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The electronic topology is generally related to the Berry curvature, which can induce the anomalous Hall effect
in time-reversal symmetry breaking systems. Intrinsic monolayer transition metal dichalcogenides possesses two
nonequivalent K and K’ valleys, having Berry curvatures with opposite signs, and thus vanishing anomalous Hall
effect in this system. Here we report the experimental realization of asymmetrical distribution of Berry curvature
in a single valley in monolayer WSes via applying uniaxial strain to break C3, symmetry. As a result, although
the Berry curvature itself is still opposite in K and K’ valleys, the two valleys would contribute equally to nonzero
Berry curvature dipole. Upon applying electric field E, the emergent Berry curvature dipole D would lead to
an out-of-plane orbital magnetization M ~« D - E, which further induces an anomalous Hall effect with a linear
response to E?, known as nonlinear Hall effect. We show the strain modulated transport properties of nonlinear
Hall effect in monolayer WSes with moderate hole-doping by gating. The second-harmonic Hall signals show
quadratic dependence on electric field, and the corresponding orbital magnetization per current density M/J can
reach as large as 60. In contrast to the conventional Rashba—Edelstein effect with in-plane spin polarization,
such current-induced orbital magnetization is along the out-of-plane direction, thus promising for high-efficient

electrical switching of perpendicular magnetization.

DOI: 10.1088/0256-307X /38 /1/017301

The Berry curvature, which describes the local
geometry of Bloch wavefunction,!!! plays an essen-
tial role in modern condensed matter physics. In
the view of charge transport in crystals, Berry cur-
vature can produce an anomalous velocity,[*? which
is related to various exotic topological phenomena in-
cluding anomalous Hall effect,l!! valley Hall effect,!”]
anomalous Nernst effect’] and the negative magne-
toresistance in topological materials.”) In addition,
the integral of Berry curvature in parameter space
can give rise to the topological Chern invariant,!'
which is one of the major subjects in topological sys-
tems. Generally, to obtain nonzero Berry curvature
in a system, either time-reversal symmetry or inver-
sion symmetry needs to be broken.[®l Recently, a new
class of electromagnetic response, related to the Berry
curvature in the nonlinear regime, has been revealed
based on both semiclassical approach and quantum
theory, including circular photogalvanic and nonlinear
Hall effect.["~ '] Tt has been proposed that the dipole
moment of Berry curvature in momentum space, i.e.,
Berry curvature dipole, should be responsible for such
nonlinear behaviors.[”) In contrast to the conventional
Hall effect, the nonlinear Hall effect is generated as
a second-order response to external electric field E
without the involvement of external magnetic field.

The nonlinear Hall current Jy is associated with the
Berry curvature dipole D by Jy « (D - E)z2 x E,
where the term D - E induces orbital magnetization
M and an anomalous Hall effect.'” ') The Berry
curvature dipole has been proposed and experimen-
tally confirmed in two-dimensional WTes, manifested
by both the nonlinear Hall and circular photogalvanic
effect.['” ') Furthermore, the ferroelectric switching
of Berry curvature dipole in multi odd-layer WTes was
proposed and observed, which may be applicable for
non-volatile memory based on Berry curvature.”:?"]

The transition metal dichalcogenide (TMD) mono-
layers with 1H structure are ideal platforms to dis-
covery the Berry curvature-related physics, includ-
ing the Berry curvature dipole induced nonlinear Hall
effect.['!] The 1H structured TMDs with hexagonal
crystals possess two nonequivalent K and K’ valleys
in Brillouin zone, promising for the applications in
the field of valleytronics.[>??] The inversion symme-
try is spontaneously broken in TMD monolayers ac-
companied with strong spin-orbit coupling,!''! which
produces a large Berry curvature. Opposite valleys
hold the Berry curvatures with opposite signs, lead-
ing to valley contrasting physics,l”) such as the val-
ley optical selection rule, valley Hall effect and val-
ley Zeeman splitting.l°?*~?"] However, the presence
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of ('3, symmetry in monolayer TMDs forces the Berry
curvature dipole to be zero, leading to the vanishing
nonlinear Hall effect.l''! In fact, the largest symme-
try, which is allowed by the nonzero Berry curvature
dipole, is a single mirror symmetry in two-dimensional
materials.[”'!] Thus, to observe nonlinear Hall effect,
the C3, symmetry needs to be broken, for example, by
means of uniaxial strain, in which case only a mirror
symmetry is preserved.l'' Indeed, the strained TMDs
are extensively studied by optical measurements previ-
ously, where it is found that strain can induce bandgap
decreasing and valley magnetization.*® % Neverthe-
less, the strain in TMDs is usually applied through the
organic flexible substrates, hindering the systemic in-
vestigations about the strain engineering of transport
properties.

