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Bulk and interface spin-orbit torques in Pt/Co/MgO thin film structures
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We investigate the origin of spin-orbit torques (SOTs) in archetypical Pt/Co/MgO thin films structures by
performing harmonic Hall measurements. The behavior of the dampinglike (DL) effective field (hDL ) with
varying the Pt layer thickness and the Co layer thickness indicates that bulk spin-Hall effect (SHE) in Pt is mainly
responsible for DL-SOT. The insertion of a Pd ultrathin layer at the Pt/Co interface leads to a step decrease in hDL,
attributed to the modification of interfacial spin transparency. Further increase in Pd thickness leads to a reduction
of the interfacial spin-orbit coupling (iSOC) quantified by the decrease in the surface magnetic anisotropy. The
consistent insensitivity of hDL to variations in iSOC at the bottom Pt/Co interface and oxidation at the top
Co/MgO interface provides additional evidence for the bulk SHE origin of DL-SOT. The strong reduction in
the fieldlike (FL) torque effective field (hFL ) with decreasing iSOC at the Pt/Co interface points to the interfacial
nature of FL-SOT, either due to iSOC-induced interfacial spin currents or to the Rashba-Edelstein effect at the
Pt/Co interface. Furthermore, we demonstrate that a FL-SOT develops at the top Co/MgO interface opposing the
one generated at the bottom Pt/Co interface, the strength of which increases with Co/MgO interfacial oxidation,
and is attributed to the Rashba-Edelstein effect.
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I. INTRODUCTION

The current-induced spin-orbit torques (SOTs) in heavy-
metal (HM)/ferromagnet (FM) heterostructures [1,2] have
garnered remarkable research interest for the development
of electrically controlled spintronic and spin-logic devices
[3–9]. Two types of mechanisms are generally considered
for the microscopic origin of SOTs: either bulk or interface
related. In one case, the spin-Hall effect (SHE) [10,11] due
to the spin-orbit coupling (SOC) in the bulk of the HM layer
produces a spin current propagating towards the HM/FM in-
terface. There, it is partially or totally absorbed by the FM
layer as torques on the magnetization. The other mechanism,
inverse spin galvanic effect or the Rashba-Edelstein effect
(REE), occurring at interfaces with broken-inversion sym-
metry, involves an in-plane charge current generating a spin
accumulation via interface spin-orbit coupling (iSOC), ulti-
mately exerting torques on the magnetization of the FM layer
through exchange coupling [12]. Recently, other interfacial
mechanisms based on iSOC were proposed to generate SOTs
at the HM/FM interfaces [13–15]. Both the bulk and interfa-
cial mechanisms are expected to produce two types of torques
on the magnetization with different symmetries: dampinglike
(DL) and fieldlike (FL) [11,16–19].

From an applications perspective, it is of major impor-
tance to disentangle the origin of SOTs for a particular
HM/FM structure to facilitate their optimization. Given that
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both bulk and interface mechanisms can coexist within the
same samples, unraveling the exact nature of the SOTs is not
a straightforward experimental task. Varying the thickness of
the HM layer to test the SHE as a possible origin for SOTs
influences the electrical resistivity of the HM, which, in turn,
affects the generation of spin current via the SHE [20]. It could
also influence the strains in the HM/FM or even the interfacial
morphology, which would impact the SOTs [21]. On the other
hand, engineering the interfaces to modify the iSOC might
also modify the SOTs beyond the interface-related mecha-
nism. It could strongly affect the current distribution within
the stack or it could impact the spin memory loss (SML) at
the HM/FM interface and alter the SOTs generated by the bulk
SHE [22,23].

In this paper, we investigate the nature of the SOTs in
the archetypical Pt/Co/MgO thin films structure. In this type
of structure three possible mechanisms could produce both
DL and FL SOTs on the FM layer magnetization: (i) SHE
in Pt, (ii) REE and/or interfacial spin currents induced by
iSOC at the Pt/Co interface, and (iii) REE at the top Co/MgO
interface. Initially, we explore the dependence of the DL-
SOT and FL-SOT on the Pt layer thickness, revealing that
SHE is the main source of DL-SOT [mechanism (i)]. Upon
varying the Co layer thickness, DL-SOT behaves as expected
for SHE, while FL-SOT deviates from the expected behavior,
suggesting the influence of the other interfacial mechanisms
beyond the SHE. Furthermore, we engineer the Pt/Co in-
terface by the insertion of an ultrathin Pd layer to tune the
iSOC. Interestingly, DL-SOT does not scale with iSOC, while
the FL-SOT strongly correlates with it, indicating that the
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REE-like interfacial mechanism (ii) is dominant for FL-SOT.
Last, by adjusting the oxidation level at the Pt/Co interface
through changes in the MgO layer thickness we find that
DL-SOT remains unaffected, whereas FL-SOT scales with the
Co/MgO surface magnetic anisotropy, which is a measure of
the interfacial charge transfer affecting the Rashba field at this
interface. These findings suggest that REE mechanism (iii)
does not impact the DL-SOT, even though it is instrumental
in generating the FL-SOT.

