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Quantification of Spin Drift in Devices with a Heavily Doped Si Channel
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The effect of a drift electric field on the spin transport in a heavily doped Si channel is investigated using
nonlocal devices. A simple method to accurately quantify spin drift is established, using the ratio of the
nonlocal spin-valve signal for two measurement configurations that have a different electric field pattern in
the channel. The spin-transport length is obtained as a function of the electric field, and it is found that in
heavily doped Si, drift electric fields of £400 V/cm modify the spin-transport length (either up or down)
by about a factor of two, relative to the length scale for purely diffusive transport. Although the trends are
in agreement with the theory for spin drift, a quantitative comparison reveals that the theory significantly
overestimates the effect of spin drift (by a factor of three). This highlights that an accurate experimental
quantification of spin drift, as provided here, is crucial for a correct assessment of the role and importance

of spin drift in practical spin-transport devices.
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I. INTRODUCTION

Silicon, owing to its advanced technology maturity and
large spin lifetime and spin-diffusion length, represents an
ideal semiconductor (SC) material to design and fabricate
alternative logic devices that employ the spin functional-
ity [1-6]. Understanding the fundamental physics of spin
transport in Si is crucial to successfully implement Si
spintronic devices in future information processing tech-
nologies. To date, the most practical method to achieve
spin injection in Si-based devices consists of driving a cur-
rent from a ferromagnetic (FM) tunnel contact into the
Si [5—12]. Due to spin-polarized tunneling [13,14], this
induces a spin accumulation in the nonmagnetic Si, which
is characterized by a splitting Au of the electrochemical
potential of spin-up and spin-down electrons. FM tunnel
contacts are also suitable to effectively convert the spin
accumulation into a charge voltage [15—17]. Using this
approach, all-electrical spin injection, transport, and spin
detection have been demonstrated in Si channels using the
nonlocal four-terminal geometry [7,9—12,17]. Notably, the
creation of a giant spin accumulation in a heavily-doped
Si channel from Fe/MgO tunnel contacts has recently
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been reported [12], making this an ideal system to study
spin-dependent transport in Si.

The equations [1,2] that describe the transport of spins
in a nonmagnetic channel include spin diffusion, but also
spin drift due to the electric field associated with a charge
current in the channel [18,19]. If the charge current density
in the channel is small, the spin transport is described well
by taking only spin diffusion into account, and the spatial
decay of the spin accumulation is governed by the spin-
diffusion length Lgp. At larger drift electric fields, spin
drift starts to play a role, and it modifies the spin-transport
length, either increasing or decreasing it, depending on
whether the spin drift drives spins in the same direction
as spin diffusion or in the opposite direction [18,19].

An accurate quantification of spin drift is then required
for two reasons. First, in many practical spin-transport
devices [1-5], a charge current is present in the region
where spin transport occurs. A notable example is the two-
terminal magnetoresistance device consisting of a semi-
conductor channel and two FM contacts [16], in which a
current is applied between the two FM contacts, and thus a
drift electric field exists in the channel between the two
contacts. Quantification of the role of spin drift is thus
important for understanding the device characteristics and
performance, and spin drift may be used to enhance the
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magnetic response. Second, the analysis of spin-transport
data and the extraction of spin-transport parameters, such
as the spin polarization of the injected current, rely on a
precise theoretical description of the spin transport, which,
in general, has to include spin drift.

Yu and Flatté [18,19] derived an expression for the
spin-transport length that includes the effect of spin drift
starting from the drift-diffusion equation for spin polar-
ization in semiconductors. Assuming a homogeneous SC
material without space charge, the expression for the up-
spin (down-spin) electron density 74y in the SC is given
by

