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The spin Hall effect is considered a phenomenon in which a charge current is converted to a spin current due to
the spin-orbit coupling (SOC). Recently, large values of the spin Hall angle (SHA), as the conversion efficiency
between spin and charge currents, were observed in metal oxide structures in ferromagnetic/metal (FM/M)
oxide bilayers, although their underlying mechanisms are ambiguous. The present study aims to analytically
indicate that a mixed region of metal and oxide formed at the metal/oxide interface includes the surface oxide
charge, which allows for introducing an SOC term in the electron Hamiltonian. Based on the results, the SHA
increases by two orders of magnitude in a Cu/oxide thin film through the side jump and skew scattering
mechanisms, reaching that of heavy metals. In addition, a comprehensive model is provided for the influence
of oxidation on the SHA and spin-orbit torques (SOTs) in FM /M structures. We find that the magnitude of SOTs
is greatly dependent on (i) the surface oxidation condition, (ii) the current flow path, and (iii) the electronic
interface condition. The model represented in the present study is regarded as a promising model and prediction
mechanism which explains recent observations. The findings can be implemented in generating spin current

without any use of external magnetic fields and heavy metals in spintronic devices.

DOI: 10.1103/PhysRevB.99.094414

I. INTRODUCTION

The spin Hall effect (SHE) has been highly considered
one of the most attractive topics in spintronics because of
the generation and detection of spin current in nonmagnetic
metals and also the possibility to implement in the future
miniaturized spintronic architectures for which no magnetic
field is required. This effect was first predicted by Dyakonov
and Perel in 1971 [1], revived by Hirsch in 1999 [2], observed
optically in semiconductors and two-dimensional electron
gases [3,4], and probed electrically in metallic conductors [5].
In order to benefit from this effect, materials with a large spin
Hall angle (SHA), as the conversion efficiency between spin
and charge currents, are required to have the capability of
converting a longitudinal charge current to a transverse spin
current. Materials with intrinsically strong spin-orbit coupling
(SOC) represent large SHAs and are called heavy metals
(HMs), such as Pt, Ir, and Bi. However, it can impose a lim-
itation on selecting the materials for application in spintronic
devices such as spin-Hall oscillators [6], SHE transistors [7],
and spin photo-detectors [8]. On the other hand, light metals
are inappropriate for such spintronic devices due to their
weak SOC. Hence, a question raised here is how the SHE is
enhanced in metals, which has attracted a lot of attention in
spintronics.

Attempts have been made to circumvent this drawback in
light metals. For example, doping metals with a HM impurity
was found to be one of the solutions to achieve a large SHA
[9-14], and light metals surface roughness was reported to
control the SHA [15,16]. Another suggestion was to use the
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interfacial Rashba spin-orbit coupling (IRSOC) as an alterna-
tive mechanism to generate a large SHA [17-19]. Recently, a
large number of experimental reports indicated that the SHA
can be enhanced through metal surface oxidation [20-29].
However, based on these experimental reports, the reason for
increasing the SHA through surface oxidation is not well un-
derstood, and further investigations are needed. Theoretically,
a giant spin Hall conductivity emerges in the presence of IR-
SOC when a normal metallic thin film is sandwiched by oxide
layers [17]. The result is inconsistent with the experimental
reports indicating that the SHE induced by surface oxidation
does not occur due to IRSOC [22,23,25,28]. As already
mentioned, uncovering the physical mechanisms which can
potentially predict the methods for increasing the SHA in the
metal is highly desirable. Furthermore, the SHE generated
experimentally in the interface between oxide and different
materials lacks a theoretical framework or clear underlying
mechanism.

In this paper, a different source of SHE is proposed based
on scattering the electrons from the surface oxide charges
which are present as inhomogeneous (INHO) surface oxi-
dation within the metal thin films and predict a significant
increase in the SHA. In addition, a mixed region of a metal and
oxide layer, which is formed at the metal/oxide interface and
is contained by surface oxide charges, is presented as the main
reason for increasing the SHA in metals exposed to oxygen.
Obviously, such surface charges can be present adjacent to
any metal/dielectric interfaces, such as nitrate and sulfide, and
the metal oxidation used in the present study can easily be
accessed in experiments. In fact, the present study focuses on
the naturally or inhomogeneously oxidized Cu thin film when
side jump and skew scattering contributions are available. The
results indicate that SHA can be enhanced by two orders of
magnitude through the INHO surface oxidation compared to
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FIG. 1. (a) A schematic illustration of a HO metal oxide layer (M/Oy; left) and the confining potential U [Eq. (1)] along the confinement
direction (i.e., z axis; right). The location of surface oxide charges is shown by dashed red arrows. (b) A schematic illustration of an INHO
metal oxide layer (M/O;/Oy) which includes the mixed region (M + O) containing the surface oxide charges.