II. EXPERIMENT

All the samples studied here were grown at room tem-
perature on thermally oxidized silicon substrates using an
ultrahigh-vacuum system that integrates electron-beam evap-
oration and magnetron sputtering. The typical sample config-
uration is as follows: Si/SiO2//Ta (2)/Pt (tPt )/Co (tCo)/MgO
(2)/Ta (1.5), with the values in parentheses indicating the
thicknesses in nanometers. Additional samples were also
grown, and their structural details will be addressed later in the
text. The 2-nm-thick tantalum (Ta) seed layer was deposited
using direct current (dc) sputtering onto the substrate under
an argon pressure of 1 mTorr. Subsequently, the argon gas
was purged from the system, and the remaining structure was
deposited through electron-beam evaporation. Throughout the
deposition of metallic layers, the chamber pressure remained
within the 10−10-Torr range, whereas during the evaporation
of MgO, the pressure increased to around 10−8 Torr. To pro-
tect the structure from contamination due to exposure to the
atmosphere, a 1.5-nm-thick Ta capping layer was dc sputtered
on the substrate under an argon pressure of 1 mTorr. For
the fabrication of the active part of the samples we used
the electron-beam evaporation technique due to its ability
to generate well-defined interfaces compared to sputtering.
Moreover, the directional nature of the incoming atomic flux
allowed for the deposition of wedge-shaped layers using a
movable shutter placed in front of the substrate. The speci-
ficity of the wedge ensured the simultaneous deposition of
each series of samples, thereby eliminating material variations
that might arise in sequential deposition runs.

The saturation magnetization of the samples was measured
at room temperature using a vibrating sample magnetometer.
For magnetoelectric experiments, the samples were patterned
through conventional UV photolithography and argon-ion
milling techniques. A dual-photoresist process was employed
to create an undercut in the photoresist mask, reducing edge
roughness and redeposition during the milling process. Elec-
trical resistance measurements were performed using the
standard four-point technique, while the evaluation of SOTs
was carried out using the harmonic Hall voltage technique
[24–27].

III. RESULTS AND DISCUSSION

One of the experimental approaches used to investigate the
bulk and interfacial characteristics of SOTs involves study-
ing their dependence on the thickness of the heavy-metal
Pt layer (tPt). In principle, effects arising from the REE or
other interfacial interactions should remain independent of
tPt, whereas effects due to the bulk SHE would depend on

tPt, for thicknesses of the order of the spin-diffusion length.
Thus, the thickness dependence of the torques should provide
information about their physical origin. However, it is impor-
tant that the overall structure and morphology (crystallinity
of the layers, interfacial roughness, interdiffusion processes)
remain as much as possible unchanged upon modifying tPt.
This helps to minimize other factors influencing the SOTs.
To this end, we deposited a Si/SiO2//Ta (2)/Pt (1.5–5)/Co
(2)/MgO (2)/Ta (1.5) sample stack in which the Pt film was
grown as a wedge layer over 20 mm. A series of 50 × 10-µm
Hall crosses with increasing tPt were patterned on the sub-
strate along the wedge direction and diced for magnetoelectric
measurements. Figure 1(a) shows a schematic representation
of the SOT’s harmonic Hall voltage measurement geometry.
Since all the samples are in-plane magnetized, we used a
variant of the harmonic Hall method adapted for such sam-
ples by Avci et al. [28], which provides a straightforward
method of excluding the thermoelectric effects. The technique
involves injecting an alternating current (Iω = I sin ωt) into
the patterned stripe (along x̂) and measuring the first (Rω =
Vω/I) and the second (R2ω = V2ω/I) harmonic Hall resis-
tances (along ŷ), while rotating the magnetization in plane by
applying an external in-plane rotating magnetic field (H). The
Rω provides information about the planar Hall effect as [28]
Rω = RPHE sin 2ϕH , where RPHE is the planar Hall resistance
and ϕ is the azimuthal angle of the magnetization from the
current direction [Fig. 1(b)]. The samples have a relatively
weak in-plane uniaxial anisotropy; thus, the magnetization
follows the external applied magnetic field and the ϕ az-
imuthal angle of the magnetization practically duplicates the
ϕH azimuthal angle of the field. The second-harmonic Hall
resistance R2ω contains information about the SOT effective
fields and it is given by [28]

