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We fabricate STRuO3/PbZr( 5, Tig 4803 heterostructures each with an in-plane tensile-strained SrRuOj3 layer and in-
vestigate the effect of an applied electric field on anomalous Hall effect. The four-fold symmetry of anisotropic magnetore-
sistance and the nonmonotonic variation of anomalous Hall resistivity are observed. By applying positive electric field or
negative electric field, the intersecting hump-like feature is suppressed or enhanced, respectively. The sign and magnitude
of the anomalous Hall conductivity can be effectively controlled with an electric field under a high magnetic field. The
electric-field-modulated anomalous Hall effect is associated with the magnetization rotation in STRuO3. The experimental
results are helpful in modulating the magnetization rotation in spintronic devices based on SrRuO3 heterostructures.

Keywords: Berry curvature, electric field, anomalous Hall effect, anisotropic magnetoresistance, magnetiza-

tion rotation
PACS: 73.43.—f, 73.43.Qt, 75.60.Jk

1. Introduction

Berry curvature in the conduction band of materials is
an important physical concept in modern condensed mat-
ter physics, which is closely related to many novel physi-
cal properties of ferromagnetic materials.' When study-
ing the Hall effect, the Berry curvature for magnetic ma-
terial can be considered as a magnetic field in momen-
tum space, leading to many interesting magnetotransport
phenomena.>~7! For example, it is well known that for the
anomalous Hall effect (AHE) and the topological Hall effect
(THE) in ferromagnet,>%-19 the anomalous Hall conductiv-
ity (GAHE
gral of all occupied electron bands in Brillouin zone.!'!) The

amplitude and sign of cA"E

) is directly proportional to the Berry curvature inte-

are especially sensitive to the
electronic band structure, particularly in a ferromagnetic ma-

12131 1 transition

terial with significant spin-orbit coupling.!
metal oxides, the coupling effects between lattice, charge, or-
bit, and spin degree of freedom greatly affect electronic struc-
tures, thus affecting the physical properties of materials.[!4-16]
Therefore, the strain and electric field can be considered as an
effective method to modulate the Berry curvature and AHE.
Perovskite oxides have been widely studied because of
their intriguing and rich physical properties, such as super-
conductivity, magnetism, ferroelectricity, Berry curvature, and

so on.['7201 SyRuO; (SRO) is the only 4d transition metal
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oxide with ferromagnetism and metallicity among the many
perovskite-structured oxides known to date. In SRO, the
THE induced by skyrmions and the AHE related to Berry

19.21-26] Ren er al. observed

curvature have been reported.!
nonmonotonic behavior formed by the superposition of pos-
itive and negative polarity AHE signals in BiFeO3/SrRuO3;
heterostructures.!?’! Mizuno et al. reported the realization of
gating-induced changes in Berry curvature integral over the
filled electronic states in BaTiO3/SrRuO3 heterostructures. 23!
Recently, Tian et al. demonstrated that the change of Berry
curvature is closely related to the magnitude of the in-plane
tensile strain or compressive strain of the SRO film.[**! In SRO
films or related heterostructures, non-monotonic AHE behav-
ior, which is directly related to the evolution of spin-rotating
Berry curvature, has been observed only in SRO films grown
on DyScOs substrates so far. The magnetization also changes
with the external magnetic field. If the simultaneous modula-
tion can be realized by strain and gating, it is not only helpful
in building novel low-power spintronic devices but also an ef-
fective research strategy to achieve the modulation of Berry
curvature and to explore the physical phenomena related to
the magnetization rotation. Therefore, it is more than essential
to further investigate the effects of epitaxial strain and electric
field associated with ferroelectric Pb(Zr,Ti)O3 on nonmono-
tonic AHE and magnetization rotation in SRO films.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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In the present study, we observed the strain-induced
nonmonotonic anomalous Hall effect and the four-fold
symmetry anisotropic magnetoresistance simultaneously in
SI'RllO:;/PbZI‘O.sQTi()AgO3/La()47SI‘()_3MIIO3
We further revealed that the electric field can modulate the

heterostructures.

Berry curvature by inducing the rotation of the magnetization.

Both the magnitude and sign of the anomalous Hall resistivity

A
(5"

arises from the electric field-induced magnetization rotation in

E) can be effectively modulated by an electric field, which

SRO, which further induces Berry curvature evolution. This

work suggests that the strain and electric field manipulation of

AHE
pxy

between Berry curvature and magnetization rotation in SRO

can be an effective pathway to explore the relationship
heterostructures.

