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We report anisotropic magnetoresistance in PtjY3Fe5O12 bilayers. In spite of Y3Fe5O12 being a very

good electrical insulator, the resistance of the Pt layer reflects its magnetization direction. The effect

persists even when a Cu layer is inserted between Pt and Y3Fe5O12, excluding the contribution of induced

equilibrium magnetization at the interface. Instead, we show that the effect originates from concerted

actions of the direct and inverse spin Hall effects and therefore call it ‘‘spin Hall magnetoresistance.’’
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The resistance of a metallic magnet depends on its

magnetization direction, a phenomenon called magnetore-

sistance (MR). Several types of MR, i.e., anisotropic mag-

netoresistance (AMR) [1], giant magnetoresistance [2–4],

and tunnel magnetoresistance [5–9] are presently indis-

pensable in data storage technology. For these MRs to

occur, conduction electrons must pass through the magnet.

Here we report the discovery of a fundamentally different

MR that is caused by nonequilibrium proximity magneti-

zation of a metallic Pt film attached to an electrically

insulating magnet Y3Fe5O12 (YIG). Although the conduc-

tion electrons in the Pt film cannot enter the magnetic

insulator, the PtjYIG bilayer resistance reflects the magne-

tization direction of insulating YIG.

Spin transport and charge transport phenomena are

interconnected. For example, the spin Hall effect (SHE)

refers to conversion of an electric current into a transverse

spin current, i.e., a net flow of electron magnetic moments,

due to the spin-orbit interaction (SOI). The conversion

efficiency of the SHE is enhanced in heavy metals such

as Pt in which the SOI is very strong [Fig. 1(a)]. The

reciprocal of the SHE is the inverse spin Hall effect

(ISHE), i.e., the conversion of an injected spin current

into a transverse electric current or voltage [Fig. 1(c)].

Here the directions of electric-current flow Je, spin-current

flow Js, and spin-current polarization � are at right angles

to one another [10–17].

The SHE generates spin currents and spin accumula-

tions. On the other hand, the ISHE has become useful for

detecting spin currents and spin-based electric power

generation [10–17]. Here a question arises: Is it possible

that SHE and ISHE operate simultaneously? Based on

our recent understanding of interfacial spin mixing at the

interface between a magnetic insulator and a metal

[18–22], we can now answer this question affirmatively.
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FIG. 1 (color). (a), (b), (c) Illustrations of the magnetic control

of the conductivity due to the direct and inverse spin Hall effects

(SHE and ISHE) in a paramagnetic thin film metal (N) with

strong spin-orbit interaction attached to a ferromagnetic insula-

tor (F). (d), (e) Illustrations of the geometric relation between

the flow of electrons and accumulated spins in N ¼ Pt and the

magnetization in the magnetic insulator F ¼ YIG. (f) Schematic

illustration of the spin accumulation generated by nonequilib-

rium proximity due to the SHE in N. At the interfaces of N, the

spin accumulation is formed depending on its spin polarization

direction. Dashed curves in N show the electron motions with

different spin polarization directions; the blue (red) arrows move

to the upper (lower) side.
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Consider a freestanding metallic thin film exhibiting

strong SOI, e.g., Pt. An electric current along the film

plane is applied to the Pt film. This Je induces a spin

current Js due to the SHE in Pt that travels perpendicular

to the film surface [10,13–15,23–26] with spin polarization

� parallel to the surface, as shown in Fig. 1(a). Second, at

the film surface, the spin current is reflected back into the

film [see Fig. 1(b)]. In real Pt films, this reflection is

responsible for a nonequilibrium spin accumulation near

the surface [Fig. 1(f)] and subsequent spin diffusion

[27,28] as described below. Finally, the ISHE in Pt induces

an electric current from the reflected spin current [see

Fig. 1(c)], causing an electromotive force along the film

plane. This additional electric current due to the combina-

tion of SHE and ISHE is always parallel to the original one;

electric currents measured in a thin film with spin-orbit

interaction inevitably include this additional contribution.

