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The spin voltages produced by spin accumulation and Hanle spin precession in a lateral spin-transport device
with a silicon channel and ferromagnetic tunnel contacts (Fe/MgO) are probed for a wide range of magnetic
fields. Signal analysis reveals that for the interpretation of the two-terminal magnetoresistance and the nonlocal
spin signals, one needs to consider various superimposed contributions, namely, (i) spin signals arising from spin
transport of mobile carriers through the Si channel from one ferromagnetic contact to the other, thus depending on
the relative magnetization of the two contacts, (ii) spin signals also arising from the spin accumulation of mobile
carriers in the Si channel but generated at each of the ferromagnetic contacts separately, and (iii) spin signals
originating from spin accumulation of carriers that are confined at or near the Si/MgO interface of the magnetic
tunnel contacts, with rather different spin precession characteristics. Perhaps surprisingly, in the nonlocal spin
signal a clear broad Hanle signal from confined electrons is also observed, and argued to be mediated by heat

flow from the injector to the nonlocal detector.

DOLI: 10.1103/PhysRevB.104.144419

I. INTRODUCTION

Spintronics [1-4] is based on the generation, detection, and
manipulation of spin current, the flow of spin angular momen-
tum. Spin currents occur in ferromagnetic (FM) materials, can
traverse interfaces between different classes of materials, and
can also be induced in paramagnetic or diamagnetic materials
and transported through them over distances that in many
cases exceed a micron. For the study of spin currents in
non-FM materials, lateral spin-transport devices [5-26] have
been instrumental. Such devices consist of a lateral non-FM
channel that is typically contacted by two FM electrodes and
by some additional nonmagnetic electrodes. The FM con-
tacts, which can be direct or include a tunnel barrier, enable
the injection of a spin current into the channel, as well as
the detection of the induced nonequilibrium spin density in
the channel. These lateral spin-transport devices are mainly
operated in two standard modes. The first is the nonlocal
geometry [5—13], which uses four electrodes (two FM and two
normal metal ones), thereby allowing the separation of the
electrical charge current and the spin current. The second is
the two-terminal geometry [14-26], which uses only the two
FM contacts to apply the current and detect the spin voltage.

The nonlocal and two-terminal spin signals in lateral spin-
transport devices are probed under the application of an
external applied magnetic field, which can reverse the magne-
tization direction of the FM contacts or induce spin precession
if the field is perpendicular to the spins. In most cases, the
applied magnetic fields do not exceed a few 100 Oe, since
this is sufficient to reverse the in-plane magnetization of a thin
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FM strip, while it is also sufficient to induce spin precession
and thereby suppress the spin accumulation in materials with a
spin-relaxation time of the order of a nanosecond or larger. For
the analysis of the resulting spin signals, one typically only
considers the spins of electrons that are transported through
the channel from the injector to the detector by spin diffusion,
while for the 2T geometry, spin drift [27-30] also needs to
be included. Here, we reexamine the spin signals in a lateral
spin transport device with a Si channel and Fe/MgO tunnel
contacts by performing a complete characterization in applied
magnetic fields up to 2.4 T, which exceeds the out-of-plane
saturation field of the FM contacts. Data analysis reveals
that the two-terminal magnetoresistance and the nonlocal spin
signals consist of various superimposed contributions. In addi-
tion to the spin signals arising from the usual spin transport of
mobile carriers through the Si channel from one FM contact to
the other, there are two other contributions, namely, spin sig-
nals arising from the spin accumulation of mobile carriers in
the Si channel, but generated at each of the FM contacts sepa-
rately, and spin signals originating from the spin accumulation
of carriers that are confined at or near the Si/MgO interface
of the magnetic tunnel contacts. In the nonlocal spin signal,
there is a clear broad Hanle signal from electrons confined at
the Si/MgO interface, which is argued to be mediated by heat
flow from the injector to the nonlocal detector.

