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Magnetic scattering and spin-orbit coupling induced magnetoresistance in nonmagnetic heavy
metal and magnetic insulator bilayer systems
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We report on the experimental study of the angular dependent magnetoresistance (MR) of heavy
metal/ferromagnetic insulator bilayer structures. Through altering the relative composition in heavy metal Pt;Ta; s
alloy, we continuously tune its spin Hall angle from positive, crossing zero, and to negative and study its impact
on the MR. Most notably, both spin Hall effect and MR disappear simultaneously in Pty3;,Tages (3 nm)/YIG
when the effective spin Hall angle vanishes, evidencing the essential role of spin-orbit coupling in heavy metal
for the MR. By introducing Fe impurities, we further identify that magnetic scattering is also essential to induce
the MR in Pt/Fe-doped SiO, at large magnetic field, where the MR ratio increases monotonically with doping

level.
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The phenomena of magnetoresistance (MR), the change of
electrical resistance of a material in response to an external
magnetic field, such as giant MR (GMR) [1,2], tunneling MR
(TMR) [3,4], and colossal MR (CMR) [5] have been major
discoveries in condensed matter physics. Equally impressive,
GMR, TMR, and anisotropic MR (AMR) [6] discovered much
earlier, have led to important technologies in nonvolatile
recording and magnetic sensing. All of the abovementioned
MRs occur with the electric current passing through fer-
romagnetic (FM) materials or nanostructures. Of those, the
simplest MR is the AMR in polycrystalline FM materials. It
possesses the characteristics of R = R) — ARsin’¢, where
R) and Rr are the longitudinal resistance (M||I) and the
transverse resistance Ry(M _LI), respectively, ¢ is the angle
between magnetization (M) and the electric current (), both
are in the film plane, and AR = R — Ry [7,8]. When the
magnetization is oriented in the out-of-plane direction by a
magnetic field, one measures the same resistance R; = Ry.
In AMR, most often AR > 0, namely, R, > R, ~ Rr.

Recently, an intriguing MR has been observed in the Pt/YIG
bilayer structure. Although electrons pass through only the
nonmagnetic Pt layer, its resistance unexpectedly reflects the
magnetization direction of the underlying but insulating YIG
substrate [9,10]. The MR behavior of Pt/YIG with an in-plane
field is identical to the well-known AMR, with R; > Ry
and a sin’¢ angular dependence. However, it exhibits a very
different behavior under an out-of-plane magnetic field. At
room temperature, R ~ R, > Ry, in sharp contrast to the
AMR with R|| > R| ~ Ry [11-14]. This is a new type MR
with characteristics that are clearly discernible from those
of all other known MRs. Phenomenally, it can be described
by R = R) — ARmi, where m,, is the y component of YIG
magnetization direction.

To explain this unique angular dependence, a theoretical
model termed the spin Hall MR (SMR) has been proposed
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[12,15]. In the SMR framework, the spin current (spin index
o) generated from the spin Hall effect (SHE) in Pt has different
reflection coefficients at the Pt-YIG interface, depending on
the relative orientation of spin index ¢ and YIG magnetization
M [16,17]. The reflected spin current in Pt, in turn, induces
an additional charge current via the inverse SHE (ISHE) [18].
Thus, changing the relative angle between M and o (along the
y direction) modulates the resistance and results in an angular
dependence with R ~ R; > Ry. The MR effect therefore
should saturate when the YIG magnetization is aligned by
a magnetic field. Experimentally, however, the value of AR
of Pt/YIG has been observed to increase with a magnetic
field unabated even after the saturation of the underlying
YIG [19,20]. Similar behavior has also been reported in the
Pd/YIG system [21]. This is in sharp contrast to the theoretical
prediction. By altering the Pt-YIG interface, crucial for pure
spin current, it was demonstrated that MR in Pt/YIG contains
two contributions and both give the same angular dependence
with R &~ R, > Rr at room temperature. The MR at low
field can be generally understood by the SMR model. The
physical mechanism of the MR at high field, however, remains
a popular debate. It was initially associated with the induced
moment in the Pt-YIG interface due to magnetic proximity
effect [9,10,19]. On the other hand, Vélez et al. attributed the
high field MR in Pt/YIG to the Hanle effect in Pt film, even
without the presence of magnetic material [20,22]. To reveal
the physical origin of this unique high field MR in PY/YIG
and similar systems, comprehensive experimental evidence is
highly required.

