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Spatially Resolved 

Spin-Injection Probability for 


Gallium Arsenide 

V. P. ~ a ~ e l l a , ' *D. W. Bullock,' Z. Ding,' C. Emery,' 

A. Venkatesan,' W. F. Oliver,' G. J. Salamo,' P. M. Thibado,' 
M. Mortazavi2 

We report a large spin-polarized current injection from a ferromagnetic metal into 
a nonferromagnetic semiconductor, at a temperature of 100 Kelvin. The mod- 
ification of the spin-injection process by a nanoscale step edge was observed. 
On flat gallium arsenide [GaAs(l lo) ]  terraces, the injection efficiency was 92%. 
whereas in a 10-nanometer-wide region around a [ill]-oriented step the 
injection efficiency is reduced by a factor of 6. Alternatively, the spin-relaxation 
lifetime was reduced by a factor of 12. This reduction is associated with the 
metallic nature of the step edge. This study advances the realization of using 
both the charge and spin of the electron in future semiconductor devices. 

The ability to exploit the spin of the electron 
in semiconductor devices has the potential to 
revolutionize the electronics industry (1-3). 
The realization of "spintronic" devices is 
growing nearer as sources for spin-polarized 
electrons have become available in both fer- 
romagnetic metals and ferromagnetic semi- 
conductors (4, 5). In addition, polarized elec- 
trons can move up to 100 1J.m in gallium 
arsenide (GaAs) without losing their polar- 
ization, so that coherent transport through the 
active region of a device structure is feasible 
(6). However, one of the most difficult chal- 
lenges in creating "spintronic" devices is the 
ability to transfer the polarized electrons from 
a ferromagnetic material into a nonferromag- 
netic semiconductor without substantially de- 
grading the polarization. For example, ferro- 
magnetic metal contacts give spin-injection 
efficiencies of only a few percent at 4 K (7, 
8). Injection efficiencies using ferromagnetic 
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semiconductors as contacts are as high as 
90%; however, this is also only at 4 K (9-11). 
From the success of the all-semiconductor 
approach, it is thought that an epitaxial lat- 
tice-matched system is required for efficient 
spin injection. However, recent findings have 
demonstrated high injection efficiencies even 
with large lattice mismatches (11). These re- 
sults have sparked renewed interest in deter- 
mining the origin of spin-flip scattering 
mechanisms on a nanometer-length scale. 

Tunneling-induced luminescence micros- 
copy (TILM) makes it possible to correlate 
nanoscale features with their optical proper- 
ties by injecting electrons and measuring the 
recombination luminescence (11-14). This 
technique cannot correlate the spin of the 
electron to any properties of the sample. 
However, with a spin-polarized scanning tun- 
neling spectroscopy (STS) technique that in- 
corporates a ferromagnetic metal tip. a net 
polarization in the recombination lumines- 
cence can be measured and related to the 
polarization state of the electrons at the time 
of recombination (1.5. 16). This type of mea- 
surement has shown that vacuum tunneling 
presemes the spin-polarization properties of 
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the electrons. The addition of the ability to 
correlate a surface feature seen in the topog- 
raphy of a scanning tunneling microscopy 
(STM) image with the degree of spinflip 
scattering is needed to better understand what 
affects the spin-injection process. For exam- 
ple, simultaneous imaging and spin-injection 
probability mapping of a surface would allow 
one to uncover what features and what mech- 
anisms disrupt the spin-injection process. 

We demonstrate that a large spin-polar- 
ized (-92%) current can be injected into 
GaAs at high temperatures (100 K). In addi- 
tion, [ill]-oriented steps are found to sub- 
stantially decrease the injection efficiency 
(by a factor of 6). This observation is corre- 
lated to the density of midgap states. 

A 100% spin-polarized STM tip has  used 
as the electron source to locally inject polar- 
ized electrons into a p-type GaAs(l 10) sul-
face c\ hile simultaneously measuring the po- 
larization of the recombination luminescence 
This spin-polarized TILM is similar to TILM. 
with the additional features that the injected 
electrons are spin polarized and the polariza- 
tion state of the recombination luminescence 
is measured (12-14). 

