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Tunnel spin polarization of Fe/MgO/Si contacts reaching 90% with increasing MgO thickness
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Using nonlocal spin-transport devices, the tunnel spin polarization (TSP) of Fe/MgO tunnel contacts on Si is
determined as a function of the thickness of the MgO. The TSP, extracted from the magnitude of the nonlocal
spin-valve and Hanle signals, increases with MgO thickness and is shown to reach values of around 90% at
low temperatures. Such a near-perfect spin polarization of the tunnel current indicates that symmetry-based
spin filtering due to coherent tunneling occurs in Fe/MgO tunnel contacts on Si, despite the significant lattice
mismatch. For MgO thicknesses below 1 nm, the TSP drops unexpectedly rapidly (to values below 25%), which
is attributed to the lower crystalline quality of thin MgO layers. In fact, the data suggest that the first 0.7 nm of

MgO on the Si contributes very little to the spin filtering.
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I. INTRODUCTION

The discovery [1] of large room-temperature tunnel mag-
netoresistance (TMR) in magnetic tunnel junctions made from
amorphous Al, O3 and transition-metal ferromagnets has been
paramount to the success of spintronics. It triggered a world-
wide search for materials with even higher TMR, and led
to the prediction of giant TMR in crystalline Fe/MgO/Fe
tunnel structures [2,3]. The giant TMR, predicted to be well
over 1000%, was shown to originate from symmetry-based
spin filtering, in which states of a certain symmetry in the
ferromagnet (FM) couple to evanescent states of the same
symmetry in the tunnel barrier, highlighting the importance
of the complex band structure of the crystalline tunnel barrier
[2,3]. Symmetry-based spin filtering requires highly crys-
talline structures in which tunneling is coherent so that states
of different symmetry cannot couple to each other. Indeed, the
subsequent experimental observation of giant TMR in crys-
talline Fe/MgO/Fe structures [4,5] confirmed this picture and
paved the way to the successful application [6—10] of MgO-
based tunnel junctions in read heads of high-density magnetic
recording systems and as nonvolatile storage elements in
magnetic random-access memories. The MgO-based tunnel
junctions are also employed in high-frequency oscillators
[11], random number generators [12], and neuromorphic com-
puting [13]. After the initial discovery [4,5], in which TMR
values of about 200% at room temperature were reported,
the TMR values have steadily been improved by tailoring the
ferromagnetic materials and perfecting the junction fabrica-
tion process [6]. Postdeposition annealing [4,5] improves the
crystalline quality of the MgO and the ferromagnetic elec-
trodes and thereby the TMR, although Mn diffusion [14,15]
from the antiferromagnetic layer in the junction stack limited
the annealing temperature to 350—400 °C. In tunnel junctions
containing no Mn, annealing to temperatures around 500 °C
resulted in the observation [15,16] of TMR values up to 600%
at room temperature, and 1140% at low temperature (5 K),
approaching the values predicted by theory [2,3]. Equally
important, large TMR values were also achieved in junctions
with ultralow resistance-area product [17].
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Inspired by this success, crystalline MgO has also widely
been used in semiconductor spintronic devices. The applica-
tion of a charge current across a FM/MgO/semiconductor
tunnel junction results in spin injection into the semiconduc-
tor, because the rate of injection is spin dependent. This is
parametrized by the tunnel spin polarization (TSP), defined
as P = (G" — GY)/(G" + G"), with G and G' the tunnel
conductance for majority and minority spin electrons, respec-
tively. In GaAs/AlGaAs spin-light emitting diodes with a
Fe/MgO/GaAs spin injector, a TSP of the injected current
of about 50% at 100 K was extracted from the polarized elec-
troluminescence [18]. In four-terminal nonlocal spin transport
devices with GaAs or Si as the nonmagnetic channel, Fe/MgO
tunnel contacts are used not only for spin injection into the
semiconductor channel, but also for the electrical detection
of the resulting spin accumulation in the channel. Focusing
on Si, initially the values of the TSP for the Fe/MgO/Si
contacts extracted from spin transport in nonlocal devices
were quite small and below 10% at low temperature [19-23].
More recently, higher values have been obtained [24-26], and
the largest TSP achieved so far [27] amounts to 53% at low
temperature and 18% at room temperature.

Although one may expect that MgO-based tunnel contacts
support a very high spin polarization of the tunnel current,
one has to keep in mind that there are fundamental differ-
ences as compared to the TMR in Fe/MgO/Fe magnetic
tunnel junctions. First of all, in the magnetic tunnel junction,
both electrodes are ferromagnetic and have spin-dependent
states with different symmetries. In contrast, in a Fe/MgO/Si
structure, the silicon is not ferromagnetic and the states (and
their symmetry) are identical for different spin orientations.
A second important aspect is that in a magnetic tunnel junc-
tion, the TMR is determined by the difference in the tunnel
conductance for parallel (P) and antiparallel (AP) alignment
of the magnetization of the two FM electrodes, whereas the
spin polarization of the tunnel current in a Fe/MgO/Si contact
is determined by the difference between the conductance for
the majority and the minority spin electrons. The latter is
more directly linked to the difference in the rate of decay
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FIG. 1. Device layout and charge transport across the Fe/MgO/Si tunnel contacts. (a) Layout of the nonlocal spin-transport devices, with
all the dimensions indicated. (b) Tunnel resistance-area (RA) product of the Fe/MgO/Si contacts as a function of the bias voltage for selected
contacts with different MgO thickness, at 10 K. The measurements were performed in the three-terminal configuration, using one of the FM
contacts and the two reference contacts REF1 and REF2. Positive bias corresponds to the injection of electron spins from the Fe into the Si
channel. (c) Tunnel RA product vs MgO thickness [28] at a bias voltage of +840 mV and at 7 = 10 K. The pink solid line is a fit (as described

in the text, Sec. II D).

into the tunnel barrier for states with different symmetry. A
third aspect is that the lattices of Si and MgO do not match,
and even if the growth is cube-on-cube with a unit cell ratio
4:3, the lattice mismatch is still rather large (3.9%). It remains
to be understood how all of this impacts the symmetry-based
spin filtering and the maximum obtainable TSP in MgO-based
magnetic tunnel contacts on silicon.

