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ABSTRACT

Electron-doped Sr2IrO4 is the best candidate for unconventional superconductivity, but direct evidence of superconductivity has not been
experimentally confirmed. Therefore, it is urgent to explore the complex and rich physical properties caused by doping. The planar Hall
effect (PHE) is a sensitive technique for the characterization of intrinsic magnetic properties in magnetic thin films and is applied widely in
spintronic devices. In this work, the PHE for La-doped Sr2IrO4 films as a function of the magnetic field direction and temperature exhibited
unique properties caused by electron doping. The amplitude of PHE is proportional to the strength of the applied magnetic field.
Remarkably, as the temperature increased, a sign reversal of angle-dependent PHE occurred at 90 K, which indicated the change of magnetic
anisotropy. Subsequent variable-temperature traditional Hall measurements and time-resolved optical studies eliminated different types of
carrier interactions. The anisotropic magnetoresistance measurements indicated that the sign reversal can be attributed to the changes of a
spin structure after electron doping, and the reversal temperature is related to the strength of ferromagnetism. These results provide a plat-
form to study the magnetic interactions and suggest the possibility of realizing thermal controllable magnetic sensor devices in electron-
doped Sr2IrO4 films.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0134002

Due to the fact that magnitude of spin–orbit coupling (SOC) is
proportional to the fourth power of the atomic number,1 5d transi-
tion metal oxides (TMOs) have strong SOC interactions, which
excite more abundant quantum states such as topological insulators,2

Weyl semimetals,3 and quantum spin liquids,4 providing a broad
platform for the development and application of new materials.
Among these 5d TMOs, layered perovskite Sr2IrO4 is of particular
significance. The similarity with cuprates in terms of electronic and
lattice structures make Sr2IrO4 a good candidate for exploring
unconventional high-temperature superconductors by electron dop-
ing.5,6 However, there has been no direct confirmation of supercon-
ductivity yet despite intensive experimental efforts, such as La
substitution,7–12 oxygen deficiency,13 and surface K dosing,14 which
has led to various unresolved issues related to this material. It is gen-
erally hypothesized that magnetic fluctuation is the primary pairing
glue in cuprate superconductors.15 Hence, studying the magnetic

properties of electron-doped Sr2IrO4 may provide a prospective plat-
form to better understand this system.

In Sr2IrO4, the spin of Ir4þ is in an antiferromagnetic arrange-
ment, but because of the rotation of the IrO6 octahedron, a net mag-
netic moment exists in each IrO2 layer,

16,17 and the spin-flip transition
can be triggered by applying a small magnetic field in the ab plane,
resulting in a weak ferromagnetic phase18 (see Figs. S1(a) and S1(b) in
the supplementary material). Doping of La will reduce the rotation
angle of the IrO6 octahedra (d)8 and transform magnetic Ir4þ ions
into nonmagnetic Ir3þ ions due to the introduction of electrons,9

which lead to the reduction of ferromagnetism. DC-MT measure-
ments in the supplementary material [Fig. S1(c)] show that both the
magnetization and TN decrease after La doping. However, the ferro-
magnetism of La-doped Sr2IrO4 films with a nanoscale is further
weaken; therefore, it is difficult to subtract the magnetic contribution
of the substrate by traditional magnetometry techniques, such as

Appl. Phys. Lett. 122, 022402 (2023); doi: 10.1063/5.0134002 122, 022402-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

 14 M
arch 2024 06:24:11

https://doi.org/10.1063/5.0134002
https://doi.org/10.1063/5.0134002
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0134002
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0134002&domain=pdf&date_stamp=2023-01-09
https://orcid.org/0000-0001-7275-4790
https://orcid.org/0000-0003-0668-5867
https://orcid.org/0000-0001-6836-3893
https://orcid.org/0000-0002-1102-7757
https://orcid.org/0000-0001-5353-1460
mailto:jcnie@bnu.edu.cn
mailto:lidb@ciomp.ac.cn
https://doi.org/10.1063/5.0134002
https://www.scitation.org/doi/suppl/10.1063/5.0134002
https://www.scitation.org/doi/suppl/10.1063/5.0134002
https://scitation.org/journal/apl


vibrating sample magnetometry (VSM), which hinders the study of
the magnetic properties for La-doped Sr2IrO4 films [Fig. S1(d) in the
supplementary material].

