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Although the creation of spin polarization in various nonmagnetic media via electrical spin injection from a
ferromagnetic tunnel contact has been demonstrated, much of the basic behavior is heavily debated. It is reported
here that, for semiconductor/Al,Os/ferromagnet tunnel structures based on Si or GaAs, local magnetostatic fields
arising from interface roughness dramatically alter and even dominate the accumulation and dynamics of spins in
the semiconductor. Spin precession in inhomogeneous magnetic fields is shown to reduce the spin accumulation
up to tenfold, and causes it to be inhomogeneous and noncollinear with the injector magnetization. The inverted
Hanle effect serves as the experimental signature. This interaction needs to be taken into account in the analysis
of experimental data, particularly in extracting the spin lifetime 7, and its variation with different parameters
(temperature, doping concentration). It produces a broadening of the standard Hanle curve and thereby an apparent
reduction of ;. For heavily doped n-type Si at room temperature it is shown that 7, is larger than previously
determined, and a new lower bound of 0.29 ns is obtained. The results are expected to be general and to occur
for spins near a magnetic interface not only in semiconductors but also in metals and organic and carbon-based

materials including graphene, and in various spintronic device structures.
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I. INTRODUCTION

The controlled creation of a nonequilibrium spin polar-
ization in nonmagnetic materials is a central aspect of spin-
tronics and plays a role in virtually all spin-based electronic
nanostructures.' In the spin valve, the best-known example
of a metallic spintronic device consisting of two ferromagnetic
layers separated by a thin nonmagnetic metal, spin information
can be transmitted between the two ferromagnets via the
spin accumulation in the spacer. This gives rise to giant
magnetoresistance and exchange coupling, and allows one
ferromagnet to exert a torque on the other.*”’ In a spin
transistor, an example of a spin-based semiconductor device,
spin information between ferromagnetic source and drain is
transmitted via a semiconductor channel,* making it possible
to manipulate the spins during transit by a gate electric field.
Understanding the physics of spins in nonmagnetic materials is
thus crucial as it controls the overall behavior and performance
of spin-based nanostructures. Although spin polarization has
been electrically created in a variety of nonmagnetic materials,
mostly via spin-polarized tunneling from a ferromagnetic
contact,'>?? much of the basic physics is not understood.
The magnitude and sign of the induced polarization are
heavily debated,'®?*2" the variation with bias voltage and
temperature is often puzzling,'>!3212829 and unexpectedly
short spin lifetimes are observed, for instance in the range
of a few hundred picoseconds in graphene and doped Si at
room temperature.' %!

A. Spins in proximity to a ferromagnetic interface

Because spintronic nanostructures combine different mate-
rials (ferromagnets with nonmagnetic metals, semiconductors,
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and organic and carbon-based materials), a key question is to
what extent the proximity to interfaces influences the spin
accumulation and the spin dynamics. Dipolar fields from
magnetic domain walls in a demagnetized Ni film have been
reported to reduce the spin-dephasing time of optically excited
carriers in GaAs,>*3! but the associated increase of the Hanle
line width (~1 Oe) is small. Spin precession is also known to be
affected by nuclear hyperfine fields.*>=* These are not related
to the ferromagnetic interface and are typically relevant only at
low temperature. In contrast, we demonstrate here a much more
general mechanism (present even at room temperature and for
homogeneously magnetized ferromagnetic electrodes) that has
a surprisingly dramatic effect on spin accumulation and spin
dynamics of carriers in a nonmagnetic medium near a magnetic
interface. Specifically, inhomogeneous magnetostatic fields
arising from finite interface roughness are shown to alter
precession of spins in a semiconductor near the magnetic inter-
face, dominate spin dynamics up to surprisingly large external
fields as large as 1 kOe, and reduce the spin accumulation
up to tenfold. We focus here on spin polarization created in
semiconductors by injection of spins from a ferromagnetic
tunnel contact. However, the phenomena described here should
occur irrespective of the type of nonmagnetic material or the
method used to create the spin accumulation, although the
extent of the effect depends on the details of the system.

The magnetostatic fields near a ferromagnetic interface
with finite roughness are sketched in Fig. 1 for the case of a
sinusoidal interface profile with period A. The magnetization of
the ferromagnet is taken to lie in plane and point strictly along
the global interface everywhere. This is a valid approximation
for the soft magnetic thin films without significant interface
anisotropy that we use here, as their magnetization can easily
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FIG. 1. (Color online) Illustration of local interface magnetic
fields and their effect on spin precession in a semiconductor.
(a) The inhomogeneous magnetostatic field near a ferromagnetic
interface with finite roughness, sketched for a sinusoidal interface
profile with period A. Field lines are in black; the magnetization of the
ferromagnet (black arrows) points strictly along the global interface
plane everywhere. Spins are injected into the semiconductor with
spin initially aligned with the magnetization of the ferromagnet (solid
white arrows). In the local fields, the spins are precessing on different
trajectories represented by dotted arrows and white ellipses. Also
the strength of the local field and hence the precession frequency is
spatially inhomogeneous. (b) Decay of the spin accumulation Ax as
a function of distance z from the oxide/semiconductor interface for (i)
a perfectly smooth interface (exponential decay with spin-diffusion
length Lgp) and (ii) an interface with finite roughness. For the
latter, the region in which the local magnetostatic fields B”* have
an appreciable value is given in pink. Note that tunneling probes the
value of Appatz =0

