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Giant interface spin-orbit torque in NiFe/Pt bilayers”
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The current-induced spin-orbit torque (SOT) plays a dominant role to manipulate the magnetization in a heavy metal/
ferromagnetic metal bilayer. We separate the contributions of interfacial and bulk spin-orbit coupling (SOC) to the effective
field of field-like SOT in a typical NiFe/Pt bilayer by planar Hall effect (PHE). The effective field from interfacial SOC
is directly measured at the transverse PHE configuration. Then, at the longitudinal configuration, the effective field from
bulk SOC is determined, which is much smaller than that from interfacial SOC. The giant interface SOT in NiFe/Pt bilayers
suggests that further analysis of interfacial effects on the current-induced manipulation of magnetization is necessary.
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1. Introduction

The current-induced manipulation of magnetization in
a ferromagnet is currently one of the most active areas in
spintronics. This control has been more efficiently realized
by the current-induced spin-orbit torques (SOTs)[!'=3! than
the conventional spin-transfer torques, [*> whereby the strong
spin-orbit coupling (SOC) of a heavy metal (HM) transfers
the carrier momentum directly to the local magnetization of
the ferromagnet (FM).[%8) Indeed, in an FM/HM bilayer or
an oxide/FM/HM heterostructure,!!~!7] the spin current pro-
duced by the spin-orbit effect applies a torque on the mag-
netization. This torque can excite or reverse the magneti-
zation direction, hence it is expected to be applied in the
magnetic memories, logic and data-storage devices.[6°! The
current-induced SOT has been observed in Pt/Co/AlO,, and
it was attributed to the Rashba SOC due to the structural in-
version symmetry breaking.['®) However, some researchers
argued that the torque in this film emerges from the spin
Hall effect (SHE) of the HM layer but not the Rashba ef-
fect at the interface.!'8! Since then, the complex nature of the
SOT in FM/HM multilayers has been demonstrated by many
observations.[%71519-22] Owing to both SHE and Rashba ef-
fects playing an important role and the very similar effects
of them on magnetization dynamics, it is still difficult to
clearly clarify the physical origin of the SOT in FM/HM mul-
tilayer. For example, the nonlocal effect of measurement in
the NiFe/Pt bilayer indicates that the effective field of SOT
does not rely on the FM/HM interface,!*®! but it still lack
enough proof to conclude the contribution of SHE from a
Pt layer dominates the mechanism of SOT in such a simple
FM/HM system. Moreover, an obvious interfacial SOT in the
Al,O3/NiFe/Ti heterostructure with a weak SOC of Ti layer
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was found.[??! These results suggest both interfacial and bulk
spin-orbit effects in typical NiFe/Pt systems. Indeed, besides
the bulk SOT from the Pt layer, the interfacial SOT was si-
multaneously observed in NiFe/Pt bilayer, ?*! which generates
from the Rashba SOC due to the structure inversion asymme-
try. However, researchers demonstrated that this interfacial
spin-orbit effect in NiFe/Pt bilayer arises from the interfacial
SHE at the NiFe/Pt interface.>>! Therefore, separating the in-
terfacial and bulk SOTs in an experiment becomes very cru-
cial, which will offer further insight into the mechanism of the
SOT for FM/HM multilayers.

In this paper, we develop the PHE measurement to sepa-
rate the two mechanisms in a typical NiFe/Pt bilayer deposited
on a Si0,/Si substrate. Using the PHE measurement at trans-
verse configuration, i.e., the current perpendicular the external
field (I.LH), the interfacial spin-orbit effective field ik is di-
rectly measured. The bulk spin-orbit effective field h}Z-L arising
from the SHE of a Pt layer is obtained by measuring the effec-
tive field at the longitudinal configuration of the PHE measure-
ment, i.e., the current parallel to the external field (7 || H), and
then subtracting the effective field measured at the transverse
PHE configuration. Our results demonstrate both interfacial
and bulk field-like SOTs in the NiFe/Pt bilayers. The interfa-
cial spin-orbit effective field arising from interfacial SOC be-
tween NiFe and the substrate, hiFL, is about 4 times larger than
h};L arising from bulk Pt.

