctions are electrically insulating at low temperatures, we focus on
the magnetic transport behavior of photocarriers: that is, photomagnetoresistance. In this
system, we observe the giant bipolar unidirectional photomagnetoresistance (GBU-PhMR).
With the definition of MR = [R(B)/R(0) — 1] X 100%, the single device shows PMR of
1,007.5% at -9 T and NMR of -93.5% at 2.2 T, indicating the coexistence of giant PMR
and giant NMR. The MR changes over two orders of magnitude upon reversing the magnetic
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Significance

Photomagnetoresistance is a
physical effect that describes

the transport property of
photocarriers under a

magnetic field. We study the
photomagnetoresistance in the
van der Waals heterojunctions of
WSe,/quasi-two-dimensional
electron gas on SrTiOs. The
coexistence of giant positive
magnetoresistance (PMR) and
negative magnetoresistance (NMR)
is observed in a single device. The
photomagnetoresistance reaches
an extremely high level
comparable with conventional
magnetoresistance, with PMR and
NMR peaking at 4,900,000% and
-99.8%, respectively. The
magnetoresistance spans over
two orders of magnitude on
inversion of magnetic field
direction, implying a giant
unidirectional magnetoresistance.
Such a physical effect, referred to
as giant bipolar unidirectional
photomagnetoresistance,
originates from the combined
effect of strong out-of-plane spin
polarization, magnetic
field-enhanced recombination of
photocarriers, and the Zeeman
effect.
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field, displaying a giant unidirectional magnetoresistance (UMR)
effect. By adjusting the thickness of the WSe, layer, we achieve the
maxima of PMR and NMR that are 4,900,000% and -99.8%,
comparable with the highest values reported so far (18, 22, 39-42)
[e.g., about 15,000,000% for PMR at 1.8 K in gray arsenic (42, 43)
and about -99% for NMR at 2 K in Crl; (18, 41)]. Through theo-
retical and experimental studies, the GBU-PhMR can be attributed
to the combined effect of strong out-of-plane spin splitting, magnetic
field—enhanced recombination of photocarriers, and the Zeeman
effect. This work explores the unique magnetic transport of photocar-
rers in a WSe/Q2DEG heterojunction and its potential applications
in high-sensitivity spintronic devices.

Results and Discussion

Fig. 1A shows a schematic of WSe,/Q2DEG heterostructure.
Based on our recent work, the Ar" ion bombardment assistant
(AIBA) method is used to fabricate the device (S Appendix,
Fig. S1) (38). We used the WSe, crystals with a 2H phase and
the (100) STO substrates with a perovskite structure. After the
AIBA fabrication, a vdW contact can be achieved at the edges
of WSe, and Q2DEG in Fig. 1B. Due to the intrinsic p-type
conduction of WSe,, a p—7 junction is formed at the interface
of WSe, and Q2DEG. Fig. 1C shows the microscopic image
of the WSe,/Q2DEG heterojunction and its corresponding
top-view schematic diagram for clarifying the geometry.
Atomic force microscopy (AFM) is used to display the ampli-
fied image of the selected area in Fig. 1C, Inser. The thickness
of the WSe, layer is about 40.3 nm, and the etching depth
of STO is about 54.5 nm. A spherical aberration—corrected

A

scanning transmission electron microscopy (Cg-corrected STEM)
is used to investigate the lattice structures of WSe, and STO. In
Fig. 1D, the scanning transmission electron microscopy (STEM)
image demonstrates the hexagonal symmetry of 2H-WSe,, which
is verified by its fast Fourier transform (FFT) pattern. Raman
spectrum and mapping are applied to identify the two character-
istic Raman peaks of WSe, and clarify the junction structure (S/
Appendix, Fig. S2). Raman mapping is used to image the compo-
sition and structure of materials based on their characteristic
Raman spectra. In SI Appendix, Fig. S2B, yellow, purple, and
green correspond to the Raman vibration modes of Au electrode,
WSe, and STO, respectively. During the fabrication of device,
Ar* ion bombardment is an important step to construct the het-
erojunction. Such a technique can ablate the atoms randomly on
the surface of a material, possibly causing lots of defects. It must
increase the disorder of the WSe,/STO interface. To clarify the
role of Ar" ion bombardment, we probed the surface of STO
etched by Ar" ion bombardment using Cy-corrected STEM in
Fig. 1E. It is found that the etched STO surface is atomically
uneven and cannot be rigorously terminated by the SrO or TiO,
layer. There exist atomic defects and dislocations within a cell
layer, causing the different property from the SrO or TiO, termi-
nation alone (44). Such a disordered surface will give rise to the
Anderson localized states, which play an important role in deter-
mining the physical properties of the device (45).