be saturated in a small in-plane magnetic field. While for
an extended and perfectly flat, in-plane magnetized film the
magnetostatic field would be zero outside the ferromagnet, in
the presence of finite roughness there are local magnetostatic
fields that penetrate into the nonmagnetic medium and influ-
ence the spins. Note that this is not only determined by the
ferromagnet/tunnel barrier interface, but for thin films also by
the roughness of the top surface of the ferromagnet, due to
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the long-range nature of magnetic fields. The magnetostatic
fields are inhomogeneous in magnitude and direction, and
change sign periodically. The magnitude of the fields scales
with the roughness amplitude, and is linearly proportional
to the magnetization M, of the ferromagnet. The strength
of the field decays with distance z from the interface on a
length scale that, for periodic roughness, is set® by the lateral
roughness period A. Under electrical spin injection from the
ferromagnetic contact, a spin accumulation Ap = ut — pt
is induced, with u' (u') the electrochemical potential for
electrons with majority (minority) spin. In the absence of
roughness, Ap decays exponentially as a function of distance
z from the injection interface [Fig. 1(a)], with a spin-diffusion
length Lgp. However, for finite roughness spin precession is
altered significantly in the region between z =0 and z = X
where appreciable local magnetostatic fields exist, strongly
reducing Ap. Even if A is shorter than Lgp, interfacial
depolarization reduces Au over the full depth range [Fig. 1(b)]
because spin diffusion connects all spins and dictates that
spatial variations in spin density cannot exist on a length scale
much smaller than Lgp. Hence, interfacial magnetostatic fields
affect the spins to an effective depth of Lgp. Also note that
by spin-polarized tunneling into the ferromagnet one probes
the value of Au at z = 0, where the reduction is strongest,
as the spin accumulation right at the interface is most directly
affected by the local magnetostatic fields.

II. TUNNEL CONTACTS AND MEASUREMENTS

We describe results for tunnel contacts on two dif-
ferent semiconductors (Si and GaAs). The device fabri-
cation and electrical measurement techniques have been
described previously.'®?! In brief, tunnel contacts of
Si/Al,Os/ferromagnet have been prepared®' by evaporation
in ultrahigh vacuum using different ferromagnets (FMs) on
n-type as well as p-type Si substrates (carrier density and
resistivity of 1.8 x 10" cm™3 and 3 mQ cm at room temper-
ature for n-type Si with As doping, and 4.8 x 10'® cm~3 and
11 mS2 cm at room temperature for p-type Si with B doping).
The GaAs/Al,O3/Co structures'® are grown by sputtering
on n-type GaAs epilayers with a doping concentration of
5 x 10" cm™ with a 15 nm heavily doped surface region
(2 x 10" cm—3). All measurements are performed on contacts
having dimensions of 100 x 200 xm? (Si) and 15 x 196 pm?
(GaAs) in the so-called three-terminal geometry,'®?! probing
the spin accumulation near a single ferromagnetic tunnel
interface, thus using the same contact for spin injection
and detection. Roughness characterization is presented in
Appendix D.

III. RESULTS

A. Spin precession in silicon near a ferromagnetic interface

When spin-polarized electrons tunnel from the ferromagnet
into the semiconductor, the injected spins initially point along
the magnetization direction of the ferromagnet, taken to
be along x. Ideally, in the absence of an external applied
magnetic field B there is no Larmor spin precession, and a
static, nonequilibrium spin accumulation is induced. The local
magnetostatic fields B™*(x,y,z) modify this simple picture.
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FIG. 2. (Color online) Spin accumulation and precession in n-type silicon near a ferromagnetic interface. Room temperature data for
n-Si/Al,Os/ferromagnet junctions with Ni, NigyFe,, Co, or Fe electrode. The vertical axis gives the product of spin resistance and area (the
“spin-RA product”), defined as (AV/I)xarea. The magnetic field is applied perpendicular to the interface plane (open symbols, Hanle), or
parallel to the interface (solid symbols, inverted Hanle), with Vs; — Viem = +172 mV (electron injection). In the left panel, Hanle curves for
different FMs are normalized for better comparison of the linewidth, denoted by an effective time 1/w representing the half width at half

maximum of a fit to a Lorentzian (using g = 2).

The spins are precessing in the total magnetic field that is
composed of B and B™(x,y,z). Since the latter is spatially
inhomogeneous in direction and amplitude, the axis of spin
precession and the precession frequency become spatially
inhomogeneous. A full account of the consequences is given
in Sec. IV, after description of the experimental data.

