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ABSTRACT: The interest in spin transport in nanoscopic
semiconductor channels is driven by both the inevitable
miniaturization of spintronics devices toward nanoscale and the
rich spin-dependent physics the quantum conﬁnement engenders. For such studies, the all-important issue of the
ferromagnet/semiconductor (FM/SC) interface becomes even
more critical at nanoscale. Here we elucidate the eﬀects of the
FM/SC interface on electrical spin injection and detection at
nanoscale dimensions, utilizing a unique type of Si nanowires
(NWs) with an inherent axial doping gradient. Two-terminal and
nonlocal four-terminal lateral spin-valve measurements were performed using diﬀerent combinations from a series of FM
contacts positioned along the same NW. The data are analyzed with a general model of spin accumulation in a normal channel
under electrical spin injection from a FM, which reveals a distinct correlation of decreasing spin-valve signal with increasing
injector junction resistance. The observation is attributed to the diminishing contribution of the d-electrons in the FM to the
injected current spin polarization with increasing Schottky barrier width. The results demonstrate that there is a window of
interface parameters for optimal spin injection eﬃciency and current spin polarization, which provides important design
guidelines for nanospintronic devices with quasi-one-dimensional semiconductor channels.
KEYWORDS: Silicon nanowires, spin injection, spintronics, axial doping gradient, nano spin valves, Schottky barriers
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spin decoherence.4,20 In this respect, semiconductor nanowires
(NWs) may oﬀer a distinct advantage over 2D and bulk
semiconductors as the spin transport media due to eﬀects from
the one-dimensional (1D) conﬁnement. It is proposed that by
reducing the spin transport channel width, both the ElliotYafet (EY) and D’yakonov-Perel (DP) spin relaxation
mechanisms can be suppressed, resulting in longer spin
lifetime and spin diﬀusion length.21−23 The EY mechanism,
being proportional to momentum relaxation, is suppressed
because phonon scattering is reduced in NWs as a result of the
reduced density of states of phonons. Experimentally, it was
shown that the DP mechanism can be dimensionally
constrained for widths as large as an order of magnitude
larger than the electron mean free path.24 For this reason and
because of the eventual miniaturization of the spintronics
devices down to nanoscales, there is great pertinent interest in
the study of spin injection, detection, and coherent transport in
1D semiconductor nanostructures, particularly NWs.25−30

oherent spin transport and spin manipulation are two
essential ingredients of semiconductor spintronic logic
devices including several viable types of spin transistors,1−5
particularly spin ﬁeld-eﬀect transistors (FETs). The relevant
research on spin injection and detection and spin coherence in
semiconductors continues to draw extensive interest. Much
progress has been made in bulk (thick ﬁlms) semiconductors6−10 and more recently in the two-dimensional (2D)
electron systems in semiconductor and oxide heterostructures.11−15 A number of critical issues have been addressed
with signiﬁcant enhancement in our understanding. The issue
of eﬃcient spin injection from a ferromagnet into a
semiconductor, particularly the problem of “conductivity
mismatch”, has seen in-depth theoretical16,17 and experimental9,10,13 studies. Several diﬀerent approaches of interface
engineering have been developed to optimize the spin injection
eﬃciency;7,10,13,18,19 speciﬁcally, for FM metal injectors a large
interface resistance is necessary for producing substantial
current spin polarization in the semiconductor, whereas lowresistance Ohmic contacts invariably lead to low spin injection
eﬃciency.
Microscopically, spin−orbit interactions (SOI) play important roles in spin FET devices, both as a means for spin
manipulation via electric ﬁeld1,11 and as a primary source of
© 2018 American Chemical Society
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Figure 1. SEM micrograph and electrical characterizations of a CoFe/NW device. (a) SEM image of a Si NW device with CoFe electrodes. The
numbering of the electrodes corresponds to the notation of the electrical measurements, which were performed in an identically designed device.
(b) Contact and channel resistances with respect to the distance from the tip of the NW at 5 K, determined from combinations of 2T and 4T I−V
measurements. (c) The 2T I−V curves from two diﬀerent combinations of the most conducting electrode (#12) with the closest (#11, red) and
furthest (#1, black) electrode on the same NW, which shows linear and rectifying behavior respectively at 300 K. The solid line represents the
thermionic emission model ﬁtting.