2. Methods

The SRO, PbZrg 5,Tip 4303 (PZT), and Lag 7Srg3MnO3
(LSMO) films were deposited by the pulsed laser deposition
(PLD, Adnano-Tek). The SrTiOsz (STO) substrate was pre-
treated according to the procedure described in our previ-
ous work?9 to obtain TiO,-terminated surfaces. The SRO
(~ 20 nm), PZT (~ 90 nm), and LSMO (~ 10 nm) films were
grown at 650 °C under an oxygen partial pressure of 10 Pa (the
laser wavelength of 248 nm, the pulse repetition rate of 2 Hz,
and the laser energy density of 1.8 J/cm?). Figure 1(a) shows
the schematic diagram of the SRO/PZT/LSMO heterostructure
grown on a TiO,-terminated SrTiOz (001) substrate. X-ray

diffraction (XRD, Bruker D8 advance) with Cu K« radiation
was performed to determine the crystalline state of film. Sur-
face morphology and ferroelectric property were investigated
by a scanning probe microscope (SPM, Asylum Research 3D
Infinity) with a conductive tip. The Hall effect and magnetore-
sistance were measured in a physical property measurement
system (PPMS-9) with a rotator module. To obtain the angular
dependence of the resistivity, the sample orientation was var-
ied with magnetic field under a certain temperature and mag-
netic field.

3. Results and discussion

Figure 1(b) shows the XRD 6-26 scanning pattern of the
SRO/PZT/LSMO heterostructure, where the (001) diffraction
peaks from the PZT film and the STO substrate are clearly ob-
served. The diffraction peaks of SRO and LSMO films can be
clearly seen in the enlarged region between the angles 42° and
49° in the inset of Fig. 1(b). According to the Bragg diffraction
equation, the lattice constant of the ¢ axis of the SRO film can
be calculated to be about 3.924 A. Since the lattice constant of
the bulk SRO is 3.930 A, the out-of-plane compressive strain
in the SRO film of —0.15% is obtained. Furthermore, the in-
plane tensile strain of 0.16% is achieved from the Poisson ratio
of 0.32.1311 As shown by the atomic force microscope mea-
surement shown in Fig. 1(c), the surface of SRO/PZT/LSMO
is quite flat, with a roughness of about 0.4 nm, implying that a
high-quality SRO/PZT/LSMO heterostructure is obtained.
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Fig. 1. (a) The schematic diagram, (b) the XRD pattern, (c) the AFM height topographic images of the SRO/PZT/LSMO heterostructure (image size:
3 umx3 pm), (d) the temperature-dependent longitudinal resistivity (px—7) and I-V curves of the SRO/PZT/LSMO heterostructure, (e) the magnetic
field-dependent MR of SRO/PZT/LSMO heterostructure at different temperatures, and (f) the magnetic field-dependent MR of the SRO film at different

temperatures.
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As shown in Fig. 1(a), the LSMO conductive layer is
completely covered by the ferroelectric insulating layer PZT.
Moreover, the insulating behavior is demonstrated in the
SRO/PZT/LSMO heterostructure in the inset of Fig. 1(c).
Therefore, we can rule out the influence of the LSMO
layer on the SRO/PZT/LSMO heterostructure in the trans-
port measurement. Figure 1(d) shows the temperature de-
pendence of the longitudinal resistivity of the SRO/STO sam-
ple and the SRO/PZT/LSMO/STO sample. A clear kink at
148 K can be observed for SRO/STO, which is consistent
with the previously reported result in SRO film.[16-32:33] For
SRO/PZT/LSMO/STO, a weak kink at 157 K is observed. The
kink corresponds to the Curie temperature (7¢), at which the
phase transition from the paramagnetic to the ferromagnetic
state occurs. The 7¢ value of the in-plane tensile-strained
SRO film is higher than that of the in-plane compressive-
strained SRO film on the STO substrate, which is consistent
with previous result about the enhancement of 7¢ by tensile
strain.[®*! Figure 1(e) shows the magnetic-field dependence
of magnetoresistance (MR) [MR = (Ry — R)/R)], which is
measured at temperatures ranging from 10 K to 100 K. For
the SRO/PZT/LSMO heterostructure, the out-of-plane MR ex-
hibits a nonmonotonic variation, with positive MR observed
in the low magnetic field region. This result is in agreement
with the previous result of SRO film with in-plane tensile
strain.['*191" As shown in Fig. 1(f), for the SRO film grown
on STO substrates under compressive strain, we can observe
standard negative MR with butterfly-shaped hysteresis. These
clearly indicate that there are two competing MR mechanisms
in the SRO/PZT/LSMO heterostructure at different tempera-
tures. The positive MR effect in low magnetic field and the
negative MR effect in high magnetic field cause magnetic easy
axis to deviate from out-of-plane with the increase of magnetic
field. This point will be further clarified by the anisotropic
magnetoresistance (AMR) measurements.

