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Abstract

We report on a systematic study of contact-induced spin relaxation in gated graphene nonlo-

cal spin valves. We demonstrate the enhancement of the nonlocal magnetoresistance (∆RNL) as

the Co/AlOx/graphene interface resistance increases relative to the graphene spin resistance. We

measure Hanle precession at many gate voltages on fourteen separate spin valve devices fabricated

from graphene grown by chemical vapor deposition (CVD). These measurements are compared by

normalizing ∆RNL to the ideal limit of large contact resistance, and the result is shown to be

consistent with isotropic contact-induced spin relaxation caused by spin current flowing from the

graphene into the Co contacts. After accounting for this source of spin relaxation, we extract spin

lifetimes of up to 600 picoseconds in CVD graphene with a gate voltage dependence which can be

described by a combination of both Elliott-Yafet and D’yakanov-Perel’ spin relaxation mechanisms.
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I. INTRODUCTION

As a spintronic channel material, graphene benefits from a long room-temperature spin

lifetime, high charge-carrier mobility, weak intrinsic spin-orbit coupling, and lack of hyperfine

effects [1–6]. Its nanoscale thickness makes graphene particularly well-suited for studying

surface spin relaxation effects and, combined with its small density of states, allows control

over the Fermi energy and carrier concentration when operated in a field-effect transistor ge-

ometry. Advances in the large-area growth of graphene by chemical vapor deposition (CVD)

have enabled the simultaneous fabrication of many separate devices in which spin relaxation

can be investigated [7, 8]. Many questions remain about the source of spin relaxation in

graphene, with active research investigating spin relaxation from adatom-induced spin-orbit

coupling [9–15], magnetic moments [16–19], curvature in the graphene [20, 21], substrate

impurities [22–24], and the ferromagnet/graphene contacts [25–31]. Precise control over

ferromagnet/tunnel barrier/graphene contact resistances is an active area of research, with

studies exploring tunnel barriers fabricated from Ti-seeded MgO [25, 30] and functionalized

graphene, including hydrogenated and fluorinated graphene [32–34]. Oxide tunnel barri-

ers such as alumina [35], while comparatively simple, suffer from highly variable contact

resistances [36].

Contact-induced spin relaxation in graphene was first reported in Refs. [37–39]. However,

a comprehensive study of contact effects on spin relaxation has not been performed, perhaps

due to the need for a large number of samples with differing tunnel barrier resistances. Here

we provide an extended experimental demonstration of contact-induced spin relaxation in

which the linewidths of nonlocal Hanle measurements are broadened because of spins escap-

ing into the adjacent ferromagnetic contacts. Understanding this effect is essential because,

if neglected, it can lead to an underestimate of the spin lifetime in graphene and confound

attempts to identify the dominant spin relaxation mechanism. This study focuses on the

role of the contacts by using the variability of the oxide contact resistance and graphene spin

resistance to probe contact-induced spin relaxation over a wide range of conditions. The typ-

ical graphene spin resistance of 1 kΩ makes it an ideal system to investigate contact-induced

spin relaxation because contact resistances larger and smaller than this spin resistance can

be achieved. In contrast to studies demonstrating exceptionally long spin lifetimes using

small flakes of exfoliated graphene [6, 22], the use of CVD graphene enables the analysis of
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a larger set of devices. In this study the fabrication and measurement of fourteen separate

devices allows a large range of contact resistances to be explored. Furthermore, for each

device, the graphene spin resistance is varied by application of a back gate voltage.

We begin by presenting experimental details of fabrication as well as basic electric char-

acteristics of the devices. We then discuss the fitting of nonlocal Hanle spin precession

measurements to identify the graphene spin resistance. By comparing the measured nonlo-

cal magnetoresistance across all devices and gate voltages, we show over a large and nearly

continuous range how the size of the spin signal is determined by the ratio of the contact re-

sistance to the graphene spin resistance. We describe how contact-induced spin relaxation is

related to the spin current that escapes from the graphene through the oxide tunnel barrier

and into the ferromagnet. Finally, having accounted for contact-induced spin relaxation,

we examine the variation in the extracted spin lifetime with gate voltage. Our results are

consistent with spin relaxation due to a combination of Elliott-Yafet and D’yakanov-Perel’-

type mechanisms, with large device-to-device variation and extrinsic sources of spin-orbit

coupling associated with each mechanism.

