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Recent experiments have revealed nonlinear features of the magnetoresistance in metallic bilayers
consisting of a heavy-metal (HM) and a ferromagnetic metal (FM). A small change in the lon-
gitudinal resistance of the bilayer has been observed when reversing the direction of either the
applied in-plane current or the magnetization. We attribute such nonlinear transport behavior to
the spin-polarization dependence of the electron mobility in the FM layer acting in concert with
the spin accumulation induced in that layer by the spin Hall current originating in the bulk of the
HM layer. An explicit expression for the nonlinear magnetoresistance is derived based on a simple
drift-diffusion model, which shows that the nonlinear magnetoresistance appears at the first order
of spin Hall angle (SHA), and changes sign when the current is reversed, in agreement with the
experimental observations. We discuss additional mechanisms that could enhance the magnitude of

effect.
Recently, nonlinear magnetoresistance has been
observed experimentally in several heavy metal
(HM) /ferromagnetic metal (FM) bilayerst ., In

these experiments, both the current and the magne-
tization of the FM layer lie in the plane of the layers
and are mutually perpendicular, as shown in Fig. [}
For a given magnitude of the current density (in the
range of 107 ~ 10® A/cm?), it has been found that
the longitudinal resistance changes when the current
direction is reversed. Furthermore, by injecting an
a.c. current, it has been observed that the 2nd harmonic
component of the longitudinal resistance changes sign
as the magnetization direction is reversedl: this shows
that, different from the familiar linear transport, the
magnetoresistance has a linear dependence on the
current density.

A definitive interpretation of these experimental ob-
servations has not yet emerged. Avci et al. associated
the nonlinear magnetoresistance with the modulation of
interface scattering potential induced by the spin Hall ef-
fect and the ensuing interfacial resistance change, similar
to the interfacial contribution of giant magnetoresistance
(GMR)*¥'. Another interpretation of the effect invokes
magnon excitation in the FM layer due to electron spin-
flip scattering at the interface®?. While this process has
recently been shown to play a key role in the spin-charge
conversion in HM/ferromagnetic-insulator (FI) layered
structures®13 it is usually neglected in metallic systems,
for which it is a good approximation to assume that the
spin current is continuous at the interface?.

In this paper, we present a simple analytical theory of
the nonlinear magnetoresistance in HM/FM bilayers. We
propose that the effect arises from the combined action
of the spin accumulation induced by the spin Hall effect
in the HM layer and the spin-polarization dependence of
the electron mobility in the FM layer. As schematically
shown in Fig. [[] when an in-plane current is driven in a
HM/FM bilayer, a spin Hall current flowing perpendicu-

lar to the layers is generated in the bulk of the HM layer
and subsequently creates spin accumulation on both sides
of the interface. Spin accumulation is known as a local
quantity that characterizes an excess density of electrons
with one specific spin orientation and a corresponding de-
pletion of electrons with the opposite spin orientation, so
that no charge accumulation is created. Although such
local spin dependent density variation in HM layer would
not alter the conductivity of the layer in which the mo-
bility of electrons is spin-independent, the conductivity
of the FM layer is indeed modified by the spin accumu-
lation inside the layer. This may be best understood by
thinking of the spin accumulation near the interface as an
artificial ferromagnetic layer. Based on our understand-
ing of the current-in-plane (CIP) GMR* we would
anticipate a change in longitudinal resistance when the
“magnetization” of the artificial FM layer (i.e., the di-
rection of the spin accumulation) switches from parallel
to antiparallel (or vice versa) to that of the “natural”
FM layer. The only difference from CIP-GMR lies in the
fact that “magnetization” of the artificial FM layer is
generated by the electric current itself via the spin trans-
port perpendicular to the layers. This simple analogy
immediately demonstrates the nonlinear character of the
corresponding magnetoresistance effect.