II. RESULTS

The experiments were performed on lateral spin-transport
devices with a 70-nm-thick n-type Si channel that is heavily
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FIG. 1. Two-terminal magnetoresistance (2T MR) of a lateral spin-transport device with a Si channel and two Fe/MgO tunnel contacts at
low magnetic field (a), medium field (b), and high field (c). Data is shown for the spin-valve configuration, with the external magnetic field
oriented in plane, parallel to the sample surface (green data) and for the Hanle configuration, with the magnetic field perpendicular to the
sample surface (pink and blue data, corresponding, respectively, to the parallel and antiparallel alignment of the magnetization of the two Fe
contacts). All data was obtained at 10 K for a current of +0.66 mA. We subtracted the spin-independent part (41734 mV) of the voltage,
which arises from the Ohmic voltage drop across the Si channel plus the two tunnel contacts for a nonzero current. Note that the data in (b) and
(c) were obtained using a magnetic field sweep with a larger step size (~ 20 Oe), so the narrow Hanle signals at low field are not resolved.

doped with phosphorous and patterned into a strip that is
50 um wide and several 100 um long. The devices have two
Fe/MgO tunnel contacts, patterned by electron-beam lithog-
raphy, and two additional nonmagnetic reference contacts at
the ends of the Si strip. These devices have previously been
used for four-terminal nonlocal and two-terminal measure-
ments at small magnetic fields [12,23,25]. These experiments
have established that a giant spin accumulation can be created
in the Si channel, and that the Fe/MgO tunnel contacts ex-
hibit a large tunnel spin polarization. Moreover, all the device
parameters are known [12,13], including the value of the spin-
relaxation time and the spin-diffusion length of the Si channel
(18 ns and 2.4 um, respectively, at 10 K). Further details
about the device fabrication and properties can be found in
those previous publications [12,23,25]. Here, we have chosen
one particular device for which the FM tunnel contacts have
widths of 0.4 and 1.2 um, respectively, and a separation
of 0.4 um. We performed nonlocal as well as two-terminal
magnetoresistance (2T MR) measurements not only at small
magnetic fields of the order of 10 Oe but also at higher fields
of up to 24 kOe, which surpasses the out-of-plane saturation
field of the Fe contacts. This provides a full characterization
of the spin signals and allows us to identify the different
contributions to the signals that are superimposed. All the
measurements were performed at a temperature of 10 K.

A. Two-terminal magnetoresistance

In the two-terminal configuration, the two Fe/MgO con-
tacts are used to apply the current and probe the voltage,
while the nonmagnetic reference contacts are not used. The
two-terminal spin signals at low magnetic field [Fig. 1(a)]
exhibit familiar features. There is a clear spin-valve signal
for an in-plane applied magnetic field as this switches the
magnetization alignment of the two contacts between parallel
(P) and antiparallel (AP). Also, for a perpendicular applied
field, we observe narrow Hanle signals with a width of a few

Oe, as expected for a Si channel with a 18 ns spin-relaxation
time [12], and an opposite sign of the Hanle signal for P and
AP magnetization alignment. However, features that deviate
from what is naively expected are also evident. First, the
amplitudes of the Hanle signals for the P and AP states are
significantly different. This can be understood [25] by con-
sidering a superposition of two types of spin signals, arising,
respectively, from spins that are injected at one FM contact
and detected by the other FM contact after transport through
the Si channel and from spins that are injected into the Si
channel and detected by the same FM contact. Whereas the
sign of the former signal depends on the relative magnetiza-
tion orientation of the two FMs, the sign of the latter signal
does not, thereby creating an asymmetry between the total
P and AP signal. The proper analysis of these narrow Hanle
signals in the two-terminal geometry thus requires taking both
contributions into account. The second feature is that the 2T
spin-valve signal is evidently distorted. There is a clear curva-
ture of the signals, the signal for the AP state has a significant
slope, and the magnitude of the discontinuity in the signal at
the switching field of the FM is not the same for the two FMs.
It is tempting to ignore these distortions, attributing them to a
nonideal switching of the magnetization. However, inspection
of the shape of the spin signal in the nonlocal measurement
geometry in the exact same device [to be presented below in
Fig. 2(a)] already indicates that this is not correct.

