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1. Introduction

Heterostructural engineering of perov-
skite oxides has been widely studied due 
to its physical implications and prac-
tical applications.[1–3] Perovskite oxides 
(ABO3) are suitable building blocks for 
oxide electronics. The physical properties 
can be extensively modulated by varying 
the A- and B-site ions while maintaining 
structural similarity. At the heterointer-
face, interfacial coupling between charge, 
lattice, and spin induces intriguing emer-
gent phenomena, including 2D conduc-
tion,[1,4] ferroelectricity,[5] magnetism,[6] 
and superconductivity.[7]

Perovskite SrRuO3 (SRO) is one of the 
most extensively studied oxides by het-
erostructural approach.[8] Bulk SRO has a 
metallic and ferromagnetic ground state 
with a Curie temperature (TC) of ≈160 K.[9] 

In the field of oxide heterostructure engineering, there are extensive efforts to 
couple the various functionalities of each material. The Berry curvature-driven 
magnetotransport of SrRuO3 ultrathin films is currently receiving a great deal 
of attention because it is extremely sensitive to the electronic structures near 
the Fermi surface driven by extensive physical parameters such as spin–orbit 
coupling and inversion symmetry breaking. Although this is beneficial in 
terms of heterostructure engineering, it renders transport behavior vulnerable 
to nanoscale inhomogeneity, resulting in artifacts called “hump anomalies.” 
Here, a method to tune the magnetotransport properties of SrRuO3 ultrathin 
films capped by LaAlO3 layers is developed. The kinetic process of pulsed laser 
deposition by varying the growth pressure during LaAlO3 layer deposition is 
systematically controlled. Furthermore, the effects of nanoscale inhomogeneity 
on the Berry curvature near the Fermi surface in SrRuO3 films are investigated. 
It is found that the high kinetic energy of the capping layer adatoms induces 
stoichiometric modification and nanoscale lattice deformation of the under-
lying SrRuO3 layer. The control of kinetics provides a way to modulate mag-
netization and the associated magnetotransport of the SrRuO3 layer.
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Given the large conductivity (104 Ω–1 cm–1) at room temperature, 
SRO films have been widely used for decades as the electrodes 
of all-oxide heterostructures.[10] It has anomalous Hall transport 
properties below TC; SRO can thus be used for spintronic appli-
cations.[8,11] Recent magnetotransport studies of SRO ultrathin 
films have opened a new avenue in the search for topological 
phenomena in oxide heterostructures. For example, real-space 
topological object (magnetic Skyrmion) has been found in 
SrIrO3/SRO.[12,13] Besides, momentum-space topological phe-
nomena [anomalous Hall effect (AHE)] have been described in 
ultrathin SRO films.[14] The key features of AHEs are governed 
by the sum of the Berry curvature along the Fermi surface. A 
subtle balance among broken time-reversal symmetry, a strong 
correlation, and spin–orbit coupling generate non-trivial band-
crossing points and finite Berry curvatures.[14–16] Therefore, the 
intriguing topological properties of SRO ultrathin films can be 
tuned by carefully controlling the band structures, which are 
highly sensitive to external parameters.[17–26]

However, the high sensitivity of SRO to external parameters 
has also given rise to significant concerns about inhomogeneity-
induced artifacts in the AHEs.[27–36] If significant inhomogenei-
ties are present, spatial regions that are magnetized differently 
contribute to the AHE signal. Particularly, if two types of region 
with opposite AHE signs are present, the field-dependent Hall 
signal can mimic the “hump anomaly,” similar to that of the 
topological Hall effect (THE).[12,13,37,38] Such a two-channel AHE 
can be induced by inhomogeneous film thickness,[30,31] struc-
tural variation,[32] Ru vacancies,[33] and interfacial effects.[34,35] 
More recently, the ion irradiation has been used for post-syn-
thesis control of AHE.[36]

