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Magnetic field controllable planar Hall effect in Sr2IrO4 films
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The planar Hall effect (PHE) has remarkable advantages for applications to spintronic devices and the
study of intrinsic magnetic properties because of its high signal-to-noise ratio and low thermal drift. Here,
the magnetic field controllable PHE in Sr2IrO4/SrTiO3 (001) films is presented. The PHE transforms from
a “sinusoidal-shaped” twofold symmetry to fourfold oscillations with decrease in the magnetic field at 35 K.
Furthermore, the PHE is approximately two to three orders of magnitude larger than the giant PHE associated
with ferromagnetic semiconductors as the temperature decreases. Based on subsequent measurements of the
magnetic transport properties and calculations of the angle between the magnetization and current, the unex-
pected fourfold-symmetric PHE can be attributed to magnetocrystalline anisotropy and spin-orbital coupling.
These observations of PHE facilitate a deeper understanding of the magnetic interactions in Sr2IrO4 films and
indicate potential applications in spintronic or magnetic-sensor devices.
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I. INTRODUCTION

Sensors utilizing the planar Hall effect (PHE) have at-
tracted considerable attention for magnetoresistive devices
[1–3]. PHE is different from the traditional Hall effect,
wherein the orientation of the magnetic field is out of plane
and perpendicular to the current; the magnetic field and cur-
rent are in the same plane in PHE [4,5]. PHE can be attributed
to the anisotropy in the resistivity tensor because of spin-orbit
coupling (SOC). The planar Hall resistance can be given as
follows:

Rxy = 1
2 (R// − R⊥) sin 2φ, (1)

where Rxy is the transverse resistance, R// and R⊥ are the
resistances when the current is parallel and perpendicular to
the magnetization, respectively, and ϕ is the angle between
the directions of the magnetization and current [6,7]. Hong
et al. [8] reported related phenomena in metallic ferromag-
nets; however, a considerably small effect can be observed
in this case, usually on the order of m�. Subsequently, a
giant PHE was reported in La0.84Sr0.16MnO3 thin films [9]
and ferromagnetic semiconductors such as (Ga,Mn)As [10]
(the effect is approximately four orders of magnitude larger
than that found in metallic ferromagnets). Remarkably, as
a twin effect to anisotropic magnetoresistance (AMR), PHE
is more sensitive to the orientation of the in-plane magnetic
moment than AMR [4,5] and exhibits the advantages of high
signal-to-noise ratio [11] and low thermal drift [3]. Hence, it
has been applied widely in magnetic random-access memory
and other nonvolatile storage devices [11–14].
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Recently, Sr2IrO4, which is a candidate unconventional
superconductor, has been extensively studied [15–18]. The 5d
transition-metal oxide Sr2IrO4 has stronger SOC interactions
than 3d compounds such as (Ga,Mn)As and La0.84Sr0.16MnO3

because the magnitude of SOC is proportional to the fourth
power of the atomic number [19]. In addition, a net magnetic
moment could be observed in each IrO2 layer, which can be
attributed to the rotation of the IrO6 octahedra about the c
axis [20,21]. Further, the spin-flip transition can be triggered
by applying a small magnetic field (0.2 T) in the ab plane,
resulting in a weak ferromagnetic phase in Sr2IrO4 [22–24],
as can be observed from Fig. 1(a). The fascinating magnetic
properties and strong SOC interaction provide considerable
motivation for studying the PHE in this system.

In this paper, magnetic field controllable PHE was ob-
served in Sr2IrO4 films. At 35 K, a fourfold-symmetric
oscillation in the PHE emerged with the decreasing magnetic
field. Subsequent measurements indicated that this fourfold-
symmetric PHE can be attributed to the magnetocrystalline
anisotropy and SOC. Remarkably, the magnitude of PHE is
approximately two to three orders of magnitude larger than
the giant PHE in ferromagnetic semiconductors as the tem-
perature decreases. In addition, Rxy shows a spin-valve-like
switching behavior when the magnetic field is swept in the
plane. These results are valuable for studying the magnetic
interactions in this system and shed light on the potential of
Sr2IrO4 for applications in magnetoresistive devices.

