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Effect of contacts on spin lifetime measurements in graphene
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Injection, transmission, and detection of spins in a conducting channel are the basic ingredients of spintronic
devices. Long spin lifetimes during transit are an important ingredient in realizing this technology. An attractive
platform for this purpose is graphene, which has high mobilities and low spin-orbit coupling. Unfortunately,
measured spin lifetimes are orders of magnitude smaller than theoretically expected. A source of spin loss is the
resistance mismatch between the ferromagnetic electrodes and graphene. While this has been studied numerically,
here we provide a closed form expression for Hanle spin precession which is the standard method of measuring
spin lifetimes. This allows for a detailed characterization of the nonlocal spin valve device.
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I. INTRODUCTION

Spintronic devices rely on the ability to inject, transport,
manipulate, and detect spins [1,2]. The typical architecture
involves ferromagnetic electrodes deposited on a conducting
medium [3,4]. Driving a current across the junction of a
magnetic element and a nonmagnetic metal leads to spin
injection (also called spin accumulation) [4-7]. The injected
spins either diffuse in nonlocal spin valve geometry, or
are driven by applied fields across the conducting channel.
The former has the advantage that the observed spin signal
is not corrupted by accompanying charge current. During
this transit, scattering processes dephase the spins and thus
degrade the chemical potential imbalance between spins of
opposite orientation. The residual difference is detected by a
ferromagnetic electrode whose magnetization can be flipped
by applying external fields.

The performance of devices is determined by a number
of parameters associated with the basic processes described
above. The efficiency of spin injection, the diffusion length (or
equivalently the diffusion constant and spin relaxation time),
the distance between the injector and detector, and resistivities
of various components such as the electrodes, the junction,
and the conducting channel, are some of the ingredients that
contribute to the measured magnetoresistance. As such, having
good injection efficiency coupled with long spin lifetimes
is crucial for the viability of spintronic applications. The
discovery of graphene [8] has been of particular interest in
this regard because of its tunable conductivity, high mobility,
and low spin-orbit coupling. Moreover, the two-dimensional
nature allows for efficient device design and spin manipulation.
Theoretical estimates for spin lifetimes of a few microseconds
[9,10] are leading to a concerted effort in realizing spin based
transistors and spin valves [11-18].

Unfortunately, the best measured spin lifetimes via the
Hanle spin precession technique are in the 50 to 200 ps range
[11,18-20]. The large discrepancy is yet to be explained. The
linear scaling of spin and transport lifetimes [18] suggested
that the dominant scattering mechanism in the conducting
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channeling is of the Elliot-Yafet [21] type. Surprisingly, in the
regime of small spin lifetimes (~100 ps), Coulomb scattering
was shown not to be the dominant mechanism [20]. The more
important determining factor of the lifetime was found to be
the nature of the interface between the magnetic electrode
and the conducting channel. Tunneling contacts suppress spin
relaxation, and lifetimes of 771 ps were reported at room
temperature, increasing to 1.2 ns at 4 K [22]. On the other
hand, low resistance barriers lead to considerable uncertainty
in the determination of the lifetimes.

Over the last few years, characterizing the nature of the
spin dynamics at the interface has garnered much attention.
A key contribution in this effort is the generalization of
the standard theoretical approach of calculating the nonlocal
magnetoresistance with and without the magnetic field. Recent
efforts study the effect of including the contact resistance
[19,23], and alternatively relaxing the normally infinite bound-
ary conditions in favor of a finite channel size [24]. The
approach relies on numerically solving the Bloch equation
to generate Hanle precession curves and then fitting observed
data.

In this paper we present the closed form expression for
the precession curves with finite contact resistance, and
analytically discuss the various parameters regimes that show
qualitatively different behaviors. The fits to data reproduce
the results in the literature and provide a means to understand
the effect of the contacts which were previously obtained by
numerical simulations.

The paper is organized as follows. In Sec. II we provide
the basic model, define the relevant parameters, and present an
expression for the nonlocal resistance Ryy . The primary result
is given by Eq. (4). In Sec. III the solution for Ry is fitted
to data. In Sec. IV we analyze the various regimes which are
determined by the diffusion length, length of the device, and
the contact resistance. Section V ends with a summary of the
results and future directions.