The schematic diagram for the AMR measurement is
shown in Fig. 2(a). To demonstrate that the magnetic easy
axis of the SRO/PZT/LSMO heterostructure lies in the plane,
we perform 0-dependent AMR measurements. The angle 0 is
defined as the angle between the magnetic field and the film’s
normal direction in the (010) plane, and 6 = 0° defined as the
external magnetic field H perpendicular to the film surface.
The reversal of magnetization leads to peaks in py, around
the easy axis when the angle between the easy axis and the
field exceeds 90°.12%33361 The AMR of the SRO/PZT/LSMO
heterostructure shows hysteretic peaks near 8 = 180° [see
Fig. 2(b)], indicating that the magnetic easy axis is close to
the in-plane direction, which accords with an in-plane tensile
strain derived from the XRD measurement. On the contrary,
the AMR of the SRO film shows two hysteresis peaks near
6 = 90° and 270°, respectively [see Fig. 2(c)], implying that

the magnetic easy axis is close to the out-of-plane direction,
which is consistent with the previous result.!3>! Then, we per-
form ¢-dependent AMR measurements. The angle ¢ is de-
fined as the angle between the magnetic field and the film’s
normal direction in the (100) plane, and ¢ = 0° is defined as
the external magnetic field H perpendicular to the film surface.
Figures 2(d)-2(f) show the angle (¢)-dependent AMR of the
SRO/PZT/LSMO heterostructure at 40 K under the magnetic
fields of 1 T, 4 T, and 8 T, respectively. Under a low magnetic
field of 1 T, the AMR curve shows a two-fold symmetry, and
it presents a four-fold symmetry feature under a high magnetic
field of 4 T. The four-fold symmetry feature of the AMR curve
is more pronounced at higher magnetic fields. The AMR curve
can be well fitted by the following equation:

R(¢)—R(0)
R(0)

Co+Crpcos (204 @1) +Capcos (49 + @2), (1)

AMR = % 100 %

where C3¢ and Cyg represent the amplitude of two-fold and
four-fold symmetric AMR, respectively, Co, @1, and ¢, are the

36-391 1t turns out that the above AMR curves can

coefficients. !
be fitted very well by Eq. (1). According to the spin depen-
dent scattering theory,#>#!1 the resistivity of a magnetic sys-
tem is closely related to the alignments of spin moments and
the free energy as well. The free energy of a system includes
magnetocrystalline anisotropy energy (Ex), Zeeman energy
(En), and exchange energy (Eey), i.e., E = Ex + Ey + Eex.[*?)
For a fully magnetized ferromagnetic system, the magnetic
moments point to the same direction at the same time, and
the exchange energy is negligible. The magnetocrystalline
anisotropy energy varies along crystal axis direction in high
magnetic field. The easy axis has the lowest magnetocrys-
talline anisotropy energy, while the hard axis has the highest
one. The Zeeman energy in ferromagnetic system is related
to the applied magnetic field. When the magnetic moment
points to the same direction as the external field direction,
the Zeeman energy reaches its lowest value. Therefore, for
the SRO/PZT/LSMO heterostructure, the main attribution to
AMR is Ex and Ey. We speculate that the four-fold sym-
metric behavior in the AMR curve results from the rotation
of the magnetization due to the competition between the mag-
netocrystalline anisotropy energy and the Zeeman energy. !
The two-fold symmetric AMR is mainly attributed to the uni-
axial anisotropy with the easy axis lying in the plane. With the
increase of the magnetic field, SRO forms a spin canting state
and the magnetization tends to align along the external field
magnetic direction, albeit with some deviation.*3] When the
magnetic field is perpendicular to the heterostructure plane,
the equivalent spin-canting state will appear both at the angle
above or below 90°, which means that the two AMR peaks
will be revealed in the vicinity of 90° and a minimum AMR

107303-3



Chin. Phys. B 32, 107303 (2023)

will be at 90°. When the angle (¢) is rotated to 90°, the mag-
netic field is parallel to the SRO/PZT/LSMO heterostructure
plane. The spins tend to be arranged regularly in the plane, so

the AMR is in a low state. Thus, a clear four-fold dominant
symmetric AMR is observed under a high magnetic field of
8 T at the low temperature of 40 K.

