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Diffusive Spin Transport in Narrow Two-Dimensional-Electron-gas Channels
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Using the geometry of the spin field-effect transistor, we investigate the spin transport of in-plane spins
in an array of narrow channels formed in a two-dimensional electron gas confined in an (In, Ga)As quan-
tum well. We demonstrate a clear enhancement of the spin-diffusion length with decreasing channel width,
yielding up to 10 um for the narrowest channels. We discuss the observed enhancement in terms of the
suppression of the Dyakonov-Perel mechanism of spin relaxation, which has been invoked in previous
studies in the case of diffusion of out-of-plane oriented spins. We also show that the spin signal is sig-
nificantly higher when injecting into an array of narrow channels, compared with injecting into a single

narrow channel.
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I. INTRODUCTION

Electron spins in a semiconductor structure are very
promising candidates as controllable carriers of informa-
tion in many novel spintronics devices [1,2]. A convenient
way of manipulating spins in zinc-blende semiconduc-
tors is provided by the spin-orbit interaction (SOI) [3,4],
well characterized by an effective k-dependent magnetic
field about which the spins precess [5]. At the same time,
however, the SOI is a main source of spin relaxation.
In a diffusive system with SOI, each scattering event
changes the direction and/or value of the internal effective
field, randomizing spin polarization in a process known as
the Dyakonov-Perel (DP) mechanism [6]. This limits the
length over which the spin polarization can be transferred
within a device, also reducing the spin-related signal at the
point of detection. It is important then to find a balance
between positive and negative aspects of the SOI in terms
of spin manipulation and spin transport.

One of the ways of increasing spin relaxation times in
two-dimensional-electron-gas (2DEG) systems is to con-
fine the spin transport into a very narrow channel [7—13].
In a one-dimensional (1D) limit, when the width of the
channel is comparable to the Fermi wavelength, backscat-
tering from impurities reverses only the direction of the
SOI field. Spin rotations are limited then to a single axis,
which effectively suppresses the DP mechanism. It has
been predicted, however, that such a suppression starts
at a larger channel width, when it becomes comparable
with the spin precession length [7,13], which in semicon-
ductors can be of the order of single micrometers, often
larger than the mean free path of the system. Subsequent
investigations confirmed these predictions for out-of-plane
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spins in experiments involving the diffusion of optically
generated spin polarization and in weak antilocalization
studies [9—12].

Here, we experimentally investigate the effect of chan-
nel narrowing on the transport of electrically injected
in-plane spins in a lateral device, i.e., in a geometry typ-
ical for a spin field-effect transistor [14]. We electrically
inject in-plane spins into the transport channel consisting
of an array of narrow wires defined in a 2DEG confined in
a 20-nm-wide GaAs/Ing09Gag g1 As/Alg33Gag¢7As quan-
tum well and subsequently detect them using the nonlocal
spin-valve technique [15—17]. The injected spins diffuse
towards the detector in the presence of the SOI, and as
a result of diffusion they dephase, resulting in a decay
of the spin signal on the scale given by the diffusion
length A, = /D1y, where D is the diffusivity and 7, the
spin relaxation time. We show that narrowing the trans-
port channel enhances the spin relaxation time, which we
register as an enhanced spin-diffusion length A,. The latter
increases from 4 um, as measured for the wide channels,
to around 10 um, as measured for the narrowest chan-
nels with a width of 400 nm. Additionally, we discuss
how the geometry itself affects the generation and flow
of the spin current in a lateral spin-valve device and why
an array of narrow channels is more efficient than a single
channel.

II. EXPERIMENTAL DETAILS

In Fig. 1 we show the schematic of the spin-injection
devices used in our experiments. They are all defined as
mesas oriented along the x || [010] crystallographic direc-
tion. The mesas are fabricated from a single semiconductor
wafer grown by molecular beam epitaxy (MBE) on a
(001) GaAs substrate, with the following layer sequence
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FIG. 1. (a) Sketch of the lateral spin-injection device.