The spin accumulation is probed by establishing a constant
tunnel current / across the semiconductor/Al,Oz/FM tunnel
contact, and measuring the change in voltage AV across
that same tunnel contact as a function of B!, Since®?+?7-3
the tunnel resistance is directly proportional to Au (i.e.,
AV = PAu/2 with P the tunnel spin polarization associated
with the Al,O3/FM interface) and Ap is reduced by spin
precession, the value of AV and its variation with B
provide information about the spin dynamics. We start with
n-type Si and conventional Hanle measurements (Fig. 2, left
panel), with B applied along the z axis (perpendicular

to the interface and to the injected spins). A typical Hanle
curve is observed, with a maximum voltage (and hence
Ap) at B*' =0, and a gradual reduction with increasing
external field due to spin precession. This is similar to Hanle
data obtained previously,?! establishing that a nonequilibrium
spin accumulation in the Si is induced by the injection of
the spin-polarized tunnel current. Control experiments have
previously excluded artifacts not related to spin injection.?!
Previous work has also unambiguously established that the
room-temperature spin polarization exists in the bulk bands of
the Si rather than being enhanced by localized interface states
(see the specific experiments reported in Fig. 3 of Ref. 21, and
the observation of circularly polarized electroluminescence
originating from 300 nm away from the injection interface
in Si-based spin light-emitting diodes®”). Despite this, we
observe, as in previous work,>' spin signals for different
ferromagnets (see below) in the range of 1-10 k€ um? and
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FIG. 3. (Color online) Spin accumulation and precession in p-type silicon near a ferromagnetic interface. Room temperature data for
p-Si/Al,Os/ferromagnet junctions with Ni, NigyFe,, Co, or Fe electrode. The magnetic field is applied perpendicular to the interface plane
(open symbols, Hanle), or parallel to the interface (solid symbols, inverted Hanle), with Vs5; — Vgy = —172 mV (hole injection). In the left
panel, Hanle curves for different FMs are normalized for better comparison of the linewidth, denoted by an effective time 1/w representing the

half width at half maximum of a fit to a Lorentzian (using g = 2).
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thus larger than expected from theory, as noted before.”' The
origin of this disagreement is still under discussion, but since
enhancement by localized states has already been ruled out,”!
there must be other enhancement factors that are not yet
incorporated in existing theory. This is beyond the scope of the
present work, which is concerned with the generic phenomena
that affect the spin precession near a ferromagnetic interface
and thereby the shape of the Hanle curve. Therefore we will not
discuss here the factors that determine the overall magnitude
of Au, and show only normalized data. We did not find any
correlation between the overall signal magnitude and the shape
of the curves.

Let us now focus on the features that are due to the proximity
of the interface with the ferromagnet. We find that the width
of the Hanle curve depends on the ferromagnet used, i.e., the
width increases from Ni, to NiggFe,y, to Co, to Fe, with a
half width at half maximum (HWHM) of 200, 400, 710, and
1030 Qe, respectively. Conventionally, the Hanle curves are
described®?! by a Lorentzian given by Au(B) = Au(0)/[1 +
(w1.7,)?], where 1, is the spin lifetime and w; is the Larmor
frequency (w;, = gupB/h, where g is the Landé g factor, up
the Bohr magneton, and 7 Planck’s constant divided by 27).
The width of the Hanle curve is then set solely by parameters
of the semiconductor (t, and g), which is inconsistent with our
data. We attribute the experimental trend to modification of the
spin dynamics near the FM interface due to local magnetostatic
fields that arise for finite roughness. As shown in Sec. IV,
this produces an artificial broadening of the Hanle curve that
depends on the direction and magnitude of B, which in turn
is proportional to the magnetization (M;) of the FM. Indeed
oM, at room temperature increases from 0.6 T for Ni, to
0.9 T for NiggFey, to 1.8 T for Co, and to 2.2 T for Fe.

B. Inverted Hanle effect

The above interpretation is proved by the following
phenomenon, hereafter referred to as the inverted Hanle
effect. It denotes the increase of the spin polarization in an
applied (longitudinal) magnetic field [in analogy with the term
Hanle effect, which gives a reduction of the spin polarization
in an applied (transverse) magnetic field]. If B**' =0, the
spin accumulation will be reduced by precession in the y
and z components of the local magnetostatic fields, which
are orthogonal to the injected spins for a ferromagnet with
magnetization along x. If now a nonzero B along x is added
and increased, the total magnetic field (vector sum of B™*
and B;’"‘) rotates into the direction of the magnetization, thus
reducing the angle between the injected spins and the axis of
precession. The precession is suppressed, and an increase in
the spin accumulation is expected as a function of B'. Indeed,
the data in Fig. 2 show exactly this inverted Hanle effect for
all FM electrodes. The smallest voltage (and hence Ap) is
obtained for BS' = 0, while at large BZX' the voltage across the
contact saturates as spin precession in the local magnetostatic
fields is fully eliminated. The saturation occurs at a larger field
value for the ferromagnet with larger M, consistent with the
outlined scenario. No dependence on the direction of the field
in the x-y plane was observed, as expected for polycrystalline
magnetic films, for which roughness-induced magnetostatic
fields should be isotropic. We conclude that application of an
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external in-plane magnetic field leads to a recovery of the spin
accumulation, reaching the ideal value (that would be obtained
without any precession) for large enough B{*. The “true”
value of the spin accumulation is thus given by the difference
between the saturation signal of the inverted Hanle curve (large
B$*) and the minimum of the signal of the conventional Hanle
curve with B** along z. This difference has been normalized
to 1 for all data presented. Importantly, the precession in local
magnetostatic fields causes a significant reduction of the spin
accumulation, with Ap at B*' = 0 varying from 10% to 31%
of the ideal value.