When the 2T signal is studied at higher magnetic field, it
becomes evident that the distortion of the spin-valve signal is
nontrivial and due to an additional genuine spin signal. For
medium fields [Fig. 1(b)], a distinctly different Hanle signal
with a half width of the order of 1 kOe is visible, and for in-
plane fields a similarly broad signal with the opposite sign is
observed. At even higher fields [Fig. 1(c)], the in-plane signal
saturates at a constant level, whereas the Hanle signal has a
minimum around 4-5 kOe, after which the signal increases
due to the out-of-plane rotation of the Fe contacts in the
large perpendicular magnetic field. The Hanle signal saturates
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FIG. 2. Four-terminal nonlocal spin signals of a silicon device with Fe/MgO tunnel contacts at low magnetic field (a), medium field (b), and
high field (c). Data is shown for the spin-valve configuration, with the external magnetic field oriented in plane, parallel to the sample surface
(green data) and for the Hanle configuration, with the magnetic field perpendicular to the sample surface (pink and blue data, corresponding,
respectively, to the parallel and antiparallel alignment of the magnetization of the two Fe contacts). All data was obtained at 10 K for a current
of +0.66 mA. A nonlocal offset voltage of +3.25 mV was subtracted. In panel (b), we added the high-resolution Hanle data for the P and the
AP configuration taken at low fields [pink and blue open symbols, respectively. This is the same data as in panel (a)].

above 20 kOe, at which the Fe magnetization is fully out of
plane. These broad Hanle signals, which have been widely
observed in three-terminal measurements on single magnetic
tunnel contacts on semiconductors [31-40], are genuine Hanle
[32] and inverted Hanle [33] signals due to the spin precession
of a spin accumulation (nonequilibrium spin density), albeit
from spins that are not diffusing in the Si channel. Rather,
the broad signals are thought [31,41] to be produced by spins
that are confined at or near the Si/MgO interface or in the Si
depletion region [40], although the precise nature and location
of these confined spins has yet to be clarified [39,40]. We do
not aim to resolve this here. The important message here is
that the broad Hanle and inverted Hanle signals, which are
produced separately for both of the two FM tunnel contacts by
the nonzero current, are a genuine part of the 2T magnetoresis-
tance signal of a lateral spin-transport device [42]. Moreover,
the broad Hanle signal is much larger than the signal produced
by the mobile electrons in the Si channel.

B. Nonlocal spin signals

Next, we examine the nonlocal spin signals measured in
the exact same device, applying the current between one of
the Fe/MgO contacts and the adjacent nonmagnetic reference
contact, while the nonlocal voltage is measured between the
second Fe/MgO contact and the other nonmagnetic contact.
At low fields [Fig. 2(a)], a clear spin-valve signal is observed
for in-plane applied magnetic field. The observed narrow
Hanle signals for a perpendicular applied field have the op-
posite sign for the P and the AP configuration and also have
an equal amplitude that matches with the spin-valve signal.
These results are as expected for spin signals generated by
mobile electrons diffusing through the Si from the injector to
the detector contact. However, this is not the only contribution
to the nonlocal spin signal, which becomes clear when mea-
surements at larger magnetic fields are performed. At medium
magnetic fields [Fig. 2(b)], it is found that an additional signal
is present, since the Hanle signals clearly deviate from zero

for fields above a few hundred Oe. This is not expected,
because for such fields the spin accumulation in the Si channel
is fully suppressed by spin precession in the perpendicular
field, while magnetic fields of the order of a kOe do not
cause any significant rotation of the contact magnetization
into the out-of-plane direction (as shown below in the analysis
section). For larger perpendicular magnetic fields up to 20 kOe
[Fig. 2(c)], the Hanle signal gradually increases because of the
out-of plane rotation of the Fe magnetization, which reduces
the angle between the field and the spins. Consequently, the
spin accumulation fully recovers above 20 kOe and the signal
for in-plane and perpendicular field becomes the same, since
in both cases there is no spin precession. Most importantly,
however, a clear dip in the Hanle signal can be seen for fields
of a few kOe, and, in fact, the width of this additional signal
is of the order of a 1 kOe and thus similar to that of the broad
Hanle signal observed in the 2T MR [Fig. 1(b)]. This suggests
that a broad Hanle spin signal is not only present in the 2T
MR but also in the nonlocal spin signal (see below for a more
detailed analysis). Importantly, for fields above a hundred Oe,
the nonlocal Hanle signals for the P and the AP configuration
are identical, implying that the additional (broad) nonlocal
Hanle signal does not depend on whether the magnetizations
of the injector and the detector are P or AP.

