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Mapping the Spin-Injection Probability on the Atomic Scale
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A spin-polarized electron current is injected into the GaAs(110) surface at 100 K by using
a polycrystalline ferromagnetic Ni scanning tunneling microscopy (STM) tip. The injected
electrons recombine to the valence band and emit circularly polarized radiation whose degree
of light polarization is related to the polarization of the conduction-band electrons at the
instant of recombination. When the polarized electrons are injected into clean, flat terraces an
average polarization for the emitted radiation is found to be 6.79%, while over the 10-nm step
region the polarization is reduced to 0.46%. This step scattering effect is studied further by
varying the tunneling gap through adjusting the tunneling current. As the distance between
the STM tip and sample decrease the spin-scattering effect of the step edge is enhanced.
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1. INTRODUCTION

The prospects of developing next generation
semiconductor devices that utilize the spin of the elec-
tron has led to an increasingly important area of re-
search known as “spintronics” [1,2]. For electronics
to utilize the spin, three features of the device struc-
ture must be met. First, a spin-polarized current is
needed. Second, the electron spin must be injected
into the semiconductor. Third, the polarization of the
electrons must be maintained while traveling through
the device. The current challenge involves the second
requirement of injecting the spin-polarized electrons
from a suitable contact (i.e., ferromagnet) into the
device structure without degrading their polarization
due to spin-flip scattering at the interface. A more
fundamental understanding of the types of spin-flip
scattering mechanisms present at interfaces is needed.

A natural instrument that lends itself to study-
ing these interface effects on a highly localized
scale is the scanning tunneling microscope (STM).
Alvarado et al. used point-mode STM to study the
spin-injection properties of a ferromagnetic Ni tip into
the GaAs(110) surface by measuring the polarization
of the recombination luminescence [3–5]. This tech-
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nique has recently been extended to take full advan-
tage of the spatial resolution offered by STM, result-
ing in the ability to correlate topographical defects
(e.g., steps, dislocation, etc.) with electron spin-flip
mechanisms [6]. Using this technique, it is now possi-
ble to study the spin-injection process as one changes
the properties of the tunneling energy barrier (i.e.,
width and height).

In this study, on a highly localized scale the
local electron spin-polarization and topography are
simultaneously measured using a modified low-
temperature STM technique. This was achieved by
injecting spin-polarized electrons into the conduction
band of GaAs and measuring the resulting circularly
polarized recombination luminescence. It was found
that steps of significant height depolarize the injected
electron current. Furthermore, it was found that as the
distance between the STM tip and sample decrease
the spin-scattering effect of the step edge is enhanced.

2. EXPERIMENTAL

The overall strategy of this experiment is to
use a spin-polarized electron source to locally inject
electrons into the p-type GaAs(110) surface. By
measuring the degree of circular polarization of the
recombination luminescence, information about the
local spin-injection properties can be obtained.
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A polarized electron current is generated from
ferromagnetic polycrystalline Ni wire. The wire
was electrochemically etched under high magni-
fication (500×) using a 10% HCl solution then
loaded into a UHV chamber [(4–8) × 10−11 Torr]
that contains a commercially available (Omicron)
variable-temperature scanning tunneling microscope
(VT-STM). The tips were then cleaned in situ using
electron-beam heating and placed on the STM imag-
ing stage. For control purposes, nonmagnetic single-
crystal 〈111〉 oriented W tips were used and etched
with NaOH and prepared in the same manner as the
Ni tips. The GaAs(110) surface was prepared by cleav-

Fig. 1. (a) Schematic representation of the experiment used to detect circularly polarized
recombination luminescence fromthe GaAs crystal. (b) Schematic representation of the
path the photons take through the optics.

ing p-type GaAs(001) wafers (Zn doped, p = 1.25 ×
1019 cm−3) in situ, which produces a clean, nearly
atomically flat cross-sectional (110) surface. The sam-
ple was then placed on the STM stage where it was
cooled via a cold finger immersed in LN2. The sample
temperature is estimated to be ∼100 K.