We may now control this process by putting an electri-

cally insulating magnet, e.g., garnet-type YIG, on the Pt

surface. This gives rise to interfacial spin mixing between

YIG and Pt [18,19], i.e., to the spin-angular-momentum

exchange between magnetization M in YIG and

conduction-electron spin polarization � in Pt. Spin-flip

scattering is activated when � and M are not collinear,

as shown in Figs. 1(d) and 1(e). A part of the spin current is

then absorbed by the magnetization as a spin-transfer

torque [29–31] even at an interface to a magnetic insulator

[21] and the spin-current reflection is suppressed. This

absorption is maximized when M is perpendicular to �

and zero when M is parallel to � [32]. Therefore, the

conductivity enhancement due to SHE and ISHE is

expected to be maximized (minimized) whenM is perpen-

dicular (parallel) to Je, because Je is perpendicular to �.

The Pt-film resistance is therefore affected by the magne-

tization direction in YIG, giving rise to the spin Hall

magnetoresistance (SMR). Because the SMR in Pt is

caused by nonequilibrium spin currents and appears only

in the vicinity of the attached YIG on the scale of the spin

diffusion length [28], Pt films with thicknesses on a com-

parable scale are necessary. We prepared a 12-nm-thick Pt

film on a single-crystalline (111) YIG film [Fig. 2(a)]. YIG

is a ferrimagnetic insulator with a large charge gap of

�2:7 eV [18,21]; its resistivity is larger than that of air,

exceeding 1012 �cm. We measured the resistance Rxx of

the Pt film at room temperature.

Figure 2(b) shows the observed resistance change

�RxxðHÞ¼RxxðHÞ�RxxðH¼0Þ in the Pt film as a func-

tion of the amplitude of the magnetic field H. In the

experiment, the external magnetic field H was applied in

the Pt film plane, perpendicular to the electric-current

direction. In the present field range, the resistance of Pt

depends on H only very weakly. However, as shown in

Fig. 2(b), the PtjYIG bilayer surprisingly exhibits a clear

resistance change for jHj<20Oe. The resistance

decreases when increasing jHj from H ¼ 0 with a small

hysteresis. In contrast, outside this field range, viz.

jHj> 20 Oe, the resistance is almost constant. The field

range in which the resistance change appears coincides

with the remagnetization process of the YIG layer such

that RxxðHÞ has a maximum at the coercive fields of YIG.

Figure 2(c) shows the H dependence of the in-plane mag-

netization of the YIG layer; the magnetization change is

saturated for jHj> 20 Oe, in agreement with the observed

magnetoresistance. The diagonal component of the mag-

netoresistance MRxx ¼ �RxxðHÞ=RxxðH ¼ 0Þ in the Pt

film clearly reflects the remagnetization of the YIG film.

Because Pt is near the Stoner ferromagnetic instability,

ferromagnetism induced in the Pt layer by the equilibrium

proximity to YIG appears possible and could give rise to

the AMR [33–36]. In fact, Pt atoms very close to the

interface in PtjFe films are known to develop a finite

magnetic moment due to a static proximity effect [34].

However, by systematic measurements on a number of

reference structures, we are able to prove that such a

proximity effect cannot be invoked to explain our obser-

vations in PtjYIG. First, the SMR effect appears even when

a 6-nm-thick Cu layer is inserted between the Pt and the
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FIG. 2 (color). (a) Illustration of the experimental setup. The

sample is a PtjYIG bilayer film composed of a 1:3-�m-thick

magnetic insulator YIG layer and a 12-nm-thick Pt layer. The

electric resistance is measured by the four probe method. Here,

Je, H, and � represent the electric current in the Pt layer, the

external magnetic field, and the relative in-plane angle between

Je and H, respectively. (b) Magnetoresistance (MR) �Rxx for

� ¼ 90�. (c) Magnetization M of a plain YIG film at 300 K.
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YIG layers as shown in Fig. 3(b); Cu is very far from the