Here, we investigate the TSP of Fe/MgO/Si tunnel con-
tacts, and in particular the scaling of the TSP as a function of
the thickness of the MgO tunnel barrier. The TSP is extracted
from the magnitude of the nonlocal spin-valve and Hanle
signals in four-terminal devices with an n-type Si channel with
a (100) orientation. The TSP increases with MgO thickness
and is shown to reach values in the 90-95% range at low
temperatures. For MgO thicknesses below 1 nm, the TSP
drops unexpectedly rapidly (to values below 25%), which is
attributed to the lower crystalline quality of thin MgO layers.
In fact, the data suggest that the first 0.7 nm of MgO on the Si
contributes very little to the spin filtering. We discuss the role
of symmetry-based spin filtering due to coherent tunneling in
Fe/MgO tunnel contacts on Si, and the effect of incoherent
transport on the TSP.

II. RESULTS

A. Device fabrication and charge transport across the
Fe/MgO/Si contacts

The nonlocal spin-transport devices were fabricated on sil-
icon wafers that consist of a 70-nm-thick phosphorous-doped
n-type Si(001) channel grown epitaxially onto an undoped Si
substrate. The Si channel of these wafers, in the as-received
state, has a carrier density of 2.7 x 10" cm™3 and a resistivity
of 1.3 mQcm at 10 K, respectively. The lateral four-terminal
devices [Fig. 1(a)] consist of two Fe/MgO electrodes (FM1
and FM2), having widths W1 and W2 and a gap d, and two
reference electrodes (REF1 and REF2) that contact the Si
channel at a very large distance (~100 wm) from the active
region of the device where the spin accumulation is created
and detected. The Si channel is patterned into a 30-pum-wide
strip, and the FM strips have a length of 20 um. A total of
ten devices were fabricated with the thickness #ygo of the

MgO barrier varying from 0.75 to 2.3 nm. In order to reduce
the device fabrication time, only standard optical lithography
was used. The device dimensions are therefore rather large,
with most devices having d = 1.0 or 1.4 um, whereas W1
and W2 are 1.0 and 3.0 um. We limited the measurements to
low temperature (T = 10 K), in order to obtain nonlocal spin
signals with sufficient signal-to-noise ratio over the full range
of MgO thicknesses.

The Fe/MgO tunnel contacts were grown by molecu-
lar beam epitaxy (MBE) as follows. First, the Si substrate
was cleaned using a so-called RCA process that includes
treatments with alkaline (NH4OH:H,0,:H,O) and acidic
(HC1:H,0,:H,0) hydrogen peroxide solutions. This ensures
the removal of organic and metallic contaminants and creates
a smooth surface. The substrate was then etched in dilute
hydrofluoric acid (2%) and rinsed with deionized water to
remove the oxide and produce a hydrogen-terminated surface.
After introduction into the MBE system having a base pres-
sure in the high 10~'°-Torr range, the substrate was annealed
at 700°C for 10 min to desorb the hydrogen and obtain a
clean Si surface. The Fe/MgO contacts were grown with an
improved process [29]. The MgO layer was deposited in two
steps. The first 0.5 nm was grown at 80 °C, then the substrate
temperature was raised to 300 °C, and then the remaining part
of the MgO was deposited. A 5- or 10-nm-thick Fe layer was
then deposited at 90 °C, followed by postdeposition annealing
at 250°C. To protect the tunnel contacts, the sample was
covered by a 10-nm-thick Au capping layer.

The charge transport across the contacts was investigated
using a three-terminal measurement configuration, applying
a current / between one of the two Fe/MgO contacts and
reference contact REF1, and measuring the voltage V be-
tween the same Fe/MgO contact and reference contact REF2.
The tunnel RA product (V/I) x A, with A the area of the
Fe/MgO tunnel contact, decays with increasing V [Fig. 1(b)],
indicating that the charge transport is nonlinear. The decay
of the RA product is faster for negative bias voltage and
particularly pronounced for small MgO thickness, whereas the
transport is more symmetric for large fye0. The RA product
increases exponentially as a function of #y0, as expected for
tunneling [Fig. 1(c)]. The slope corresponds to about an order
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FIG. 2. Selected nonlocal spin-valve signals for devices with different MgO thickness, as indicated in each panel. Also indicated are the
widths of the injector W,; and detector Wy, contact as well as the gap d between them (all in units of ;m). The external magnetic field is
applied in plane (By) along the long axis of the FM contacts, and swept from plus to minus (green symbols), or in the opposite direction (dark
blue symbols). A field-independent offset was subtracted for all curves. For all measurements, a positive current was used, corresponding to
injection of electron spins from the Fe into the Si channel. The values of the current are (from small to large MgO thickness) 2.0, 0.5, 0.5,
0.5,1.5,1.5,1.0,0.17, 0.2, 0.1 mA. The nonlocal voltage Vi was divided by the current and the vertical scales were adjusted for the different
devices (also note that the scale is in units of mS2 for the device with 0.75 nm of MgO). The signal for the device with 2.3 nm of MgO is
smaller because the gap and the widths of the electrodes are larger. All data were obtained at 7 = 10 K.

of magnitude per 0.4 nm of MgO. This is comparable to what
is observed for metal-based Fe/MgO/Fe tunnel junctions [5].