II. MODEL

The assumed device geometry is shown in Fig. 1. Two
ferromagnetic contacts (F) are deposited on the normal
semiconductor (N). A spin-polarized current / is injected
through the contact at x = 0 and flows in the x < 0 region
of the semiconductor. The voltage difference V is measured
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FIG. 1. The geometry of the nonlocal spin valve analyzed in
this paper is shown. There are two ferromagnetic electrodes placed
on a conducting channel. Current / flows into the left electrode,
while the potential V is measured at the right electrode. The
nonlocal resistance is defined as the ratio V' /I. For spin dependent
phenomena, the relevant quantity of interest is the difference between
the nonlocal resistance for the parallel and antiparallel orientations
of magnetization of the two electrodes.

at x = L between the contact and the semiconductor. The
nonlocal resistance is Ryy, = V/I [23].

Spin transport is modeled by identifying two spin channels
and their associated three-component spin electrochemical
potentials z¢4 . The majority channel is labeled as up, while the
minority channel is labeled as down. The voltage difference
is proportional to the spin accumulation p, = (4 — pt})/2
at x = L. The spin accumulation in the semiconductor is
assumed to satisfy the steady-state Bloch diffusion equation

ul

T

DVl — +wx pY =0. (D
The key parameters are the contact spacing L, the diffusion
constant D, the spin lifetime t, the spin diffusion length A =
VDt andw = (g z/h) B which is proportional to the applied
magnetic field B and the gyromagnetic ratio g = 2.

For contacts which cover the width of the channel, the
transport is uniform along y. Since the channel is two
dimensional, uY will only vary along x. We enforce the
boundary condition uY — 0 at x — 00 and the continuity
of the current and spin current. A detailed derivation is given
in Appendix and reveals

R, =£pipaRy f. )

The overall sign corresponds to parallel and antiparallel
ferromagnetic alignments. Specifically, we find a resistance
scale
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Note that f is unitless and depends only on the scales L /A,
wt, and A/r;. The parameters r; with i either O for the left
contact or L for the right are

_Rr 4R

w, ®)
RSQ

ri
where Rp is the resistance of the ferromagnet and R are the
individual contact resistances, W is the graphene flake width,
and

Rsq = W/a" ©)

is the graphene square (sheet) resistance given in terms of the
semiconductor conductivity V. The resistances Ry and R}
are the effective resistances of a unit cross sectional area. They
are defined in (A10) and (A15). To obtain an expression in
terms of the ohmic resistances, one must make the substitutions
Rp—>WpWRp and R.—WrW RL, where W is the contact
width, i.e., Wrp W is the contact area. We will use the same
symbols for either resistance type when the meaning is clear.
The polarizations p; and p,, defined in Eq. (A36), model the
effective current injection. They depend on the resistances and
the spin polarizations of the semiconductor and the individual
contacts.

The expression AR = |RY; — Ry | measures the dif-
ference in signal between parallel and antiparallel field
alignments. We combine P? = | p1p2| [25], and write

ARnL = 2P*Ry|f], (7
with
Y|
Ry = W;’ (®)

where 6 = oV L is the graphene conductance normally given
in units of mS = (m)~".

III. FITS

Data presented in Fig. 4 from [26] were fit to the model
presented here. Fits were done using Python and matplotlib
[27]. Links to the source code along with instructions on how
to create similar fits and figures are available online [28].

We assume similar contacts, Rc = Rg = Ré. The resis-
tance of the ferromagnet Co is computed as Rr = ppAp/Ay,
where pp is the Co resistivity, A is the spin diffusion length
of Co, and A is the junction area estimated at A; = Wd, with
d between 0.5 and 50 nm [26]. Hanle fits were done using a
simple least squares algorithm with nonnegative parameters t,
D, R¢, and P. The polarization P was constrained between
zero and one.

Figure 2 shows fits of ARy given by Eq. (7) for devices
with tunneling and transparent contacts, and Ry; given by
Eq. (2) for a device with pinhole contacts [29]. Fits (a), (b),
and (c) with tunneling and pinhole contacts give large R ~
107 k2 and lifetimes equivalent to fitting with R — oo, while
(d) with transparent contacts gives a reduced Rc ~ 3 k2 and
a lifetime increased by at most a factor of 2 (compare to 78
ps for Rc — 00). For tunneling contacts, the polarization P
is 25% to 60% smaller than the lower bound given in [26],
while for transparent contacts, P is reduced by an order of
magnitude.
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FIG. 2. (Color online) Data in Fig. 4 from [26] fit to Egs. (7) or
(2) with the following values: W =22 um, Wrp =10 pum,
oc = 0.5 mS, pr =60 Qnm, and Ry = 3.27 Q2 (d = 0.5 nm and
Ar = 0.06 um). The contact type (tunneling, pinhole, or transparent)
and the contact separation L varies.