Vo =)+ B2y = )+ ——5(ny =) =0,
D (Lsp)? 0

with ¢ the mobility, D the diffusion constant of the channel
material, and E the drift electric field in the channel. The
latter is determined by the current density Jgc in the chan-
nel and the channel resistivity psc via E = pscJsc . From
Eq. (1), one obtains [18,19] the spin-transport length L(E)
that depends on the drift electric field £ in the SC channel
as
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eE n eE \? n 1\? @
28d 28(1 LSD ’

where e is the elementary charge and the parameter ¢; =
eD/u is an energy scale that controls the strength of the
spin drift [note that we have defined the sign of the elec-
tric field to be positive when it is directed against the
spin diffusion (upstream) and negative when it is in the
same direction as the spin diffusion (downstream)]. When
a significant drift electric field is present, the spin accumu-
lation is transported through the SC channel over distances
significantly larger (downstream electric field) or smaller
(upstream) than the spin-diffusion length Lgp.
Experimentally, the effect of electric fields has been
investigated in devices with different channel materials.
In graphene-based devices [20], spin drift was shown to
change the spin-valve signals by as much as 50% for
drift electric fields up to 700 V/cm applied to the channel
between the injector and detector FM contacts. In GaAs-
based devices, it was reported that a bias current in the
detector circuit causes modulation of the spin-detection
efficiency [21]. Although this was originally interpreted
as being due to spin drift, measurements at lower current
densities [22] led the same authors to conclude that spin
drift is not responsible. In fact, it was recently shown that
modulation of the spin-detection efficiency by a bias across
the detector originates from the nonlinearity of the tunnel
transport [17]. In devices with a nondegenerate Si channel
[23,24], for which spin drift is expected to be significant,

L(E) =

clear effects of spin drift were indeed observed, including
significant enhancements of the spin-transport length. For
Si-based devices with a heavily doped Si channel, the pres-
ence of spin drift was also convincingly demonstrated [25]
by comparing spin signals in the local and the so-called
crossed nonlocal geometry (see below and Fig. 1). How-
ever, for the quantification of spin drift, the authors used
the Hanle signals, which is not reliable, as we explain in
the Supplemental Material [26,27]. The results reported in
Ref. [28] suffer from the same issue.

Here, we study how a drift electric field in a heavily
doped Si channel changes the spin transport. We com-
pare the magnitude of the spin-valve signals observed in
nonlocal devices in the conventional nonlocal measure-
ment configuration with those measured in a modified,
crossed nonlocal scheme having a different electric field
pattern in the channel. It is shown that from the ratio of
the spin signals in those two configurations, the spin drift
can be accurately quantified. We obtain the spin-transport
length L(E) as a function of E and extract the value of
the energy scale ¢, that governs spin drift from the data.
We find that the experimental energy scale is significantly
larger (by a factor of three) compared to what is expected
from the theory (¢; = eD/ 1), implying that the theory sig-
nificantly overestimates the effect of spin drift. We also
demonstrate that spin drift changes the magnitude of the
spin accumulation that is detected in the conventional non-
local geometry, even though there is no electric field in the
channel between the injector and detector. Therefore, we
introduce a spin drift correction factor in the expression for
the nonlocal spin-valve signals, which is important when
parameters, such as the spin polarization of the injected
current, are extracted from the magnitude of the nonlocal
spin-valve signal at larger bias. Note that the phenomenon
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FIG. 1. Schematic diagrams of the four-terminal nonlocal
device, with the circuit configuration for (a) the conventional
nonlocal (NL), and (b) the crossed (XNL) measurements.

044020-2



QUANTIFICATION OF SPIN DRIFT...

PHYS. REV. APPLIED 11, 044020 (2019)

of spin drift due to a charge current in the channel, as
studied here, is completely different from the effect of
a bias voltage across the detector tunnel contact, which,
as we recently reported [17], produces a nonlinear spin
detection that originates from the tunnel transport in the
detector.

II. QUANTIFICATION OF SPIN DRIFT IN
NONLOCAL DEVICES

To evaluate the contribution of spin drift in nonlocal
devices, we employ two different circuit configurations,
hereafter called conventional nonlocal (NL) and crossed
nonlocal (XNL) geometries, as illustrated in Fig. 1. For
the NL geometry [Fig. 1(a)], a constant current / is applied
from FM1 to a first reference contact (R1) and a spin sig-
nal is detected by probing the voltage between FM2 and
a second reference contact (R2). Consequently, an electric
field is present in the injector circuit, but not in the detector
circuit or in the channel between the injector and detec-
tor. For the XNL configuration [Fig. 1(b)], / is applied
between FM1 and R2 and the voltage is probed between
FM2 and R1. Thus, in the XNL scheme, the direction of
the current in the channel, and therefore the electric field,
are in the opposite direction, and the electric field is present
between the injector and the detector. However, note that
in both configurations there is no tunnel current across
the FM/Si detector junction (FM2), and that the current
across the injector tunnel contact (FM1) is chosen to be
the same for both configurations. Hence, only the elec-
tric field pattern in the Si channel is modified. In Fig. 2,

