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ABSTRACT

Two-dimensional electron gases (2DEGs) at perovskite oxide interfaces, such as strontium titanate (STO), have garnered significant attention
due to their induced ferromagnetic (FM), spin-orbit coupling, and superconducting properties. The 2DEG, formed at the interface between
STO and either insulating oxides or reactive metals, exhibits efficient charge-to-spin interconversion in STO/NM(non-magnetic)/FM
structures. The insulating oxide layer at the STO interface attenuates the spin currents injected into the ferromagnet. In contrast, the metallic
layers facilitate efficient spin current injection but suffer from spin current diffusion. Here, we present an approach to overcome these
challenges by directly creating a 2DEG at the STO surface through Ar" ion bombardment. This method enables efficient spin-to-charge
conversion without an intermediate NM layer. Our experimental and simulation results demonstrate the generation of unconventional spin
currents at the STO(Ar ") /NiFe (Permalloy) interface. Our findings may enable applications of complex oxide and ferromagnet interfaces for
efficient charge-to-spin conversion, paving the way for low-power, room-temperature oxide-based spintronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0238345

Oxide interfaces with spin degeneracy due to the band splitting
into up- and down-spin bands are promising materials for efficient
spin-to-charge interconversion.' This spin-dependent band splitting
lies at the core of multiple phenomena in condensed matter physics,
such as spin-to-charge conversion and charge-to-spin conversion.
These oxide interfaces exhibit intriguing properties such as large

spin—orbit coupling, induced magnetism, and superconductivity.”
Perovskite oxides, particularly strontium titanate (STO), at a
two-dimensional hetero-interface, offers giant charge-to-spin conver-
sion.”'* The STO interface facilitates the formation of two-
dimensional electron gas (2DEG) through the deposition of oxides like
AlOy and LaAlO; (LAO), or by deposition of reactive metals like Al
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Ta, and Y.*"*'° At the interface, titanium (Ti) has an accessible mixed
valency, existing in both the Ti*" and Ti** oxidation states. In a
STO/LAO system, the 2DEG originates from the charged AlO; sur-
face of LAO, terminating on a charge neutral SrO surface of STO. For
STO/metal interfaces, the formation of 2DEG is attributed to appear-
ance of Ti*" states. The 2DEG at both the STO/LAO interface and
the STO/metal interface enables active gate-controlled tuning of spin-
to-charge current. This phenomenon arises due to the absence of spa-
tial inversion symmetry at the interface, which induces an electric field
(E)."” The electrons in the 2DEG carrying a momentum (P) interact
with the E and in their rest frame, experience an effective field
B x E."””" In the presence of this effective field, the 2DEG showcases
potential for a spin current.”

Recent spin transport studies on STO/NM/FM interfaces have
demonstrated the potential of charge-to-spin current conversion facili-
tated by the 2DEG present at STO/LAO and AlO, interfaces, as well as
STO interfaces with metals such as Al, Ta, and Y. However, the insu-
lating nature of AlOy and LAO attenuates the direct propagation of
spin current, thereby constraining the full potential of the 2DEG at the
STO interface.'”**”" In contrast, metallic layers enable efficient spin
current injection but are constrained by spin current diffusion.'****’

To address these challenges, recent research has focused on the
induction of oxygen vacancies at the STO surface through Ar* bom-
bardment, which breaks the oxygen bonds and enhances vacancy for-
mation, thus facilitating 2DEG formation on the STO surface.”* By
modulating the Ar™ exposure time, it is possible to transition the STO
surface state between insulating, semiconducting, and metallic phases.

In our study, we utilized Ar™ milling to create oxygen vacancies
on the STO surface, resulting in the formation of a 2DEG. We mea-
sured charge-to-spin conversion at the STO(Ar")/NiFe interface
using the spin torque ferromagnetic resonance (ST-FMR) technique,
without the need for an intermediate NM layer. The conversion was
mediated directly through the 2DEG present on the STO surface. Our
STO(Ar") /NiFe ST-FMR spectra were compared with the archetypal
Pt/NiFe results, revealing the breaking of twofold (180° 4 ¢) and mir-
ror (180° — ¢) symmetry of spin torques. These experimental results
were further confirmed by micromagnetic simulations. Our findings
demonstrate a straightforward and effective method for generating
charge-to-spin current at the STO/NiFe interface, offering significant
advancements for oxide spintronics applications.