Here, we systematically control the inhomogeneity of SRO 
ultrathin films by depositing the LaAlO3 (LAO) capping layer 
in situ. We grew several SRO films under identical conditions 
using pulsed laser deposition (PLD). We then deposited LAO 

layers under different oxygen pressures and manipulated the 
deposition kinetics. As an LAO has a light cation, it generates 
a highly kinetic plume at low oxygen pressure during PLD. 
After LAO deposition, we investigated the magnetotransport 
properties of the LAO/SRO double layer. As LAO is a simple 
band insulator, the transport properties of an LAO/SRO hetero-
structure will be determined only by the conducting SRO layer. 
Strikingly, even when the growth conditions and thicknesses 
of the SRO layers were precisely fixed, simple variation of the 
LAO growth pressure triggered significant changes in the AHE 
signals and hump anomaly. Nanoscale compositional analysis 
revealed that the stoichiometry of the underlying SRO layer 
was disturbed during LAO layer deposition. We found that the 
resulting distribution of inhomogeneous magnetization served 
as a tuning knob allowing in situ control of the two-channel 
AHEs of SRO films.

2. Results and Discussions

We grew SRO single-layer and LAO/SRO double-layer films 
on SrTiO3(001; STO) substrates using the PLD technique 
(Figure 1a, see the Experimental Section for details). The thick-
ness of SRO ultrathin films was five-unit cell (u.c.). We precisely 
monitored the thickness variation during the growth with the 
reflection high-energy electron diffraction patterns (Figure S1,  
Supporting Information) to avoid artifacts from the thickness 
inhomogeneity.[30,31] We also grew LAO/SRO double-layer 
films by depositing 10-u.c.-LAO capping layers. The growth 
conditions were identical for all SRO layers, but we systemati-
cally varied the growth pressure during LAO layer deposition. 
To confirm film quality, we checked the topography by using 
atomic force microscopy (AFM) and X-ray diffraction (XRD). 
All samples had atomically flat surfaces and high crystallinity, 

Figure 1. Field-dependent anomalous Hall resistivity (ρAHE–H) curves and temperature-dependent magnetization (M–T) curves of SrRuO3 (SRO) and 
LaAlO3 (LAO)-capped SRO films. a) 5 u.c. SRO films and with and without the capping layers. b) Optical microscopic image of 50 × 50 µc2 Hall bar. 
The scale bar indicates 50 µm. c) ρAHE–H curves of 5 u.c. SRO films without capping layers measured at 10 K. All linear terms from the ordinary Hall 
effect have been subtracted. d) M–T curves of 5 u.c. SRO films without capping layers. The black solid lines are the experimental data and the gray 
solid lines are the first derivative curves. e–g) ρAHE–H curves of LAO-capped SRO films. The growth conditions and thicknesses of the SRO layers were 
fixed while the oxygen pressure during LAO layer growth [P(O2)LAO] was varied from 5 to 0.5 mTorr. h–j) M–T curves of LAO-capped SRO films. The 
blue (red) dotted lines were derived at Curie temperatures (TC) of ≈120 K (≈90 K).
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regardless of whether an LAO capping layer was present 
(Figures S2 and S3, Supporting Information).

We measured the magnetotransport and magnetic proper-
ties of SRO single-layer films. We prepared a 50 × 50 µm2 Hall 
bar and used it to obtain field-dependent transverse resistivity 
(ρ–H) (Figure  1b). By subtracting the linear term (ordinary Hall 
effect) from the ρ–H curves, we derived AHE curves (ρAHE–H, 
see Figure S4, Supporting Information). In SRO, it is known that 
the AHE is generated by the Berry curvature.[15] Recent works 
have shown that an AHE sign change can occur between 4 and 
5 u.c.[21,23,30,31] Our SRO films exhibited negative AHEs in the 
ρAHE–H curves (Figure 1c), as expected for a 5-u.c. film. There was 
no hump anomaly; such humps are commonly observed in SRO 
films of inhomogeneous (fractional) thickness,[30,31] indicating that 
our SRO film has integer thickness. Figure 1d shows the magneti-
zation–temperature (M–T) curves, measured using a 100-Oe out-
of-plane magnetic field. M began to increase significantly around 
120 K. To better understand the effect, we derived the first deriv-
atives of the M–T curve (the fine solid line). A sharp drop was 
apparent near 120 K; this was the Curie temperature (TC).