For the vdW WSe,/Q2DEG heterojunction, our recent
work reported the phenomenon of chargeable photoconductiv-
ity (CPC) (46). The intrinsic heterojunction has a very large
built-in barrier and a broad space charge region (SCR), making
it insulating at low temperature. Based on these previous
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Fig. 1.

Structure of the device. (A) Structural schematic of the WSe,/Q2DEG heterostructure, showing the electric measurement under the magnetic field

and light illumination. (B) Schematic diagram showing the vdW contact between WSe, and the oxygen-deficient STO surface. (C) Photograph of the WSe,/
Q2DEG heterojunction and the top view of the schematic diagram of the device for corresponding to its microscopic image. (C, Inset) AFM image illustrating
magnification of the area near the interface. (D) A top-view STEM image of WSe, showing the 2H lattice structure. D, Inset is the FFT pattern of 2H-WSe,.
(E) Cross-sectional STEM image displaying the atomic defects and dislocations of the STO substrate etched by an Art beam. E, Inset is the FFT pattern of STO.
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results, such an insulating device with high photosensitivity
offers an opportunity to study the magnetic transport of photo-
carriers without the interference from intrinsic carriers. In this
work, we focus on the synergized effects of CPC and MR.
Experimentally, the device is irradiated by 405-nm light to pro-
duce photocarriers, and a bias voltage (Vjp) is applied to con-
sume the stored charges. In dynamic balance, the device
displays a stable current, accessible to the MR measurement.
Fig. 24 shows the MR as a function of the magnetic field, dem-
onstrating the different dependence on the positive and nega-
tive fields. Along the negative direction, the MR increases
monotonously with the field, displaying giant PMR about
1,007.5%. However, the MR decreases greatly first and then,
increases with the increase of the positive field. The largest
NMR reaches —93.5% at a magnetic field of extremum (B, =
2.2 T). At 10 K, the device shows a coexistence of giant PMR
and giant NMR accompanied by significant MR anisotropy
depending on the sign of magnetic field, regarded as a GBU-
PhMR effect. As is well known, the conventional MR materials
usually exhibit the parity-symmetric field dependence of resis-
tance. Distinctively, the GBU-PhMR device shows the unidi-
rectional dependence of MR on the magnetic field. The MR
spans over two orders of magnitude on inversion of field direc-
tion, implying a giant UMR (47). For comparison with other
UMR systems, we plotted the UMR vs. field curve in Fig. 24,
Inset with the definition of UMR = [R(B) — R-B)]/[R(B) +
R(—-B)] X 100%. It is observed that the maximum UMR is over
95%, much higher than the other UMR materials reported
recently.

The definition of MR is usually used for measuring the large
PMR effect. However, for large NMR, it is difficult to imple-
ment a detailed description of the resistance decrease induced

by magnetic field if the resistance drops over two orders of
magnitude. Thus, such a definition is not appropriate for the
GBU-PhMR effect with both giant PMR and NMR. Here, we
use MRgpy defined as MRipy = R(B)/R(0), where R; is the
junction resistance, to describe the giant PMR and NMR
together. It is PMR if MRGBU > 1 or NMR if MRGBU < 1.
Fig. 2B shows MRgpy as a function of the magnetic field
(MRgp-B) at different temperatures. Above 30 K, the WSe,/
Q2DEG heterojunction exhibits a significant PMR effect. The
MRepi-B curves display a symmetry with respect to B=0 T,
where MRgpy at +B is equal to that at —B. As the temperature
falls down, PMR is drastically increased at —B, while NMR
emerges at + B, demonstrating the transition from conventional
PMR to GBU-PhMR. At 10 K, the NMR maximum reaches
about —85.9% (or 0.14 in MR¢p() at a magnetic field of extre-
mum (B, ~ 3.2 T). The NMR originates from the Zeeman
effect, which is valid for a system with Anderson localized states
(48). It is evident that Ar* ion bombardment, used for the fab-
rication of the WSe,/Q2DEG heterojunction, gives rise to lots
of atomic defects and dislocations (Fig. 1E). Also, Anderson
localization plays an important role in determining the physical
property of electron gas systems (49, 50), demonstrating the
rationality of applying the Anderson localization model to
interpret the NMR. Due to the strong spin-orbit coupling
(SOC) of WSe,, the spin polarization emerges and can be esti-
mated by a related parameter (U,,), which makes the symmetry
center of the NMR curve shift along the negative direction of
magnetic field (87 Appendix, Fig. S8 and section S5). U, can be
obtained by U, = ﬁlnz—l (SI Appendix, section S3), where m is
a fitting parameter and 7; and 7| are the percentages of spin-
up and spin-down carriers in the total number, respectively.
U, is used to compare experimental data with theoretical
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Fig. 2. GBU-PhMR. (A) Magnetic field dependence of MR at a bias voltage of 5V, a temperature of 10 K, and continuous 405-nm optical illumination of
0.07 mW-cm~2, where the different scales for positive and negative coordinates are used for a detailed description of giant PMR and NMR. (4, Inset) UMR vs.