Narrow ferromagnetic (Ga,Mn)As contacts on top of the
channel, 500 nm and 700 nm wide, are used to inject/detect
spin accumulation in the 2DEG. Additional contacts on both
ends of the channel (R1, R2), far away from the spin aligning
contacts, serve as a reference. (b) Scanning electron microscope
pictures of two samples, representing two geometries used
in the experiments. The scale bar corresponds to the length
of 10 um. Left panel: standard geometry with the width of
the spin-transport channel w, equal to the total width of the
mesa wi. Right panel: array geometry, with an array of N
narrow wires, each of width w,, in region 2 between injector
and detector contacts. The total width of the 2DEG available for
the spin transport is w, = w, = w; for the standard geometry
and w, = Nw, for the array geometry. (c) Typical spin-valve
signals measured for the standard geometry (left panel) and
the array geometry with N =13 and w,=1 um (right panel).
The red an black lines correspond to the magnetic field swept
towards positive and negative values, respectively. The current
used is / = —20 A and distance between the contacts d = 6 um.
Horizontal dashed lines indicate the spin-independent offset
voltage V3.

(in the order of growth): a 1000 nm GaAs/(Al, Ga)As
superlattice, 95 nm of Aly33Gag¢7As with a Si §-doping
layer, a 20 nm Ing 9Gag9; As layer, 100 nm of lightly Si-
doped n-GaAs with 7 x 10! ecm™3, a 15 nm n* — n tran-
sition layer followed by a 8 nm n* layer, where n* ~ 5 x

10" cm™3, and a 2.2-nm-thick Alj33Gage7As layer. On
top, a 50-nm-thick layer of ferromagnetic (Ga, Mn) As with
an Mn content of 5.5% is grown, using low-temperature
MBE. The (In, Ga)As layer forms a quantum well (QW),
and a é-doping layer placed within the (Al, Ga)As layer,
20 nm below the QW, allows the formation of a 2DEG
in the QW. The top (Ga, Mn)As layer and the n™-GaAs
layer form a spin Esaki diode structure [18,19], which
constitutes the highly efficient spin injecting and detect-
ing system [16,17,20]. Electrical contacts are defined by
optical or electron-beam lithography and subsequent evap-
oration of the Ti/Au metal system. The (Ga, Mn)As top
layers are etched away in the region between the contacts
to limit the lateral transport to the 2DEG. Before elec-
trical experiments, the structure has to be illuminated to
fill the electron states in the QW. Typical 2DEG param-
eters at a temperature of 7=4.2 K, after illumination,
give the sheet resistance R, &~ 100 €2, the carrier density
ng ~ 8.4 x 10" cm™2, the mobility pu &~ 74000 cm?/V s
and the mean free path /. ~ 1.1 um. These parameters
change in the narrow wires, which is discussed further in
Sec. III B.

Electrical spin injection takes place as a result of driv-
ing a charge current between the narrow injector contact
placed close to the middle of the mesa and the refer-
ence contact on the left side of the mesa [Fig. 1(a)]. The
orientation of the injected spins is determined by the mag-
netization orientation in the injector, which is kept along
the [100] direction. The spin accumulation generated in
the 2DEG underneath the injector diffuses in both direc-
tions along the channel: towards the reference contact on
the left and towards the detector contact on the right. At
the detector, the spin accumulation is detected as a non-
local voltage Vnr, measured between the detector and the
reference contact on the right side of the mesa. In our sam-
ples we typically use a 500-nm-wide contact as an injector,
and a 700-nm-wide contact as a detector. We use two dif-
ferent geometries, displayed in Fig. 1(b), which differ in
the way the region between the injector and detector, i.e.,
the actual spin-transport channel, is defined. In the follow-
ing discussion, we refer to this region as region 2, whereas
the region between each of the spin-aligning contacts and
the corresponding reference contact we label as region 1.
In the first geometry, which we further call the standard
geometry, the widths of the regions 2 and 1 are equal, and
given by the total width of the mesa w;. The whole of
region 2 constitutes in this case the spin-transport chan-
nel, with a width w, = w, = wy. In the second geometry,
called the array geometry, region 2 consists of an array of
N narrow wires, with the single wires of width w, defining
now the spin-transport channel relevant for the spin relax-
ation mechanism. The total width of the mesa available
for spin transport in this case is then w, = Nw,. < wy. For
all our array samples we use w; = 20 um. To analyze the
distance dependence of the spin signal, in case of the array
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samples, four different devices with different injector-
detector distances d are fabricated for each value of w,.
In case of the standard samples, for each value of w,, we
use a single device with four or five detector contacts.