Recently, magneto-transport measurements, such as the aniso-
tropic magnetoresistance (AMR), have emerged as a popular tool for
studying magnetic interactions in Sr2IrO4 films.19–21 In addition, as a
twin effect of AMR, the planar Hall effect (PHE) is a more sensitive
technique to characterize the intrinsic magnetic properties and has
remarkable advantages for applications to spintronic devices because
of lower thermal drift,22 higher signal-to-noise ratio,23 and sensitivity
to the direction of magnetization.24 In the PHE, the directions of the
magnetic field and current are applied in the same plane, a transverse
voltage can be detected due to the interaction between the magnetiza-
tion and current in the plane of the film, and the transverse resistance
Rxy can be expressed as follows:

Rxy ¼
1
2
ðDRÞ sin 2w; DR ¼ R== � R?; (1)

where R//and R? are the resistances when the current is, respectively,
parallel and perpendicular to the magnetization and w is the angle
between the directions of magnetization and current.25 DR could be
either positive or negative depending on the magnetic anisotropy
related to s-d scattering and SOC,26–28 which plays an important role
in studying the detailed scattering process and the change of spin
structure.29,30 The previous work has reported the magnetic field con-
trollable PHE in undoped Sr2IrO4 films,31 but the PHE in electron-
doped Sr2IrO4 films has not been systematically studied. Therefore,
studying the PHE of electron-doped Sr2IrO4 films may provide a pro-
spective platform to better understand this system and promote its
application in spintronic devices.

In this paper, a “sinusoidal-shaped” PHE was observed in La-
doped Sr2IrO4 films at various temperatures and magnetic fields. The
amplitude of RPHE is proportional to the strength of magnetic fields at
a fixed temperature. Furthermore, with increasing temperature, a sign
reversal of PHE occurred at 90K. Since the sign of PHE is related to
R//and R?, the sign reversal indicates that the magnetic anisotropy of
the La-doped Sr2IrO4 film changes at 90K. Traditional hall measure-
ments and time-resolved optical studies for variable temperatures indi-
cate that there is no change in the type of carriers around 90K,
excluding contributions of different types of carrier interactions.
Combining in-plane AMR measurements, we propose that the sign
reversal of PHE is probably due to changes in the spin structure, and
the reversal temperature is related to the strength of ferromagnetism.
This work provides a perspective to study the magnetic properties in
electron-doped Sr2IrO4 films. The response of PHE to the temperature
indicates that electron-doped Sr2IrO4 may have potential applications
in spintronic and thermal switch magnetic sensor devices.

A stoichiometric La0.05Sr1.95IrO4 polycrystalline pellet was used
as the target of pulsed laser deposition (PLD). Its ferromagnetism was
characterized by DC-MT measurements using VSM [Fig. S1(c) in the
supplementary material]. For PLD deposition, atomically flat TiO2-
terminated (001) SrTiO3 (STO) was used as the substrate. A KrF exci-
mer laser (k ¼ 248nm) with a pulse energy density of 0.6 J/cm2 at a
repetition rate of 1Hz was used. The substrate temperature was kept
at 700 �C, and the oxygen pressure was at 1� 10�2 mbar. The actual
composition of La in the film is 0.07 (S2 in the supplementary
material) owing to the off-stoichiometry issue during PLD growth.