A variety of elemental and compound semiconductor NWs
have been investigated based on the lateral spin valve
geometry.31,32 Among these, silicon NWs have attracted
particular attention because of their technological relevance
and favorable spin-dependent physical characteristics. Over the
years, spin transport measurements have been performed in
bulk silicon33−39 and more recently on Si NWs. In comparison
to the bulk and 2D systems, the NWs present particular
diﬃculties in engineering the interface critical for spin injection
and detection, both in terms of the NW morphology which
tends to result in the “buckling” of the FM electrodes,26 and
the control of the interfacial electronic properties. For the
former, diﬀerent planarization methods have been employed26
with varying degrees of success. For the latter, various
oxides26,30 and graphene27 were used as tunnel barriers to
facilitate spin injection into the NWs. An approach widely
employed in 2D devices, via engineering of a graded Schottky
barrier (SB) at the FM metal/semiconductor interface which
facilitates the formation of a thin tunneling barrier for eﬃcient
spin injection,40 is not easily adaptable to the 1D cases. As a
result, this highly eﬀective approach has not been applied to
semiconductor NW-based spin devices; in fact, there are few
reports of NW spin devices utilizing SB contacts as spin
injectors and detectors thus far.25−30
In this work, we perform systematic spin transport
measurements on a unique type of phosphorus-doped Si
NWs which exhibit an inherent doping gradient along the axial
direction. On a single NW, we place a series of FM electrodes,
which form contacts that evolve from Ohmic-like to Schottky
barriers of increasing heights/widths due to the doping
gradient. Local two-terminal (2T) and nonlocal four-terminal
(NL-4T) spin valve (SV) measurements using diﬀerent
combinations of FM electrodes positioned along the same
NW thus facilitate a systematic examination of the dependence
of the spin signal on the nature of the FM/SC nanointerface.
The data reveal distinct correlations between the spin signals
and the injector/detector interfacial properties. Signiﬁcantly,
while it is necessary to have a tunneling contact for eﬃcient
spin injection, increasing barrier width for the CoFe/Si-NW
contacts, leads to decreasing injected current spin polarization
due to diminishing contribution of the d-electrons; thus the

results demonstrate that there is an optimal window of
interface parameters for maximum injected current spin
polarization. We emphasize that the insights gleaned from
the experiments were possible only because of the unique
inhomogeneous doping proﬁle in these NWs.
The silicon NWs used in this experiment are n-type
phosphorus-doped, grown on SiO2 substrates via the vapor−
liquid−solid (VLS) deposition method. Details of the growth
method are described previously.41 The Si NWs were
dispersed onto a p+2-doped Si substrate with SiO2 (250
nm)/Si3N4 (50 nm) dielectric layers on top. Electron beam
lithography was performed to deﬁne the electrode patterns on
a selected NW. The native oxide on the NW surface was
removed by a buﬀered HF etching, and Co70Fe30 (60 or 100
nm thick), followed by an Al capping layer (2 nm), was
deposited by ultrahigh vacuum magnetron sputtering. The
NWs were transferred immediately into an ultrahigh vacuum
after the buﬀered HF etching. It is well accepted that the Si
surface after such a buﬀered HF etch is hydrogen-passivated,
which minimizes reoxidation of the Si. Therefore, we believe
that in our devices there is minimal oxidation of the NW
surface before the Co70Fe30 deposition, although the presence
of small amount of SiO2 cannot be completely ruled out.
Several diﬀerent electrode patterns were employed with
diﬀerent widths (0.8−1.2 μm) and separations (0.5−1.3
μm). Two electrode patterns were employed: one was used
for basic characterizations with CoFe electrodes of the same
width (1.0 μm) and separation (0.5 μm) and the other had
alternating widths of 0.8 and 1.2 μm in order to obtain
diﬀerent coercive ﬁelds owing to shape anisotropy. For the
latter, the electrode separation was kept between 0.8 and 1.8
μm, and Co70Fe30 thickness of 60 or 100 nm was used.
The axial doping gradient in these Si NWs stems from
simultaneous fast VLS axial growth and slow vapor−solid (VS)
radial growth, resulting in a core−shell structure.42−44 The
much slower VS growth rate leads to much higher density of
dopant incorporation for the shell and a variation of its
thickness along the length of the NW and thus the axial doping
gradient. The tapered geometry for the NWs is evident in the
SEM images in Figure S1b,c. Electrically, we have demonstrated previously that by placing a series of Cr/Ag electrodes
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Figure 2. Schematic diagram, SEM micrographs and spin valve signals from a Si NW device. (a) Schematic diagram of a Si NW device in the
nonlocal 4T spin valve setup. (b) Si NW schematic depicting the inhomogeneous phosphorus doping proﬁle along the length of the NW. The red
dots represent the phosphorus dopants. (c,d) SEM micrographs of a Si NW spin valve device. (e) SEM micrograph of two consecutive CoFe
electrodes of diﬀerent widths, 1.17 μm and 800 nm. (f,g) Local 2T and nonlocal 4T spin valve signals for the same Si NW channel at current bias I
= 10 nA. The background has been subtracted.