ITI. RESULTS AND DISCUSSION

A. Spin accumulation profile

The spin accumulation at the detection point is probed
by employing the spin-valve (SV) effect, i.e., switching
of the nonlocal voltage as a result of rearranging the rel-
ative orientation of the magnetization in the injector and
detector contacts between parallel and antiparallel direc-
tions [17,21]. An external magnetic field B, applied along
the contact direction y || [100], is employed to switch
between both configurations. A typical SV signal, as a
result of sweeping B up and down, is shown in Fig. 1(c)
for the standard geometry, with w, = w; = 20 um, and the
array geometry with N = 13 narrow wires and w, = 1 um,
respectively. The measured nonlocal voltage contains both
a spin-dependent part }}; and a spin-independent off-
set VR typically observed in semiconductor spin valves
[15,22,23]. The amplitude of the SV signal AVy is a
measure of the spin accumulation and, from the distance
dependence of AVy, one can extract spin-transport and
spin-injection parameters.

Before we analyze the results of the experiments, let
us discuss how the chosen geometry affects the genera-
tion and the transport of the spin accumulation and the
corresponding nonlocal Vyp. The crucial parameter in
describing geometrical effects is the spin resistance of the
channel R}, = pkf /v = Rehg/w, where p is the resistivity
of the channel, R; its sheet resistance, A, the spin-diffusion

J

2P%IR, >\
Vf\IL(d)zi 5,272

length, and v = A wt is the effective volume of the spin
relaxation in the channel, with ¢ being the thickness of the
2DEG layer and w the total width of the channel [24,25]. In
the standard geometry [the left panel in Fig. 1(b)], the total
channel width and the effective spin resistance are the same
for regions 1 and 2. As a result, the injected spin current
splits into two equal components, one going to the left and
the other to the right of the injector, and the spin-related
nonlocal voltage (assuming the tunneling regime) is given
by [26]

. 2 )
Ru(d) = L5l exp (— ), (1)

where [ is the injected current, P is the spin-injection
efficiency, defined as the spin polarization of the injected
current, and d the distance between the injector and the
detector. Here, we assume that the spin-injection efficiency
of the injector Pj,; and of the detector contact Py, are
the same and equal to P, which generally holds for small
currents [17]. The + (-) sign corresponds to the parallel

(antiparallel) orientation of magnetizations in the injector
and detector contacts. The spin-valve signal is then defined

as AV = 21}.. The dependence of the spin-valve sig-
nal on the injector-detector separation length is therefore
described by a simple exponential decay. In Fig. 2(a) we
show the AVnL(d) dependence for the standard sample
with w, = 20 um, which gives Ay & 4 um.

In the array geometry [the right panel in Fig. 1(b)], the
total width of the channel between the contacts w, = Nw,
is smaller than the total width of the whole mesa wy,
ie., R, > Ry, - The spin current injected into the 2DEG
is therefore divided into two unequal components. One
obtains in this case the following formula for V' (d) [27]:

1

Wy [14 (Reprawi /R liw2) P exp(d/ag) 4 [1 — (Reahawi /Rs i kiw) 1 exp(—d/r)

@

The expression R;xAow1 /R, 1 A1wy corresponds to the ratio of the effective spin resistances in regions 2 and 1, where A
and R, () indicate, respectively, the spin-diffusion length and sheet resistance in the corresponding regions, which are
generally different. One can easily see that Eq. (2) becomes Eq. (1) for Ay = A; = Ay, Rsp = Ry1 = R, and wy = wy =
we. Although, in general, a simple exponential function does not describe the decay of the spin accumulation anymore, in
some cases it can still be a good approximation. Namely, for R;oA,w; /R 1Aiw, 2 1 and d/X; 2 1 the second exponential
term in the denominator is negligible compared to the first one, resulting in the signal well described by

2P2IRs o)y 1 ( d )
sexp(—— ).
w2 [1+ (Ry2how1/Rs101w2)] A2
[

nL(d) ~

This holds for our samples, as demonstrated in Fig. 2(a)
for the array sample with N = 18 and w. = 0.4 um. From
the slope of the plotted dependence, we extract A; &
9.2 um, which is substantially larger than for the case of
a wide channel.