Note that an inhomogeneous spin accumulation can in
principle also arise if the interface magnetization does not
point along the global interface plane everywhere, as this
would lead to inhomogeneity in the orientation of the spins
that are injected. However, the in-plane magnetic coercivity
of the magnetic films used here is 5-30 Oe and the films do
not have any significant interface anisotropy. Therefore, the
ferromagnet is homogeneously and fully magnetized along
the external in-plane field well below 100 Oe. Hence, the
spin injection is homogeneous and does not change for fields
between 100 Oe and several kOe where the signal variation due
to the inverted Hanle effect is observed. Even if some slight
deviation of the interface magnetization from strictly in plane
were present, this cannot account for the strongly reduced spin
accumulation that is observed. This would require injection of
carriers with spin pointing almost along the interface normal.
This is not plausible and is inconsistent with the magnetic
behavior of magnetic tunnel junctions prepared from the same
materials.?®

Qualitatively similar results are obtained for tunnel contacts
on p-type Si (Fig. 3). For all ferromagnets, a Hanle signal is
observed at room temperature, consistent with our previous
work on the creation of spin polarization in p-type Si.?! For
increasing M, the width of the Hanle curve increases, with
HWHM of 200 Oe (N1), 210 Oe (NiggFeyg), 515 Oe (Co), and
950 Oe (Fe), although the difference between NigygFeyy and
pure Ni is small. For all devices an inverted Hanle curve is
observed too, with a width and saturation field that increase
systematically for FM electrodes with larger M. The induced
Ap at B*' = 0 is about 27% of the ideal value, but with less
variation compared to the data for n-type Si.

In principle one can still fit the Hanle curves with a
Lorentzian and extract a time constant (given as labels in the
left panels of Figs. 2 and 3). However, it should be treated
as an effective time or a lower limit to the spin lifetime in
the semiconductor, because interface magnetostatic fields are
present and cause artificial broadening of the Hanle curve.
Experimentally this situation is easily recognized if an inverted
Hanle effect is observed. Nevertheless, the lower bound for the
spin lifetime in the n-type Si we obtain (285 ps, Ni electrode) is
already an improvement by a factor of 2 compared to previous
work with NigyFe, electrodes,?! and the true spin lifetime is
expected to be larger.

C. Spin precession in GaAs near a ferromagnetic interface

A similar set of experiments was carried out on
GaAs/Al,03/Co tunnel junctions at 7 = 10 K (Fig. 4). A
Hanle signal is observed for B®' along z, establishing that
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FIG. 4. (Color online) Spin accumulation and precession in
GaAs near a ferromagnetic interface. Experimental data for n-type
GaAs/Al,O3/Co structures at 10 K, for magnetic field applied
perpendicular to the interface plane (blue, Hanle), or parallel to the
interface (pink, inverted Hanle). Data at Vigaas — Voo = +422 mV
(top panel) and +580 mV (bottom panel).

a nonequilibrium spin accumulation is created, although it has
previously been proposed!® that the spins in these structures
may accumulate primarily in localized states at or near the
interface. Of course, spins in localized states also experience
the magnetostatic fields from the nearby FM, consistent
with the observation of the inverted Hanle effect (pink curves).
The HWHM of the Hanle curve is 1070 Oe, slightly larger
than in Si contacts with Co electrodes. The difference may
be due to a different amplitude of the roughness, and/or
the larger magnetization at low temperature. The effective
time constant extracted from a fit to a Lorentzian is 1/w =
55 ps, assuming a g factor of 2 for electrons in localized
interface states. The induced Ap at B! = 0 is 12% of the
maximum spin accumulation. It should be noted that for spin
accumulation in localized states in GaAs/Al,O3/Co structures
at low temperature, we cannot completely rule out that the
behavior is caused by local magnetic (hyperfine) fields from
nuclear spins,* as previously studied with optical techniques
in Voigt and Faraday geometry.>* However, given the results of
the Si devices, it is highly likely that local magnetostatic fields
arising from roughness are at the very least partly responsible
for the behavior of the GaAs devices.

Additional insight is obtained from data at larger magnetic
field (Fig. 4, bottom panel). When B{* is increased, the spin
signal is first reduced due to the Hanle effect, but then sharply
increases when the magnetization of the FM rotates out of
plane, followed by a saturation of the spin accumulation at
large fields when the magnetization, and hence the spins in
the GaAs, is fully aligned with BS'. Precession is then absent
and the maximum Ay is obtained. The value of Au thus
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achieved should be identical to the saturation value of the
inverted Hanle curve, for which magnetization and spins in
the GaAs and B®* all point along the x axis and precession
is absent too. A difference is, however, observed, attributed
to anisotropy of the tunneling process.***! Apart from some
quantitative differences, the results for GaAs- and Si-based
devices are remarkably similar.