Figure S2a shows RJ and Rch along the NW at 300 K. At
approximately 16 μm from the tip, there is a transition from a
SB-dominated behavior to channel-limited Ohmic behavior
indicated by the crossing of the two curves. Corresponding to
the resistance variations, the 2T I−V evolves from linear at the
base of the NW to rectifying closer to the tip (Figure 1c). The
rectifying I−V at 300 K in Figure 1c is analyzed in the
thermionic emission model and found to be consistent with
that of an ideal Schottky junction. The extracted values for the
Schottky barrier height, serial resistance and ideality factor are
φB = 0.453 eV, RS ≈ 12.7 MΩ and n = 1, respectively. We note
that the deviation of the theoretical curve from the
experimental data at high voltage biases is due to the pinchoﬀ of the channel. In Figure S2d,e, we plot the semilog I−V
curves for 300 and 5 K respectively for the 12 consecutive
contacts; in Figure S3a−f, three sets of the I−V curves are
plotted on linear scales. It is evident that at 5 K, the rectifying
I−V curves at 300 K become symmetric, suggesting that the

along such a NW, one can obtain metal/NW contacts which
evolve systematically from Ohmic to ideal Schottky.45 Here we
ﬁrst verify that a similar evolution from linear to rectifying
contacts can be obtained by using the FM Co70Fe30. Figure 1a
shows an SEM image of a device used for the basic electrical
characterizations of the NW and contacts. Combinations of 2T
and 4T I−V measurements yield the zero-bias resistances of
the contacts (RJ) and sections of the Si NW channel (Rch) at
diﬀerent distances from the NW tip. Figure 1b shows the
results at 5 K; it is evident that both RJ and Rch vary
exponentially along the NW, consistent with the results
obtained in devices with nonmagnetic electrodes.45 The
resistivity from the base toward the tip as determined from
the 4T measurements for the ﬁrst eight segments changes from
0.009 to 0.027 Ω·cm, which in comparison to bulk Si (at 300
K) corresponds to an eﬀective carrier concentration change
between 4.5 × 1018 and 6.8 × 1017 cm−3. This indicates a
transition from a moderately doped to a low-doped regime.
4388
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Figure 3. Nonlocal spin valve signals for the same Si NW channel upon exchanging injector and detector. NL-4T spin valve ﬁeld sweeps at 5 K and
bias current I = 50 nA and bias-dependence of their amplitude for the same Si NW section (between 3 and 4) but diﬀerent spin injector-detector
combinations: (a,b) #4 as injector and #3 as detector; (c,d) #3 as injector and #4 as detector. The contact resistances are R3 = 8 kΩ and R4 = 41 kΩ
respectively. The error bars represent the standard deviation from the values extracted from two consecutive sweeps of the applied magnetic ﬁeld.

tunneling mechanism now dominates the current ﬂow due to
the thin SB. The weakly insulating temperature dependence of
the interfacial resistance RJ (T), measured in the 3T
conﬁguration and shown in Figure S2c, further supports this
conclusion.
The spin injection and detection experiments were
performed on devices with Co70Fe30 electrodes of alternating
widths. We focused primarily on low frequency (17 Hz) AC
2T and NL-4T spin valve measurements at 5 K. Figure 2a
shows a schematic diagram of the device and the NL-4T
measurement setup, Figure 2b shows a schematic diagram
indicating the phosphorus doping gradient along the length of
the Si NW, and Figure 2c−e show SEM micrographs of such a
device. In the 2T conﬁguration, two consecutive electrodes of
diﬀerent widths are used to apply electric current and measure
the voltage, while in the NL-4T conﬁguration the spin
accumulation is measured outside the charge current path. In
both cases, an in-plane magnetic ﬁeld parallel to the long easy
axis of the FM electrodes is swept, typically between −3000 Oe
and +3000 Oe, while the spin valve voltage is measured. Figure
2f,g shows a set of representative 2T and NL-4T spin valve
signals respectively for the same spin transport channel. For all
the spin valve measurement results presented in this Letter, the
background has been subtracted.
In the common lateral spin valve structures studied thus far,
the spin transport channel is a uniform normal metal or
semiconductor, and the spin injector and detector have
identical FM/N interfaces. Our devices with an inhomogeneously doped Si NW channel and FM/NW contacts of
varying resistances present a unique platform to investigate
how the NL-4T signal depends on the injector, detector, and