(@) [ Ismall (E~0) | (b)

we present the schematic diagrams with the corresponding
spin accumulation profiles in the Si channel under differ-
ent bias conditions. In the low-bias regime [Fig. 2(a)], the
spin transport is dominated by spin diffusion and spin drift
is negligibly small. As a consequence, the spin accumula-
tion profile in the Si channel is identical for the NL and
XNL configurations. The spin accumulation Ax is maxi-
mal at the center of the injector and decays symmetrically
in both directions due to the isotropic spin diffusion in
the Si channel, with a decay length given by Lgp. In this
purely diffusive regime, the NL spin signal (Vyr) for both
configurations can be expressed as

VVinj _dc
NL = PinjPaet JTpsi Lsp exp , (3
2ts; Lsp

with Jr the tunnel current density across the injector tun-
nel contact, Piy; the spin polarization of the injected tunnel
current, P4 the spin-detection efficiency of the detec-
tor contact, ps; the resistivity, fs; the thickness of the Si
channel, Wi,; the width of the injector contact, and d. the
center-to-center distance between the injector and detec-
tor contacts. This expression is accurate [12] when the
width of the FM contacts is smaller than Lgp (line injec-
tor approximation), and applies to devices for which fg; is
small compared to Lgp.

In the high-bias regime, the presence of a non-negligible
electric field in the channel induces spin drift, which causes
an asymmetric distribution of the spin accumulation on the
two sides of the spin injector. This effect is illustrated in
Figs. 2(b) and 2(c) for high-bias spin injection and spin

>0 (c) 1<0

X

FIG. 2.

Schematic diagrams of the Si nonlocal devices with the corresponding spin accumulation profiles in the Si channel at (a)

low current, (b) large spin injection bias, and (c) large spin extraction bias. The top and bottom panels correspond to the conventional
nonlocal and the crossed-nonlocal measurement configurations, respectively. When the electric field is absent or negligibly small, the
spin accumulation decays due to spin diffusion only (blue solid lines, label Lgp), whereas in the presence of a strong E, the spin signal
decays due to spin drift and spin diffusion [magenta solid lines, label L(E)]. The horizontal axis corresponds to the distance x from the
center of the injector, whereas the vertical axis corresponds to the logarithm of the spin accumulation.
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extraction conditions, respectively. For the conventional
NL configuration, a large spin injection bias [Fig. 2(b),
top panel], enhances the spin-transport length to a value
L(E) > Lsp on the left side of the injector, whereas the
decay on the right side is still determined by Lgp, since
there is no electric field there. However, for the XNL con-
figuration [Fig. 2(b), bottom panel], a large spin injection
bias enhances the spin-transport length on the right side
of the injector where the electric field is present, whereas
the decay on the left side is determined by Lsp. For a
large spin extraction bias [Fig. 2(c)], a similar asymmetry
is introduced, but now the electric field has the opposite
polarity and thus reduces the spin-transport length (on the
left side of the injector for the NL configuration and on
the right side of the injector for the XNL configuration,
respectively).

If the tunnel current across the injector contact is chosen
to be identical for the NL and XNL configurations, all the
parameters that determine the detected nonlocal spin signal
are the same except for the exponential decay term. Thus,
it directly follows that the ratio of the spin signals Vxnp
and Vnp in the XNL and NL configurations, respectively,
is given by

—d,
Vxne %P (L(E)>
N e (4)
NL exp (LS];)

The ratio is larger than 1 for spin injection bias and smaller
than 1 for spin extraction bias. Since the value of Lgp can
be obtained from regular nonlocal spin-transport measure-
ments, the spin-transport length L(E) as a function of £
can be obtained directly from a measurement of the ratio
between Vxnp and Vi in a single device. The described
method allows one to precisely quantify the spin-transport
length as a function of £ without having to determine the
variation of Pj;; and Py as a function of the bias current.

