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Here, the BiFeO3/SrRuOj; heterostructure is fabricated and the anomalous Hall effect (AHE) is inves-
tigated. The nonmonotonic anomalous Hall resistivity behavior in BiFeO3;/SrRuQOj; originates from the
inhomogeneous SrRuQj; layer instead of the topological Hall effect. It is surprising that the AHE in
the BiFeO3;/SrRuOj; structure can be manipulated by switching the ferroelectric polarization of BiFeOs.
Furthermore, the modulation of AHE in SrRuOs under ferroelectric polarization is discussed with
respect to first-principles calculations and originates from the change of band structure around the Fermi
level. The ferroelectric-manipulated AHE suggests a pathway to realize nonvolatile, reversible, and
low-energy-consuming voltage-controlled spintronic devices.
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L. INTRODUCTION

In the past decade, electric-field control of spin transport
has attracted intensive attention and provided the poten-
tial to reduce power consumption for spintronic devices,
such as memory and logic devices [1,2]. Several inter-
esting physical mechanisms in electric-field control of
spin transport are reported, including interfacial strain or
stress coupling [3,4], redox reactions at the metal-oxide
interface [5,6], and the accumulation of spin current [7].
Multiferroic heterostructures, consisting of ferroelectric
and ferromagnetic layers, have significant advantages in
electric-field control of spin-transporting behavior. The
magnetoelectric coupling strength of multiferroic het-
erostructures is much larger than that of single-phase mul-
tiferroic materials [8]. Compared with GdO, [9], Al,O3
[10] multiferroic heterostructures can result in high-speed
performance, low voltage, and nonvolatile devices [11,12].

SrRuO; is a type of complex oxide perovskite with
itinerant ferromagnetism, which has fascinating proper-
ties originating from the strong spin-orbit coupling. The
anomalous Hall effect (AHE) in SrRuOj; is related to
the Berry curvature, which implies that the Hall conduc-
tivity o, depends critically on band-structure details of
material magnetization, and particularly on band crossings
around the Fermi level [13—15]. Moreover, the tempera-
ture dependence of Hall resistivity in StRuOj is not only
nonmonotonic, but also changeable in the sign of AHE
at a critical temperature [16,17]; this is closely related to
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temperature-dependent band crossings [18]. Most interest-
ingly, the topological Hall effect (THE) has been observed
in perovskite heterostructures StRuQO;/SrlrO; [19,20] and
SrRuO;/BaTiO;3 [21], and then attributed to the forma-
tion of skyrmions because a strong Dzyaloshinskii-Moriya
interaction can occur on artificial interfaces, hosting topo-
logically nontrivial spin textures in SrRuO;. Although the
exact mechanism of the AHE and the presence of THE
in SrRuO; remain debatable, the electron distributions
around the Fermi energy surely play an important role in
SrRuQ;. Here, we show that electron distributions around
the Fermi energy in SrRuO; can be affected by ferroelectric
polarization.

Here, we report that the nonmonotonic anomalous
Hall resistivity (Raug) behavior in BiFeOs/SrRuOj; orig-
inates from the inhomogeneous SrRuO; layer instead
of the THE. Furthermore, the polarization-field-induced
effects on the AHE of the BiFeO3/SrRuOj; heterostruc-
ture are realized and both the magnitude and sign of
Raug can be modulated by manipulating the polariza-
tion of BiFeOs. BiFeO; is a multiferroic material that
can provide a remanent ferroelectric field; this is non-
volatile and modulates SrRuO;. Moreover, with only
one low-voltage pulse, we can switch the polarization
of BiFeOs3, so modulation of the AHE by polariza-
tion is reversible and consumes little energy. The non-
volatile modulation of the AHE originates from the
change in the band structure around the Fermi level
in SrRuO; under ferroelectric polarization, which is
explored by first-principles calculations. Therefore, the
ferroelectric-manipulated AHE suggests a pathway to
study spin transport in multiferroic heterostructures.

© 2020 American Physical Society
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II. EXPERIMENT

Samples of Lag7Srg3MnO3(10 nm)/BiFeO3(100 nm)/
SrRuO3(20 nm) are epitaxially grown on SrTiO3(001)
substrates using pulsed laser deposition (PLD); Lag 7St 3
MnO; (10 nm) is used as a bottom electrode for
the Lag7Srp3MnO;3/BiFeO3/SrRuO; structure. Films of
SrRuO3 and BiFeOj; are grown by PLD using a KrF laser
with a fluence around 1.5 and 1.0 J/cm?, respectively, and
a repetition rate of 3 Hz. Before deposition, the base pres-
sure of the chamber is less than 1 x 10~* Pa, while during
deposition the oxygen partial pressure is 10 Pa and the tem-
perature is 780 °C. To obtain the high-quality film, after
deposition, the oxygen pressure is kept at 10* Pa and then
the films are cooled to room temperature.