R2ω = 1

2

(
RAHE

hDL

H + Hk
+ R∇T

)
cos ϕ

+ RPHE(2cos3ϕH − cos ϕH )
hFL + hOe

H
,

where, respectively, RPHE and RAHE are the planar and anoma-
lous Hall resistances, hDL and hFL are the dampinglike and
fieldlike effective fields, Hk is the perpendicular anisotropy
field, R∇T is the second-harmonic Hall resistance due to ther-
moelectric effects, and hOe is the Oersted field produced by
the charge current passing through the HM layer. RAHE and
Hk are determined by applying an out-of-plane field and mea-
suring the transverse voltage (Vxy) which is then divided by
the electrical current (I) passing through the device to give the
transverse resistance Rxy = Vxy/I . The RAHE is calculated as
[Rxy(+Mz ) − Rxy(−Mz )]/2, where Rxy(+/ − Mz ) is the trans-
verse resistance for positive (negative) saturation. The inset of
Fig. 1(c) shows a representative AHE resistance measurement
where the RAHE and the μ0Hk are indicated. By fitting the
R2ω experimental data to the above equation, two contribu-
tions can be extracted: one which shows a cos ϕH dependence
and gives information about hDL, and another which shows
a 2cos3ϕH− cos ϕH dependence and gives information about
hFL [Fig. 1(b)]. The hDL and the R∇T are obtained from the
slope and the intercept of the linear fit of the cos ϕH contribu-
tion dependence on the inverse of the sum of the external and
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FIG. 1. (a) Schematic representation of the harmonic Hall magnetotransport measurement geometry. (b) First- and second-harmonic Hall
resistances, as a function of the azimuthal angle of the external in-plane magnetic field with the current direction, for the Pt (4.68)/Co
(2)/MgO (2) representative sample. The points are experimental data while the continuous lines are fits using the equations from the main
text. Dependence of the second-harmonic Hall resistance (c) cos ϕH contribution on 1/μ0(H + Hk ) and (d) 2cos3ϕH− cos ϕH contribution on
1/μ0H , used to extract the hDL and the hFL. The straight lines are linear fits to the data. The inset in (c) shows the transverse resistance as a
function of the perpendicular applied field, used to extract RAHE and μ0Hk .

anisotropy fields [Fig. 1(c)]. The sum hFL + hOe is determined
from the slope of the linear fit of the 2cos3ϕH − cos ϕH con-
tribution dependence on the inverse external field [Fig. 1(d)].
The Oersted field is calculated as hOe = μ0 jPttPt/2, where
jPt is the charge-current density through the Pt layer, and
it is subtracted from the hFL + hOe sum to obtain hFL. The
jPt was calculated by assuming a parallel resistor model and
by subtracting the contribution to the total resistance of the
Ta (2)/Co (2)/MgO (2)/Ta (1.5) stack, measured on a sample
deposited on the same run (see Supplemental Material [29]).

Figure 2 shows the dampinglike (hDL/ jPt, hDL/E ) and
fieldlike (hFL/ jPt, hFL/E ) effective fields normalized by ei-
ther the charge-current density through the Pt layer or by the
applied electric field (E = ρPt jPt). Irrespective of the normal-
ization procedure, the effective fields show an increase with
increasing tPt, with a tendency for saturation at larger tPt. Both
the values and the behavior are in agreement with literature
[20]. Moreover, this type of effective fields’ HM thickness
dependence is a recurring feature in various systems that rely
on different HM layers [30–34]. Our findings are consistent
with first-principles calculations based on the drift-diffusion
formalism of the SHE. These calculations suggest that both
dampinglike and fieldlike torques should exhibit a similar
dependence on the thickness of the heavy-metal layer and
that the dampinglike torque should be significantly larger

than the fieldlike torque given their direct proportionality
to the real and imaginary parts of the spin-mixing conduc-
tance [16]. Thus, our results seem to indicate that the SHE
is the main source of the spin current responsible for the
two types of torques. Nonetheless, caution should be exer-
cised in drawing a conclusive statement. REE-like interfacial
mechanisms generating the torques might be dominated by
the SHE for relatively large HM thicknesses. Therefore, even
smaller thicknesses of the HM layer should be probed to
evidence interfacial effects [16,17]. However, further reducing
the thickness of the HM layer may bring additional com-
plications. The resistivity of the Pt layer increases strongly
with decreasing thickness [29], which affects the spin-current
generation via SHE [20] and also the charge-current dis-
tribution within the stack. Also, first-principles calculations
showed that the strains, which are expected to increase with
decreasing the HM thickness, have a strong impact on both
dampinglike and fieldlike torques [35]. Moreover, reducing
the thickness could influence the HM/FM interfacial mor-
phology affecting the spin-current transmission across the
interface or interfacial spin-current generation.

