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We use lateral spin valves with varying interface resistance to measure non-local Hanle effect in
order to extract the spin-diffusion length of the non-magnetic channel. A general expression that
describes spin injection and transport, taking into account the influence of the interface resist-
ance, is used to fit our results. Whereas the fitted spin-diffusion length value is in agreement with
the one obtained from standard non-local measurements in the case of a finite interface resist-
ance, in the case of transparent contacts a clear disagreement is observed. The use of a corrected
expression, recently proposed to account for the anisotropy of the spin absorption at the ferro-
magnetic electrodes, still yields a deviation of the fitted spin-diffusion length which increases for
shorter channel distances. This deviation shows how sensitive the non-local Hanle fittings are,
evidencing the complexity of obtaining spin transport information from such type of measure-
ments. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922247]

I. INTRODUCTION

Pure spin currents are a key ingredient in the field of
spintronics," which takes advantage not only of the charge of
the electron but also of its spin as an alternative to transport
information. Lateral spin valves (LSVs), consisting of two
ferromagnetic (FM) electrodes bridged by a non-magnetic
(NM) channel (see Fig. 1(a)), are widely used to electrically
create pure spin currents due to their non-local geometry, in
which a spin-polarized current is injected from one of the
FM electrodes (the injector) into the NM channel, and the
pure spin current at the second FM electrode (the detector) is
measured.”"

Hanle effect is based on the precession of spins under a
perpendicular magnetic field. Due to the diffusive nature of
the spin transport through the NM, there is dispersion on
the time that spins need to travel from the FM injector to
the detector, which in turn originates an angular dispersion
on the orientation of the spins arriving at the FM detector.
This causes the measured spin current at the FM detector to
be zero for high enough magnetic fields.>® In addition to
being an effective tool for spin manipulation, it presents an
important advantage in the study of the spin-injection and
spin-transport mechanisms, because it permits to obtain the
spin polarization of the FM (Py), of the FM/NM interface
(P;), and the spin-diffusion length of the NM (4y) by using
a single LSV,*™® as opposed to the conventional non-local
spin valve (NLSV) method, which needs several LSVs with
different distances (L) between the FM electrodes in order
to obtain these parameters.lo_]5 However, Hanle measure-
ments are very sensitive to different device details such as
the interface resistance’® or the finite length of the NM
channel.” The used model has also been widely discussed in
terms of the liability of the obtained information. It has
been suggested that it is not possible to measure Hanle
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effect with transparent interfaces>'? or that, if doing so, the
equation needs to be carefully chosen.”®

In the present work, we analyze the validity of the gen-
eral expression for the study of spin injection and transport
in LSVs with any FM/NM interface resistance, presented
from Ref. 5. We do so by fitting the equation to measure-
ments of the Hanle effect in LSVs with different interface
resistances and comparing the obtained parameters to those
obtained from the fitting of the NLSV measurements as a
function of L in the very same devices. Whereas in the pres-
ence of a contact resistance both methods are in good agree-
ment, we observe an anomalous behaviour for the case with
transparent contacts, where there is a clear mismatch
between both methods. While, for L larger than Ay, this dis-
agreement can be solved by taking into account the recently
proposed spin absorption anisotropy at the FM electrodes,® it
is still present when L is shorter than Ay, evidencing that an
additional effect is influencing the spin precession. Our anal-
ysis shows the complexity of an accurate fitting of non-local
Hanle measurements, a widely used technique to extract rel-
evant spin-transport parameters.

Il. EXPERIMENTAL DETAILS

The LSVs employed in this work were fabricated by a
two-step electron-beam lithography, ultra-high-vacuum
(base pressure of <1 x 10~® mbar) evaporation, and lift-off
process. In the first step, FM electrodes were patterned in
PMMA resist on top of a Si/SiO, substrate and 35nm of
permalloy (Py) or cobalt (Co) was evaporated. Different
widths of the FM electrodes were chosen, wy; ~ 85nm and
Wgy ~ 140nm, in order to obtain different switching mag-
netic fields. In the second step, the NM channel with a width
of wy ~ 190 nm was patterned and Cu was thermally evapo-
rated with a thickness of # ~ 150 nm. Ar-ion milling was per-
formed prior to the Cu deposition in order to remove resist
left-overs.'* The reason for choosing different materials as
FM electrodes is the need of different FM/NM interface