IV. MODEL

First, we briefly address an important difference from
the so-called orange-peel coupling that exists between two
ferromagnets in layered structures with finite roughness.*>*
Due to the exchange interaction in a ferromagnet, it expe-
riences only an average magnetostatic field from the other
ferromagnet, reducing the effective coupling field to a few tens
of oersteds. In contrast, in a nonmagnetic semiconductor the
spins in different locations near the ferromagnetic electrode
can precess independently, and sense the full local strength
of the magnetostatic field, rather than an average. Hence,
the relevant magnetic field scale for spins accumulating in a
nonmagnetic material near a ferromagnet with finite roughness
is much larger than that of orange-peel coupling.

The model that captures the basic physics of spin accu-
mulation and precession near a ferromagnetic interface and
correctly describes the salient experimental behavior starts
from the equation®** for spin dynamics of an ensemble of
spins in a nonmagnetic host:

BN S
— =S xw,+DV?S - =, (D)
at Ty

where S is the spin density and o; = (wy,wy,0;) =
(gup/h) (By,By,B;). Terms on the right-hand side describe,
respectively, spin precession, spin diffusion (D is the dif-
fusion constant), and spin relaxation. Spin drift has been
neglected. We seek a solution for a homogeneous B plus
inhomogeneous magnetostatic fields near the FM interface:
B; = B* + B (x,y,z), with i = x,y,z.

In the limit where the spin-diffusion length Lgp is small
compared to the roughness period A, the spin-diffusion term in
Eq. (1) can be neglected. This provides an analytical solution
that is strictly correct when electrons are sufficiently localized
for gradients in the spin density to be sustained on the length
scale of A. This applies to the case of spin accumulation in
localized states (as in the GaAs devices'®). It is not strictly valid
for mobile electrons since spin diffusion tends to average out
the inhomogeneity of the spin density (in our Si devices Lgp
is?! at least a few 100 nm, while A is estimated to be 20-60 nm;
see Appendix D). The net result is a more homogeneous spin
density, but with a reduced value. Although a rigorous, but
cumbersome, numerical treatment including spin diffusion can
be done, we can expect that the value of the spin accumulation
with spin diffusion is comparable to the spatial average of the
inhomogeneous spin density that is calculated without spin
diffusion. We therefore average the spin density over the x-y
plane, finding that the basic experimental trends of the Si
and GaAs devices are reproduced. Without spin diffusion, the
general steady state solution for the x, y, and z components of
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FIG. 5. (Color online) Profiles of magnetostatic fields near a
ferromagnetic interface with finite roughness. Calculated B,, B,,
and B, components of the field versus position in the x-y plane at
5 nm distance from the interface, represented by a two-dimensional
square array of magnetic dipoles pointing along the x axis (period A =
20 nm, central dipole at x = y = 0). The dipole strength p is such
that pou/4m =2 T nm’.

the spin density is** (see also Appendix A)
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where w7 = w{ + ) + ; and w; = o™ + 0 (x,y,2). Im-

portantly, as @™ is spatially inhomogeneous, the spin density
is too. Second, while the injected tunnel electrons have spin
along the x axis, for nonzero B™°, the steady state spin
density has x, y, and z components and is thus generally
noncollinear with the magnetization of the ferromagnetic
injector (pointing strictly along x). Third, without external field
there is no suppression of the spin polarization if w{"* = " =
0(Sy = Spand Sy = S, = 0), whereas S; < Sy in the presence
of magnetostatic fields with components orthogonal to the
injected spins (i.e., when o # 0 and/or 7" # 0). Hereafter
we shall focus on the S, component, since in electrical
detection using the same ferromagnetic tunnel contact only this
component is relevant (the tunnel resistance is proportional
to the projection of the spin accumulation onto the detector
magnetization).

To evaluate B™ of a FM with finite roughness, we describe
it as a two-dimensional square array of magnetic dipoles
pointing along x and calculate the magnetostatic fields (see
Fig. 5). This gives an inhomogeneous pattern with all three
field components present. Alternatively, for one-dimensional
roughness an exact expression® for B”* in terms of roughness
amplitude and M is given in Appendix C. From this and the
measured roughness of our structures (Appendix D), we find
that the strength of the magnetostatic fields can easily be in
the range of 1 kOe to 100 Oe up to a distance of 10 nm from
the interface.

