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Chapter 7

Drift control of spin currents in
graphene-based spin current demultiplexers
J. Ingla-Aynés, A. A. Kaverzin & B. J. van Wees, Accepted for publication in Physical Review Applied.

Abstract

Electrical control of spin transport is promising for achieving new device functionali-
ties. Here we calculate the propagation of spin currents in a graphene based spin current
demultiplexer under the effect of drift currents. We show that, using spin and charge
transport parameters already achieved in experiment, the spin currents can be guided in
a controlled way. In particular, spin current selectivities up to 102 can be achieved when
measuring over a 10 µm distance under a moderate drift current density of 20 µA/µm,
meaning that the spin current in the arm which is ‘off’ is only 1% of the current in the
‘on’ arm. To illustrate the versatility of this approach, we show similar efficiencies in a de-
vice with 4 outputs and the possibility of multiplexer operation using spin drift. Finally,
we explain how the effect can be optimised in graphene and 2D semiconductors.

The ability to manipulate spin currents by electrical means is a major requirement to
achieve functional spintronic devices [1]. For this purpose, graphene is an ideal can-
didate as a transport media thanks to its superior spin and charge transport prop-
erties [2–6]. These properties have allowed for room temperature spin relaxation
lengths up to 30 µm in an experiment where spin transport is diffusive [6] and up
to 90 µm when carrier drift was additionally induced in the channel (Chapter 6).
Moreover, enhancements in the spin injection and detection efficiencies [7–9] show
the possibility to create unprecedentedly large spin accumulations in graphene, re-
sulting in larger signals useful for future spintronic operations.

It has been shown that one can perform logic operations using spins in graphene
in the diffusive regime. In particular, the interplay between the spin injection effi-
ciencies of different contacts can be used to perform logic XOR operations [10]. An-
other means of controlling spin currents was demonstrated in Y-shaped graphene
devices via the manipulation of carrier densities in the different arms individually
[11]. This approach leads to spin guiding thanks to the change in spin lifetime and
resistivity of graphene with the carrier density. On-off ratios for spin currents up to 7
were obtained when assuming that the spin relaxation time in the channel decreases
when increasing the resistivity, a condition only achieved experimentally for bilayer
graphene on SiO2 at temperatures equal or lower than 50 K [12–14].

The spin signals achieved using diffusive transport are limited by the long dif-
fusion times, that increase with the square of the distance [1]. However, a charge
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current can significantly influence the spin propagation. The average velocity of
spin carriers becomes much larger (smaller) when transport occurs in the direction
of (against) the drift velocity (vd). This allows for efficient control of the spin re-
laxation length using charge currents [15] without affecting the spin lifetime in the
system. In addition, vd is inversely proportional to the carrier density. This brings
a new mechanism to control the magnitude and sign of vd. The tunability of spin
transport with drift enables for new device functionalities, such as demultiplexers,
that are devices that route the input signal to an output that is controlled by the se-
lect line [16]. Demultiplexers have applications ranging from transmission lines to
digital electronics [17, 18] and introduction of spin currents into this operation could
allow for ‘in situ’ memory capabilities enabling for new functionalities.

Here we show that, by applying drift currents in a Y-shaped geometry, the spin
currents can be controlled in an extremely efficient way, realizing the demultiplexer
functionality. Our calculations using the drift-diffusion equations show that one can
achieve spin current selectivities Itop/Ibot (where Itop(bot) is the spin current in the top
(bottom) arm in Figure 7.1) as high as 103 for drift current densities of 100 µA/µm
when measuring close to the bifurcation. At a distance L = 10 µm from the bifur-
cation, the selectivities increase up to 106, a value that stays as high as 102 for drift
current densities of 20 µA/µm. Moreover, we use the same model for a geometry
constituting of 2 Y-shaped graphene channels connected to the output of another Y-
shaped graphene channel, and obtain similar performances of 102 for drift currents
of 25 µA/µm. We also explain how the effect of drift can be used to achieve multi-
plexer operation. In addition, the introduction of drift leads to a significant increase
in the speed of operations.