B. Nonlocal spin transport

The spin current produced by a charge current across the
Fe/MgO/Si tunnel junction is measured using the standard
four-terminal nonlocal geometry. A constant bias current /
is applied between the Fe/MgO contact FM1 and reference
contact REF1. This induces a spin accumulation in the Si
channel, which spreads out by spin diffusion. A finite spin
accumulation is thus produced under the second Fe/MgO
contact (FM2) that acts as spin detector and converts the
spin accumulation into a charge voltage Wy, that is detected
between FM2 and reference contact REF2. The charge current
in the detector circuit is kept strictly at zero. The nonlocal
voltage V. is measured as a function of an external magnetic
field By applied in the plane of the sample, along the long
axes of the FM contacts (y-direction). When the field is swept
from plus to minus and back, the relative magnetization of the
injector and the detector contact changes between parallel (P)
and antiparallel (AP) alignments. Consequently the nonlocal
voltage changes sign, producing a spin-valve signal.
Nonlocal spin-valve measurements were performed on one
or two different devices for each MgO thickness, using two
configurations (either using FM1 and REFI to apply the
current and FM2 and REF2 to detect the nonlocal voltage,
or vice versa, using FM2 and REF2 for the current and FM1
and REF1 for the nonlocal detection). Representative nonlocal
spin-valve curves are presented in Fig. 2. For all the data, the
nonlocal voltage is positive when the magnetization of the two

FM contacts is parallel, and negative for the AP state, and
sharp transitions occur when the magnetization of either the
injector or detector contact is reversed. It was confirmed that
the spin signal is genuine and due to spin accumulation in the
Si channel and the transport of spins from the injector to the
detector, by performing nonlocal Hanle measurements with
the magnetic field Bz applied perpendicular to the magnetiza-
tion (see Appendix A for an example).

C. Extraction of the tunnel spin polarization

In order to extract the TSP of the Fe/MgO/Si tunnel contacts,
we compute the spatial profile of the spin accumulation A (x)
induced in the Si channel by spin injection, from the following
expression [27] that includes spin diffusion, spin precession,
and spin relaxation in one dimension:

0 1 1
Ap(x) = 2e J Py 1, / / -
i —"Vinj 0 Ts \/47TD[
(x —x1)° gmpBz
Xexpl\ ————— ) cos| —1¢
4Dt h

t
X exp <_t_> dtdx, (H

s

with P, the spin polarization of the injected current, D
the diffusion constant, t; the spin-relaxation time of the Si
channel, up the Bohr magneton, e the electron charge, g the
electron g factor, i the reduced Planck’s constant, and Bz
the magnetic field perpendicular to the spins (in the case of
a Hanle measurement). The integration over time ¢ and the
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FIG. 3. Determination of the TSP from the measured nonlocal spin-valve signal. (a) Experimental spin signals (symbols) obtained on
two devices with 1.5 nm of MgO and Wy;; = 1.0 um, d = 1.0 um, and Wy = 3.0 um at 10 K, compared to the signals expected from the
calculated spin accumulation profile (solid lines) using Lsp = 2.4 um and different values of the TSP, as indicated (correction factors Cr and
Cyp were included). The horizontal scale is the distance from the right edge of the injector, taken to be located at x = 0. The experimental data
points are placed at position x = x. — Ax (see text), with Ax = 0.154 um for a 3-um-wide detector (see Appendix B). (b) Similar plots for
a device with 2.1 nm of MgO and W;;; = 3.0 um, d = 1.4 um, and Wy, = 1.0 pum. (c) Similar plots for a device with 2.3 nm of MgO and
Winj = 5.0 um, d = 2.4 pum, and Wy, = 1.5 pum. The values of the channel resistivity pg; at 10 K, measured in the completed nonlocal device,

are also indicated.

width Wj,; of the injector contact in the x direction yields the
spin accumulation at location x in the Si channel produced
by spins injected from the injector contact located between
x = —Wjy; and x = 0. Because the thickness of the Si channel
(tsi = 70 nm) is much smaller than the spin-diffusion length
Lsp (2.4 pm at 10 K), the A is constant in the perpendicular
z direction. The spin resistance of the channel with resistivity
0si is then given by [30,31] rep = 0si LSD(LSD/tSi)~ The Spil’l
accumulation produces a nonlocal voltage given by

Ap(x. — Ax)
2e

with Py the tunnel spin polarization of the nonlocal spin
detector contact having its center at x = x.. This expression
deviates from the usual expression [31] in three ways: (i) As
explained in Appendix B, when the width of the detector
contact is comparable to or larger than Lgp, the variation of the
spin accumulation as a function of position under the detector
needs to be taken into account. The nonlocal voltage should
then be evaluated from the spin accumulation at the point with
X = x, — Ax, which is shifted from the detector center by an
amount Ax. (ii) The electric field in the Si channel, produced
by the current in the injection part of the nonlocal device,
causes spin drift and thereby modifies the spin accumulation
under the nonlocal detector, as recently pointed out [32]. This
effect has been taken into account by including a correction
factor Cf, as described in Appendix C. (iii) The calculation of
A uses a one-dimensional approximation [Eq. (1)], which is
accurate only if the size W, of the FM injector and detector
contacts in the y direction is very much larger than Lsp. We
evaluated the error this introduces by performing a calculation
in two dimensions, which includes spin diffusion in the or-
thogonal y direction. The corresponding correction factor Cyp
is described in Appendix D. In order to increase the accuracy
of the TSP values extracted from the experimental data, these
three corrections were taken into account.