III. ANALYSIS OF THE SPIN SIGNALS

The detailed description of the low-field spin signals due
to the spin accumulation and diffusion in the Si channel was
presented in our previous publications [12,23,25]. Therefore,
we focus our analysis here on the superimposed spin signals
that dominate the medium- and high-field range, starting with
the two-terminal MR.

A. Analysis of the two-terminal magnetoresistance

The 2T MR at medium and high fields is dominated by the
broad Hanle and inverted Hanle signals. These are described
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FIG. 3. Two-terminal magnetoresistance data (symbols) together
with fits (solid lines) of the broad Hanle and inverted Hanle signals
produced by electrons confined at the MgO/Si interfaces of the
magnetic tunnel contacts. Experimental data obtained at 10 K for
a current of 4+0.66 mA is shown for medium (a) and high magnetic
field (b) for the spin-valve configuration (green symbols) and for the
Hanle configuration (pink symbols). For the spin-valve data, only
one trace (field sweep from + to —) is shown.

[33] by the following equation for the spin precession of a
confined spin accumulation without spin diffusion:

w? ? + »? 1
s=so—§+(x21)- o )
wL wr 1+ (w.7)

with § the spin density projected onto the magnetization
direction of the magnetic contact and Sy the spin density
in the absence of any magnetic fields. The effective spin-
relaxation time 7/ corresponds to confined electrons at the
MgO/Si interface. The Larmor frequency w; has components
(wy, wy, ;) = (gip/h) (Bx, By, B;), where g is the Landé n
factor, wp is the Bohr magneton, 7 is Planck’s constant divided
by 27. The components B; of the magnetic field include not
only the external applied magnetic field but also any inter-
nal fields. We included the internal magnetostatic field that
is produced near a FM interface with finite roughness and
which causes the inverted Hanle effect [33]. To mimic this,
we included a constant magnetostatic field (B™) in the x di-
rection, which is in plane but orthogonal to the long axis of the
FM contact strips (y direction). Second, we take into account
the exchange field (B¥M that the FM contact exerts on the
precessing spins near the MgO/Si interface [43]. It is taken
to be constant and locked P to the magnetization direction of
the Fe contact [43,44]. For a perpendicular external field B,,
the out-of-plane rotation of the magnetization was accounted
for by rotating the coordinate system in the y — z plane by
an angle 6, which is defined via cos(6) = B, /Bsy, with By, =
18 kOe the out-of-plane saturation field of the Fe contact. This
assumes a simple linear increase of the z component of the
magnetization with increasing B, .

By choosing B™ = 465 Oe, B&" = 240 Oe, 7/ = 72 ps,
and adjusting the overall prefactor, we obtain a rather good
description of the two-terminal MR data at medium and high
field (Fig. 3). The slight differences between the fit and the
Hanle data are attributed to the idealized description of the
out-of-plane rotation of the Fe magnetization. The fit for the
in-plane field reveals that the inverted Hanle effect creates cur-
vature of the signal in the low-field region, a nonzero slope in
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FIG. 4. Nonlocal spin signals (symbols) together with fits (solid
and dashed lines) at medium (a) and high magnetic field (b). For
the dashed lines, only the contribution of mobile electrons in the Si
channel was considered. For the solid lines, also a contribution from
electrons confined at the MgO/Si interfaces of the magnetic tunnel
contacts was included, using the same parameters as for the fit of
the 2T MR data in Fig. 3, except for the prefactor, which is adjusted
to match the overall magnitude. Experimental data obtained at 10 K
for a current of +0.66 mA is shown for the spin-valve configuration
(green symbols) and for the Hanle configuration (pink symbols). For
the spin-valve data, only one trace (field sweep from + to —) is
shown.

the AP state, and a discontinuity at the coercive field of the Fe
electrode (caused by the exchange field [43,44]). These fea-
tures explain the distortions of the low-field spin-valve signal
that we described in Sec. II A. Note, however, that the fit for
the in-plane field deviates from the experimental data in the
region where the Fe contacts have AP magnetization (between
—110 and —300 Oe) because the fits do not include the delo-
calized electrons in the Si channel, whose contribution causes
the signal to be different for the P and the AP magnetization
alignment. Adding the latter contribution would reproduce all
the features of the spin signals. We conclude that the 2T MR
is described well by a contribution from delocalized electrons
in the Si channel and a superimposed contribution from the
confined electrons at the MgO/Si interfaces of the tunnel
contacts.

