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Nonlocal transport in Py/Cu lateral spin valves shows that the Cu spin diffusion length and the
apparent Py spin polarization increase with Cu thickness. A proper quantitative analysis shows that
the Cu spin diffusion length is dominated by surface spin-flip scattering and that the Py and Cu
thickness dependence of spin polarization is due to strong spin-flip back-scattering at the Py/Cu
interface. This solves a long-standing puzzle regarding the discrepancy in Py spin polarizations
obtained from different measurements. Interestingly, the Cu surface oxidation causes enhanced spin
diffusion, contrary to expectations. These surface effects substantially affect the performance of
lateral spin valves. © 2010 American Institute of Physics. [doi:10.1063/1.3291047]

The use of lateral spin valves in applications maybe
hampered by the small magnitude of the spin valve signal."2
As with the quest for increased signal in tunneling- or
giant-magnetoresistance-based devices,™® the signal en-
hancement in lateral devices is an ongoing challenge which
may be the limit factor in eventual applications. These types
of improvements can only be obtained by a serious effort
geared to understand the role that device parameters and ge-
ometry play in this phenomenon.y5 Generally, in lateral spin
valves there are two important controlling parameters: the
polarization of injected current and the spin diffusion length.
The polarization of injected current, depends on the intrinsic
spin polarization of the ferromagnetic (FM) electrode'?
and the injection efficiency into the non-magnetic electrode
(NM).>> The spin diffusion length in the NM (Refs. 1-5) is
the distance the injected spin imbalance diffuses before
reaching its equilibrium value. Since metallic lateral spin
valves are nanoscaled, surface effects may play a crucial role
and maybe comparable to the bulk effects. Thus the surface
may have a significant influence on both the spin injection
efficiency and the spin diffusion length. In this letter we
show that the performance of NigyFe,, permalloy/copper (Py/
Cu) lateral spin valve with transparent interfaces is consid-
erably enhanced with increasing Cu thickness and, contrary
to naive expectation, with increasing surface oxidation.

Performing non-local spin valve (NLSV) measurements'’
in samples with different Cu thicknesses and multiple de-
vices we are able to separately determine the spin diffusion
length in the Cu electrode (\¢,) and the effective spin polar-
ization of Py (apy).1 Both these parameters increase with in-
creasing Cu thickness. The thickness dependence of A, and
apy arise from different spin-flip scattering probabilities in
the bulk Cu, at the Cu surface and at the Py/Cu interface.

The samples were fabricated by two-angle shadow
evaporation,8 which enables deposition of the Py and Cu
electrodes on a Si substrate without breaking vacuum. This
results in transparent and reproducible Py/Cu interfaces,
which is crucial for these types of studies. Samples with six
to eight lateral spin-valve devices in each sample were pre-
pared under “identical” conditions, i.e., in the same pump
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down [Fig. 1(a)]. Each device consists of a pair of Py elec-
trodes crossed by a common Cu strip. Edge-to-edge distance
(d) between pairs of 35 nm thick Py electrodes was varied
from 200 to 2000 nm. In every device, the width of one Py
electrode (wpy) is 100 nm and the other is 150 nm prov1d1ng
separate control over the magnetization of each electrode.”’
The Cu strip thickness (¢c,) was varied between samples
from 55 to 380 nm, and its width (wc,) was fixed at 250 nm
for all samples.

Non-local measurements were performed using a con-
ventional “dc reversal” technique8 in a Helium-flow cryostat
at 4.2 K. Detalls of the measuring scheme are described
elsewhere.® The measured voltage depends on the relative
orientation of magnetization of the two Py electrodes. It
changes from a high value for parallel magnetization orien-
tation to a low value for antiparallel [see Fig. 1(b)]. The
difference between the high and low voltages normalized to
the NLSV sig-
nal. The origin of the theoretically unpredicted asymmetry
between high and low values was discussed in detail carlier.”

Figure 1(c) shows the typical NLSV signal (black
squares) as a function of d for a sample with 7c,=200 nm.
The NLSV signal decreases with increasing distance be-
tween electrodes. This measurement combined with a theo-
retical description provides A¢, and apy, as described below.
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FIG. 1. (Color online) (a) Scanning electron micrograph of a typical device.
Geometrical parameters are indicated in the image. (b) V/|I| vs magnetic
field for the device with d=370 nm. Solid red (dotted blue) line is for
increasing (decreasing) field. The NLSV signal is marked. (c) NLSV signal
(black squares) vs d for the sample with 7-,=200 nm. Red solid curve is the
fit to Eq. (1).
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FIG. 2. (Color online) (a) ap, (black squares) vs 7¢,. Red solid curve is a fit
to the model for injected spins [Eq. (3)]. The inset is a schematic drawing
showing a side view of the cross-shaped contact between the Cu strip (top)
and the Py electrode (bottom). The shaded rectangle is the region of Cu strip
right above the Py/Cu interface, which is marked by the thick line (blue
online). (b) \¢, (black squares) vs 7. Blue dashed line is a fitting curve for
the modified spin diffusion model [Eq. (2)] accounting for all the Cu sur-
faces and red solid line assumes that only the top surface of Cu is relevant.