When an in-plane current is applied to a HM/FM bi-
layer, a spin current propagating perpendicular to the
layers is generated by the spin Hall effect1®2lin the HM.
This transverse spin current affects the linear in-plane re-
sistivity via the inverse spin Hall effect — a phenomenon
that has been intensively studied?2"28 and goes under the
name of “spin-Hall magnetoresistance”2?3U, In addition,
the modulation of the electron spin density in the fer-
romagnet generates a nonlinear resistivity as discussed
in the introduction and shown in detail below. Here we
treat both linear and nonlinear contributions on equal
footing through a set of equations that couple the spin
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FIG. 1. Schematic diagrams showing the mechanism of non-
linear longitudinal resistivity in HM/FM bilayers due to spin
accumulation in the FM layer induced by spin Hall effect in
the HM layer. The external electric field E.: is applied in the
positive z-direction in (a) and in the negative z-direction in
(b). The dotted arrows in the HM layer denotes the directions
of the spin Hall currents. The solid arrows in the grey dashed
boxes describe the magnitude and direction of the spin accu-
mulation ps which may be regarded as an artificial FM layer.
The difference in longitudinal resistivity of the bilayer in an-
tiparallel (a) and parallel (b) configurations arises from the
spin-dependence of the mobility in the FM layer in analogy
with CIP-GMR.
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and charge transport in directions parallel and perpen-
dicular to the plane of the layers.

To be specific, let us assume the external electric field
is applied in the z-direction, i.e., E.,; = E,x (E, could
be either positive or negative), and fix the magnetization
vector of the FM layer in the positive y direction which
is also taken as the quantization axis of the electron spin.
The HM/FM interface is located at z = 0. The general
drift-diffusion equation for electrons with spin orientation
a (e ==+ or 1 (}) denoting the spin orientation parallel
or antiparallel to the magnetization) can be written as
follows

Jg (2) = 0% (2) Bz — abj7 (2) (1)
and
. d .
gz (2) = 0% (2) -p® (2) + abjz (2) (2)

where j{* is the current density carried by spin-a electrons
with ¢ = x or z denoting the spatial direction of flow, 6 is
the bulk SHA and p* (2) is the spin-dependent chemical
potential, which is related to the nonequilibrium part of
the electron density n® (z) as follows

p(z) = [N (ep)] 0% (2) = 0 (2) , 3)

with N% (er) being the density of states of spin-a elec-
trons at Fermi level, and ¢ (z) being the spin-independent
part of the chemical potential. Notice that in Egs. and
we have assumed a spatially dependent local conduc-
tivity controlled by the electron spin density as follows:

0% (2) = v [ng +n" (2)] , (4)

where ng and v® are the equilibrium density and the
mobility of spin-« electrons, respectively. The charge and
y-spin current densities are defined as j; (z) = j! (2) +
Ji (2) and QY (2) = 4] (2) = j; (2).

We also assume that charge neutrality is locally main-
tained, i.e.,

n' () +n*(2) = 0. (5)

In metals, this is justified by the observation that the
integrated space charge vanishes beyond a very short
screening length — of the order of Angstroms. This sup-
plemental condition links the transport in the two spin
channels. In what follows, we shall discuss the transport
in each layer separately.

In the HM layer, the equilibrium conduction electron
density is spin-independent and therefore transport co-
efficients such as the mobility and the diffusion constant
can be taken to be spin-independent up to first-order in
the current-induced spin polarization. Equations and
reduce to

J (2) = 0% (2) Ba — abii (2) (6)
and
©(2) = 2absoonBa+ oom—p® (z) . (7)
1. (& —204 HO0,H Ly Uo,HdZM Z) 5

where 09 g = vuno, g is the bulk Drude conductivity of
the HM. Notice that in the second of these equations we
are keeping only terms up to first order in 6.
In steady state, the spin dependent current density
satisfies the generalized continuity equation
d . az n®(z) —n=%(2)
—is(2) =005 z)= —F—7-, 8
T2 (2) = oo 5u7 (2) o (5)
where 7, ¢, 7 is the spin-flip relaxation time. With Eq. ,
we may express the right hand side of this equation in
terms of the chemical potentials which are found to sat-
isfy the following differential equations
d2
g2t (2)=0 (9)

and

&? ps (2)
— fbs ( ) _
dz? L

=0, (10)

where we have defined the sum and difference of the
chemical potentials as . (z) = [u' (2) + p* (2)] /2 and
ps (z) = [p'(2) — p* (2)] /2 respectively, and Ly =
¢007HT5f,H/2NH (er) as the spin diffusion length.