B. Analysis of the nonlocal spin signals

For the description of the nonlocal spin signals, we start
with the common assumption that the nonlocal signal is exclu-
sively determined by mobile electron spins in the Si channel
that are transported from the injector to the detector contact.
The associated spin signal for medium and high magnetic
fields is expected to vary, as indicated by the dashed lines in
Fig. 4. To obtain these fits, we first used the data at very small
magnetic fields [depicted in Fig. 2(a)] to fit the narrow Hanle
peaks, using the previously determined values [12,13] of the
spin-relaxation time 7, (18 ns) and the spin-diffusion length
(2.4 um). Next, we included the gradual out-of-plane rotation
of the magnetization of the Fe contacts in a perpendicular
field using Eq. (1), but replacing t/ by the spin-relaxation
time of mobile electrons in the Si channel (18 ns). Also, we
omitted the internal fields B™ and B™*" that were introduced
to describe the broad Hanle and inverted Hanle signals of
the confined electrons because the observed narrow nonlocal
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Hanle signals at small fields [Fig. 2(a)] cannot be described
if there is any significant magnetostatic stray field or ex-
change field acting on the mobile spins in the Si channel [45].
Whereas the narrow nonlocal Hanle peaks at small fields are
well described by considering only the mobile electron in the
Si channel [12,13], the dashed line fits in Fig. 4 show that
the nonlocal spin signals at medium and high fields cannot
be reproduced. In particular, the nonlocal Hanle signal is pre-
dicted to remain close to zero for perpendicular fields up to a
few kOe [Fig. 4(a)] because a significant out-of-plane rotation
does not occur in this field range (for instance, for B, = 2 kOe,
cos(f) = 0.11, corresponding to an out-of plane rotation of 6°
only). This clearly demonstrates that by considering only the
mobile spins in the Si channel, the nonlocal Hanle signal in
the few kOe range cannot be described. Hence, an additional
contribution is needed to describe the nonlocal Hanle signals.

Since the width of the additional nonlocal Hanle signal is of
the order of a few kOe and similar to the broad Hanle signals
observed in the two-terminal (and three-terminal) geometry,
we include a broad Hanle signal due to confined electrons at
the MgO/Si interface, as described by Eq. (1). The parameters
rj , B™_and Bh are the same as those used to fit the 2T MR,
whereas the prefactor, which controls the overall amplitude of
the signal, was adjusted to match the nonlocal Hanle signal in
the few kOe range. Adding this to the signal from the mobile
electrons results in the solid line fits in Fig. 4. These fits
provide an adequate description of the nonlocal spin signal in
the medium and high-field range. This demonstrates that the
nonlocal spin signal has a clear contribution from spins that
are confined near the MgO/Si interfaces, rather than being
determined exclusively by mobile electrons in the Si channel,
as was hitherto thought.

C. Origin of the broad nonlocal Hanle signal

Let us discuss the possible origin of the observed broad
Hanle contribution to the nonlocal spin signal. Since it does
not depend on the relative alignment of the magnetization of
the two FM contacts (P or AP), it does not originate from elec-
tron spins that are transported from one contact to the other.
Howeyver, it is known from three-terminal measurements that
a broad Hanle signal can be produced by a single magnetic
tunnel contact under a current bias [32,33]. Nevertheless, in
a nonlocal measurement there is no charge current across the
detector contact and hence there is no electrically generated
broad Hanle signal in the detector [46]. Therefore, we consid-
ered the possibility that a broad Hanle signal that is generated
in the (biased) injector Fe/MgO/Si junction is imprinted in
the nonlocal detector voltage due to a finite coupling between
the injector and the nonlocal detector. Such a coupling should
be absent in an ideal nonlocal device but, in practice, the
nonlocal measurement is never perfectly ideal. The coupling,
which is electric [47] and/or thermoelectric [48-51] in nature,
is consistently observed and is known to cause a nonzero
offset in the nonlocal detector voltage. The finite coupling in a
nonideal nonlocal device may allow (a fraction of the) signals
that are generated in the injector contact itself to appear in the
nonlocal output signal.