By comparing the calculated spin signal to the experimen-
tal data, the product P;y; Py can be determined, because except
for Py and Pyey, all the parameters are known. As described in
Appendix A, Hanle curves measured on the various devices

WNL = Pet Ce Cop )

used here are well described using Lsp = 2.44 0.2 um and
the previously [27] determined value of 7, (18 ns). From this
one also obtains D = LéD/ 7, (3.2 cm?/s). For the channel
resistivity, rather than using the value obtained from the wafer
as received from the supplier, we used the values that were
measured in the completed nonlocal devices [33], for each
individual device and each MgO thickness. This turned out
to be necessary because it was found that after the growth of
the tunnel contacts and the device processing, the resistivity
of the Si channel had changed, typically by a factor of 2-3
(presumably due to dopant diffusion or segregation during
the high-temperature steps in the fabrication process). The
resulting values of pg; exhibit some variation from device to
device, and thus for each device, a slightly different value of
the channel spin resistance r., was used in the calculations.

Figure 3 shows examples of the calculations for three
different MgO thicknesses and a width of the injector contact
of either 1, 3 or 5 um. For each case the spin accumulation
profile was computed for different values of the TSP between
40 and 100%. This is compared to the experimental data,
given by the nonlocal spin signal Vni./I multiplied by the
area of the injector contact (solid symbols, which are placed
at position x = x, — Ax). For 1.5 nm of MgO, the extracted
TSP for the two different devices is 54.5 and 58.1%. For the
device with 2.1 nm of MgO, TSP values of 88.1 and 96.3%
are obtained. For the device with 2.3 nm of MgO, values of
89.9 and 87.8% are obtained.

D. Scaling of the tunnel spin polarization and discussion

Using the procedure described in the previous section, the
TSP was obtained for all the devices with different MgO
thicknesses [Fig. 4(a)]. For small MgO thicknesses up to 1
nm, the TSP is rather modest and below 25%. However, the
TSP increases rapidly as a function of the MgO thickness
and, most notably, reaches values in the range of 90-95% for
MgO thicknesses above 2 nm. Since, by definition, 100% is
the maximum value of the TSP, a near-perfect spin filtering
is achieved, corresponding to an almost fully spin-polarized
current.
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FIG. 4. Scaling of the TSP of Fe/MgO tunnel contacts on Si as a function of the MgO thickness at 10 K. The TSP is plotted on a linear
scale (a) or a logarithmic scale (b). Data obtained for different widths of the injector (1.0, 3.0 or 5.0 m) are presented by a different symbol
(squares, circles, and diamonds, respectively). The vertical error bars are determined by the accuracy of the value of Lgp. The pink solid line
in (b) is a fit using tunnel decay lengths for majority and minority spin of A; = 0.19 nm and A5 = 0.16 nm, respectively. The black solid lines
in (a) and (b) are fits obtained by assuming that 0.7 nm of the MgO does not contribute to the spin filtering (thus subtracting 0.7 nm from fy;,0)
and using A; = 0.20 nm and Xs = 0.15 nm. If we use the latter parameters for X; and Xs but set the thickness of the inactive MgO layer to
zero, the dashed line in (a) is obtained. Panel (c) provides a simplified illustration of the decay of the wave functions for majority and minority
spin for a barrier consisting of a crystalline MgO part (dark grey) and a 0.7-nm layer of MgO with poor crystalline quality (light grey).

For metal-based Fe/MgO/Fe magnetic tunnel junctions of
high crystalline quality, the observed [4,5] very large values
of the tunnel magnetoresistance are known to arise from
coherent tunneling and symmetry-based spin filtering [2,3],
in which states of a certain symmetry in the FM electrode
couple to evanescent states of the same symmetry in the tunnel
barrier. The states of A; symmetry decay relatively weakly
into the MgO barrier, whereas states with As symmetry decay
faster, and states with A, character decay most rapidly. States
with A; symmetry at the Fermi level of Fe are fully spin
polarized and only available for the majority spin, and these
dominate the tunneling owing to the weak decay of the A,
states into the MgO. For the minority spin, only states with
As or A, symmetry are available, and their contribution to the
tunneling decays rapidly with MgO thickness. If tunneling is
coherent and states with different symmetry do not couple to
each other, the spin polarization increases very rapidly with
MgO thickness as the tunnel current becomes dominated by
the majority spin A; states.

We apply the picture of symmetry-based spin-filtering to
our case of Fe/MgO tunnel contacts on Si, and compare the
predicted scaling of the TSP with MgO thickness to the exper-
imental data. For majority spin electrons, the tunnel current
M™M= exp(—fmgo/A1) is determined by electrons with A
character, with a corresponding decay length A;. For minority
spin electrons, the tunnel current I"™ = Iy exp(—tmgo/As) is
determined by electrons with As character, with a corre-
sponding decay length As. The TSP is then given by (/M —
I™)/(IM 4+ I'). The best fit of the data is obtained for A; =
0.19 nm and A5 = 0.16 nm [pink solid line in Fig. 4(b)],
where it should be noted that the value of A; controls the
total tunnel current and was chosen so as to simultaneously
fit the variation of the tunnel RA product as a function of the
MgO thickness [pink solid line in Fig. 1(c)]. It is evident that
the model fails to describe the TSP data, and in particular, it
does not predict the strong decay of the TSP for very small
MgO thicknesses below about 1 nm. It was confirmed that
back flow of spins into the FM electrode, which can occur for

contacts with small RA product [30,31,34,35], is negligible
and does not influence the extracted values of the TSP (see
Appendix E).