Note that we have used R¢ as a fitting parameter. In most
devices, this quantity can be experimentally determined, thus
further constraining the fitting algorithm. As we will discuss
further in the next section, a fact that becomes apparent from
our analytic result is that the relevant scale is A/r. Once r
becomes larger than A, all of the corrections to the R¢c— 00
limit Hanle curves become very small. In other words, once
r > A, the fit is insensitive to the actual value of the contact
resistance. The fact that we quote a resistance of order 107 k2
in fits (a), (b), and (c) in Fig. 2 results from the built-in accuracy
we demand of the fitting algorithm. A good fit can be obtained
for any r as long as it is larger than A.
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IV. REGIMES

In this section we discuss the various limits of the
expression describing the Hanle precession curve. First, we
show that the commonly used results for zero magnetic field
and tunneling contacts are correctly reproduced. Next, we
discuss regimes where appropriate scaling will give nonunique
Hanle fits. In the following we consider the case r = ry = r,
of similar contacts.

In the limit of tunneling contacts R ,Ré > Rp. Putting
ro,rp —> 00 gives pipa — (PL)? and

o~ L/ TFiwr
2T+ iwt

which is of the same form as found in Appendix B of [30] (we
will denote this limit with the superscript co). Fitting with this
expression was found to give results equivalent to fitting with
the Hanle equation

£ =Re )

o0 —t/t L2
RS, = £S5 [— H} coswt dt.  (10)

——eX
0 v4m Dt P

The agreement is expected as an explicit integration of Eq. (10)
yields the same analytic expression with the identification
SnL = p1p2D/Wog. In the additional limit of zero magnetic
field,

2 _
ARNL = (Pg) Rye 1, (11)

which agrees with Eq. (6) in [23].
Let fp denote f at zero magnetic field,

fo=[2(1 +/re"* + (/) sinh L], (12)
which agrees with Eq. (3) in [19].

To further explore the nature of the Hanle curves, we exploit
the fact that it only depends on the dimensionless ratios A/r,
L/, and wt. The only other parameter of the conducting
channel that enters the expression is the overall scale A in Ry .
The expression f contains three terms which are of zeroth,
first, and second order in A/r. Thus, as the contact resistance
decreases, one goes from a device dominated by the first term
to one dominated by the last. But precisely how this comes
about depends on the value of wt.

For infinite contact resistance, it was pointed out that any
rescaling of g, T, and D that leaves A and wt unchanged leads
to the same Hanle precession curves [31]. Our result shows that
the same is also true when the contact resistance is taken into
account. In numerical simulations, interesting features were
observed when L/A < 1 and r/A < 1 [32].

To compare across regimes, we first normalize the data to
its value at zero magnetic field. In devices where A /7 >> 1, the
normalization factor is

2L/
T O

Inthis regime, if D is not very different from the infinite contact
resistance value, then the lifetime can be large, i.e., T > 1 ns.
As one tunes the magnetic field \/wt > 1, for small values
of the field, and for much of the curve, we can approximate
1 + iwt =~ iwt. An interesting consequence of this is that the
zero of the Hanle precession curve becomes independent of

Jfo 13)
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the scattering time. Note that the product

L jot= L\/E (14)
A w

which appears in the exponential and oscillating factors below,
is independent of the lifetime. As one further tunes the
magnetic field, the Hanle curve is given by

L
f= YO Ve | =[98 LT as)
/) A2 o4

as long as A/r > /ot > 1. In this limit, the nonlocal
resistance scales as

A/
ARy oc YO0 _ 2 [© (16)
(A/r)? D
and the normalized nonlocal resistance as
Sflfo x Vor. (17)
On further increasing the field, /ot > A/r > 1, we get
1 L ot =&
= e WVt eos | Z - 4 . 18
N W2 T3 (18)
In this limit, the nonlocal resistance scales as
AR * b (19)
x =.,/—,
N Jot w

and the normalized nonlocal resistance as
Y 2

G/ [T
Jot

In the limits of Egs. (15) and (18), the zeros of the Hanle

fit are independent of the lifetime and are determined by D
though the condition

S/fo (20)

wr*’

I D m nmw 71
w32 @b
where n = 0 for Eq. (15) and n = 1 for Eq. (18).

Note that fitting is insensitive to t in the limit of Eq. (16) or
(19). As an example of this, Fig. 3 shows nearly identical fits
with lifetimes that differ by four orders of magnitude. These
fits were obtained by choosing large starting values for t. For
Figs. 2(d)and 3, x> ~ 7 x 1078, but the 2 for Fig. 2(d) is 2%
less than the x 2 for Fig. 3. InFig. 2(d) A /r > ot andwt ~ 1
for most of the curve, so the approximation 1 +iwt ~ iwt
does not hold. However, Fig. 3 is in the limit of Eq. (16) for
all points (save the origin). Thus, in limit of small r, the fitted
value of t is unreliable unless one carefully controls the fitting
procedure.