It is tempting to estimate what the expected broad nonlocal
Hanle signal is by assuming that the ratio of the broad Hanle

signal and the charge voltage across the contact is the same for
the detector and the injector. From a standard three-terminal
measurement geometry, the voltage across the injector tunnel
contact was determined to be +1140 mV (4+1131.6 mV) at
B = 0 (B = £4 kOe) for a current of 4-0.66 mA, which yields
a broad Hanle signal of +8.4 mV, with a positive sign. In the
nonlocal measurement, an offset of +3.25 mV was observed
for the same current [52]. One then would expect a broad
Hanle signal of (43.25/4-1140) x +8.4 mV = 40.024 mV
in the detected nonlocal voltage. The observed broad Hanle
contribution to the nonlocal signal is —0.36 mV. This is much
larger that the expected signal (by a factor of 15), and, perhaps
more importantly, the observed signal has the opposite sign.
However, as we will see below, this simple estimate is way
too oversimplified. We therefore discuss the coupling mecha-
nisms in more detail.

Let us first discuss purely electric injector-detector cou-
pling [47]. It is determined by deviations from a perfectly
uniform charge current and potential distribution in the chan-
nel, which depends on the precise geometry and dimensions
of the channel and the magnetic contacts and on any other
factors that might introduce nonuniformity. Such nonunifor-
mities lead to a nonzero charge current density in the part of
the channel that is located on the detector side of the injector,
thereby causing a finite offset in the detected nonlocal voltage.
As shown in the Appendix, for the device geometry and the
wiring arrangement that we used, the electric coupling should
produce a nonlocal offset with a positive sign, as is observed.
Since the broad Hanle signal of the injector junction is also
positive, one would not expect a broad nonlocal Hanle signal
with a negative sign (—0.36 mV) to appear at the nonlocal
detector. In fact, we argue that a purely electric coupling
should not imprint any Hanle spin signal in the nonlocal
detector voltage, because the measurement is performed with
a constant current across the injector contact. Consequently,
when a magnetic field is applied and the spin accumulation at
the interface of the injector tunnel contact changes, the voltage
across the injector tunnel contact changes but the current dis-
tribution in the channel does not [53]. Since for purely electric
injector-detector coupling the nonlocal offset is proportional
to the current and its nonuniform distribution in the channel
[47], the offset is not affected by the applied magnetic field.
Hence, the observed broad nonlocal Hanle signal is not due to
electric coupling between injector and detector.

The other source of injector-detector coupling is thermo-
electric in nature. It produces an offset voltage in the nonlocal
detector circuit in the following way. The injected current
causes Joule heating in the entire current path as well as Peltier
heating/cooling at the injector junction [48,49]. Transport of
the heat creates a temperature gradient along the channel as
well as heat flow across the detector junction, which, via
the Seebeck effect, are converted back into a charge voltage
across the detector junction [Fig. 5(a)]. It is very well pos-
sible that this thermoelectric coupling produces an offset of
the nonlocal voltage [48,49]. However, the pertinent question
here is whether this mechanism can also produce the detected
broad nonlocal Hanle signal. More precisely, the question is
whether the heating/cooling and the resulting heat flows in
the device are changed when a magnetic field induces spin
precession of the confined electrons at the injector MgO/Si
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FIG. 5. Schematic illustration of the mechanisms that can pro-
duce a broad Hanle signal from interface-confined electrons in a
nonlocal measurement. (a) Joule or Peltier heating in the ferromag-
netic injector contact, which is modulated by the spin precession of
the confined electron spins near the injector interface. The resulting
magnetic field-dependent heat flow through the device is converted
into a magnetic field-dependent charge voltage in the nonlocal detec-
tor circuit via the Seebeck effect. (b) Heat generated by the injection
current causes a heat flow across the detector Si/MgO/Fe junction,
which, via thermal spin injection by Seebeck spin tunneling, creates
a spin accumulation of confined electrons near the detector interface.
These confined electron spins, in turn, produce a broad nonlocal
Hanle signal