field. (B) MRgpy as a function of the magnetic field at different temperatures under 2.1 mW-cm

(o) Ri~B curves at various bias voltages at 10 K and P,,; =

0.07 mW-cm~2. (D) Dependence of R-B curves on WSe; thickness with P, = 0.07 mW-cm~2. All samples were tested at Vg =20V and T = 10 K. (E) A compar-
ison of PMR and NMR of some well-known spintronic materials over four decades; 11.3- and 40.3-nm WSe,/Q2DEG heterojunctions exhibit the giant PMR
and NMR, respectively, comparable with those classic PMR and NMR materials. The symbols L and // show the current perpendicular and parallel to the

magnetic fields, respectively. NMR, negative magnetoresistance. LAO, LaAlO3
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simulation for convenience. The existence of spin polarization
causes the NMR to be shadowed by the PMR in negative fields.
Therefore, the NMR can be observed only in positive fields.

Considering the bias dependence of R; in a p—n junction, we
investigated the relation between magnetoresistance and bias volt-
age in WSe/Q2DEG heterojunctions. In Fig. 2C, the R—B
curves show that the NMR effect is prominently enhanced by
increasing the bias voltage at P,,, = 0.07 mW-cm 2. The largest
MR reaches as high as —99.8%. At the same time, B, changes from
22 10 3.9 T, with Vjp increasing to 20 V. Fig. 2D shows the R,—B
curves with different thicknesses of WSe,. The devices with thinner
WSe, layers enable to display of larger PMR, while NMR becomes
more pronounced in the thicker ones. Among them, the R—B
curve of the 11.3-nm device exhibits the largest PMR value and the
approximate parity symmetry with respect to B = 0 T, displaying a
slight deviation of 0.5 T. The magnetic field induces an increase of
R; over four orders of magnitude, where MR = 4,900,000%. With
the WSe, layer thicker than 30 nm, the NMR effect emerges at
+B, and the R—B curves lose the symmetry. In the 40.3-nm sam-
ple, the NMR value reaches its maximum at 3.9 T, where MR =
—-99.8%. As the thickness increases, the NMR at —B reveals a signif-
icant enhancement but tends to decrease at +B. In the 68.9-nm
sample, the NMR value at —B reaches a close level to that at +B.
Here, the PMR cannot shadow the NMR in negative fields because
of small U, The observed thickness dependence of GBU-PhMR
can be interpreted through the competition between PMR and
NMR (87 Appendix, section S5). For the consistency of experimen-
tal results, we use the 40.3-nm sample to perform the following
experiments. In general, both PMR and NMR shown in the GBU-
PhMR device are quite impressive, compared with other well-
known materials with large PMR (9, 19, 22, 39, 42, 43, 51-53)
and NMR (4, 18, 40, 41, 54-57) (Fig. 2E). Based on the experi-
mental results, it is found that that the parity symmetry of R—-B
curves is accompanied by PMR but fades away with the advent of
NMR. This suggests that the PMR and NMR effects arise from
different mechanisms with distinct dependence on the magnetic
feld.