Intriguingly, we found that the AHEs of LAO/SRO double-
layer films were greatly affected by the oxygen pressure during the 
growth of the top LAO insulating layer [P(O2)LAO]. When the layer 
was grown at a P(O2)LAO of 5 mTorr, the capped SRO layer still 
exhibited a negative sign of AHE, but with a hump anomaly near 
the coercive field (Figure 1e). When the P(O2)LAO was decreased, 
the sign of AHE signal flipped from negative to positive and 
a small hump anomaly remained (Figure  1f). With a further  

P(O2)LAO decrease to 0.5 mTorr, the sign of AHE remained posi-
tive but the hump anomaly vanished (Figure  1g). If the hump 
was attributable to a Skyrmion-induced THE, the hump intensity 
should be controllable by manipulating the applied current.[39] 
However, as shown in Figure S5 (Supporting Information), the 
hump signal barely varied according to the applied current. In 
addition, the hump anomaly occurred as the AHE sign flipped. 
This suggests that the hump anomaly in our LAO/SRO double 
layers reflects a two-channel AHE rather than a THE.

To further explore the effects of P(O2)LAO, we measured the 
M–T curves of the LAO/SRO double-layer films. In the pio-
neering paper of Fang et  al.,[15] it was reported that an AHE 
of SRO depended strongly on the M value. More recent theo-
retical works have shown that M should play important roles 
in ρAHE–H curves, because M tunes the SRO band-crossing 
points, thus modifying the Berry curvature-driven AHE.[21] 
Figure  1h,i shows the M–T curves and their first derivatives 
for the LAO/SRO double-layer films. Interestingly, for films 
grown at P(O2)LAO values of 5 and 1 mTorr, the M–T curves 
exhibit broad ferromagnetic transitions. Their derivatives show 
two deep structures around ≈120 and ≈90 K (Figure 1h,i), sug-
gesting the coexistence of two types of spatial regions with dif-
ferent magnetic properties. When P(O2)LAO becomes lower (i.e.,  
0.5 mTorr), the regions with the ≈120 K magnetic anomaly vanish 
and those with the lower TC become dominant (Figure 1j).

To obtain further understandings, we performed cross-sec-
tional scanning transmission electron microscopy (STEM) in 
annular bright-field (ABF) mode. Figure 2a,b shows STEM-ABF 

Figure 2. Scanning transmission electron microscopy (STEM) images, obtained in annular bright-field (ABF) mode, of LAO-capped SRO films, and 
their time-of-flight secondary ion mass spectra (TOF-SIMS). a,b) STEM images of LAO-capped SRO when P(O2)LAO = 5 and 0.5 mTorr, respectively. 
c) Enlarged image of the blue dashed square in (a). d) Enlarged images of the red dashed square in (b). The atomic positions of cations and oxygens 
are well-defined in the P(O2)LAO = 5 mTorr sample, but not in the P(O2)LAO = 0.5 mTorr sample. The elongation and uncertainty of positioning is high-
lighted in red dashes. e) Depth profile of the TOF-SIMS. The blue solid line is that from the P(O2)LAO = 5 mTorr sample and the red solid line indicates 
the P(O2)LAO = 0.5 mTorr sample. The gray areas indicate differences between the samples. The gray digits indicate the proportions of grey areas, as 
revealed by the integrated TOF spectra from the 5-mTorr sample. Ru deficiency is mainly observed in the SRO layer.
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 2199160x, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202100804 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [12/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2100804 (4 of 8)