The evolution of the expression for the Hanle curve is an
interesting insight into the behavior of the device. Fitting data
on devices with small contact resistances with the functional
form applicable to infinite contact resistance yields unreliable
parameters. In particular, they were numerically shown to
severely underestimate the spin lifetime [32].

Further analytic progress can be made if one assumes that
lifetimes as estimated with infinite contact resistance are long
enough that the approximation of /w7 > A/r > 1 is still
valid for much of the data being analyzed. For this case, at
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FIG. 3. (Color online) Data in Fig. 4(d) from [26] fit to Eq. (2)
with the same values as in Fig. 2(d). Fits with lifetimes that differ by
four orders of magnitude were obtained by using different starting
values for t. These fits are otherwise similar with the exception of the
lifetime, demonstrating the 7-independent scaling in Eq. (16). The
x? for Fig. 2(d) is 2% less than the x2 for Fig. 3.

infinite contact resistance, the normalized nonlocal resistance
is given by

ﬁ = Le_(L/}‘)th/z CcOS £ a)_t + z . (22)
oo ot AY 2 4

Provided D remains constant, this will yield the same curve

with finite contact resistance if

== Dzr—4. (23)
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In other words, if we fix T and ask what happens to the fitted
value assuming infinite contact resistance as a function of
decreasing r, Eq. (23) shows that it will decrease as well. For D
fixed, 7% oc r*. While the general trend is consistent with [32],
the quantitative agreement is limited by the approximations
made for analytic convenience.

V. SUMMARY

In this paper we have analyzed the effect of contact
resistance on spin lifetimes determined via the Hanle spin
precession technique in nonlocal spin valves. The general
expression for the precession curves given in Eq. (4) is the
main new result. While aspects of the discussed phenomena
have been addressed numerically before, an analytic solution
is obtained here which allows for detailed characterization of
the device. In particular, general features of scaling as well
as various limits and regimes can be analyzed. In addition,
the solution allows for fitting data using standard curve fitting
algorithms.
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APPENDIX: COMPUTATION

In this Appendix we derive an expression for the nonlocal
resistance for finite contact resistance. We first present the
key definitions and critical boundary conditions. We then
derive the relation between the nonlocal resistance and the
spin chemical potential at the far contact u (L). Finally, we
solve the diffusion equation inside the semiconductor to find
uN(L).

1. Definitions

Many of the definitions and results in this section are taken
from [33]. The chemical potential and spin chemical potential
are defined in terms of the spin-up and spin-down chemical
potentials,

(Ala)
(A1b)

o= 3(up + ),
s = 5(p — 1))

The material conductances and polarization are defined in
terms of the spin-up and spin-down conductances,

o =o0y+0, (A2a)
oy = or — 0y, (A2b)
p, =2 (A2¢)

o

The gradient of the chemical potentials drives a current and
spin current,

Jry = o0 Vs, (A3a)
J=JW+J =0Vu+o,Vus, (A3b)
Jo=Jp —J, =0,Vu+oVu,. (A3c)
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To indicate the material, any of the above can have a superscript
N (normal semiconductor) or F' (ferromagnet).

The contact conductances and polarization are defined in
terms of the spin-up and spin-down contact conductances,

=351 +3%, (Ada)

=3 -2, (A4b)

Py = 2 (Adc)
>

The mismatch of the chemical potentials across the contact
drives a current and spin current,

C N F
I = S (), = ug). (ASa)
JC=Jf 4+, (A5b)
JE=Jf —Jf. (A5c¢)

The subscript ¢ will always denote the function evaluated at
the contact.

We will use the term current to refer to J, when in fact
this is a particle current density. For constant J, the physical
charge current I will be related to J by arelation I = —AJ /e
for some characteristic area A.

To reduce the number of subscripts and superscripts in the
following, we adopt the notation for the potentials

M=M§~vv @ZM’AF’

v - (A6a)
v=pu", Y=u,
and currents
j=Jd, J=J" j=JE. (A6b)
We rewrite Eq. (AS) as
Jc = E(UC - 1/&) + 2:s(uc - (pc)v (A7a)
Je = Zs(ve — Ye) + Z(ue — @o), (A7b)
and Eqgs. (A2) and (A3) as
O—T O—l
J =P, J +4——Vyu,. (A8)
o
Using Egs. (A4) and (A7),
Jo=PLJc+ R (ue — 0, (A9)
where the contact resistance is
RL = bl (A10)
€T axiz

The superscript i allows for contacts with difference conduc-
tances.