Electrons are injected into the empty conduc-
tion band states of GaAs. They eventually recom-
bine across the 1.49 eV fundamental band gap emit-
ting light which is collected using a biconvex lens
with an f /# of 1.0, as illustrated in the upper half
of Fig. 1. The lens is mounted in situ and positioned
12.7 mm from the STM tip (the focal length of the
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lens). The position of the lens was optimized using
a 3-axis translational, and 2-axis rotational external
micrometer controlled wobble-stick. After passing
through the lens, the light is transmitted through
a UHV viewport to polarization-sensitive optics.
The optics contain a λ

4 retarder fastened in a two-
position mount. The first position (A) converts
right circularly polarized (RCP) light to a horizon-
tal linear component and the left circularly polar-
ized (LCP) light to a vertical linear component,
while the second position (B) does the opposite,
as displayed in the lower half of Fig. 1. The linear
polarizer passes only the horizontal linear com-
ponent to a high-sensitivity cooled photomultiplier
tube (PMT) configured to convert ∼4000 photon/s
to 1 nA of current. In this way, by manually switching
between position A and B the intensities of the RCP
and LCP light are measured.

The current from the PMT is measured using the
STM computer. The STM computer is configured to

Fig. 2. (a) A 200 nm× 200 nm empty state STM image acquired at 100 K with a sample
bias of 3.5 V and tunneling current of 5 nA. (b) Corresponding map of the intensity of
the LCP-induced luminescence. (c) Corresponding map of the intensity of the RCP-
induced luminescence. (d) Map of the degree of circularly polarized luminescence
calculated from (b) and (c).

simultaneously read the PMT signal, as it measures
the topography. This provides a detailed topographi-
cal map of the surface and a corresponding map of the
intensities of the polarized light at the local position
of the STM tip. Typically, multiple sets of images in
one area are acquired with the polarizer alternately
in positions A and B to obtain an average of both
the pixel-by-pixel RCP and LCP light intensities,
respectively.

3. RESULTS

A typical empty-state STM image (200 nm ×
200 nm) taken with a sample bias of +3.5 V and
tunneling current of 5 nA is shown in Fig. 2a. The
image is a grayscale image showing three terraces
processed with a (110) plane subtraction. A cross-
sectional height profile showing a 5-nm height step
followed by a 1-nm height step, was extracted from the
middle of the image and shown as an inset in Fig. 2a.
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The 400 pixel × 400 pixel photon intensity measured
from the PMT for the RCP and LCP recombination
luminescence are displayed in the lower two panels
for clarity, Fig. 2b, c. The dark area that runs ver-
tically through both images represent a decrease in
photon intensity. Although the intensity drops at the
step edge, a signal of ∼1.1 Mcps is still emitted from
the sample, which is easily detected. This decrease is
precisely correlated with the position and geometry of
the larger step shown in Fig. 2a; however, the smaller
step present in the image shows no change in intensity.
A two-dimensional mapping of the luminescence po-
larization, ργ , was obtained by first correcting for any
drift that may have occurred while recording the PMT
images for the LCP and RCP luminescence. Then a
pixel-by-pixel subtraction of the RCP image from the
LCP image was performed. In a similar manner, the
two images were added together, and the polarization
was calculated by a pixel-by-pixel division, resulting
in a two-dimensional, 400 pixel × 400 pixel map of
the polarization displayed in Fig. 2d. This grayscale
image shows fluctuations on the terraces and a signifi-
cant decrease in polarization at the step edge. The av-
erage optical polarization measured from the terrace
region is+6.79%, while the average polarization from
the step region is+0.46%. A cross-sectional polariza-
tion line profile was extracted from the step region
and shown as an inset in Fig. 2d.

