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Transfer lengths and spin injection from a three-dimensional ferromagnet into graphene
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In graphene spintronic devices, spin currents are injected and probed by three-dimensional ferromagnetic
electrodes on a two-dimensional graphene layer. Here we develop a unified theory to understand the observed
spin-injection signals and their dependence on a dc-bias current in these devices by different groups. The
spin-dependent transfer length, which measures the length required for a current to change from lateral in
graphene to vertical in the electrode, is found to play a central role in determining the spin-current distribution
as well as the signal fidelity. The theory consistently explains the experiments and suggests that the observed
dc-bias dependence is due not to change in the spin-injection efficiency but to redistribution of the spin current

near the ferromagnetic electrode.
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I. INTRODUCTION

Recent demonstration of large spin injection from a ferro-
magnetic electrode into graphene,'? together with graphene’s
outstanding transport attributes,>* suggest a promising po-
tential of graphene-based spintronic devices. Spin injection
from ferromagnets into nonmetallic systems has attracted
considerable attention because of its importance in spintronic
devices as well as its fascinating physics.>® The extensive
research on this topic resulted in several insightful concepts.
For example, the conductivity mismatch between a ferro-
magnet and a semiconductor’ is found to prevent an efficient
spin injection, which, however, can be overcome by using
spin-selective interfacial resistance.®~!° In addition, an elec-
trical field can significantly modify spin diffusion and result
in nonlinear spin-transport behaviors in semiconductors.'!

Spin injection into graphene was mostly studied in a non-
local structure, where the spin-injection signal (voltage) is
probed in a separate circuit than the current injection
circuit.'> By using the ac lock-in technique, the nonlocal
spin-injection signal is found to depend strongly on an ap-
plied dc bias (nonlinear spin transport) in devices with an
Al,O5 layer between Co and graphene'? and devices with a
transparent interface.'* In the latter, the dc-bias dependence
is much stronger for p-type graphene than for n type. How-
ever, no such an asymmetry between electron and hole is
observed in the former. Possible pin holes in the Al,O5 layer
were invoked to explain the bias effect.!> The observed
electron-hole asymmetry for a transparent interface remains
unexplained. Nonlinear spin transport is important in that it
allows a thorough comparison between theory and experi-
ment. To date, no systematic theory is available to describe
spin injection and nonlinear spin transport in graphene de-
vices. Here we develop such a theory and show that the
observed spin transport in both kinds of devices can be con-
sistently modeled, without resorting to pin holes (which do
not exist in a transparent interface), by properly describing
contact between three-dimensional (3D) electrode and two-
dimensional (2D) graphene, and, in particular, its spin-
dependent transfer lengths, which are short in the
transparent-interface devices but long in the devices with
Al,O5. We find that these transfer lengths largely determine
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efficacy of spin injection and detection. Numerical simula-
tions also indicate that the geometry of a 3D ferromagnet in
all-metal nonlocal structures can affect the spin signals,'>16
suggesting that the concept of spin-dependent transfer
lengths introduced in this paper can be extended to other
lateral spintronic devices. Hence it is important to experi-
mentally characterize these transfer lengths in ferromagnet/
graphene contacts and other lateral spin-injection structures,
through, for example, the dependence of contact resistance
on the contact size.

The paper is organized as follows. First, we introduce in
Sec. II the concept of spin-dependent transfer length at a
ferromagnet/graphene contact and derive relations between
spin-polarized electrochemical potential and current at the
edges of the contact. Then we examine how the spin-
dependent transfer length affect spin injection in Sec. III and
spin detection in Sec. IV, respectively. In Sec. V, we study
nonlinear spin-injection signals in nonlocal structures under
different bias currents and compare calculations with experi-
ment. Finally, we summarize our results in Sec. VI.