Further, one can examine the torques’ dependence on the
thickness of the ferromagnetic layer (tCo). If the bulk SHE
within the Pt layer is the source of the torques, and as a result,
the source of the torques lies outside the Co layer, one would
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FIG. 2. Dampinglike (hDL) and fieldlike (hFL) effective fields normalized by the (a) charge-current density through the Pt layer ( jPt) and by
(b) the applied electric field (E = ρPt jPt), as a function of the Pt layer thickness (tPt).

expect the effective fields to be inversely proportional to the
thickness of the Co layer (∝ 1/tCo) [16]. To study this, we
fabricated a series of samples with the structure Si/SiO2//Ta
(2)/Pt (5)/Co (1.4–4)/MgO (2)/Ta (1.5), maintaining a con-
stant Pt layer thickness while varying the Co layer thickness in
a wedgelike manner. Figure 3 shows the hDL/ jPt and hFL/ jPt

as a function of the inverse Co layer thickness (1/tCo). From
Fig. 3(a) one can observe that hDL/ jPt decreases linearly with
1/tCo, indicating that the bulk SHE is the main source of hDL.
As seen in Fig. 3(b), hFL/ jPt deviates from the linearity and
does not corelate with hDL/ jPt. This suggests the presence
of an additional interfacial mechanisms contributing to the
hFL. It is to be mentioned that a deviation from the perfect
1/tCo dependence is expected as long as the interfacial lay-
ers where spin-current generation or spin accumulation take
places have a finite thickness [12,36–38]. A similar behavior
is expected for the SHE-induced hFL when the thickness of
the ferromagnetic layer is below the spin decoherence length
[39]. However, this does not apply to our samples because the
thickness of the Co layer exceeds the spin decoherence length
for Co, which is approximately 1.2 nm [40]. We can also rule
out the effect of strains in the Co layer, at least for thicknesses
larger than 1.5 nm. Magnetic anisotropy measurements [29],

which are highly sensitive to strains in Co [41], did not indi-
cate the presence of significant strains.

Interface effects influencing the SOTs could be associated
with either the Pt/Co or Co/MgO interfaces, or possibly both.
First, we will consider the bottom Pt/Co interface. REE or
other interfacial-related mechanisms generating torques rely
on the interfacial spin-orbit coupling [13,16]; thus, tuning the
iSOC could provide insight into the interfacial generation of
the SOTs. Our strategy to tune the iSOC is to insert an ultra-
thin Pd layer at the interface between Pt and Co. Hence, we
fabricated a series of samples with the structure Si/SiO2//Ta
(2)/Pt (5)/Pd (0–1.8)/Co (2)/MgO (2)/Ta (1.5), maintaining
Pt- and Co-layers’ thicknesses constant, while varying the
Pd layer thickness in a wedgelike manner. We selected Pd
as an interlayer for several reasons. Pt and Pd share similar
crystal structures, both belonging to the Fm-3m space group,
with closely matched lattice parameters (aPt = 0.392 nm and
aPd = 0.389 nm), which facilitates the high-quality layer-by-
layer growth of Pd on Pt. They also exhibit comparable bulk
electrical resistivities (ρPt = 106 n�m and ρPd = 105 n�m),
ensuring a uniform current flow in the Pt/Pd bilayer [29].
Moreover, Pd has a lower SOC than Pt and a relatively large
spin-diffusion length (λsd ∼ 8 nm) [21].

FIG. 3. (a) Dampinglike (hDL/ jPt) and (b) fieldlike (hFL/ jPt) effective fields normalized by the charge-current density through the Pt layer
( jPt) as a function of the inverse Co layer thickness (1/tCo). The line in (a) is a linear fit, while in (b) the line is drawn from the origin through
the first data point.
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FIG. 4. (a) Dampinglike (hDL/ jPt,Pd) and (b) fieldlike (hFL/ jPt,Pd) effective fields normalized by the charge-current density through the
Pt/Pd bilayer ( jPt,Pd) as a function of the thickness of the Pd layer. The measured transverse effective field (measured T) and the Oersted field,
extracted from the measured transverse effective field to determine the hFL, are also displayed. The dashed lines indicate the corresponding
effective field values for the samples without the interfacial Pd layer.