The one-dimensional spin-diffusion model with transpar-
ent interfaces applied to our geometrygf11 provides an ex-
pression for the NLSV signal as a function of geometrical
and material parameters
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where Rey=2AcuPeu/ Scy and pr=2)\Ppry/SPy(1—a12,y) are
spin-resistances, Apy ¢, spin diffusion lengths, ppy ¢, resistiv-
ities, and Spy ¢, cross-sectional areas of Py and Cu. For all
samples, we use )\Py=5 nm (Refs. 1, 3, and 12) and
ppy=19 u ) cm. pp, was measured on a separate device de-
posited under nominally identical conditions, and is in agree-
ment with values reported in the literature."*' All other
variables, pcy, Spy» Scu, and d, were measured explicitly for
each device. The data from each sample is fitted to Eq. (1)
using apy, and A, as fitting parameters. Figure 1(c) shows
experimental data and the theoretical fit, which provide
Acy=300%23 nm and ap,=0.35*0.04. These values are in
agreement with other NLSV measurements of the Py/Cu
system,l’4 although the effective spin polarization as usual is
lower than that obtained by other methods. >

Figure 2(a) shows that ap, (black squares) increases with
Cu thickness and starts saturating above 200 nm. Figure 2(b)
shows a tendency of increase (with some dispersion) of ¢,
(black squares) as a function of 7.,. We should note that each
data point in this graph is obtained from a fitting for a dif-
ferent sample. Since each sample was deposited separately,
the exact geometry and deposition conditions may vary from
sample to sample giving origin to this dispersion. On the
other hand, ap, [Fig. 2(a)] has less dispersion, which implies
that the Py/Cu interface is reproduced in different
depositions.
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FIG. 3. (Color online) (a) A¢,/€c, as a function of €¢,. (b) Increase of
NLSV signal after oxidation (black squares) vs d for a sample with 7¢,
=210 nm. Red solid line demonstrates a linear behavior of the NLSV signal
increase vs d, indicating an increase in A¢, after oxidation.

The spin diffusion model predicts that to first approxi-
mation the decrease in electron spin polarization should be
proportional to its diffusion time inside the NM.*’ Therefore,
the spin diffusion length should be proportional only to the
electron mean free path in the Cu strip (€Cu),5 implying that
the ratio Ag,/€c, should be constant. Figure 3(a) shows
Ncu/ €y as a function of €¢,, which was determined indepen-
dently from the resistivity of Cu measured for each sample.17
The large fluctuations of A¢,/€c, with €, imply the pres-
ence of an additional spin-flip mechanism besides the scat-
tering which limits the mean free path. An obvious location
for this additional spin-flip scattering is at the Cu surface,
implying that the spin diffusion length in Cu will change
with thickness. For this reason, we include surface effects
into the derivation of the one-dimensional diffusion
equation.]8 To account for the bulk spin-flip scattering we
assume each momentum scattering has a probability p, to
also flip the spin. We included different probability p, to
characterize the surface spin-flip. With this, the dependence
of N¢, on the Cu strip geometry is

e . @

Ao = 2 2
N v
tCu Wcu

A fit to Eq. (2) [blue dashed curve in Fig. 2(b)], which fol-
lows the general trend of A\, versus f¢,, gives p,=1.0
X107+ 1.4X 1073 and p,=0.036+ 0.024. However, an im-
proved fit [red solid curve in Fig. 2(b)] is obtained if the
spin-flip scattering from the side surfaces is excluded. This
indicates that the main surface spin flip arises from the top
surface or the Cu/Si substrate interface. In this case, the cor-
responding probabilities are p,=1.0X 107 +7.4X 10™* and
ps=0.14£0.06. In either case, the surface spin-flip scattering
probability is three orders of magnitude larger than the bulk.
This leads to the interesting conclusion that the spin diffu-
sion length of Cu is dominated by surface scattering. With
increasing Cu thickness, the bulk contribution to spin-flip
scattering becomes more important. The relative importance
of the surface to bulk contribution depends on w¢,, fc,, and
pcu, Varies with deposition method and geometry of the de-
vice. Since all these are different from experiment to experi-
ment, the low temperature values of Ac, found by us and
reported in the literature are in the range of 120-1000
nm."?*#121 Enhanced spin-flip scattering from metal
surfaces was suggested earlier although not quantified by
others'*?*?' and also found in recent theoretical
calculations.”