In this paper, we present a systematic study of MR in
PtsTa;_s/YIG and in Pt/Si0O, with a different level of Fe doping.
Because the spin Hall angles of Pt and Ta are opposite in
signs [14], we can continuously tune the effective spin Hall
angle of the Pt;Ta;_s alloy from positive, crossing zero, and to
negative. Most interestingly, both the angular dependent MR
at low field and high field disappear simultaneously when the
spin Hall angle crosses zero in Pty 3;Tag 63/ YIG, evidencing
the importance of spin-orbit coupling. While Pt/SiO; itself
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FIG. 1. (a) Schematics for the measurements of MR, anomalous
Hall effect, and thermal voltage Vj;, with temperature gradient along
the z axis. Field dependent longitudinal MR R) (black square),
transverse MR Ry (red circle), and thermal voltage Vi, (blue triangle)
for (b) Pt (3 nm)/YIG and (c) Ta (3 nm)/YIG at room temperature.

exhibits no obvious feature, an angular dependent MR with
R~ R, > Rr can be reproduced when Pt film or SiO,
substrate is doped with even tiny amounts of Fe impurity.
The observed MR ratio in Pt/SiO, increases almost linearly
with Fe dopant in the SiO, substrate at temperatures between
10 and 300 K. These identify that magnetic scattering is also a
key factor to produce this unique MR at high field. Therefore,
by complete control of composition, magnetic field strength
and orientation, as well as temperature, we demonstrate both
spin-orbit coupling and magnetic scattering are crucial to
produce high field MR.

We use radio frequency (rf) magnetron cosputtering to
deposit amorphous SiO, (with or without Fe dopants) onto
the thermally oxidized Si(001) substrates. The dc magnetron
sputtering codeposition is utilized to grow 3-nm Pt;Ta;_;
alloy with different § onto polished polycrystalline YIG and
Fe-doped amorphous SiO, substrates with a roughness of
~0.3 nm (see Supplemental Material [23]). Both dc and f
magnetron sputtering are performed at room temperature.
The relative composition in the PtsTa;_s alloy and SiO,(Fe)
are controlled by changing the deposition rate of sputtering
sources. The deposited thin films have been patterned into
Hall bars of 0.2 mm width with one long segment (5 mm)
and three pairs of short sidebars 1.5 mm apart, as shown in
Fig. 1(a). The four-terminal method was used to measure the
MR with current along the long segment and voltage from the
two sidebars. To access the angular dependence of MR, we
rotate the magnetic field H within the xy,xz, and yz planes
with angles ¢,,, a,;, and 6, relative to x, x, and z axis,
respectively. For the thermal measurements, a perpendicular
temperature gradient of V,7 ~ 20K/mm is established by
placing the sample in between and in contact with two large
Cu plates maintained at different constant temperatures. Under
a vertical temperature gradient, the spin Seebeck effect (SSE)
in YIG drives a pure spin current flow along the z direction

PHYSICAL REVIEW B 94, 174430 (2016)

and can be detected as a thermal voltage V};, via the ISHE with
Eisyg  OspJs x o in the PtsTa;_s layer, where, sy denotes
the spin Hall angle of Pt;Ta; s alloy, Js and o are the flow
directions of spin current and spin index, respectively, and o is
parallel to YIG magnetization direction. The distance between
the two voltage leads for measuring the thermal voltage is
~4.2 mm.