Figure 1(a) shows the x-ray diffraction (XRD) w-
26 scan pattern for the Lag7Sro3MnO3;/BiFeO3/SrRuO3
sample, which determines the phase structure of the
Lag7Srg3Mn0Os5, SrRuO;, and BiFeO; films. Lag7Srg3
MnOj3 (007), StRuO;3 (00/), and BiFeO; (00/) peaks can
be observed clearly, which demonstrates the uniaxial ori-
entation growth of Lag;Srg3MnOj3, SrRuO;, and BiFeOs.
A topographic image of Lag7Sro3MnO3;/BiFeO3/SrRuO3
is obtained by atomic force microscopy (AFM), as
shown in Fig. 1(b). The scan area is 1x1 um?
and the root-mean-square roughness is 0.38 nm for
Lag7Srg3MnO3/BiFeO3/SrRu0O3;, which means that the
film surfaces are atomically flat. The experimental geom-
etry Hall bar is shown in Fig. 1(c), and the Hall bar is
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prepared by electron beam lithography and Ar" etching,
with a size of 20 x 20 um?. The resistance measurements
are performed via a physical property measurement sys-
tem (PPMS) and the channel current, /, along the x axis is
constantly 100 yA.

III. RESULTS AND DISCUSSION

A. Anomalous Hall effect in the BiFeO3;/SrRuQ;
bilayer

Figure 1(d) shows the current-voltage (/-V) character-
istics of the Lag7Srg3MnQO3/BiFeO;/SrRuO; trilayers at
80 K. The /-V curve shows that the leakage current is
low, which means BiFeO; is high quality and insulated.
In Fig. 2(b), the temperature dependence of the longitu-
dinal resistivity (R,,) is shown; the resistivity of SrRuO;
decreases as the temperature decreases, which indicates
a metallic property. It also indicates that the Curie tem-
perature (7¢) in our SrRuOj; film (approximately 125 K)
is lower than that of the SrRuO; bulk value (approxi-
mately 160 K) [22], which is consistent with the previously
reported value in SrRuO; films (approximately 130 K)
[23]. It is noteworthy that the current, which is only
through SrRuQs, is verified by the leakage mechanism.
The Hall resistance (R,,) is measured by sweeping the
magnetic field, H, perpendicular to the sample’s surface,
the magnetic field is from —3 to 3 T, and the tempera-
ture is from 50 to 120 K. The p,, value can be expressed

FIG. 1. (a) XRD pattern and
(b) AFM image of the SrTiOs/
La0,7Sr0,3MnO3(10 nm)/BiFeO3
(100 nm)/SrRu0O3(20 nm) sample.
(c) Schematic diagram of the Hall
bar structure. (d) /-V curves for
Lag7Srg3MnO3(10 nm)/BiFeO;
(100 nm)/SrRuO3(20 nm) at
80 K.
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as Py, = PoHE + PaHE, Where the two terms denote the
ordinary and anomalous Hall resistivities, respectively
[24]. The ordinary Hall effect (OHE) is described by
poue = RoH, where Ry and H are the ordinary Hall coef-
ficient and out-of-plane magnetic field, respectively. The
AHE is described by paug = RsM, where Ry and M are
the anomalous Hall coefficient and out-of-plane magnetic
moment, respectively. To evaluate papg, poug should be
extracted, and thus, the ordinary part, by linearly fitting
Pxy, can be determined in the higher magnetic-field region.

Figure 2(a) shows the magnetic-field dependence of
Rapyg in the SrRuO; channel from 50 to 120 K. The
curves exhibit a square-shaped hysteresis, which indi-
cates the H-induced reversal of magnetization, confirming
that magnetization of the SrRuOj; layer has good perpen-
dicular magnetic anisotropy (PMA). It is found that the
Rang-H curves show humps from 80 to 100 K. Recently,
a similar nonmonotonic Rayg-H behavior was reported
in SrlrO3;/SrRuQO; bilayer [19,20] and BaTiO3/SrRuO;
bilayer [21] skyrmion systems, and it was clarified that
these humps should be assigned to the THE. In a pro-
totypical magnetic skyrmion system, the transverse Hall
resistivity, p,,, can be decomposed into three terms,
Pxy = POHE + PAHE + PTHE, Where pThg is the topologi-
cal Hall resistivity [19]. However, in (Bi, Mn),Se; thin
film [25], the positive and negative anomalous Hall resis-
tances are found to coexist, and the Hall resistivity of
(Bi, Mn),Se; shows a peak and valley. As reported by