III. GROWTH AND DEVICE FABRICATION

The Si nonlocal devices [Fig. 3(a)] are fabricated on a
silicon-on-insulator substrate having a 70-nm thick » type
Si(001) channel on the top of the buried oxide. The Si
channel is doped with phosphorous using ion implantation.
The properties of the Si channel are characterized using
a Hall bar structure that is simultaneously fabricated with
the nonlocal devices. From this, the carrier concentration
n, the resistivity ps;i, and the mobility u of the Si chan-
nel are measured to be 7.6 x 10!'% cm™3, 5.6 mQ cm, and
147 cm?/V's at 60 K, respectively. Prior to the deposition
of the FM tunnel contact, the Si substrate is chemically
cleaned following the so-called RCA method described
in Ref. [12]. The substrate is then annealed in the ultra-
high vacuum molecular beam epitaxy system at 700 °C
for 10 min. After this step, in situ reflection high-energy

BOX
(e) Device| W1 (um)| W2 (um)| d (um)
A 1.2 0.4 0.4
B 3 1 1
C 24 0.8 1

2 - 60K
) o 300K
-6 . ———
—600 300 O 300 600 900 1200
Voltage Vi (MmV)

Current density J; (kA/cm?) 2

FIG. 3. (a) Schematic layout of the nonlocal device with rel-
evant dimensions indicated. (b—d) RHEED patterns of (b) the
¢(2 x 4) surface reconstruction along the [100] azimuth of the
Si after in situ annealing at 700 °C, (c) the MgO(001) layer along
the [100] azimuth of the MgO, and (d) the Fe(001) layer along
the [110] azimuth of the Fe. (¢) Geometric parameters of the
three devices 4, B, and C used in this study. Given are the widths
W1 and W2 of the ferromagnetic tunnel contacts, and the gap d
between the two contacts. Note that the center-to-center distance
d. is given by d + (W1 + W2)/2. (f) Tunnel current density Jr as
a function of bias voltage V37 for the 0.4 yum wide FM tunnel
contact of device 4, measured in a three-terminal configuration
at 60 and 300 K.

electron diffraction (RHEED) displays intense and sharp
c(2 x 4) streaks, confirming a very clean and smooth Si
surface, as shown in Fig. 3(b). The MgO tunnel barrier
is deposited using a two-step method, which consists of
the deposition of 0.5 nm of MgO at 80°C followed by
the deposition of 1 nm of MgO at 300 °C. This results
in spotty RHEED patterns corresponding to crystalline
MgO(001) [Fig. 3(c)]. Then, a 10-nm thick Fe layer is
deposited at 100 °C, followed by a postannealing at 250 °C
for 5 min, leading to streaky RHEED patterns as shown
in Fig. 3(d). Finally, a 20-nm thick Au capping layer is
grown at room temperature. The sample is processed into
four-terminal Si lateral devices using standard microfab-
rication techniques (e beam lithography, Ar-milling, SiO,
sputtering). The width of the FM contacts and the spac-
ing of the devices used in this study are summarized
in Fig. 3(e). The electronic transport properties of the
tunnel contacts are measured in a three-terminal configu-
ration. As shown in Fig. 3(f), the current-density vs voltage
(J7-V) characteristics are strongly nonlinear and asymmetric
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at both 60 and 300 K. Due to the use of a relatively thick
MgO tunnel barrier (approximately 1.5 nm), the interface
resistance of the tunnel barrier is larger than 10k um?
over the complete range of biases used in the experiments.
This is much larger than the effective spin resistance of
the Si channel (rg; ~ 2k um?), so that there is negligi-
ble backflow of the spins from the Si into the FM contact
[2,16]. Although spin signals are clearly observed up to
300 K, all the measurements presented in this study are
performed at 60 K, repeated several times, and then aver-
aged to improve the signal-to-noise ratio, allowing a better
estimation of the spin transport parameters. The nonlocal
spin-valve and Hanle-type spin precession measurements
are obtained by applying an external magnetic field along
the length of the FM contacts (B,) (i.e., along the y axis)
and perpendicular to the film plane (B,), respectively. A
positive (negative) current corresponds to electron injec-
tion from the Fe into the Si (electron extraction from the Si
to the Fe).