Additional interesting and unexpected results were ob-
tained by oxidizing a few samples and re-measuring the
NLSV signal. Figure 3(b) shows the percentage difference
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between NLSV signals in the 210 nm sample before and
after oxidation. The NLSV signal increases substantially for
each device, giving rise to an increase of Ac, from
247*=36 nm to 282*48 nm. Since the Cu/Si interface is
probably not affected by the oxidation, the increase in A¢,
implies that it is the top surface which provides strong spin-
flip scattering. We note that ap, does not change with oxida-
tion, indicating that, as expected, the Py/Cu interface prop-
erties are not affected.

Again the dependence of ap, on /¢, cannot be explained
by the one-dimensional spin-diffusion model because in this
model the spin polarization is an intrinsic parameter of the
FM. The one-dimensional model does not consider the re-
gion of the Cu strip above the Py/Cu interface [see inset of
Fig. 2(a)]. This region is an intermediate stage for electrons
after they have been injected into Cu and before diffusing
further along the Cu strip. Injected electrons carry into the
Cu the intrinsic polarization of Py due to negligible spin-flip
scattering at the interface.” However, during diffusion in this
“intermediate” Cu region, scattering of electrons occurs in
the Cu bulk, and at the Cu surfaces, providing spin-flip scat-
tering. Moreover, electrons maybe back-scattered to the
Py/Cu interface, enhancing spin flipping due to the magnetic
nature of the interface. Therefore, the injected electrons will
experience considerable spin polarization loss even before
diffusion along the Cu strip. As a consequence, the fitted
parameter ap, is an effective spin polarization of Py and is
smaller than the intrinsic polarization.

To calculate the effective polarization of the injected
electrons, spin-flip scattering from the bulk of Cu, the Cu
surface and the Cu/Py interface must be included. With Ny,
the number of injected polarized electrons per unit time, and
Noy the number leaving the area above the injector, ap,
= iy (Now/ Nin) Where ayy, is the intrinsic polarization of Py.
Nouw=Ni—Nsear Where Ng.,y 1s the number of spins per unit
time which scatter in the region above the Py electrode.
These include spins scattered at the Cu surface, in the Cu
bulk and at the Py/Cu interface, and are functions of the
scattering probabilities p;, p,, and p; (the spin-flip probability
for momentum scattering at the Py/Cu interface), the geo-
metrical parameters (Zcy,Wcy,Wpy) and €c,. Solving for the
steady state:

e _ aint (3)
P —_— .
g Lep 3wa+W_pX<ps+pi+2ps>
b
Ceu 2 Icu Wey

An excellent fit [red solid curve in Fig. 2(a)] is obtained
using this formulation, with p, and p, obtained previously,
and wp, measured separately for each device. The adjustable
parameters obtained this way are p;=1.0*0.4 and
a;;=0.50=0.07. The fit quality and parameters are indepen-
dent of the inclusion of all free Cu surfaces or only the top
surface. The value p;=1 is reasonable, implying that each
back-scattered electron that reaches the magnetic Py/Cu in-
terface completely loses spin information. This is equivalent
to spin absorption due to the introduction of an additional
spin relaxation channel.* More importantly, this also solves a
long standing puzzle by recovering a value «;,=0.50 in
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agreement with values methods
(0.35-0.8).1>716

To summarize, we investigated the dependence of the
spin diffusion length of Cu and the effective spin polarization
of Py on Cu thickness using Py/Cu lateral spin valves with
transparent contacts. Quantitative analysis reveals strong
spin-flip scattering at the surface of Cu. This surface scatter-
ing is dominant for thinner Cu strips and considerably re-
duces the spin diffusion length of Cu. Interestingly, oxidation
of the Cu strip reduces the surface spin-flip scattering. In
addition, the effective spin polarization injected from Py is
strongly affected by the presence of the Py/Cu interface in
thinner Cu strips. Moreover, including surface effects and
back-scattering into the FM electrodes into the analysis of
spin diffusion in lateral spin valves reconciles the long stand-
ing apparent contradiction regarding values of injected spin
polarization obtained from different measurements. The limi-
tations in spin injection and transport due to surface scatter-
ing and interface back-scattering in lateral nanostructured de-
vices may be overcome by proper surface manipulation
(such as oxidation) and the use of smaller junction areas.
This also shows that an increased understanding of the origin
of enhanced spin-flip scattering at the surfaces,” is crucial
for the development of future multiterminal spintronic
devices.
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