The conducting surface of STO was created using the ion milling
process. We used an ion gun to generate a beam of highly energetic
ions (typically noble gases like Ar™ ions), which are then bombarded
on the STO surface (see the supplementary material S1). The bom-
bardment of Ar" ions on the surface of STO with orientation (100)
builds a conducting surface state by removing oxygen ions from STO,
as shown in Fig. 1(a). The choice of inert gas helps us to prevent STO
from additional impurities. The number of broken oxygen bonds on
the STO surface is expected to increase rapidly with an increasing ion
milling time. After confirming the formation of conducting surface
states (see the supplementary material S2), ferromagnetic layer
NiFe(5 nm) was deposited on ion milled STO(Ar") using DC sputter-
ing. The designed STO(Ar™) /NiFe stack was subjected to microdevice
fabrication using the photolithography technique for spin transport
measurement (see the supplementary material S1).

We measure the thickness of the 2DEG by employing atomically
resolved high-angle annular dark-field (HAADF) scanning
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FIG. 1. (a) Schematic showing (Ar*) ion milling in the STO substrate. (b) Cross-
sectional STEM showing the overlapped atomic model and the highlighted Sr(navy
blue), Ti(cyan green), and O(red) atomic positions for STO(100). (c) Cross-sectional
STEM image showing the thickness of different layers of STO(Ar*) /NiFe, the line
profile (green solid line) of intensity along the solid red line. (d) Comparison of
EELS spectra between the bulk STOTi— L3 edges (brown line), the
STOTi — Ly 3 edges at the interface (red line), and STOTi — Ly 3 edges present
between bulk STO and interface.

transmission electron microscopy (STEM) technique. This imaging
technique also provides insights into the interface quality and elemen-
tal composition of the sample. The cross-sectional samples for the
STEM measurements are prepared using a FEI make NanoLab 460F1
FIB-SEM. The high-resolution cross-sectional HAADF-STEM image
of the STO (100) overlapped with atomic models of STO crystal struc-
ture, highlighting the atoms position of Sr, Ti, and O in the STO unit
cell, is shown in Fig. 1(b). The cross-sectional STEM image, Fig. 1(c),
shows the NiFe (top layer), 2DEG (dark middle layer), and STO lattice
structure (bottom layer) Figure 1(d) shows a comparison of experi-
mental Ti — L, 3, EELS spectra for bulk STO (brown line),”” and at the
interface [dashed red line in Fig. 1(c)]. At the interface STO Ti — L, 3,
edges shift toward lower energy, indicating a reduction in the oxidation
state of Ti*" to lower oxidation states. The trend continues up to the
interface, beyond which the Ti — L, 5 peak disappears within the bulk
NiFe layer.” The thickness of the 2DEG is determined by measuring
the energy shift of the Ti — L, 3 peak captured at 200kV using FEI
Titan 8-300kV STEM. The shift begins at the interface of the bulk STO
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FIG. 2. (a) Schematic of ST-FMR mea-
surement with lock-in setup to measure

[dashed olive line in Fig. 1(c)] and completely disappears at 1.2 nm at
the interface, indicating a 2DEG thickness of 1.2 nm.

After confirming the 2DEG at the STO(Ar*) /NiFe interface, we
fabricated ST-FMR devices in the in-plane excitation geometry, as
shown in Fig. 2(a), to perform the spin-dependent transport measure-
ments.””** The in-plane microwave charge current (I¢) was applied to
the ST-FMR device in the ground-signal-ground (GSG) configuration.
The applied L exerted the Oersted field (H,f) on the magnetization
vector of the ferromagnet. The applied I, flowing through the 2DEG,
also lead to the generation of spin current. The H,¢ and generated spin
current collectively drove magnetization precession under resonance
conditions and lead to an oscillating resistance.””*’

The mixing of applied microwave current I,y and oscillating resis-
tance generated rectified DC voltage (V) across the device. A bias-
tee was used to separate the AC and DC components of the signal, and
the phase lock-in modulation technique was employed to measure the
Vmix rectification DC voltage across the device using the lock-in ampli-
fier (LIA) [see Fig. 2(a)]. The Vix was measured at different frequen-
cies, f ranging from 5 to 11 GHz as shown in Fig. 2(b). The amplitude
of the Vi decreased with increasing frequency due to a decrease in the
precession cone angle of magnetization precession at a higher applied
magnetic field value."' The observed rectifying voltage V i is deconvo-
luted in symmetric and antisymmetric Lorentzian components and is
fitted using the following equation:””****