II. EXPERIMENT

A. Device Fabrication and Contact Resistance Characterization

Prior to growing the graphene film, 25 µm thick Cu foils (Alfa Aesar, No. 46365) were

polished in dilute phosphoric acid solution and then oxidized [40–42]. Graphene growth

proceeded by chemical vapor deposition using hydrogen/methane flow rates of 21/0.1 sccm

at 1050◦C, followed by wet transfer to conventional SiO2/p-Si substrates using a PMMA

handle layer [43]. This choice of substrate enabled conventional field-effect measurements

using the 300 nm SiO2 dielectric layer, except in four of the fourteen devices (#4-7), which

used a 160 nm AlOx layer. In the latter case, prior to the graphene transfer, a back contact of

Cr/Au (5 nm/25 nm) was deposited on top of the SiO2 and then the AlOx layer was deposited

by atomic layer deposition. Regions of uniform thickness of one, two, and three layers of

graphene were identified by optical contrast, and the number of layers was confirmed by

Raman spectroscopy. Within these regions, rectangular channels of graphene with a width

of 5 µm were patterned by photolithography and etched by an oxygen plasma. Ohmic
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metallic contacts of Cr/Au (5 nm/45 nm) were deposited at each end of the graphene

channel by electron beam evaporation through a PMMA/P(MMA/MAA) bilayer resist mask

patterned by electron beam lithography. A thin (1 nm) aluminum oxide (AlOx) tunnel

barrier layer was deposited by different methods, including sputtering or evaporating Al

over either the entire length of the graphene channel or only under the ferromagnetic (FM)

contacts. The Al layer was oxidized in the load-lock of the deposition chamber for 15

minutes using pure oxygen and a load-lock pressure of 50 Torr. Two devices (#13-14) were

fabricated without any AlOx barrier. Finally, Al (26 nm) capped Co (40 nm) ferromagnetic

electrodes for spin injection and detection were deposited by electron beam evaporation.

The ferromagnetic (FM) contacts, which were 100 and 200 nm wide in order to ensure

different in-plane coercivities, were separated by a distance d between 1 and 6 µm. In all

devices the ferromagnetic and nonmagnetic contacts were separated by a distance at least

three times larger than the spin diffusion length. In 11 of the 14 devices, there were no

additional electrodes in between the two ferromagnetic contacts. In the other 3 cases, one or

two intermediary contacts were present, but these showed three-terminal contact resistances

over 10 kΩ, which was much greater than the graphene spin resistance. A scanning electron

microscope image of a completed device is shown in Fig. 1(a).

Characterization of the devices began with a three-terminal measurement of the resis-

tances of the FM/AlOx/graphene interfaces. Measurements of the injector contact current-

voltage characteristic (IV) are shown for three example devices in Fig. 1(b). All contacts

showed linear IVs up to interface voltages of +/-50 mV with contact resistances which in-

creased slightly at lower temperatures. While this latter observation is consistent with a

tunnel barrier, the linearity of the IVs suggests the presence of metallic conducting path-

ways (pinholes) between the FM and graphene. Moreover, simultaneously fabricated oxide

barriers displayed resistance values from 500 Ω to over 10 kΩ and the resistances showed no

clear scaling with contact area. Recent cross-sectional TEM measurements suggest that this

variability in contact resistance is due to the diffusion of the metallic atoms (in this case,

Al) on graphene prior to oxidation, which causes clustering and leads to pinhole regions in

the AlOx through which the ferromagnet directly contacts the graphene [44]. The Ohmic

behavior and lack of systematic variation with contact area observed in these samples is

attributed to the presence of pinholes. In some cases the contact resistances varied with

gate voltage Vg by up to 25%. In those cases with significant gate voltage dependence, the
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Figure 1. (a) SEM image of a CVD graphene nonlocal spin valve device on a 300 nm SiO2/p-Si

substrate. As indicated, d refers to the separation between the ferromagnetic contacts. (b) 3-

terminal geometry and injector contact IV measurements of devices 1-3 taken at Vg = 0 V. (c) Spin

valve (SV) and nonlocal Hanle (NLH) measurement configurations. (d)-(f) Spin valve and nonlocal

Hanle measurements for devices 1-3. The spin signal ∆RNL from the spin valve measurement is

indicated in panel (d). Nonlocal Hanle measurements taken with contact magnetizations oriented

parallel (P) and antiparallel (AP) are shown with a quadratic background subtracted for clarity.

contact resistance was largest near the Dirac point. The effect of the contact resistance on

spin transport is explained below.