A polarized electron current was generat- 
ed from a ferromagnetic single-crystal 
Ni< 11 0> wire. Along the <1 10> direction 
in Ni. the density of spin-down states at the 
Fermi level is nonzero whereas the dens~ty of 
spin-up states IS zero (17)  Therefore, on14 
the spin-down electrons contribute to conduc- 
tion. The direction of the magnetization of the 
tips was determined to lie along the long axis 
of the wire as measured by a superconducting 
quantum interference d e ~ i c e  magnetometer. 
In addition, the wire was determined to ha\ e 
a remnant field of 0.3 Oe and a coercive field 
of 30 Oe: for additional experimental details. 
see (18). 

Electrons injected into the empty conduc- 
tion band states of GaAs eventually recom- 
bine across the 1.49-eV (100 K )  band gap. 
emitting light. which is collected using a 
biconvex lens having an f-number of 1.0. The 
lens is mounted in situ and positioned 12.7 
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mrn from the Ni tip (the focal length of the 
lens). The position of the lens was optimized 
with an external micrometer-controlled wob- 
ble stick with five degrees of freedom (three 
translational and two rotational). After pass- 
ing through the lens, the light passes through 
an ultra-high-vacuum (UHV) viewport to po- 
larization-sensitive optics. The optics contain 
a A/4 retarder that is tuned to the band gap of 
GaAs (i.e., 832 nm),which is fastened in a 
two-position mount. The first position (A) 
converts right circularly polarized (RCP) 
light into a horizontal linear component and 
converts left circularly polarized (LCP) light 
into a vertical linear component, while the 
second position (B) does the opposite. Final- 
ly, a linear polarizer (with an extinction ra- 
tio >1000: 1) passes through only the hori- 
zontal component to a high-sensitivity, 
cooled photomultiplier tube (PMT) config- 
ured to convert -4000 photonsls 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 
axis of the optics and thus the propagating 
direction of the measured photons is oriented 
-60' from the tip and -80" from the [i10] 
direction of the GaAs crystal to minimize the 
effect of spontaneous electron polarization in 
GaAs (19). 

The current from the PMT is measured 
using two complementary methods: a digi- 
tal storage oscilloscope and the STM com- 
puter. The digital storage oscilloscope es- 
sentially allows continuous sampling of the 
PMT signal, whereas the STM computer is 
configured to read the PMT signal simulta- 
neously with the topography and tunneling 
current pixel by pixel. As a result, the STM 
measurement provides a detailed topo-
graphical map and a tunneling-current map, 
and the corresponding intensities of the 
light at the local position of the STM tip. 
Typically, multiple sets of images of one 
area are acquired with the retarder in posi- 
tions A and B to obtain pixel-by-pixel RCP 
and LCP light intensities, respectively, as 
well as for signal averaging purposes. 

The intensities of the RCP (I,,,) and LCP 
(I,,,) tunneling-induced luminescence emit- 
ted from the GaAs sample were measured 
with the oscilloscope and were recorded 
while the Ni<l lO>STM tip was tunneling 
over a flat terrace region with a sample bias 
of 3.5 V and a tunneling current of 12 nA and 
with the tip's magnetization vector pointing 
both toward and away from the surface, as 
indicated (Fig. 1). When the magnetization 
vector is pointing toward the sample, the 
intensity of the LCP light is greater than the 
intensity of the RCP light, whereas the rela- 
tive magnitude of the two intensities is re- 