Vinix = VSym l:Sym (Hext) + VAsym FAsym (Hext ) s 1)

% is the symmetric part of the Vi

AH(Hex — Hres)
(Hew—He)2+(AH)*
AH and H, are the half-width-at-half-maximum (linewidth) and the
resonance field of ST-FMR spectra. The amplitude of the symmetric
part of the spectra Vi, mostly originates from in plane spin-orbit tor-
que because of injection of spin current by SHE, and V zgm, is the ampli-
tude of the antisymmetric part of the spectra, which originates from the
Oersted field and Rashba-like field. The in-plane torque 7 and out-of-
plane torque 7, are proportional to symmetric Vsy, and antisymmetric
V aqm component of V., which are given as the following equations:"’

where Fgym (Hew) =

spectrum, Fygym(Hex) = is the antisymmetric part,

It /dR 1
Vym = — (= ——1, (2)
2 d¢ oy (2Hres + 47TMeff)

150 -100 -50
Hext (mT)

8 HIGHZ ] the Vmx voltage across the device.
(b) Lorentzian fitting of Vpx voltage for
w iﬂ 3 v v ] 5-11 GHz frequency.
50 100 150
I dR\ /1 + 4nMs/H
VAsym:_Lf(_)Jr—eff/mn’ 3)
2 \d¢ OCV(ZHreS + 47[Meff)

where ¢ is the in-plane angle between Hey and the applied I current,
and o and 4nMg are Gilbert damping factor and effective magnetiza-
tion of the ferromagnet. The symbol y denotes the gyromagnetic
ratio.”* A typical V, of the STO(Ar")/NiFe sample, as shown
Fig. 3(a), has been measured at f = 5GHz at ¢ = 45°.”"° The H,
and AH are estimated by fitting the measured V;x signal for different
f with Eq. (1). The variation of Hys as a function of f for
STO(Ar") /NiFe sample is plotted in Fig. 3(b). The 4nMcg is esti-
mated using the following equation:

f= % \/(Hres + Hk)(Hres + Hk + 4nMeff)» (4)

In this equation, Hy represents the effective in-plane magnetic anisot-
ropy field and is set to 0 mT. The estimated values of 4TM.¢ and ;- are
951 mT and 0.0288 GHz/mT, respectively. Figure 3(c) shows that the
linewidth broadening (AH) of ST-FMR spectra has a linear relation-
ship with precessional frequency. The Gilbert damping parameter o,
which depends on linewidth AH, is estimated using the linear function
shown in the following equation:"**

AH = AH, + Z—TEfOC. (5)
Y

Also, AH, is the inhomogeneous linewidth broadening, which is inde-
pendent of f, and depends on the sample quality. The value of the
Gilbert damping factor estimated is 0.007, which matches well with
the previously reported value of 0.0084. "

It may be observed that the amplitude of the symmetric and anti-
symmetric spectra at opposite magnetic fields are different, as shown in
Fig. 3(a). This difference in asymmetric voltage signal can arise due to (1)
non-uniform microwave current flow in the devices and (2) an additional
spin polarization configuration at the STO and NiFe interface.”*”*’

To understand this amplitude difference, we also fabricated
Pt (5nm)/NiFe (5nm) devices in in-plane excitation geometry. We
performed ST-FMR measurement at 5 GHz frequency [see the supple-
mentary material S3, Fig. S3(a)], which shows that the symmetric
(Vsym) and antisymmetric (V oqm) amplitude was the same at opposite
magnetic fields. In this sample, the charge current along the x-direction
generates spin polarization in the y-direction orthogonal to charge
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FIG. 3. (a) Lorentzian fitting of Vi voltage for both negative and positive applied magnetic field at 5 GHz, where Vsyn and Vasym represents the symmetric and antisymmetric
part of the spectra. (b) Kittel fit of frequencies ranging from 5 to 11 GHz at ¢» = 0° and the corresponding 47Mes. (c) Linear fitting of fullwidth half maxima with frequency.