that of HM bulk. Further, the dependence of film thickness on
the SHA induced by the surface oxide charges is evaluated.
The results indicate that its behavior is opposite to the bulk
spin-orbit materials. This unique characteristic will make it
possible to distinguish the surface oxidation origin of the SHE
in future experiments. The main application of the SHE is a
torque exertion on neighboring magnetic moments for, e.g.,
spin-orbit torque (SOT) for magnetization reversal. Here, a
comprehensive model is provided for the effect of oxidation
on the SHE and SOT in ferromagnetic/metal (FM/M) oxide
structures.

The rest of this paper is organized as follows. Homoge-
neous (HO) and INHO metal surface oxidations are described
in Sec. II. We present a theoretical description for a metal
oxide thin film in Sec. Il and obtain the spin Hall conductivity
in Sec. IV. Finally, the results, discussions, and conclusions
are presented in Sec. V.

II. HOMOGENEOUS AND
INHOMOGENEOUS OXIDATIONS

A homogeneous metal oxide layer (M/Oy) is produced
when the metal is completely oxidized in the presence of
oxygen. The mechanisms of oxide growth are based on how
the electrons and ions accelerate and move outward toward
the oxide/oxygen interface [22,30-32]. By moving electrons
and ions from the metal/oxide to oxide/oxygen interface,
the surface (interface) oxide charges with charge density p
are produced adjacent to the M/Oy interface [Fig. 1(a)]. Such
surface oxide charges are popular and have been generated in
the semiconductors/oxide interface [32-36].

An inhomogeneous metal oxide layer is produced when the
M/Oy is exposed to excess oxygen like in a longer oxidation
or natural oxidation process [22,30], which finally forms a
different metal oxide phase adjacent to the oxide/oxygen
interface (M/Oy;/Oy). Thus, as illustrated in Fig. 1(b), the
potential barrier between the metal and the initial oxide phase
is reduced, leading to the creation of a mixed region of metal
and metal oxide. Based on the oxidation conditions, the mixed
region including surface oxide charges can be established
between the metal and initial oxide or between the metal
and new metal oxide phase [30]. As an example, when a Cu
thin film is exposed to oxygen, a Cu native oxide layer (HO
metal oxide layer) is formed immediately after exposure as

described by the following reaction: 4Cu™* + 0, — 2Cu,0.
Under excess oxygen loading of Cu/Cu,0, Cu electrons and
ions move from the metal/oxide to oxide/oxygen interface
and interact with oxygen atoms, leading to the creation of a
CuO layer which can be described by the following reaction:
2Cu,0 + Oy — 4CuO. Accordingly, a mixed region of metal
and oxide is formed adjacent to the metal/oxide interface
since the potential barrier is reduced and Cu electrons and
ions moved from the metal/oxide interface. Hence, the excess
oxidation process (or natural oxidation process) creates an
INHO or duplex-type oxidized structure and forms a mixed
region in Cu thin film as Cu/Cu,O/CuO [22,30].

III. MODEL

We first consider a HO metal oxide M/Oy layer structure
[Fig. 1(a)]. A film with dimensions A X (#); + to) is confined
in the z direction and extended in the r = (x, y) direction,
where A represents the area of the film and 7y, (#p) indicates
the thickness of the M (O) film. The surface oxide charges
are located adjacent to the M/Oy interface. In fact, the M/Oy
interface is in the r plane at z = 0. The Hamiltonian for this
system is given by

e
H=—+Uc+u+ uy. (1)
2m

The first term is the kinetic energy with electron mass
m and momentum operator p. Uc =U_O(—z —ty) +
Up + U;B(z —tp) indicates the confining potential of the
metal film between vacuum and O [34], with Up ~
U[®(2) — ©(z —tp)]l, where Uy(U;,U-) represents the
height of the potential barrier at z = 0 (z = tp, —f)y) and O(z)
is considered the Heaviside step function. In addition, u =
—ed is the surface oxide charge potential, where ¢ represents
the electrostatic potential and e is regarded as the electron
charge, i.e., V2¢ = p/€, with € = k¢, where €y and k are
the vacuum permittivity and dielectric constant, respectively
[33-36] (refer to Refs. [34,35] for more information about ¢).
The last term in Eq. (1) is the spin-orbit interaction potential
due to the surface oxide charges, us, = n6 - [Vu x (ip/h)],
where 7 is the SOC parameter, 6 = (oy, 0y, 0;) indicates the
Pauli spin operator, and 7 is the reduced Planck constant,
i.e., when an electron with velocity p/m passes through the
metal/oxide interface in the presence of an electric field
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generated by surface charges (Vu), which feels an effective
magnetic field leading to the SOC.