Figure 6 shows spatial maps of S, obtained from Eq. (2)
using the magnetostatic fields at a distance of 5 nm from a
square array of dipoles, and t; = 1 ns. For B = 0, the left
panel shows regions with strongly reduced spin density (blue)
due to precession in the local (y and z components of the)
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magnetostatic fields, and regions where precession is absent
and the maximum spin accumulation is present (red). When an
external magnetic field is added along z (Hanle configuration,
top row) the precession is enhanced everywhere and the
spin density is gradually reduced. In contrast, when B is
applied along x (inverted Hanle configuration, bottom row),
everywhere the spin density increases toward its maximum
value (red) as precession in B™* is suppressed. By averaging
these maps over the x-y plane, we obtain the variation of the
average spin density as a function of B®*' (right two panels).
This qualitatively reproduces the experimental data: (i) the spin
density at B*' = 0 is reduced from its maximum, (ii) there is
an inverted Hanle effect, (iii) the width of the conventional
Hanle curve is broadened as compared to the situation without
magnetostatic fields, which would produce a Lorentzian with
7, = 1 ns (shown in green, with amplitude adjusted for easy
comparison), and (iv) for increasing amplitude of B™® (larger
dipole moment, bottom panel), the width of the Hanle curve
increases, and the inverted Hanle curve and the reduction of
the spin density at B™' = 0 become more pronounced. We
conclude that, despite the neglect of spin diffusion, the model
agrees well with the experimental observations and captures
the basic physics.

Above we have included B™ only in w;, of the precession
term of Eq. (1), without changing t; in the last term. That is,
we have modeled the phenomenon as being due to changes in
the axis and frequency of the (locally) coherent precession of
the ensemble spin polarization, modifying the measured time
average of the spin density, and leading to artificial broadening
of the Hanle curve and thereby an apparent shortening of
the spin lifetime. In addition, the spatial inhomogeneity of
the magnetostatic fields leads to decoherence and further
broadening. Let us now consider whether the inhomogeneous
magnetic fields have an effect on ;. For localized electrons
there is no effect on t,. However, mobile electrons near
a FM interface moving through a spatially inhomogeneous
magnetostatic field experience this as a field fluctuating in
time. This is distinct from D’yakonov-Perel’ spin relaxation,
where the fluctuation is due to changes of the momentum,
rather than the location in real space that is relevant here.
The associated time scale is given by " = A/4v, where v
is the carrier velocity and A/4 the length scale over which
the field changes significantly. Since electrons with different
trajectories acquire a different spin-precession phase and
transport is random, this causes irreversible dephasing of
the ensemble spin. Considering an electron moving parallel
to the interface and typical parameters (A < 100 nm and
v=10° m/s for electrons in Si), t™° is below 1 ps and
thus smaller than the spin-precession period for practical fields
(1/wp = 5 ps for B < 1 T). Hence, we are in the regime of
motional narrowing*® and the associated spin-dephasing time
is given®® by T;" = 1/Q2, ™, where By, = i20./g1p is
the average amplitude of the magnetostatic field. We thus
have 1/T, = 1/T,"% + 1/T,", where T is the regular
spin-dephasing time in the absence of local magnetostatic
fields. For B,, < 100 mT and z"* =1 ps we obtain 7, >
3 ns. This is larger than the spin lifetimes we observe, and
we therefore described the spin dynamics with a single spin
lifetime, including the magnetostatic fields only in the coherent
precession term of Eq. (1). In other situations, especially when
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FIG. 6. (Color online) Calculated spin accumulation near an interface with local magnetostatic fields. Maps of the S, component of the
spin density in the semiconductor versus position in the x-y plane parallel to the interface, for different values of external magnetic field applied
along the z axis (Hanle configuration, top row), or along the x axis parallel to the magnetization of the ferromagnetic injector (inverted Hanle
configuration, bottom row). Red color corresponds to the maximum spin density (without any precession), blue to zero spin accumulation.
The magnetostatic fields were taken at 5 nm distance from a dipole array with A = 20 nm and uou /47 = 10 T nm®. The spin lifetime was
set to 1 ns. Right panels show the resulting Hanle (blue) and inverted Hanle (pink) curves for external applied magnetic field along the z or x
axis, respectively, calculated by averaging the inhomogeneous spin density over the x-y plane. The dipole strength is such that pop/4m =2
(top panel) or 10 T nm? (bottom panel). Also shown in green are pure Lorentzian line shapes for the same 1 ns spin lifetime, with the peak

amplitude scaled for easy comparison.

T is large, this source of dephasing may be of importance

or even become limiting.

V. IMPLICATIONS

Perhaps the most immediate implication relates to the spin
lifetime in Si, which was previously?! extracted from Hanle
data as about 140 ps for heavily doped n-type Si at room
temperature. We observe a clear inverted Hanle effect, the
experimental signature that the conventional Hanle curve is
artificially broadened by interfacial magnetostatic fields from
the FM, such that a fit to a Lorentzian will underestimate the
spin lifetime. Indeed, a new lower bound to the spin lifetime for
n-type Si at room temperature was determined here (285 ps),
and the actual spin lifetime must be still larger than that. The
artificial broadening may also obscure the intrinsic variation
of the spin lifetime with parameters such as temperature
and doping concentration, and should thus be considered to
allow a meaningful discussion of trends. Similar implications
may be expected for other material systems, particularly
when spins accumulate close to the FM, such as in a single
layer of graphene. More generally, the phenomena described
here will appear for spin accumulation near ferromagnetic
interfaces created by any means (such as optical injection,
electrical injection by tunneling, diffusive or ballistic transport,
or via spin Hall and other spin-orbit effects), in different
device geometries (two-, three-, and nonlocal four-terminal
devices), and for various nonmagnetic materials (metals,
semiconductors, and organic and carbon-based systems). The
roughness-induced local magnetostatic fields and the resulting
inhomogeneity of the spin accumulation and precession should

be taken into account in the analysis of spin transport and
dynamics, and may affect the properties and performance of
spintronic devices.
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APPENDIX A: STEADY STATE SPIN ACCUMULATION
FOR ARBITRARY MAGNETOSTATIC FIELD