The fact that the TSP drops to a value smaller than 1%
for 0.75 nm of MgO suggests that the first ~0.7 nm of the
MgO tunnel barrier does not contribute much to the spin
filtering. With this in mind, we used a modified model in
which, instead of using the full MgO thickness, we subtract
0.7 nm from fe0. Indeed, a very satisfactory fit of the data
is then obtained, for A; = 0.20 nm and A5 = 0.15 nm [black
solid lines in Figs. 4(a) and 4(b)]. In particular, the sharp drop
of the TSP for small g0 is now properly reproduced. In this
modified model it is considered that coherent tunneling and
symmetry-based spin filtering does occur in the top part of the
MgO, but not in the first 0.7 nm of MgO that is in contact
with the Si. This might happen if the first few layers of MgO
on Si are of poor crystalline quality. In this case, minority
spin electrons of As character, after decaying from the Fe
through the top part of the MgO, can couple to evanescent
states with A; symmetry in the first 0.7 nm of MgO [as
illustrated in Fig. 4(c)]. For minority spins we then have I =
Iy exp[—(tmgo — 0.7 nm)/As] exp(—0.7 nm/A ). In this partly
coherent scenario, the decay rate for both types of spin is given
by A; in the first 0.7 nm of MgO, which then effectively does
not contribute to the spin filtering. From this one might also
infer that if the crystalline quality of the first 0.7 nm of MgO
can be improved so that the full MgO thickness contributes to
the spin filtering, the TSP is predicted to increase significantly,
especially for small fyg0, as indicated by the dashed line in
Fig. 4(a). Values of the TSP around 60% would then become
possible for resistance-area products down to a few kQ um?.

Some support for the above interpretation comes from
structural characterization of the tunnel contacts by transmis-
sion electron microscopy (TEM). For very thin barriers [i.e.,
0.9 nm, Fig. 5(a)] areas with crystalline MgO are very rare.
For 1.2 nm of MgO [Fig. 5(b)], a larger number of crystalline
areas with visible MgO lattice planes can be found, but the
barrier is far from fully crystalline. For the thicker tunnel
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MgO 0.9 nm

MgO 1.9 nm

MgO 1.25 nm

MgO 2.3 nm

FIG. 5. Cross-sectional TEM images of the Fe/MgO tunnel contacts on Si for four different MgO thicknesses, respectively, 0.9, 1.25, 1.9,

and 2.3 nm. The MgO tunnel barrier is indicated by the yellow lines.

barriers [1.9 and 2.3 nm, Figs. 5(c) and 5(d), respectively]
most of the tunneling area contains crystalline MgO. How-
ever, it can also be seen that most of the crystalline MgO is
located in the top part of the barrier (i.e., on the Fe side), and
that the MgO lattice planes often do not extend all the way
down to the interface with the Si. The first few atomic layers
of the MgO on the Si thus appear rather disordered, which
may indeed be the origin of the low TSP for small MgO thick-
nesses. We therefore believe that the partly coherent picture
captures the essence of the spin transport in the Fe/MgO/Si
tunnel contacts. Nevertheless, the TEM results reveal that a
description of the barrier in terms of a fully crystalline MgO
part on a fully disordered 0.7 nm of MgO is oversimplified, as
some crystalline regions close to the Si interface are present,
as well as a significant number of defects and dislocations in
the top part of the MgO barrier.

It may be considered as rather surprising that TSP val-
ues in the range of 90-95% are observed for MgO barri-
ers thicker than 2 nm, given that the MgO is not perfectly
crystalline. To provide some context, a TSP value of 95%
in a FM/insulator/FM magnetic tunnel junction would, in
a simple Julliere description [36], yield a TMR as large as
1850%. In Fe- or Co-based magnetic tunnel junctions with a
fully epitaxial MgO barrier of very high crystalline quality,
the TMR values are in the range of 500 to about 1100% at
low temperature [6,15,16,37]. We speculate that the effect of
disorder on the TMR of a Fe/MgO/Fe junction is not the same
as the effect of disorder on the TSP of a Fe/MgO/Si contact.
In a Fe/MgO/Fe junction in the AP configuration, majority
spin A states in one Fe electrode cannot couple to any states
in the other Fe electrode because for the AP configuration the

relevant states are of minority spin and these have a different
symmetry (As and A,). Disorder in the tunnel barrier or at
the interfaces would enable this coupling and greatly increase
the conductance in the AP configuration and thereby strongly
reduce the TMR.