B. Spin relaxation and spin-diffusion length
The results of the measurements of the spin-diffusion
length from the set of samples with different w, and for
different injection currents are plotted in Fig. 2(b). One
can clearly observe that the narrowing of the transport
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channel makes the transport of the in-plane spins more effi-
cient. The spin-diffusion length remains constant at 122 ~
4 um down to w, = 7.5 um, and then increases up to
nearly 10 um for the narrowest transport channel width
of 400 nm. Before we analyze these results in relation to
theoretical predictions and other experiments, let us briefly
discuss the origin of the DP mechanism of spin relaxation.

The DP mechanism explains spin relaxation as a result
of the precession of spins around the k-dependent effec-
tive magnetic field Beg(k), resulting from the SOI [6,28],
with the vector of the angular precession frequency defined
as (k) = (ge/2m)Beg(k), where g is the Landé g factor
and m and e are the mass and the charge of an elec-
tron, respectively. In heterostructures based on zinc-blende
semiconductors one distinguishes SOI contributions result-
ing from the structure inversion asymmetry (SIA),
also called the Bychkov-Rashba contribution [29], and
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FIG. 2. (a) Distance dependence of AVyp for the standard

sample with w, =20 um and the wire sample with w. =400 nm
for an injection current / =—20 pA. The values of the spin-
diffusion length are obtained assuming exponential decay of the
spin accumulation. (b) Spin-diffusion length versus the width
of the transport channel w.. The shown values are averages
of values measured for currents of / = —10, —20, —40, and
— 100 nA [27]. Solid (open) symbols indicate the array (stan-
dard) geometry. The horizontal dashed line indicates the average
spin-diffusion length obtained for wide channels, i.e., for the 2D
case. The other dashed line shows the expected A,(w,) w1
dependence based on the diffusive theory. The solid blue line
is just a guide for the eye. Inset: spin relaxation time t,(w.) =
Xs? /D calculated using D values determined from magnetotrans-
port measurements.

bulk inversion asymmetry (BIA), called the Dresselhaus
contribution [30]. Whereas the former depends linearly
on Kk, the latter has both linear and cubic components.
The spin relaxation rate for spins oriented in the direction
i=ux, y, z is in the motional narrowing regime given by
the averaged square of (k) and is rsfl.l =1,(Q% — Q%)
[28]. For spins oriented in the [100] direction, this gives
the following expression for the spin relaxation rate: rgyl =
(1/D)7;! = (@Dm*/h) (e + B2 + B5), with =1 —
B3, where «, 81, B3 are parameters describing Bychkov-
Rashba, linear Dresselhaus, and cubic Dresselhaus con-
tributions to the SOI, respectively [10,28]. In our experi-
ments, we cannot distinguish between different SO mecha-
nisms contributing to Beg(k), but we can estimate the value
of Beg(Kk). Using the measured )»?D ~ 4 um and taking
the diffusivity D = (1/2)vrl, ~ 0.24 m?/s (where v is the
Fermi velocity), we can estimate the spin relaxation time
as 12 ~ 70 ps, the total average effective spin-orbit field
Ber ~2 T, and (¢ + B% + D)2 = (¢2Ph* /4Dm*)' /> ~
1.5 x 10713 eV m. As the cubic parameter 83 depends on
the sheet density, 83 = —y (mrng/2), where y is a bulk
Dresselhaus parameter, we can also evaluate it. Taking
y~—1002evm® [31] we get B3 =—y(ny/2)~
1.3 x 10713 eV m [31]. This value suggests that the cubic
contribution dominates the SOI in our samples. How-
ever, one has to take into account that the value of
(@ + B>+ B2)'/? is rather underestimated. In a more
rigorous approach one should take into account the effec-
tiveness of different momentum scattering mechanisms to
the randomization of spins. This means that 7, should be
replaced by 7,/a in the above formulas, typically with
a>11[28].