A local magnetostatic field B™* arising from interface
roughness adds to the external applied magnetic field B and
thereby changes the local axis of coherent spin precession, as
well as the precession frequency. To describe this, we start
from the equation® for spin dynamics of an ensemble of spins
in a nonmagnetic host:

aS S
— =S xw,+DV>S— =,
ot Ts

(AD)
where S is the spin density and w; = (wy,wy,0;) =
(gmp/h)(By,By,B;). Terms on the right-hand side describe,
respectively, spin precession, spin diffusion (D is the diffusion
constant), and spin relaxation. We have neglected spin drift.
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The x, y, and z components of the spin density are explicitly
written as

35S, Sy
= S0, — S.wy, + DV?8, — =, (A2)
ot : - T,
3s, 5 S,
— = S.0, — S;w, + DV*S§, — =, (A3)
ot ; T,
BN S
— = S,y — Syw, + DV?S, — =. (A4)

at T

If spin diffusion can be neglected (for spin-diffusion length
L sp much smaller than the period A of the roughness), and the
boundary conditions at t = 0 are

S.(t =0) = A, (A5)
Sy(t = 0) =0, (A6)
S,(t=0)=0, (A7)

then the analytic solutions for arbitrary magnetic field are given
by

w? + a)z—i—a)% cos(wpt
Sx(r)zA{ G 2*) (L )}exp(—r/m, (A8)
Wy,
Wy — Wy t) — S t
8,(1) = A{a) Wy — WxWy cos(c:)L2 ) — wpw, sin(wy, )}
L

x exp(—t/Ty), (A9)

Wy W; — Wyw, cos(wpt) + wrw, sin(wpt
Sz(l‘)ZA{xz x Wz (Lz) LWy (L)}
e
x exp(—t/ty), (A10)
withw] = o? + a)f + w?. These expressions describe the time
evolution of a packet of spins initially polarized along the x axis
at t = 0. The steady state spin polarization under continuous
injection is proportional to the time integral fooo Si(t)dt, which
yields

2 2
s (25 k) o
] 27 1+ (@7,)?
S — {C()xa))’ _ <Cl)xa))' L.t )(;)} (A12)
U P Y AR &

S, = S & _ (2P, o : (A13)
7= - — Wy Ty 5 s
i o )\ I+ ()

where Sy is the spin polarization in the absence of any magnetic
field, and w; = o™ + " (x,y,z). Equation (Al1) can be
written in terms of the solid angle 6 between injected spins
and magnetic field vector, as was done previously** for optical

excitation:
sin(6)
S, = So! cos?(®) + —)}
0{ @ <1+(wm)2

(A14)
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Without an external applied magnetic field, the spin polariza-
tion is determined exclusively by the local magnetostatic fields
due to roughness:

o[ (et

(")’

(el

where (a)’i”)2 = (w.’x’”)2 + (a)’J”)2 + (a)g’”)z. Note that the re-
duction of the spin polarization depends, in general, on the
strength as well as on the orientation of the local magnetostatic
fields. However, in the limit w}" 7, > 1, only the orientation
of the field is relevant and S, becomes independent of the field
strength (and hence independent of the magnetization of the
ferromagnet).

(A15)

APPENDIX B: HANLE CURVES IN THE PRESENCE OF
LOCAL MAGNETOSTATIC FIELDS

The effect of the different components of the local mag-
netostatic field on the Hanle curves was calculated from
Eq. (A11) using, for illustrative purposes, magnetostatic fields
B™ pointing purely along either the x, y, or z axis. The
field strength is taken to have a periodic spatial variation
o™ = wy cos(2m x /1), and the spin polarization was averaged
in space over a full period A. The resulting Hanle curves (B
along z) and inverted Hanle curves (B*' along x) are shown in
Fig. 7. We see the following.

(1) B™ along x, parallel to the injected spins. The Hanle
curve is broadened, but there is no inverted Hanle signal and
no reduction of the spin accumulation at zero external field.

(ii) B™ along y, orthogonal to the injected spins. The Hanle
curve is broadened, and there is an inverted Hanle signal and
a reduction of the spin accumulation at zero external field.