The results of using the STM to simultaneously
measure topography and polarization as a function
of tunneling current setpoint using Ni and W tips
are displayed in Fig. 3. Typical empty-state STM im-
ages (60 nm × 60 nm) taken with sample biases of
+3.5 V and tunneling currents of 5 nA are displayed
as grayscale images processed with a (110) plane sub-
traction and shown in Fig. 3a1, b1. Cross-sectional
height profiles were extracted from the middle of both
images and are shown as insets. The polarization of the
recombination luminescence as a function of tunnel-
ing current from injected electrons using Ni tips are
shown in Fig. 3a2–a4. The most striking feature is the
decrease in polarization at the step edge. As the tun-
neling current is decreased the change in polarization
at the step edge becomes less dominant. For the non-
ferromagnetic W case, a significantly less pronounced
trend displayed in column b of Fig. 3.

4. DISCUSSION

Previous experiments have used STM to measure
the polarization state of the ferromagnetic tips by as-
suming that the injection efficiency across the tunnel-

Fig. 3. (a1) A 60 nm × 60 nm empty state STM image using a
polycrystalline Ni tip acquired at 100 K with a sample bias of 3.5 V
and tunneling current of 5 nA. (a2)–(a4) Map of the degree of
circularly polarized luminescence for different tunneling currents
using the Ni tip. (b1) A 60 nm× 60 nm empty state STM image using
a single crystal 〈111〉 oriented W tip acquired at 100 K with a sample
bias of 3.5 V and tunneling current of 5 nA. (b2)–(b3) Map of the
degree of circularly polarized luminescence for different tunneling
currents using the W tip.

ing barrier is 100% [3–5]. In these experiments, the
polarization of the recombination luminescence was
measured and used to calculate the initial electron
polarization in GaAs. This is done by following the
electrons as they move through the semiconductor.
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After the electrons are injected, the spin polarization
decays in time t from its initial value owing to bulk
spin-relaxation processes as follows:

ρs
e(t) = ρs

e(0)
(

1− t
τs

)−1

, (1)

where τs is the characteristic spin lifetime which is
(2–3)× 10−10 s for p-type GaAs at 100 K [3,7–9]. Next,
the electrons decay across the fundamental band gap
of the p-type GaAs in a characteristic recombination
lifetime τ , which is also (2–3)× 10−10 s for GaAs and
is independent of temperature, doping species, and
doping concentration. Polarized electrons that decay
in GaAs emit circularly polarized light as a result of
the spin–orbit splitting of the valence band states. For
GaAs, the degree of the circular polarization of the
light, ργ , depends upon the electron spin polarization
at the time of recombination, ρf

e, as follows:

ρf
e(τ ) = 2ργ /cos(θi ), (2)

where θi is the polar angle between the direction that
the electron spin is pointing and the propagation di-
rection of the emitted light. This angle is related to
the detection angle through Snell’s Law:

θi = sin−1

(
nvac

nGaAs sin(θt )

)
, (3)

where nvac and nGaAs are the indexes of refraction of
the vacuum and GaAs substrate respectively, and θt is
the angle between the detection optics and the sam-
ple normal (Fig. 1) [3,9]. Substituting the appropriate
values into Eq. (3), θi is found to be 15.4◦. Know-
ing θi allows us to calculate the polarization state of
the electrons at the time of recombination for the
step and terrace regions. Using the measured optical
polarization and Eq. (2) combined with the results
of Eq. (3), the average electron polarization on the
flat terraces is calculated to be 14.1% while over the
10-nm step region the electron polarization is reduced
to ∼1.0%.