channel properties. Speciﬁcally, on one and the same NW
device, we can examine the variation of the NL-4T signal upon
(i) interchanging the injector and detector between two
neighboring FM/NW contacts of diﬀerent properties, (ii)
using a same FM/NW contact as the detector and the contact
on either side as the injector.
Figure 3 shows a direct comparison of two NL-4T signals
taken at 5 K from the same set of four FM/NW contacts on a
Si NW, with the only diﬀerence being an interchange of the
injector and detector between the two inner contacts, #3 and
#4, across the same NW channel. The contact resistances are
R3 = 8 kΩ and R4 = 41 kΩ. Figure 3a shows the NL-4T signal
for the setup with #4 and #3 as injector and detector
respectively at a bias current I = 50 nA, whereas Figure 3b
shows the result after an interchange of the roles of the two
electrodes. The two signals show broad similarities in their
ﬁeld dependences with approximately the same shape and
switching ﬁelds for the spin valve voltages in the antiparallel
states. This is consistent with the expectation that the ﬁelddependence of the NL-4T voltage is determined by the relative
magnetic orientations of the injector and detector. Two points
are worth noting here. First, in contrast to the data in Figure 1f,
the ﬁeld sweeps here show less well-deﬁned magnetic
switchings. It is possible that a fully antiparallel alignment
was not reached; however, that should not aﬀect the
comparison of the results in Figure 1a,c, because the same
two electrodes were used as injector or detector. Second, the
reference contacts used in our NL-4T measurements are
ferromagnetic, which in principle could contribute to the spinvalve signals. However, in our devices they were located at
distances at least twice the spin diﬀusion length. We did not
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Figure 4. Nonlocal spin valve signals from the same detector and diﬀerent injectors. (a,b) Background-subtracted 4T-NL spin valve signals from a
Si NW device at 5 K. The bias current was I = 20 nA. The injection electrode was #4 and #2 respectively, whereas the detection electrode was the
same (#3), as shown in the insets. The contact resistances are R2 = 25 kΩ, R3 = 65 kΩ, and R4 = 570 kΩ.

measurements (the method is elaborated in Supplementary
Note 2). In-depth examinations of the doping proﬁle in such Si
and Ge NWs by several diﬀerent techniques,42−44 including a
surface etching test,43 revealed a core−shell structure of a core
of uniform diameter and doping density and a thin shell of
large gradients of thickness (10−1 nm) and doping density. To
a good approximation, these NWs can be regarded as having
constant mobility and diﬀusivity but signiﬁcant variation in
carrier density and electrical conductivity in the axial direction.
In other words, we can think of the thin shell as a modulation
doping layer, hence scattering of the electrons from the
phosphorus dopants in the shell (relaxation due to hyperﬁne
interaction with nuclei, at low temperatures) is homogenized
once the spins are injected inside the channel. Therefore, we
consider the spin diﬀusion length to be constant (λN ≈ 2.2
μm) in our Si NWs. This value is the average of the extracted
spin diﬀusion lengths when we apply the theoretical model
with ﬁxed spin polarization from all diﬀerent conﬁgurations,
and they are consistent with values of λN ≈ 1.4 μm which were
reported by spin transport experiments performed on nondegenerate Si with dopant concentration of about 2 × 1018
cm−3 at 300 K47). In this study, we focus on the eﬀects of
interfacial properties on current spin polarization, and the
speciﬁc value of the spin diﬀusion length does not aﬀect the
qualitative picture of that dependence. In our devices, this
value is comparable to the channel length L (for all the spin
valve conﬁgurations), as a result, for RN we use the
experimentally determined 4T resistance values. Speciﬁcally,
the channel resistance for the device in Figure 3 is RN = 450
kΩ (contacts 4−3), and for the device in Figure 4, RN = 276
kΩ (contacts 3−2), and RN = 665 kΩ (contacts 4−3). The
corresponding channel lengths and resistivities are L4−3 = 0.87
μm, ρ4−3 = 0.122 Ω·cm (Figure 3), and L3−2 = 1.77 μm, ρ3−2 =
0.056 Ω·cm, L4−3 = 1.57 μm, ρ4−3 = 0.175 Ω·cm (Figure 4).
The spin polarization of the FM (CoFe) is taken as PJ = 0.35,
which is a reasonable value for CoFe alloys.48
Implicit in eq 1 is a symmetry between the injector and
detector, which is in apparent contradiction with our results
obtained on the device in Figure 3. In this conﬁguration of NL4T spin valve measurements across the same Si NW channel,
interchanging the injector and detector is expected to yield
identical spin valve signals, whereas in our device the spin
accumulation ΔRS is 26 times higher for the same injection
current when the lower-resistance contact (#3) is used as the
injector (Figure 3a,c). To account for possible eﬀect of the bias