interface. Joule heating in the Si channel does not change
because the current is kept constant. However, the broad Hanle
effect changes the voltage across the injector tunnel contact
and thereby the Joule heating produced by the injector tunnel
contact (which is proportional to the product of the tunnel
current and the tunnel voltage). This, in turn, will change
the magnitude of the heat flows in the device [Fig. 5(a)], and
thereby the nonlocal offset voltage, imprinting a broad injec-
tor Hanle signal in the nonlocal detector voltage. Furthermore,
we argue that a spin signal may also be imprinted via Peltier
heating/cooling because it is proportional to the current (con-
stant) and the Peltier coefficient of the tunnel contact, and the
latter is expected to depend on spin [54,55]. Consequently,
a change in the spin accumulation of electrons confined at
the injector MgO/Si interface will result in a change of the
effective Peltier coefficient of the injector tunnel contact, and
thereby change the heat flows in the device [Fig. 5(a)]. Hence,
we argue that Joule heating as well as Peltier heating/cooling
are affected by the spin precession of confined electrons at the
injector interface and that because the nonlocal offset voltage
is proportional to the heat flow in the device, this allows the
broad Hanle signal to be imprinted in the nonlocal detector
signal. This can be viewed as magnetic control of heat flow.
There is a third mechanism that we have not yet considered
[Fig. 5(b)]. Even in the absence of a charge current across the
detector junction, a spin accumulation of electrons confined
at the detector MgO/Si interface can still be generated by
the heat flow across the detector tunnel contact via an affect
known as Seebeck spin tunneling [56]. It originates from the
spin dependence of the Seebeck coefficient of a magnetic

tunnel contact [56]. This causes a temperature gradient across
the detector tunnel contact to induce a spin current and a
spin accumulation of the confined electrons at the MgO/Si
interface, with the associated broad Hanle signal. Although
this mechanism is also determined by the heat flows in the
device, the relevant spins are located at the detector interface
[Fig. 5(b)]. In contrast, for the two mechanisms described in
the previous paragraph, the relevant spins are confined at the
injector interface [Fig. 5(a)]. The first mechanism (imprinting
via Joule heating) does not rely on the spin dependence of
the Peltier and Seebeck coefficient of the magnetic tunnel
contacts, whereas the other two mechanisms do.

IV. DISCUSSION

We have shown that the 2T-MR signal has three contribu-
tions: (i) spin signals arising from spin transport of mobile
carriers through the Si channel from one FM contact to the
other, (ii) spin signals arising from the spin accumulation of
mobile carriers in the Si channel but generated at each of
the FM contacts separately, and (iii) spin signals originating
from spin accumulation of carriers that are confined at or
near the Si/MgO interface of the magnetic tunnel contacts.
The local contributions (ii) and (iii) can be separated out by
performing suitable three-terminal measurements, in which
the contribution from the transport of mobile carriers through
the channel is eliminated, as previously demonstrated [23,25].

For the nonlocal signal, only two contributions were iden-
tified [(i) and (iii)]. It is relatively easy to distinguish between
these two different signals for n-type silicon because the spin-
relaxation time of mobile electrons is of the order of 10 ns at
low temperature, and so the width of the corresponding Hanle
signal is small and very different from that of the broad Hanle
signals that are attributed to electrons confined at the Si/MgO
interface. However, for other material systems, the widths of
the two types of Hanle signals may be more comparable, in
which case disentangling the different signal contributions
is not as straightforward. Moreover, although we have not
identified the presence of contribution (ii) in the nonlocal spin
signal, in general, this contribution should be considered as
well. It is known that the Hanle signal generated by a single
tunnel contact, such as measured in a three-terminal configu-
ration, has a contribution from mobile carriers in the channel.
For devices with a Si channel this produces a narrow Hanle
signal in the voltage across the magnetic tunnel contact [57],
in addition to the broad Hanle signal due to confined electrons
at the MgO/Si interface. The same thermal mechanisms that
imprint the broad Hanle signal from the injector contact onto
the nonlocal detector will also imprint the narrow Hanle signal
from the injector contact onto the nonlocal detector signal.
And since this imprinted narrow nonlocal signal would not
depend on whether the magnetization alignment is P or AP,
the measured nonlocal Hanle signals for P and AP states will
have an unequal amplitude, while the width of the nonlocal
Hanle signals may also be affected.