I1. SPIN-DEPENDENT TRANSFER LENGTH

The concept of transfer length was originally introduced
in semiconductor field-effect transistors, where source and
drain contacts are on top of a thin semiconductor channel.'”
Here we extend this concept to magnetic contacts. Consider
a ferromagnetic electrode on top of a graphene sheet with a
current injected from the electrode into graphene (along the z
axis). The injected current flows in graphene along the x axis
and the width of the graphene sheet, w, is perpendicular to
the x axis. The spin-polarized current, I, in graphene at x is

1 dp(x)

1 =
=

(1)
Here u, is the spin-polarized electrochemical potential and
s=1 or | represents spin polarization. R}, is the graphene
sheet resistance for spin s. When the magnetic proximity is
neglected, R};=2R with R being the sheet resistance of
graphene. Because of the current injection, from x to x+dx,
the current will increase by an amount of
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dl, = wdx[ uy(x) - ,u{]/pz = wdxApy(x)/pl, (2)

where p’ is the spin-dependent intrinsic contact resistivity,
which arises from carrier thermionic emission and/or tunnel-
ing and is present even without an interfacial layer between
electrodes and graphene and ,u/: is the spin-dependent elec-
trochemical potential at the electrode surface next to the
graphene (z=0). The value ,LL{ is independent of x because in
the electrode the current is presumably along the z direction.
From Egs. (1) and (2) and neglecting spin flipping within the
graphene region underneath the electrode, we obtain

d*Ap(x)  Apx)
L2 =0, 3)

where L,=(p}/R%;)"? is the transfer length for spin s, which
measures how fast the current transfers from under the con-
tact (lateral) into the contact (vertical). For a magnetic elec-
trode, Ly # L, indicating that up-spin and down-spin currents
have different paths when injected from the electrode to
graphene.

For a finite electrode located at —a,<x<0, the general
solution to Eq. (3) is Auy(x)=Ae L+ Bel*@0)/Ls and from
Eq. (1), it can readily be verified that

X w o Xx
I(x) = Is(O)costh + A,U,X(O)RELSsmhL—J, (4)
RL
Apy(x) = Age,(0)cosh— + 1,(0)~sinh—.  (5)
L, 7 L,

These are nothing but the transmission line equations of the
circuit shown in Fig. 1, where G=(w/p) and R=R},/w. We
emphasize that there is a significant distinction between the
contact resistance for charge and spin transport. For charge
transport the current outside the circuit must be zero.
Whereas for spin transport, up-spin and down-spin currents
are finite and opposite in sign outside the current circuit,
which is, in fact, the foundation of nonlocal spin detection.
The contact resistance obtained from resistance measure-
ments is

1 1,(0) w ay
—= = tanh—, (6)
RC s Alu’s(o) I(-ag)=0 s 2RDLS LS

which is not scaled with the contact size a,. Equation (6)
suggests that the spin-dependent transfer lengths can be de-
termined by measuring R, as a function of a.

III. TRANSFER LENGTH AND SPIN INJECTION

Now we examine how the spin-dependent transfer lengths
affect spin injection. We consider a current of /,+1/ injected
into graphene from an electrode at —ay<<x<<0 (the other
electrode in the current circuit is assumed at x=o), where I,
is a dc-bias current and 7 is a low-frequency ac, and study the
spin-injection signals at the same ac frequency. The dc-bias
current gives rise to an electric field E=dug/dx=I1yRq/w,
where u, is the average (spin-independent) electrochemical
potential in graphene. Spin transport in graphene was experi-
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FIG. 1. (Color online) (b) Spin-dependent currents and (c) spin
accumulation as a function of location in a ferromagnet/graphene
structure. The inset of panel (b) shows a top view of the ferromag-
net from which an electrical current is injected into graphene and
flows to right (x>0). Panel (a) shows an equivalent circuit for an
electrode/graphene contact. Solid (dashed) lines in panel (b) de-
scribe the up-spin (down-spin) current. Red (dark gray) and green
(light gray) curves correspond to L;=0.2a, and 5ay, respectively.
L/Li=18, ap=1 pm, o/=1.7X10°, L;=50 nm, L=1 um, (of
-0))/0/=0.5, and Rp=1 k.