Stoner instability and the nonlocal exchange force does not

reach over such a thickness. Cu has a long (several hundred

nanometers) spin diffusion length [27,28] and a very small

SHE, viz. weak spin-orbit interaction, and carries a spin

current over long distances. The observation of the MRxx

signal in PtjCujYIG clearly shows that a magnetized Pt

layer cannot explain the observed MR. The reduced MR

ratio in Fig. 3(b) relative to Fig. 3(a) is caused by the short-

circuit current path through the highly conductive Cu

spacer [26]. Before sputtering the Pt layer of this sample,

we confirmed that at least more than 95% of the YIG

surface is covered with Cu film using energy dispersive

x-ray analysis for the whole surface. For confirmation, we

furthermore checked that the MRxx signal disappears by

replacing the Cu layer with an insulating SiO2 layer as

shown in Fig. 3(c), where SiO2 is a nonmagnetic insulator

allowing no spin current to pass. The MRxx signal also

disappears in a 6-nm-thick single layer Cu film on YIG

[Fig. 3(d)] in which the spin-orbit interaction is very weak

[18,19], indicating the crucial role of the spin-orbit interac-

tion, or the SHE, while electromagnetic artifacts can also be

excluded as origin of the MR. The results in Figs. 3(b)–3(d)

clearly indicate that stray magnetic fields from the boundary

of the YIG structure are irrelevant to the origin of the MR

discussed here.

Finally, we found that the magnetoresistance in the

present system exhibits a magnetic field orientation depen-

dence that is very different from the AMR but consistent

with the SMR scenario sketched above (cf. Fig. 4), con-

firming again the irrelevance of the AMR in a magnetized

Pt layer. The AMR and SMR critically differ in their angle

dependence: the AMR is governed by the angle of the

applied current to the magnetization direction [1] �cM,

while the SMR depends on the angle of the spin accumu-

lation induced by the current with the magnetization ��M.

This difference becomes manifest when the magnetic field

direction is swept from the direction parallel to the electric-

current direction to the direction normal to the film surface

[Fig. 4(k), � ¼ 0, � ¼ þ90� ! 0]. During this field-

direction scan, ��M keeps constant while �cM varies

from 90� to 0, and according to the theory of the SMR,

and in contrast to the AMR, the resistance should not

change. This unusual behavior offers a key test of the

SMR scenario. Figure 4(e) shows the MRxx of a PtjYIG
sample measured with changing the field direction from

� ¼ �90� ! 290� at � ¼ 0 [see Fig. 4(k)]. Because the

magnetic field intensity is fixed at 12 kOe, far above the

magnetization saturation field (�1:7 kOe), the magnetiza-

tion is always aligned with the external magnetic field

direction. Clearly, the �Rxx signal disappears in this mag-

netic field orientation scan, in striking contrast to the other

field-direction scans [cf. Figs. 4(c)–4(f)]. This behavior is

observed not only in the present sample (sample 1) but also

universally in our qualitatively different PtjYIG samples as

exemplified for sample 2 [26] in Fig. 4(i). The disappear-

ance of �Rxx is a unique feature of the SMR and cannot be

explained by the AMR. We thus conclude that the AMR of

a conventional, equilibrium proximity spin polarization in

Pt can be ruled out as an explanation for the magnetore-

sistance observed in experiment.

We introduced the SMR in a simple ballistic picture of

spin currents reflected at the interfaces. For quantitative

modeling it is necessary to invoke the diffusive nature of

transport as well as spin dissipation in the metallic film.

Considering a thin Pt film in the xy plane with an electric

current applied along the x direction, the SHE generates a

spin current flowing in the z direction with the spin polar-

ization along the y direction, thereby building up spin

accumulations at the PtjYIG and vacuumjPt interfaces.

Their gradients induce diffusive counter spin currents

such that the total (net) spin current is continuous at the

PtjYIG interface and vanishes at the vacuumjPt surface.
The interface spin current depends on the relative direction

of the magnetization with respect to the spin accumulation

direction according to ðGr=eÞm� ðm��sÞ, where Gr is

the interface spin-mixing conductance, m is the magneti-

zation direction, and �s is the spin accumulation vector at

the interface [32]. When mjj�s, the interface spin current

vanishes (just as at the vacuum interface). However, when

the magnetization is rotated by 90� (to any perpendicular

direction), the accumulated spins are partially absorbed
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FIG. 3 (color). ControlMRexperiments on (a)Pt ð12 nmÞjYIG,
(b) Pt ð12 nmÞjCu ð6 nmÞjYIG, (c) Pt ð12 nmÞjSiO2ð6 nmÞjYIG,
and (d) Cu ð6 nmÞjYIG composite films, respectively. Here, the

length and width of the Hall bars are 2.2 and 1.0 mm, respectively.