Figure 4(a) shows the dampinglike (hDL/ jPt,Pd) effective
field normalized by the charge-current density through the
Pt/Pd bilayer ( jPt,Pd) as a function of the thickness of the Pd
layer (tPd). The hDL/ jPt,Pd does not show a clear dependence
on tPd; it remains constant within the error bars for the entire
tPd range. It is noteworthy to observe that that the insertion
of the Pd layer leads to a decrease around 5% in hDL/ jPt,Pd

compared to the Pt/Co/MgO sample without the Pd insertion
layer. The fieldlike effective field (hFL/ jPt,Pd) normalized by
jPt,Pd is shown in Fig. 4(b) and displays a different behavior. It
exhibits a continuous decrease with tPd up to approximately a
1-nm thickness, after which it remains relatively constant. It is
also interesting to observe that hFL/ jPt,Pd changes sign for tPd

larger than approximately 0.8 nm. For clarity, in Fig. 4(b) the
measured transverse effective field and the Oe field, extracted
from the measured transverse effective field to determine the
hFL, are also displayed.

We recently showed that the insertion of an ultrathin Pd
layer at the Pt/Co interface can effectively screen the SOC of
Pt [42]. Moreover, it is well known that the surface magnetic
anisotropy (Ks) at the HM/Co interface is related to the iSOC-
enhanced interface orbital magnetic moments [43]. Hence, the
variation of iSOC with respect to tPd could be assessed by

measuring the dependence of Ks on tPd [29]. Figure 5 shows
the hDL/ jPt,Pd and hFL/ jPt,Pd as a function of Ks. Interestingly,
hDL/ jPt,Pd does not scale with Ks, while hFL/ jPt,Pd shows a
linear correlation with Ks.

We will start by examining the behavior of hDL/ jPt,Pd.
The reduction of hDL/ jPt,Pd with the insertion of the Pd
layer relative to the Pt/Co/MgO sample can be understood
by considering the various mechanisms involving SHE and
interface-generated spin currents, or a combination of both.
This decrease could be attributed to the SML at the inter-
face [22,44], which reduces the SHE-generated spin-current
transmission through the interface [45]. However, this effect
is unlikely as it involves the loss of spin information due to
spin-flip scattering, which should increase with iSOC [23]
and, therefore, with Ks. This is contrary to our observation
that the decrease is independent of Ks [Fig. 5(a)]. Another
possibility is that the Pd layer produces a spin current via SHE
opposing the one produced by the Pt layer. This is also not
likely having in view the large spin-diffusion length of Pd rela-
tive to tPd and the relatively low spin-Hall angle of Pd [21,34].
Another possibility is the generation of spin currents at the
Pd/Co interface producing a hDL opposing the one produced
via the bulk SHE in Pt. Theoretical calculations indicated that

FIG. 5. (a) Dampinglike (hDL/ jPt,Pd) and (b) fieldlike (hFL/ jPt,Pd) effective fields normalized by the charge-current density through the
Pt-Pd layer ( jPt,Pd) as a function of the surface magnetic anisotropy (Ks). The lines are linear fits to the data.
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spin currents could be generated by interfaces when iSOC is
present [17,46], or even at the interface between a low SOC
normal metal and ferromagnetic material [13]. Although we
cannot exclude this possibility, it is not likely to be the case
since one would expect a variation of hDL with iSOC, and
thus Ks. Another plausible mechanism, consistent with our
observations and independent of iSOC, is the modification of
the spin transparency at the Pt/Co interface by introducing the
Pd layer. This is an electronic effect concerning the transmis-
sion and reflection of electrons carrying angular momentum.
It is linked to the electronic band matching of the two metals
across the interface and is not associated with the loss of spin
polarization [47].

The behavior of hFL/ jPt,Pd is quite different. Besides the
similar initial reduction with the insertion of the thinnest Pd
layer, hFL/ jPt,Pd scales linearly with Ks and, thus, with iSOC.
This indicates that besides SHE there is another interfacial
mechanism responsible for hFL. The reduction of hFL by the
insertion of the Pd layer [Fig. 4(b)] and the linear corre-
lation Ks [Fig. 5(b)] indicates that the primary mechanism
responsible for generating hFL is of an interfacial nature. This
could be attributed to either REE-like mechanism [16,37,48]
or interfacial spin currents induced by iSOC [13,17], which
result in a net interfacial spin accumulation responsible for
hFL. One might argue that the insertion of the Pd layer di-
minishes the proximity-induced magnetization (PIM) in Pt,
providing a potential mechanism for altering hFL through the
dephasing of the spin accumulation by the PIM exchange
field, as an alternative to the variation of the iSOC. However, it
was shown that PIM in Pd/Co is only marginally lower than in
Pt/Co [49]. Furthermore, the decrease of the PIM is expected
to increase hFL and not diminish it [50].