mentally found'® to quantitatively follow the spin drift-
diffusion equation derived for semiconductors, which can be
written in terms of spin-dependent electrochemical
potentials'!

d*(py = ) . VEd(ui—p)  pp—py _

0, 7
dx? D dx L? M

where v is the carrier mobility, D is the diffusion constant, E
is the applied electric field, and L is the intrinsic spin-
diffusion length. For ferromagnetic electrodes, the second
term in the above equation can be neglected and Eq. (7)
becomes the conventional spin-diffusion equation.'® The ac
signals in graphene are s =+(=)ae~" e+ LRx for x>0,
where L,=[+(—=)vE/2D+\(vE/2D)*+(1/L)*]"" for holes
(electrons), is the upstream (when L,>L) or downstream
(when L,<L) spin-diffusion length,'! and )=
+(=)be a0/l 4y for x <—a,. The electrochemical potentials

in the electrode are w())(z)= M{)+Uf;1a +(=)c" %e.‘sz,
where Ly is the spin-diffusion length in the electrode, aﬁ( ) is
the up-spin (down-spin) conductivity of the electrode, and
a-fzo{+ o{ The five unknowns, ,u%, o, wy, a, and b, can be
completely determined from the four relations between A g
and /; at the two contact edges x=0 and x=—qa, according to
Egs. (4) and (5), and the spin-current conservation, (I,
—1))c0=(I1=1)) =gy = (L1 =1 ) s=p-

The spin current in the magnetic electrode at z=0 is

dpby(0) ol 1

S .
IT(U |z:0=a00'{(l) dz = o W_(+)Cz_f' For x<—a0, there is
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FIG. 2. (Color online) Spin-current distribution at the two edges,
P, (solid line) and P; (dashed line), and spin-injection efficiency «
(dotted-dashed line) as a function of transfer length. Red (dark
gray) and green (light gray) arrows in the inset represent the total
current / and the spin current /;—/|, respectively. Parameters are the
same as in Fig. 1.

no charge current and o;=0=1/2Rp, thus IS(—a0)=q%

S dx
=i%. For x>0, because of the dc-bias current and associ-
ated carrier injection, o, deviates from 1/2R,

5’1‘? +1 Ms— Mo

O s
| ko)

where * is for electrons and we have used the relation ng
~ | mo|* because of the linear dispersion in graphene. Thus

T () R )
2RH dx dx )., 2 RAL, Mo
where Iy=(1/Ry)duy/ dx is used and ,ug is the Fermi level at
x=0. The last term in the above equation becomes important
(negligible) if graphene carriers are depleted (accumulated)
at the contact region. At the Co/graphene contact, from their
work functions, electrons will be depleted and holes will
accumulate in graphene.

When 1,=0, i.e., the linear regime of spin injection, the
spin splitting in electrochemical potential, w;(x)—pu (x), is
proportional to the ac current /, and we define the spin accu-
mulation and the spin-injection efficiency as

oo =
2}’1SRD

RSA(X)=M(X);M(X)’ . IT;IL . (8)

Figure 1 shows spin-polarized currents, /;, and spin accumu-
lation, Rg,, as a function of x for different transfer lengths.
We see that when the transfer lengths are much smaller than
the contact size, both the spin current and accumulation con-
centrate at the inner edge of the circuit. When the transfer
lengths are much greater than the contact size, the spin cur-
rent and accumulation spread across the entire contact.