In this work, we report the electrical-tunable Berry
curvature dipole and nonlinear Hall effect in strained
monolayer WSes. The uniaxial strain is applied by the
single crystal (1 — x)[Pb(Mg;,3Nby,/3)O3]-z[PbTiO3]
(PMN-PT) piezoelectric substrate. The PMN-PT is
with high piezoelectric coefficient and high dielectric
constant.[’’ =1 By controlling the strain values, the
system shows a highly tunable Berry curvature dipole,
and thus a controllable out-of-plane orbital magneti-
zation under an external electric field.

The monolayer WSey flakes were mechanically ex-
foliated from bulk crystals onto SiO5/Si substrates,
which were pre-cleaned in air plasma for 1 min. To ap-
ply strain in the desired direction, the flakes with long,
straight edges (which were generally along the crys-
talline axis, such as zigzag or armchair direction!' “])
were selected and subsequently transferred onto the
PMN-PT substrate based on the standard dry trans-
fer technique. The long, straight edges of the flakes
were aligned with the [001] orientation of PMN-PT
crystal. The piezoelectric field Ep was applied on the
PMN-PT crystal along the [001] orientation to induce
strain along the same direction. The samples were
patterned into standard Hall bars by air plasma etch-
ing, and the Ti/Au electrodes were prepared by elec-
tron beam lithography, electron beam evaporation of
metal and lift-off. The transport measurements were
carried out in a commercial Oxford cryostat. The first-
and second-harmonic signals were collected by stan-
dard lock-in techniques with frequency w = 17.777 Hz.

Figure 1(a) shows the schematic of the WSez de-
vice. In addition to the conventional Hall bar struc-
ture, a voltage Vp was applied on the PMN-PT sub-
strate to generate the piezoelectric field Ep along the
[001] direction with the distance between the two elec-
trodes being 50 pm. The ionic-liquid gating voltage
(V) was applied to tune the Fermi level into the va-
lence band and realize high hole conduction.[*”! The
atomic force microscope image of a typical device is
shown in Fig.1(b), where the Hall bar is denoted
by purple. The crystalline direction is identified by
the polarization-resolved second harmonic generation

(SHG). Figure 1(c) shows the second harmonic in-
tensity component parallel to the polarization as a
function of the laser polarization angle, where the di-
rections with maximum intensity correspond to the
armchair direction of WSe,.[*"! By the SHG measure-
ments, it is found that the applied Ep direction is
along the zigzag direction with negligible misalign-
ment in the device of Fig. 1(b).

360

240° 120°

180°

@@O

NV /\/\” /\/\”
@@ AERE .I

Fig. 1. Device characterizations and illustration of the
nonzero Berry curvature dipole induced by uniaxial strain.
(a) Schematic illustration of the monolayer WSez device.
The voltage Vp is applied on the PMN-PT substrate to
generate piezoelectric field. (b) The atomic force micro-
scope image of a typical device. (c¢) The polarization-
resolved second harmonic generation of the device in (b),
where the directions with maximum intensity correspond
to armchair direction of monolayer WSes. (d)—(f) Illus-
trations of nonzero Berry curvature dipole induced by
uniaxial strain along zigzag direction (x direction). The
top panels exhibit the WSes crystal under various strain,
where yellow denotes wolfram and blue denotes selenium.
The middle panels show the band structure under various
strain. The color is used to describe the strength of Berry
curvature near the valence band edge. The bottom panels
show the Berry curvature distributions on Fermi surface.
The black arrows denote the direction of Berry curvature
dipole.