2. Boundary conditions

In this section we derive the relations between the potentials
and the currents This corresponds to the needed boundary
conditions.
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a. Semiconductor
For the semiconductor, O’TN = of] =o"/2, s0o PN =0.
Evaluating Eq. (A8) at the contact gives

N =" (Vu).. (Al11)

b. Ferromagnet

For the ferromagnet, one assumes uf satisfies the one-
dimensional diffusion equation. We choose the 7’ coordinate
antiparallel to z with origin at the contact. The equation

¢"(@) — kro() =0,

with the boundary condition lim, _, _, ¢(z’) = 0 has solution

(A12)

0(Z) = g, (A13)

where ¢, = ¢(0) is a yet undetermined constant. Putting this
into Eq. (A8) and evaluating it at the contact gives

1IF=PrIf + R, (A14)
where the ferromagnet resistance is
Re= 2 (A15)
£ 40{ o f kp

Here Ap =1/kp is the spin diffusion length in the
ferromagnet.

c. Continuity assumptions

At the contact, the current and spin current are assumed
continuous,

Jo=JF=JN, (Al16a)

re=15=," (A16b)

Using Eqgs. (A9), (A14), and (A16) we find the relation

(PR + PLR.)J. = (RF + RL) Jc — ue, (Al7a)
and that ¢, is determined by
PL — PF)RL ). + Pfu,
Ry = (Py = Py)Ree + Poue (A17b)

PFRp + PLRL

In the special case of zero current at the contact (J. = 0),
Eq. (A17) reduces to

1

= Ui, (A18a)
= Rr 1 RL
Rr (A18b)
= —U,.
wC RF + Rlc C

3. Nonlocal resistance

In this section we derive the precise relation between Ry
and uN(L). Note that we may write in general, for some f,

w=i+ Ps;us, (A19)

and, following [23], define the voltage due to the difference in
the chemical potentials across the contacts by

Ve = (ac — il)/e. (A20)
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We assume a fixed current Jy = |Jy| > 0 flows down
through the contact at x =0 and to the left in the semi-
conductor for x < 0, and no current flows for x > 0. The
experimentally measured quantity is the nonlocal resistance
Rne = Vi /1y, where I = —W LJy/e is the current through
the contact at x = 0. It is convenient to introduce the effective
nonlocal resistance R;S defined by

al— i
Jo
To determine Ry, we must express the difference of these
chemical potentials in terms of ,u?’ (L).
Since there are two ferromagnetic contacts, we have

separate functions ¥ and ¢ for each contact which we will
denote by ¥, ¢° and ¥*, p’. From Eq. (A13) we have

R =WLRy = —eV,/Jp = (A21)

(A22a)
(A22b)

9°(2) = poe*"*
¢H(2) = L.

The physical restriction on the current flow in the semi-
conductor is imposed by noting that since 0V = 0, Eq. (A3b)
gives J¥ = 0¥ Vv, so we must have

v.(0) — (Jo/oM)x  for x < 8, (A23)

Vx () = {UX(O) for x >

vy(x) = vy(0), and v, (x) = v,(0).
Using Eq. (A3b) the restriction on the current flow in each
ferromagnet gives

’

vy = (Jo/o") — PV,
vyl = —PFveh.

(A24a)

(A24b)
Integrating and enforcing eV, = v,(0) — (Y. — Pl @),
¥0(z) = —eVo + P o2 — %) + v.(0) + (Jo /o F)7,
(A25a)
Yh(Z) = —eVp + PLo (2 — &%) + v,(0). (A25b)

There is no current at the contact at x = 0, thus Eq. (A7a)
gives

Y — v = Pg (ur — ¢1), (A26)
and with Eq. (A18b) we find
R;gZ(WL—UL)—Pfﬁl’L
R PFR +(L
=|:PEL<1— r L)- o FL}”( ) (A27)
Rr+RE)  Rr+RE] Jo

4. Diffusion equation

In this section we show how to solve for ,uﬁv (L). This
method is based on the one described in [19]. Inside the
semiconductor, u satisfies the diffusion equation

DViu—2 4t wxu=0. (A28)
T
Here D is the diffusion constant, t is the spin lifetime, and

w = (gup/h) B is proportional to the applied magnetic field
(with g the gyromagnetic ratio and wp the Bohr magneton).
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The spin diffusion length in the semiconductor is A = 1/k =
VDr.