In the present study, u and ug, are considered perturbations
to Hy = (p*/2m) + Uc, and for simplicity, Uy > Er, where
Er represents the Fermi energy and takes the limit Uy — oo.
Now, we consider the INHO case is generated; therefore, the
potential barrier is reduced [Fig. 1(b)]. Thus, the electrons
can penetrate the mixed region with a depth r = /A% /2U,,
and accordingly, the effective thickness becomes ¢, = 1)y + 1.
Further, the eigenenergies and eigenstates related to Hy are
obtained for spins with s = £(4]), in-plane wave vector k,
and a transverse channel index n,

E h2k2+E+tuox - k\
ns = 5 n S ) Ens
k 2m tuUo 7 e
12 . .
|kns) = o sin[k,(z + t)] exp(ik - r)|s), 2)

where u,x indicates the magnitude of scattering the electrons
from surface oxide charges, E, = hzkrzl /2m, Q = At, repre-
sents the film volume, k, = nr /t., and |s) are considered the
eigenspin states with &|s) = sls).

The two last terms in Eq. (1) can lead to a transition be-
tween the unperturbed eigenstates. The transition probability
is provided by Fermi’s golden rule,

P(lkns) — |K'n's")) = == (|Tows kns| ) ave

h
XS(Ek’n’s’ - Ekns)’ (3)

where Tiys ins = (K'n's'|T |kns) indicates the scattering ma-
trix element and invokes the scattering potentials u, us, and
(-+ - )ue denotes the average over the surface oxide charge
positions. Based on the Born approximation, the 7 matrix
element is found up to second order as follows:

k'n", kn

Tows ons = | 4, + Z Ui Wiry
n's' kns — N
k! s — Eprrsr + i

et
X 85 + inogsuly, (K x k), €

where

et % 2 _—
p . 5 exp(ig - r})
j=1
x sinlk, (z; + t)] sin[k,(z; + 1)], 5)

uft, = (k'n'|ulkn) = <

where A represents an infinitesimal positive constant, § indi-
cates the Kronecker delta, oy, = (s'|6s), g = k — k/, and Ny
is the number of surface oxide charges.

After averaging over surface oxide charge positions, the
scattering probability indicated symmetric and asymmetric
contributions. Then, the charge and spin relaxation time is
found due to surface oxide charges by using the symmetric
part of the probability,

L= Y Pnllkns) — n's)(1 — R )

Thn k'n's'

1 2(nk2)’
00 <1 T3 ) ©

where

2
1 272 nox 31, (e + 3) <e2t neff) o

() T ne 4Ep Dkpe

h ne 4Ep X

where kr represents the Fermi momentum, ngx = Noy/S2
indicates the concentration of surface oxide charges, n. =
[x], x = kpt./m, and [- - - ] denotes the integer part of a num-
ber. Further, we define negt = nyt Er /ty Uy, with ng = k% /372,
where neg represents the concentration of electrons which can
be penetrated to the mixed region and scattered from surface
oxide charges.

IV. SPIN HALL CONDUCTIVITY

The spin Hall conductivity osy is proportional to the sum
of the side jump 4. and skew scattering ogey contributions
according to osg = (Usige + Uskew )On [37], where oy is the in-
plane conductivity. By using the Boltzmann equation, the in-
plane longitudinal charge current in the presence of the elec-
tric field Eé, where ¢ is a unit vector along the electric field,
can be obtained with J = oyE = (2¢/Q2) Y, ., (ik/m)gns.
Here, gins = —eto(t)(fik/m)8(Epns — Er)E@ - k describes the
out-of-equilibrium distribution function. Then

300 e T0(t) [1 - S(m}

oy = ——
2 X T ncXZ

®)

where oy = nge?ty/m represents the bulk conductivity in the
Drude model and S(n.) = Y ", n* [38].