We used an x-ray diffractometer with Cu K-a1 radiation of wave-
length k ¼ 0.15406nm and an atomic force microscope (AFM) to
characterize the structure and surface of the film. Furthermore, the La-
doped Sr2IrO4 film was converted into patterned Hall bar structures
by using optical lithography and argon ion etching. The transverse
resistances Rxy and longitudinal resistances Rxx were all measured in
the physical properties measurement system (Quantum Design). The
magnetic structure of the La-doped Sr2IrO4 film was determined by
out-of-plane and in-plane AMR before the PHE measurements. As
shown in the supplementary material (Fig. S3), the net moment (easy
axis) is along the [110] direction in the plane.

In addition, time-resolved optical studies that are sensitive to the
dynamical process of carriers32 were performed at various temperatures.
We used a Yb:KGW femtosecond laser source (Light Conversion,
Lithuania) to generate laser pulses with a center wavelength of 1030nm,
a repetition rate of 200kHz, and near 290 fs duration; 80% of the energy
was used to pump the collinear optical parametric amplifier (Light
Conversion, Lithuania), which generated a pulse of 800nm as the
pump light; 12% of the energy passed through BaB2O4 (BBO) to gener-
ate a second harmonic pulse as probe light. After passing through the
variable delay line, the 2.5 nJ probe light was combined with the 25nJ
pump light and focused on the sample, which was placed in a variable
temperature controller. The light reflected by the sample was passed
through a low-pass filter to filter out the pump light, the remaining
probe light was incident on the avalanche photo-diode (APD,
Hamamatsu Photonics), and the transient signal was extracted by the
lock-in amplifier (Stanford Research Systems).

Figure 1 shows h-2h x-ray diffraction scans of the sample dis-
cussed here. We can identify (00l) strong peaks of the La-doped
Sr2IrO4 on STO (001) substrates. The left inset of Fig. 1 shows the sig-
nificant Laue fringe peaks around the (0012) peak, indicating good
epitaxial characteristics. The film thickness determined from the adja-
cent reflectivity peaks was 28nm. The right inset of Fig. 1 shows the
surface morphological images with roughness within 1 nm.

We initially studied PHE for various magnetic fields at 20K. The
schematic arrangement of the PHE measurement is shown in Fig. 2(a),

FIG. 1. h–2h x-ray diffraction scans of the La-doped Sr2IrO4 film; the diffraction
peaks of the STO substrate are represented by asterisks; inset: Laue oscillations
around (0012) and surface morphological image.
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where the dc current I is injected along the [100] direction, the magnetic
field H is applied in the plane, h is the angle between H and I, and w is
the angle between magnetic momentsM and current. We normalized all
the Rxy measurements in this paper as Rxy ¼Rraw

xy �Rxx � ½Rraw
xy ð0Þ=

Rxxð0Þ�33 to exclude the contribution of the Rxx owing to a slight mis-
alignment of the electrodes, R(0) denotes Rxy or Rxx at 0T. The inset of
Fig. 2(a) is the angular dependence of RPHE with different magnetic
fields, where RPHE ¼ Rxy (h) � Rxy (0�). Compared with the fourfold-
symmetric PHE (caused by intrinsic magnetocrystalline anisotropy) in
undoped Sr2IrO4 films under a low magnetic field,31 a sinusoidal-
shaped twofold symmetry can be observed from 0.5 to 9T; it could be
well fitted in Eq. (1), which indicates the directions of the applied mag-
netic field and magnetization approximately coincide. When H is
rotated in the plane, the direction ofM can be determined based on the
Zeeman energy and the magnetic-anisotropy energy.34 The former is
proportional to the magnetic field,34 and the latter is dominated by the
magnetocrystalline-anisotropy energy, which preferred to align magne-
tization with the easy axis. We extracted the angle w between magnetic
moments and current from RPHE as w ¼ 1/2sin�1(RPHE/RPHE,max).