Figure 1(b) presents the field dependence of R (black
square) and Ry (red circle) for Pt (3 nm)/YIG with the in-plane
field below 10 mT. Pt (3 nm)/YIG exhibits a sizable MR with
R > Ry, which can be described by the SMR model. The
small plateau near the origin is commonly found in thick YIG
substrates [24—26]. The different widths of R|; and Ry are due
to the shape of the rectangular YIG substrate, which is absent in
asquare YIG substrate [10]. In Fig. 1(b), the blue triangle (right
scale) shows the thermal voltage Vi, for Pt (3 nm)/YIG under a
vertical temperature gradient, where H is applied along y axis
(¢xy = 90°). Both the Vi, and Ry, having the same saturation
field along the transverse direction, are thus clearly correlated.
The asymmetric signal in field with a magnitude of ~16 uV
is consistent with ISHE (Esgg o Js X o), with negligible
contribution from the anomalous Nernst effect of possible po-
larized Pt [27-29]. Since MR/ V};, is symmetric/antisymmetric
with magnetic field, respectively, magnetization distribution
under +Hy and —Hy would give the same resistance but
opposite V. Therefore, MR exhibits no hysteresis, while the
SSE shows large hysteresis in the low field range. As Ta is less
than half filled and Pt is more than half filled, their spin Hall
angle should have opposite signs. Consistently, we observe
an opposite field dependence of Vi, (blue triangle right scale)
for Ta (3 nm)/YIG in Fig. 1(c). This is also consistent with
the prediction of ab initio calculation and observation in other
reports [14,30-32]. Since SMR is proportional to the square
of spin Hall angle, Ta (3 nm)/YIG exhibits similar angular
dependent resistance as that of Pt (3 nm)/YIG with R, > Ry
[Fig. 1(c)], albeit with different magnitude.

Our measurements clearly show that the sign of spin
Hall angle of Pt is opposite to that of Ta. Thus, it provides
an interesting venue to manipulate and tailor the effective
spin Hall angle of PtsTa;_s alloy by controlling the relative
composition. Indeed, V4, which is proportional to the spin
Hall angle, increases monotonically from —4 to +16 wV,
with increasing Pt content, as shown in Fig. 2(a). The
sign changes at § = 0.32, possessing essentially zero spin
Hall angle. Concurrently, as shown in Fig. 2(b), the MR
ratio obtained at 10 mT also approaches zero in Ptj3,Tag s
(3 nm)/YIG, indicating that the low field MR is directly related
to pure spin current, consistent with the SMR model. Altering
the Pt content in either way would increase the absolute value
of spin Hall angle, thus increasing the MR ratio.

Since the first observation of the MR in Pt/YIG, controversy
has existed whether the magnetotransport behavior was due to
pure spin current related effect or induced moment. Tuning
the spin Hall angle in Pt;Ta;_s alloy gives us the advantage
to separate the contribution from spin-orbit coupling and
possible induced moment, which are typically entangled in
Pt/YIG structure. Thus, it would be interesting to examine
the MR behavior in Pty 3;Tages at high field, where the spin
Hall angle is essentially zero. Both in-plane resistances for
Pt (3 nm)/YIG and Ta (3 nm)/YIG have sin’¢ angular
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FIG. 2. (a) Thermal voltage Vi, with perpendicular temperature gradient and (b) MR ratio for 3-nm Pt;Ta,_s alloy on YIG substrate at
different Pt percentage at room temperature. The insert of (b) presents the dependence of resistance 3-nm Pt;Ta,_s alloy on Pt component.