For the transport in the FM layer, we neglect the
anomalous Hall effect since the SHA is usually an order
of magnitude smaller than that in the HM layer. This as-
sumption allows us to simplify the equations for current
densities in FM layer as

3 (2) = vg [nf g + 0% (2)] By (11)




and
o3 ( ) « d [e% ( ) (12)
Z2)=0gp M z
Iz 0, dz ’

with of p being the bulk conductivity of the spin—«
channel in the FM layer. In steady state, the continu-
ity equation reads

d d?

fe%

Lo (2) = o gt () = A E)

(13)
Tsf,F
Making use of Egs. and to express n® —n~% in
terms of pu® — p~“ we find that the equation for p,. takes
the form

d? d?

ke (2) +pohs (2) =0, (14)

where p, = (J(T)F — UéF) / (US’F + aé F) is the con-

ductivity spin asymmetry. On the other hand, the
equation for pus remains of the same form as in
the HM layer (Eq. except for replacing Ly
by the ferromagnetic spin diffusion length Lp =

\/007}: (1 —p2)7sr,r/2NFp (ep) (1 — p%), where py =
(NIE - Nli?) / (N; + N},) is the spin asymmetry in the
density of states at Fermi level.

For the boundary conditions at the interface (2 = 0),
neglecting interfacial spin-flip scattering and the small
interfacial resistance®1 we assume that both the spin
current density flowing in z-direction and the chemical
potentials are continuous, i.e., Q¥ (07) = Q¥ (0") and
p*(07) = p*(0T). At the same time, since there is
no charge flow in the z-direction, we set j. (z) = 0 ev-
erywhere. Also, we take Q¥ to vanish at the two outer
surfaces, i.e., at z = —dpy for the HM layer and z = dp
for the FM layer with dy and dr being the thicknesses
of the HM and FM layers respectively.

By inserting the general solutions of the chemical po-
tentials and the spin current densities into the boundary
conditions for each interface, we can now determine all
transport quantities of interests.

For example, up to first order in 0y, the in-plane
charge current density in the FM layer is given by

. 1
jo(2) = 00 Be+ 5 (vh =) [0 (2) = n* (2)] Eu,
(15)
where 0¢ F = ngfz/}7 + névFV}, is the total bulk conduc-
tivity of the FM and the spin accumulation is given by

Note that the negative sign in front of the expression on
the r.h.s. of Eq. implies that minority electrons are
accumulated near the interface when both 6y and E, are
positive.

Equations and are quite remarkable. Firstly,
we observe that the correction to the in-plane charge
current density (i.e., the second term on the r.h.s. of
Eq. (15)) is proportional to E2, since n' (2) —n* () is the
linear response of the spin density to the external elec-
tric field. Secondly, the nonlinear contribution appears
at the first order in the SHA, in contrast to the linear
spin Hall magnetoresistance which is known to be of sec-
ond order in the SHA®Y, The above features qualitatively
agree with recent experimental observations 32,

Equation makes clear that, in our interpretation,
the spin dependence of the electron mobility, i.e., the

nonzero value of (V}:—‘ — V;), is essential to the appear-

ance of a nonlinear magnetoresistance. Indeed, if the mo-
bilities were not spin-dependent, the total in-plane con-
ductivity o1 + o+ would remain unchanged by virtue of
the charge neutrality condition . This is exactly what

2(0uLu) Nr (er) (1 —p?\,) tanh (% cosh (dz‘z) .

N oo,rL . -
cosh (4£) + (1= p2) (2252 ) sinh (42 ) coth (42

F
dp

(

happens in the HM layer, where the in-plane charge cur-
rent remains unchanged up to O (fgy). The underlying
physics is rather transparent: If majority electrons in
the FM layer exhibit higher mobility than minority elec-
trons (i.e., V}:—. > Vﬁ), then accumulation of majority elec-
trons will lead to an increase in the conductivity, and vice
versa. The crucial role of spin asymmetry in the electron
mobility of the FM is also consistent with the absence
of nonlinear magnetoresistance effect in HM/FI bilayers
(such as Pt/YIG) measured in recent experiments>2.