www.advelectronicmat.de

images of LAO/SRO films grown with P(O2)LAO  = 5 and  
0.5 mTorr, respectively. In both samples, the atoms of the LAO 
layers and STO substrates are well-defined with circular atomic 
shapes. However, the SRO layers differ significantly. For the 
P(O2)LAO = 5 mTorr film, the STEM-ABF image is uniform with 
well-defined atomic peaks (Figure 2a). However, the P(O2)LAO = 
0.5 mTorr film exhibits nonuniform contrast, suggesting 
nanoscale inhomogeneities. Enlarged images of the blue (red) 
dashed square in Figure  2a (2b) are shown in Figure  2c (2d). 
When LAO was deposited at higher oxygen pressure, the SRO 
layer was relatively uniform in structure, with little deforma-
tion (Figure 2c). On the other hand, when LAO was deposited 
at lower pressure, the SRO atomic peaks had irregular patterns 
(marked by the red dashed circle). In some regions, the cation 
or oxygen peaks became elongated, indicating structural defor-
mations (Figure  2d; Figure S6, Supporting Information). The 
SRO layer was extensively deformed when the LAO capping 
layer was grown at lower oxygen pressure. The spatial distri-
bution of the inhomogeneous conductance was measured by 
conductive-AFM (cAFM) (Figure S7, Supporting Information).

We next performed depth-profile measurements using time-
of-flight secondary ion mass spectrometry (TOF-SIMS). The 
LAO/SRO samples were etched with Cs (from the top) during 
cation mass analysis. We obtained stoichiometric depth profiles 
and compared the TOF-SIMS data of LAO-capped SRO sam-
ples created at P(O2)LAO values of 5 and 0.5 mTorr (Figure 2e). 
To compare the depth profile stoichiometry of the two samples 
quantitatively, the intensity was normalized to that of STO(001) 
substrates (sputtering time from 320 s). During the initial sput-
tering time (0–250 s), signals from the LAO capping layer only 
were observed. The TOF spectra of La differed by 15.0%; those 
of Al did not exhibit any difference. This is consistent with an 
earlier report that the La/Al ratio is proportional to the PLD 
growth pressure up to 10 mTorr.[40] After sputtering for 250 s, 
atoms of the SRO layer began to contribute to the TOF spectra. 
Compared to the LAO layer, the stoichiometric modification 
was much more severe in the SRO layer. The difference was 
9.3% for the Sr spectra and 31.5% for the Ru spectra, indicating 
many Ru deficiencies in the SRO film when a low P(O2)LAO was 
used. Note that Ru deficiencies in SRO degrade itinerant ferro-
magnetism,[33,41,42] causing AHE sign reversal.[21] We found that 
Ru deficiencies introduced during LAO layer formation caused 
nanoscale structural deformations of the SRO layer, decreased 
TC, and rendered ρAHE positive. Such stoichiometric changes 
and structural deformations explain the coexistence of SRO 
nanoregions with different magnetic properties, as suggested 
by Figure 1h,i.

We found that the M–T curves of all of the LAO/SRO films 
could be explained using a simple two-component model. The 
M–T curves of LAO/SRO films grown with P(O2)LAO = 50 and 
0.5 mTorr exhibited simple monotonical decreases of M with 
T, and apparent TC values around 120 and 90 K, respectively 
(Figure  3a,e). For convenience, we term these the 120 and  
90 K phases. If the fitting is done under the assumption that 
all films are composed of these two phases, we can explain the 
M–T curves of all LAO/SRO films (Figure 3a–e). The red and 
blue lines indicate the contributions from the 90 and 120 K 
phases, respectively. The green lines show the sums of these 
two contributions and agree well with the experimental data. 

Figure 3. Fitted M–T curves and ρAHE–H values of LAO-capped SRO sam-
ples, and the ratios of the 90 K phase. a–e) Fitted M–T curves of LAO-
capped SRO samples with P(O2)LAO values of 50, 7, 5, 1, and 0.5 mTorr, 
respectively. The red and blue curves are fitting curves at TC values of 90 
and 120 K, respectively. Black open circles are experimental results and 
the green lines are the summations of the fitting curves. f–j) The fitted 
ρAHE–H curves of LAO-capped SRO samples when the LAO layer growth 
pressures were 50, 7, 5, 1, and 0.5 mTorr, respectively. The red and blue 
curves are negative (ρ(−)) and positive (ρ(+)) fitting curves. k) The total 
pressure during capping layer growth (Ptotal) affects the 90 K phase ratios 
extracted from the fittings. The black circles are the ratios extracted from 
ρAHE–H curves and the orange circles are the ratios extracted from M–T 
curves. The solid lines are the results obtained when the LAO capping 
layers were grown under only oxygen pressure. The dashed line indicates 
the ratios of samples for which the LAO capping layers were grown in a 
mixture of argon and oxygen. As the P(O2)LAO decreases, the 90 K phase 
ratio increases.