dependence when the magnetic field is rotating in the xy or in the MR ratio of Ta/YIG is not well understood yet and
yz plane, but the MR ratios increase strongly with magnetic deserves further investigation. In sharp contrast, the MR
field, as shown in Figs. 3(a) and 3(b) (AR/R keeps increasing ratio is gravely suppressed in Pty3;Tages (3 nm)/YIG by
up to 16 T without any signature of saturation, not shown). ~50 times compared with that of Pt (3 nm)/YIG or Ta (3
The increase is particularly strong for Ta (3 nm)/YIG, AR/R  nm)/YIG, evidencing the importance of spin-orbit coupling
enhances by more than one order of magnitude when magnetic and irrelevance to the induced magnetic moment at interface.
field is increased from 0.15 to 8 T. The drastic increase  Figures 3(d) and 3(e) present the temperature dependent
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FIG. 3. Room temperature angular dependent MR as a function of ¢,, for (a) Pt (3 nm)/YIG, (b) Ta (3nm)/YIG, and (c) Pty 3,Tages
(3 nm)/YIG measured at 0.15 T (black), 1.5 T (red), 4 T (blue), and 8 T (orange), respectively. (d)—(f) The temperature dependent AHE for Pt
(3 nm)/YIG, Ta (3 nm)/YIG, and Pty 3,Tag¢s (3 nm)/YIG, respectively, is shown.
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FIG. 4. (a) XPS survey of clean SiO, substrate. The insert presents the Fe-2 p peaks for SiO, substrates with different Fe doping percentage.
(b) Upper panel: angular dependence of MR for Pt (3 nm)/SiO,(0.5%Fe) in ¢,, scan (black) and «,, scan (red) measured at 8 T and 300 K.
Lower panel: angular dependence of MR for 3-nm clean Pt on clean SiO, in ¢,, measured at 8 T and at 10 K. (c) The anomalous Hall
resistance for Pt (3 nm)/SiO,(0.5%Fe) at different temperatures with nominal linear background subtracted. For comparison, we also include
the anomalous Hall resistance for 3-nm clean Pt on clean SiO, substrate at 10 K. (d) The MR ratio for 3-nm Pt deposited on SiO, substrates at
different Fe doping percentages obtained at 8 T and at 300 K. (e) The anomalous Hall resistance for Pt (3 nm)-Fe/SiO; at different temperatures
with nominal linear background subtracted. (f) Angular dependence of MR in ¢,, scan under 8 T magnetic field and 10 K for 3-nm Pt (doped

with Fe)/SiO,.

anomalous Hall effect (AHE) of Pt (3 nm)/YIG and Ta (3
nm)/YIG, respectively. The AHE of Pt (3 nm)/YIG increases
with decreasing temperature and changes sign at around 100 K,
and the AHE of Ta (3 nm)/YIG decreases with decreasing
temperature, consistent with previous observations [10,33].
Interestingly, we find the AHE of Pty 3,Tages (3 nm)/YIG is
also strongly suppressed. Although a theoretical model, which
can describe the temperature dependent AHE of Pt/YIG and
Ta/YIG, is still missing, our paper clearly demonstrates the key
role of spin-orbit coupling since AHE vanishes in the PtsTa;_s
alloy with zero spin Hall angle. With decreasing temperature,
the spin Hall angle and/or spin diffusion length for Pt and

Ta would change accordingly. We observe detectable AHE
signal for Pty 3;Tages (3 nm)/YIG below 100 K, illustrating
the emergence of an appreciable spin Hall angle.

The abovementioned results demonstrate the importance of
spin-orbit coupling for the angular dependent MR at high field
and AHE. In the following, we will further demonstrate that the
magnetic scattering source is also critical for the magnetotrans-
port behavior. Figure 4(a) presents the x-ray photoelectron
spectroscopy (XPS) survey of a clean SiO, substrate with the
usual elements noted and no trace of magnetic impurities. In
a sample of 3-nm clean Pt on a clean SiO, substrate, there is
not a detectable AHE-type signal [purple curve in Fig. 4(c)]
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or MR within the xy plane [Fig. 4(b) lower panel], even at
10 K. These results are consistent with those of previous
reports. That is, Pt, a strong spin-orbit coupling material, in
isolation would not exhibit any unusual features [10,34,35].
Using a codeposition technique, we purposely introduce Fe
doping into SiO, substrate. Clear Fe’* — 2p peaks appear in
the highly doped range [orange and blue curves in Fig. 4(a)]
[36], where the characteristic peaks of Fe and Si are used to
calculate the relative atomic percentage as Si0,(15.3%Fe) and
Si10,(9.9%Fe), respectively. However, when SiO, is lightly
doped, no signal of Fe can be detected from XPS analysis
[red curve in Fig. 4(a)]. We estimate the atomic percentage
as around Si0,(0.5%Fe) from our calibrated deposition
rate. Remarkably, even with such a small amount of Fe
impurity in SiO, substrate, Pt (3nm)/Si0,(0.5%Fe) exhibits
a temperature dependent anomalous Hall signal. The Rayg of
Pt (3 nm)/Si0,(0.5%Fe) essentially a constant above 10 K,
changes sign and shows large enhancement at 10 K. Note
that the Raug for Pt (3 nm)/Si0,(0.5%Fe) above 10 K
as well as 3-nm clean Pt on clean SiO, substrate have
been magnified five times for clarity. Meanwhile, an angular
dependent MR around 8.7E-6 with R, ~ R > Ry is detected
in Pt (3nm)/Si0,(0.5%Fe) at 300 K [Fig. 4(b) upper panel],
which increases to 4.0E-5 at 10 K. Therefore, strong spin-orbit
coupling in Pt itself would not result in angular dependent
MR or AHE-type signal; Magnetic scattering source, i.e., Fe
impurity in SiO; substrate for Fig. 4 is also crucial. We find the
transition temperature of AHE in Pt/SiO,(Fe) increases with
increasing Fe doping level (see Supplemental Material [23]).
Similar behavior has also been reported in the Pt/LaCoO3
system, where the AHE-type signal and unconventional MR
only emerge below the Curie temperature of LaCoO3 substrate
[35]. Our findings are in contrast to the recently proposed
Hanle MR model, where Pt itself, with strong spin-orbit
coupling, exhibits angular dependent MR under magnetic field
[20]. In Ref. [20], the angular dependent MR (on the order
of 1E-5) exists only in part of the nominal same samples,
suggesting that the potential magnetic contamination should
be carefully excluded. Our experimental findings demonstrate
that XPS only is not sufficient for this purpose.

