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Spin injection, spin diffusion, and spin detection are investigated in Co/Ag/Co lateral spin valves at room temperature.
Clear spin accumulation signals are detected by the non-local measurement. By fitting the results to the one-dimensional
diffusion equation, ~ 8.6% spin polarization of the Co/Ag interface and ~ 180 nm spin diffusion length in Ag are obtained.
Thermal treatment results show that the spin accumulation signal drastically decreases after 100 °C annealing, and disap-
pears under 200 °C annealing. Our results demonstrate that, compared to the spin diffusion length, the decrease and the
disappearance of the spin accumulation signal are mainly dominated by the variation of the interfacial spin polarization of

the Co/Ag interface.

Keywords: spin injection, spin diffusion length, Co/Ag contact, lateral spin valve

PACS: 72.25.Hg, 72.25.Ba

1. Introduction

Spintronics, aiming at manipulating not only the elec-
tron charge but also the electron spin to carry information, has
gained a lot of attention in recent years.!!:?] Spin current gen-
eration is the key to unraveling the spin dependent transport
phenomena. So far, several methods have been proposed to
generate pure spin currents, such as spin pumping, ! spin hall
effect,!*! and spin injection.!! Electrical spin injection is one
of the most effective ways to generate spin current.®! The ba-
sic concept is that the materials in the ferromagnetic state have
a substantial degree of equilibrium carrier spin polarization.
When a charge current flows across the interface between a
ferromagnetic material and a nonmagnetic material, spin po-
larized carriers in the ferromagnetic material would give rise to
the net current of magnetization and lead to a non-equilibrium
magnetization in the nonmagnetic material. The length of the
non-equilibrium magnetization in the nonmagnetic material is
described by the spin diffusion length, and its magnitude could
be detected by another ferromagnetic material.!!! The pioneer-
ing experimental demonstration on spin injection and detec-
tion was carried out by Mark Johnson and Silsbee!’! in 1985
using a lateral spin valve structure and non-local measure-
ment technique. They used permalloy as the injection source
and injected a spin current into a bulk aluminum. The non-
equilibrium magnetization in the bulk aluminum was detected
by using another thin film of permalloy at low temperature.
After a quiet period of nearly two decades, and benefitting
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from the micro-nano fabrication technology, Jedemal suc-
cessfully performed the spin injection and detection in metal at
room temperature. This stimulated the researchers’ interest on

8-101 So far, spin polarized

spin injection in lateral spin valves.!
current has been injected into various kinds of materials, such
as copper,[“] silver,[12-14] gold,“s’m] magnesium,m] and two
dimensional materials.!"82% It is found that the magnitude of
the spin accumulation signal is quite small when the ferromag-
netic material is directly attached to the non-ferromagnetic
materials. The low value is mainly due to the resistance mis-
match problem and the spin absorption.?!! The small spin ac-
cumulation signal could be enhanced by introducing a tunnel
junction which could provide a high interfacial spin polariza-
tion to the interface between the ferromagnetic materials and
the non-magnetic materials,?! but the high interface resis-
tance of the tunnel junction limits the total current flow into
the nonmagnetic material. Fukuma!?3! further reported that
by performing a thermal treatment, a low interface resistance
could be achieved to overcome the resistance mismatch prob-
lem and improve the spin accumulation in the tunnel junction.
So far, few works have been reported on the effect of the ther-
mal treatment on the lateral spin valves with transparent con-
tacts. In this paper, we investigate the electrical spin injection
into Ag from Co through a transparent interface at room tem-
perature with and without thermal treatment. The lateral spin
valves with cobalt (Co) and silver (Ag) are selected to investi-
gate the thermal effect because of the following reasons. First,
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Ag usually gives a higher spin accumulation signal in lateral
spin valves than other metals, such as Cu, Mg, or Au. Second,
Co has high bulk spin polarization. Third, both materials can
be fabricated by a physical vapor deposition system, which
would provide a high quality interface.

2. Experimental method

The Co(30 nm)/Ag(50 nm)/Co(30 nm) lateral spin valves
were fabricated on Si/SiO, substrate by the shadow evapora-
tion technique. Electron beam lithography (EBL) was used
to transfer the shadow mask to the top of the bi-layer resister
consisting of the polymethyl methacrylate (PMMA, 300 nm)
and the methyl methacrylate (MMA, 700 nm). As shown
in Fig. 1(a), due to the different sensitivities of PMMA and
MMA, a suspended shadow mask was obtained after the devel-
opment process. The Co layer and the Ag layer were deposited
by a commercial electron beam evaporation system (DE400).
The deposition process is illustrated in Fig. 1(b). 30 nm thick
Co and 50 nm thick Ag were deposited at angles of 45° and 0°
from the substrate normal, respectively. Both layers were de-

(a) (c)

2 /e

posited sequentially in one run without breaking the high vac-
uum (107 Torr) to ensure a clean interface and guarantee the
consistent quality of samples fabricated at different patches.
Non-local measurement was performed to measure the spin
accumulation in Ag at room temperature. The thermal treat-
ment was carried out in a rapid thermal process oven under a
nitrogen atmosphere.