II. EXPERIMENTS

Atomically flat TiO2-terminated (001) SrTiO3 substrates
were prepared via etching in a NH4F-buffered Hydrofluoric
acid solution (pH = 5.1). They were then annealed at 930 °C
for 2 h in an oxygen atmosphere. A Sr2IrO4 film was then
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FIG. 1. (a) Mechanism for generating a net in-plane magnetic moment. The rotations of the IrO6 octahedra and the relation between the
octahedral rotation angle δ and the isospin canting angle φ(δ ≈ φ) are presented in the left panel. The red circles denote Ir4+, whereas the
blue circles denote O2−. The red arrow indicates the net moment. The right panel shows the antiferromagnetic structure of Sr2IrO4. A weak
ferromagnetic phase is induced by the isospin-flip transitions when an in-plane magnetic field is applied. (b) X-ray-diffraction patterns of the
Sr2IrO4/SrTiO3 (001) thin film. The asterisks indicate the diffraction peaks of the SrTiO3 substrate. The inset shows the x-ray reflectivity
patterns, and the Laue oscillations around the (0012) peak, based on which the thickness of the Sr2IrO4 thin film can be determined [25].

grown on the annealed (001) SrTiO3 substrate via pulsed laser
deposition when considering the stoichiometric Sr2IrO4 poly-
crystalline pellet as the target. The growth parameters have
been discussed previously [25].

We characterized the epitaxial structures and thicknesses
of the films based on their x-ray-diffraction patterns (x-
ray diffractometer: Cu K-α1 radiation of wavelength λ =
0.154 06 nm). Further, we measured the temperature- and
magnetic-field dependence of the magnetic transport proper-
ties using a conventional four-probe configuration based on a
Physical Properties Measurement System (Quantum Design)
with a constant channel current I of 0.1 μA applied along the
[100] direction.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the x-ray-diffraction pattern of Sr2IrO4

film epitaxially deposited on a single-crystal (001) SrTiO3

substrate. The left inset of Fig. 1(b) is the x-ray reflectivity
patterns; the right inset shows the significant Laue fringe
peaks around the (0012) peak, indicating good epitaxial char-
acteristics. The film thickness determined from the adjacent
reflectivity peaks was 12.51 nm, and that calculated from the
satellite peaks was 13.82 nm. Hence, we take the average
thickness as 13.17 nm.

We initially studied the PHE in the Sr2IrO4 film with a
constant in-plane magnetic field (H = 9T) at different tem-
peratures. To exclude the contribution of the longitudinal
resistance Rxx owing to a slight misalignment of the elec-
trodes, we normalized all the Rxy measurements in this paper
as [26]

Rxy = Rraw
xy − Rxx · Rraw

xy (0)

Rxx(0)
. (2)

Here, R(0) denotes Rxy and Rxx at 0 T. Figure 2(a) presents
RPHE as a function of θ , where RPHE = Rxy(θ ) − Rxy(0◦) and
θ is the angle between H and I. The measurement setup is
schematically presented in Fig. 2(b). At 150 and 100 K, the

PHE exhibits a sinusoidal-shaped twofold symmetry with four
extremes at θ = 45◦, 135 °, 225 °, and 315 °, which can be
fitted well using Eq. (1). As the temperature decreases, the
PHE signal increases rapidly; however, the shape of the PHE
is distorted at the same time. At 35 K, the peaks at 135 ° and
315 ° gradually sink into troughs with the decrease of H, and
a fourth-order term must be added to ensure better fitting of
the PHE data [27,28], which can be seen in Fig. 2(c)

Figure 3(a) presents the quantitative relation between the
percentage deviation of the PHE obtained from Eq. (1) as a
function of the magnetic field.

	RPHE−135◦ = Rfitting(135◦) − Rxy(135◦)

Rxy(135◦)
× 100%. (3)

The degree of deviation increases as the magnetic field
decreases. To further investigate the anomalous PHE, we mea-
sured the temperature dependence of Rxy with the magnetic
field fixed at 135 ° in the plane. As shown in Fig. 3(b), Rxy in-
creases with the decreasing temperature at different magnetic
field. However, Rxy drastically reduces at approximately 45 K.
This phenomenon does not emerge in the temperature depen-
dence of Rxx; see Fig. S1 in the Supplemental Material [29]
for more details. Furthermore, the smaller the magnetic field,
the more will be the decrease in Rxy, which is consistent with
that observed in previous measurements [Fig. 3(a)]. When a
magnetic field is applied, the direction of the magnetic mo-
ment can be determined based on the Zeeman energy and the
magnetic-anisotropy energy [30]. The former is proportional
to the magnetic field [30], and the latter is dominated by the
magnetocrystalline-anisotropy energy, which is related to the
SOC and is more pronounced at low temperatures [24]. The
magnetic-anisotropy energy dominates the Zeeman energy at
low magnetic fields and temperatures, and it is preferred to
align magnetization with the easy axis (see Fig. S2 in the
Supplemental material [29], which includes Refs. [31,32].)
instead of following the magnetic field direction [27,30,33].
Hence, the fourfold-symmetric PHE in Sr2IrO4 films can be
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FIG. 2. (a) θ dependence of RPHE at different temperatures for the Sr2IrO4 film at 9 T. Black lines indicate fitting to Eq. (1). (b) Schematic
of the PHE measurement setup, wherein a current I is applied along the [100] direction and H is rotated in plane. Here, θ is the angle between
H and I, and ϕ is the angle between the magnetization M and I. (c) RPHE(θ ) for different magnetic fields at 35 K. Black lines indicate fitting to
the data obtained when a fourth-order term is added in Eq. (1).