7.1 Spin drift model

To determine the spin currents and spin accumulations in the different geometries
studied here under the effect of drift, we use the drift-diffusion equations[19]. Since
in most graphene-based spin valve devices the contacts inject spins homogenously
over the channel width, we reduce the spin propagation to a one-dimensional prob-
lem. Also, we assume that the channel width (Ws) is much longer than the mean free
path. This condition is commonly achieved for all graphene spintronic devices stud-
ied at room temperature for Ws = 1 µm (the mean free path is 0.16 µm in our case).
This condition makes our results independent of the exact geometry of the bifurca-
tion. We also assume that the contacts are not invasive, this condition is achieved
when the contact resistances are much higher than the channel resistance[20].
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When a drift current Id is applied to a non-magnetic channel, the spin current
propagating in the channel is [21]:

Is =
Ws

eRsq

(
−dµs
dx

+
vd
Ds

µs

)
(7.1)

where Ds is the spin diffusion coefficient, Rsq is the square resistance, µ is the elec-
tron mobility, µs is the spin accumulation, and e is the electron charge. The drift ve-
locity is defined as vd = µIdRsq/Ws = Id/(enWs), where Id is the drift charge current
and n the carrier density. The first term in Equation 7.1 describes the spin diffusion
and the second one describes the spin drift contributions to the spin current. µs in
the channel follows the drift-diffusion equations [19]

Ds
d2µs
dx2

+ vd
dµs
dx
− µs
τs

= 0, (7.2)

where τs is the spin lifetime.
This equation has solutions of the form µs = A exp(x/λ+)+B exp(−x/λ−) where

the coefficients A and B are determined by both the device geometry and the spin
relaxation lengths, which are:

λ−1
± = ± vd

2Ds
+

√(
vd

2Ds

)2

+
1

λ2
(7.3)

Here λ =
√
Dsτs is the spin diffusion length in the channel. λ+ and λ− are the up-

stream and downstream spin relaxation lengths. They describe spin transport op-
posed to and along with the drift velocity respectively. Their difference provides an
asymmetry in the spin propagation, which is the source of spin current selectivity in
our calculations.

We use the solutions of Equation 7.2 to describe the spin accumulation in the dif-
ferent parts of the sample. Because the drift currents and/or carrier densities are
different in the different parts of the sample, the unknown coefficients are obtained
using the following boundary conditions taking into account the device geometry.
µs is zero infinitely far away from the injector and it is continuous in the entire de-
vice, including the boundaries between the different regions. The spin current Is is
conserved at the different junctions apart from the injection point. The spin injector
is placed at the bifurcation point and it induces a discontinuity in the spin current of
PiIinj/e. Pi is the spin polarization of the injector and Iinj is the charge current ap-
plied to the injector electrode. Under these conditions, we are able to obtain the spin
currents and nonlocal resistances Rs = Vs/I = µsPd/(eIinj) (where Vs is the voltage
drop caused by the spin accumulation in the detector) in the reported device geome-
tries [20, 22].

Because of the inverse dependence between vd and n, vd theoretically diverges
at the neutrality point. However, thermal broadening [23, 24] limits the minimal
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Table 7.1: Spin, charge transport parameters, contact spin polarizations estimated from [6]
and channel width. For simplicity we assume that the system is electron-hole symmetric and
the sign of the drift velocity changes for hole transport.

µ (m2/Vs) Rsq (Ω) n (m−2) τs (ns) Ds (m2/s) Pi = Pd Ws (µm)
1 800 8×1015 4 0.08 0.1 1

electron and hole densities down to a value of neth = nhth = π/12(kBT/(~vf ))2 =

4 × 1014 m−2 at room temperature. In a system with equal amount of electrons and
holes no drift is present since the drift velocities for electrons and holes are opposite.
Thus, an imbalance between the electron and hole densities is required to achieve a
non-zero average drift velocity. This condition increases the minimal carrier density
that is optimal for spin drift and, therefore, limits the vd that can be reached experi-
mentally. For all the calculations reported here, we have used transport parameters
which have been achieved experimentally in monolayer graphene [6] near the charge
neutrality point. They can be found in Table 7.1. In our case, the optimal carrier den-
sity is of 8×1015 m−2 which for a drift current density of 100 µA/µm, gives a drift
velocity vd = 8× 104 m/s. This value is still 1 order of magnitude smaller than the
maximum drift velocity achieved for boron nitride encapsulated graphene, which is
around 0.55×106 m/s at room temperature for a carrier density of about 9×1015 m−2

[25] 1.