different optical alignments achieved for each 
separate setup. The degree of circular polar- 
ization, py= (ILcp- IRcp)/(ILcp+ IRcp) cor- 
rects for these intensity differences. A value 
of py, averaged over tunneling current and 
sample bias is also shown (Fig. 1). The sign 
of the optical polarization changes for the two 
tip orientations. The photon intensities were 
also measured with nonferromagnetic 
W<111> tips (18), but Ip,l < 2% andwould 
randomly display both positive and negative 
values. This small, almost random, polariza- 
tion may result from the spontaneous electron 
polarization known to exist in GaAs (19). 
The normalized total luminescence intensity 
was measured for different tunneling currents 
and sample biases (Fig. 2). Generally, the 
total intensity increases as the tunneling cur- 
rent increases in a linear manner (i.e., dou- 
bling the tunneling current doubles the light 
intensity). The total intensity was found to be 
independent of sample bias, and the error is 
about the size of the circles. However, for 
higher currents, the error is larger because of 
the loss of tunneling stability. The polariza- 
tion remains unchanged across these data sets 
(Fig. 1) (20). 

The pixel-by-pixel topography, tunneling 

current, total light intensity, and electron po- 
larization acquired with the Ni< l l O> STM 
tip with the magnetization vector pointing 
toward the surface of the sample are shown 
(Fig. 3). The empty-state STM image (mea- 
suring 60 nm by 60 nm)taken with a sample 
bias of 3.5 V and tunneling current of 12 nA 
shows two terraces processed with a (110) 
plane subtraction (Fig. 3A). The dark and 
light areas represent the terraces separated by 
a 5.5-nm-high step which has a small kink 
located near the center of the image. The edge 
face of the step is in the [i1 I] direction and, 
most likely, is a ( i l l )  surface. The corre-
sponding pixel-by-pixel tunneling current 
(Fig. 3B) has a uniform current over the 
terrace region with an increase (2 nA) over 
the step region. The data are acquired while 
the tip is scanning from the lower terrace to 
the upper terrace (i.e., from upper left to 
lower right in the images shown in Fig. 3). 
Scanning over a step typically results in an 
increase in current due to the delayed re-
sponse of the feedback circuit pulling the tip 
away to maintain a constant current. In the 
corresponding pixel-by-pixel total photon in- 
tensity measured from the PMT (Fig. 3C), the 
most dominant feature is the broad dark strip 

Fig. 1. Intensities of the maverage s right (I,,,) and left (I,,,) 
circularly polarized light, 
the resulting photon po- 
larization p , and the 
electron spiYn polariza- 
t ion at the t ime of re-m 

"0: 
combination p,(~), mea-
sured for two different 
orientations of the 
magnetization vector of 
the tip. Mcps, million 
counts per second. The 

P&) polarizations reported 
are calculated from 
multiple intensity mea- I -60 surements using differ- 

-I.O toward 0 = 120" away I3 = 60" 
ent sample biases and 
tunneling currents for 

both t ip orientations, wi th an average value of Ip I = 11.5 C 1.5. The polarizations remained 
unchanged for all tested tunneling conditions (2.3 t o  3.5 V, 2.5 t o  40 nA), even though the 
intensities did increase for higher tunneling currents (Fig. 2). 

Tunneling current (nA) Fig. 2. Total recombination Lumi- 
5 I0 15 20 25 30 35 nescence intensity (I,,,+ I,,,) 

versus sample bias and tunneling 1 .o 

current. The polarization is con- .-r stant for all data points (Fig. 1). 

0.8 

0) - ,i 1 . 1-Arne data set + 
= 0.4 
E 

versed when the magnetization is pointing 
0.0I I 
.' O

away. The overall intensity differences be- 2.5 2.75 3.0 3.25 3.5 


tween the two tip orientations are due to the Sample bias (V) 
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that runs vertically through the image, which 
represents a decrease in the total photon in- 
tensity by a factor of -1000. This decrease 
occurs despite the increase in tunneling cur- 
rent (Fig. 3B). In the corresponding pixel-by- 
pixel electron polarization (Fig. 3D), the most 
dominant feature is the broad bright strip that 
runs vertically through the image, which rep- 
resents a change from -46 to -8% (from 
dark to bright, respectively). 