In the first theoretical papers discussing the suppres-
sion of the DP mechanism in narrow channels, only
the SIA contribution was considered [7,13]. In subse-
quent works also BIA and the cubic contribution were
included [8,32,33]. It was shown that narrowing the
channel suppressed both linear contributions, resulting
in 7,(w.) o t2P(w,)~2. The cubic contribution, on the
other hand, is not expected to be suppressed in diffu-
sive wires. It typically slows down the overall suppres-
sion of the DP mechanism in such wires. In quantized
1D wires, however, the cubic contribution also becomes
suppressed, decreasing with a decreasing number of avail-
able transverse modes [33]. These theoretical results have
been confirmed in experiments involving optical stud-
ies of spin dynamics [10—12] as well as in transport
experiments using weak antilocalization analysis [9]. All
those experiments involved spins oriented perpendicular
to the plane of the 2DEG. Whereas in some experi-
ments a saturation of ty(w.) for low w, was observed
and assigned to cubic BIA [10-12], in some of the
experiments suppression of the cubic contribution was also
discussed [9].
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As we can see in Fig. 2, our results for in-plane spins
are quite consistent with the predictions and observations
discussed previously, as we obtain an enhanced A (w.)
compared to the 2D limit of approximately 4 um, start-
ing with w, ~4 um. It is clear, however, that A; increases
more slowly than is predicted by the theory. One rea-
son for that could be a decreasing momentum relaxation
time upon decreasing w,. Taking D = (1/2)v%rp one gets
As X \/TpT;, 1.€., a decreasing 7, (w,) can slow down the
enhancement of A,. It was reported, e.g., by Holleitner
et al. [12], that for wires with w. < 2 um an increased
boundary scattering leads to XA; being limited by w,,
i.e., Ay ~ w.. This is clearly not the case for our sam-
ples as A; > w, for the narrow wires. Nevertheless, to
take the effect of a decreasing 7, into account, we carry
out magnetotransport measurements on a different set of
wire samples, fabricated from the same wafer as the spin
devices [27]. Compared to the wide channels, we observe a
clear reduction in mobility and thus also of 7, and the mean
free path in wires with w, < 1 um. For the 450-nm-wide
wire the mobility and the mean free path are correspond-
ingly 4800 cm?/Vs and 0.76 um, i.e., roughly 40% lower
than for the wide channels. In the inset in Fig. 2(b) we
plot 7;(w,) = Af /D, calculated using the extracted values
of the diffusion constant D. We find that 7; in the narrow-
est wire is roughly an order of magnitude larger than in the
2D limit, although the rate of increase is slightly slower
than the expected w,* dependence. We would like to add
that in all our samples we find w, to be comparable to the
electron mean free path /,. Thus, we are in a crossover
regime between diffusive and ballistic transport, different
from the experiments in Refs. [11,12] but similar to those
in Ref. [10].

C. Spin-injection efficiency

Our results clearly show that narrowing the channel
increases the spin-diffusion length, leading to larger sig-
nals in the lateral spin-injection devices. We now discuss
how the array geometry, in general, affects the magnitude
of the measured spin signal for a given injector-detector
separation d. In Fig. 3(a) we plot the measured spin-
valve signal AVy, versus the total channel width w, for
an injecting current / = —20 nA and d = 12 um for all
samples. For comparison, we show the expected depen-
dence based on Egs. (1) and (2) for P = 0.55. In case
of Eq. (2) we show both the case of A, = A}, as well as
Ay = Ar(w,), as obtained from the measurements. For the
standard geometry, the signal increases with decreasing
wy = w,, reflecting the 1/w, dependence in Eq. (1). In the
array geometry, on the other hand, decreasing w, leads to
a decrease of the signal due to the increasing ratio wy/wy.
This clearly demonstrates that for the array geometry with
a given w; and w, it is preferable to use a large number of
wires, to keep w, = Nw, as close to w; as possible.
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FIG. 3. (a) Dependence of the spin signal on the total width of