7.2 Results

7.2.1 Geometry I

We start the discussion of our results obtained for the Y-shaped device geometry,
where the spin injector is placed at the bifurcation point. For geometry I, the 3 arms
have the same transport parameters. The spins are guided by applying opposite drift
currents in the top and bottom arms, as shown in Figure 7.1(a). In the left arm there
is no net charge current and the propagation of spins is determined by diffusion. As
we can see in Figure 7.1(b), when a drift current is applied,Rs close to the bifurcation
point decreases. This is because the spins are pulled away from the injector towards
the top or bottom arm, reducing the spin accumulation. For the ratio Itop/Ibot at
L = 0 we observe that, when the applied drift current is of 100 µA, Itop/Ibot is as
high as 103. This implies that 99.9% of the spins are propagating along with the drift
velocity and only 0.1% of them propagate to the opposite arm. Looking at the spin

1Correcting for the saturation in vd leads to a drift velocity of 7.4×104 m/s, a correction of only 7.5%.
For the highest drift current reported here, Id = 400 µA/µm vd = 3.2× 105 m/s, that after correction
becomes 2.3× 105 m/s, a correction of 28%
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Figure 7.1: (a) Sketch of device geometry I. The red arrows represent the charge current direc-
tion for positive Id. The carriers are electrons in all 3 arms, that are assumed to be infinitely
long. (b) Rs vs Id in the top and bottom arms and close to the bifurcation and at a 10 µm
distance. (c) Spin current selectivity calculated both close to the bifurcation (L = 0) and at
L = 10 µm.

signal 10 µm away from the bifurcation we see that the nonlocal resistance in the
top arm differs from that in the bottom arm. This difference develops very rapidly
with the applied drift due to both the exponential decay of the spin current with
the distance and the difference between upstream and downstream spin relaxation
lengths. For example, for Id = 100 µA, the spin current selectivities become as high
as 106, with λ− = 340 µm and λ+ = 0.97 µm. We also note that Rs at L=10 µm
decreases for drift currents higher than 6 µA. This is because, for infinitely long arms,
the drift spreads the spins over a large distance λ−. Since the injected spin current is
constant, this results in reduction of the spin accumulation close to the injector. This
effect can be reduced by applying the drift over a finite length of the channel [21].

In real device applications, the power consumption has to be kept minimal and,
to achieve this, we determine the device performance for lower drift currents. At
Id = 20 µA a current selectivity of 102 is achieved. We consider this value to be
enough for basic operations. It is also worth noting that, when applying a drift cur-
rent of 100 µA, 4.8% of the spin current is still propagating to the left arm, a value
that goes up to 20% when Id = 20 µA.

7.2.2 Geometry II

The spin current propagating to the left arm Ileft is evaluated normalized by Iright =

Itop+Ibot. In geometry I, Ileft/Iright is determined by diffusion and it can be reduced
by applying a net drift current in this arm. This is achieved by changing the carrier
type of either the top or the bottom arm depending on the selected output. When
one changes the carriers from electrons to holes, the drift velocity reverses. This al-
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lows us to apply the drift current in both top and bottom arms in the same direction
(Itopd = Ibotd = Id) while the drift velocities are opposite (vtopd = −vbotd ). In this case,
the drift current in the left arm is non zero and equal to 2 × Id. As shown in Fig-
ure 7.2(b), Rs at L = 0 is no longer symmetric with respect to Id. This is caused by
the spin drift in the left arm, that blocks spin propagation to the left at positive drift
currents but promotes spin propagation in this arm when Id is negative.
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Figure 7.2: (a) Sketch of device geometry II, the red arrows represent the charge current di-
rection for positive Id. Note that the drift velocity for electrons opposes the charge current
direction. The carriers are holes in the bottom arm and electrons in the others. All the arms
are assumed to be infinitely long. (b) Rnl vs Id in the top and bottom arms and at the bifurca-
tion and at a 10 µm distance. (c) Spin current selectivity calculated both at the bifurcation and
at a 10 µm distance.