B. Spin Transport Measurements

Spin transport properties were probed in the nonlocal spin valve geometry shown in

Fig. 1(c), which separates spin and charge currents [45, 46]. The nonlocal resistance RNL

was calculated by dividing the nonlocal voltage by the excitation current, where excitation

currents between 1-25 µA and either dc or ac (f = 13.1Hz) current sources were used. In the
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spin valve measurement, an in-plane magnetic field oriented along the easy axis of the FM

contacts was used to toggle the relative orientation of the magnetizations of the FM injector

and detector. As shown in Fig. 1(d), an abrupt change in the nonlocal resistance ∆RNL was

observed when the relative magnetization directions switched from parallel to antiparallel

and from antiparallel back to parallel. This nonlocal magnetoresistance ∆RNL is referred

to as the spin signal. Using the same nonlocal geometry, a Hanle effect was measured by

applying the external magnetic field out-of-plane to precess spins as they diffuse between the

injector and detector. The range of the out-of-plane magnetic field is sufficiently small such

that out-of-plane rotation of the FM magnetizations is negligible. The resultant dephasing

of the spins under the detector is shown in Figs. 1(d)-(f), where the measurement was

completed for injector/detector magnetizations in both parallel (P) and antiparallel (AP)

configurations. In this figure a single second-order background is subtracted from both

configurations for clarity. Spin valve and Hanle measurements were performed on each

of the fourteen different devices, over a range of gate voltages corresponding to carrier

concentrations between p ≈ 5 × 1012 cm−2 and n ≈ 5 × 1012 cm−2. No systematic effect of

the oxide deposition method discussed in section IIA was observed. Figs. 1(d)-(f) present

spin valve and Hanle data for representative devices 1-3 with large, intermediate, and small

contact resistances, respectively. The Hanle measurement shown in panel (f) used a reduced

range of applied magnetic field, but the resulting curves were broader than in (d) and (e)

because of the low average contact resistance and small separation between the FM contacts

of this device. The values for RC/RN were calculated as described in section IIIA. A full

description of all devices is provided in the Appendix.

C. Gate Voltage Dependence

In each device, contact-induced spin relaxation affects the gate voltage dependence of

the spin signal. To understand this effect, characterization of the devices included a four-

terminal measurement of the graphene resistance per square (Rsq), typically at gate voltages

between -40 and +40 V, as shown in Fig. 2. Due to hysteresis of up to 20 V at room

temperature, all measurements were performed at cryogenic temperatures from 30-90 K,

where this hysteresis was 5 V or less. For each device, all measurements were taken at the

same temperature. The measurement of Rsq was used to identify the Dirac point VD, which
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is the gate voltage corresponding to the maximum resistance. Across all devices VD varied

between -34 and +52 V (average: -2 V). The induced electron concentration is assumed

from electrostatics to be n = C (Vg − VD) /e, with capacitance per area C = 1.15 × 10−8

(4.98 × 10−8) F/cm2 for 300 nm SiO2 (160 nm AlOx). Using the conductivity σ = 1/Rsq

measured at the same temperatures at which the spin transport experiments were performed

and the calculated values of n, the mobilities µ = (dσ/dn) /e of all devices were found to be

1,200-4,000 cm2/(Vs).

Fig. 2 also shows the gate voltage dependence of the spin signal ∆RNL. In cases of low

contact resistance, a pronounced minimum in the spin signal was observed near the Dirac

point, which is consistent with previous reports [37]. However, similar behavior was also

observed in devices with intermediate contact resistances. As explained below, this effect is

due to a combination of contact-induced spin relaxation and the gate voltage dependence

of the spin diffusion length. An asymmetric variation in the spin signal with respect to

VD was consistently observed. For example, for the devices in Fig. 2, ∆RNL was reduced

in the p-type regime compared to the n-type regime. The opposite effect was observed in

devices with VD > 0 such that, in general, ∆RNL was reduced for gate voltages Vg such that

Vg < VD < 0 or 0 < VD < Vg. The source of this asymmetry is unclear, but it does not

affect the analysis of contact-induced spin relaxation below.