Fig. 3A4 shows the charge distribution in SCR under continuous
light illumination and bias voltage. Given the lateral junction
geometry, large SCR makes the WSe, multilayer turn into planar
electrified layers. The internal electric field (£),) may affect the
bottom transport WSe, layer, inducing spin polarization from
strong SOC. For WSe, with strong intrinsic SOC, the UMR-
type magnetic transport should be correlated with the spin-
momentum locking. Fig. 3B shows the band structures of the
WSe, bilayer with SOC considered at E;, = 0.2 V-nm ™. By den-
sity functional theory (DFT) calculations, we note that £, induces
a huge Zeeman-type spin splitting among the top valence bands
in the vicinity of K points, where its energy order increases up to
125 meV with E,. With the space reversal symmetry broken by
E;,, SOC tends to lift the spin degeneracy, but there is no signifi-
cant spin splitting around I'-point. So, the Rashba effect is negli-
gible in WSe,, especially compared with the Zeeman-type spin
splitting (58). Around X point, the spin polarizations are out of
plane and have opposite signs. The Ejinduced spin splitting is
further studied in the mono- to quadlayers of WSe, under the
electric fields of 0 to 0.5 Vonm ™! (ST Appendix, Figs. S3 and S4
and section S1). Since the spin-up band is closer to the Fermi
level, the carriers, generated by light, prefer to have upward spin
polarization, displaying the spin-up polarization. Such a spin
polarization is perpendicular to the WSe;, plane, thereby inducing
the out-of-plane UMR (58). This is verified by the high asymme-
try of Ri—B curves (Fig. 2). In addition, we used unpolarized light
to generate photocarriers, which rules out the valley-spin effect
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(59). For the WSe, film with ~20 to 100 layers, the valley-spin
effect is too weak to have a significant effect on the electronic
transport (60). The Rashba effect is irrelevant owing to its ten-
dency to the in-plane spin polarization (61). Additionally, the
magnetism of the oxygen-deficient STO surface is also investi-
gated at 5 K in S Appendix, Fig. S5. It exhibits a very weak persis-
tent magnetic moment with the coercive field less than 0.02 T,
which is insufficient to induce such a giant UMR. Therefore, after
a thorough analysis, we attribute the UMR effect to the E-
induced Zeeman-type spin splitting.

Our recent study has demonstrated that the WSe,/Q2DEG
heterojunction on STO is the first system that exhibits the
CPC effect (46). During the optical illumination, the device
enables the coexistence of photoelectric conversion and storage
in a single device. Fig. 3C shows the schematic diagram of car-
rier distribution at the interface of WSe, and Q2DEG before
and after an optical illumination. The intrinsic heterojunction
has a very wide SCR that causes a large barrier to block the
electric transport. During the optical charging, the SCR is filled
with photocarriers and stores them forever. The photocarriers
stored in the SCR can recombine only when applying a bias
voltage, regarded as a discharge process. A large photocurrent is
released during the discharge. With the stored photocarriers
depleted, the device recovers to the insulating state. In our
experiments, to reach the full optical charging, the device was
irradiated by a 405-nm laser with 2,,, = 16 mW-cm ™ for 7 s.
Fig. 3D shows the current vs. voltage (I-V) loops in darkness at
0 T after full optical charging with/without the magnetic field
applied. There is no difference between them. The magnetic
field cannot affect the charging process and charge capacity of
the device. As we have known, the photocarriers are the light-
created holes stored stably in the SCR of WSe, (46). Due to
the high built-in barrier at the interface, the random thermal
motions of the light-created holes are confined to the SCR. A
magnetic field can deflect the trajectories of those light-created
holes. However, there are no free electrons in this region, so no
electron-hole recombination happens without bias voltage
applied. Therefore, the photocarrier capacity cannot be changed
by the magnetic field. A complete I-V loop in a CPC device
contains the forward (voltage increase) and backward (voltage
decrease) curves. The forward curve shows a releasing process
of photocarriers, and the backward one reveals a recovery pro-
cess toward the intrinsic insulating state. It is concluded that
the bias voltage tends to drive the photocarriers to recombine,
causing the depletion of photocarriers stored in SCR. For the case
in Fig. 2, continuous light irradiation and stable current result in
a dynamic equilibrium between generation and recombination of
photocarriers. Actually, the magnetic field should affect the releas-
ing process of photocarriers stored in SCR. Fig. 3F and F shows
the semilog I-V loops of the WSe,/Q2DEG heterojunction under
positive and negative magnetic fields after full optical charging,
respectively. The I-V loops of the linear coordinate are exhibited
in ST Appendix, Fig. S6A. For a p—n junction, there exists a turn-
on voltage (V,,) in its I-V characteristics, above which the current
will increase greatly. It is noted that the magnetic field induces a
shift of V,, in backward curves. Under the negative magnetic
field, V,,, grows monotonously as B increases, which corroborates
the positive impact of B on the photocarrier recombination.
Under the positive magnetic field, with its size large enough
(>3 T), the NMR cannot cancel out the impact of PMR, still
causing V,, to increase. The shift of V,, reflects the change of
built-in potential. Additionally, for a CPC device, the built-in
potential is determined by the density of stored photocarriers in
SCR. The photocarriers stored at deeper regions of SCR are
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Fig. 3. Origins of UMR and giant PMR. (A) Schematics of the photocarrier distribution in SCR with the current across the junction under continuous light illu-
mination and bias voltage, where e?p shows the direction of spin polarization. (B) Band structures of a bilayer WSe, with (solid lines) and without (dotted
lines) electric fields. Blue and red emphasize the bands of out-of-plane spin-up and spin-down polarizations, respectively. (C) Schematic diagram showing
carrier distribution at the interface of WSe, and Q2DEG with optical charging and discharging. (D) I-V loops measured in darkness without the magnetic field
at 10 K after full optical charging at 0 and 5 T. Semilog |-V loops measured in darkness by applying positive (E) and negative (F) magnetic fields after full opti-
cal charging. (G) /{(B)/I(0) as a function of magnetic field at the bias voltage of 6.5 V. The data points are picked from the backward curves in F.