observe multiple switchings in our NL-4T measurements,
probably because our noise level was comparable to such small
shifts. Notably, the amplitudes of the two signals diﬀer by a
factor of 26, at about 3.5 μV (91.5 μV) when the high (low)
resistance contact #4 (#3) is used as the injector. We
emphasize that the spin transport channels are the same
section of the Si NW in both cases.
In Figure 4 we present data from a diﬀerent set of NL-4T
measurements: Here in one Si NW device, the same electrode
is used for spin detection, while a diﬀerent electrode on either
side is used for spin injection. In both cases, the injection
current is I = 20 nA, and the injector−detector distances are
approximately the same, although the channels are two
neighboring sections of the Si NW of diﬀerent resistivities.
Figure 4a (4b) shows the 4T-NL SV signal for the injector
located on the more insulating (conducting) side of the NW
with a signal amplitude of ΔV4T = 20 μV (ΔV4T = 9.2 μV).
These NL-4T spin-valve measurements using the FM/SC
contacts of varying properties on the same NW provide a
singular platform for reliably deciphering any correlation
between the spin signal and FM/SC interface. The NL-4T
signal is expected to be bipolar, depends on the relative
orientation of the magnetizations of the injector and detector
electrodes, and decays exponentially as the spins diﬀuse in the
channel. In addition,46 the spin accumulation signal (ΔRS)
depends on a host of material and device parameters including
the contact, channel (SC) and FM resistances, Ri, RN, and RF,
as well as the spin diﬀusion length in the SC. The general
expression for ΔRS can be approximated to simpler forms
depending on whether the junctions are in the transparent,
tunneling, or intermediate regime. In our case, RF ≪ Ri < RN,
places our devices in the intermediate regime of the TakahashiMaekawa model that predicts46
ΔR S =

(1 −

ij R1,injR 2,det yz e−L / λN
j
zz
RN zz{ 1 − e−2L / λN

jj
P J2)2 jk

4P J2

(1)

where Ri is the interface resistance of junction i, RN is the spin
resistance of the semiconductor channel, L and λN are the
channel length and spin diﬀusion length, respectively. RJ is the
interfacial current spin polarization of the injector and
detector.
The Si NW channel resistances were determined directly
from 4T IV measurements, and the FM/NW junction
resistances were extracted in combination with 2T IV
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dependence of the spin injection eﬃciency,49,50 we measured
the bias current dependence of the SV signals and observed a
nonlinearity too small to be the origin of the observed
injector−detector asymmetry. Furthermore, we compared
directly the NL-4T spin valve signals in the two conﬁgurations
at the same injector voltage bias of V = 12 mV, which are listed
in Table 1, and they still diﬀer by a factor of 15.6. Because the

ΔR S =

spin valve conﬁgurationa

Ri (kΩ)b

ΔRs
(Ω)c

α coeﬃcientd

Figure 3

I 4−5; V 3−2
V4,inj = 12 mV
I 3−2; V 4−5
V3,inj = 12 mV

R3: 8

117

(#4) 0.25

R4: 41

1830

(#3) 2.21

R2: 25
R3: 65

2000

(#4) 0.12

R4: 570

460

(#2) 0.27

Figure 4
I 4−5; V 3−2
V4,inj = 8 mV
I 2−1; V 3−4
V2,inj = 8 mV
a

The spin valve conﬁguration indicates which electrode is used as the
spin injector. The voltage bias for the spin injectors is also provided.
b
Ri is the interface (contact) resistance. cΔRs = ΔV/I is the nonlocal
spin accumulation signal. dThe phenomenological parameter α
describes how the injector polarization changes for diﬀerent
interfaces.