Comparison of the intensities and photon 
polarizations measured over a terrace region 
and over a step (upper half of Fig. 4) showed 
that when the tip was tunneling over a step, 
the intensities of both the LCP and RCP light 
substantially decreased (by a factor of 500). 

Fig. 3. (A) A 60-nm- 
by-60-nm empty 
state STM image ac- 
quired at 100 K with a 
sample bias of 3.5 V 
and a tunneling cur- 
rent of 12 nA. (B) Cor- 
responding map of the 
tunneling current over 
the same region of 
surface. (C) Corre- 
sponding map of the 
total recombination 
luminescence intensi- 
ty. (D) Corresponding 
map of the electron 
spin polarization. 

Fig. 4. (Top) I ,,and 
I,,,, p,, and pe(7! mea- 
sured over a flat ter- 
race and a 5.5-nm- 
high step. (Bottom) 
Schematic of the tip 
over a flat surface and 
step (with crystallo- 
graphic direction ar- 
rows) and its effect on 
the IE. 

More important, the polarization of the emit- 
ted light also substantially decreased (by a 
factor of 6). 

As indicated earlier, one of the most dif- 
ficult challenges in making devices that use 
the spin of the electron is creating a large 
initial polarization state in the nonferromag- 
netic semiconductor, denoted here as p,(O) 
and defined as (N - N 1)1( N - N L) ,  
where N and N are the number of up and 
down spins, respectively. In our experiment, 
the large measured polarization of the recom- 
bination luminescence is indicative of a large 
initial electron polarization in the GaAs and 
can be used to calculate its value. For GaAs, 
because of the spin orbit splitting, p, depends 

A topography r--- - ~ - 

I average , (X1oo) I averaqe , 

---- 
~ d 7 )  . 

---- 
terrace step I .  

I E = 9  2% 

GaAs(l0) t l t l  GaAs(l0) t t t t  

on the electron spin polarization at the time of 
recombination, P,(T) as follows: p,(~) = 2 
p,/cos(8), where 8 is the polar angle between 
the direction that the electron spin is pointing 
and the propagation direction of the emitted 
light that is detected, and T (2 X 10-lo s-I to 
3 X s-') is the recombination lifetime 
and is independent of temperature, doping 
species, and doping concentration (15, 21, 
22). These properties of the luminescence are 
a consequence of the recombination occur- 
ring predominantly at the r point where the 
transition is from a simple s-wave to p-wave 
type. At this location in k space, the light and 
heavy holes are degenerate and have an equal 
density, resulting in the factor of 2 in the 
formula above (21, 22). From this analysis, 
the average value of P,(T) is calculated to be 
-46% and is displayed in Fig. 1. The polar- 
ization at the time of injection, p,(O), is high- 
er than py(7) because of the bulk spin relax- 
ation processes and can be calculated using 

where T, (2 X 10-lo S-I  to 3 X 10-lo s-I) 
is the spin relaxation lifetime for p-type GaAs 
at 100 K (IS, 21, 23, 24). From Eq. 1, p,(O) 
is calculated to be -92% for both tip orien- 
tations. In addition, the injection efficiency 
(IE) of this process is 92%, because the elec- 
trons at the Fermi level of the Ni< l 10> tip 
are 100% spin polarized (1 7). An alternative 
interpretation is that the Ni tip is 92% spin 
polarized and IE = loo%, or some combina- 
tion in between. Unlike optical methods, 
which are limited to an initial polarization of 
50% by selection rules (22), this ballistic 
method of spin injection can achieve an ini- 
tial polarization of 100% inside the semicon- 
ductor (25). 

The advantage of using single-crystal 
Ni<llO> tips is that the injection current is 
nearly 100% spin polarized compared with 
polycrystalline Ni tips, for which the polar- 
ization depends on the crystalline properties 
of the end of the tip from where the electrons 
are emitted. With the use of polycrystalline 
tips, the authors and other groups have 
achieved initial electron polarizations p,(O) of 
varying degrees and as high as 48% (15). 
Other simplifications arise when using sin- 
gle-crystal Ni<l 10> tips: the electron polar- 
ization is independent of the tip-to-sample 
separation, tunneling current, and sample bias 
because Ni<llO> only has one spin at the 
Fermi level (15). 