The in-plane external magnetic field is applied perpendicular to

the electric current, � ¼ 90�. The insets sketch the different

samples.
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at the interface and dissipated as a spin-transfer torque to

the magnetization, thereby modulating the spin-current

distribution in Pt. Because the current-induced spin accu-

mulation is polarized along the y direction, the polarization
direction of the modulated spin current flowing along z
varies as / m� ðm� ŷÞ. This in turn modulates the lon-

gitudinal (applied) electric current as / ŷ � ½m�ðm� ŷÞ�¼

m2
y�1 and induces a transverse electric current

/ x̂ � ½m� ðm� ŷÞ� ¼ mxmy in the y direction due to

the ISHE, where mx and my are the Cartesian components

of m. The prefactors of these dependencies can be com-

puted by spin diffusion theory [15] and quantum mechani-

cal boundary conditions in terms of the spin-mixing

conductance [32], thereby fully explaining the observed

SMR in PtjYIG [26]. The SMR resistivity change can

hence be formulated as

�xx ¼ �0 ���Sm
2
y; �xy ¼ ��Smxmy: (1)

This is very different from the AMR phenomenology of

polycrystalline conductive ferromagnets [1]

�xx ¼ �? þ ��Am
2
x; �xy ¼ ��Amxmy: (2)

In both expressions the resistivity �xx is measured along

the direction of the electric-current flow Je (along the x
direction, cf. Fig. 4), while �xy is the resistivity component

recorded in the sample plane perpendicular to Je (along

the y direction), which typically appears in the magneto-

resistive properties of ferromagnets [1]. �0 is a constant

resistivity offset, ��S and ��A (¼ �k � �?) are the mag-

nitude of the resistivity change as a function of the mag-

netization orientation, �k and �? are the resistivities for

magnetizations aligned along and perpendicular to Je,

respectively. In Figs. 4(a) and 4(b), we show the evolution

of the MRxx and MRxy ¼ �xyðHÞ=�xxðH ¼ 0Þ in sample 1

as a function of H, applied at different angles �. To

quantitatively evaluate this dependence, we show the

evolution of the MRxx and MRxy as a function of � in

Figs. 4(c) and 4(d), respectively (symbols). The MRxx for

rotations of the magnetization in the plane perpendicular to

the y direction (angle �) and perpendicular to the x direc-

tion (angle �) are summarized in Figs. 4(e) and 4(f), while

Figs. 4(i) and 4(j) show corresponding transport data for

the sample 2. The behavior of the electric resistance

expected from the AMR according to Eq. (2) is shown as

blue curves in these panels, while the SMR predicted by

Eq. (1) is depicted by red curves. The out-of-plane rotation

data are consistently described in terms of the SMR; the

angle-dependent MR data thus show that the MR observed

in experiment indeed is due to the SMR effect. For a

12-nm-thick Pt film with the resistivity 8:6� 10�7 �m

the theory sketched above agrees with the experimental
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FIG. 4 (color). (a), (b) Diagonal and off-diagonal components of the MR in PtjYIG films as a function of in-plane angle �. (c), (d),
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��S for the spin Hall angle �SH ¼ 0:04, the spin-flip

diffusion length of � ¼ 2:4 nm, and the spin-mixing con-

ductance [21] of Gr ¼ 5� 1014 ��1 m�2.

The SMR is a nonequilibrium proximity effect: the

resistance of the metal film depends on the magnetic

properties of the adjacent, electrically insulating ferromag-

net. The SMR is not caused by a statically induced mag-

netization and is qualitatively different from conventional

magnetoresistance effects, such as AMR, giant magneto-

resistance, and tunnel magnetoresistance, where an electric

current must flow through the magnetic layers. The SMR

enables remote electrical sensing of the magnetization

direction in a magnetic insulator. This also implies that

the SMR makes the integration of insulating ferromagnets

into electronic circuits possible, thereby avoiding current-

induced deterioration of magnets due to, e.g., electromi-

gration or heating. Finally, the SMR allows studying and

quantifying spin Hall effects in paramagnetic metals as

well as spin transfer to magnetic insulators via simple dc

magnetoresistance measurements. We anticipate that SMR

will develop into a standard technique in the nascent field

of insulator spintronics.
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