current direction. The torques T | oc th X § and 7' oc i X (1 X §)
are proportional to cos(¢)). The AMR depends on cos?(¢) and appears
as derivative of AMR. ie., A(AMR) = ﬁ (cos?(¢)) o sin(2¢) leading
to Viix o sin(2¢p)cos(¢p). This spin polarization configuration is
referred to as conventional spin polarization. This symmetry occurs
when the polarization p of spin current and the rf field H,s both are
along the y axis and transverse to nonmagnetic (NM)/ferromagnetic
(FM) interface,””"® resulting in Vi (¢) = — V(¢ + 180°), elimi-
nating the possible contribution due to non-uniform rf current distribu-
tion in the sample. To further investigate the contribution of spin
polarization, in-plane angular-dependent (ST-FMR) measurements
were performed with the applied external magnetic field (Hex) at
5GHz. We have observed the amplitudes of both the symmetric and
antisymmetric components, as shown in Fig. 4(a), follow a
sin(2¢)cos(¢) dependence, consistent with AMR and torque depen-
dencies. The similar ST-FMR device structure, as for Pt/NiFe, ensures
proper microwave distribution in fabricated STO(Ar") /NiFe ST-FMR
devices.

To investigate the amplitude difference in symmetric and anti-
symmetric components of Vyi at opposite field values of Hey in the

STO(Ar") /NiFe sample, we performed angular dependent ST-FMR
measurement at 5 GHz as shown in Fig. 4(b), respectively (see the
supplementary material S4 for 7 GHz). The angular dependence of
symmetric and antisymmetric voltage exhibits additional symmetry
components beyond sin(2¢)cos(¢), unlike Pt/NiFe. This results in
the breaking of twofold (180° + ¢) and mirror symmetry (180° — ¢)
and indicates the presence of additional torque components acting on
the FM magnetization vector. These additional torques arise when P’
and Hy¢ contain x and z components, and this spin polarization con-
figuration is termed unconventional spin polarization.”

For unconventional cases, the symmetric component is fitted
using the following equation:

Vsym = Spysin(2¢))sin(¢) + SY; sin(2¢)cos(¢) + S sin(2¢), (6)
where the S¥;, S, and Sf; are the weightage of sin(2¢)sin(¢),
sin(2¢)cos(¢), and sin(2¢) terms, respectively.””* Similarly, the

antisymmetric component is fitted using the following equation:

Vasym = A% sin(2)sin(¢) + Al sin(2)cos () + A% sin(2), (7)

— (b)
——S,sin(2¢)cos| 20
20|~ Ssin@beos®) |

—— Asin2p)cos($)

® V.,

Voltage (LV)
(=)
Voltage (LV)
()

S,sin(24)cos(9) + S,sin(2)sin(@) + S sin(29)
el Aysin(2¢)cos(¢) + A sin(2¢)sin(¢) + A, sin(2¢). X

FIG. 4. In-plane angle-dependent ST-
FMR measurements: (a) and (b)
Extracted component from Lorentzian fit-
ting of Vi data for in-plane angle (¢)
sweep. (a) Symmetric and antisymmetric
components of Vi and its fitted compo-
nents for Pt/NiFe sample as a function of
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ov ) .
-10 O Viem 1 £-10 _Asm the in-plane angle between the applied |¢
f=5GHz = GI;IZ , and the external magnetic field Heg. (b)
20 . . . . P‘/N‘lFe 20 STO(Ar")/NiFe Symmetric and antisymmetric components
180 1120 -60 0 60 120 180 180 -120 -60 0 60 120 180 R Ll oy
¢ (degree) ¢ (degree) (). (c) Table showing the voltage values

(C) : = = - percentage contribution in parentheses of
sample £=5 GHz sin(2¢)sin(¢) | sin(2¢) cos(d) sin(2¢) different types of torques in symmetric

Pt/NiFe Symmetric 0 8.35 uV (100 %) 0 and antisymmetric parts of Vmx voltage
> o i
Antisymmetric | 0 20.97 uV (100 %) 0 for Pt/NlFe_and STO(Ar*)/NiFe sam:
ples, respectively.
3.63 uV (16.79 %) | 17.45 uvV (80.71%) | 0.54 uV (2.50 %)
3.24 uv (36.49 %)

STO(Ar*) Symmetric
/NiFe Antisymmetric | 0.26 4V (2.93%) |5.38 uV (60.58 %)
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where the AX, AY, and A% are the weightage of sin(2¢)sin(¢),
sin(2¢))cos(¢), and sin(2¢) terms, respectively.