As a consequence, we observe that the most efficient operation of this device
(maximum Itop/Ibot and minimum Ileft/Iright) occurs when the drift current is pos-
itive (drift currents in the direction of the red arrows in Figure 7.2(a)). The output
terminal, where the current is directed, can be controlled by changing the carrier
densities in the top and bottom arms while keeping the left arm at the same density
and applying positive drift currents (in the direction of the red arrows, Figure 7.2(a)).
The spin current selectivities comparing top and bottom arms are the same as for
geometry I due to electron-hole symmetry. The difference is that the spin current
propagating to the left arm is kept minimal. In particular, when Id = 100 µA, only
0.14% of the injected spin currents propagate into this arm, a value that stays as low
as 3% for Id = 20 µA, confirming the feasibility of device operation with moderate
drift currents.

7.2.3 Demultiplexing operation

As shown above, the most efficient way of controlling the spin demultiplexing op-
eration is via the carrier type(density). To describe the practical operation of device
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Table 7.2: Truth table for the 2 leg demultiplexer operation of geometry II for positive Id
(Figure 7.2)

VgL VgT VgB Itop Ibot
1 1 0 1 0
1 0 1 0 1

geometry II, we write a truth table (Table 7.2) by defining the inputs as the gate volt-
ages that have to be applied to each separate arm to control the densities. We call
VgL, VgT , VgB the left, top, and bottom arm gates respectively and define them as ‘0’
when the carriers in the channel are holes and ‘1’ when they are electrons.
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Figure 7.3: (a) Sketch of device geometry III with the spin currents propagating to output 1
for positive Id in the direction of the red arrows. Note that the drift velocity for holes is in
the same direction as the drift current. The carriers are electrons in all the arms, the the top
and bottom bifurcations are at a distance of x1 = 5 µm from the spin injector, the detectors at
L = 10 µm and the arms are assumed to be infinitely long. (b) Rs vs Id in arms 1 to 4 at L. R3

s

and R4
s are identical through all the range. (c) Spin current selectivity between arms 1 and 2

and 1 and 3 calculated at x = L and Ileft/Iright is calculated at x = 0.

7.2.4 Geometry III

Having understood the effect of drift in single Y-shaped graphene devices, we are
interested in the operation of graphene channels with several Y-shaped devices con-
nected in series for more complex device functionality. For this purpose, we design a
device geometry which is made out of two Y-shaped graphene channels that are con-
nected to the outputs of the first Y-shaped graphene channel. The distance between
the bifurcation point where the spin injector is placed and the bifurcation point of
the other two is 5 µm (Figure 7.3(a)). Using the model described above, we calculate
the spin accumulations and spin currents required to understand the performance
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of these devices. The results are shown in Figure 7.3 for a homogeneous device with
the parameters shown in Table 7.1. In this case, the nonlocal resistance also decreases
for high drift currents. The spin current selectivity between arms 1 and 2 (I1/I2) is
lower than between arms 1 and 3 (I1/I3). This can be explained by taking into ac-
count that arms 1 and 2 share a 5 µm long channel where there is no drift current,
whereas, the drift in the bottom arm is 2 × Id and opposes spin propagation. When
looking at the spin current propagating the left arm we see that it increases for posi-
tive drift currents. This is caused by the fact that the drift current in this arm is 2× Id
and it promotes spin propagation away from the injector at positive drift currents.
This not efficient since at Id = 100 µA the spin current propagating towards the
left is 11 times higher than the one propagating towards the right and, hence, less
than 10% of the injected spins contribute to the operation. A solution to this issue
is to compensate for the current in the left arm by applying a higher drift current to
arm 1 I1

d > I2
d + I3

d + I4
d while keeping I2

d − I4
d high enough to prevent propagation

in arms 2-4. This is not very efficient because it would lead to an increased power
consumption.