IV. SPIN TRANSPORT IN THE DIFFUSIVE
REGIME

We first determine the basic spin-transport parame-
ters of the device in the very low-bias regime, where
the spin-transport can be described as purely diffusive.
Figure 4(a) shows the nonlocal spin-valve measurement
obtained at a temperature (7) of 60 K on device 4 using
the 1.2-um wide FM contact as the spin injector and the
0.4-um wide FM contact as the nonlocal detector. The
tunnel current density across the injector interface Jr is
approximately 0.8 kA/cm? (/ =0.4 mA), which corre-
sponds to a negligibly small electric field in the Si channel
(E ~ 60 V/cm). A typical spin-valve behavior is observed
with sharp switching between parallel (P) and antiparal-
lel (AP) configurations of the magnetization of the injector
and detector. The magnitude of the nonlocal spin signal
(Mnp) is approximately 0.22 mV, which corresponds to a
spin-resistance area product spin-RA =4 Vnp/[ of about
26 Q um?, with 4 the area of the injector tunnel contact.
We further confirm the presence of spin accumulation in
the Si channel by measuring the nonlocal Hanle effects
in both P and AP configurations [Fig. 4(b)]. For the P
state, we observe a reduction of Vyp from its maximum
value due to spin precession in the external perpendic-
ular magnetic field (B,). A similar behavior is observed
for the AP state with an opposite sign. The signal magni-
tude (VN ~ 0.19 mV) agrees well with the spin-valve data,
proving the creation of spin accumulation and the lateral
spin transport in the Si channel.

To precisely determine the spin-diffusion length Lgp, we
employ the same method as that described in Ref. [12].
We collect the conventional nonlocal spin-valve data for
devices A4, B, and C using either the narrow FM contact as
the injector and the wider FM contact as the detector, or

(a) (b)
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FIG. 4. (a) Nonlocal spin-valve signal and (b) Hanle spin

signals for parallel (P) and antiparallel (AP) magnetization of
injector and detector, measured at 60 K on device 4 using the 1.2-
and 0.4-um wide FM contact as the spin injector and detector,
respectively. B, and B. are the external magnetic fields applied
in-plane along the length of the FM contacts and perpendicular
to the film plane, respectively. A constant tunnel current density
Jr of 0.8 kA/cm? is applied to the injector contact and an offset
voltage of approximately 3 mV is subtracted from the nonlocal
signal measured across the detector junction. (c¢) Calculated spin
signal vs position produced by the spin accumulation in the Si
for different widths of the FM injector contact (solid lines) and
experimental data (symbols) for devices 4, B, and C obtained by
using either the narrow FM strip as the injector and the wider
FM strip as the detector, or vice versa. The tunnel current den-
sity (Jr ~ 0.4 kA/cm?) is small enough to ensure that transport
is by spin diffusion only. The injector is located between 0 (right
edge) and —W,;; (left edge, indicated by the short colored verti-
cal lines). The experimental data are compared to the calculated
spin signal at the center of the detector, which is located to the
right of the injector. The best agreement with the data is obtained
using Lgp = 1.7 um and Pjyj = Pget = P = 25% in the calculation.

vice versa, with an identical tunnel current density Jr. A
low current is used, ensuring that the electric field in the Si
channel is negligible. We then calculate the spatial profile
of the injected spin accumulation as a function of the
injector width (W;y;) using numerical evaluation of the one-
dimensional spin transport in the purely diffusive regime,
as is done in Ref. [12]. Then we fit the experimental data by
adjusting Lsp and the tunnel spin polarization P (assuming
that Piy; = Pyt = P at low bias). As shown in Fig. 4(c), the
magnitude of the nonlocal spin signals for different W, is
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well described by the numerical calculations of the spin-
accumulation profile by taking Lgp = 1.7 yum and P ~25%
for Fe/MgO tunnel contacts. To obtain the spin lifetime
T, we follow the procedure described in Ref. [12], fit-
ting the Hanle curves in P and AP states with Lgp set to
the predetermined value (1.7 um). As shown in Fig. 4(b),
good fits are obtained for 7= 17 ns, which is compara-
ble to what was previously obtained [12] for devices with
a similar doping concentration.