further depleted by the high field during the electronic transport
(SI Appendix, Fig. S6B and section S2). Therefore, the magnetic
field dependence of V,, results from the field-enhanced recombi-
nation of photocarriers. Near V,,, the device exhibits the highest
sensitivity to the magnetic field, displaying a very large current
gap up to five orders of magnitude (Fig. 3G). The above process
has been recognized experimentally as the giant PMR effect. A
reasonable explanation is that the Lorentz force causes the helical
motion of photocarriers under the magnetic field, substantially
increasing their travel distances during the electric transport. It
increases the probability of electron-hole recombination greatly,
and that causes the depletion of deeply stored photocarriers.
Light-tunable MR is an intriguing and challenging field,
where despite some progress, the effect of light on MR is dully
small (62, 63). The experimental data in Fig. 44-C demon-
strates that the NMR effect is greatly controlled by the light
intensity. Near B,, the light induced by the MRgp transverses
over two orders of magnitude, resulting from the optical tuning
of E,,. With P, ot 1ncreasmg, more photocarriers are produced
and stored into SCR, causing a thinner electrified layer and
smaller E;,. Given the strong dependence of spin polarization
on E;,, the decrease of E;, will lower the concentration of spin-
up carriers and reduce the value of U, thereby suppressing the
NMR effect. Actually, the Zeeman effect determined by both
spin polarization and magnetic field should be responsible for
the NMR effect. This type of Zeeman NMR shows a strong
dependence on the U, (SI Appendix, section S3). Similarly, the
increase of the light wavelength also weakens the GBU-PhMR
effect (SI Appendix, Fig. S7). It is worth pointing out that there
is an optimal optical power density (2, value to maximize
the NMR effect at a selected bias voltage. In Fig. 4D, Inset,
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1/P,,.. shows the linear dependence on the bias voltage. For
the CPC device, reported by our recent work, the bias increase
drives more stored photocarriers to participate in the electric
transport (46). Additionally, the increase of P,,, raises the den-
sity of photocarriers, so we have the relation as (SI Appendix,
section S4)

(VB - VO) : Popt“”:; [1]

where V3 is the bias voltage, 14 is a fitting parameter, and 7, is
the sheet carrier density in the SCR of WSe,. Considering the
inversely proportional relation between P,,, and Vj the data
points in Fig. 4D, Inset correspond to almost the same value of
n, implying that 7, determines the maximum NMR. It is 7,
that plays a dominant role in the NMR but not light intensity
alone. There is an optimal photocarrier density that maximizes
the extremum value of NMR in positive fields. Based on Eq. 1,
we can interpret the different light intensity dependence of the
MRgp—B curves in Fig. 44-C. For the relatively small bias
voltage of 10 V in Fig. 44, the light intensity needs to increase
to make 7, close to the optimal value, so the extremum value of
NMR increases with the increase of light intensity. The maximum
of the NMR extremum is obtained at P, = 0.67 mW/cm®.