34

Figure 2(b) shows the w(h) extracted within the quadrant h ¼ [0�,
45�]. w(h) shows an almost linear relation at various magnetic fields,
which further validates that the Zeeman energy dominates the
magnetic-anisotropy energy in the La-doped Sr2IrO4 film. The differ-
ence between the above-mentioned PHEs of undoped Sr2IrO4

films and electron-doped Sr2IrO4 films at low temperatures and small
magnetic fields is attributed to the fact that La doping weakens the fer-
romagnetism of Sr2IrO4 films2,30 and further affects its magnetocrystal-
line anisotropy.

In addition, Fig. 2(a) shows that the amplitude of PHE increases
approximately linearly with increasing H, which is attributed to the
coupling of the weak ferromagnetic moment and the external field.
Due to the strong SOC interaction in 5d iridates, the amplitude of
PHE for La-doped Sr2IrO4 film approaches 40 X at 9T, which is com-
parable with the giant PHE in ferromagnetic semiconductors.35,36 [A
detailed magnitude comparison with other previously reported materi-
als at 4T can be seen in the supplementary material (Fig. S4).]

To gain further insight into PHE, angular-dependent PHE for
different temperatures was investigated at 9T. The obtained PHE

amplitude exhibits a very strong temperature dependence. As pre-
sented in Figs. 3(a) and 3(b), PHE shows a weakening trend with
increasing temperature. The w(h) from 20 to 50K at 9T is shown in
Fig. 2(b). Interestingly, the amplitude of PHE changes its sign at
approximately 90K. According to Eq. (1), the amplitude of PHE is
determined by the relative magnitude of Rk and Rs. To quantitatively
analyze this sign reversal, we plot the PHE amplitude at h ¼ 45� as a
function of temperature in Fig. 3(c). This figure shows that the ampli-
tude is negative with Rk <Rs from 20 to 80K but becomes positive
with Rk >Rs above 80K. It is easy to understand that the magnetic
anisotropy decreases with increasing temperature owing to the thermal
disturbance. However, the amplitude increases abnormally from 80 to
100K [the shaded area in Fig. 3(c)]; the sign reversal of PHE also
occurs in this temperature zone.

To validate the relative magnitude of Rk and Rs, we fixed the
magnetic field at 45� and measured the temperature dependence of
the Rxx parallel and perpendicular to the magnetic field. The measure-
ment setup is schematically presented in Fig. 3(d); we normalize
Rxx(k,s) asMR(k,s) ¼ [R(k,s)(H) � R(k,s)(0)]/R(k,s)(0)� 100% to exclude
the contribution of the Rxx at 0T. As shown in Fig. 3(d),MRk is signif-
icantly smaller than MRs at 20K but exceeds MRs above 80K, which
is consistent with the sign reversal in PHE. As the temperature
increases further, the magnetic anisotropy between MRk and MRs

decreases.
Akouala et al. have found the PHE with opposite sign in n-type

ZnO and p-type CuO, which they attributed to the way in which elec-
trons and holes contribute differently to spin–orbit coupling.26 In this
work, doping of La will introduce electrons into p-type Sr2IrO4,

19,37

which reveals an interaction between electrons and holes in the La-
doped Sr2IrO4 film. To investigate whether the change in the domi-
nant carrier type with temperature causes the sign reversal of PHE in
the La-doped Sr2IrO4 film, we performed traditional Hall measure-
ments for various temperatures. As shown in Fig. 4(a), the orientation
of the magnetic field is out of plane and perpendicular to the current.
In a magnetic system, the Hall resistivity qxy on the applied perpendic-
ular field H can be expressed as qxy¼ R0H þ RsM.38 The second term
represents the anomalous Hall effect contribution due to the spontane-
ous magnetization. However, there are few reports on the anomalous