Regarding the asymmetric part of the scattering probability
Pasym(lkns) — |k'n’s’)) in Eq. (3), a term producing transverse
scattering at the Fermi level is obtained as follows [39]:

D Puym(lkns) — [K'n's'))guws
Pt

= esagenEe - (k x 2), )

where Z indicates the polarization vector. The cross terms
between the symmetric and asymmetric parts of the 7 matrix
contribute only to Eq. (9), and accordingly, ¢skew becomes
nk
——loxMe, 10)
F

Uskew =

where uox = et negr /kre.
Regarding the side jump contribution, we need to consider
only the following expression for the anomalous velocity

oy(k, n, ) [39,40]:
= -7 Z 6(Ek/n’s’

k'n's'

+
X Im(n{’n’x’,kns) Vk’Tk’n’s/,km- (1 1)

Qg (k, n, S) - Ekns)

By using Egs. (4) and (11), oy(k, n,s) = (xsidesl} X Z is ob-

tained, where
hnk>
P (12)
2EFTo(1)

By using Eqgs. (8), (10), and (12) and averaging over the

surface oxide charge distribution, the spin Hall conductivity

attributed to skew scattering (aSkeW = Agewon ) and the side
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FIG. 2. Spin Hall resistivity psy = os/02 as a function of resistivity p = 1/oy for the side jump (left) and skew scattering (right) for
ty = 10nm, t = 2nm, §j = nkz = 0.5, kr = 1.36 x 10'°/m, Ex = 7eV, x = 5, and n, = 10*! cm 3.

jump (0§4® = gg.0n) is found as follows:
k2
oo = Ey oy, (13)
Er
1 2 3 s C S C
N EO PR 10
o2 x nex

The contribution of the side jump term in the conductivity is
independent of the surface oxide charges. On the contrary,
the conductivity due to the skew scattering relies on the
strength, sign, and distribution of the surface oxide charge.
The skew scattering contribution is dominant in the SHE
when the concentration of the surface oxide charges has a
narrow distribution with definite sign, while the potentials
are distributed with similar portions of positive and negative
contributions for the surface oxide charge and their average
value vanishes (u,x ~ 0), leading to the dominance of the side
jump contribution.

V. RESULTS AND DISCUSSION

The skew scattering (side jump) spin Hall resistivity
pikew (pddey  originating from the metal oxide structure, is
given by the skew scattering (side jump) conductivity equa-
tions (13) and (14) divided by 0. Figure 2 illustrates the plot
of pg'ﬁfw (pgi}dle) as a function of p with the slope of a power-law
fit, whichis 1 (2), i.e., pgllfw (pgﬁe) ~ p! (,02). In conventional
bulk SHE, the relation between the spin Hall resistivity and
the longitudinal resistivity is psy = ap + bp? [37], where the
linear and quadratic terms are due to skew scattering and side
jump mechanisms, respectively. On the other hand, the SHE in
the present model arises from a significant enhancement of the
SOC in the Cu layer through the INHO oxidation. Therefore,
it is concluded that the SHE induced by INHO oxidizing the
metal has the same behavior as the SHE related to the bulk of
the metal.

The SHA is proportional to osy divided by oy. It is as-
sumed that the surface oxide charges are randomly distributed
in the mixed region. Hence, the skew scattering term becomes
Zero, Ogew = 0 [16,37]. The effect of the thickness ¢ in the

mixed region of metal and metal/oxide on the SHA for Cu
film is plotted in the left panel of Fig. 3 for three different
values of the dielectric constant. Different dielectric constants
can be achieved through oxygen concentration or by using
other dielectric materials such as nitrates, sulfides, etc. The
SHA increases with increasing ¢ because the electrons can
penetrate farther and be scattered more from surface oxide
charges in the mixed region by increasing the thickness of
this region. In other words, the density of the effective carrier
increases by increasing the thickness of the mixed region,
i.e., nesr = nstEp /tyUp. Furthermore, by increasing ¢, a de-
crease occurs in the potential Uy in the M/Oy interface, or
t~ UO_I/ 2, leading to the penetration of more electrons into
the mixed region. The left panel of Fig. 3 displays the SHA
dependence on the electron concentration. In addition, the
electrical resistivity decreases by increasing the metal layer
thickness )y [41]. Thus, electrons prefer to pass through the
metal layer instead of penetrating to the mixed region. In other
words, a decrease occurs in the SHA, which can potentially be
examined through experiments to distinguish the source of the
SHE.