Gerber [26], the distinct nonmonotonic features in the Hall
effect signal arise in heterogeneous ferromagnets, when
components of the material exhibit the AHE with oppo-
site polarities. Also, Kan et al. [27] reported the THE-like
signal in SrRuQs, arising from the inhomogeneous mag-
netoelectric properties of SrRuO;. Thus, the origin of the
AHE in SrRuOj; may still be debated.

To clarify the origin of the hump in the StTRuO;/BiFeO;
heterostructure, we define Ryump as the height of the hump
with respect to the saturation resistivity. Figures 2(c)
and 2(d) summarize the temperature dependence of Rayg,
Riump, and coercive field (H¢). As shown in Fig. 2(c),
the sign of Rapp changes from negative to positive at
Ts ~ 85 K, where Ty is the transition temperature at which
the sign of Rapg reverses. This change of Ry is also con-
firmed from the temperature dependence of the anomalous
Hall conductivity, o agg, in StRuO3, and the sign change
of Ry may be attributed to the Berry curvature [18]. Also,
Riump shows a peak around 7. As shown in Fig. 2(d), H¢
decreases with decreasing temperature and exhibits a dis-
continuity around 7. This indicates that all abnormalities
are related to reversal of the sign of Rayg in StRuOs.

As shown in Fig. 2(e), the field sweeps from +1.5 T
to negative maximum field (Hnp,y), and then back to the
+1.5 T. When |Hnya| < 0.2 T, only domains with posi-
tive AHE can be switched, so the humps vanish. When
|Hnmax| > 0.2 T, the domains with negative AHE can be
switched, and thus, the humps emerge. The emergence
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(a) Magnetic-field dependence of Rayg at different temperatures. (b) R,, (¢) Rang and Ryump, and (d) H¢ as a function of

temperature. () Minor loops of Rayg at 85 K for BiFeOs /SrRuO;. Temperature dependence of Rayg and H are fitted by linear and
quadratic functions, respectively (red line). The arrow represents the magnetic-field sweep direction.
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of humps and Ryump in the positive field depends on
Hnpax, which indicates that the SrRuO; film is inhomo-
geneous, with domains with different Ho(7T) and Rayg(7)
[27,28]. Therefore, the nonmonotonic Ragg-H behavior
in BiFeO;/SrRu0O; arises from inhomogeneous SrRuOs.
The inhomogeneity may arise from asymmetric boundary
conditions [28], inhomogeneous thickness [29], oxygen
octahedral rotation [30,31], and the ferroelectric proxim-
ity effect [32]. The ferroelectric proximity effect induced
inhomogeneity can be modulated by manipulating the
ferroelectric field of BiFeOs.

B. Ferroelectric polarization control of the anomalous
Hall effect

Next, the ferroelectric-manipulated AHE in BiFeO;/
SrRuQOs heterostructures are demonstrated. Ferroelec-
tric properties of the BiFeO; film are investigated
using piezoresponse force microscopy (PFM) at room
temperature. Figure 3(a) shows the PFM image of
Lay7Srp3MnO3/BiFeO; as the initial state. Figures 3(b)
and 3(c) show the phase and amplitude of the BiFeO;
layer with upward and downward polarization under —9
and +9 V, respectively. The PFM indicates that the polar-
ization of BiFeO; in the initial state is upward, which is
consistent with a previous report [33]. Besides, a clear hys-
teretic behavior in Lag 7Srg3MnO3;/BiFeO; is observed in
both phase and magnitude of the signal in Fig. 3(d). These
results clearly show the good ferroelectric properties of
BiFeO3.