In contrast, in a Fe/MgO contact on Si there is only one
FM electrode while the electronic states in the Si electrode
do not depend on electron spin. Near the Si conduction-band
minimum, the states are of A; symmetry at the center of the
surface Brillouin zone, and have mixed character for states
with nonzero momentum k; parallel to the tunnel interface
[38]. If transport is fully coherent, minority spin states from
the Fe with As symmetry cannot propagate into the Si at
k) =0, but they can for nonzero k. The conductance for
the minority spin channel is then determined partially by
reflection at the MgO/Si interface (depending on the k) and
partially by the decay in the MgO barrier (decay length As).
However, the transport across the MgO/Si interface is not
expected to be coherent since the MgO and Si lattices do not
match. One may then assume that at the MgO/Si interface,
evanescent states of all symmetries in the MgO, for both spins,
can couple to the states in the Si. The TSP is then determined
exclusively by the different decay lengths in the MgO (A,
for majority spins and As for minority spins). Now, if part of
the MgO (e.g., the 0.7 nm on the Si side of the barrier) is
disordered, the only effect would be to reduce the effective
thickness of the MgO barrier that contributes to the spin-
dependent decay. Therefore, the lack of crystalline order in
the first ~0.7 nm of the barrier does not make it impossible
to reach a TSP of 90-95% (it just shifts the required fygo
to larger values). It would be of interest to further explore
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FIG. 6. (a) Nonlocal spin signals Vi, measured in the spin-valve geometry (left panel) with the external magnetic field applied in-plane
(By), or in the Hanle geometry (right panel) with the field applied perpendicular (Bz) to the plane of the sample, for a device with 1.25 nm
of MgO at 10 K. The current / is +0.3 mA (injection of electron spins from the Fe into the Si channel). The solid lines in the right panel
are calculated using Lgp = 2.2 um, 7, = 18 ns, and the measured value of pg; = 3.37 m2 cm for this device. (b) Nonlocal Hanle signals
for a device with 1.1 nm of MgO at 10 K, for / = +0.1 mA. The solid lines are calculated using Lsp = 2.6 um, 7, = 18 ns. (c) Nonlocal
Hanle signals for a device with 1.5 nm of MgO at 10 K, for / = +0.2 mA. The solid lines are calculated using Lsp = 2.2 um, 7, = 18 ns.
(d) Nonlocal Hanle signals for a device with 2.1 nm of MgO at 10 K, for / = 4+0.2 mA. The solid lines are calculated using Lsp = 2.4 um,
7, = 18 ns. For all devices, the FM contacts have widths of 1.0 and 3.0 um and the gap d is 1.4 um. The 1.0-um-wide contact was used as
the spin injector, except for the device with 2.1 nm of MgO, for which the 3.0-um contact was used as the injector.

the sensitivity to disorder for the Fe/MgO/Si system using
first-principles based calculations of the tunnel transport.

III. SUMMARY

The tunnel spin polarization of Fe/MgO tunnel contacts on Si
was determined as a function of the thickness of the MgO. The
TSP was extracted from the magnitude of nonlocal spin-valve
and Hanle signals. The TSP increases with MgO thickness
and reaches values of about 90% for MgO thicknesses above
2 nm at 10 K. Such a near-perfect spin polarization of the
tunnel current indicates that symmetry-based spin filtering
due to coherent tunneling occurs in Fe/MgO tunnel contacts
on Si, even though there is a significant lattice mismatch
between the MgO and the Si. For MgO thicknesses below
1 nm, the TSP drops rather rapidly (to values below 25%).
This is attributed to the lower crystalline quality of thin MgO
layers. The scaling of the TSP with MgO thickness can be well
described, including the low thickness range, if it is assumed
that the first 0.7 nm of MgO on the Si does not contribute to
the spin filtering.
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APPENDIX A

In this Appendix we present nonlocal spin-valve and Hanle
measurements and determine the value of Lsp of the Si,
which is needed in order to extract the TSP from the non-
local spin signals. In previous work [27] on nonlocal devices
prepared on the same type of Si wafers, we determined a spin-
diffusion length of Lsp = 2.2 um and a spin-relaxation time
7, = 18 ns. We expected similar values for the devices used
in the present study, since these were prepared with a similar
process, although some details of the process were slightly
different. We therefore performed Hanle measurements on a

number of devices and confirmed that these can be described
with similar values of Lgp and 7;. Data obtained on a device
with 1.25 nm of MgO is shown in Fig. 6(a). The Hanle curves
for P and AP alignment of the injector and detector magneti-
zation have comparable amplitude and opposite sign, and the
amplitudes of the Hanle signals for P and AP configurations
are in agreement with the spin-valve signal, as it should. The
solid lines represent the calculated Hanle curves, obtained
by numerical evaluation of the spin accumulation at the cen-
ter of the detector using Eq. (1), as done previously [27].
A satisfactory agreement between the calculated and the
measured Hanle curves is obtained using Lsp = 2.2 um and
7, = 18 ns. Because we found that there is some variation in
the resistivity of the Si in the devices used here, we measured
Hanle curves on some other devices with different MgO
thickness [see Figs. 6(b)-6(d)]. These Hanle curves can be
well described by using the same value of 7, and values of
Lgp of 2.6, 2.2, and 2.4 pm, respectively, for the devices with
1.1, 1.5, and 2.1 nm of MgO, as indicated by the solid lines
in each of the panels. Because there is some variation in the
values of Lgp, we used Lsp = 2.44 0.2 um to extract the TSP
from the nonlocal spin signals, and translated the uncertainty
in the value of Lgp into error margins for the TSP, which
are included in Fig. 4 (note that in previous work [27], we
used nonlocal devices with different spacing and widths to
determine Lsp, and obtained a value of 2.2 um with an error
margin of + 0.2 um).

We also considered the error that is introduced if the
widths of the FM contacts deviate from the values defined
by the lithography mask, which can happen if the exposure
or etching time is slightly off. However, the error is very
small, because the nonlocal voltage depends very weakly on
the contact widths if the same current is used. In fact, in the
regime where Wi,; is comparable to or smaller than Lsp, the
VAL is determined exclusively by the center-to-center distance
(which is well defined). We calculated the error produced if
the injector and detector contacts are larger or smaller by
0.2 pm (0.1 wm on each side), and found that this changes
the extracted value of the TSP by a factor of only 0.99
or 1.01.
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APPENDIX B

In this Appendix we describe an exact expression for the
voltage detected by a nonlocal spin detector as a function
of the width of the detector contact. If the detector width is
much smaller than the spin-diffusion length Lsp, the usual
approximation, in which the voltage is computed from the
spin accumulation at the center of the detector contact, is
appropriate. However, when the width becomes comparable
to or larger than Lgp, the spin accumulation is significantly
nonuniform under the detector contact. Because the spin
accumulation does not vary linearly with distance from the
injector, the detected nonlocal voltage no longer corresponds
to the spin accumulation at the center of the detector.