(2) nle (b) (c)
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Fig. 2. (a) Schematic diagram of out-of-plane anisotropic magnetoresistance measurement. Angular 0-dependent AMR for (b) SRO/PZT/LSMO heterostruc-
tures and (c) SRO films measured at 40 K with poH = 1 T, with angular ¢-dependent AMR of SRO/PZT/LSMO heterostructures measured at (d) 1 T, (e) 4 T,

and (f) 8 T at 40 K, and blue solid lines representing fitting results.

In general, the Hall resistivity can be decomposed into
Pxy = POHE + PAHE, Where pong and paxg denote the ordinary
and anomalous Hall resistivity, respectively.'! 3144 In a ferro-
magnet, the ordinary Hall resistivity is proportional to the out-
of-plane applied magnetic field (H;), i.e. pour = RoH;, which
is caused by the classical Lorentz force; the anomalous Hall re-
sistivity is proportional to the out-of-plane component of mag-
= Rst.mAS] For SRO, it is gener-

ally believed that AHE is caused by an intrinsic mechanism.

netization (M,), i.e. PAHE

Under the action of spin—orbit coupling, the carriers in the oc-
cupied state of the SRO band will have an additional abnormal
velocity in an external electric field. When the spin-up and
spin-down electron occupancy numbers are unequal, a net lat-
eral current is generated in the SRO.!*® The Ry is proportional
to the longitudinal resistivity p)%x. Both the sign and magnitude
of payg are related to the magnetization M. The sign and mag-
nitude of the magnetization M vary with the external magnetic
field. The temperature-dependent AHE of SRO/PZT/LSMO
heterostructures and SRO film are shown in Fig. 4, in which
the contribution of the ordinary Hall effect to the total Hall re-
sistivity is removed by linear fitting O,y in the higher magnetic-
field region. In Fig. 4(a), the SRO/PZT/LSMO heterostructure
exhibits a strong temperature-dependent behavior with the fol-

lowing two characteristics. (i) The intersecting hump-like fea-

tures (located in the intermediate magnetic field region from
3Tto6Tor —3 T to—6T)can be clearly seen, where the
size of the features becomes weaker with temperature increas-

AHE 1 onmono-

ing until it disappears completely. (ii) The p,;
tonically changes with magnetic field, and the sign is reversed
from positive to negative with temperature increasing at a high
magnetic field of —9 T. These two characteristics indicate that
the PZT can significantly modulate the AHE of SRO film.
Figure 3(b) shows the magnetic-field dependence of pAHE

the SRO film in the range of 10 K to 100 K. In contrast, the

AHE ynder the saturated magnetic field is not reversed

sign of pyy
with temperature increasing. To gain an insight into the non-
monotonic behavior with the magnetic field and the intersect-
ing hump-like features of the pAHE in the SRO/PZT/LSMO
heterostructure, we conduct an in-depth analysis of the pAHE
curve at 40 K. In Fig. 3(c), the pAHF increases with the sign
reversal from negative to positive with magnetic field decreas-
ing from —9 T to 0 T; as the magnetic field increases from O T
~ 0.55 T, and
then begins to decrease with the sign reversing from back to
2.7 T, and af-

ter that it increases with the sign reversing to positive at a high

to 9 T, the p ¥ rises to a maximum value at
negative sign and reaches a minimum value at ~

magnetic field of ~ 6 T. A similar but opposite change behav-

ior can be observed as the magnetic field varies from 9 T to
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—9 T in Fig. 3(c). The rotation of the magnetic moment in real
space of an in-plane tensile-strain can result in a nonmono-
tonic change of anomalous Hall resistivity with the sweeping
of magnetic field.[>”) Zeeman energy tends to make the mag-
netic moment lie in the same direction as the external magnetic

plane direction. Therefore, the pg,HE of the SRO/PZT/LSMO

heterostructure also exhibits a non-monotonic variation with

AHE

the external magnetic field. In Fig. 3(d), the p curve ex-

Xy
hibits a typical square-shaped hysteresis. Via a ferroelectric

PZT buffer layer, therefore, the AHE can be effectively mod-

field. In other words, as the external magnetic field increases, ulated, and a nonmonotonic change of the pﬁ‘yHE can occur in
the magnetization M gradually rotates from in-plane to out-of-  the SRO film.
(b (c) 0.06
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Fig. 3. Magnetic field-dependent transverse Hall resistivity curves (pQ,HE—/.LOH ) of (a) SRO/PZT/LSMO heterostructures, (b) SRO films measured from
10 K to 100 K, with ordinary Hall term (RoH) s subtracted by linear fitting at a higher magnetic field, and an offset applied for each pQ,HE—uoH curve

for clarity, (c) pAHE—poH curves for SRO/PZT/LSMO heterostructures at 40 K, and (d) pAHE—uyH curves for SRO films at 40 K.