V. QUANTIFICATION OF SPIN DRIFT

To quantify the effect of spin drift, we compare the spin
signals measured in the NL and XNL geometries under
high bias conditions. Figure 5 shows typical spin-valve
measurements performed on device 4 with a tunnel cur-
rent density J7 across the injector interface of £4.2 kA/cm?
(I ==£2 mA). Clear spin-valve signals are observed for
both schemes. However, for / = 42 mA, the magnitude of
the spin signal measured in the XNL configuration is larger
than that for NL configuration, whereas for / = —2 mA, we
observe the opposite (VxnL < V'np). These results are con-
sistent with the expected effect of the electric field in the Si
channel, as described above in Sec. I, specifically Eq. (4),
which predicts Vxni/VaL > 1 for spin injection bias and
VxnL/Var < 1 for spin extraction bias.

Next, we examine the modulation of the spin-valve
signals as a function of the strength of E. The field in
the Si channel is given by E = psiJs; = psi (I/4s;) with
Jssi the current density in the Si channel having a cross-
section area of As;. Because / ocJr Wiy;, the current density
in the channel, and thus the drift electric field, can be

varied either by increasing the tunnel current density or by
increasing the injector width at constant J7, as illustrated in
Fig. 6. Thus, we measure the spin-valve signals as a func-
tion of the tunnel current density J7 in both the NL and
the XNL configurations using injectors of different widths.
The results are presented in Fig. 7 for injectors having a
width varying from 0.4 to 3 um. First, we observe that as Jr
increases, V'xnr is gradually enhanced compared to 'y, for
positive bias (spin injection), whereas a progressive reduc-
tion of Vxnp compared to Vyp occurs for negative bias
(spin extraction). Second, the difference between Vxni and
V'nL becomes more and more pronounced as the width of
the injector becomes larger. These two trends are in qual-
itative agreement with that expected for spin drift and the
scaling of the drift electric field in the channel as a func-
tion of Jr and Wiy;. It is worth noting that the spin signal
for the XNL geometry is larger by a factor of about 2.5 for
the 3-um wide FM contact [Fig. 7(f)] in the large current
regime, for which the corresponding electric field in the
Si between the injector and detector is still rather moderate
(400—800 V/cm). Hence, spin drift can indeed significantly
enhance spin signals compared to purely diffusive spin
transport, even in a heavily doped semiconductor.

To extract the spin-transport length L(E) as a function of
E, we plot the ratio Vxni/VNL as a function of Jy for each
injector width and fit the experimental data with Egs. (2)
and (4) with only &, as a free parameter (Fig. 8). By setting
€4 equal to 39 meV, a good fit is obtained simultaneously
for all the six data sets. Hence, the observed trends are well
described by the theory for spin drift. Note, however, that
the measured ratio Vxnp/VnL 18 lower than expected for
very large spin injection conditions [Figs. 8(e) and 8(f)

FIG. 5. Nonlocal spin-valve signals
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800 ———————— — T The line injector model, which we use to derive Eq. (4), is
600 Injector width accurate only for Wi < Lgp (see Ref. [12]), and this may
e (0.4 um . . .
£ ] — 0.8m contribute to the discrepancy. From the determined value
O 400+ —_—10um of 4, we compute the spin-transport length as a function
2 200_' = 1.2um ] of E using Eq. (2). The result is shown in Fig. 9. For an
W ] —_ s electric field of £ ==4400 V/cm, the characteristic spin-
% 0- ' transport length is increased or decreased by about a factor
'“z 200 of two compared to the spin-diffusion length. Hence, spin
= ] drift can significantly change the spin transport in heavily
g —400 . doped Si. A similar set of data obtained at 150 K confirms
w 600 l this (see the Supplemental Material [27]).
) To complete the quantitative analysis, we compare the
—8004— ; — ——— s experimentally determined value of ¢; to that predicted

4 3 -2 -1 0 1 2 3 4
Tunnel current density Jr (kA/lcm?)