In a nonlocal measurement, the fotal charge current g
in the detector circuit is zero, but the local current density
Jaet(x, y) does not have to be zero at every position (x, y) in
the contact area. Because the local detector current density
depends on the local spin accumulation Au(x, y), a spatially
nonuniform spin accumulation under the detector produces a
spatial variation of the detector current density. For a tunnel
contact we have, in linear response,

Jaet(x, y) = GIV — (P6/2) Ap(x, y)].

The tunnel conductance G and the spin polarization Pg of
the tunnel conductance are taken to be constant, independent
of position. The voltage V (x, y) across the nonlocal detector
contact can, in principle, vary with position. However, the de-
tector electrode is usually a highly conductive metal whose re-
sistance square is orders of magnitude smaller than the tunnel
resistance-area product of the detector contact. The metal then
acts as an equipotential plane and V (x, y) is a constant equal
to the detected nonlocal voltage Vni.

We consider a detector having dimensions W, and W, in
the x and y direction, respectively, with its center located at
x = x.. The spin accumulation varies only as a function of the
distance x from the edge of the injector contact according to

(BD)

Ap(x,y) = A exp(—Li) (B2)

SD
with A the value of the spin accumulation at the edge of the
injector, taken to be located at x = 0. The total tunnel current
in the detector contact is then given by

Xe+We /2
Ly = VVy Jaert(x, y) dx.

xe=W,/2

(B3)

Inserting Eqs. (B1) and (B2), evaluating the integral, and
requiring Igey = O then gives

Xe 2 LSD . Wx
sinh .
Lsp W 2 Lsp

(B4)

VaL = (PG/2>Au°exp(—

The term in curly brackets is the correction factor that is to
be included when the detector width becomes comparable
to or larger than Lgp. This correction term is unity when
W, < Lgsp, in which case the voltage corresponds to the spin
accumulation at the center of the detector. For W, = Lgp, the
correction term is equal to 1.042, and thus the detected voltage
is about 4% larger compared to what would be obtained from

the spin accumulation at the center of the detector. It can be
shown that Vi corresponds to the spin accumulation at the
point with x = x, — Ax, which is shifted by an amount Ax
from the detector center, with

W, W, [1
> + ?ln[&[l - exp(—oz)]]

and @ = W, /Lsp. Note that only at the point with x = x, — Ax
is the local tunnel current density in the detector zero. On one
side of this point, Jge((x, ) is positive and increases towards
the edge of the detector, whereas it is negative on the other
side, in such a way that the total detector current is zero.
This implies that there is a small current circulating within
the detector tunnel contact area. The values of the correction
factor and Ax for the nonlocal devices used to extract the TSP
of the Fe/MgO contacts are given in Table 1.

Ax = (BS)

APPENDIX C

In this Appendix we describe the correction of the TSP
value extracted from the nonlocal spin-transport data when
the drift electric field E in the Si channel is taken into account.
This is especially relevant when the injection current is larger,
for which E is appreciable. As we have recently pointed out
[32], spin drift due to the nonzero electric field in the injection
part of a nonlocal device causes a redistribution of the spin
accumulation everywhere in the channel, including under the
nonlocal detector, and thus modifies the detected nonlocal
voltage. This effect can be taken into account by taking the
spin accumulation calculated for purely diffusive transport,
and multiplying this by the following correction factor for spin
drift [32]:

2 Lsp
Cp=— 0
Lsp + L(E)

with L(E) the total spin-transport length that includes spin
diffusion as well as spin drift in the Si channel [32,39]:

¢E ¢E \* 1)?
2€d + <2€d) + (LSD)

The E is defined [32] to have a negative sign when electrons
are injected from the FM into the Si. The value of E is
calculated from the injection current, the cross section of
the Si channel, and the Si resistivity, which was determined
for each nonlocal device. The expression for L(E) contains
an energy scale €;, which, according to the theory [39], is
given by eD/ 1, with 4 the mobility of the Si (179 cm?/V s
at 10 K) and D the diffusion constant of the Si. The latter
can be obtained from the measured spin-diffusion length and
spin-relaxation time via D = L%D /Ts. One then obtains €; =
17.9 meV. However, it was demonstrated [32] that using this
theory value of €, significantly overestimates the effect of spin
drift (by about a factor of 3), and that a good match with the
measured spin drift is obtained only if the €, is increased by
a factor of about 3. We therefore used a value of 54 meV
for €;. The resulting correction factor is close to unity for
the devices with larger fyz0, because the injection current is
small. However, for a few of the measurements on devices
with smaller #yg0, currents of 1-2 mA were used, for which

(CDH

-1

L(E) = (C2)
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TABLE I. Correction factor and Ax for different widths W, of the detector contact, corresponding to the different nonlocal devices used to

extract the TSP of the Fe/MgO tunnel contacts.

W, (um) Lsp (um) Correction factor (2 Lsp /W, )sinh(W, /2 Lsp ) (dimensionless) « (dimensionless) Ax (um)
1.0 2.4 1.007 0.417 0.017
1.5 2.4 1.016 0.625 0.039
3.0 2.4 1.066 1.25 0.154

Cg is 0.83-0.70, in which case the extracted TSP becomes
larger by a factor of up to 1.2.