Figure 4(d) presents the MR ratio dependence on the Fe
doping in SiO, substrate at different temperatures between 10
and 300 K. The MR ratio monotonically increases with Fe dop-
ing within the entire temperature range. For a given sample, the
MR ratio also increases unabated with decreasing temperature
since the magnetic-related scattering is expected to increase
when the temperature decreases. We note, even for the highly
doped SiO;,(15.3%Fe), the substrate is still insulating; The
peculiar angular dependence at room temperature also shows
that it is not the conventional AMR [Fig. 4(b)]. In addition,
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the angular dependent MR and AHE-type signal can also be
reproduced when Pt film itself is doped with small amount of
Fe impurity [Figs. 4(e) and 4(f)]. We estimate the doping level
of Fe in Pt is less than 0.1%. The AHE part is almost zero
above 200 K and becomes visible at low temperature. The
sign of AHE also changes between 10 and 50 K, similar to
Pt (3 nm)/Si0,(0.5%Fe) in Fig. 4(c).

Recently, Zhang er al. derived an angular dependent
MR from the combination of spin dependent scattering at
interface and spin-orbit coupling [37]. Although the angular
dependence of Rj ~ R; > Ry is not rigorously reproduced
in this model, it provides an alternative theoretical approach
for the understanding of the new MR in Pt/YIG and related
systems. After the magnetic substrate has been saturated,
the magnetic field would not have distinct influence on the
magnetization. Thus, the sharp increase of MR ratio with
magnetic field should mostly relate to the spin current in
the nonmagnetic layer. The magnetic field can either directly
change the spin direction (e.g., Hanle effect) or momentum
of the electron (Lorenz force), which, in turn, influences spin
through spin-orbit coupling. Here, we provide comprehensive
experimental data showing that interfacial magnetic scattering
and spin direction in spin-orbit material are two important
ingredients for theoretical understanding the MR in heavy
metal on FM insulators, such as Pt/YIG.

In summary, we systematically study the angular dependent
MR in Pt;Ta;_s alloy on YIG and Fe doped-SiO, substrates.
Through the composition variation, the spin Hall angle of
Pt;Ta;_s alloy can be continuously engineered from positive,
crossing zero, and to negative. In Pt/SiO, (where the magnetic
scattering at the interface is absent) and Pty3,Tages/YIG
(where the spin Hall angle is zero), the angular dependent
MR at both low field and high field and the AHE all disappear.
In addition, the MR ratio of Pt/SiO, (Fe doped) increases
monotonically with doping level at all temperatures between
10 and 300 K. We, thus, identify both the spin-orbit coupling
and magnetic scattering as the essential elements to acquire
the intriguing magnetotransport behavior.
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