With P, mcreasmg to 2.1 mW/cm?, #, deviates from the opti-
mal value, causing the decrease of the NMR extremum. For
the case of Vg =15V in Fig. 4B, the similar physical process is
also observed. The NMR extremum first increases and then
decreases with the increase of hght intensity, and it reaches the
maximum at P,,, = 0.15 mW/cm?. For the large-enough bias
voltage (Vp = 20 V) in Fig. 4C, the light intensity must be

decreased to make 7, close to the optimal value, causing the

https://doi.org/10.1073/pnas.2115939119 5 of 9


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115939119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115939119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115939119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115939119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115939119/-/DCSupplemental

1 T
A E : 8101 [ ! ClO i
Loy : i
10%-------= w-—- T 7 109 oo o 100k-------2 e s
g —0.07 mW-cm2 : I"i“ 1071 L—0.07 mW-cm 2 1071 E—0.07 mw-cm?
101 t—0.15 mW—cm'Jl \ 0.15 mW-cm’ 2: 0.15 mW-cm™
—0.67 mW-cm? ; B 0.67 mW-cm' 1: o[ —0.67 mW-cm 2:
—21mwom? 1 | 107 F —2.1 mweem? ! \W// 107F ot mwem® ! -
I \V, —7.5mW-em? 1 < B ; \'L‘_B
107} L Ne B, 3 : ‘ 3 ' ¢
- - - - 107 e : L - 107 b—— : 1 . -
9 6 -3 0 3 6 9 9 -6 0 3 6 8 9 6 3 0 3 6 9
B(T) B (T) B(T)
D e 15 >
107} 0 k4
10V E W
LN N /]
= ~_ & & ~ | /o~
< oZ %15 <) :\\\ 14
2 g Volt: V) € = v /
= 10 P ; |
0y \
B J ‘ . : Y
0.1 1 10 5 6 -3 0 3 6 8§
Power (mW-cm™) B(T)

Fig. 4.

Light-tunable GBU-PhMR. Field dependence of MRggy under 405-nm optical illumination with various P, at (A) Vs =10V, (B) Vg = 15V, and (C) Vg =

20 V. (D) MRspy at B, as a function of P, at different bias voltages. D, Inset is the linear dependence of 1/P4, On the bias voltage. (£) R-B curves by applying
bias voltages and optical illuminations with their corresponding Py, Where Ppqx is 0.67 mwW-cm~2 at 10V, 0.15 mW-cm~2 at 15V, and 0.07 mW-cm~2 at 20 V.

monotonous decrease of the NMR extremum as P,,, increases.
Also, we can interpret the role of bias voltage in modulating
the NMR based on the same mechanism in Fig. 2C. For small
P, of 0.07 mW/cm?, the initial photocarrier density is lower
than the optimal value. Bias voltage needs to increase to make
the photocarrier density close to the optimal value, so the extre-
mum value of NMR increases with the increase of bias voltage.
Fig. 4E shows R—B curves by selecting appropriate bias voltages
and their corresponding P, All of the R—B curves exhibit
almost the same B, despite different Vp and P,,, still attrib-
uted to the same optimal photocarrier density. By analyzing
the experimental results in Figs. 2-4, we realize that the
observed GBU-PhMR effect is determined by the competition
between PMR and NMR. A theoretical model has been pro-
posed to describe the dependence of junction resistance on the
magnetic field in SI Appendix, section S5. The change of junc-

tion resistance can be written as

ARGgy—phr(B)=ARpyr(B) +ARyyr(B)= Ci|B|*
| G 2]
"exp[m(B+U,)|+exp[—m(B+U,)]

where ARppsr and ARppg are the resistance changes caused by
PMR and NMR, respectively, and a, C;, and G, are fitting
parameters. Here, the value of C;/C, can describe the competi-
tion between PMR and NMR. A large value of C;/C; indicates
the dominant role of PMR in the magnetic transport; other-
wise, the NMR dominates. Based on this model, the simulation
of the GBU-PhMR effect is shown in SI Appendix, Fig. S8,
consistent with the experimental results.