D. Fitting Hanle Measurements Accounting for Contact-Induced Spin Relaxation

Assuming an intrinsic spin relaxation rate 1/τs and a spin escape rate from contact-

induced spin relaxation 1/τesc, the effective spin lifetime τ ∗s is determined by the sum of

these two effective sources of spin relaxation:

1

τ ∗s
=

1

τs
+

1

τesc
. (1)

For this reason, the intrinsic spin lifetime τs will be greater than or equal to the apparent spin

lifetime τ ∗s . Fitting Hanle data to a model that neglects contact-induced spin relaxation can

only be used to identify τ ∗s . To determine the spin diffusion length, the Hanle data here were

instead compared to a model that accounts for contact-induced spin relaxation [29, 39, 47],
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Figure 2. Gate voltage dependence of the spin signal ∆RNL extracted from spin valve measurements

and the four-terminal graphene resistance per square Rsq for devices 1-3. The range of RC/RN for

each device is listed.

which allows for the extraction of the intrinsic spin lifetime τs:

∆RNL (H⊥) = Re







4
α2

(1− α2)2
RinjRdet

Rω

exp
(

− d
λω

)

[

1 +
2Rinj

(1−α2)Rω

] [

1 + 2Rdet

(1−α2)Rω

]

− exp
(

− 2d
λω

)







, (2)

where λω =
√

τsD/ (1 + iωLτs) depends on the applied field H⊥ through the Larmor pre-

cession frequency ωL, Rinj/det is the contact resistance of the injector/detector, α is the spin

polarization of the current, and Rω = Rsqλω/W . After collecting Hanle data as described in

section IIB, the difference between parallel and anti-parallel field sweeps was calculated to
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subtract off any background magnetoresistance. The spin lifetime, diffusion constant, and

current polarization were extracted by fitting the Hanle data to Eq. 2, where Rsq, Rinj,

and Rdet were fixed to their measured values. For each device, when α was treated as an

independent fitting parameter, the best-fit values of α from different gate voltages clustered

around a single value. Therefore, to reduce the number of free parameters in the fit, α was

constrained to this average value for all gate voltages. Fig. 3 shows Hanle data fit to Equa-

tion 2 for devices 1-3 at two different gate voltages. After accounting for contact-induced

spin relaxation, no correlation was observed between τs and RC , in contrast to Ref. [25].

(a) (b) (c)

-2000 0 2000

-4

0

4

Device 1

V
g
= -10 V

Δ
R

N
L
 (
Ω

)

Field (Oe)

 Data

 Fit

V
g
=40 V

-2000 0 2000
-2

0

2

4
Device 3

V
g
= -20 VΔ

R
N

L
 (
Ω

)
Field (Oe)

Data

Fit

V
g
=0 V

-2000 0 2000
-0.8

-0.4

0.0

0.4

0.8

V
g
=0 V

V
g
=35 V

Δ
R

N
L
 (
Ω

)

Field (Oe)

 Data

 Fit

Device 2

Figure 3. (a)-(c) Representative Hanle measurements and fits for devices 1-3 according to Eq. 2.

The fits account for contact-induced spin relaxation using the measured values of Rinj and Rdet at

each gate voltage. In each case the bottom curve was taken at a gate voltage closer to the Dirac

point than the top curve and is offset for clarity. The gate voltage dependence of the parameters

extracted from the fits can be found in Fig 4.

The full gate voltage dependence of the values τs and D extracted from the fits is shown

in Fig. 4. Both the spin lifetime and diffusion constant increased away from the Dirac point,

and so the spin diffusion length increased by a factor of two as the gate voltage was varied

over the range of the experiment. The gate voltage dependence of the spin diffusion length

as shown in Fig. 4 is a crucial component of the gate voltage dependence of the spin signal.