Berry curvdture
| =

Upon applying piezoelectric field Ep along the
zigzag direction, strain is induced along the same di-
rection in WSe;. Such uniaxial strain may also pos-
sess significant effect on the band structure, such as
bandgap engineering and valley shift.[*° %] Here we
only focus on the strain induced nonzero Berry curva-
ture dipole as shown in Figs.1(d)-1(f). The expres-
sion for Berry curvature dipole can be written asl'''*]

a:—%/é(s

where ¢ is the energy, k, is the wavevector along «,
er is the Fermi energy, and {2 is the Berry curva-
ture. The § function indicates that the integral is
nonzero only near the Fermi energy. The integral
is in fact determined by two parts, i.e., the band

= 0 (k) d?k,
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slope 8875 and Berry curvature (2(k). For unstrained

TMDs shown in Fig.1(d), the time-reversal symme-
try requires the Berry curvature to be opposite on
opposite valleys.’’] For a single valley (K or K'),
the Berry curvature is symmetric while aBTi is anti-
symmetric, inducing zero Berry curvature dipole [bot-
tom panel in Fig. 1(d)]. Therefore, to obtain nonzero
Berry curvature dipole, Berry curvature must possess
asymmetric distribution in a single valley. Such asym-
metric distribution is able to be induced by uniaxial
strain,””) as shown in Figs.1(e) and 1(f) for tensile
and compressive strain along the zigzag direction, re-
spectively. For tensile strain in Fig.1(e), the Berry
curvature extrema is shifted away from the vertex of
K /K’ valleys,!'!] leading to nonvanishing Berry curva-
ture dipole along the zigzag direction [bottom panel in
Fig. 1(e)]. For compressive strain in Fig. 1(f), opposite
process would happen, inducing opposite Berry curva-
ture dipole. Intriguingly, as shown in Figs. 1(e)-1(f),
in a single valley, the Berry curvature dipole generally
forms between the minimum and maximum of Berry
curvature, and the two valleys contribute equally to
the Berry curvature dipole due to the protection of
time-reversal symmetry.
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Fig. 2. Strain effect on transport properties of mono-
layer WSesz. (a) The longitudinal resistance of monolayer
WSes as a function of piezoelectric field Ep at 140 K. (b)
The resistance of Au strain gauge, as a function of Ep
at 140 K. (c) The Hall resistance of monolayer WSes un-
der various strains as marked by the pentagrams in (a)
with the same color. (d) The change of longitudinal re-
sistance in a hysteresis loop as sweeping Ep, defined as

RAiR = Bmax=Rmin » 100%, as a function of temper-
min Fmin .
ature. The inset shows the change of gauge resistance

versus temperature.

To confirm the strain induced by the PMN-PT
substrate, the resistance of WSes as a function of Ep
was investigated at 140K and is shown in Fig.2(a).
It is worth noting that multiple sweeps of Ep are re-
quired before the strain-driven resistance change sta-

bilize into a standard hysteretic loop. For direct com-
parison, we also fabricated strain gauge patterned us-
ing the Ti/Au zigzag strips in the piezoelectric field
region. The gauge resistance as a function of Ep at
140 K is shown in Fig. 2(b), demonstrating similar hys-
teretic behaviors. It is worth noting that the piezoelec-
tric polarization cannot be switched to opposite direc-
tion after poling the PMN-PT in our experiments be-
cause the applied Ep is not enough compared to the
large coercivity.l'”] That is to say, the strain varies
monotonously without sign change by sweeping the
piezoelectric field from positive to negative.l*"] During
the sweep process, we first apply positive piezoelectric
field up to 20kV/cm, at which the gauge resistance
is increased, indicating the positive piezoelectric field
corresponds to tensile strain. Then the piezoelectric
field is decreased towards —20kV /cm, leading to the
suppression of tensile strain.