Adv. Electron. Mater. 2022, 8, 2100804
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As shown in Figure 3k, the proportion of the 90 K phase (i.e., 
the Ru-deficient phase) increases as P(O2)LAO decreases (see the 
Experimental Section for details of the fitting process).

The simple two-component model well explains the ρAHE–H 
curves of all LAO/SRO films. If only the 120 K phase (90 K 
phase) exists, the AHE has a negative (positive) sign without 
any hump signal (Figure 3f,j). However, when the two phases 
co-exist, the AHE hump structure appears, indicating two-
channel AHE (Figure  3g–i). To analyze the proportions of the 
two phases, we fitted ρAHE–H curves by combining the ρAHE 
curves with opposite AHE signs. The red and blue lines indi-
cate the contributions of the 90 and 120 K phases to ρAHE, 
respectively. The green lines show the sum of these two 
phases, in good agreement with the experiments. The little 
variation in the magnetic coercive field might originate from 
nanoscale defects.[43,44] We plotted the proportions of the 90 K 
phase yielded by the ρAHE analysis (black line in Figure  3k); 
these were quite consistent with those derived via M–T analysis 
(the orange line). This emphasizes that it is possible to tune 
the magnetic and magnetotransport properties of SRO layers 
via in situ deposition of an LAO capping layer.

Let us discuss how we could change the physical properties 
of the underlying SRO films by the capping layer. As suggested 
by the STEM and TOF-SIMS measurements (Figure  2), the 
changes are closely related to the nanoscale structural and stoi-
chiometric variations. It seemed possible that Ru might exhibit 
high volatility at a high LAO layer growth temperature.[45] To 
check this, we post-annealed SRO single-layer films for 15 min 
at 780 °C under an oxygen pressure of 0.5 mTorr (i.e., the lowest 
pressure used for LAO growth). As shown in Figure S8 (Sup-
porting Information), post-annealing had little effect. Neither 
the ρAHE–H nor M–T curves changed significantly. Therefore, 
the nanoscale inhomogeneity of SRO films is not attributable to 
the thermodynamic instability of Ru ions at a high temperature.

The other possibility is that oxygen vacancies (VO) might dif-
fuse from the LAO layer into the underlying SRO layer.[24,46] It 
is known that the number of VO of LAO films can be signifi-
cant if the films are grown below 10–6 Torr.[47] As we grew the 
LAO layers at 10–1–10–3 Torr, it is unlikely that the layers have 
sufficient VO to explain the observed structural deformations. 
Also, at the LAO/SRO interface, the energy barrier impeding 
VO migration into SRO is known to be relatively high.[48,49] 
In addition, oxygen-deficient SRO should exhibit a large HC 
enhancement;[24] this was not observed in our LAO-capped 
SRO films. Thus, VO diffusion from the LAO to the SRO layer 
cannot explain the observed nanoscale inhomogeneity of the 
SRO layer.

Therefore, we focus on the highly kinetic nature of PLD 
to understand the effect of the capping layer. During PLD, 
an incoming pulsed laser beam ablates the target and cre-
ates a plasma plume via laser-material interaction. The plume 
contains highly energetic species that will be transferred to 
the heated substrate.[50] Because the plume kinetics of PLD 
is mainly governed by the growth pressure,[51–53] its effect 
on the film heterostructure would be systematically tunable 
(Figure 4a,b). At high pressure, plume species experience many 
collisions and thus exhibit low kinetic energies. These species 
barely damage an already deposited film. On the other hand, 
at low pressure, plume species collide less, thus maintaining 

high velocities. Plume species bombard the already deposited 
film, creating serious modifications (red in Figure  4b). In our 
LAO/SRO double-layer films, a lower P(O2)LAO creates Ru-
deficient regions in the SRO layer, inducing an inhomogeneous 
(mixed) state. During LAO growth at low pressure, Ru atoms in 
SRO layer would be bombarded and eventually evaporate due 
to the high kinetic energy. As shown in the TOF-SIMS results 
(Figure 2e), it is unlikely that the Ru atoms migrate to the LAO 
capping layer because there is no significant Ru intensity in 
the capping layer. If the induced inhomogeneous phase has a 
positive AHE and a TC around 90 K, the experimental magnetic 
properties can be easily explained. The positive AHE in the 
inhomogeneous phase gives two-channel AHEs in SRO films, 
thus explaining the AHE humps (Figure 4c).