The weightage of different components of the angular dependent
symmetric and antisymmetric  voltage, obtained for the
STO(Ar")/NiFe at 5 GHz and estimated from fitting using Eqs. (6)
and (7), respectively, are shown in the table in Fig. 4(c). The symmetric
component exhibits 16.79% sin(2¢)sin(¢) dependence, 80.71% aris-
ing from sin(2¢)cos(¢p) dependence, with the remaining 2.50% aris-
ing from sin(2¢). Meanwhile, the antisymmetric component has
2.93%, 60.58%, and 36.49% contributions from sin(2¢)sin(¢),
sin(2¢)cos(¢), and sin(2¢) dependence, respectively. In
STO(Ar")/NiFe, both symmetric and antisymmetric spectra show a
significant presence of the sin(2¢)sin(¢) and sin(2¢)) components.
This is in sharp contrast to Pt/NiFe, where these components are
absent due to spin Hall effect (SHE) in bulk Pt, which may cause con-
ventional spin polarization.”” The notable difference in spectra sug-
gests the presence of strong unconventional spin-orbit coupling at the
interface of STO and NiFe.

In our samples, we found that the Oersted field is dominant
because amplitude A}, is large compared to its other counterparts,
such as AY, and S% as shown in table Fig. 4(c). So, in this case, we use
the value of A} as a measure of the current density in the conducting
surface of 2DEG; this allows us to quantify damping-like torque effi-
ciencies per unit current density as follows:” "’

ARTICLE pubs.aip.org/aip/apl

The effective magnetization 4nM.g is obtained from the Kittel fit, Eq.
(4). The thicknesses tapeg and tyire are 1.2 and 5 nm, respectively. The
components S%;, S¥,, and A%, and A}, are given in the table in

Fig. 4(c). The term é%ij does not contain the /1 +47;IM because

both A%; and A); are from the same antisymmetric component of the
voltage V aqm. Based on this, the estimated value of damping-like tor-
ques in different directions are as follows: %L’j = 0.033, %L_j =0.16,
and &, = 0.006.

To better understand the spin polarization dependence of sym-
metric and antisymmetric components of the ST-FMR signal, we per-
formed a simulation using MuMax’.”® The simulation employs the
Landau-Lifshitz-Gilbert equation that includes spin-orbit tor-

37,57-59

ques,

dm N _, dm
E:—ymxBeﬁ+amx—t
t)h
_IOR [ (7 )+ T x T] )
2etpy plg Ms

where m and §>eff are the normalized magnetization and the effective
magnetic field, respectively.

The parameters o, tpy, and poMs describe essential features of
the ferromagnetic layer, representing the Gilbert damping factor, thick-