The injected spin current into the graphene will flow out
at the two edges of the electrode. The relative weights of spin
currents at the two edges are Pj=(I;=1|) = o/ (I;=1}) .= and
P,==(1,-1)),0/(I;=1)) —p, where P/+P,=1. In Fig. 2, we
depict P, P,, and the spin-injection efficiency, «, as a func-
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FIG. 3. (Color online) Spin-current distribution ﬁl (solid line)

and 136 (dashed line) as well as ratio of the nonlocal resistance and
the spin accumulation, R,,;/Rgy, at x=—a, (dotted-dashed line) as a
function of the transfer length. The inset shows nonlocal resistance
R,; (green or light gray line) and spin accumulation Rgy (blue or
dark gray line). Other parameters are ap=co=1 um.

tion of the transfer length. We see that for L,/ay<<1, most of
the spin current flows to the inner edge, where the charge
current is finite and the spin-injection efficiency is small. As
the transfer length increases, the spin currents are equally
distributed between the two edges and the spin-injection ef-
ficiency increases. Since spin-injection signals are measured
in a voltage circuit next to the current circuit, it is spin ac-
cumulation and current at the outer edge, Rg4(—ag) and P,
that are more important to the measurements. In literature,
spin accumulation and spin current are always implicitly as-
sumed to be symmetric at the two edges, which, as shown in
Figs. 1 and 2, is valid only when L;/aq>1.

IV. TRANSFER LENGTH AND SPIN DETECTION

To understand spin detection and its dependence of trans-
fer lengths, we consider explicitly only two contacts, p with
size ¢, from the voltage circuit and / with size a; from the
current circuit, separated by d, as schematically shown in
Fig. 3. The other two contacts in the voltage and current
circuits can be regarded to be located at x=—o and x=+%.
The general solutions to the spin-transport equations outside
the contact regions in the graphene layer are w;)=w,
+(=)bje™ "+ (=)bye™ between p and I and wy)=w,
+(=)ce” to the left of p. Contact p, which does not have a
charge current, /=0, has the spin-polarized electrochemical
potential uf )= M5+(—)CPL1€_Z/Lf. The general solutions
have ten unknown coefficients and can be fully determined
by eight relations obtained from Egs. (4) and (5) and two
spin-conservation conditions for the two contacts. Because
of spin injection in the current circuit, a finite difference in
electrochemical potential between the two electrodes in the
voltage circuit will be developed, ufj—w,, where w, is the
electrochemical potential at x=—o%. The nonlocal resistance
is defined as

Mo =W
Rnl= OI 2. (9)

It is easy to verify that uf—w, flips the sign if electrode p
reverses its magnetization. Experimentally the nonlocal re-
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sistance is often defined as Z,:M, where

po(p)[b(ap)] represents the electrochemical potential when
the magnetization of electrode p is parallel (antiparallel) with
that of electrode I. Hence R;,=2R,,,.

Since electrode p is used for probing the spin accumula-
tion at electrode [/, it is desired that the measured signal be
independent of properties of electrode p. Spin currents in
electrode p come from the spin current at electrode I, which
flows into electrode p at its right edge and then splits into
two portions: one into graphene at the left edge with a per-

centage of 131 and the other into the electrode with a percent-
age of ﬁe, ﬁ,+lge= 1. We plot in Fig. 3 }3,, ﬁe, and R,;/Rg, as
a function of the transfer length. We find that when L,/a,

>1, P, is small, and both R, and Rg,(-a,) depend very
weakly on L with their ratio remaining constant. Whereas

for Ly/ag<1, 13@ is large. Both the nonlocal resistance and
the spin accumulation depend strongly on L,, and the ratio
between them also is strongly varying with L, suggesting
that the measured nonlocal resistance does not accurately
reflect the spin accumulation at electrode I. This indicates
that a “leaking” spin current into the electrode is undesirable
for a reliable measurement of spin signals. This resembles
measurement of electrical voltage: a good voltmeter must
have a very large resistance (small leaking current).