The function u = u(x) only varies along x, and we
introduce the notation

u,_(x) for x <0,
uy(x) = {upx) for 0<x<L, (A29)
Uy (x) for L <x,

with similar expressions for u, and u.. The most general
solution to Eq. (A28) decouples u; from u, and u,. The
requirement lim,_, 4 u(x) = 0 yields

Ui (x) = ATe™, (A30a)
up(x) = Afe + Aje™, (A30b)

and
Uyr (x) = BT 4 CFeTRY, (A31a)
Uy (x) = BT —iCTe™, (A31b)
uo(x) = B e** + Bye ™ + Cfe™ + Cye ™, (A3lc)

Uyo(x) = iB(;re’”‘ +iByje ™ — iCare'?x - iCJe‘”,
(A31d)

where k¥ = k+/1 + iwt. The 12 constants A, B, and C (with
their various subscripts and superscripts) must be determined
by imposing the appropriate boundary conditions.

We first require u be continuous at x = 0 and x = L; this
gives six equations. We now require a boundary condition on
Vu, but Vu cannot be assumed continuous at the contact. We
make the assumption that the total spin current at the contact
is the sum of the spin currents on either side, i.e.,

(A32a)
(A32b)

Jo = oM [—u'_(0) + uy(0)],
J = oN[—uy(L) + u' (L)].

The signs have been chosen to be consistent with the physical
geometry. The only nonzero component of the current at the
contacts inside the semiconductor is the x component at x = 0,
so we use Eq. (A17a). For all other components there is zero
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current at the contact, and we use Eq. (A18a). Together with
Eq. (A32) this gives the other six equations,

—u,_(0) + u’((0) + nou-(0) = 0, (A33a)
u, (L) —ulo(L)+ npu(L) =0, (A33b)
—u’,_(0) + u'((0) + nou,(0) = A, (A33c)
(L) — (L) + nrux(L) = 0, (A33d)
—u;_(O) + u;,O(O) + nouy(0) =0, (A33e)
)y, (L) — (L) + npuy(L) = 0, (A33f)
where

n;' = —o" (Rr + RL), (A34a)
A =—(=Jo) (PFRr + P2RY)mo.  (A34b)

We define the r-parameter r; = —n; ! introduced in Eq. (5).

These equations can be organized into a matrix equation
and solved algebraically. A solution for u, corresponds to a
condition of vanishing determinant,

2r 2r
20— (1429 (14 2£
¢ ( A)( x )

which can never be satisfied [34], thus u, = 0 is the only
allowed solution. The other two components form an eight-
dimensional linear system. Solving this gives the remaining
constants, and thus u, (L) = e *Y B~ + ¢ *LC~.

Finally, by using p; = —o¥ A /Jy along with Eq. (A27),
we can introduce Rgq from Eq. (6) and the polarizations
PFRp + PLRE

Rr + RE

/p1 = (1 PfRF)/(l + P“FRF> (A36b)
p2/pP1 = PZLRé PELRé )

RE  pipa [ kus(L)
Rsq  W/A A ]

The factor in brackets is the function f given in Eq. (4).

(A35)

p1= (A36a)

to write

(A37)

[1] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton,
S. von Molnar, M. L. Roukes, A. Y. Chtchelkanova, and D. M.
Treger, Science 294, 1488 (2001).

[2] L zutié, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323
(2004).

[3] S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990).

[4] F. J. Jedema, A. T. Filip, and B. J. van Wees, Nature (London)
410, 345 (2001).

[5] M. Johnson and R. H. Silsbee, Phys. Rev. Lett. 55, 1790 (1985).

[6] T. Yang, T. Kimura, and Y. Otani, Nat. Phys. 4, 851 (2008).

[7] S. O. Valenzuela, D. J. Monsma, C. M. Marcus, V. Narayana-
murti, and M. Tinkham, Phys. Rev. Lett. 94, 196601 (2005).

[8] K. S.Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, 1. V. Grigorieva, and A. A. Firsov, Science 306,
666 (2004).

[9] D. Huertas-Hernando, F. Guinea, and A. Brataas, Phys. Rev. B
74, 155426 (2006).

[10] B. Trauzettel, D. V. Bulaev, D. Loss, and G. Burkard, Nat. Phys.
3, 192 (2007).

[11] N. Tombros, C. Jozsa, M. Popinciuc, H. T. Jonkman, and B. J.
van Wees, Nature (London) 448, 571 (2007).

[12] M. Ohishi, M. Shiraishi, R. Nouchi, T. Nozaki, T. Shinjo, and
Y. Suzuki, Jpn. J. Appl. Phys. 46, L605 (2007).