3. Results and discussion

Figure 1(c) shows a scanning electron microscope (SEM)
image of a Co/Ag/Co lateral spin valve fabricated by the
shadow evaporation technique. The electrodes marked by the
red dash line are the 30 nm thick Co strips in different sizes
to acquire two different coercivities. The spin accumulation in
the Ag wire is measured by the non-local measurement. Dur-
ing the measurement, an ac current of 1 mA in amplitude and
77 Hz in frequency is injected from Col into the Ag wire. The
voltage between Co2 and the right side of the Ag wire is mea-

sured by using an SR830 lock-in amplifier.

Fig. 1. (color online) (a) Top view of the shadow mask consisting of 300-nm-PMMA and 700-nm-MMA. (b) Side view of the shadow
mask along the dash line in (a). (¢) SEM image of a Co/Ag/Co lateral spin valve. The center to center distance (L) between the injector

(Col) and the detector (Co2) is 400 nm.

Figure 2(a) shows the magnetic field dependence of the
measured nonlocal spin accumulation for the device shown
in Fig. 1(c) at room temperature. During the measurement,
an external in-plane magnetic field is applied to configure the
direction of the magnetizations of the injector and detector.
The red solid line in Fig. 2(a) corresponds to the sweeping
of the external magnetic field from —800 Oe to 800 Oe. The
magnetizations of Col and Co2 are parallel for H < 200 Oe
and H > 440 Oe, and the measured voltage V is normal-
ized by the injection current I, and gives as Ry = V /I in the
units of resistance. At this time, the measured resistance
is ~ 10.60 mQ. When the external magnetic field ranges
200 Oe < H < 440 Oe, the magnetizations of Col and Co2 are
anti-parallel, the measured resistance is ~ 10.48 mQ. The spin

accumulation signal (AR = AV /I) is defined as the difference
between the high and low resistances. The reversal loop of the
applied magnetic field from 800 Oe to —800 Oe has similar
behavior, as marked by the black solid line in Fig. 2(a). The
measured spin accumulation signal (ARy) for the lateral spin
valves with 400 nm center to center distance is 0.12 mQ.

To gain further insight into the spin injection from Co and
spin accumulation in the Ag wire via the transparent contact,
lateral spin valves with different center to center distances be-
tween the injector and detector are fabricated. The nonlocal
measurement is performed on each device to obtain their spin
accumulation signals. Figure 3 shows the measured spin ac-
cumulation signal for each device as-deposited (black rectan-
gle A) with different distance. The spin accumulation signal
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decreases exponentially with the increasing distance. The an-
alytical expression of the spin accumulation signal (ARy) ver-
sus the distance (L) is deduced by solving the one-dimensional
diffusion equation!®!

4P? R\’
- n(2)
(1-P?) RN

where R; is the Co/Ag interface resistance; Ry = pNAN/WNAN

oL/
1 — e_ZL//lN

)]

is the spin resistance of the Ag wire; Rp = ppAr/wNwr is the
spin resistance of the Co wire; Ay and Ap are the spin diffusion
lengths of Ag and Co, respectively; px and pr are the resistiv-
ities of Ag and Co, respectively; wn and wr are the widths of
the Ag wire and Co wire, respectively; dy is the thickness of
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Ag; P is the spin polarization of the Co/Ag interface; and L is
the center to center distance between the two Co wires. The
interface resistances (R;) of several samples are measured and
the averaged value for our device is ~ 0.2 Q. The measured
resistivities of Co and Ag in our devices are ~ 300 Q-nm and
~ 55 Q-nm, respectively. The widths of Co and Ag are ~
150 nm and ~ 200 nm, respectively. By fitting the experimen-
tal data to Eq. (1), the spin diffusion length of Ag as deposited
is ~ 180 nm and the interfacial spin polarization of Co/Ag is
~ 8.6% at room temperature. Besides the quality of Ag,[®! the
shorter spin diffusion length of our samples should be mainly

attributed to the spin flip at the top and side surface of the Ag
wire, 24231
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Fig. 2. (color online) The dependence of spin accumulation on the magnetic field for the (a) as-deposited, (b) 100 °C annealed,

(c) 200 °C annealed, and (d) 300 °C annealed devices.
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Fig. 3. (color online) The dependence of the spin accumulation sig-

nal on the center to center distance L. The black solid lines are fitting
curves.