© 2015 AIP Publishing LLC
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resistances. Py has given us high-quality transparent interfa-
ces with a high spin polarization,'*'* whereas Co is easily
oxidized allowing the fabrication of an interface with a non-
zero resistance.'® The interface resistance (R;) was measured
in all samples, where a cross-shaped junction was fabricated
in addition to the regular LSVs. Several samples were fabri-
cated and measured (all of them containing LSVs with dif-
ferent L). Since the obtained results are reproducible,16 only
two samples will be compared in this paper. Sample #1, con-
taining Co/Cu LSVs, has an R; x A; product (A, is the contact
area) of 2.8 x 1072 Q um? (the R,’s has values of R;; = 1.6 Q
and R, =1 Q, which falls in the intermediate regime, i.e.,
they are not transparent interfaces but they cannot be consid-
ered to be in the fully tunneling regime'”). The measured R;
at the Py/Cu junctions of sample #2 is negative, meaning
that R; is of the order or lower than the resistance of the elec-
trodes and R; x A; <1072 Q ,um2.14’18’19 Therefore, sample
#2 is in the transparent regime.'*!”

All measurements were performed in a liquid He cryo-
stat at 10K, applying a magnetic field B and using a “DC-
reversal” technique.11 The voltage V, normalized to the
applied current /, is defined as the non-local resistance
Ryr =VII (see Fig. 1(a) for a scheme of the measurement).

J. Appl. Phys. 117, 223911 (2015)

This magnitude is positive [negative] when the magnetiza-
tion of the electrodes is parallel (P) [antiparallel (AP)],
depending on the value of B. Two types of measurements
have been performed: (i) Ry, as a function of the in-plane
magnetic field along the FM electrodes (By from Fig. 1(a)),
so-called NLSV measurements, and (ii) Ry; as a function of
the out-of-plane magnetic field (B, from Fig. 1(a)), so-called
Hanle measurements. In the case of NLSV measurements,
the absolute value of Ry; does not vary, only its sign does
change when the magnetizations of the FM electrodes
change from P to AP. The difference between the positive
and the negative values of Ry, is the spin signal,
ARy; =2 X Ry, which is proportional to the spin accumula-
tion at the FM detector (see lower inset of Fig. 1(b)). In the
case of Hanle measurements, the magnitude of the measured
Ry gradually changes from positive to negative (or vice
versa) due to the precession of the spins. In addition, a reduc-
tion in Ry; with B is superimposed, due to the angular dis-
persion of the orientation of the spins.°

The expression used for fitting the Hanle measurements,
obtained by solving the Bloch-type equation with an added
one-dimensional spin-diffusion term applied to the LSV ge-

ometlry,z’5 102045 the following:

2R [ P Ry Pr RF1:| [ P Rp n Pr RF2:| Re DuNefL/j'N]
N - - - - —_— =
1-P2Ry 1—P.Ry||[1-PLRy 1—-PiRy Relin]
RNL = [~ /j } 2 (1)
2 R 2 R 2 R 2 R Re|/ye /v
{1+ =+ leH =2+ 2&]_ —
1—-P,Ry 1—PiRy 1—-PLRy 1 —PiRy Relin]

1
L (um)

FIG. 1. (a) SEM image of a LSV. The non-local measurement configuration,
materials, and the directions of the in-plane and out-of-plane magnetic fields
(By and By) are shown. (b) Spin signal, ARy;, as a function of the distance
between FM electrodes, L, measured at 10K for sample #1, which contains
Co/Cu LSVs with an interface resistance of ~1 Q. Red solid line is a fit to
Eq. (3). Lower inset: non-local resistance, Ry;, as a function of By measured
at 10K for the same Co/Cu LSV with L =500nm. Solid (dotted) line indi-
cates the decreasing (increasing) sweep of By. ARy, is tagged in the image.
Upper inset: Ry, as a function Bz measured at 10 K both for the parallel (red
solid squares) and anti-parallel (blue empty squares) configuration of the
FM electrodes for a Co/Cu LSV with L = 1.5 um. Black solid lines are fits to
Eq. (2), using the Ry, expression from Eq. (1).