To verify our kinetics-based explanation, we performed addi-
tional control experiments using an Ar/O2 gas mixture. With 
P(O2)LAO fixed at 0.5 mTorr, we added Ar to increase the total 
pressure PTotal inside the chamber. We varied PTotal from 0.5 to 
15.0 mTorr when growing LAO (10 u.c.)/SRO (5 u.c.) double-
layer films. The ρAHE–H curves are shown in Figure  4d–g. 
Using the two-component model described above, we fitted the 
ρAHE–H curves with the negative (blue) and positive (red) com-
ponents. As PTotal decreases, the negative component decreases, 
and the positive component increases. The results of the con-
trol experiment are also plotted according to PTotal (dashed black 
line in Figure 3k). The data are in reasonable agreement with 
those of the P(O2)LAO control experiments, indicating that it is 
possible to tune the magnetotransport properties of SrRuO3 
ultrathin films by controlling the PLD kinetics.

The M–T curves of the PTotal control experiments are similar 
to those of the P(O2)LAO control experiments (Figure S9, Sup-
porting Information) in terms of pressure dependence. When 
an AHE hump is observed, the M–T curves indicate the coexist-
ence of the so-called 90 and 120 K phases. We also deposited 
the LAO layer at relatively high pressures, i.e., PTotal = 50 and 
100 mTorr (Figure S10, Supporting Information). The AHE of 
the SRO film is barely affected under such conditions. There-
fore, our work suggests that bombardment by highly kinetic 
species in the plume explains the Ru deficiencies in the SRO 
layer induced during the deposition of capping layers which 
has light cations.

3. Conclusion and Outlook

We systematically investigated changes in the magnetic and 
two-channel AHEs of LAO/SRO double-layer films by using the 
high kinetic nature of PLD. We found that the growth pressure 
of the LAO capping layer is a crucial parameter for tuning the 
amount of nanoscale inhomogeneities. When the pressure is 
low, high-kinetic species transported during LAO deposition 
can modify the SRO layer. Our STEM and TOF-SIMS studies 
revealed inhomogeneous, nanoscale SRO regions of structural 
deformation and Ru deficiency, which can degrade the mag-
netic properties. The coexistence of inhomogeneous regions 
yields two-channel AHE signals, i.e., the hump anomalies.

Our work emphasizes the importance of in-depth exploration 
of high-kinetic PLD when creating oxide heterostructures. These 
exhibit intriguing physical properties, including multiple layers 
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and superlattices. We found that highly kinetic bombardment 
generates nanoscale structural and compositional deformations, 
which significantly affect the macroscopic properties. Careful 
control of the kinetics allows for simple and effective tuning of 
the various properties of PLD-grown oxide heterostructures.

4. Experimental Section
Sample Preparation: STO(001) substrates (Crystec) were treated with 

buffered hydrofluoric acid and annealed at 1000 °C for 3 h in the ambient 
atmosphere. The treated substrates were TiO2-terminated with atomically 
flat surfaces, showing step edges and terraces measured by AFM. SRO 
films were grown at 100 mTorr of oxygen pressure, and the temperature of 
the substrate was maintained as 700 °C. LAO films were grown at various 
pressures (0.5–100 mTorr with mixed pressure of oxygen and argon), and 
the growth temperature was 780 °C. For the growth, SrRuO3 polycrystalline 
and LaAlO3(001) substrate (Shinkosha) were used as targets. The targets 
were ablated by a KrF excimer laser (≈248 nm, Coherent). The laser fluence 
was 2 and 1 J cm−2 for SRO and LAO films, respectively.