The total longitudinal resistivity of the bilayer can be
calculated as py; = (dg + dp)E,/ [ dzj, (z) where the
current density is integrated over the thickness of the
bilayer. Similar to GMR, the amplitude of the unidirec-
tional spin Hall magnetoresistance (USMR) is character-
ized by the ratio

USMR =
Pzx (Ez)

(17)




Up to first order in 6, we obtain

USMR~6
(Uo,HdH + 00, FrdF

M o {03 e}
where we have used the relations v = of p/ng p and

Ng = 3n§ p/2ep for free electron model with e be-

ing the Fermi energy of the FM. Note that l/; — V}Lp is

proportional to the difference of the spin polarization of
conductivity p, and of density of states at Fermi energy
PN

In Fig. 2] we plot the USMR as a function of the thick-
ness of one layer while the thickness of the other is fixed.
As we have pointed out previously, although the leading
order nonlinear correction to the in-plane current density
only occurs in the FM layer, the HM layer also plays an
essential role by inducing the spin accumulation in the
FM layer via the spin Hall effect. Therefore, when the
thickness of either layer becomes much smaller than the
corresponding spin diffusion length, the USMR dimin-
ishes. On the other hand, when the thickness of either
layer is much larger than the spin diffusion length, more
current is shunted into the bulk of the layers and hence
the interfacial effect of USMR, gets diluted as indicated
by the prefactor on the r.h.s. of Eq. . Not surpris-
ingly, the USMR peaks around the respective spin diffu-
sion length of each layer. The dependence of the USMR
on the thickness of the HM layer agrees qualitatively with
experiments, whereas the dependence on the thickness of
the FM layer has not yet been measured.

With Eq. , we can also make quantitative compar-
isons of the calculated magnitude of USMR with exper-
imentally observed values. For a Pt (6 nm)/Co (3 nm)

bilayer with E, = 10~* V/nm and the following mate-

rial parameters: 0y = 0.1033854 51 — 0.02 (4 cm) ™,

Ly = 5nm, op = 0.05 (uQ cm) ", Lp = 40 nm®L,
er=5¢eV, p, —pny = 0.5, we find USMR ~ 0.9 x 1072,
which is only a factor of 2 smaller than the experimental
value#2. We have checked that the USMR is negligibly
reduced in the presence of an interfacial resistance ry ~ 1
fQ m32l,

We notice that the magnitude of the USMR may be un-
derestimated due to several simplifying assumptions we
adopted in our model calculation. First, in the deriva-
tion of Eq. , we assumed spherical Fermi surfaces and
constant density of states at Fermi energy. Strong energy
dependence of the density of states near the Fermi surface
(e.g., in N#*%) may enhance the effect just as it enhances

oo,rLp (ps — pnN) (O E,Ly /er) tanh (ﬁ—’:) tanh (I‘.f—F)
) 14+ (1-p2) (M) tanh (%F) coth (LH) ’

oo,uLF
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FIG. 2. USMR as a function of the thickness of the HM layer
(scaled with the spin diffusion length (SDL) Lg) for fixed
thickness of the FM layer of dp = Lr = 10 nm (solid line)
and as a function of the thickness of the FM layer (scaled with
L) for fixed thickness of the HM layer of dg = Ly = 5 nm
(dotted line). Other parameters assumed in the numerical
calculation are g = 0.1, |Eg| = 107 V/nm, p, — py =
0.5, er = 5 eV and oo,5g = oo,r = 0.033 (u2 cm)*l. The
calculations are done to first order in SHA.

the spin accumulation-induced nonlinear GMR effect ob-
served in dual spin valves®®, Second, we neglected the
indirect influence of the spin accumulation on transport
parameters such as the bulk and interfacial resistances
due to electron-electron correlation or shift of scattering
potential.

In the presence of interfacial spin-flip scattering, there
would be a partial loss of spin current across the inter-
face (known as spin memory loss* 3740 - This effect can
be easily incorporated in our treatment through a simple
change in the boundary conditions for the spin current 41
Spin memory loss, treated in this way, results in a reduc-
tion of the USMR given in Eq. by a factor of order
unity. However, the absorbed spin current may in turn
lead to additional contribution to the USMR via interfa-
cial spin-dependent scattering®2.