Xy

We further investigate the effect of the polarization
electric field on the pAHE in SRO/PZT/LSMO heterostruc-
ture. We choose the Ag electrode on the back of the STO
as a bottom electrode and the SRO as a top electrode as shown
in Fig. 1(a). A vertical electric field of +2.6 kV/cm can be
generated by applying a negative bias to the top electrode of
the sample. As shown in Fig. 4(a), as the positive electric
field gradually increases, the intersecting hump-like features
are obviously suppressed and the pj}" "
contrary, the intersecting hump-like features can be clearly

are enhanced. On the

observed in the downward polarization under a negative
electric field, which is consistent with the pristine state. It
. . . AHE
is worth noting that the magnitude of p;

of the pristine state whether this electric field is —2 kV/cm or

is larger than that

—2.6 kV/cm. This can be understood from the fact the pristine
state is not in fully downward polarization. Using a piezoelec-
tric force microscope, the spontaneous polarization of PZT
can be well-oriented and switched. The out-of-plane phase
images are acquired after applying a written bias of &8 V
to a PFM tip over an area of 3 pmx3 pum. In Fig. 4(g), we
show that the pristine ferroelectric polarization is downward.
Figure 4(h) shows the phase images of the PZT film after being

Xy

polarized with an electric field of +2.6 kV/cm generated by a
negative bias. We observed that the phase images of the central
region with —8 V applied are almost completely the same as
those of the unbiased region, and the phase flip contrast of the
PZT film is close to 180°, indicating that the PZT film can be
completely polarized under an electric field of +2.6 kV/cm,
and the polarization direction is vertically upward. Then, we
apply the negative bias to the bottom electrode. As shown
in Fig. 4(i), the phase images of the PZT film after being
polarized with an electric field of —2.6 kV/cm. We observed
that the phase images of the central region with —8 V ap-
plied are almost completely the same as those of the unbiased
region, indicating that the polarization direction of the
PZT film is reversed downward under an electric field of
—2.6 kV/cm.

As shown in Fig. 4(a), the intersecting hump-like features
are obviously suppressed or strengthened by applying a posi-
tive electric field or a negative electric field, respectively. More
importantly, at a high magnetic field of —9 T, the sign of p;}HE
is reversed from negative to positive at the positive electric
field. Furthermore, when the electric field is switched back to

the negative electric field, the sign of pAHE

Ly 1s reversed from
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positive to negative. As shown in Fig. 4(b), the MR curves
of SRO/PZT/LSMO heterostructures also have corresponding
features in the magnetic field region where the intersecting
hump-like features appear in the pﬁyHE
time, the intersecting features can be clearly seen to disappear

curves. At the same

or appear by applying positive electric field or negative elec-
tric field, respectively. Figure 4(c) shows the electric-field de-

pendence of GAHE (~ —pAHE/p2) for the SRO/PZT/LSMO
heterostructures at 40 K. Similarly, the sign of oM (taken
at —9 T) remains positive at the negative electric fields and
turns negative at the positive electric fields. Compared with
the value of G)@HE at a zero electric field, it reduces by about
19.4% at the electric field of —2.6 kV/cm but 483.3% at the

electric field of 4-2.6 kV/cm, respectively.