As for the origin of the broad nonlocal Hanle signal, al-
though it is argued to be of a thermal origin, the precise
mechanism has yet to be established. It might be possible
to determine the thermal source (Joule heating or Peltier
heating/cooling) because of their different dependence on the
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current (quadratic versus linear, respectively). However, some
of the parameters, such as the tunnel spin polarization of the
Fe/MgO tunnel contacts, will not be constant as a function of
the current. It is more complicated to establish whether the
signal comes from confined electrons at the injector or the
detector contact, because in both cases the same heat flow
mediates the effect. We envision that a special set of devices
with one FM contact and one non-FM contact can shed light
on this.

V. SUMMARY

The spin voltages produced by spin accumulation and
Hanle spin precession in a spin-transport device composed of
a lateral silicon channel and FM tunnel contacts (Fe/MgO)
were probed at low magnetic fields and at high fields ex-
ceeding the out-of-plane anisotropy field of the Fe contacts.
Analysis of the two-terminal magnetoresistance as well as the
nonlocal spin signals reveals that these signals are a superpo-
sition of (i) spin signals arising from spin transport of mobile
carriers through the Si channel from one FM contact to the
other, thus depending on the relative magnetization of the two
contacts, (ii) spin signals also arising from the spin accumula-
tion of mobile carriers in the Si channel but generated at each
of the FM contacts separately, and (iii) spin signals originating
from spin accumulation of carriers that are confined at or near
the Si/MgO interface of the magnetic tunnel contacts, with
rather different spin precession characteristics. The surprising
observation of a broad Hanle signal from confined electrons in
the nonlocal measurement geometry is attributed to a thermal
effect. The analysis of the spin signals in such devices thus
requires careful characterization and disentanglement of the
different superimposed contributions.
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APPENDIX

In this Appendix we discuss the expected sign of the offset
voltage that is produced by the electric nonuniformity of our
nonlocal transport device (Fig. 6). The resistance of the FM
tunnel contacts is much larger than the sheet resistance of
the channel. Therefore, the charge current that is injected
into the channel is uniformly distributed over the area of
the injector contact. Second, the channel thickness (70 nm)
is much smaller than the width or the spacing of the FM
contacts, so nonuniformity in the perpendicular direction does
not play any significant role either [47]. The nonuniformity in
our device is mainly caused by the fact [58] that the length
L, =40 pm of the FM contacts along the y direction is smaller
than the width W, = 50 pum of the Si channel [Fig. 6(a)]. This
causes a nonuniform lateral distribution of the charge current
in the channel.

To determine the sign of the offset voltage this produces,
we first consider the ideal case, for which the length of the
FM contacts is equal to the channel width [Fig. 6(b), depicting

Undoped Si substrate

b
® Si
y
T_) X injector detector
(c) Si
|
|
[ ]
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imactorl_detector
y
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FIG. 6. (a) Layout of the spin-transport device and the nonlo-
cal measurement configuration, with the lateral dimensions of the
channel and the ferromagnetic contacts indicated. Panels (b) and
(c) depict a schematic view of the distribution of the charge flow
in an ideal device (b) and in a device in which the length of the fer-
romagnetic contacts is smaller than the width of the channel (c). The
current in the injector circuit is assumed to be positive, corresponding
to the injection of electrons from the ferromagnet into the Si channel.
The arrows indicate the direction of the electron flow.

the electron flow distribution for a positive injector current,
corresponding to the injection of electrons into the channel].
In the ideal case, the charge current is uniform on the left
side of the injector contact, and the charge current density
vanishes everywhere to the right of the injector. Hence, no
nonlocal offset voltage is produced. Figure 6(c) shows the
electron flow distribution when the length of the FM injector
contact is significantly smaller than the channel width. In this
case, the charge current density is nonzero on the right side
of the injector, with electrons flowing toward the right near
the center of the channel and returning back to the left near
the edges of the channel. Now, because the length of the
detector contact is also smaller than the width of the channel,
the detector will mainly probe the potential near the center
of the device, where electrons are flowing to the right. This
will produce a nonzero nonlocal offset voltage with a positive
sign for the wiring configuration depicted in Fig. 6(a). Hence,
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electrical nonuniformity should produce a positive nonlocal
offset voltage for a positive injector voltage/current. Because
only a small part of the charge current goes toward the right,
the offset voltage is a small fraction of the applied injector

voltage. The magnitude of the offset voltage is linearly propor-
tional to the injected charge current and to the sheet resistance
of the Si channel [47] and, in our specific case, depends on the
ratio of L, and W,.
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