An interesting observation based on Eq. is that
the USMR depends linearly on the difference of p, — py,
which suggests that the sign of the USMR also depends
on the overall sign of p, — px. In Ref43 Fert and Camp-



bell showed that the signs of p, for various binary alloys
of transition metals may change depending on the rela-
tive position of the d-bands of the host and the impurity.
For example, they showed that p, of NiFe is positive
whereas that of FeCr is negative*s. By making use of
this property, a “reversed” CIP-GMR, that is to say, a
CIP-GMR in which the antiparallel alignment of magne-
tizations has lower resistance than the parallel arrange-
ment, could be explained in a Fe/Cu super-lattice with
half of the Fe layers being intercalated with thin Cr lay-

rs?4,  Similar experiments can be carried out to test
our theory of USMR. For example, we predict that the
USMR in Pt/FeCr should have opposite sign than that
in Pt/NiCr bilayer.

Our model calculation also suggests several ways to en-
hance the USMR. For metallic systems, the effect would
be amplified in an asymmetric trilayer structure of the
form HM;/FM/HM;, with HM; and HMs having oppo-
site signs of Oy (for example, HM;=Pt and HMy=Ta).
In such a structure, the orientations of the spin accumu-
lations on opposite sides of the FM layer will be identi-
cal, hence the contributions of the two interfaces to the
USMR will add constructively. Our theory also suggests
that an enhanced USMR may be found in paramagnetic
and ferromagnetic semiconductor bilayers, which have
much lower carrier densities than their metallic counter-

parts. As shown by Eq. , the USMR is inversely pro-
portional to the Fermi energy which scales with the equi-

librium free electron density as ep ne/ Very recently,
Olejnik et al. found that the USMR in ferromagnetic-
(Ga,As)Mn/paramagnetic-(Ga,As)Mn bilayers is larger
than that in metallic bilayers by several orders of magni-
tudes®?, and they attributed the big enhancement to the
low carrier densities in their semiconducting systems.

In summary, we have developed a drift-diffusion the-
ory for HM/FM bilayers with an in-plane electric current.
The theory is self-consistent in the sense that it takes into
account the effect of the current-induced spin accumula-
tion on the longitudinal resistance. The unidirectional
magnetoresistance is an effect of first order in the spin
Hall angle of the HM layer, in contrast to the linear spin
Hall magnetoresistance which is an effect of second order
in the spin Hall angle. We have suggested ways to con-
trol the sign of the nonlinear magnetoresistance and to
amplify the magnitude of the effect by judicious choice of
materials and/or nanostructure engineering. It appears
that conducting bilayers consisting of a ferromagnet and
a paramagnetic metal with large spin Hall angle have
considerable potential to work as reversible diodes that
may be controlled by the magnetic direction of the ferro-
magnetic layer.

It is a pleasure to thank A. Fert, P. Gambardella,
O. Heinonen, E. Saitoh, S. Zhang, and W. Zhang for
stimulating discussions. This work was supported by
NSF Grants DMR-1406568.

zhangshule@missouri.edu

C. O. Avci, K. Garello, A. Ghosh, M. Gabureac, S. F.

Alvarado, and P. Gambardella, Nat Phys, 11, 570 (2015).

2 S. Langenfeld, V. Tshitoyan, Z. Fang, A. Wells, T. A.
Moore, and A. J. Ferguson, Appl. Phys. Lett., 108, 192402
(2016).

3 K. J. Kim, T. Moriyama, T. Koyama, D. Chiba, S. W.
Lee, S. J. Lee, K. J. Lee, H. W. Lee, and T. Ono,
arXiv:1603.08746.

4 T. Valet and A. Fert, [Phys. Rev. Bl 48, 7099 (1993).

5 J. Bass and W. P. Jr J. Magn. Magn Mater., 200, 274
(1999).

9 S. S. P. Parkin, Phys. Rev. Lett., 71, 1641 (1993).

" R. Q. Hood and L. M. Falicov, [Phys. Rev. B, 46, 8287

(1992).

-

8 S.S.-L. Zhang and S. Zhang, [Phys. Rev. Lett., 109, 096603
(2012).

9 S. S.-L. Zhang and S. Zhang, [Phys. Rev. B, 86, 214424
(2012).

VY. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida,
M. Mizuguchi, H. Umezawa H. Kawai, K. Ando,
K. Takanashi, S. Maekawa, and E. Saitoh, Nature, 464,
262 (2010).