C))

As shown in Fig. 4(a), the impulse gate voltage with
49 V (downward-upward polarization of BiFeOs3) in the
Hall bar is applied in situ by using a Keithley 4200 instru-
ment, then the gate voltage is removed and Raug-H is
measured. Figures 4(b)—4(e) show the Rayg-H curves of
the initial state, oppositely switched state, and reversibly
switched state for the heterostructures, at 80, 85, 90, and
100 K, respectively. It is noted that the as-grown ferro-
electric polarization is upward. Furthermore, when fer-
roelectric polarization is from upward to downward, the
shapes of the Rayg-H curves change and the decrease
of Raug are clearly observed. Moreover, when ferroelec-
tric polarization is switched back to the original state,
the shapes of the Rapg-H curves are indeed switched
back to the initial state. It should be noted that the
voltage is removed during the measurement. Thus, the
current-induced heating is negligible. The heating effect
will be symmetrical in the Rayg-H variation with respect
to the applied voltage. Notably, Rapg-H is different for
+9 and -9 V, but primarily the same for -9 V and the
as-grown state. Thus, the mock effect induced by Joule
heating can be ruled out. Similarly, the strain effect in
the SrRuO3/BiFeO; heterostructure can also be excluded,
since the piezoelectricity in BiFeOs is small and ferroelas-
tic effects would give an even contribution. These results
confirm that the AHE in SrRuO; can be modulated by
the ferroelectric remanent polarization in BiFeOs; along
the out-of-plane direction. In particular, this modulation
effect on AHE in SrRuOs;/BiFeO; is nonvolatile and
reversible.

FIG. 3. PFM images of the
SrTiO3/Lao<7Sr0<3MnO3(10 nm)/

0.0 180.0° BiFeO3(100  nm) structure:
(a) initial phase and (b) phase
and (c¢) amplitude after writing
under +9 V, respectively. (d)
Ferroelectric-phase hysteresis and
strain loops.
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FIG. 4. (a) In BiFeO;/SrRuO; het-
erostructure, the ferroelectric polariza-
tion as-grown is upward, with +9 V
is downward, and with —9 V s
upward. Rapg-H hysteresis loops of
BiFeO3;/SrRuQ; heterostructure in as-
grown state, oppositely switched state,
and reversibly switched state at (b) 80 K,

> —u — Pristine]

(c) 85 K, (d) 90 K, and (e) 100 K. The
arrows show the direction of polariza-
tion. (f) Rang and (g) Rhump as a function
of temperature under as-grown state,
oppositely switched state, and reversibly
switched state.
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To clearly observe the ferroelectric-manipulated AHE
in Lag7Srp3MnO3/BiFeO3;/SrRuQO; heterostructures, we
summarize the temperature dependence of Rapg and Ryymp.
As shown in Fig. 4(f), a vertical translation of Rayg
in Ragp(7T) between the upward and downward polar-
ization can be observed. It is interesting to note that
the ferroelectric polarization modulation can give rise
to the sign inversion of Rapg. As shown in Fig. 4(g),
first, Rpymp of upward polarization is larger than that
of downward polarization, then Rp,m, of upward polar-
ization is smaller than that of downward polarization,
indicating a horizontal translation of Ryump in Rhump(7)
between the two ferroelectric polarization states. The ver-
tical translation of Rayg and the horizontal translation of

920 95 100

T (K)

Ryump indicate that 7T values in SrRuO3/BiFeO3 are 85 K
and 86.5 K for the upward and downward polarization,
respectively. Notably, Rang(7) [Rhump(7)] with upward
polarization and the as-grown state are approximately
same.

Here, modulation depends on the remanent ferroelectric
polarization of BiFeOs3, and thus, modulation can be real-
ized by a low impulse voltage. Nonvolatile and low energy
consumption characteristics are important for a voltage-
controlled device. As shown in Fig. 5, the AHE under
ferroelectric polarization of the BiFeOj; layer is repeatedly
poled upward and downward at 85 K. Thus, the ferro-
electric polarization-manipulated AHE is reversible and
nonvolatile.
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FIG. 5. Polarization of the BiFeO; layer is repeatedly poled
upward and downward, with Rayg under upward and downward
polarization, respectively.

Now, we are trying to understand the mechanism of the
ferroelectric-manipulated AHE in BiFeO3;/SrRuQO; het-
erostructures. According to the formulation of a model
considering inhomogeneous magnetoelectric properties in
SrRuOj; [27], the ferroelectric-manipulated Rapg-H curves
can be completely reproduced.

f (T H) = pp(TH{1 — 2Hyeas[H — Hc(TH1}g(T). (1)

As described in Eq. (1), each domain contributes an
effective field response to the transverse resistivity. As
shown in Figs. 2(c) and 2(d), Raue(7") and Ho(T') are the
actual temperature dependence of Rayg and H, respec-
tively, which are fitted by linear and quadratic func-
tions, respectively: Rayp(7) = —0.94062 + 0.011067 and
Hc(T)=1.0597(T'—125)*. The magnetic moment rever-
sal is described by the Heaviside step function, H geay(x),
and g(7T) is the Gaussian function describing a distribution

in experiments, indicating that the Rspp-H nonmonotonic
behavior in BiFeO3/SrRuOj; arises from the inhomogene-
ity of SrRuO; film. As shown in Figs. 6(c) and 6(d), the
temperature dependence of Rapg and Ryump is extracted
from the calculated loops. These data show a vertical
translation of Rayg in Rapg(7) and a horizontal transla-
tion of Ryump 1N Rhump(7) between the two ferroelectric
polarization states, which are consistent with experiments
of Raue(7T) and Ruyump(7) in BiFeO3/SrRuOsz under the
upward and downward polarization.