2. Sample and experimental setup

NiFe(2.2)/Pt(d) bilayers with different Pt thicknesses
sputter-deposited on the SiO,/Si substrate were patterned into
a standard Hall bar with 1 mm width and 10 mm length by
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using the photolithography, and then performed in the PHE
measurement at room temperature. Notice that the numbers
in brackets are nominal thicknesses in nanometers. As shown
in Fig. 1(a), we define the longitudinal configuration of the
PHE measurement as the experimental setup with current par-
alleling to the external field (I || H), which is the conventional
PHE measurement.?! On the other hand, the PHE voltage is
also measured in a transverse configuration, where I is per-
pendicular to H (/LH) and flows along the y-axis, as shown
in Fig. 1(b). Next, we will obtain the in-plane effective fields
along the y or x axis in the longitudinal or transverse configu-
ration of the PHE measurement, hereafter named as h, or Ay,
respectively. Further details on preparation and measurement
of the samples can be found in Ref. [26].
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Fig. 1. Schematic diagrams of effective spin-orbit fields (a) in the lon-
gitudinal configuration (/ || H) and (b) in the transverse configuration
(I LH) of PHE measurements.

3. Simulations

Figure 2 shows the simulation results of the PHE mea-
surement for a NiFe/Pt bilayer with an in-plane magnetization.
For such a film, the contribution of the current induced out-of-
plane effective fields ApL to the transverse voltage V,, can be

23261 Hence, Vyy mainly composes of the PHE sig-

23,26]

neglected. !
nal and writes as!

1
Vi = VPHE = EAP sin @ni Cos Pu, (1)

where Ap is the anisotropic resistivity. At the transverse con-
figuration of PHE measurement as shown in Fig. 2(a), the in-
plane magnetization direction @y is determined by the compe-
tition of H, uniaxial anisotropy K, and /4, based on the Stoner—
Wohlfarth model.”?”-?8] In this geometry, the free energy is
written as

E = —MH cos (¢ — Om)
+ Kusin® (¢ — ¢u) — Myhy cos du, )

¢y and @y are the angles of easy axis and H apart from the
x-axis, respectively. Finally, we can obtain 4, by using the
equation of minimum free energy,

JE

+Hysin[2 (pp — @u)] 4+ 2k, singy =0,  (3)

where H, = 2K, /M is the anisotropic effective filed.

Notice that direction of the easy axis at the transverse
PHE configuration is perpendicular to the one at the longitudi-
nal configuration. Hence, the angle ¢, is different between
them. At the transverse configuration, we set ¢, = 60° in
the simulations. For convenience, we actually calculate the
resistance R,, curve, which is expressed as R, = V,, /I, but
not the voltage curve. R,, curves versus h, were simulated
with Egs. (1) and (3). The parameters of Mg = 760 emu/cm?,
K, =150 erg/cm3, oy =4°, Ap =0.37 Q /nm, and d = 3 nm
were used in the calculations. As shown in Fig. 2(b), the R,,
curve only induced by 4, moves along the x-axis, and the shift
increases with the increase of h,. As h, reverses its sign, the
Ry, curve moves to the opposite direction. This indicates that
the current-induced effective field &, can be extracted from the
shift of the resistance curve measured at the transverse PHE

configuration.
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Fig. 2. (a) The schematic of NiFe/Pt bilayer at the transverse configu-
ration of the PHE measurement. The additional field of &, presents the
effective field of the field-like SOT. (b) The field dependences of the re-
sistance R, with various h,. The parameters in the simulation are given
in text.