To clarify the spin polarization, we investigated the depen-
dence of MR on the angle (f) between B and ¢, as shown in
Fig. 5A. The limitation of the physical property measurement
system (PPMS) makes it impossible for the device to rotate in a
magnetic fleld and to be exposed to the stable optical illumina-
tion at the same time. In S/ Appendix, Fig. SOB, it is noted that
even though most of the photocarriers tend to recombine in
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the magnetic field of 9 T, there still remain a few inert photo-
carriers to cause nanoamp-level current in the darkness for a
longtime. This allows us to achieve the measurements of fj—6
relations in different magnetic fields. In this case, the MR effect
mainly results from the scattering response to the magnetic field
without photocarrier recombination. Fig. 5A4, Inser is a sche-
matic showing the angle (8) between B and the z axis. With
0 = 0° and 180°, the device exhibits the significant NMR and
PMR effects, respectively. With @ = 90° and 270°, J; is inde-
pendent of B. It suggests that the electronic transport cannot
be influenced by the component of the magnetic field perpen-
dicular to e, when the field rotates in a plane perpendicular to
the current. Here, /; exhibits the unidirectional dependence on
the external magnetic field, which is identified as the UMR
effect. Another intriguing observation is that the shape of 7—6
curve is correlated with the magnitude of magnetic field. Below
5 T, I decreases monotonously with @ in the range from 0° to
180°, while with B increasing over 5 T, it decreases first and
then increases with 6. Fig. 5B shows the curve of 7(B)/(0) vs.
B with different 6, where [(B) and I(0) are the junction cur-
rents with and without magnetic field applied. With 6 = 90°,
there is no significant MR in the device, agreeing with the
result in Fig. 54. With @ = 0° and 45°, [(B) increases mono-
tonically with positive field, but it decreases first and then
increases along the negative field. This implies that /(B) is
determined by B +U,,. Along the positive direction, B is paral-
lel to ¢, causing the monotonic increase of /(B) with B. Along
the negative direction, the external magnetic field needs to
compete with the spin polarization. The value of B + U, first
decreases with B and then, with [B| > U, it increases with B.
Thus, I(B) exhibits a nonmonotonic dependence on the external
magnetic field. Fig. 5C shows /; as a function of the magnetic field
along the x axis, where B is parallel to Z. It is observed that the R,—B
curve exhibits a parity symmetry to B= 0 T, demonstrating that ¢,
is parallel to the z axis. The /; maximum is obtained at 9 T without
competition between NMR and PMR. In this case, the PMR effect
almost disappears with the magnetic field parallel to the current
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Fig. 5. Anisotropy and mechanism of NMR. () /; as a function of # under different magnetic fields in darkness at 6 V and 10 K. A, Inset is a schematic show-
ing the angle (¢) between B and the z axis. /; and e's,} are along the x and z axes, respectively. (B) /[{B)/I{0) vs. B measured at ¢ = 0°, 45°, 70°, and 90°. (C) /-B
characteristic under optical illumination of 0.1 mW-cm~2 at 6 V and 10 K. C, Inset shows that B is parallel to the /; direction. (D) Experimental data vs. fitting
curve showing /{B)/I(0) as a function of B. D, Insets | and Il are /-0 curves at 1 and 9 T, respectively, obtained by experiment and fitting. (E) Theoretical simula-
tion of /-6 curves in the field range of 1 to 9 T, showing the resist of spin polarization against the external magnetic field.

direction. We have known that the increase of the carrier transport
path, caused by Lorentz force, enhances the recombination of
electron-hole pairs, causing large PMR. However, with B parallel to
the current direction, no Lorentz force exists for the moving carriers,
preventing the PMR effect. By investigating /; in different field direc-
tions, it is evident that the field dependence of NMR is determined
not only by the angle between B and ¢, but also, by the angle
between Band .

A theoretical model is proposed to explain the highly aniso-
tropic NMR effect (87 Appendix, section S3). In Fig. 5D, we
simulate 7(B)/{0) as a function of B, showing the good agree-
ment with the experimental data. It is reasonable to ascribe large
NMR to the Zeeman effect (62). In Fig. 5D, Insets I and II, the
fitting curves exhibit @ dependences of /; at 1 and 9 T, respec-
tively, agreeing with the experimental data. With U, equal to
3.9 T, we can calculate the value of /7 (~1.73), corresponding
to 7 ~ 63.3%. It is worth pointing out that there is some devia-
tion between theoretical and experimental values in the range of
120° to 180° at 9 T (Fig. 5D, Inser Il). This results from the MR
hysteresis during the rotation of the magnetic field. The spin
polarization is controlled not only by E;, but also, by the external
magnetic field. Spin rotation lags behind the external magnetic
field, thus causing MR hysteresis. With 6 increasing from 0° to
90°, the external magnetic field enhances the spin-up polarization,
inducing larger Uy, When the field rotates in the range from 90°
to 180°, the component of B along the z axis (B,) will be antipar-
allel to e, . A larger B, is required to balance larger U,,. So, the
current minimum moves to a higher angle, causing deviation
from the theoretical value. To verify the hysteresis of MR, we
investigate the R;—B loops at different P,,, (SI Appendix, Fig. S9),
demonstrating that the hysteresis effect mainly occurs in the
NMR region. In Fig. 5E, we simulate the #-dependence of R; at
different B. With B < 4 T, B, is smaller than U, at all angles,
and J; exhibits a cosine-like dependence on 6. With B increasing
over 5 T, the size of B, will exceed U, near & = 180°. Spin-down
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photocarriers start to make the main contribution to NMR, thus
displaying an anomalous increase of ;.