(iii) B™ along z, orthogonal to the injected spins. There
is an inverted Hanle signal and a reduction of the spin
accumulation at zero external field, while the Hanle curve is
broadened, as well as split into two components, corresponding
to locations with B7"* aligned or antialigned with the external
field B

APPENDIX C: LOCAL MAGNETOSTATIC FIELDS NEAR A
FERROMAGNET WITH ONE-DIMENSIONAL
ROUGHNESS

The pattern and magnitude of the local magnetostatic fields
for a ferromagnet with one-dimensional roughness can be
obtained via a Fourier transform.*> Taking the surface height
to vary along the x axis with period A, a square height profile
with peak-to-peak height /&, and magnetization pointing along
the x direction, we have®

ms h =
B™(x,2) = qus<5) ;qn F(qn)

X exp(—gu2)sin(gx —7/2), (€D
B (x,2) =0, €2
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FIG. 7. (Color online) Hanle (pink) and inverted Hanle (blue) curves for external applied magnetic field B along z or x axis, respectively,
calculated using Eq. (A11). Included are magnetostatic fields B”* pointing purely along either the x, y, or z axis, as indicated, and with a strength
that has a simple sinusoidal spatial variation. The spin lifetime 7, was set to 500 ps. Also shown in green for the same 500 ps spin lifetime are
the pure Lorentzian curves, with the amplitude adjusted for easy comparison.

&
B;ﬂs(x,Z) = MOMS<§) ZQn F(gn)
n=1

X exp(—qnz)cos(gnx —7/2),  (C3)
where ¢, = 2mwn /A, and
sin(g, A /4) sinh(g,h/2)

F(g,) = . C4
@)= "l ® @/ b

A =20nm, h = 1nm
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The fields for ferromagnetic Fe (having puoM; = 2.2 T) are
shown in Fig. 8. We find that the decay of the field strength
with distance from the ferromagnet is determined by A, and
that for reasonable parameters the local magnetostatic fields
can easily be in the range of 1 kOe to 100 Oe up to a distance of
10 nm away from the surface of the ferromagnet, thus having a
significant impact on the spin accumulation and spin dynamics
near the interface.

1000 ¢

<~ 100k

10

1000}

100+

0 2 4 6 8 10 12 14 16

Z (nm)

FIG. 8. (Color online) Left panels: Calculated strengths of the B, (top) and B, (bottom) components of the local magnetostatic field as
a function of lateral x position at different distances z from a ferromagnetic Fe surface with one-dimensional roughness, for A = 20 nm and
roughness amplitude # = 1 nm. Right panels: The same, but now as a function of distance z at fixed x position, for A = 20 or 40 nm and

roughness amplitude 2 = 1 or 0.5 nm.

054410-9



S.P. DASH et al.

PHYSICAL REVIEW B 84, 054410 (2011)

Surface of tunnel barrier

L i Al 11.
Si/ALO, 20nm °
i | | 110 €
£
- 105 &
D
oo .
C 1 n 1 1 1 -OO
, 0 100 200 300 400 500
_ Lateral position (nm)
— D00 Nnm x 500 nm
Surface of metal electrode
C A A ' ' 18.0
Si/Al,O4/Ni(10nm)/Au (10nm) |
6.0 €
] S
40 =
=2
20 2
70nm | T
C 1 1 1 1 _00
0 100 200 300 400 500

Lateral position (nm)

FIG. 9. (Color online) Top panels: Atomic force image (500 x 500 nm?) of the surface of the Al,O3 tunnel barrier on p-type Si, prior
to metal electrode deposition, and a representative cross-sectional height profile. Bottom panels: The same, but now after deposition of the
ferromagnetic metal electrode (Ni,10 nm) and the Au cap layer (10 nm).

APPENDIX D: ROUGHNESS CHARACTERIZATION
OF DEVICES

Since the magnitude of the local magnetostatic field near a
ferromagnetic interface depends on the amplitude and lateral
period of the roughness, we performed characterization of
the roughness using atomic force microscopy (AFM) under
ambient conditions for some of the devices (Fig. 9). The top
panel shows an AFM image of the surface of the Al,O3 tunnel
barrier on p-type Si, prior to deposition of the metal electrode.
The root-mean-square (rms) roughness is about 0.2 nm. An
example of a cross-sectional height profile (right) reveals that
the peak-to-peak roughness / is about 0.5 nm, while the lateral
variation has two different length scales of about 20 and 60 nm,
respectively. This roughness is then copied to the bottom
surface of the ferromagnetic metal that is grown on top of
the tunnel barrier. The observed roughness can certainly cause
local magnetostatic fields in the range of 1 kOe to 100 Oe up to
a distance of 10 nm away from the surface of the ferromagnet.

Because magnetostatic fields are long range and the
ferromagnet is a thin film (thickness ~10 nm), the local
magnetostatic fields that penetrate into the semiconductor are
determined not only by the roughness of the bottom interface
of the ferromagnet with the Al,O3 tunnel barrier, but also
by the roughness of the top surface of the ferromagnetic
layer. Unfortunately, oxidation of the ferromagnet’s surface
prevents a good ex situ measurement under ambient conditions,
and hence no data on this are available. For the sake of
completeness we did perform AFM analysis of the top of
the complete metal electrode stack, consisting of 10 nm
Ni and a 10 nm Au cap layer (bottom panels of Fig. 9),
although this may not be representative of the roughness
of the top surface of the FM. The roughness amplitude is
significantly larger (rms roughness of 1.4 nm and a peak-to-
peak amplitude of 3—4 nm) compared to the surface of the
tunnel barrier, while there is no small-scale (20 nm) lateral
roughness.
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