As we will demonstrate in the following sections, the
observed sign change of hFL/ jPt,Pd for tPd larger than about
0.8 nm can be attributed to the emergence of a FL-SOT at
the top Co/MgO interface, which possesses an opposite sign
compared to the one at the bottom Pt/Co interface. The reason
hFL/ jPt,Pd remains constant with further increase of tPd is be-
cause roughly 1 nm of Pd is sufficient to screen the SOC of Pt
[42]. Further increasing the Pd layer thickness will not further
reduce the iSOC. It will remain constant and associated with
the iSOC of the Pd/Co interface, which, although smaller than
the one related to the Pt/Co interface, is not negligible.

To summarize, our data indicate that hDL is primarily gen-
erated via the bulk SHE from Pt, and the decrease in hDL

following the insertion of the Pd layer can be attributed to the
variation of the interfacial spin transparency. At the same time,
besides SHE, the results suggests that the primary mechanism
responsible for hFL is of interfacial nature related either to
iSOC-induced interfacial spin currents or to REE at the Pt/Co
interface. Since the current flow through the Pt/Pd bilayer
is uniform [29], the linear relationship between hFL and Ks

will hold, even when hFL is normalized by the charge-current
density through the Pd interlayer (hFL/ jPd). This supports our
observation that the primary mechanism responsible for hFL is
of interfacial nature.

Up to this point, we focused on examining the impact of
the bottom Pt/Co interface on the SOTs. However, it is also
reasonable to consider that the top Co/MgO interface may
play a significant role in SOT generation. For this purpose,

we deposited a series of Si/SiO2//Ta (2)/Pt (5)/Co (2)/MgO
(0–3.6)/Pt (5) samples, where the MgO was grown as a wedge
layer with thicknesses ranging up to 3.6 nm. The Ta (1.5)
capping layer was replaced with a Pt (5) film for two main
reasons. It will allow us to study the impact on SOTs upon
continuously separating the Co/Pt interface. Also, when the
MgO layer is sufficiently thick, the top Pt layer is expected
to generate only an Oersted field countering the one produced
by the bottom Pt layer, thus making the determination of hFL

more reliable [29].
Figure 6(a) shows the electrical resistance (Rxx) of the

stacks as a function of the MgO layer thickness (tMgO). Ini-
tially, there is a relatively strong increase in Rxx with tMgO.
This increase is most likely attributed to the discontinuity of
the MgO layer within this thickness range, which increases
interface scatterings and subsequently leads to a higher Rxx.
As tMgO increases, the layer becomes continuous and Rxx

starts to drop. Interestingly, above a MgO layer thickness
corresponding to 3–4 atomic planes, the Rxx falls below that
of the sample with no MgO layer. In the case of the Pt/Co/Pt
sample, it is probable that there is some degree of intermixing
at the Co/Pt interface, leading to increased interface scatter-
ings. The introduction of the MgO layer serves to prevent
this intermixing, resulting in a decrease in Rxx. However, for
larger MgO thicknesses, the Rxx exhibits a slight increase of
approximately 2%, which we attribute to a minor oxidation
of the Co layer with increasing MgO layer thickness. This
small variation of Rxx for tMgO above 0.6–0.7 nm ensures that
the current distribution remains relatively unchanged upon
increasing tMgO up to 3.6 nm. The behavior of the RAHE as a
function of tMgO, shown in the inset of Fig. 6(a), is consistent
with that of Rxx. It initially decreases, after which it remains
relatively independent of tMgO. With the insertion of the MgO
layer, the Co/Pt interface contribution to AHE is eliminated,
resulting in the initial decrease of RAHE with tMgO.

Figure 6(b) shows the saturation magnetization (Ms) and
the surface magnetic anisotropy (Ks) as a function of tMgO.
The Ms shows a slight linear decrease with increasing tMgO.
This implies a soft oxidation of the Co layer as more oxygen
becomes available for larger tMgO. It corresponds to an oxida-
tion of about 0.11 nm of Co for the largest tMgO. This is also
reflected in the evolution of the surface magnetic anisotropy,
which shows a strong decrease with the thickness of the MgO
layer. It is well known that the surface magnetic anisotropy at
the Co/MgO interface is related to the hybridization between
O p and Co dz2 orbitals, and that it decreases strongly in the
case of suboptimal (over- or under) oxidation of the Co layer
[51–53].