where Ay = ——2 and IéN:Re[iN}pN/thN are an

\/ I tiopty

effective spin-diffusion length and an effective spin resist-
ance of the NM, respectively, and Rp; = Appp/wywg; is the
spin resistance of the FM injector (i =1) or detector (i =2).
Ar is the spin-diffusion length of the FM, py and pf are the
electrical resistivities of the NM and FM, 7 is the spin-
relaxation time of the NM, and w; =2ugB,/h is the Larmor
frequency, with up being the Bohr magneton and 7 being the
reduced Planck constant. pc,(=1.2 u€ cm) is obtained by
measuring the resistance of Cu for every L, and performing a
linear fit for each sample, whereas pp,(=22.4 pQ) cm) and
pco(=11.5 pQ cm) are obtained in two different devices,
where Py and Co were deposited under the same nominal
conditions as for the LSVs. We use Ap, = 5nm (Ref. 21) and
Aco =136 nm.?! The dimensions wy, Wri, and L are measured
by Scanning Electron Microscopy (SEM) for each device.
Therefore, P;, Pr, and ¢, are the parameters to be fitted
from Hanle measurements, assuming that P;=P; =P, in
our device. To be more precise, one needs to take into
account that the magnetization of the FM electrodes can be
tilted out-of-plane due to By. The following equation is used
to correct for such tilting:**°

REAP)(B,,0) = =R, (B) cos®0 + |Ry(B; = 0)|sin®0,  (2)
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where “4” and “—” signs correspond to the P and AP
magnetizations of the FM electrodes, RY, (Bz) is the one
from Eq. (1), and 0 = 0(B) is the angle between the mag-
netization of the FM electrodes and By; its dependence
with B can be extracted from the anisotropic magnetore-
sistance (AMR) measurements of the FM electrodes as a

J. Appl. Phys. 117, 223911 (2015)

function of B,.° Hence, in order to obtain the spin polar-
izations and spin-diffusion length from the Hanle meas-
urements, the data were fitted to Eq. (2) (see upper inset
of Fig. 1(b)).

In the case of NLSV measurements, we have an in-plane
magnetic field By, and Eq. (1) reduces to the following:

P Rp Pr Rp P Rp Pr Rm) 1/
2Ry |35 2 o S > |€
. I—P2Ry  1—PLRy||1—P Ry ' 1—P2Ry .
NE 2 Rp 2 Rp 2 Rp 2 Rm|
1+ 75 T >—— |1+ 5 s——| —e
I—P2Ry ' 1-P2Ry I—P2Ry ' 1-P2Ry

where Ry = Aypn/tywy and Zy are the regular spin resistance
and spin-diffusion length of the NM metal, respectively. The
measured ARy, as a function of L can, thus, be fitted to Eq.
(3) (see Fig. 1(b)). Even though the values obtained from
both methods should be identical, the validity of Hanle
measurements in the case of transparent contacts has already
been called into question.*”*!2

lll. RESULTS AND DISCUSSION

For sample #1, with a non-zero interface resistance,
P"™Y=0.043£0.003,  P°Y=0.038*0.004,  and
JPESY — 1159 + 100 nm were obtained from the fitting of the
NLSV measurements to Eq. (3). The measured data and the
fitting are shown in Fig. 1(b). The value of JNLSV s in good
agreement with our previous results, 1314 Whereas the low
value of chsv has also been reported and discussed
before.'*!* Note that P; and P are coupled, as seen from
Egs. (1)-(3), since sample #1 is not fully in the tunnelling re-

gime. Only when % > 1]) ”f;z’ or P ’R” < ’1) F’;’z”' (i.e., for the
I F

tunnelling or transparent regimes’ ), they will decouple.

For Hanle measurements, Ry; as a function of B, was
measured for both P and AP magnetization states (see inset of
Fig. 1(b)), with identical results. For all the LSVs with different
L, a spin-diffusion length ranging between 12"
=987 = 25nm and 1107 = 27 nm and an interface polarization
ranging between P;“"“=0.044 +0.001 and 0.048 *+ 0.001
were obtained. Due to the coupling of P; and Pr in Eq. (1), the
spin polarization of Co was fixed to P¢, = 0.038. The obtained
JHanle and PHe yalues show no substantial deviation from the
NLSYV values for any of the distances L (see Fig. 2(a)).