spin detector is unbiased in the NL conﬁguration, these
observations suggest that there is signiﬁcant diﬀerence in
interfacial injection current spin polarization depending on the
nature of the FM/SC interface of the injector. Speciﬁcally, we
observe that when the low resistance contact #3 is used as the
injector, the spin accumulation signal is signiﬁcantly higher,
implying that a higher CoFe/Si NW contact resistance in our
devices leads to a lower spin injection polarization.
A similar analysis can be applied to the data acquired with
the device in Figure 4. In the two conﬁgurations in the
experiment, the same junction (#3) is used as the spin
detector, whereas junctions #2 and #4 are used as the spin
injectors. Because the two injectors have diﬀerent interface
resistances and the two sections of the NW have diﬀerent
resistivities, the spin accumulation signals are expected to be
diﬀerent according to eq 1. Substituting the respective values
for the interface resistance, channel resistance, and spin
diﬀusion length λN = 2.2 μm into eq 1, if one assumes that
the interfacial spin polarization PJ is the same for the injector
and the detector, a ratio of 10.9 is expected for the spin
ΔV
accumulation signals, ΔR S = I
ratio =

4αP J2

The extracted values for the parameter α from the
measurements in Figure 3 and Figure 4 are listed in Table 1.
The parameter α is observed to decrease monotonically with
increasing junction resistance Ri.
We interpret this variation of α with Ri as a systematic
decrease of the injected current spin polarization across the
FM/Si NW Schottky barrier of increasing width/height. From
our earlier electrical characterization measurements with
nonmagnetic (Ag) electrodes, we have observed a decrease
of the Schottky barrier height with the increase of doping
density.45 As it has been shown theoretically and experimentally, the amplitude and even the sign of the spin
polarization P can be dependent on the Schottky barrier
height.51 Our explanation is within the picture of how the FM’s
3d electronic states and 4sp electron states contribute to the
tunneling current for varying Schottky junctions, and how the
spin polarization and spin accumulation are aﬀected.
As shown by scanning tunneling microscopy52 and spinresolved superconducting tunneling,53 both the highly spin
polarized, more localized 3d electrons and the less polarized,
highly mobile 4sp electrons contribute to the current from a
transition metal FM across a tunnel barrier. The relative
contributions of the two currents, thus the overall spin
polarization of the current, depend on the interfacial bonding
state between the FM and the barrier and the barrier height/
thickness. These localized and delocalized currents have much
−1
diﬀerent characteristic decay lengths k−1
sp and kd , therefore
their relative contributions to the current spin polarization can
change greatly depending on the barrier thickness. Speciﬁcally,
the total tunneling current can be expressed as the superposition of the 3d and 4sp tunneling currents

Table 1. Sample Parameters and Spin Valve Results
sample

ij R1,injR 2,det yz e−L / λN
jj
zz
j
z
(1 − αP J2)2 jk RN z{ 1 − e−2L / λN

Letter

i T = id,0 exp( −kdW ) + isp,0 exp( −kspW )

where id,0, isp,0 are the contributions to the tunneling current at
the interface by the 3d and 4sp electrons, respectively, and W is
the barrier width. The overall spin polarization of the tunneling
current is given by iTP = idPd + ispPsp. Importantly, in transition
metal ferromagnets such as the CoFe, Pd is large and negative,
whereas Psp is small and positive. On oxide barriers such as
Al2O3, the interfacial bonding favors the 4sp states and the
current spin polarization across the barrier is positive and
increases with the barrier thickness due to the rapidly
diminishing contribution from the negatively polarized 3d
states.53 In contrast, it was shown by STM experiments on
AlGaAs52 that the tunneling current across the vacuum barrier
is predominantly from the 3d states, hence the current spin
polarization decreases with increasing barrier width.
In our experiments, we attribute the observed monotonic
decay of the parameter α to the increased contribution of the
4sp states at increasing junction resistances. The eﬀective
polarization of the current across the junction can be expressed
as

ΔR S (high resistance injector)
= 10.9
ΔR S (low resistance injector)

However, the experimental data yield a ratio of 4.3,
substantially lower than the theoretical expectation. We regard
this as another strong indication that the higher resistance
contact produces a lower spin injection polarization.
The experimental observations above point to a distinct
correlation between the spin injection polarization and the
varying doping density along the length of the NWs. To
quantify the eﬀect, we introduce a phenomenological
parameter (α) in eq 1

isp,0

P=

Pd + Psp i e−(ksp− kd)W
d,0

1+

isp,0 −(k − k )W
e sp d
id,0

≈ Pd + Psp

isp,0
id,0

e−(ksp− kd)W
(2)