4. Results and discussion

Figure 3(a) shows the representative Ry,—H curve of
NiFe(2.2)/Pt(3) bilayer measured at the transverse configura-
tion (/LH) of the PHE measurement. One can found that,
under a quite small current / = 0.2 mA, the resistance curve
does not move along the x-axis. However, it shifts signifi-
cantly along the x-axis as the current increases to 15 mA, and
it moves to the opposite direction as the current reverses its
sign. According to the simulations in Fig. 2(b), the shift of the
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resistance curve is due to the effective field h,. The shift of
the resistance curve from +0.2 mA to +15 mA is —0.39 Oe
and the one is 40.4 Oe as the curve shifts from —0.2 mA to
—15 mA, which is in agreement well with the calculated one
by fitting the resistance curves with Egs. (1) and (3). As the fit-
ting shown in the inset of Fig. 3(a), we obtain i, = —0.39 Oe
or +0.41 Oe for I = +15 mA or —15 mA, respectively, by
using the above parameters and setting ¢, = 55°. Hence, we
obtain 4, = 0.395 Oe at I = 15 mA. The resistance curves un-
der other currents were also measured, and A, was then ex-
tracted and plotted in Fig. 3(b). Although both the field-like
and damping-like terms of SOT can be simultaneously pro-
duced in the in-plane magnetized FM/HM bilayer, only the
filed-like SOT is detected by using the PHE measurement. [>]
Notice that / flows along y and H is along x in the transverse
PHE configuration. The unit vector o arising from SHE of top
Pt layer is along x, which is parallel to the magnetization m,
hence the field-like SOT m x o = 0 (actually, the damping-
like SOT mx (o x m) = 0 is also canceled).?* This means
that the effective field of field-like SOT arising from the SHE is
ignorable. Hence, it seems that /4, consists only of the current-
induced Oersted field /o in the NiFe/Pt bilayer,[?3! which was
usually calculated by Ampere’s law by assuming all current
flowing through a Pt layer. It is surprising that, however, the
measured A, is far larger than the Oersted field, as shown in
Fig. 3(b). This indicates that an additional effective field ex-
ists and plays a dominant role.

In addition to the SHE of Pt layer, the contribution of the
interfacial Rashba SOC to field-like SOT should be considered
in NiFe/Pt bilayer,/?%! because the NiFe layer has two different
interface structures, which are SiO,/NiFe and NiFe/Pt. The
Rashba effect appears as an effective field, which lies in the
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plane and transverse to the current.?”! Therefore, for NiFe/Pt
bilayer, the field-like effective torque field i, should consists
of the bulk spin-orbit effective field hEL coming from the SHE
of Pt layer and the interfacial field hiFL arising from the inter-
facial SOC. More precisely, &, is the sum of hoe, hly , and A2
at the longitudinal PHE configuration as shown in Fig. 1(a),
while 4, is only equal to Age + hi;L at the transverse configura-
tion as shown in Fig. 1(b), respectively.

Notice that, for NiFe/Pt bilayers, &, has been obtained in
the longitudinal PHE configuration.*%! The current-dependent
hy of NiFe/Pt(3) bilayer was then added in Fig. 3(b) for com-
parison. Finally, we can obtain the exact bulk contribution of
the field-like SOT in NiFe/Pt(3) bilayer as 4%, = hy — hy, and
also the interfacial one as hi:L = h, — hoe. Both of them are
plotted in Fig. 3(c).