FIG. 2. (a) Amplitude of RPHE as a function of H for La-doped Sr2IrO4 films at 20 K and the schematic of RPHE measurements. Inset: Angular dependence of the RPHE in an
applied H of 0.5, 1, 3, 5, 7, and 9 T at 20 K. (b) Extracted w vs h for various temperatures and magnetic fields. The black dashed line is a guide for the eyes when w � h.
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Hall effect of La-doped Sr2IrO4 films due to the fact that canted ferro-
magnetism is weak. We did not observe the hysteresis of the Hall curve
around 0T when scanning the magnetic field in reverse (not shown),
suggesting a weak contribution from the anomalous Hall effect. The
nonlinearity of the Hall curve in Fig. 4(a) is due to the fact that poor
conductivity causes fluctuations in data points during testing especially
at low temperatures. As shown in the inset of Fig. 4(a), the sample
exhibits semiconducting temperature dependence below 300K. The
resistivity increases with decreasing temperature and is out of range
below 15K. Furthermore, the resistivity can be well fitted using a 3D
Mott-variable range hopping mechanism q ¼ q0expðTM

T Þ
1
4;39 which

indicates there is no transition of a conduction mechanism from 15 to
300K. Here, q0 is the resistivity coefficient, and TM is the characteristic
temperature. Considering the negative slope of traditional Hall resis-
tance Rxy vs the magnetic field, electrons are the dominant carrier
from 35 to 300K, and there is no change in the dominant carrier type
around 90K. [The sheet carrier density ns and carrier mobility l are
calculated and plotted as a function of temperature in the supplemen-
tary material (Fig. S5).].

Furthermore, we performed time-resolved optical studies to bet-
ter understand the effect of temperature on carrier dynamics. As
shown in Fig. 4(b), the excited state dynamics at different temperatures

all show a slow rise and no obvious change around 90K, indicating
that the dominant carrier type does not change with temperature,
which corroborate the observations from the traditional Hall measure-
ments. Therefore, we assert that the sign reversal of PHE in the La-
doped Sr2IrO4 film is independent of the carrier type.

Because PHE is sensitive to the intrinsic magnetism, previous
studies found that the change in the spin structure can also lead to the
sign reversal of PHE.28,29,40 In our previous work about undoped
Sr2IrO4 films, the PHE amplitude is negative when the angle h
between the magnetic field H and current I is 45�, and there is no sign
reversal of PHE for various temperatures at 9T.31 To further study
whether the change in the spin structure of La-doped Sr2IrO4 after
electron doping leads to the sign reversal of PHE with temperature, we
combined in-plane AMR measurements at 9T. In Fig. 5, the AMR
shows fourfold symmetry attributed to magnetocrystalline anisotropy,
which has been illustrated in supplementary material S3.20,21 As the
temperature rises from 20 to 70K, the fourfold symmetry is weakened
and ultimately transforms into twofold at around 90K. The previous
work21 has shown that this symmetry breaking of the La-doped
Sr2IrO4 film is associated with changes in the spin structure. It is worth
noting that the transition temperature of AMR is consistent with the
temperature at which the PHE changes its sign. This implies that the

FIG. 3. Measurements of RPHE vs h at 9 T for various temperatures (a) 20–50 K and (b) 70–120 K. (c)Amplitude of RPHE as a function of temperature for La-doped Sr2IrO4

films at 9 T. The shaded area denotes the temperature zone, where PHE shows an abnormal behavior. (d) Temperature-dependent MR at 9 T, the magnetic field is at 45� to
the [100] direction, MR(k, s) is the normalized Rxx(k, s) when the current is parallel (I1þ, I1-) and perpendicular (I2þ, I2-) to the magnetic field.
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sign reversal of PHE may be caused by the change in the spin struc-
ture. Doping of La reduces the rotation angle of the IrO6 octahedra
and affects the spin structure, which accounts for the reduction of
in-plane ferromagnetism.8 As the temperature rises, such weak ferro-
magnetism in the La-doped Sr2IrO4 film is susceptible to thermal dis-
turbances. When the temperature exceeds 80K, the increasing thermal
disorder obscures the long-range magnetic order, which leads to the
sign reversal of PHE.