In addition to fitting the diffusion constant DS from the Hanle curves, the diffusion

constant can alternatively be calculated by the Einstein relation, DC(EF ) = σ/ [e2g (EF )],

using the measured value of σ and the density of states g (EF ). In the case of single-layer
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fitting the nonlocal Hanle curves, and spin diffusion length λ =
√
Dτs, for devices 1-3. The Dirac

point VD and best-fit value for α are indicated for each device.

graphene, the density of states is

g(EF ) =
2πgsgv|EF |

h2v2F
, (3)

where vF = 108 cm/s is the Fermi velocity, which is constant in graphene, gs(v) = 2 is the

spin (valley) degeneracy, and EF is the Fermi energy [48]. The density of states for two-

layer and three-layer graphene has been calculated by assuming Bernal stacking order and

applying a zone folding scheme [49, 50]. Gaussian broadening of the density of states due

to electron-hole puddles was introduced to fit DC = DS [48]. In the case that fitting the

density of states could not be used to set DC = DS, we assume this was due to uncertainty

in the calculation of DC and proceeded using DS. As discussed in the following section,

the best-fit values for the spin lifetime and diffusion constant were used to calculate the

graphene spin resistance RN , which is central to describing contact-induced spin relaxation.

III. RESULTS AND DISCUSSION

A. Demonstration of Contact-Induced Spin Relaxation

In this section, which presents the main argument of this paper, the normalized spin signal

is introduced and shown to vary with the ratio of the contact resistance to the graphene spin
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resistance in a manner consistent with the theory of contact-induced spin relaxation. As

described in section II, three-terminal, four-terminal, spin valve, and Hanle measurements

were used to determine the contact resistances Rinj/det, graphene resistance per square Rsq,

spin signal ∆RNL, spin lifetime τs, diffusion constant D, and spin polarization of the current

α for each device at each gate voltage. The graphene spin resistance RN = Rsqλ/W was

calculated from the width W of the graphene channel and the graphene spin diffusion length

λ =
√
Dτs. To parameterize the contact resistance as a single value, following Refs. [38, 51],

an average contact resistance RC was calculated from the measured resistances of the injector

and detector contacts for each device:

2

RC
=

1

Rinj
+

1

Rdet
. (4)

This calculation reduces a system with two different contact resistances to an equivalent

one in which each contact resistance is replaced by the average contact resistance. While

this simplification is strictly valid only in the limit d ≪ λ, the results of this study were

insensitive to whether the average contact resistance or the two separate resistances were

used.

In the absence of any contact-induced spin relaxation, the spin signal in the ideal interface

limit is given by [37, 52]

lim
RC≫RN

(∆RNL) → α2RN exp

(

−d

λ

)

. (5)

In this limit, the spin signal is not a function of contact resistance. For each device at each

gate voltage, this ideal limit of the spin signal was calculated using the values of α, RN , and

λ determined from fitting the Hanle data. The measured value of ∆RNL extracted from the

spin valve data was then normalized to the ideal interface limit:

S∗ =
∆RNL

α2RN exp
(

− d
λ

) . (6)

This calculation of S∗ is the crucial step which allows the effect of contact-induced spin

relaxation on the spin signal to be compared across multiple devices, contact separations,

temperatures, number of layers, and gate voltages. Fig. 5 compares the normalized spin

signal S∗ to the ratio of the contact resistance to the graphene spin resistance, RC/RN . In

the limit of transparent contacts (RC/RN ≪ 1), the spin signal vanishes, because most spins

diffuse into the ferromagnetic contacts. In the limit of highly resistive contacts (RC/RN ≫
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1), S∗ → 1 as the measured spin signal saturates to the ideal interface limit. For a given

device, the variation in the parameter RC/RN is determined primarily by the gate voltage

dependence of the spin diffusion length and graphene resistance per square. In these devices

the minimum value of RC/RN occurs near the Dirac point.
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Figure 5. Scaling of the normalized spin signal with S∗, given by Eq. 6, with respect to RC/RN ,

which is the ratio of the average contact resistance to the graphene spin resistance. Each data

point represents one device at a particular gate voltage. Data from each device are shown in a

different color, and the symbol type indicates the number of graphene layers. Devices 1, 2, and

3 are represented by black squares, red triangles, and blue squares, respectively. The full data

set consists of 14 devices with various numbers of layers, tunnel barrier growth methods, and

measurement temperatures. The theoretical curve is from Eq. 9.