In summary, we have observed a GBU-PhMR effect in WSe,/
Q2DEG heterojunctions, which reflects the intricate reladonship
between optical and magnetic transport properties. Based on our
experimental and theoretical research, it is concluded that the GBU-
PhMR effect originates from the combined action of out-of-plane
spin splitting, magnetic field-enhanced recombination of photocar-
rer, and the Zeeman effect. The spin polarization leads to the unidi-
rectional dependence of scattering on the magnetic field, explaining
the UMR effect. The PMR effect, caused by the field-induced pho-
tocarrier recombination, is described by an Rj—B curve with symme-
try o B = 0 T, showing the competition with the NMR effect.
The Zeeman effect is responsible for the anisotropic giant NMR
that breaks the symmetry of R;—B curve. When the WSe,/Q2DEG
heterojunction shows the unique magnetooptical transport, all the
above mechanisms work simultaneously and contribute to the
GBU-PhMR effect. In addition, the light tuning can cause a change
in MR over two orders of magnitude. A theoretical model is pro-
posed to explain the anisotropic MR response, aligning with the
experimental data. Our work opens up the opportunities to achieve
high-performance light-tunable spintronic devices.

Methods

sample Fabrication. High-quality 2H-WSe; single-crystal bulk and (100) STO
substrates were purchased from Nanjing Muke Nano Technology Co., Ltd. and
Hefei Kejing Materials Technology Co., Ltd. The WSe,/Q2DEG heterojunction is
prepared by the AIBA method (S/ Appendix, Fig. S1) based on our recent work
(38, 46). WSe, flakes were mechanically exfoliated from a piece of bulk single
crystal onto STO substrates. Through a lithographic technique, a half of the WSe,
flake was coated by photoresist, and the other half was exposed to air. Then, an
Au electrode was deposited on the sample by magnetron sputtering, and the
photoresist was removed by acetone. After that, the lithographic technique was
used again to cover the part of the WSe; flake contacting the Au electrode and
to leave the square area containing bare STO and WSe,. The sample was
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imadiated for 3 min by an Ar* ion beam with a beam voltage of 400 V. A water-
cooled sample holder was used during the etching process. Using the above
AIBA method, the WSe,/Q2DEG heterojunctions were successfully fabricated
after removing photoresist with acetone.

Characterization. Multilayer WSe, flakes are identified by an optical micro-
scope. AFM was used to determine the thickness of the samples and their surface
morphology. Cs-corrected STEM is used to investigate the lattice structure of WSe,
and STO. Micro-Raman spectroscopy was used to analyze the WSe,/Q2DEG heter-
ojunctions under ambient conditions. Nonpolarized and off-resonance Raman
spectra and mapping are measured with a 532-nm excitation laser.

Electrical Measurement. R; was measured by a standard two-probe method
using Keithley 2400 and 6517B Source Meters. Photoelectric and photomagne-
toresistance measurements were performed in the PPMS (Quantum Design)
with an He atmosphere. Power-tunable light, supplied by several semiconductor
lasers with wavelengths of ~405 to 808 nm, was transmitted into the sample
chamber through an optical fiber bundle.

Electronic Structure Calculations. The electronic structure calculation with the
SOC included was performed within DFT using the Vienna ab initio simulation pack-
age (VASP) (64, 65). The Perdew-Burke-Emzehorf (PBE) (66) exchange-correlation
functional is used throughout after negligible difference in the electronic structure
was found between the Perdew-Zunger (67) and PBE. The projector augmented-
wave datasets (68) of the PBE type for W and Se with a plane wave energy cutoff of
500 eV were used. Bulk 2H-WSe, has space group Pés/mmc (194) with lattice cons-
tant a = 3.283 A and ¢ = 12.960 A (69, 70). The layered systems were using the
same lattice constant (no geometry optimization was performed). We applied an
electric field perpendicular to the (001) surface to the few-layer structures using
dipole sheets in the middle of vacuum regions implemented in VASP (71). The
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