Figure 7(a) shows the hDL/ jPt and hFL/ jPt as a function of
tMgO. The two effective fields hDL and hFL were normalized
by the charge-current density through the bottom Pt layer and
were corrected by a factor that accounts for the slight decrease
in Ms with tMgO, considering that the effective fields should
scale inversely with the magnetic volume. Concerning hDL, it
starts from a negligibly small value, shows an abrupt increase,
and then remains relatively constant as a function of tMgO. This
behavior can be understood by considering SHE in Pt as the
main source of hDL. In the case of the symmetric Pt/Co/Pt
structure, the effects of SHE generated by the spin currents
from the top and bottom Pt layers cancel each other out,
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FIG. 6. (a) Longitudinal electrical resistance (Rxx), the anomalous Hall resistance (RAHE), (b) saturation magnetization (Ms), and surface
magnetic anisotropy (Ks) as a function of the MgO layer thickness (tMgO). The straight line is a linear fit of the Ms vs tMgO.

rendering hDL negligibly small. However, as tMgO is increased
and the MgO layer becomes continuous, the spin current from
the top Pt layer is blocked, and hDL is determined solely by the
spin current from the bottom Pt layer, which does not depend
on the MgO layer thickness. Thus, hDL remains independent
of tMgO for values larger that 0.6–0.7 nm.

The behavior of hFL is quite different. Unlike hDL, in the
case of the symmetric Pt/Co/Pt structure, the hFL is not neg-
ligibly small. Moreover, after the first increase, hFL decreases
with tMgO, rather than remaining constant as hDL. This indi-
cates the existence of an additional mechanism at the Co/MgO
interface influencing the FL-SOT.

The reduction of PIM in the top Pt layer with increasing
tMgO could, in principle, affect hFL. Nonetheless, even if this
is the case, for the MgO layer thicknesses larger than 0.6–
0.7 nm, for which the MgO layer is continuous, one would
expect the PIM in Pt to become negligible, since ultrathin
interlayers are known to extinguish the PIM at the Pt/Co inter-
face [49]. Because hFL is decreasing even above this thickness,
the observed reduction cannot be attributed to a decrease of
PIM.

Oxygen migration towards the bottom Pt/Co interface
could also affect the FL-SOT. To exclude this possibility,
we performed additional measurements of the interfacial
Dzyaloshinskii-Moriya interaction (iDMI) using Brillouin
light-scattering spectroscopy [29]. iDMI is an interfacial in-
teraction which is mainly given by the Pt/Co interface in

Pt/Co/MgO structures [54]. In case of oxygen migration to-
wards the bottom Pt/Co, one would expect the DMI to be
affected since the interaction is extremely sensitive to interfa-
cial details [42]. Figure 7(a) shows the effective iDMI constant
(Deff ) alongside hDL/ jPt, as a function of tMgO. Except for
the symmetric Pt/Co/Pt structure with tMgO = 0, the Deff and
hDL/ jPt follow the same trend and remain independent of tMgO

for thicknesses larger than 0.7 nm. This indicates that for tMgO

up to 0.7 nm the iDMI at the bottom Pt/Co interface and
top Co/MgO/Pt interface adds destructively and the iDMI at
the top Co/MgO/Pt interface decreases with increasing tMgO.
Furthermore, since for tMgO larger than 0.7 nm the Deff value
is in agreement with the one expected for the Pt/Co interface
[42,55], it follows that the iDMI at the top Co/MgO/Pt inter-
face becomes negligibly small and the iDMI at the bottom
Pt/Co interface is unaffected by increasing the MgO layer
thickness.

Interestingly, for the symmetric Pt/Co/Pt structure both
Deff and hFL/ jPt have non-negligible values. This can be
understood by considering that both iDMI and FL-SOT
are of interfacial nature and scale with iSOC. The bot-
tom Pt/Co surface anisotropy was estimated to be KPt/Co

s =
1.26 ± 0.05 mJ/m2 (see Fig. S4 from Ref. [29]) by consid-
ering that only this interface contributes to Ks. At the same
time, the surface anisotropy for the symmetric Pt/Co/Pt struc-
ture is KPt/Co/Pt

s = 2.1 ± 0.05 mJ/m2 [see Fig. 6(b)]. This
shows that the top Co/Pt interface contributes a maximum of

FIG. 7. (a) Dampinglike (hDL/ jPt,Pd) and fieldlike (hFL/ jPt) effective fields normalized by the charge-current density through the Pt layer
( jPt) as a function of the MgO layer thickness (tMgO). (b) The effective iDMI constant and hDL/ jPt, as a function of tMgO.
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FIG. 8. (a) Dampinglike (hDL/ jPt) and (b) fieldlike (hFL/ jPt) effective fields normalized by the charge-current density through the Pt layer
( jPt) as a function of surface magnetic anisotropy (Ks). The shaded areas correspond to MgO layer thickness lower than 0.72 nm. The lines are
linear fits of the points outside the shaded areas.