The right panel of Fig. 3 illustrates the dependence of the
dielectric constant « of the mixed region on the SHA for three
different thicknesses of the mixed region. For all cases, the
SHA decreases with increasing k because the surface oxide
charges and the generated electric field due to the surface
oxide charges decrease by increasing the dielectric constant.
Thus, the last term in Eq. (1), uy,, leads to a decrease in the
SHA. The right panel of Fig. 3 shows the SHA dependence
on the concentration of surface oxide charges. As illustrated,
the SHA is enhanced by over two orders of magnitude for the
Cu layer, which reaches the SHA in the bulk of HMs such as
Pt [SHA ~ 0O(0.1)]. This occurs by increasing the thickness
of the mixed region obtained by tuning the surface oxidation
concentration. Based on the experimental reports for natural
oxidation, the SHA increases by increasing the INHO surface
oxidation in metal thin films, which seems to be consistent
with the aforementioned arguments [20,22,23,25,28].

Now, we use the determined value of SHA in the SOT
applied to a FM layer in FM/M bilayer structures, where the
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FIG. 3. Left: The SHA (%) for a Cu film, ty; = 10nm, i = 0.5, kr = 1.36 x 10'°/m, and E = 7¢eV as a function of ¢ for three cases of
dielectric constants, n, = 10** cm™>, and n,, = 10" cm™>. The inset shows the SHA (%) dependence on the electron concentration 7, with
t = 3nm and ny, = 10'® cm™3. Right: The SHA (%) for a Cu film, t; = 10nm, 7j = 0.5, kr = 1.36 x 10'°/m, and E; = 7eV as a function
of dielectric constant for three cases of ¢, n, = 10?2 cm™>, and 1y, = 4 x 10'® cm™>. The inset demonstrates the SHA (%) dependence on the
surface oxide charge concentration 7o, with # = 3 nm and n, = 10?* cm™>.

M or FM layer is oxidized [20-23,25,28,29]. In such bilayers,
two mechanisms have been suggested as candidate sources
of SOTs, and they are (i) the Rashba-Eldestein effect (REE)
arising from electronic discontinuities at the interface(s) of
two distinct materials and (ii) the SHE results from the ef-
fect of an incident transverse spin current on the FM. Both
mechanisms can exert damplike (DL) SOT 7pp, and fieldlike
(FL) SOT tp. on the FM layer, characterized by DL SOT
and FL SOT efficiencies &pp. and &g, respectively. The SHE
is generally expected to exert a larger DL SOT than the FL
one, in contrast to the REE. Identifying the source of SOT
is an obstacle in such commonly used bilayers. Hence, a
comprehensive understanding of the influence of oxidation on
the SHA and &py () should be provided in a way that it can
be used to distinguish the SOT source.

We discuss four different structures that can be considered
for surface oxidation in FM/M bilayers (Fig. 4). In the first
two structures, the top layer [Figs. 4(a) and 4(b)] is oxidized,

(b) wzzzzzzzz2222222000077

(a)

Grz707707700700700770774

FM(O) M(O)
M FM
(c) d
M (d) FM
FM(O) M(O)

wzzzzzz Oxide

FIG. 4. A schematic illustration of different FM /M oxide bilayer
structures.

and in the second two, the bottom layer (and the interface) is
oxidized [Figs. 4(c) and 4(d)]. The magnitude and even the
sign of tpr, and 7y are greatly dependent on (i) the surface
oxidation condition, (ii) the current flow path, and (iii) the
electronic interface condition. For natural surface oxidation
(INHO), the resistivity of the oxidized layer in comparison to
its adjacent layer (in a bilayer) is in a way that the current
can pass through the mixed region [22] containing surface
oxide charges [Figs. 4(a) and 4(b)]. Hence, the SHE induced
by surface oxide charges is the source of SHA enhancement
(tprL > trL). If the oxidation of the surface is HO, the current
passes around the oxide region, and the interface conditions
of the two materials are such that they are electronically
discontinuous [Figs. 4(c) and 4(d)], then REE is the source
of the increase in SHA (tp;, < 7). In addition, if 7p;, & T¢g,
then it can be suggested that both mechanisms may play a
significant role in SOT increasing (Figs. 4(c) and 4(d); in a
way that the interfaces are naturally oxidized, i.e., the INHO
case [23]).