the spin-transport channel w, for the standard and the wire sam-
ples, for the injector-detector separation d = 12 pum. The dashed
curves are plotted using Eq. (1) (black) and Eq. (2), assum-
ing constant Ay = A} = AfD (blue), and 1y = A(w.) (red), as
obtained from the measurements for / = —20 pA. For calcula-
tions we use a spin-injection efficiency of P = 0.55. In the case
of Eq. (2) we use w; = 20 um, as in experiments. (b) Spin-
injection efficiency extracted from the measurements with the
injection current / = —20 uA, as a function of the voltage drop
across the interface Vi, for all measured samples (closed sym-
bols, array geometry; open symbols, standard geometry). The
solid line shows a typical drop of P with increasing Viy, as
measured for the standard sample with w, = 40 um, with Vi
adjusted by the injection current.

To explain why the array geometry is generally bet-
ter than the standard geometry with a small w,, we have
to discuss the spin-injection efficiencies P obtained for
both geometries. First, we would like to stress that for
all discussed geometries our samples fulfill the condition
for the tunneling regime of the spin injection, given by
R% < R*. Here, R* = R./(1 — P?) is the effective spin
resistance of the tunnel contact and R}, = R¢A,/w is the
previously mentioned effective spin resistance of the chan-
nel. R, is the electrical resistance of the contact, typically
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amounting to ~7 k2 for our 500 nm x 20 um injector
contacts. For the standard samples with w, = 20 um, tak-
ing Ry ~ 100 Q and Ay ~ 4 um we arrive at R} ~ 20 Q.
For the array sample with N = 18, w. = 0.4 um, R, ~
150 2 and A, ~ 9 um we obtain R} ~ 190 Q. Taking
P ~ 0.5, we get R* ~ 9.3 kQ, i.e., the tunneling condition
is clearly fulfilled for all our samples.

For standard samples, both R, and R}, scale as 1/w;.
Therefore, simply narrowing the channel is not expected
to change the injection condition, but it will affect P via a
voltage drop across the interface at the spin-injecting con-
tact Viy. In the tunneling regime, P is determined by the
spin selectivity of the tunnel barrier. As reported before
[17,20,34], in (Ga,Mn)As/GaAs Esaki diode spin injec-
tors, P typically decreases with increasing Viy. For a given
injection current, Vi, is inversely proportional to the con-
tact area, i.e., also to wy. As a result, it increases with
decreasing width of the channel for standard samples,
where w, = wy. Hence, using the array geometry allows
one to decrease the width of the channel w,, while keep-
ing the size of the contact large enough to achieve low
Vint, 1.€., large P. This can be seen in Fig. 3(b), where
we plot P vs Viy, extracted from the measurements on all
samples, with the injection current / = —20 wA and, for
comparison, from the measurements on the standard sam-
ple w. = 40 um for various injection currents. Since for
all array samples we have w; = 20 pum, the corresponding
Vint 1s approximately the same as for the standard sam-
ple with w, = 20 um. Although P is slightly lower for the
array geometry, it is still larger than for the standard sam-
ple with w, = 4 um. In the previous discussion we neglect
the Sharvin contact resistance [35,36] as we find it to be too
small, compared with R, to affect the spin injection in our
samples [27]. It is also worth noting, that the narrow stan-
dard mesas lead also to smaller aspect ratios of magnetic
contacts. This negatively affects the magnetic switching,
leading to poorly defined spin-valve patterns.

IV. SUMMARY

To summarize, we demonstrate a significant enhance-
ment of the spin-diffusion length by narrowing the spin-
transport channel in lateral, all-electrical spin-injection
devices. This approach enables spin transfer over long
distances, up to 10 um in our narrowest channels. We find
this enhancement of the diffusion lengths of the in-plane
oriented spins to be consistent with theoretical and exper-
imental work that describe diffusion of the out-of-plane
oriented spins in narrow channels. We furthermore demon-
strate that implementing an array of narrow channels
instead of using a single channel exploits the advantages of
our approach in the best possible way, allowing conserva-
tion of high spin-injection efficiencies, despite the channel
narrowing. This can be important for design considerations
of efficient spin field-effect transistorlike devices.
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