For another NiFe/Pt bilayers with various Pt thicknesses,
h, was also obtained at the transverse configuration of PHE
measurement. Then, both the effective fields 4% and hl; were
extracted by using the above processing method and plotted in
Figs. 4(a) and 4(b), respectively. It is surprising that in all
samples, /iy is far greater than /4% . One can found that both
hiFL and hEL exhibit linear dependence on the current, and de-
crease with increasing the thickness of Pt layer. Also, both of
them are proportional to the current density j, however, free
with Pt thickness, if we assume all the current flows through Pt
layer, as shown in Figs. 4(c) and 4(d), respectively. Hence, we
can obtain the interfacial and bulk field-like SOT coefficients
B = hiy /j and B° = Kb /j, respectively. They remain con-
stant within the experimental error. Apparently, for NiFe/Pt
bilayers, the interfacial contribution of field-like SOT is about
4 times larger than the bulk one.
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Fig. 3. The resistance and the effective field measured at the transverse PHE configuration (/ LH) for NiFe(2.2)/Pt(3) bilayer. (a) The repre-
sentative R,,—H curves under various currents. In the inset, the solid lines are the fitting curves by using the Stoner—Wohlfarth model. (b) The
current dependences of /, and the Oersted field hoe = I/2w, where w is the width of the Hall bar. The field /, was added here for comparison,
which has been obtained at the longitudinal configuration.!*S (c) The current-dependent hi:L and h?L. Here hi:L = hy — hoe and h}}L = hy — hy
are the interfacial and bulk contributions to the effective fields of current-induced field-like SOT, respectively.
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Fig. 4. Current dependences of (a) hi;L and (b) h};L
on the current density j. All the solid lines are guides for the eyes.

In addition to the bulk field-like SOT, our results also
demonstrate an interfacial field-like SOT in SiO,/NiFe/Pt,
which is similar like the finding in the Al,O3/NiFe/Ti.[??]
The interfacial field-like SOT arises through the Rashba ef-
fect at the interface, ??! while bulk field-like SOT comes from
the SHE of Pt layer.[>3] Moreover, by using the PHE mea-
surements at transverse configuration and longitudinal con-
figuration, both the interfacial and bulk field-like SOTs have
been separated in the NiFe/Pt bilayers. It is obvious that
the interfacial field-like SOT is much larger than the bulk
one. Our results therefore indicate that the interfacial Rashba
SOC, but not the bulk SHE, dominates the current induced
field-like SOT in the NiFe/Pt bilayer with asymmetric inter-
faces. This agrees with the previous results that, instead of
the bulk SHE, the interfacial Rashba effect dominates the cur-
rent induced SOT for FM/HM films with structure inversion
asymmetry.[%16301 As was reported, via oxidizing FM layer,
the interfacial SOC can be enhanced and was observed to be
several times stronger than the bulk SHE.[*!l Oxygen effect
diffusing from the SiO; substrate to the NiFe layer may also
occur in the sputter deposition, resulting in the enhancement
of the interfacial SOC, and it may be another origin of the gi-
ant interface SOT in the SiO,/NiFe/Pt structure. Moreover, the
possible mechanism of the giant interfacial field-like SOT in
NiFe/Pt bilayer may also be explained by spin-orbit precession
at the interface,??! where the polarized conduction electrons

0.5
L (c)
0.4
o 0.3}
Q
= 0ol
0.1 -+ NiFe/Pt(2)
-O-NiFe/Pt(3)
0 1 1 1 1 1 1 1
F(d) ~#—NiFe/Pt(5)
0.15F %
o 0.10} I % +
S %5 |
BN ﬂ{'v“ 2
l 43 ﬁi
ok 7
#3 ] T
_005 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7
J/10% A-m—2

for the samples with various Pt thicknesses. The linear dependence of (c) hiFL and (d) hl}%L

of NiFe layer are reflected from the NiFe/Pt interface and then
precesses about the Rashba effective field, and in turn exert a
spin torque on magnetization of NiFe layer.

5. Conclusions

The PHE method has been developed to study the origin
of the current-induced SOT in a typical NiFe/Pt bilayer de-
posited on the SiO,/Si substrate. It is demonstrated that both
interfacial and bulk field-like SOTs in the NiFe/Pt bilayers
exist. Using the PHE measurements at transverse configura-
tion (I LH) and longitudinal configuration (I || H), the interfa-
cial and bulk contributions to the field-like SOT are separated.
Then we can directly determine the spin-orbit effective field
arising from spin Hall effect of Pt layer. Moreover, the inter-
facial spin-orbit effective field arising from interfacial SOC is
also obtained, which is much greater than the bulk one. The
giant interface SOT in NiFe/Pt bilayers suggests that further
analysis of interfacial effects on the current-induced manipu-
lation of magnetization is necessary.
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