[13] S. Cho, Y.-F. Chen, and M. S. Fuhrer, Appl. Phys. Lett. 91,
123105 (2007).

[14] N. Tombros, S. Tanabe, A. Veligura, C. Jozsa, M. Popinciuc,
H. T. Jonkman, and B. J. van Wees, Phys. Rev. Lett. 101, 046601
(2008).

[15] E. Hill, A. Geim, K. Novoselov, F. Schedin, and P. Blake, IEEE
Trans. Magn. 42, 2694 (2006).

245436-7


http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1038/35066533
http://dx.doi.org/10.1038/35066533
http://dx.doi.org/10.1038/35066533
http://dx.doi.org/10.1038/35066533
http://dx.doi.org/10.1103/PhysRevLett.55.1790
http://dx.doi.org/10.1103/PhysRevLett.55.1790
http://dx.doi.org/10.1103/PhysRevLett.55.1790
http://dx.doi.org/10.1103/PhysRevLett.55.1790
http://dx.doi.org/10.1038/nphys1095
http://dx.doi.org/10.1038/nphys1095
http://dx.doi.org/10.1038/nphys1095
http://dx.doi.org/10.1038/nphys1095
http://dx.doi.org/10.1103/PhysRevLett.94.196601
http://dx.doi.org/10.1103/PhysRevLett.94.196601
http://dx.doi.org/10.1103/PhysRevLett.94.196601
http://dx.doi.org/10.1103/PhysRevLett.94.196601
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1103/PhysRevB.74.155426
http://dx.doi.org/10.1103/PhysRevB.74.155426
http://dx.doi.org/10.1103/PhysRevB.74.155426
http://dx.doi.org/10.1103/PhysRevB.74.155426
http://dx.doi.org/10.1038/nphys544
http://dx.doi.org/10.1038/nphys544
http://dx.doi.org/10.1038/nphys544
http://dx.doi.org/10.1038/nphys544
http://dx.doi.org/10.1038/nature06037
http://dx.doi.org/10.1038/nature06037
http://dx.doi.org/10.1038/nature06037
http://dx.doi.org/10.1038/nature06037
http://dx.doi.org/10.1143/JJAP.46.L605
http://dx.doi.org/10.1143/JJAP.46.L605
http://dx.doi.org/10.1143/JJAP.46.L605
http://dx.doi.org/10.1143/JJAP.46.L605
http://dx.doi.org/10.1063/1.2784934
http://dx.doi.org/10.1063/1.2784934
http://dx.doi.org/10.1063/1.2784934
http://dx.doi.org/10.1063/1.2784934
http://dx.doi.org/10.1103/PhysRevLett.101.046601
http://dx.doi.org/10.1103/PhysRevLett.101.046601
http://dx.doi.org/10.1103/PhysRevLett.101.046601
http://dx.doi.org/10.1103/PhysRevLett.101.046601
http://dx.doi.org/10.1109/TMAG.2006.878852
http://dx.doi.org/10.1109/TMAG.2006.878852
http://dx.doi.org/10.1109/TMAG.2006.878852
http://dx.doi.org/10.1109/TMAG.2006.878852

EVAN SOSENKO, HUAZHOU WEI, AND VIVEK AJl

[16] W. Han, J.-R. Chen, D. Wang, K. M. McCreary, H. Wen,
A. G. Swartz, J. Shi, and R. K. Kawakami, Nano Lett. 12, 3443
(2012).

[17] W. Han, K. McCreary, K. Pi, W. Wang, Y. Li, H. Wen, J. Chen,
and R. Kawakami, J. Magn. Magn. Mater. 324, 369 (2012).

[18] C. Jézsa, T. Maassen, M. Popinciuc, P. J. Zomer, A. Veligura,
H. T. Jonkman, and B. J. van Wees, Phys. Rev. B 80, 241403
(2009).

[19] M. Popinciuc, C. Jézsa, P. J. Zomer, N. Tombros, A. Veligura,
H. T. Jonkman, and B. J. van Wees, Phys. Rev. B 80, 214427
(2009).

[20] K. Pi, W. Han, K. M. McCreary, A. G. Swartz, Y. Li, and R. K.
Kawakami, Phys. Rev. Lett. 104, 187201 (2010).

[21] R.J. Elliott, Phys. Rev. 96, 266 (1954).

[22] W. Han and R. K. Kawakami, Phys. Rev. Lett. 107, 047207
2011).

[23] S. Takahashi and S. Maekawa, Phys. Rev. B 67, 052409 (2003).

[24] M. Wojtaszek, I. J. Vera-Marun, and B. J. van Wees, Phys. Rev.
B 89, 245427 (2014).