The strain level € can be roughly estimated by A—ﬁ,
where A—RR is the resistance change by strain and K is
the gauge factor. For the Au gauge, K is close to 2.[*"]
According to Fig. 2(b), the strain level at 140K is es-
timated to be around 0.2%, 0.1% and nearly zero for
Ep = 15,0 and —15kV /cm, respectively. However,
the size of the Au gauge (around 100 pm x 100 pm)
is much larger than the individual domain size of the
piezoelectric substrate. Thus, the strain levels esti-
mated by Au gauge is an average effect, while small
WSe, flake may feel domain-dependent strain.**) As
calculated from Fig. 2(a), the change of resistance, de-
fined as 2L = Bwmax—Fun x 100% as sweeping the
Se If using the gauge fac-

Ep, is Nlﬁl(t))% for \I;}Sez.
tor of TMDs as large as 40,1*'! the strain level in
WSe, can be roughly estimated to be around 2.8% for
Ep = 15kV/cm. However, the strain induced change
of band structure can significantly influence the resis-
tance change in WSey channel, making the accurate
calculation of the gauge factor and the strain level in
our sample difficult. It is proposed that upon uni-
axial tensile strain, the valence band edge would be
shifted downward,[*® which would induce the Fermi
energy closer to the band edge, leading to lower car-
rier density and thus higher resistance. Such scenario
is verified by the conventional Hall measurements. As
shown in Fig.2(c), the linear Hall resistance is mea-
sured under different status of strain, indicating the
Fermi energy lies in the valence band with hole as
dominated carrier. With increasing the tensile strain
by tuning Ep from —15 to 15kV /cm, the carrier den-
sity is reduced from 6.6 x 103 to 5 x 10*® cm~2. The
change of resistance of WSe, under various tempera-
ture is plotted in Fig.2(d), which is quite similar to
that of gauge [inset of Fig. 2(d)], indicating the strain
origins from the PMN-PT substrate.

Nonlinear transport is investigated under different
strains and temperatures. Figure 3(a) shows the first-
harmonic current-voltage characteristics. Linear be-
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haviors are observed, indicating the ohmic contact.
Since nonlinear Hall effect is described as the second-
order response to electric field E, an a.c. current with
frequency w would then induce a Hall voltage with
double frequency 2w. Phenomenologically, the nonlin-
ear Hall effect is understood in terms of orbital mag-
netization induced anomalous Hall effect. The Berry
curvature dipole D is proposed to result in current-
induced orbital magnetization M « D - E,[*’] which
further induces an anomalous Hall effect in a second-
order response to E, i.e., the nonlinear Hall effect,
as shown in the insets of Figs.3(b) and 3(c). Ad-
ditionally, the D - E term implies that the nonlinear
Hall voltage is nonzero only when the electric field has
nonzero component along the Berry curvature dipole
direction, which is the zigzag orientation in strained
TMDs.['Y] Here the piezoelectric field Ep is applied
along the zigzag direction confirmed by SHG mea-
surements. The applied a.c. current [ is aligned with
FEp and thus zigzag direction. The second-harmonic

Hall voltage Vﬁy‘” was measured under different strains
at 140K as plotted in Fig.3(b). The measurement
configuration is shown in the inset. The V2’ demon-
strates quadric dependence on electric field and also
strain tunable. Upon increasing FEp, the Vf;’ is sig-
nificantly enhanced. When the current polarity is re-
versed, the current-induced orbital magnetization is
also reversed [inset in Fig.3(c)]. The sign change of
both current and orbital magnetization will induce the
polarity of nonlinear Hall current to be unchanged. As
shown in Fig. 3(c), when the current source-drain ter-
minals and the Hall voltage detection terminals are ex-
changed, the measured Vf;’ changes sign, which is dis-
tinct from the conventional Hall effect. For clarity, the
V2 as a function of I? are plotted in Fig. 3(d), where
linear dependences are observed as expected. Further,
the second-harmonic longitudinal voltage V.2 is also
measured as shown in Fig.3(e). In contrast to the
nonlinear Hall voltage, the V.2 is not observable even
under Ep = 15kV /cm.

12
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Fig. 3. Strain tunable nonlinear Hall effect and Berry curvature dipole. (a) The longitudinal voltage Vs versus the
applied current under various strains at 140 K. (b) and (c) The second-harmonic Hall voltage V2% versus current
I at 140 K with different measurement configurations shown in the insets, respectively. When the applied electric
filed E is antiparallel (parallel) with the Berry curvature dipole D, an upward (downward) out-of-plane orbital
magnetization M is generated, which further induces the nonlinear Hall effect. (d) The VZQ?;" versus 12 at 140K.
The positive and negative Vz%j) corresponds to the results in (b) and (c), respectively. (e) The second-harmonic
longitudinal voltage V2% versus I at 140 K. (f) The estimated Berry curvature dipole D and orbital magnetization
per current density M/J versus piezoelectric field Fp at various temperatures.