Now, we consider the most important experimental reports
up to now and try to resolve all the issues brought up in
them. Qiu et al. observed that tp;, increases as a result of
surface oxidation in Pt/CoFeB(O) (where CoFeB is the top
layer [Fig. 4(a)] and is naturally oxidized) [20]. They found
that the sign of tp, changes with increasing surface oxida-
tion. They believed that by oxidation of CoFeB, a new SOT
source would be created without being aware of its theoretical
mechanism. Based on our findings, by passing a portion of
current through the mixed region, the SHE induced by surface
oxide charges occurs, and 7pp, > tg. The SHA increases with
surface oxidation (mixed region) thickness 7, while a small
change in the thickness of CoFeB has a negligible effect on
the SHA and 7p, all consistent with the reported experiment
[20]. Furthermore, with increasing thickness of the CoFeB
layer, the resistance decreases; thus, a small amount of the
current passes through the mixed region, and hence, tpp de-
creases. The sign change of DL SOT with increases in surface
oxidation could be caused by the change in the electric field
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direction [42] induced by surface oxide charges. In this case,
DL SOT induced by surface oxide charges can have a sign
opposite to DL SOT due to the bulk Pt, and the competition
between these two terms can change the sign of DL SOT.

Demasius et al. reported an increase in the SHA and mpp,
via surface oxidation [21]. In their W(O)/CoFeB, W is the
bottom layer [Fig. 4(d)], the oxidation of the surface is HO,
and no mixed region is present [Fig. 1(a)]. Based on the
electronic discontinuities at the interface [Fig. 4(d)], the REE
at the interface of W(QO)/CoFeB is the main source of the
enhancement of SHA and tpp. It was later pointed out that
due to the Berry phase effect, the tp, due to REE can be
comparable to the tp, induced by SHE [43,44]. Moreover,
significant changes and even a sign change in the FL. SOT in
oxidation interfaces were reported due to REE [24,26,29,45],
which can be attributed to the variation of the spin-dependent
disorder scattering [29].

An et al. investigated the effect of oxidation (both HO
and INHO) of Cu, once as the bottom layer [Fig. 4(d)] and
once as the top layer [Fig. 4(b)] in a Cu/NiFe bilayer [22].
In the first case, surface oxidation is HO, and Cu(O)/NiFe
has electronic discontinuities [Fig. 4(d)]. Hence, it is expected
that the REE is the source of the observed FL SOT. In the
second case, in the NiFe/Cu(O) structure shown in Fig. 4(b),
the Cu surface is oxidized once as INHO and once as HO.
An increase of the DL SOT was observed for INHO, whereas
no increase was seen in the HO case. Based on our findings,
it can be concluded that the SHE induced by surface oxide
charges is the source of the observed DL SOT. Our results are
in good agreement with those in Ref. [22], where the SHA
increases with surface oxidation (mixed region) thickness ¢
and &pg. is negligible in a thicker Cu. As already mentioned,
in the thicker Cu film, a small amount of the applied current
flows in the mixed region, and most of the charge current flows
in the nonoxidized Cu layer with the negligible SHE. Now,
we proceed to a quantitative discussion of SHA and SOT for
surface oxidation of Cu. The &p. obtained from spin torque

ferromagnetic resonance is related to SHA as &pp = Tinfsu
[46], where O < Tj¢ < 1 is the interfacial spin transparency
and Ogy is the SHA. We obtain, theoretically, sy ~ 0.1 with
the same values used in Ref. [22] (Fig. 3) and suppose that
Tine = 0.7; that is, 70% of the SHE-induced spin current is
absorbed in the FM layer [46]. Thus, DL SOT efficiency
becomes &pp, ~ 0.07, and this value is consistent with that
seen in Ref. [22].

In conclusion, the SHE generated due to metal surface
oxidation was predicted via establishing a mixed region of
metal and oxide adjacent to the metal/oxide interface. This
region including surface oxide charges can be experimentally
made by manipulating the surface oxidation. By tuning the
surface oxidation and manipulating the thickness in the mixed
region and the dielectric constant, the SHA can be enhanced
by over two orders of magnitude, reaching that of the bulk
value in HM. Further, both the side jump and skew scattering
mechanisms can contribute to SHE, depending on the distri-
bution of the surface oxide charges. By comparing the SHAs
determined due to the side jump and the skew scattering terms,
we can approximately find optimal conditions to achieve a
very large SHA. As an alternative approach, applying a gate
voltage to control the SHA is suggested since the dielectric
constant of the mixed region can affect the SHE significantly.
Finally, the gate voltage can be used to expedite the migration
of oxygen atoms [23,47] in such devices. Our achievements
address how details of the surface oxidation can adjust the
SHE in metals and also provide a comprehensive understand-
ing of the influence of oxidation on the SHA and SOTs in
FM/M oxide bilayers.
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