APPENDIX D

In this Appendix we describe how the spin accumula-
tion calculated from the one-dimensional (1D) spin-transport
equations is modified when transport in both the lateral di-
rections (x and y) is taken into account. The two-dimensional
(2D) description is relevant because for the devices used here,
the width of the Si channel in the y direction (30 um) is
larger than the size (W, = 20 um) of the FM contacts in the
y direction, so that spins injected into the Si channel will
also spread out into the y direction. In two dimensions, the
expression for the spin accumulation becomes

Woop0roop ]
A ,y) = 2eJ Py _—
u(x,y) 2 erChV/O /W/(; T, 47 D1

— Winj

(x—x1)* + (y — y1)? gupBz
x exp( — cos| === ¢
4Dt h

t
X exp (——) dtdxdy;. (D1)
T

The spin accumulations Au”P and Au'P calculated for the
2D and the 1D model are compared in Fig. 7. The variation
of the spin accumulation in the x direction at the center of
the device [along line A depicted in Fig. 7(a)] is very similar
for the 2D and the 1D calculation [Fig. 7(b)]. However, when
we examine how the spin accumulation under the detector

contact varies along the y direction [Fig. 7(c)], we find that
in the 2D model (i) there exists a nonzero spin accumulation
outside the area of the detector contact area, and (ii) there is
a sizable decay of the spin accumulation under the detector
contact towards the edges of the detector.

Because of the diffusion of spins into the y direction, the
nonlocal voltage Vi2? computed for the 2D model will be
smaller than the voltage V,IP for the 1D model by a factor
CZD:

Vi = Cap Vip- (D2)
In order to calculate the correction factor C,p, we note that
the 2D spin-accumulation profile under the detector contact is
reasonably well described by the following analytical expres-
sion [see the solid line in Fig. 7(c)]:

1
)
D

2o
x[1— —exp .

The procedure to calculate the nonlocal potential in the pres-
ence of such an inhomogeneous spin accumulation is similar
to that described in Appendix B. The inhomogeneous Ap
gives rise to an inhomogeneous detector tunnel current density
Jaet- By integrating Jqe; over the size of the detector in the y
direction, using Eq. (D3) for the spin accumulation profile,
and requiring that the total detector current is zero, we obtain

(D3)

a b Along line A Cc Along line B
( ) T ( ) 1000 T T T ( ) T T T
Si 'B W, =5.0um ———1 1.0t : :
— o o 2D
%_ M 6 0.8}
a W _=3.0um [0}
= inj N
@ T 06f
sofl 20|08 .| £ £
pm um ® o 1 IS : :
pt W, =1.0um £ 04f : H
a 5 : :
o 100+ : :
< 0.2 : H 4
. : edge of : Detector contact : QQI
injector | detector injector : :
1 L L . 0.0 i . . . H
Y L -3 -2 -1 0 1 2 3 -5 0 5 10 15 20 25
X X (um) Y (um)

FIG. 7. Spin accumulation profiles for a 2D calculation. (a) Top view of the nonlocal device, with relevant lateral dimensions indicated.
The FM contacts are in dark blue, the left FM contact is used as injector, the right contact as nonlocal detector. (b) Comparison of the spin
accumulation profile in the x direction along line A depicted in (a), calculated using the 1D model (solid lines) or the 2D description (open
circles), for three different widths of the injector contact. (c) Spin accumulation profile in the y direction along line B depicted in (a) for the 1D
model (solid green line) or the 2D description (open circles), for Wiy; = 1.0 um, Wyt = 3.0 um and d = 1.0 pum. The edges of the FM strip
are located at y = 0 and y = 420 um. The black solid line corresponds to the profile obtained from Eq. (D3). A value of 2.4 um was used
for LSD .
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VP and from that,

Cp=1-—, (D4)

W,

in which we have used that W, > Lsp. The value of Cop is
then 0.88. Including this enhances the extracted TSP by a
factor of 1.066. It was confirmed that the spin accumulation
profile under the detector contact is well described by Eq. (D3)
for all the devices with different dimensions and contact
spacing used in this work. The same correction factor is thus
used for all.

APPENDIX E

In this Appendix it is confirmed that the extracted values
of the TSP are not influenced by back flow of spins into
the FM electrode (conductivity mismatch [34]). Back flow
can occur for tunnel contacts with small RA product when
the buildup of a large spin accumulation under the injector
contact reduces the spin polarization of the injected current
[30,31,34,35]. We use the parameters of the device with the
thinnest MgO barrier (0.75 nm) and quantify the reduction
of the spin signal due to back flow, which is described [31]
by the factor RA/[RA + r,(1 — TSP?)]. This is unity if the

RA product of the tunnel contact is much larger than r, the
effective spin resistance of the Si channel. The latter is equal to
ren = psi Lsp(Lsp/tsi) if the lateral dimensions of the contact
are much larger than Lgp and also t5; < Lsp. However, for a
1-pum-wide injector contact, the spin accumulation is smaller
than for a large contact [27], and so back flow is reduced. This
is described by the integral in Eq. (1), that is, the effective
spin resistance r; that controls the back flow is given by r.
times the integral, evaluated at the center of the injector, where
the spin accumulation is maximum. For a 1-um-wide contact
this yields r; = 0.204 X rep. Using ps; = 2.84 mQ cm, Lgp =
2.2 um, and fs; = 70 nm, we obtain rg, = 2340 € um? and
thus r, = 477 Q um?. The NL spin-valve measurements for
this device were performed at a RA product of 1675 € pum?.
This is a factor of 3.5 larger than r,. The reduction of the spin
signal due to back flow is then by a factor of 0.78. Taking
this into account would increase the TSP for the device with
0.75 nm of MgO from 0.85% to 0.96%. A similar analysis for
the device with 0.9 nm of MgO yields a spin signal reduction
due to back flow by a factor of 0.94, with a corresponding
correction of the TSP from 15% to 15.5%. Thus, even for
the smallest MgO thicknesses, back flow does not play a
significant role.
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