mainly attributed to the magnetocrystalline anisotropy. Thus,
the troughs at θ = 135◦ and 315 ° will be more obvious in
smaller magnetic fields. As shown in the inset in Fig. 3(b), the
PHE transforms into a fourfold symmetry at 0.2 T, which is
consistent with our assertion. Below 0.2 T, the magnetic field
cannot trigger spin-flip transitions [Fig. 1(a)] [22–24], making
it impossible to detect the PHE and other signals associated
with the properties of magnetic transport.

To further validate our assertion, we extracted the angle ϕ

from RPHE as follows [30]:

φ = 1
2 sin−1(RPHE/RPHE,max). (4)

The relation between ϕ and θ manifests the energy
competition between the Zeeman energy and the magnetic-

anisotropy energy [34]. Figure 4(a) shows the ϕ(θ ) extracted
from RPHE(θ ) within the quadrant θ = [135◦, 180◦] at differ-
ent magnetic fields and temperatures. At 35 K, as shown by
solid points, ϕ lags behind θ . Further, the smaller the magnetic
field, the more ϕ(θ ) will deviate from linearity. With increas-
ing temperature at 9 T, the nonlinearity of ϕ(θ ) gradually
decreases, and an almost linear relation can be observed at 100
K (hollow points). To quantify the nonlinearity, we calculated
the residual sum of squares (RSS) of the linear fit to ϕ(θ ):
RSS = ∑

i[ϕ(θ i) − (θ i)]2. In Fig. 4(b), RSS decreases with
the increasing temperature and magnetic field. At 100 K, RSS
is almost saturated beyond the anisotropy field (3 T), at which
we consider the condition ϕ ≈ θ to have been reached. These
results further confirm that the fourfold symmetry of the PHE

FIG. 3. (a) Percentage deviation of the PHE obtained from Eq. (1) vs the magnetic field. Inset: The double arrow represents the magnitude
of the deviation obtained by considering 0.5 and 9 T as examples. (b) Temperature-dependent Rxy for different magnetic fields at θ = 135◦.
Inset: θ dependence of RPHE at 0.2 T.
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FIG. 4. (a) Extracted ϕ vs θ . Solid points denote ϕ(θ ) at 35 K for different magnetic fields, whereas hollow points denote ϕ(θ ) at 9 T for
different temperatures. The black dashed line is a guide for the eyes when ϕ ≈ θ (b) The RSS (see text) as a function of H at 35, 45, and
100 K. The arrow marks the corresponding anisotropy field at 100 K.

can be attributed to the competition between the Zeeman en-
ergy and the intrinsic magnetocrystalline-anisotropy energy.

We also investigated the in-plane magnetic field depen-
dent Rxy at 35 K when θ = 20◦ to obtain further information
regarding PHE. The value of Rxy shows a switching behav-
ior similar to that of a spin valve. As illustrated previously
[22,23,29], the easy magnetization axis of Sr2IrO4 is along the
[110] direction. The insets of Fig. 5 show the magnetization
orientations relative to the easy axes (black and gray dashed
lines) for different external magnetic fields. By considering
the black circles in Fig. 5 as an example, the direction of
magnetization exhibits sequential changes owing to varia-
tions of the applied magnetic field from maximum positive to

FIG. 5. In-plane magnetic field dependent Rxy at 35 K and θ =
20◦. The black and red arrows indicate the sweep direction of the
field. Insets show the spin configurations for the magnetic-reversal
process, where the dashed lines denote the direction of the easy
axis, the pink lines indicate the magnetic field direction, and the blue
arrows denote the net magnetization.

maximum negative values. At high positive fields, magnetiza-
tion is aligned close to the direction of the external magnetic
field, as indicated by state A. As the field is reduced, magneti-
zation gradually aligns along the easy axis (black dashed lines,
state B), which causes Rxy to decrease owing to the stability
of the magnetization along a particular easy-axis direction
[6,35]. As the field orientation is reversed, the magnetization
switches to the other easy axis (gray dashed lines, state C).
Due to the two easy magnetization axes being perpendicular to
each other [20], according to Eq. (1) in the main text, the sign
of Rxy will reverse. Hence, Rxy increases as the negative fields
increases. Finally, with further increasingly negative fields,
magnetization gradually becomes aligned with the external
magnetic field direction again (state D) [9,35].