FIG. 6. Calculated value of the clectric field £ in the Si chan-
nel as a function of the tunnel current density J7 in the injector
contact, for injectors having different widths Wiy;.

for channel current density Jg; >50 kA/cm?]. Although
the precise origin of this discrepancy is unclear, the devi-
ation occurs for devices having an injector width (2.4 and

by the theory developed in Refs. [18,19] for spin drift,
which says that ; = eD/u. From the nonlocal spin-valve
and Hanle measurements presented in Sec. IV, the val-
ues of Lgp (1.7 um) and t¢ (17 ns) are obtained. Using
these experimental values, we obtain the diffusion con-
stant of electrons in the Si channel as D = L%D [Tt =
1.7 cm?/s at 60 K. With the measured electron mobility
of the Si substrate at 60 K (u = 147 cm?/V s), the the-
ory predicts that ¢; = eD/u = 11.6 meV. This is more
than three times smaller than the value (39 meV) extracted

3 um) that is larger than the spin-diffusion length (1.7 um).  directly from our data. Since the effect of spin drift
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FIG. 7. Comparison of the nonlocal spin signals measured in the conventional configuration (Vyr, dark blue squares) and in the

crossed configuration (Vxni, red circles) as a function of the current density J7 in the injector contact (bottom x axis). The correspond-
ing current density J; in the Si channel is also indicated (top x axis). Measurements are performed at 60 K for six different widths of
the injector contact, as indicated.
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FIG. 8.

Ratio Vxni/Vn of the spin signals in the XNL measurement configuration and the conventional NL configuration as a

function of the current density J7 in the injector contact (bottom x axis). The corresponding current density J; in the Si channel is also
indicated (top x axis). The open circles correspond to the experimental data, extracted from Fig. 7, whereas the solid lines correspond

to the fit using Eqgs. (2) and (4).

becomes stronger when g, is smaller, the theory signif-
icantly overestimates the effect of spin drift. In fact, if
we use the theory value of ¢; = 11.6 meV, the predicted

Theory ¢,=11.6 meV T=60K

/ j

Experiment £, = 39 meV |

—2I00 ' 0 ' 260 ' 400
Electric field E (V/icm)

Spin-transport length L(E) (um)

FIG. 9. Spin-transport length L(E) as a function of the elec-
tric field E in the Si channel, as computed from Eq. (2) using
the energy scale ¢; = 39 meV extracted from the experimental
data (blue curve). The red curve shows the spin-transport length
predicted by the theory using ¢, = 11.6 meV.

spin-transport length changes much more rapidly as a func-
tion of £ as compared to the actual length scale derived
from the experiment (see Fig. 9). The difference might
be caused by the description [18,19] of a heavily doped
semiconductor using textbook expressions for a degener-
ate semiconductor, as this does not take into account the
impurity band conduction that is known to occur in heavily
doped semiconductors [29].

VI. EFFECT OF SPIN DRIFT ON THE
CONVENTIONAL NONLOCAL SPIN SIGNAL

It is generally assumed that in the conventional nonlo-
cal geometry, the nonlocal spin signal is not affected by
spin drift because there is no electric field in the detector
circuit or in the channel between the injector and detector.
We argue here that this is not correct, because the electric
field in the channel can only displace the spin accumu-
lation into a certain direction, but it cannot create extra
spins or annihilate spins. The total spin density, integrated
over the complete volume of the channel, is determined
by the injected spin current and the rate of spin relaxation
in the channel. Now, if we start from a purely diffusive
situation and then include the electric field in the injec-
tor circuit, the change in the spin-transport length in the
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(a) Jsi (kA/cm?2) (b) Jsi (kA/cm?2) FIG 10. Spin polarization (Pinj).of the
—18 —14 —9.1-46 00 46 91 14 18 —55 —41 —27 —14 0.0 14 27 41 55 injected tunnel current as a function of
L L T T 07— T T the tunnel current density Jr calculated
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injector circuit would cause the integrated spin density to
change. Since this cannot happen, an overall renormaliza-
tion of the spin accumulation has to occur to compensate.
Or, in other words, the electric field in the injector circuit
causes a redistribution of the spin density everywhere in
the channel, including on the side of the nonlocal detec-
tor. Hence, the nonlocal spin signal ¥y is a function of £,
even though the electric field is present only in the injector
circuit.