The variation of S∗ with RC/RN can be understood as follows. Ref. [52] showed that

finite injector and detector contact resistances reduce ∆RNL such that

∆RNL =
α2RN exp

(

− d
λ

)

(1− α2)2
(2Rinj/RN) (2Rdet/RN )

[

1 +
2Rinj

(1−α2)RN

] [

1 + 2Rdet

(1−α2)RN

]

− exp
(

−2d
λ

)

. (7)

By assuming a small polarization α2 ≪ 1, significant contact separation d such that

exp (−2d/λ) ≪ 1, and introducing the average contact resistance from Eq. 4, the au-

thors of Ref. [38] observed that the FM contacts sink spin current such that Eq. 7 can be

approximated by

∆RNL = α2RN exp

(

−d

λ

)

(2RC/RN)
2

(1 + 2RC/RN)
2 . (8)
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Based on Eq. 8, the normalized spin signal is predicted to vary with RC/RN according to

S∗ =
(2RC/RN)

2

(1 + 2RC/RN)
2 . (9)

The observed agreement in Fig. 5 between the data and the theoretical prediction of Eq. 9

over a wide range of values of RC/RN shows that the measured device behavior is consistent

with the theory of contact-induced spin relaxation which is the basis of Eqs. 2 and 7.

Historically, an emphasis has been placed on working in the high contact resistance limit

(RC/RN ≫ 1), where one measures only the properties of graphene rather than a con-

volution of the FM and graphene. In this limit, contact-induced spin relaxation can be

neglected. However, the importance of the low-to-intermediate contact resistance regime

can be understood as follows. Operating in the semi-transparent interface range is essential

for applications in which spin current is intentionally sunk into the FM contacts, such as

for achieving all-spin logic through spin-transfer torque switching [53–55]. Specifically, from

a spin resistance model consistent with Eq. 2, the spin current passing from the graphene

through the graphene/FM interface and into the detector FM contact can be determined

analytically. The outgoing spin current density js is determined by the detector ferromag-

net’s spin resistance λFMρFM , interface resistance-area product RdetAdet, and the measured

spin signal ∆VNL by [56]

js =
∆VNL

α (RdetA+ λFMρFM)
. (10)

For convenience we describe js by its equivalent charge current density, which has dimensions

of charge per unit area per unit time. This outgoing spin current can be written using

∆VNL = I∆RNL with the theoretical expression for ∆RNL given by Eq. 7, which depends

on the injector ferromagnet’s interface resistance-area product, yielding

js =
2αI exp

(

− d
λ

)

Adet (1− α2)2
(2R1/RN)

[

1 + 2R1

(1−α2)RN

] [

1 + 2R2

(1−α2)RN

]

− exp
(

−2d
λ

)

. (11)

The ferromagnet spin resistance can be neglected when the interface resistance-area products

are large, Rinj/detAinj/det ≫ λFMρFM . In considering the small interface resistance limit,

however, the full form of the contact resistance must be used, including the ferromagnet

spin resistance R1 = Rinj + λFMρFM/Ainj and R2 = Rdet + λFMρFM/Adet.

For fixed Rinj/RN , Eq. 11 shows that js is maximized as Rdet/RN → 0. Similarly, for

fixed Rdet/RN , js is maximized as Rinj/RN → ∞. This confirms the intuitive result that,
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for a fixed charge current through the injector, the outgoing spin current is largest when

Rinj/RN is maximized and Rdet/RN is minimized. When Rinj and Rdet are similar, then

for R1/RN = R2/RN = RC/RN , and assuming α2 ≪ 1, js is maximized when RC/RN =
√

1− exp (−2d/λ)/2, which for d > λ can be approximated by RC/RN = 1/2. Therefore

the outgoing spin current, which is closely related to contact-induced spin relaxation, is

maximized in the low or intermediate FM contact resistance regimes, depending on whether

or not the injector and detector contact resistances can be controlled independently. The

increase in js in the limit of small contact resistances underscores the importance of the

results shown in Fig. 5.