PHYSICAL REVIEW B 89, 245436 (2014)

[25] Assuming the polarizations P/ and Pf have the same sign
bounds P < 1.

[26] W. Han, K. Pi, K. M. McCreary, Y. Li, J. J. I. Wong, A. G.
Swartz, and R. K. Kawakami, Phys. Rev. Lett. 105, 167202
(2010).

[27] J. D. Hunter, Comput. Sci. Eng. 9, 90 (2007).

[28] An online portal with links to the code used to prepare this work
is located at evansosenko.com/spin-lifetime/.

[29] Parallel and antiparallel data for this device was only available
at dissimilar field values, thus A Ry;, could not be fit.

[30] M. Johnson and R. H. Silsbee, Phys. Rev. B 37, 5312
(1988).

[31] A. G. Swartz, K. M. McCreary, W. Han, H. Wen, and R. K.
Kawakami (unpublished).

[32] T. Maassen, 1. J. Vera-Marun, M. H. D. Guimaries, and B. J.
van Wees, Phys. Rev. B 86, 235408 (2012).

[33] J. Fabian, A. Matos-Abiague, C. Ertler, P. Stano, and
I. Zuti¢, Acta Phys. Slov. 57, 565 (2007).

[34] Except at the nonphysical point L/A =r; /1 = 0.

245436-8


http://dx.doi.org/10.1021/nl301567n
http://dx.doi.org/10.1021/nl301567n
http://dx.doi.org/10.1021/nl301567n
http://dx.doi.org/10.1021/nl301567n
http://dx.doi.org/10.1016/j.jmmm.2011.08.001
http://dx.doi.org/10.1016/j.jmmm.2011.08.001
http://dx.doi.org/10.1016/j.jmmm.2011.08.001
http://dx.doi.org/10.1016/j.jmmm.2011.08.001
http://dx.doi.org/10.1103/PhysRevB.80.241403
http://dx.doi.org/10.1103/PhysRevB.80.241403
http://dx.doi.org/10.1103/PhysRevB.80.241403
http://dx.doi.org/10.1103/PhysRevB.80.241403
http://dx.doi.org/10.1103/PhysRevB.80.214427
http://dx.doi.org/10.1103/PhysRevB.80.214427
http://dx.doi.org/10.1103/PhysRevB.80.214427
http://dx.doi.org/10.1103/PhysRevB.80.214427
http://dx.doi.org/10.1103/PhysRevLett.104.187201
http://dx.doi.org/10.1103/PhysRevLett.104.187201
http://dx.doi.org/10.1103/PhysRevLett.104.187201
http://dx.doi.org/10.1103/PhysRevLett.104.187201
http://dx.doi.org/10.1103/PhysRev.96.266
http://dx.doi.org/10.1103/PhysRev.96.266
http://dx.doi.org/10.1103/PhysRev.96.266
http://dx.doi.org/10.1103/PhysRev.96.266
http://dx.doi.org/10.1103/PhysRevLett.107.047207
http://dx.doi.org/10.1103/PhysRevLett.107.047207
http://dx.doi.org/10.1103/PhysRevLett.107.047207
http://dx.doi.org/10.1103/PhysRevLett.107.047207
http://dx.doi.org/10.1103/PhysRevB.67.052409
http://dx.doi.org/10.1103/PhysRevB.67.052409
http://dx.doi.org/10.1103/PhysRevB.67.052409
http://dx.doi.org/10.1103/PhysRevB.67.052409
http://dx.doi.org/10.1103/PhysRevB.89.245427
http://dx.doi.org/10.1103/PhysRevB.89.245427
http://dx.doi.org/10.1103/PhysRevB.89.245427
http://dx.doi.org/10.1103/PhysRevB.89.245427
http://dx.doi.org/10.1103/PhysRevLett.105.167202
http://dx.doi.org/10.1103/PhysRevLett.105.167202
http://dx.doi.org/10.1103/PhysRevLett.105.167202
http://dx.doi.org/10.1103/PhysRevLett.105.167202
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1103/PhysRevB.37.5312
http://dx.doi.org/10.1103/PhysRevB.37.5312
http://dx.doi.org/10.1103/PhysRevB.37.5312
http://dx.doi.org/10.1103/PhysRevB.37.5312
http://dx.doi.org/10.1103/PhysRevB.86.235408
http://dx.doi.org/10.1103/PhysRevB.86.235408
http://dx.doi.org/10.1103/PhysRevB.86.235408
http://dx.doi.org/10.1103/PhysRevB.86.235408