Transport and Magnetization Measurement: 50 × 50  µm2 sized Hall 
bars were fabricated on the films with ultraviolet photolithography and 

Ar ion milling system. AZ5214E was used as a photoresist. 20  nm of 
Au was deposited as an electrode with electron beam evaporation. 
The transverse transport data were measured by Physical Properties 
Measurement System (PPMS, Quantum Design). Temperature 
dependence magnetization was measured in vibrating sample 
magnetometry (VSM) mode using a SQUID magnetometer, by a 
Magnetic Properties Measurement System (MPMS, Quantum Design). 
They were measured during cooling with 100 Oe of out-of-plane applied 
field. Straws were used as sample holders. The backside of the substrates 
was polished with sandpaper to remove the possible magnetic signal 
from the Pt paste used for the growth.

Scanning Transmission Electron Microscopy Measurements: An electron 
transparent STEM specimen was prepared by focused ion beam 
milling (Helios 650 FIB, FEI) and further thinned by focused Ar-ion 
milling (NanoMill 1040, Fischione). Cross-sectional STEM images were 
acquired at room temperature using a spherical aberration-corrected 
STEM (Themis Z, Thermo Fisher Scientific Inc.) equipped with a high-
brightness Schottky-field emission gun operated with a 300kV  electron 
acceleration voltage. The semiconvergence angle of the electron probe 
was 17.9 mrad. The collection semi-angle for ABF was 10–21 mrad.

Time-of-Flight Secondary Ion Mass Spectrometry: Each sample was 
etched with Cs ion accelerated by 0.5 keV of energy at the base pressure 
of 3.8 × 10–9  Torr during the measurement. The etched area was 

Figure 4. Schematics of PLD kinetics according to the background pressure, and a control experiment with total pressure variation during growth of 
the LAO capping layer. a) At high pressure, the kinetic energy of the evaporated plume is suppressed. b) At low pressure, the high kinetic energy of the 
evaporated plume induces SRO film inhomogeneities. The red regions in the SRO layer re inhomogeneous phases caused by the high kinetic energy 
of the adatoms. c) The red regions in the SRO film exhibit positive AHEs, as shown by the hump signals in the ρAHE–H curve. d–g) ρAHE–H curves 
derived by varying PTotal from 15 to 0.5 mTorr. The O2 partial pressure is fixed at 0.5 mTorr; only the Ar partial pressure is varied. The black open circles 
are the experimental curves and the red and blue curves the ρ(−)- and ρ(+)-fitting curves. The gray lines are the summations of the fitting curves. As 
PTotal decreases, ρ(+) increases.

Adv. Electron. Mater. 2022, 8, 2100804
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500 × 500 µm2 and the analyzed area was 100 × 100 µm2. The emitted 
cations (secondary ion) from the etching process were measured by the 
mass analyzer (TOF.SIMS-5, IONTOF). Sputtering time is proportional 
to the probing depth, thus the TOF-SIMS plot gives depth-profile 
information of the sample stoichiometry.

Fitting for ρAHE–H and M–T Curves: ρAHE is the anomalous Hall 
resistivity where the linear term of the ordinary Hall effect is subtracted 
from the total transverse Hall resistivity (Figure S4, Supporting 
Information). To fit the AHE curves, hyperbolic tangent function, 
ρAHE (H) =  a · tanh (b · (H − HC)) was used. Fitting parameters were saturated 
amplitude (a), broadening (b), and coercive field (HC). To fit the M–T 
curves, empirical magnetization function, M (T) =  M(0) · (1 − (T/Tc)α)β 
was used. Fitting parameters were TC, saturation amplitude (M(0)), and 
exponents (α, β). The least-square approximation was conducted using 
the MATLAB software (MathWorks). The ratio of 90 K phase from the 
M–T curves was derived from magnetization at 10 K of the two phases.

Structure and Surface Characterizations: XRD (D8 Discover; Bruker) 
with a Cu Kα-1 source (λ  = 1.5406 Å) and AFM (Cypher; Asylum 
Research) were used. XRD was also performed by synchrotron-based 
XRD using the Huber six-circle diffractometers at Sector 3A of the 
Pohang Light Source (South Korea).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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