Using the extracted values of α and λ, measured contact resistance-area products

Rinj/detAinj/det, and spin valve signal size ∆VNL for an injection current of 1 microamp,

the spin currents flowing from graphene into the detector (js2) and injector (js1) elec-

trodes were calculated to be js2 = ∆VNL/ (αRdetAdet) = 0.0 − 5.5 × 104 A/m2 and

js1 = ∆VNLe
d/λ/ (αRinjAinj) = 0.0− 1.8× 105 A/m2.

B. Gate Voltage Dependence of the Spin Lifetime

Having demonstrated the self-consistency of our treatment of contact-induced spin relax-

ation, this final section focuses on the gate voltage dependence of the extracted spin lifetime

τs, where the analysis of the spin lifetime has already taken into account the spin current

escaping into the contacts (τs ≥ τ ∗s ). Following Refs. [36, 48, 57–59] the gate voltage depen-

dence of the spin lifetime is used to investigate the relationship between the spin lifetime and

the momentum relaxation time τp. In the case of a two-dimensional system, the diffusion

constant D and elastic scattering length ℓ are related by D = vfℓ/2. This can be rearranged

to give τp = 2D/v2f . This relation is used to determine the momentum relaxation time from

the Hanle-based best-fit diffusion constant.

The Elliott-Yafet (EY) [60, 61] and D’yakanov-Perel’ (DP) [20, 62] spin relaxation mech-

anisms predict opposite relationships between the spin relaxation rate and the momentum

scattering rate. Specifically, EY spin relaxation in graphene follows τ−1
s = ∆2

SO/ (E
2
F τp),

where both EF and τp change with gate voltage and ∆SO is the intrinsic strength (i.e.,

band-splitting) of spin-orbit coupling in graphene. In contrast, DP spin relaxation follows

τ−1
s = 4∆2

SOτp/~
2 [20]. While the EY spin-orbit interaction is intrinsic to graphene, the DP
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spin-orbit interaction originates from extrinsic sources such as substrate-based impurities,

whose electric fields break inversion symmetry [23].

Following Refs. [59] and [9], spin relaxation from a combination of both the Elliott-Yafet

and D’yakanov-Perel’ mechanisms is assumed in order to quantify the spin-orbit coupling

associated with each relaxation mechanism:

τ−1
s = τ−1

EY + τ−1
DP =

∆2
EY

E2
F τp

+
4∆2

DP τp
~2

, (12)

which can be rearranged as

E2
F τp
τs

= ∆2
EY + 4∆2

DP

E2
F τ

2
p

~2
. (13)

Here τ−1
EY/DP are the spin relaxation rates associated with the Elliott-Yafet/D’yakanov-Perel’

mechanisms and ∆EY/DP are the spin-orbit coupling (SOC) strengths associated with each

mechanism. Various sources of the SOC in graphene have been proposed, including intrinsic,

built-in electric fields, applied electric fields, and proximity effects [63]. Depending on the

source, the SOC may vary spatially, in which case the two SOC strengths may be assumed

to be different as ∆EY refers to the SOC at a momentum scattering event in the graphene,

whereas ∆DP refers to the SOC between momentum scattering events.

Fig. 6 compares the calculated values of τs, τp, and EF for each device in the manner

suggested by Eq. 13 for the single-layer graphene devices, where at each gate voltage EF

is calculated from the known carrier concentration n =
´ EF

0
g (E) dE using the density of

states g (E) from Eq. 3. The intercept and slope of the best-fit line correspond to the square

of the Elliott-Yafet-like and D’yakanov-Perel’-like SOC strengths, respectively. The data are

well-described by a linear fit for all but the smallest values of E2
F τ

2
p , where a small downturn

in E2
F τp/τs is observed. This deviation from linearity, which occurs at gate voltages Vg ≈ VD,

is attributed to fluctuations of the Fermi energy associated with electron-hole puddles, as

the deviation occurs at carrier concentrations |n| < 5 × 1011 cm-2 where these fluctuations

are known to be significant [64–67]. Compared to E2
F as calculated here, these fluctuations

of the Fermi energy increase 〈E2
F 〉, where the brackets indicate a spatial average. For this

reason, the non-linearity of E2
F τp/τs vs. E2

F τ
2
p near charge neutrality is expected.