The renormalization factor can be obtained by requir-
ing that the total spin density, integrated over the complete
channel, is the same with and without the electric field.
This is easily done in the line injector approximation model
(Winj < Lsp), for which the spin density decays away
from the center of the injector contact in an exponential
way. On the side where £ =0, the decay length is Lgp,
whereas the decay length is L(E) on the side where the
electric field is present. For purely diffusive transport, the
integration produces a value of Au® Lsp on both sides
of the injector center, and thus a total of Au’ (2 Lsp),
where Au’ is the magnitude of the spin accumulation at
the center of the injector in the absence of spin drift. If
spin drift is included, the integration yields Au(E)L(E) on
one side and Au(E)Lsp on the other side, and thus a total
of Au(E) [Lsp + L(E)], where Ap(E) is the renormalized
magnitude of the spin accumulation at the center of the
injector in the presence of spin drift. We then obtain for
the renormalization

A(E) = Ap® (A> : (5)

Lsp + L(E)

In the presence of spin drift in the injector circuit, the non-
local spin signal in the conventional geometry is then given
by

2Lsp

L(E) = | ——22— | PiiPact7psil Wini ) exp (=4
NL = LSD+L(E) inj4" det TPSiLsD 2tSi p LSD .
(6)

Jr (kA/cm2)

contact as the spin injector.

At E =0, we have L(E) = Lsp, thus the renormalization
factor is equal to 1. If the injector is biased in spin injec-
tion mode, L(E) > Lsp and the spin accumulation under
the detector and thus Vyp are reduced by the spin drift
in the injector circuit. For spin extraction bias, the spin
accumulation under the detector is enhanced by the spin
drift in the injector circuit. Note that the renormalization
factor is the same for the XNL geometry, and thus does not
appear in the ratio in Eq. (4).

We now show how the renormalization affects the value
of the spin polarization P;j,; of the injected current that is
extracted from the amplitude of the conventional nonlo-
cal spin signal. Figure 10 displays the extracted value of
the spin polarization for two different contacts (0.4 and
1.2 um wide, respectively). As the bias current becomes
larger, the spin polarization extracted without taking spin
drift into account, using Eq. (3), deviates significantly from
the correct value of the spin polarization that is obtained
when the renormalization due to spin drift in the injector
circuit is taken into account, using Eq. (6). Taking spin
drift into account increases the extracted value of Py, for
positive (spin injection) bias and reduces it for negative
(spin extraction) bias. The deviation is more pronounced
for the wider contact, because for a wider contact, the same
tunnel current density produces a larger current in the Si
channel, and thus a larger drift electric field. We conclude
that, in general, spin drift needs to also be taken into
account for the conventional nonlocal geometry. However,
spin drift does not need to be taken into account when the
spin-diffusion length is determined from the decay of the
spin signal as a function of the distance d, between injector
and detector, as this decay is governed by Lgsp, although
care has to be taken that the same injector current (same E)
is used for devices with different d.., so as to ensure that the
renormalization factor is the same for all devices.

VII. CONCLUSION
In conclusion, the effect of a drift electric field on the
spin transport in heavily doped Si is quantified using a
simple and reliable method that is based on the ratio of
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the spin-valve signals in the conventional nonlocal and
the crossed-nonlocal measurement geometries. The spin-
transport length L(E) is obtained as a function of the drift
electric field, and it is found that drift electric fields of
4400 V/cm modify the spin-transport length (either up
or down) by about a factor of two, relative to Lsp. The
observed trends are in agreement with the theory for spin
drift. However, the energy scale ¢, predicted by the theory
is smaller by more than a factor of three compared to the
actual value extracted from the data, implying that the the-
ory significantly overestimates the effect of spin drift. It is
also shown that in the conventional nonlocal spin-transport
configuration, in which there is no electric field between
the injector and the detector contact, spin drift nevertheless
modifies the magnitude of the spin accumulation under the
nonlocal detector. We, therefore, introduce a spin drift cor-
rection factor for nonlocal devices, which allows correct
parameters to be extracted from data taken at higher bias
currents.
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