HJ. Li, Y. Xu, M. Aldosary, C. Tang, Z. Lin, S. Zhang,
R. Lake, and J. Shi, Nat Commun, 7 (2016).

12 1,. J. Cornelissen, J. Liu, R. A. Duine, J. B. Youssef, and

B. J. van Wees, Nat Phys, 11, 1022 (2015).

13 H. Wu, C. H. Wan, X. Zhang, Z. H. Yuan, Q. T. Zhang,
J. Y. Qin, H. X. Wei, X. F. Han, and S. Zhang, Phys.
Rev. B} 93, 060403 (2016).

' M. N. Baibich, J. M. Broto, A. Fert, F. N. Van Dau,
F. Petroff, P. Etienne, G. Creuzet, A. Friederich, and
J. Chazelas, Phys. Rev. Lett., 61, 2472 (1988).

15 G. Binasch, P. Griinberg, F. Saurenbach, and W. Zinn,
Phys. Rev. B, 39, 4828 (1989).

16 R. E. Camley and J. Barna$, Phys. Rev. Lett.,
(1989).

" P. M. Levy, S. Zhang, and A. Fert, Phys. Rev. Lett., 65,
1643 (1990)!

'® J. E. Hirsch, Phys. Rev. Lett., 83, 1834 (1999).

193, Zhang, Phys. Rev. Lett., 85, 393 (2000).

20 @. Vignale, J. Supercond. Novel Magn., 23, 3 (2010).

21 J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back,
and T. Jungwirth, Rev. Mod. Phys., 87, 1213 (2015).

22 5. Y. Huang, X. Fan, D. Qu, Y. P. Chen, W. G. Wang,
J. Wu, T. Y. Chen, J. Q. Xiao, and C. L. Chien, Phys.
Rev. Lett., 109, 107204 (2012).

43 M. Althammer et al., Phys. Rev. Bl 87, 224401 (2013).

24 N. Vlietstra, J. Shan, V. Castel, B. J. van Wees, and
J. Ben Youssef, Phys. Rev. B, 87, 184421 (2013).

%5 (C.Hahn, G. de Loubens, O. Klein, M. Viret, V. V. Naletov,
and J. Ben Youssef, Phys. Rev. Bl 87, 174417 (2013).

63, 664



mailto:zhangshule@missouri.edu
http://dx.doi.org/10.1038/nphys3356
http://scitation.aip.org/content/aip/journal/apl/108/19/10.1063/1.4948921
http://scitation.aip.org/content/aip/journal/apl/108/19/10.1063/1.4948921
http://dx.doi.org/10.1103/PhysRevB.48.7099
http://dx.doi.org/10.1103/PhysRevB.48.7099
http://dx.doi.org/http://dx.doi.org/10.1016/S0304-8853(99)00316-9
http://dx.doi.org/http://dx.doi.org/10.1016/S0304-8853(99)00316-9
http://dx.doi.org/http://dx.doi.org/10.1016/S0304-8853(99)00316-9
http://dx.doi.org/10.1103/PhysRevLett.71.1641
http://dx.doi.org/10.1103/PhysRevLett.71.1641
http://dx.doi.org/10.1103/PhysRevB.46.8287
http://dx.doi.org/10.1103/PhysRevB.46.8287
http://dx.doi.org/10.1103/PhysRevB.46.8287
http://dx.doi.org/10.1103/PhysRevLett.109.096603
http://dx.doi.org/10.1103/PhysRevLett.109.096603
http://dx.doi.org/10.1103/PhysRevLett.109.096603
http://dx.doi.org/10.1103/PhysRevB.86.214424
http://dx.doi.org/10.1103/PhysRevB.86.214424
http://dx.doi.org/10.1103/PhysRevB.86.214424
http://dx.doi.org/10.1038/nature08876
http://dx.doi.org/10.1038/nature08876
http://dx.doi.org/10.1038/ncomms10858
http://dx.doi.org/10.1038/nphys3465
http://dx.doi.org/10.1103/PhysRevB.93.060403
http://dx.doi.org/10.1103/PhysRevB.93.060403
http://dx.doi.org/10.1103/PhysRevB.93.060403
http://dx.doi.org/10.1103/PhysRevB.93.060403
http://dx.doi.org/10.1103/PhysRevLett.61.2472
http://dx.doi.org/10.1103/PhysRevLett.61.2472
http://dx.doi.org/10.1103/PhysRevB.39.4828
http://dx.doi.org/10.1103/PhysRevB.39.4828
http://dx.doi.org/10.1103/PhysRevLett.63.664
http://dx.doi.org/10.1103/PhysRevLett.63.664
http://dx.doi.org/10.1103/PhysRevLett.63.664
http://dx.doi.org/10.1103/PhysRevLett.65.1643
http://dx.doi.org/10.1103/PhysRevLett.65.1643
http://dx.doi.org/10.1103/PhysRevLett.65.1643
http://dx.doi.org/10.1103/PhysRevLett.83.1834
http://dx.doi.org/10.1103/PhysRevLett.83.1834
http://dx.doi.org/10.1103/PhysRevLett.85.393
http://dx.doi.org/10.1103/PhysRevLett.85.393
http://dx.doi.org/10.1103/RevModPhys.87.1213
http://dx.doi.org/10.1103/RevModPhys.87.1213
http://dx.doi.org/10.1103/PhysRevLett.109.107204
http://dx.doi.org/10.1103/PhysRevLett.109.107204
http://dx.doi.org/10.1103/PhysRevLett.109.107204
http://dx.doi.org/10.1103/PhysRevLett.109.107204
http://dx.doi.org/10.1103/PhysRevB.87.224401
http://dx.doi.org/10.1103/PhysRevB.87.224401
http://dx.doi.org/10.1103/PhysRevB.87.184421
http://dx.doi.org/10.1103/PhysRevB.87.184421
http://dx.doi.org/10.1103/PhysRevB.87.174417
http://dx.doi.org/10.1103/PhysRevB.87.174417