KCo/Pt
s = 0.84 ± 0.1 mJ/m2 to the total surface magnetic

anisotropy. The presence of larger interfacial anisotropy aris-
ing from the bottom Pt/Co interface than from the top Co/Pt
one is a known feature in Pt/Co/Pt structures [56,57]. Given
that the surface magnetic anisotropy at the Pt/Co and Co/Pt
interfaces scales with iSOC, it can be inferred that the iSOC
at the bottom Pt/Co interface is higher than at the top Co/Pt
interface. Consequently, one expects both iDMI and FL-SOT
to be higher at the bottom Pt/Co interface than at the top
Co/Pt interface. Therefore, although for the symmetric struc-
ture both iDMI and FL-SOT add destructively, they do not
cancel out since they have different magnitudes at the two
interfaces.

Our experimental observations indicate that the decrease
of hFL for tMgO larger than 0.7 nm is not related to the bot-
tom Pt/Co interface, but to the upper Co/MgO one. From
Fig. 8(a) one can see that hDL/ jPt does not scale with Ks,
which is expected considering that SHE in the bottom Pt
layer is responsible for DL-SOT. However, from Fig. 8(b) one
can observe that hFL/ jPt and Ks are well corelated, indicat-
ing that the same mechanism of interfacial oxidation affects
both quantities. First-principles calculations [53] show that
the presence of oxygen at the Co surface in Pt/Co structures
leads to a transfer of electrons from Co to oxygen and, conse-
quently, to a reduction of Ks, in line with our observations.
The decrease of Ms and Ks with increasing tMgO points to
the increased Co oxidation and, consequently, to Co to oxy-
gen charge transfer, as more oxygen becomes available with
increased tMgO. The Co/MgO interfacial charge transfer also
affects the Rashba field at this interface. This, in turn, will
affect the FL-SOT generated at the same interface, since they
are strongly corelated [16,48,58]. Our results clearly indi-
cate that for tMgO > 0.7 nm a FL-SOT develops at the top
Co/MgO interface via REE, whose strength increases with
tMgO and has a sign opposite the one generated by the SHE or
interfacial effects at bottom Pt/Co interface. We would also
like to point out that for tMgO > 0.7 nm, the Rxx exhibits only
a slight increase of approximately 2%. This small variation
ensures that the current distribution through the stack remains
relatively unchanged upon increasing tMgO from 0.6–0.7 nm
up to 3.6 nm. Thus, the variations of hFL shown in Figs. 7

and 8, will still hold even if we normalize the hFL by the cur-
rent density through the Co layer. This furthermore supports
our observation that the mechanism responsible for hFL at the
Co/MgO interface is the REE.

IV. CONCLUSIONS

In summary, we showed that in the case of the Pt/Co/MgO
structures both bulk and interface effects influence the SOTs.
We identified three mechanisms responsible for the SOTs
acting on the FM layer magnetization: (i) SHE in Pt, (ii) REE
and/or interfacial spin currents induced by iSOC at the Pt/Co
interface, and (iii) REE at the top Co/MgO interface. The
behavior of hDL with varying tPt and tCo indicates that bulk
SHE in Pt is mainly responsible for DL-SOT. The insertion
of a Pd ultrathin layer at the Pt/Co interface leads to a de-
crease in hDL, attributed to the variation of interfacial spin
transparency. Additionally, the consistent insensitivity of hDL

to variations in iSOC at the bottom Pt/Co interface and oxida-
tion at the Co/MgO interface provides further support for the
bulk SHE [mechanism (i)] as the primary source of DL-SOT.
Conversely, the behavior of hFL with varying tCo indicates that
besides SHE other interfacial mechanisms contribute to FL-
SOT. The significant decrease of hFL with decreasing iSOC
at the Pt/Co interface points to the dominant interfacial na-
ture of FL-SOT, driven by iSOC-induced interfacial-generated
spin currents or REE at the Pt/Co interface [mechanism (ii)].
Moreover, we show that an additional FL-SOT develops at the
top Co/MgO interface with opposite sign to the one generated
by the SHE or interfacial effects at bottom Pt/Co interface
and whose strength increases with Co/MgO interfacial oxida-
tion [mechanism (iii)]. Our experimental results elucidate the
origins of SOTs in Pt/Co/MgO structures, resolving ongoing
debates about their bulk versus interfacial origins.
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