In order to have further insight into the physical reason behind
the sign reversal temperature, we made in-plane AMR and PHE mea-
surements for La-doped Sr2IrO4 films with 14nm. Figure S6(a) in the
supplementary material shows Laue oscillations around (0012) of 28-
nm and 14-nm La-doped Sr2IrO4 films. As the film thickness
decreases, the diffraction peak position of (0012) shifts to the right,
indicating an enhancement of the in-plane tensile strain for the 14-nm
La-doped Sr2IrO4 film. According to the previous report,41 tensile
strain is expected to decrease the rotation angle of the IrO6 octahedron
and increase the Ir-O bond length and also plays a role in reducing the
magnetism. As shown in Fig. S6(b), a sign reversal of RPHE occurs but

approximately above 50K. In the meantime, the AMRin transforms
from the fourfold symmetry into twofold {see the supplementary
material [Fig. S6(c)]}. Compared with the results of the 28-nm La-
doped Sr2IrO4 film, the reduction in the transition temperature is due
to the reduction of ferromagnetic in samples with thinner thickness,
which are more susceptible to thermal disturbances. Therefore, we
suggested that the sign reversal of PHE occurs after La doping, even in
films with different thicknesses, but the reversal temperature is related
to the strength of ferromagnetism.

In addition, PHE is also related to the anisotropic s-d scattering,
i.e., the conduction electrons are scattered into the localized d state by
impurities.27,30,42 When the dominant s-d scattering process is s"!d#
or s#!d", Rk> Rs. In contrast, when the dominant s-d scattering pro-
cess is s"!d" or s#!d#, Rk <Rs. Here, " and # denote spin up and
spin down, respectively. The density of states of d" and s" at the Fermi
energy level changes with increasing temperature, which enhances the
scattering of s"!d# and s#!d" and leads to Rk > Rs.

30 The specific
change of s-d scattering for La-doped Sr2IrO4 films with temperature
may also play an important role in the sign reversal of PHE. These
results show that further experimental and theoretical study is required
to provide deeper insight into the physical mechanism that governs
this effect.

In summary, we have studied the temperature and magnetic field
direction dependency of PHE in a La-doped Sr2IrO4 film. The ampli-
tude of PHE increases approximately linearly with increasing H and is
comparable with the giant PHE in ferromagnetic semiconductors. As
the temperature increases, a sign reversal of angle-dependent PHE
occurs at 90K. Variable-temperature traditional Hall measurements
and time-resolved optical studies indicate that the sign reversal is inde-
pendent of the carrier type. The AMR measurements indicate that the
sign reversal with temperature is probably due to changes in the spin
structure. The reversal temperature is related to the strength of ferro-
magnetism. These unique properties compared to the PHE in
undoped Sr2IrO4 films provide a platform for studying the magnetic
properties of Sr2IrO4 films after electron doping and reveal an appeal-
ing possibility for the application of La-doped Sr2IrO4 films in spin-
tronic and thermal switch magnetic sensor devices.

FIG. 4. (a) Traditional Hall measurements from 35 to 300 K and the schematic measurement setup. Upper right inset: the black data points denote the temperature depen-
dence of resistivity, the blue data points denote lnq vs T�1/4, and the solid lines are fitted by the 3D Mott-VRH thermal activation model. (b) Normalized time-resolved reflectiv-
ity traces (DR/R) norm of the La-doped Sr2IrO4 film collected at 80, 120, 150, and 200 K.

FIG. 5. In-plane AMR in a 9-T field at various temperatures.
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See the supplementary material for the magnetic properties of
La-doped Sr2IrO4, the composition of the La-doped Sr2IrO4 film by
SIMS measurements, the magnetic structure of La-doped Sr2IrO4

films, the relative magnitude of the PHE in the La-doped Sr2IrO4 film
compared with other materials, the sheet carrier density ns and carrier
mobility l for La-doped Sr2IrO4 films, and the influence of thickness
on PHE for La-doped Sr2IrO4 films.
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