To investigate the thermal stability of lateral spin valves

with transparent contacts, the devices are annealed in a rapid
thermal process oven under nitrogen atmosphere at 100 °C for
30 min. Non-local measurement is performed on each device.
Figure 2(b) shows the field dependence of the nonlocal spin
accumulation signal after 100 °C annealing for the same de-
vice with 400 nm center to center distance. The spin accumu-
lation signal drops from 0.12 mQ to 0.025 mQ. The spin ac-
cumulation signals of the devices with various center to center
distances are plotted in Fig. 3 with red square (H). All the spin
accumulation signals of the devices after 100 °C annealing are
smaller than those of the as-deposited counterparts. The same
process is performed to deduce the interfacial spin polariza-
tion and the spin diffusion length. By fitting the experimental
data to Eq. (1), we find that after 100 °C annealing treatment,
the spin polarization drastically drops from 8.6% to 3.4% and
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the spin diffusion length slightly decreases from ~ 180 nm to
~ 150 nm. Thus the decrease of the spin accumulation signal
should be due to the lower interfacial spin polarization as well
as the shorter spin diffusion length.
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Fig. 4. (color online) XRD patterns for as-deposited, 100 °C annealed,
200 °C annealed, and 300 °C annealed Co/Ag films.

Further annealing up to 200 °C and 300 °C is carried out
on the lateral spin valves. As shown in Figs. 2(c) and 2(d), the
non-local measurement results show no spin accumulation sig-
nal and an intact device structure. Other samples with longer
distances also give zero spin accumulation signals after 200 °C
and 300 °C annealing. To clarify the changes of the spin accu-
mulation signal after the thermal treatment, the microstructure
of the samples before and after thermal treatment is studied by
using x-ray diffraction (XRD). Figure 4 gives the XRD pat-
terns of the as-deposited and thermal annealed Co/Ag films.
For the Ag layer, all the samples before and after the ther-
mal treatment show a (111) preferential orientation. For the
Co layer, as the Co(111) reflection coincides with the Ag(200)
reflection, the Co(111) reflection cannot be distinguished. It
should be noted that there are no other reflections correspond-
ing to Co. Thus we assume that the effect of the thermal treat-
ment on the Co layer could be omitted. Unlike the Co layer,
the intensity of Ag(111) increases with the annealing temper-
ature increasing, indicating that the grain size of Ag becomes
larger as the annealing temperature increases. In our experi-
ment, the spin accumulation signal decreases after 100 °C an-
nealing and vanishes after 200 °C and 300 °C annealing. It is
hard to connect the drop and vanish of the spin accumulation
signal with the change of the Ag grain size.

There are two main factors dominating the spin accumu-
lation: the spin diffusion length and the interfacial spin po-
larization. To clarify the disappearance of the spin accumu-
lation signal, lateral spin valves with Co/MgO/Ag junctions
are fabricated and annealed at 300 °C for 30 min. As shown in
Fig. 5, clear spin accumulation signal ~ 1.8 mQ is observed in
this sample. Even after 400 °C annealing, the spin accumula-
tion signal could be clearly observed in lateral spin valves with

Co/MgO/Ag junctions.!?®! As the interface is the only differ-
ence between these two lateral spin valves, the disappearance
of the spin accumulation signal of the Co/Ag contact after high
temperature annealing should be attributed to the zero interfa-
cial spin polarization. One possible reason for the zero inter-
facial spin polarization may be the interdiffusion at the Co/Ag
interface. Our results show that the interfacial spin polariza-
tion plays a dominant role in the spin accumulation.
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Fig. 5. (color online) The dependence of spin accumulation on the mag-
netic field for the lateral spin valve with Co/MgO/Ag junctions, the dis-
tance L between the injector and the detector is 400 nm.

4. Conclusion

We have successfully injected spin polarized current into
the Ag wire from the Co electrode and detected the spin accu-
mulation signal at room temperature in the lateral spin valves
by the non-local measurement. By fitting the experimental re-
sults to a one-dimensional diffusion equation, ~ 180 nm spin
diffusion length of 50 nm Ag and ~ 8.6% interfacial spin po-
larization of Co/Ag were deduced for the as-deposited devices.
Thermal treatment (100 °C annealing) results show that the
spin polarization drastically drops (3.4%) and the spin diffu-
sion length slightly decreases (~ 150 nm). Therefore, the spin
accumulation signal significantly decreases after the thermal
treatment. Our results demonstrate that, compared to the spin
diffusion length, the decrease of the spin accumulation signal
is mainly caused by the decrease of the interfacial spin polar-
ization of the Co/Ag interface.
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