26

27

28

29

30

31

32

33

34

35

36

37

S. S.-L. Zhang and G. Vignale, Phys. Rev. Lett., 116,
136601 (2016).

M. Valvidares, N. Dix, M. Isasa, K. Ollefs, F. Wilhelm,
A. Rogalev, F. Sanchez, E. Pellegrin, A. Bedoya-Pinto,
P. Gargiani, L. E. Hueso, F. Casanova, and J. Fontcuberta,
Phys. Rev. B, 93, 214415 (2016).

J. Kim, P. Sheng, S. Takahashi, S. Mitani,
M. Hayashi, Phys. Rev. Lett., 116, 097201 (2016).
H. Nakayama et al., Phys. Rev. Lett., 110, 206601 (2013).
Y.-T. Chen, S. Takahashi, H. Nakayama, M. Althammer,
S. T. B. Goennenwein, E. Saitoh, and G. E. W. Bauer,
Phys. Rev. B, 87, 144411 (2013).

J. Bass and W. P. Pratt, Jr., J. Phys. Condens. Matter,
19 (2007).

C. O. Avci, K. Garello, J. Mendil, A. Ghosh, N. Blasakis,
M. Gabureac, M. Trassin, M. Fiebig, and P. Gambardella,
Appl. Phys. Lett., 107, 192405 (2015).

L. Liu, O. J. Lee, T. J. Gudmundsen, D. C. Ralph, and
R. A. Buhrman, Phys. Rev. Lett., 109, 096602 (2012)k
W. Zhang, W. Han, X. Jiang, S.-H. Yang, and
S. S. P. Parkin, Nat Phys, 11, 496 (2015).

H. Nguyen, W. P. Jr., and J. Bass, J. Magn. Magn. Mater.,
361, 30 (2014).

A. Aziz, O. P. Wessely, M. Ali, D. M. Edwards, C. H.
Marrows, B. J. Hickey, and M. G. Blamire, Phys. Rev.
Lett., 103, 237203 (2009).

J.-C. Rojas-Sanchez, N. Reyren, P. Laczkowski, W. Savero,
J.-P. Attané, C. Deranlot, M. Jamet, J.-M. George, L. Vila,

and

38

39

40
41

42

43

44

45

and H. Jaffres, Phys. Rev. Lett., 112, 106602 (2014).