X e 110 M tugiretad M ness, and saturation magnetization, which are crucial for understand-
fgL,j = % ° Sh — + H =, (8a) ing system behavior. The vectors (m x (@ x m)) and (7 x m)
FL e describe damping-like (tpy) and field-like (zp.) torques, respectively.
% SEL eloMstNiretadeg AT Mgt Additionally, the dimensionless parameters £p; and &g, represent the
oL = 1+ (8b) Y P p
DL, j A A Hyes efficiency of the J. in generating (tpr) and (g ), respectively.
AZ. el M.t t We utilized 5nm thick NiFe films with dimensions of
fng :%w, (8¢c) 80 x 20 um?, replicating the aspect ratio of our ST-FMR device.
AL L Simulation parameters are given in the table in Fig. 5(b). We
Parameter Value
A
Msat 755 % 103 —
m
Aex 13 x 10712 L
m
& 0.007 FIG. 5. In-plane angle-dependent ST-
] A FMR data obtained from micromagnetic
¢ 1x 101 — o
m2 simulation: In-plane angle-dependent \émix
. from ST-FMR simulation using MuMax” at
Polarization | (0.033,0.16,0.006) 5GHz. (a) Schematic showing the geome-
(C) 150 d try of the sample, direction of charge cur-
( ) 100 rent, spin current, and applied external
100 magnetic field. (b) Table showing the
= 5ot —~ 50F parameters used in ST-FMR simulation.
3 = (c) Symmetric component with in-plane
‘é 0 S 0 angle. (d) Antisymmetric component with
& £ in-plane angle.
> -S50R by
100} & > 307
-150} -100F
-180 -120 -60 0 60 120 180 -180 -120 -60 0 60 120 180
¢ (degree) ¢ (degree)
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conducted an ST-FMR simulation for the Pt/NiFe sample utilizing a
conventional spin polarization model with the spin polarization
(0, 1, 0) direction. Additionally, the p; and &gy are set to 1 and 0,
respectively (see the supplementary material S5). As in experiments, a
charge current density J. of 1 x 10 A/m? is applied in the x-direction,
which exerts a magnetic field (H,¢) torque on the magnetization vector
of NiFe. Additionally, the spin current generated from the J¢ due to the
SHE effect of Pt also exerts SOT on the magnetization vector of NiFe.
The H,s and generated spin current collectively drive the magnetization
precession. We get the Vi (o< m, ) by fitting the spatial averaged mag-
netization amplitude my(t) with my(t) = m,cos(2nft — ¢).”’ Where
my(t) is the instantaneous y component of the magnetization, m, is
the amplitude of the oscillation, and ¢ is the phase delay between mag-
netization and the rf current. We have observed that both symmetric
and antisymmetric components of Vi spectra (see the supplementary
material S5) exhibit a sin(2¢)cos(¢) dependence, as expected from
our experimental findings.

As for the STO(Ar™) /NiFe sample, we have simulated an uncon-
ventional spin polarization model. In this model, a current density J. of
1 x 10"*A/m? is applied in the x-direction as shown in Fig. 5(a). We
set the spin polarization vector to (0.033,0.16,0.006), as shown in the
table in Fig. 5(b) with the py and & set to 1 and 0.14, respectively.
The conducting 2DEG layer generates spin current from the charge
current. The simulation reveals that the symmetric part of Vi, has
additional terms sin(2¢)sin(¢) and sin(2¢), arising due to damping-
like torque in the x-direction and field-like torque in the z-direction as
shown in Fig. 5(c). Similarly, for the antisymmetric part, there are
additional terms sin(2¢)sin(¢) and sin(2¢), which arise from the
field-like torque in the x-direction and damping-like torque in the
z-direction, as shown in Fig. 5(d). This additional dependence indicates
that the presence of x and z components in spin polarization invites
additional torques, so the symmetric and antisymmetric components
of Vmix no longer shows the sin(2¢)cos(¢) dependence, as in the con-
ventional polarization case of Pt/NiFe. The I distribution is consis-
tent between the two simulations; thus, this pronounced effect can be
attributed to the anisotropic spin diffusion from STO(Ar™") to the fer-
romagnetic layer.

In summary, our study demonstrates the effectiveness of ion mill-
ing and defect engineering in tailoring the spintronic properties of
perovskite materials. The Ar" milling at the STO surface breaks oxygen
bonds, leading to the formation of a 2DEG and effectively transforming
the STO surface from an insulator to a metallic state. Milling effectively
bypasses the need for intermediate non-magnetic layers, addressing key
challenges such as spin current attenuation and diffusion. The charge
to spin conversion mediated through 2DEG results in unconventional
spin polarized current at the STO(Ar") /NiFe interface. Furthermore,
the angular-dependent analysis of the symmetric and antisymmetric
components of the rectification voltage in ST-FMR spectra reveal the
breaking of spin-orbit torque symmetries. The observation of uncon-
ventional spin current at the interface is further confirmed by the
micromagnetic simulations, employing uniform current distribution, in
both Pt/NiFe and STO(Ar*)/NiFe samples. These findings pave the
way for further exploration and development of oxide-based spin-
tronics for future spin-electronic and computing technologies.

See the supplementary material for details on device fabrication,
compositional mapping of the sample, Ar, ion milling parameters,

pubs.aip.org/aip/apl

ST-FMR measurements of Pt/NiFe samples. Furthermore, it includes
angle-dependent ST-FMR data for the STO/2DEG/NiFe sample at
7GHz RF frequency and simulation results for Pt/NiFe using
MuMax’.
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