Measurements done by Alvarado et al. were
successful at demonstrating spin-polarized tunneling
from ferromagnetic Ni into GaAs by using STM spec-
troscopy over a point on the surface [3,4]. The authors
have extended this work in another study by simulta-
neously acquiring topographic and luminescence data
using single crystal probes [6]. The key to accomplish-
ing this was to obtain an adequate photon signal while
scanning the STM probe using standard tunneling pa-
rameters. In the present study, preliminary tests us-
ing polycrystalline probes at room temperature found

it difficult to detect enough recombination lumines-
cence to make accurate conclusions; however, once
the sample was cooled to ∼100 K the photon signal
increased significantly. The cooling of the sample acts
to reduce the number of nonradiative recombination
paths, thus increasing the number of electrons that
recombine radiatively. In an effort to further increase
the photon signal significant attention was given to
the collection optics. The specially designed in situ
lens mount allowed for micrometer control of the
optical alignment process. The combination of low
temperatures and the precision optical alignment re-
sulted in a photon current that could be sampled on a
millisecond time scale that is comparable to standard
STM scanning speeds. Scanning at typical tunneling
currents of∼1 to 10 nA results in an electron injection
rate of∼109 electrons/s which should result in a simi-
lar photon emmision rate assuming each electron re-
combines to emit one photon. However, only 70% of
these photons are transmitted to the vacuum due to
the transmission and reflection coefficients of GaAs.
In addition, the optical setup used results in a solid
angle that can detect only 5.2% of the transmitted
photons. This results in an upper limit on the photon
emmision rate of 3.7× 108 photons/s. This calculation
is consistent with the signal that is measured using the
PMT [∼(1–2) × 106 photons/s].

Although previous work has demonstrated the
injection of spin-polarized electrons from vacuum
into GaAs, these studies give information of the in-
jection process on bulk samples and are insensitive to
surface effects [10,11]. In order to optimize spin injec-
tion for potential device utilization, detailed knowl-
edge of spin-flip scattering from defects occurring at
the interface between the contact and semiconduc-
tor is needed. Using the technique presented here,
it is shown that steps of significant height act to de-
crease the polarization of the injected electrons. Inter-
estingly, the flat GaAs(110) surface leaves the spins
relatively unchanged whereas the 5-nm height step
causes significant spin-flip scattering from the Ni tip
as seen in Fig. 2a. Spin scattering at step edges is most
likely due to the increased number of dangling bonds
on the side surface of the step, whereas the clean, flat
GaAs(110) surface structure has no mid-gap states or
half-filled bonds for the spins to scatter. It is also in-
teresting to point out that the 1-nm height step that
appears in Fig. 2a does not have a measurable effect
on the polarization. This indicates that feature size
has an effect on its spin-flip scattering properties.

Previous studies using single crystal 〈110〉 ori-
ented Ni tips have shown that the 100% spin-polarized
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current generated along the 〈110〉 direction is de-
creased when tunneling over a step region [6]. This
change in polarization could be due to tunneling from
directions other than the 〈110〉 (i.e. side tunneling).
In the present study, numerous polycrystalline tips
(that do not have definite crystallographic orienta-
tions) consistently showed that the step edge region
decreased the polarization. This supports the claim
that the side-tunneling effect is not the cause of the
change in polarization at the step edge.

Understanding the spin injection properties of
the tunneling barrier is important in understand-
ing the effects of interfaces during injection. Point
mode STM studies have demonstrated that increas-
ing the tunneling current has the effect of increasing
the measured polarization [4]. Models suggest that the
tunneling current from a ferromagnetic tip is mainly
from the highly localized and polarized 3d and the
delocalized, low polarized, 4sp states [12–14]. By in-
creasing the tunneling current during STM the tunnel-
ing gap distance is decreased and the highly polarized
3d states dominate the tunneling process. Thus, higher
tunneling currents would result in a higher polar-
ized electron current being injected into the sample.
Using STM, a two-dimensional mapping of this pro-
cess is demonstrated showing that tunneling from the
highly polarized 3d states enhances the spin-scattering
effect at the step edge.

5. CONCLUSION

Simultaneous measurement of topography and
pixel-by-pixel polarization mapping is demonstrated.

The ability to correlate surface features to spin-flip
scattering events with a 10-nm resolution offers great
potential in advancing the current understanding of
electron spin-flip mechanisms. Using this technique
it was demonstrated that steps of significant height
scatter spins. By decreasing the tunneling junction this
step scattering effect is enhanced.
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