K. Chen and S. Zhang, [Phys. Rev. Lett., 114, 126602
(2015).

K. D. Belashchenko, A. A. Kovalev,
gaarde, arXiv:1603.04281.

J. Bass, J. Magn. Magn. Mater., 408, 244 (2016).

Spin memory loss can be conveniently introduced into our
formulation through interfacial boundary condition of the
spin current as Q¥(07) = nQ¥(0™), where the phenomeno-
logical parameter 7 varies from 0 to 1, characterizing the
interfacial spin memory loss (n = 0 when the spin cur-
rent injected from the HM layer is completely absorbed
by the interface, and n = 1 when no absorption of spin
current takes place at the interface). With this boundary
condition, one can check that the resulting USMR is ap-
proximately equal to the one given by Eq. (18) multiplied
by 7.

K. Yasuda, A. Tsukazaki, R. Yoshimi, K. S. Takahashi,
M. Kawasaki, and Y. Tokura, Phys. Rev. Lett., 117,
127202 (2016).

A. Fert and 1. A. Campbell,|J. Phys. F: Met. Phys., 6, 849
(1976).

J. M. George, L. G. Pereira, A. Barthélémy, F. Petroff,
L. Steren, J. L. Duvail, A. Fert, R. Loloee, P. Holody, and
P. A. Schroeder, [Phys. Rev. Lett., 72, 408 (1994).

K. Olejnik, V. Novék, J. Wunderlich, and T. Jungwirth,
Phys. Rev. B}, 91, 180402 (2015).

and M. van Schilf-



http://dx.doi.org/10.1103/PhysRevLett.116.136601
http://dx.doi.org/10.1103/PhysRevLett.116.136601
http://dx.doi.org/10.1103/PhysRevLett.116.136601
http://dx.doi.org/10.1103/PhysRevB.93.214415
http://dx.doi.org/10.1103/PhysRevB.93.214415
http://dx.doi.org/10.1103/PhysRevLett.116.097201
http://dx.doi.org/10.1103/PhysRevLett.116.097201
http://dx.doi.org/10.1103/PhysRevLett.110.206601
http://dx.doi.org/10.1103/PhysRevLett.110.206601
http://dx.doi.org/10.1103/PhysRevB.87.144411
http://dx.doi.org/10.1103/PhysRevB.87.144411
http://scitation.aip.org/content/aip/journal/apl/107/19/10.1063/1.4935497
http://dx.doi.org/10.1103/PhysRevLett.109.096602
http://dx.doi.org/10.1103/PhysRevLett.109.096602
http://dx.doi.org/10.1038/nphys3304
http://dx.doi.org/http://dx.doi.org/10.1016/j.jmmm.2014.02.058
http://dx.doi.org/http://dx.doi.org/10.1016/j.jmmm.2014.02.058
http://dx.doi.org/http://dx.doi.org/10.1016/j.jmmm.2014.02.058
http://dx.doi.org/10.1103/PhysRevLett.103.237203
http://dx.doi.org/10.1103/PhysRevLett.103.237203
http://dx.doi.org/10.1103/PhysRevLett.103.237203
http://dx.doi.org/10.1103/PhysRevLett.103.237203
http://dx.doi.org/10.1103/PhysRevLett.112.106602
http://dx.doi.org/10.1103/PhysRevLett.112.106602
http://dx.doi.org/10.1103/PhysRevLett.114.126602
http://dx.doi.org/10.1103/PhysRevLett.114.126602
http://dx.doi.org/10.1103/PhysRevLett.114.126602
http://dx.doi.org/http://dx.doi.org/10.1016/j.jmmm.2015.12.011
http://dx.doi.org/http://dx.doi.org/10.1016/j.jmmm.2015.12.011
http://dx.doi.org/10.1103/PhysRevLett.117.127202
http://dx.doi.org/10.1103/PhysRevLett.117.127202
http://dx.doi.org/10.1103/PhysRevLett.117.127202
http://stacks.iop.org/0305-4608/6/i=5/a=025
http://stacks.iop.org/0305-4608/6/i=5/a=025
http://dx.doi.org/10.1103/PhysRevLett.72.408
http://dx.doi.org/10.1103/PhysRevLett.72.408
http://dx.doi.org/10.1103/PhysRevB.91.180402
http://dx.doi.org/10.1103/PhysRevB.91.180402

	Theory of unidirectional spin Hall magnetoresistance in heavy-metal/ferromagnetic-metal bilayers
	Abstract
	References