For sample #2, with transparent interfaces, we can ap-
proximate R;=0 in Egs. (1)=(3) in order to obtain Pp, and
Acu. From NLSV measurements as a function of L, we
obtained PAV=036=0.01 and A0 =1125*62nm.
However, for Hanle measurements, spin-diffusion lengths
ranging between AZ¢"¢=557+26nm and 1245+ 58nm
were obtained. The spin polarization of Py also changed
between Pp"*=0.34+0.01 and 0.63 + 0.02. Note that in
this case, RNL as a function of B, was only measured for the P
magnetization of the FM electrodes.”” As shown in Fig. 2(a),
the obtained 12" values present a clear deviation from the
NLSYV values with a strong dependence on L: for low values

of L (L < MY, the agreement between both methods is
excellent but, as L increases, 102" starts to deviate from
JNESV The highest discrepancy occurs for L ~ JNESV and, for
longer L (L >> 2XE5Y), the deviation of 129" tends to reduce.
P F;a”le changes with the opposite tendency to that of 124",
showing a coupling between both fitting parameters (Fig.
2(b)). The observed deviation for L ~ AM-5Y is clearly origi-
nated from a bad fitting of the data.'® However, this deviation
is very reproducible for all measured samples and, thus, intrin-
sic to LSVs with transparent contacts.'® Figure 3 shows the
measured Ry; as a function of B, in sample #2 for the three
mentioned regimes, together with the simulated curves of

1.2-# j " @)1
S b i‘"g """"""
25 3 o8} ? B
g iy B
< 04 " ]
| ] R =0
0 R =1Q
0.0 +
. (b)
u
& 16 1
e
o i I T
= | |
R = col
& 12t & ]
;: ..........................
085 1 2 3
NLSV
L

Hanle

FIG. 2. (a) Spin-diffusion length of Cu (1¢") obtained from the fitting of
Eq. (2) (using Ry, from Eq. (1)) to the Ry; vs. Bz data, as a function of L,
for sample #2 containing Py/Cu LSVs with transparent interfaces (red solid
squares) and sample #1 containing Co/Cu LSVs with an interface resistance
of ~1 Q (blue solid circles). Both 4" and L are normalized to the spin-
diffusion length of Cu (VBESYY obtained for each sample from the fitting of
Eq. (3) to the ARy, vs. L data. (b) Spin polarization of Py (PHa"I“) obtained
from the same fitting of Eq. (2) (using Ry, from Eq. (1)) to the Ry, vs. Bz
data, as a function of L, for sample #2. PH‘"'/‘ is normalized to the spin
polarization of Py (P;]Y)L“) obtained for the same sample from the fitting of
Eq. (3) to the ARy, vs. L data.
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R, (MQ)

R, (MQ)

- L=3pm
-0.5 0.0 0.5
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FIG. 3. Ry, measured as a function of By (black squares) for sample #2. L
ranges from 200 nm to 3 um. All measurements were done for a parallel con-
figuration of the Py electrodes at 10 K. Blue solid (red dashed) line is a simu-

lation of Eq. (2) using Ry, from Eq. (1) (Eq. (S13) from Ref. 8). PNLSV and

JOESY obtained from NLSV measurements were used, and a real part of the
spin-mixing conductance between Py and Cu of G,=3.9 x 10" Q' m 2

was assumed.®?324

Eq. (2), using the Ry; expression from Eq. (1). For the simula-
tions (blue solid lines), we used the P,ﬁ\;LSV and XNLSV values
obtained from the fittings of the NLSV measurements. The
figure shows a good agreement between the measured data
and Eq. (1) for L < IM5Y | the same way there is an excellent
agreement between the fitted 224" and /YL%Y. However, in
the L ~ JXE5Y regime, the curves are far from reproducing the
measured data. For the L > /255" regime, the simulated curve
tends to converge to the measured data again. This result sug-
gests that Eq. (2) (with the Ry, from Eq. (1)) is not valid and
additional effects should be considered in the spin transport in
Cu.