7.2.5 Geometry IV

Alternatively the spin current propagating in the left arm can be reduced by chang-
ing the carrier density in some selected arms. This allows us to apply all four drift
currents in the same direction.
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Figure 7.4: (a) Sketch of device geometry IV, with the spin currents propagating to output 1
for positive Id in the direction of the red arrows. The carriers are electrons everywhere apart
from the top arm, the top and bottom bifurcations are at a distance of x1 = 5 µm from the spin
injector, the detectors at L = 10 µm and the arms are assumed to be infinitely long. (b) Rs vs
Id in arms 1 to 4 at L. R3

s andR4
s are identical through all the range. (c) Spin current selectivity

between arms 1 and 2 and 1 and 3 calculated at x = L and Ileft/Iright is calculated at x = 0.
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The results for such device geometry are reported in Figure 7.4. In this case, to
get the most efficient operation, the charge carriers in the left and top arms are holes
whereas the other parts of the sample are electron-doped (see Figure 7.4(a)). We see
that, in this case, there is a substantial increase in the maximum Rnl which can be
measured in arm 1 for positive Id. In this situation, most of the spins propagate
towards the top arm with spin current selectivity values up to 5.4 × 104 between
arms 1 and 2 and 3.9 × 109 between arms 1 and 3. In this case, the spin currents
propagating to the left are 3.5× 10−3 times smaller than the ones propagating to the
right. This efficiency is provided by the drift current which is 4 × Id and opposes
propagation to the left arm. We also note that, in this case, there is drift in all the
arms and, as a consequence, propagation does not rely on slow diffusion. This can
be beneficial for the device performance since it enables faster operations.

We are also interested in the device performance at lower drift currents. In par-
ticular, for Id = −25 µA, I1/I2 = 99, I1/I3 = 2.6 × 103 and Ileft/Iright = 5.4 × 10−3

which we believe should suffice for practical purposes.

7.3 Discussion

The application of drift in spin-based demultiplexer devices has two major advan-
tages with respect to the diffusive case: (1) Device operation is faster since drift oc-
curs within shorter time scales than diffusion. (2) A larger contrast between ‘on’
and ‘off’ states can be obtained which makes it more plausible for use in realistic
operations.

For geometries I and II the use of drift also allows for multiplexer operation. This
can be achieved by placing two spin injectors in the right side of the sketches in Fig-
ure 7.1 or 7.2(a) at a distance significantly longer than the upstream spin relaxation
length λ+. The modulation of the spin relaxation length induced by drift enables one
to select the input that will determine the spin current at the bifurcation point.

The main limitation of the drift approach for spin-based demultiplexer and mul-
tiplexer operations is the power consumption, which is caused by the drift currents
applied in the channel. We suggest two different ways to overcome this issue. (1)
The first approach is to increase the distance at which the detectors are placed. This
results in higher contrast between ‘on’ and ‘off’ states for lower drift currents. How-
ever, this approach also results in lower spin signals and currents, because relaxation
occurring in the channel reduces the spin accumulation in an exponential way. (2)
Since the drift velocity is inversely proportional to the carrier density, reducing this
parameter leads to higher power efficiencies. This can be achieved by using semi-
conducting channels[26, 27]. In particular, black phosphorous is a two-dimensional
semiconductor in which spin lifetimes in the nanosecond range have been reported
up to room temperature [28]. Such lifetimes, together with its high electronic mobili-
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ties [29] and drift velocity saturations of up to 1.2×105 m/s at room temperature [30]
make black phosphorous a promising material for spin drift-based devices.

7.4 Conclusions

In conclusion, we have shown that, when applying a drift current to a Y-shaped
graphene based device, spin currents can be directed in a highly efficient way. In
particular, for drift current densities of 20 µA/µm, spin current selectivities up to
102 can be achieved in a 10-µ-m long device. We have also performed calculations
for a device geometry that consists of two Y-shaped graphene channels connected to
the outputs of another Y-shaped device and obtained that a similar performance can
be achieved by applying drift current densities of 25 µA/µm. We also explain how
the effect of drift can be used to achieve multiplexer operation and argue that the
introduction of drift is favourable to increase the device operation speed. We believe
this is a relevant step forward towards a new generation of spintronic devices with
different functionalities.
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