V. NONLINEAR SPIN TRANSPORT: COMPARISON
WITH EXPERIMENT

To quantitatively model experimental measurements, we
consider both the electrodes in the current circuit and the
electrode in the voltage circuit that is next to the current
circuit, as schematically shown in Fig. 4(a). Again we write
the general solutions of u, in different regions and determine
the 15 unknowns in these solutions. The sizes of electrodes
p, 1, and r are ¢, ay, and by, respectively, and the inner-edge
distance is d between [ and r, and d’' between p and [. The
transparent-interface device in Ref. 6, with its signals plotted
in Fig. 4(a), has dimensions of ay=by=cy=60 nm, d=d’
=1 um, w=2 um, and the graphene sheet resistance is
Rn=3.3 kQ for p type, Rq=1.7 kQ for n type. The device
with Al,O3 in Ref. 5, with its signals plotted in Fig. 4(b), has
dimensions of ay=90 nm, by=140 nm, ¢y=250 nm, d
=15 um, d'=0.5 pum, and w=0.5 um, and the graphene
sheet resistance is R7=910 (). Since the thickness of the
electrodes is comparable to or less than the bulk spin-
diffusion length, Ly is assumed to be the thickness of the
electrode, 80 nm in Fig. 4(a) and 50 nm in Fig. 4(b). We fix
L,/L;=1.3 and fit the data by adjusting L;. Good agreement
between theory and experiment is obtained for the
transparent-interface device when the transfer lengths L,
=40 nm is used for n-type and L;=33.5 nm for p-type
graphene. These lengths correspond to the contact resistance
of 43 ) and 69 () for n type and p type, respectively, which
is in the range of measured contact resistance for the same
device and consistent with the observed larger contact resis-
tance in p type than in n type.2° Thus the electron-hole asym-
metry for structures with a transparent
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FIG. 4. (Color online) Nonlocal resistance for device structures
(a) with a transparent interface and (b) with an Al,O3 interfacial
layer as a function of dc-bias current. Solid (open) circles in (a) are
experimental data for the n-type (p-type) graphene when electrode
p flips its magnetization (Ref. 6). Blue or dark gray circles (green or
light gray squares) in (b) are for experimental signals when elec-
trode I(p) flips its magnetization (Ref. 5). Solid lines in (a) and (b)
are theoretical results. Panels (c) and (d) are calculated spin-
injection efficiency « (dotted-dashed lines), spin-current distribu-
tion P; (solid lines), and P, (dashed lines) at left and right edges of
electrode / for p-type graphene when the electrodes magnetizations
are parallel for the devices in panels (a) and (b), respectively. All
three Co electrodes have o/=1.7 X 10° and (0{—0{)/0"%0.5. The
spin-diffusion length in graphene is 1 um.

interface can be attributed to their different contact resis-
tances for n- and p-type graphene. For the device with
Al,O3, the transfer length used is 800 nm, which corresponds
to a contact resistance of 16.3 k() for the 90 nm electrode,
again consistent with the contact-resistance measurements of
the same device.!> We see from panels (c) and (d) that the
dc-bias current greatly modifies P; and P, with P;+P,=1
maintained, i.e., redistributes the spin currents between the
two edges. The negative P; in Fig. 4(d) indicates the sign
change in the spin current. The current dependence of P; and
Ry, have a very similar shape, suggesting that the observed
current-dependent nonlocal resistance is due mainly to the
electric-field-induced spin-current redistribution rather than
the change in spin-injection efficiency, which depends on the
current weakly, as shown in panels (c) and (d).

VI. CONCLUSIONS

In summary, we have introduced a concept of spin-
dependent transfer length in graphene-based spintronic de-
vice structures and developed a unified theory to describe
spin-injection signals and their dependence on a dc-bias cur-
rent. The spin-dependent transfer length, which measures the
length required for a current to change from lateral in 2D
graphene to vertical in a 3D electrode, largely determines
efficacy of spin injection and detection. The theory quantita-
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tively explains seemingly conflicting experimental measure-
ments in these devices by different groups and indicates that
the observed dc-bias dependence is due mainly to redistribu-
tion of the spin current near the ferromagnetic electrode but
not to a dc-bias-induced change in the spin-injection effi-
ciency, as believed in the literature. The excellent agreement
between theory and experiment underscores the necessity of
the spin-dependent transfer length in describing graphene
and other lateral spintronic device structures.
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