This analysis was applied to all fourteen devices. The range of extracted SOC strengths

was ∆EY = 180 − 2600 µeV and ∆DP = 50 − 290 µeV, where the ranges indicate device-

to-device variation. For all devices ∆EY > ∆DP and the extracted SOC strengths are
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larger than the intrinsic graphene spin-orbit coupling of ∆SO = 24 µeV calculated from first

principles [3]. Theoretical studies predict that the effective SOC strength may be increased

by curvature and impurities [10, 68], and we return to this issue below. Over the range of

gate voltages well-modeled by the linear fit, we calculate the EY and DP contributions to the

spin relaxation rate. We find that both spin relaxation mechanisms contribute significantly.

As the gate voltage is varied, a crossover is observed from τ−1
EY > τ−1

DP near the Dirac point

to τ−1
EY < τ−1

DP at large gate voltages. The extracted SOC strengths and the range of the

ratio τ−1
EY /τ

−1
DP for each device are provided in Table I. Compared to the devices that use the

SiO2 gate oxide, the devices with the AlOx gate oxide have a lower Rsq, longer τp, and the

extracted value of ∆DP is smaller by a factor of 3, which suggests that using AlOx rather

than SiO2 as a gate oxide may reduce spin relaxation. For simplicity, this treatment neglects

any gate voltage dependence in ∆DP , although this effect has been suggested, for example

from the effect of screening on the correlation length of random Rashba fields [69].
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Figure 6. Analysis of the Elliott-Yafet and D’yakanov-Perel’-type spin relaxation spin-orbit coupling

strengths following Ref. [59]. Extracted spin-orbit coupling strengths are shown in Table I. Linear

fits are shown as solid lines. The inset graph shows the region near the origin.

Finally, we discuss possible sources of the large spin-orbit coupling. CVD graphene is

known to suffer from significant concentrations of metallic adatoms, particularly Cu, which

originate from the fabrication process [9, 11, 70]. Single adatom calculations of light and

heavy elements suggest that the SOC in graphene at the location of an adatom may be as

large as tens of meV when adatoms induce a distortion of the graphene lattice from sp2
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to sp3 [10, 13–15]. While the theory of how a dilute coverage of these adatoms affects the

average spin-orbit coupling of the graphene channel is incomplete, estimates of the SOC

strength in graphene decorated with Cu adatoms are as large as 20 meV [9]. Furthermore,

assuming that Cu adatoms with large SOC act as momentum scattering sites, this SOC will

be EY in nature, rather than DP, which is consistent with ∆EY > ∆DP . For these reasons,

the extracted SOC strengths are consistent with enhanced spin-orbit coupling from a dilute

concentration of Cu adatoms.

IV. CONCLUSION

In conclusion, we demonstrate a systematic variation in ∆RNL with the ratio of contact

resistance to graphene spin resistance due to contact-induced spin relaxation. This was

achieved using gated CVD graphene nonlocal spin valves with Co/AlOx tunnel barriers by

leveraging the fabrication of multiple devices enabled by the CVD growth method in order

to investigate devices with various contact resistances. After accounting for contact-induced

spin relaxation, we extract spin lifetimes of up to 600 picoseconds, which are limited by spin-

orbit coupling due to extrinsic sources. These results have implications for understanding

spin relaxation in CVD graphene and for applications such as all-spin logic that require

passing spin currents through transparent FM/graphene contacts. Advances in these areas

are essential prerequisites for technologies based on graphene spintronics.
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APPENDIX: DEVICE SUMMARY

Table I describes all fourteen measured devices, including the number of graphene layers,

measurement temperature T , spin lifetime τs, and spin diffusion length λ. Ranges are given

for gate voltage dependent quantities. Measurements were performed at 30 K unless a

significant dip in RNL at zero applied magnetic field was observed indicating the presence

of local magnetic moments [19], in which case the temperature was increased to 60 or 90

K until the zero field dip was reduced to within the noise level of the measurement. The

various AlOx tunnel barrier deposition methods are as follows: (a) sputtered Al deposited

over the entire length of the graphene channel, (b) sputtered Al deposited only under the FM

contacts, (c) Al deposited by molecular beam epitaxy over the entire length of the graphene

channel, and (d) no AlOx layer.
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