In 2019, Everhardt et al. also mentioned PHE when they
took second-harmonic Hall measurements to determine the
spin Hall angle of Sr2IrO4/NiFe bilayer structure [36]. In
their work, a low-frequency ac current flows through a Hall
bar, and due to the large spin-orbit coupling in Sr2IrO4, the
Rashba-Edelstein effect generates nonequilibrium spin accu-
mulation near the Sr2IrO4/NiFe interface which can diffuse
into the ferromagnet. Those spin currents exert a torque on
the magnetization in the ferromagnetic material NiFe. What is
measured is the transverse voltage of the entire heterojunction.
And, due to the large resistivity mismatch between NiFe and
Sr2IrO4, the first-harmonic signal R1ω is the PHE dominated
by NiFe. Note that the magnitude of R1ω in their work is
very small (10–1�), which is consistent with the magnitude
of PHE in ferromagnetic metals reported previously [37].
However, in our work, a dc current flows along the direction
of [100] of the film, and what we measure is the PHE of
Sr2IrO4 film. Hence, the magnitude of PHE in our work is
much larger than that reported by Everhardt et al. Further-
more, the magnitude of PHE was compared with the giant
PHE in La0.84Sr0.16MnO3 [9] under the same measurement
conditions. As shown in Fig.S3 [29], at 100 K, the magnitude
of PHE in Sr2IrO4 is 103(μ� cm), which is approximately
one order of magnitude larger than La0.84Sr0.16MnO3. For
lower temperature such as 40 K, the magnitude of PHE in
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Sr2IrO4 is 104(μ� cm), which is approximately three orders
of magnitude larger. Such large PHE is attributed to the SOC
of the 5d transition-metal oxide Sr2IrO4 being much greater
than that of the 3d compound. As a twin effect of PHE,
the combination of atomic-scale giant-magnetoresistance-like
effect and magnetocrystalline anisotropy energy caused by
strong SOC is also reflected in the giant AMR of Sr2IrO4

single crystal [32]; see S4 [29] in the Supplemental Material
for more details.

In addition, the growth oxygen pressure plays a very im-
portant role in the stabilization and transport properties of
stoichiometric iridates [38,39]. In Fig. S5 [29], the XRD pat-
terns verify that the film in our work is single-phase Sr2IrO4

when the oxygen pressure ranges from 10−5 to 10−2 mbar,
and the conductivity and film flatness of Sr2IrO4 are improved
with the increase of oxygen pressure. The resistance of sam-
ples grown below 10−2 mbar is out of measuring range when
the temperature decreases at 45 K. Therefore, the fourfold-
symmetric PHE under low temperature and small magnetic
field cannot be observed, but the PHE is a sinusoidal-shaped
twofold symmetry above 60 K, which can be seen in Fig.
S5(d). In order to further verify the validity of the conclu-
sions, we grow a 26-nm Sr2IrO4 film under 10−2 mbar. Due
to the increase in thickness, the magnetism of the sample
is enhanced, and the magnetocrystalline anisotropy is more
pronounced. The PHE under different magnetic fields at 35 K

is all fourfold symmetry, but the change trend is the same as
that of the 13.17-nm sample in the main text (Fig. S6).

IV. CONCLUSION

In summary, PHE was first observed in a 13.17-nm-thick
Sr2IrO4 film, and it is at least two orders of magnitude larger
than the giant PHE in ferromagnetic semiconductors. As the
magnetic field decreases, a fourfold PHE symmetry emerges
unexpectedly at 35 K. ϕ(θ ) calculations show that magnetic
field controllable PHE can be mainly attributed to strong SOC
and magnetocrystalline anisotropy. In addition, Rxy shows a
spin-valve-like switching behavior when the magnetic field
is swept in the plane. These observations facilitate a deeper
understanding of the magnetic interactions in Sr2IrO4 films
and their applications to magnetic sensors and nonvolatile
memory devices.
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