(a) — P, +2.6 kV/cm (b) ©) o1
0.12p Pdiwn —2.6 k/ cm -—
—— Pristine .’-‘T\
‘s 0.06f = 0
o — ©
G X —0. T
= 9 | g
—0. -
%3 —0.06f = Pup £, —0.2
N _Pdown <i
0.9 N
- 42.0 KV /cm e —— Pristine
—0.12} TS0 ke N _osl . . . . Y
-9 —6 -3 0 3 6 9 “—9 —6 -3 0 3 6 9 -3 =2 -1 0 1 2 3
poH (T) poH (T) E (kV/cm)
d) 0.06 f) 0.10
(d) oo © o4 (f) .
— =30 = 0.05} e
— i ~epe ‘
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Fig. 4. Magnetic field-dependence of (a) p;\yHE and (b) MR of SRO/PZT/LSMO heterostructures under various electrical fields at 40 K. (c¢) Electric field

dependence of the anomalous Hall conductivity 6AHE for SRO/PZT/LSMO heterostructures at 40 K with ugH = —9 T. Angular ¢ dependence of (d) p
Xy xy

AHE

and (e) MR of SRO/PZT/LSMO heterostructures under various electrical fields at 40 K. (f) Angular ¢ dependence of the anomalous Hall conductivity G;}HE
for SRO/PZT/LSMO heterostructures at 40 K with ygH = —9 T. PFM out-of-plane phase images (g) pristine, at (h) +2.6 kV/cm and (i) —2.6 kV/cm.

In view of the fact that strain controls magnetic easy
axis,?°! it is speculated that the sign reversal and the inter-

secting hump-like features of the p/HE

netization rotation. To further clarify the contribution of mag-

netization rotation to the pAH*

clined magnetic fields at an angle of ¢ with respect to the nor-

are related to the mag-

, the AHE is measured under in-

mal of films. In Fig. 4(d), the intersecting hump-like features
are obviously suppressed at a small tilting angle (¢ = 30°),
while a large tilting angle (¢ = 50°) leads the intersecting
hump-like features to reappear. Similarly, in Fig. 4(e), the in-

tersecting features of the MR curves are obviously suppressed

at a small tilting angle (¢ = 30°), while a large tilting angle
(¢ =50°) leads the intersecting features to reappear. It should
be noted that the change characteristics of angle-dependent
AHE and MR are consistent with the those of AHE and MR
modulated by external electric fields. Based on the angle-
dependent AHE measurement, the intersecting hump-like fea-

tures are indeed related to the magnetization rotation. The

AHE
ny

tization and the out-of-plane sample normal, exhibiting non-

is very sensitive to the angle (¢) between the magne-

monotonical dependence, which should be attributed to the

fact that Fermi level and electronic band structure are modified

107303-6
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(291 With the increase of the magnetic

with the Zeeman energy.
field, SRO forms a spin canting state and the magnetization
tends to align with the external magnetic field direction, albeit
with some deviations. 3!

The sign of the gAHE is reversed from positive to negative
as angle ¢ increases from 0° to 30° in a high magnetic field
of —9 T, and subsequently the sign is reversed back to posi-
tive when the angle continues to increase to 50° as shown in
Fig. 4(f). Again, the modulation of the electric field is related
to the rotation of the magnetization. Specifically, the intrinsic
contribution of AHE is determined by the integrating Berry
curvature over all the occupied electronic bands in the entire
Brillouin zone.*”] The intrinsic 65" of SRO is related to its

Berry curvature of the underlying electronic structure:

GAHE _ _ f dk
xy h Jp, (2m)?

Q- (k), 2

where Q7 (k) is the z-component of the Berry curvature.!!]
The Berry curvature can also be modulated by rotating
magnetization.”) Therefore, the sign change of oM in
SRO/PZT/LSMO heterostructure may be closely related to the
electronic band structure with the Zeeman energy. The rota-
tion of magnetization in real space leads to Berry curvature
evolution. These results demonstrate that the electric-field-
induced sign reversal of the G)@HE (taken at —9 T) and the
intersecting hump-like features are indeed related to the mag-
netization rotation. Therefore, the electric field can effectively
modulate the Berry curvature through the magnetization ro-
tation, which provides a material basis for the application of

spintronic devices.

4. Conclusions

In summary, SRO films with in-plane tensile strain can
be obtained by epitaxial growth of LSMO and PZT layers
on STO substrates. The anisotropic magnetoresistance of the
SRO/PZT/LSMO heterostructure exhibits a four-fold symmet-
ric in a high magnetic field of 8 T. Furthermore, the anoma-
lous Hall resistivity of the SRO/PZT/LSMO heterostructure
exhibits a nonmonotonic behavior with the magnetic field. In
a high magnetic field of —9 T, the sign of anomalous Hall
conductivity is reversed owing to the change of electric field.
The experimental results suggest that these interesting physi-
cal phenomena induced by electric field are attributed to the
rotation of magnetization, which results the evolution of the
Berry curvature. This work provides a controllable approach
for modulating the magnetization and AHE in SrRuO3 based

heterostructures.
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