Neither the skew-scattering theory nor the side-jump
theory seem to be adequate to explain the origin of the
AHE in SrRuOj; layer [18]. Recently, the Berry-phase the-
ory is applied to account for it [18,34]. The first-principles
calculations show that the AHE conductivity fluctuates
strongly with the variation of energy, which is related to
the Berry curvature. Therefore, in this work, modulation of
the AHE in SrRuO; may be related to the change of Berry
curvature. To further account for the microscopic nature
of the ferroelectric-manipulated AHE in BiFeO;/SrRuO;
heterostructures, the electronic structure of SrRuQs is cal-
culated using the first-principles calculation. The calcula-
tions are performed for the SrRuO; using the Vienna ab

FIG. 6. Raug-H hysteresis loops repro-
duced by a numerical model with (a)
upward and (b) downward polarization in
BiFeO;/SrRu0Os. Temperature dependence
of calculated (c) Rapg and (d) Ryymp With
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FIG. 7. (a) Schematic diagram

(b) 1

(c)1

of SrRuOs; the ionic displacement
between oxygen and Ru along the
[001] axis is denoted as Sry—o-
The band structure of SrRuOj
with drp—o as (b) 0.00 ¢, (¢) 0.01
¢, (d) 0.02 ¢, and (e) 0.05 c.
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initio simulation package (VASP) with generalized gradient
approximation [35]. The cutoff energy for the plane-wave
basis set is 500 eV. We set the three-dimensional Bril-
louin zone (BZ) as 9 x 9 x 9 kmesh for the primitive cell
of SrRuO; and the spin-orbit coupling is included in all
calculations. As shown in Fig. 7(a), we assume that Ru
and O diverge, as described by ér,—o on the basis of the
ferroelectric proximity effect [21,36—38]. The band struc-
tures of STRuO; with g,—0=0¢, 0.01 ¢, 0.02 ¢, and 0.05
¢ are shown in Figs. 7(b)-7(e), respectively; c=3.99A
is the lattice constant of SrRuOs. It is found that the
band structures of SrRuO; show the difference near the
Fermi energy under different égy—o. The Berry curva-
ture is determined by the band structure near the Fermi
energy, and the anomalous Hall conductivity is propor-
tional to the integral of Berry curvature. The change of
crossing points around I and X can provide a prominent
contribution to the AHE [39]. Furthermore, dgr,—o grad-
ually decreases from the heterointerface to the interior of
SrRuOs, which can give rise to inhomogeneous SrRuOs
[21]. Moreover, |6ry—o| under the upward and downward
polarization are always different [21,32,36], and thus, the
AHE and Berry curvature under the opposite ferroelectric
polarization direction are different.

IV. CONCLUSIONS

The AHE in BiFeO;/SrRuO; heterostructure is inves-
tigated. Nonmonotonic Rapgg-H in BiFeOs;/SrRuOj; is
unrelated to the THE, which originates from the inho-
mogeneous crystal structure induced by the ferroelectric
field and inhomogeneous thickness of the SrRuO; layer.
Besides, nonmonotonic Rayg-H in BiFeO3;/SrRuO;3 can
be well explained by the inhomogeneous phenomenologi-
cal model. Furthermore, the AHE in BiFeO3;/SrRuO; can
be manipulated by switching the ferroelectric polarization

of BiFeO;. That is, the upward and downward polar-
ization fields of BiFeO; can increase and decrease the
anomalous Hall resistivity, respectively. Moreover, the fer-
roelectric polarization-manipulated AHE is reversible and
nonvolatile. The first-principles calculations show that the
modulation of the AHE may be attributed to a change in the
electron distributions around the Fermi energy in SrRuO;
with the opposite ferroelectric polarization of BiFeOs;.
The ferroelectric-manipulated AHE suggests a pathway to
realize nonvolatile, reversible, and low-energy-consuming
voltage-controlled spintronic devices.
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