From the nonlinear Hall measurements, the Berry
curvature dipole is estimated by the formulal'®!

D_ 28253 W fo
edt 1?7
where o is the longitudinal conductivity, 7 is the scat-

tering time, and W is the channel width. The scat-
tering time 7 ~ 1.2 x 10~ s is calculated through!*”

2 . .
o = 22T with effective mass m* = 0.54m, and car-

rier density estimated from the conventional Hall mea-
surements. The calculated Berry curvature dipole is
shown in Fig.3(f). It clearly shows that the Berry
curvature dipole of WSey is highly tunable by tun-
ing strain [inset of Fig.3(f)] and significantly en-
hanced with increasing Ep. Further, the Berry cur-
vature dipole versus Ep at various temperatures is
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also shown in Fig.3(f). The Berry curvature dipole
is decreased with decreasing temperature, which is at-
tributed to the suppression of piezoelectric coefficient
of PMN-PT crystal at low temperatures.['"! In addi-
tion to the Berry curvature dipole, the correspond-
ing current-induced orbital magnetization per current
density M/J is also shown in Fig.3(f), which can
reach as large as 60. The M/J is estimated based
on the formulal*"]
2

eT .,
M = 2th2A (D-E),

where ¢t and A’ are the thickness and energy gap of
monolayer WSes, respectively. In contrast to the in-
plane spin polarization induced by the Rashba or topo-
logical surface state-Edelstein effect, the orbital mag-
netization is along out-of-plane direction, promising
for high-efficient perpendicular magnetization switch-
ing. It is worth noting that the measured Berry cur-
vature dipole D ~ 4nm in the strained WSes seems
larger than the theoretical predictions.['!] This differ-
ence may be due to the enhanced Rashba spin-orbit
coupling caused by the large interfacial electric field
as gating the sample by ion-liquid, thus strengthen-
ing the Berry curvature near the valance band edge.
Moreover, despite the different structures, the calcu-
lated dipole in our case has the same order of magni-
tude with that observed in WTe,.[!8]

Ep=15kV/cm

(1V)

2w
Yy

I(uA)

Fig. 4. The second-harmonic Hall voltage V.2 versus I at
various temperatures under Ep = 15kV/cm. The curves
are shifted for clarity.

Figure 4 shows the nonlinear Hall effect under
Ep = 15kV/cm at various temperatures. The non-
linear Hall signals show non-monotonic dependence
on temperature. Upon decreasing temperature, the
nonlinear Hall signals first increase and then decrease.
The non-monotonic dependence could be under-
stood in terms of competition between temperature-

dependent strain of PMN-PT crystals and thermal
fluctuations. At high temperatures, the strain is large,
inducing large Berry curvature dipole, while the strong
thermal fluctuations would smear the nonlinear Hall
signals. By comparison, at low temperatures, the ther-
mal fluctuations are suppressed, but the strain is also
decreased. Thus, the maximum nonlinear Hall signals
emerge at moderate temperature ~80 K in our exper-
iments.

In summary, we have demonstrated the strain-
controlled Berry curvature dipole, orbital magneti-
zation and nonlinear Hall effect in monolayer WSes.
Upon applying different strains through the PMN-PT
substrate, the Berry curvature dipole is highly tun-
able by electrical means. The emergent nonlinear Hall
effect could be exploited to detect the Berry curva-
ture distribution near band edge,'?! helping for deeper
understanding about Berry curvature-related physics.
Moreover, the Berry curvature dipole is directly re-
lated to the current-induced orbital magnetization in
TMDs.!*”! In contrast to the in-plane spin polarization
from spin-orbit coupling effect, the orbital magnetiza-
tion is along out-of-plane direction, which is signif-
icant for the perpendicular magnetization switching
by “orbit-magnetism torque” (OMT).
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