Whereas Maasen et al. reported an anomalous behav-
iour of the parameters obtained from Hanle measurements
due to a bad fitting, where the backflow of spins at the
FM electrodes was not taken into account,7 this is not the
case in the present work, since Eq. (1) explicitly takes
into account the role of the interface resistances. Very
recently, Idzuchi and co-workers® have proposed the dif-
ference in the spin absorption mechanisms for longitudinal
and transverse spin currents as the reason of the disagree-
ment in Hanle measurements in LSVs without tunnel bar-
riers. According to this work, in LSVs with transparent
interfaces, the different spin absorption by the FM elec-
trodes for different current polarizations alters the spatial
distribution of the chemical potential. Therefore, the spin
transport is also altered, more pronouncedly for short L.®
This could explain the strong deviation between A2
and ALV in the L~ P55V regime, but one would expect
an even stronger deviation in the L < JNLSV regime.
Instead, we find the opposite trend.

J. Appl. Phys. 117, 223911 (2015)

In order to clarify this issue, Fig. 3 also shows the simu-
lated curves of Eq. (2), using now the Ry; expression from
Eq. (S13) in Ref. 8 (red dashed lines). For the simulations, in
addition to the PNLW and AX5SY values obtained from the fit-
tings of the NLSV measurements, a value of G,=3.9 x 10"
Q' m~? was used as the real part of the spin-mixing con-
ductance of the Py/Cu interface. 8.2324 For the L > )NLSV e-
gime, Eq. (S13) from Ref. 8 follows quite accurately the
measured data. However, in the L~ /3" regime, the simu-
lated curves start to deviate from the experimental results. The
discrepancy is highest for the L < TSV regime, where the
measured data are more affected by the precession, suggesting
that the diffusion time is longer, an effect already reported to al-
ter the fitted Py in LSVs using Eq. 3.1

In order to obtain the value of /i, by fitting Eq. (2) with
Ry, from Ref. 8, we fixed all the parameters except for
Jéante \which was left as the fitting parameter. This was done
for the sake of simplicity, given the complexity of Eq. (S13)
from Ref. 8. Figure 4 shows the obtained values of 229" as
a function of L using that equation. For comparison, the
Jdanie yalues obtained by using Eq. (1), already shown in
Fig. 2(a), are also plotted. The tendency is the same observed
in the simulations, where 229" and JXLSV are in good agree-
ment in the L > AMESY regime, but 129" decreases when L
< AICVﬁSV Therefore, Eq. (S13) from Ref. 8, which considers
both the spin backflow and the anisotropic spin absorption at
the FM/NM interfaces, does not work at the L < A0 re
gime, showing that both mentioned effects are not enough to
account for the disagreement between the current Hanle
models and the measured curves.

A possible source of interference is the effect of nearby
FM electrodes in the LSVs, but it is discarded by performing
control experiments.'®? Taking into account that the dis-
crepancy occurs at short channel distances (see green trian-
gles in Fig. 4), the origin could be attributed to the use of a
one-dimensional spin-diffusion model to derive the used
equations,™® which could no longer be a good approxima-
tion. Indeed, the region of the NM channel under the FM in-
jector, where the spin-polarized electrons spend time
diffusing, has been shown to influence the effective spin
polarization of the FM in LSVs'' and would also affect the
non-local Hanle curves.®

Sra——

7
(o)
£ o5} i
g
R=0 | Eq. (1)
! 4 Ref. 8
000 NLSV2 3
L/}\,C
u

FIG. 4. JH3"¢ obtained from the fitting of Eq. (2) by using Egs. (1) (red
squares) and (S13) from Ref. 8 (green triangles) as a function of L for sam-
ple #2, which consists of Py/Cu LSVs with transparent interfaces. Both

JHanie and L are normalized to AXESY
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IV. CONCLUSIONS

To summarize, we performed non-local Hanle measure-
ments in LSVs with transparent and finite interface resistan-
ces, and we compared the spin-diffusion length of Cu, A¢,,
obtained from such measurements to the one obtained from
NLSV measurements as a function of L. Whereas, in the case
where we have a finite FM/NM interface resistance, both
methods are in excellent agreement, in the case of transparent
interfaces an anomalous behaviour is observed, which
depends on the distance L between both FM electrodes.
Although taking into account the spin backflow and the aniso-
tropic spin absorption at the FM/NM interfaces can explain
some of the observed disagreements, an additional interfer-
ence that influences the non-local Hanle measurements is
detected when L < A¢,. Such effect is beyond the understand-
ing of the current one-dimensional spin diffusion models, evi-
dencing the need for a more complete model that takes into
account three dimensional effects. Hence, care should be
taken when obtaining spin-transport information from such
type of measurements in LSVs with transparent interfaces.
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