This approximation holds for (isp,0/id,0)e(kd−ksp)W ≪ 1, which
is valid for our devices, because i sp,0 /i d,0 ≈ 10 −2 is
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Figure 5. Two-terminal spin valve signals. (a) Background-subtracted local 2T spin valve signals at bias current I = 10 nA for two consecutive pairs
of electrodes, 2−1 and 3−2, on the same NW with R2T = 180 kΩ and R2T = 470 kΩ, respectively. (b) Bias current dependence of the 2T spin valve
signals for the two electrode combinations. The error bars represent the standard deviation from the values extracted from two consecutive sweeps
of the external magnetic ﬁeld.

states in the tunneling current, and a decrease of the overall
current spin polarization with increasing W due to the
increasing contribution of the oppositely polarized 4sp current
We also note that in some devices the spin-valve signals
appear inverted. Theoretically, this is expected when the
injection/detection polarizations have opposite signs. The
inversion of the spin signals has been reported in Fe/GaAs
heterostructures,55 where the signal inversion were attributed
to bias dependent eﬀects. Our measurements are in the low
bias regime, so we are inclined to believe that such eﬀects are
negligible. In our devices, it could originate from slight
variations in the formation of the FM/SC contacts. A deﬁnitive
understanding requires further studies.
We now turn our attention to the 2T spin valve
measurements and how they compare with the NL-4T results.
Figure 5a shows the background-subtracted 2T spin valve
signals for two consecutive pairs of CoFe contacts on the same
Si NW at the same injection current of 10 nA; the higher
resistance pair produces a larger SV signal than the lower
resistance pair. This is observed at all bias currents measured,
as shown in Figure 5b. The ratio for the two signals is roughly
ΔR3−2/ΔR2−1 ≈ 3. Equation 1 with the corresponding
parameters for the two segments (Supporting Information
Table S1) predicts a ratio of ΔR3−2/ΔR2−1 ≈ 2.7, which is in
good agreement with the experimental result.
A direct comparison of the L-2T signals with the NL-4T
signals provides additional insight into the spin transport. The
three devices shown in Figures 3−5 enable such a comparison
over a broad range of contact resistances. First, we note that in
all cases for any pair of injector and detector similar switching
ﬁelds are observed for both L-2T and NL-4T measurement
schemes (e.g., Figure 1f,g), which is a strong indicator that the
L-2T signals indeed originate from the spin accumulation in
the Si NW channel and not from spurious eﬀects such as the
magneto-Coulomb eﬀect,56 local Hall eﬀects,57 and anisotropic
magnetoresistance eﬀects. In spin valves, the ratio of the 2T
and NL-4T spin valve signal amplitudes, ΔV2T/ΔV4T, is
predicted to be two in a one-dimensional spin diﬀusion
model.32,58 In our case, this ratio varies greatly, from being
close to two to values signiﬁcantly larger, depending on the
positions of the injector/detector electrodes on the Si NW, and
more sensitively, on the choice of the injector and detector in

approximately the ratio of the 4sp to the 3d density of states at
the Fermi level52 and the exponential factor is on the order of
e(kd−ksp)W ≈ 10 for relatively thin barriers.53 Within this
approximation, eq 2 indicates that the second term becomes
larger as the depletion width (W) becomes wider, because kd >
ksp. As a result, the overall current spin polarization decreases
with increasing junction resistance (depletion width) because
Pd and Psp have opposite signs.
We now evaluate the Schottky barrier widths (W) in the
CoFe/Si NW junctions and how they change (ΔW) along the
Si NWs due to the doping gradient in our devices. In principle,
the electrostatics and transport properties of NWs are modiﬁed
due to the nanogeometries, especially the large surface-tovolume ratio. For example, the depletion width in ultrathin
NWs may exhibit a stronger (exponential) dependence on the
bias voltage and carrier density than the square root
dependence in bulk junctions.54 However, in the limit of R
(radius of NW) ≫ W (depletion width), the expression reverts
to the one for bulk semiconductors
W=

2εVbi
eNd

where Vbi is the built-in potential and Nd is the doping density.
This expression for Vbi = 0.85 and 0.90 V and based on the
estimated change of the eﬀective carrier density from 6.8 ×
1017 to 4.5 × 1018 cm−3 suggests a change in the depletion
width from 40 to 16 nm. The built-in potential was calculated
using the work function of cobalt (ΦCo = 5.0 eV) and the two
eﬀective carrier densities as doping densities. This estimate,
however, does not take into account the core−shell structure
of our Si NWs. It has been shown, by pulsed laser atom probe
measurements, that the doping concentration of the shell can
be more than an order of magnitude higher than the values
extrapolated from the eﬀective carrier densities.42 Additional
potential proﬁle studies support that most of the dopants in the
shell are electrically active.43 Therefore, the Schottky barrier
width should be much thinner due to the much higher doping
density in the shell. In such a case, one can estimate the
depletion width to be W ∼ 3.6 nm (for Vbi = 0.98 V and Nd = 1
× 1020 cm−3), an order of magnitude thinner than the
estimated values based on uniform doping. This range of
depletion widths are consistent with the dominance of the 3d
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are suspended in isopropanol solution via sonication. The
diameter of each individual NW, between the tip (gold
droplet) and the base, ranges from 90 to 140 nm and the
length 25−30 μm.

the NL-4T measurement. The most dramatic example is on the
device shown in Figure 3. For the same bias current, I = 10 nA,
the NL-4T signals across the same NW segment (between #3
and #4) from the combinations I, 3, 2; V, 4, 5 and I, 4, 5; V, 3,
2 are 25.8 μV and 1.4 μV, respectively. The local 2T signal
between 3 and 4 is 57 μV, corresponding to ratios of ΔV2T/
ΔV4T = 2.2 and 41. The variations arise predominantly from
the diﬀerent interfacial properties of the two adjacent FM/SC
contacts due to the axial doping gradient, while the diﬀerent
widths of the FM electrodes play a much lesser role. This
discrepancy can be associated with the previous results from
the spin diﬀusion model, where the spin injection polarization
was higher for the low resistance junction. For a symmetric
device, at low bias the 2T signal is expected to be equal to the
sum of the two signals measured in the nonlocal conﬁguration
NL
for the same transport channel,59 ΔV2T = ΔVNL
i, j + ΔVj, i , where
NL
i, j correspond to the diﬀerent junctions, and ΔVi, j correspond
to the voltage drop at contact i due to the spin accumulation
generated at contact j. In our case, this relation does not hold;
NL
ΔVNL
4,3 + ΔV3,4 = 25.8 + 1.4 μV = 27.2 μV, while the 2T signal
is 2.1 times as large. One possible reason for this discrepancy is
the eﬀect of drift on spin diﬀusion. It is known that an electric
ﬁeld can aﬀect spin transport along the channel, and eﬀectively
modify spin diﬀusion lengths by enhancing or suppressing the
diﬀusion process of the spins.59 In our case, we observe an
enhancement in the 2T signal.
In conclusion, we have examined the important role of the
nanoscopic FM/SC interface on spin injection in Si NWs with
an inherent axial doping gradient. This unique material
characteristic translates into a systematic variation of the
FM/Si NW contacts of Schottky nanojunctions of diﬀerent
barrier width/height along the length of an individual Si NW.
Spin valve measurements with diﬀerent combinations of the
FM electrodes on the same Si NW reveal a distinct
anticorrelation between the injected current spin polarization
and the FM/Si NW junction resistance. We ascribe the
observations to the variation of the relative contributions of the
diﬀerently and oppositely spin polarized 3d states and 4sp
states in the FM to the injection current. These devices are
good candidates for studying the control of the interface spin
polarization with diﬀerent Schottky barrier heights without
having to use diﬀerent FM materials of diﬀerent work
functions, which has been studied in FM/Si interfaces60 or
by using diﬀerent oxide layer thicknesses as tunnel barriers.61
Practically, our experiments on this device platform demonstrate that there is an optimal window of interface parameters
for maximum spin injection eﬃciency and current spin
polarization, and the possibility of using asymmetric interfaces
to acquire higher spin signals because diﬀerent contact proﬁles
result in diﬀerent spin injection/extraction polarizations.
Experimental Methods. The silicon nanowires used in
this experiment are n-type phosphorus doped and they are
grown on SiO2 substrates via the vapor−liquid−solid (VLS)
deposition method. The wafers were coated with 4 nm of gold
via thermal evaporation prior to the growth process. The
growth took place in a chemical vapor deposition (CVD)
system at 460 °C for a period of 15 min by a gas ﬂow of silane
(SiH4) at a rate of 80 sccm and 20 Torr of reaction pressure.
Silane is used as the precursor gas to create Au−Si alloy
droplets on the wafer surface, which act as a catalyst.
Phosphorus doping was achieved by simultaneously introducing phosphine gas (PH3) inside the growth chamber at a ﬂow
rate of 12 sccm. Upon completion of the growth, the Si NWs
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