In order to uncover the effect of defects on 
the spin-relaxation lifetime, the process out- 
lined earlier needs to be performed with 
nanometer resolution. This is demonstrated 
by the total intensity drop and polarization 
change observed in the 10-nm-wide region 
shown (Fig. 3, C and D). These changes 
indicate two things: an increase in the number 
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of nonradiative recombination paths and a 
change in the spin-injection probability. Ac- 
quiring this polarized photon intensity map of 
the surface required a current source with a 
large degree of polarization, a sample tem- 
perature of 100 K, and good collection optics 
to obtain a large enough photon signal to 
sample in tandem with the STM topography. 
With the use of the calculational method 
discussed earlier, the optical polarization 
measured at the step edge can be used to find 
the initial electron polarization. The electron 
polarization at the time of recombination is 
found to be -8% (Fig. 4, upper half). From 
Eq. 1, the initial electron polarization is cal- 
culated to be - 16%. This corresponds to an 
IE of only 16% (Fig. 4, lower half). The 
dramatic decrease (by a factor of 6) in injec- 
tion efficiency indicates that the step edge 
causes a substantial amount of spin-flip scat- 
tering. If we assume that the initial polariza- 
tion state over the step is loo%, then we can 
calculate a local spin-relaxation lifetime by 
solving Eq. 1 for .rs and relabeling it as T,"~"P 

After substitution, T,"~'P -7112, and in terms 
of the bulk spin-relaxation lifetime, .rSsteP = 
7J2. This means that the step scatters spins 
12 times faster than the bulk processes. 

Little is known about why a particular 
defect, such as a step edge, disrupts the spin 
injection process. Previous findings show 
that midgap states decrease the carrier life- 
time (26), which suggests that midgap states 
may play an important role in decreasing the 
spin-relaxation lifetime (27). In our situation, 
we have the ability to compare the spin- 
injection properties of the GaAs(l10) terrace 
with a [ill]-oriented step. The electronic 
properties of these two features are very dif- 
ferent in an important and revealing way. 
First, the GaAs(ll0) terrace has no midgap 
states, making it appear electronically similar 
to bulk GaAs, so one might expect to obtain 
the bulk spin relaxation lifetime when inject- 
ing over a flat GaAs(ll0) terrace (28). Sec- 
ond, the [ill]-oriented step is most likely a 
GaAs(ll1) surface,. which does have midgap 
states; in fact, it is found to be metallic (29). 
This metallic property has two profound im- 
plications for understanding our results. First- 
ly, this indicates that there would be nonra- 
diative, phonon channels to the valence band 
states, explaining the large decrease in light 
intensity. Secondly, the half-filled bonds 
would create unpaired spins which could sub- 
stantially affect the spin-injection process 
through spin-spin scattering events, explain- 
ing the reduction in the spin-relaxation life- 
time when injecting over the step. From this 
analysis the height of the step does play an 
important role, because higher steps would 
have a larger number of metallic-like bonds 

than shorter steps, thereby increasing the 
likelihood of spin- flip scattering events (30). 
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MgB, Superconducting Thin 
Films with a Transition 

Temperature of 39 Kelvin 
W. N. Kang,* Hyeong-Jin Kim, Eun-Mi Choi, C. U. Jung, Sung-lk Lee 

We fabricated high-quality c axis-oriented epitaxial MgB, thin films using a 
pulsed laser deposition technique. The thin films grown on (1 1 0 2) AI,O, 
substrates have a transition temperature of 39 kelvin. The critical current 
density in  zero field is -6 X lo6 amperes per cubic centimeter at 5 kelvin and 
-3 x lo5 amperes per cubic centimeter at 35 kelvin, which suggests that this 
compound has potential for electronic device applications, such as microwave 
devices and superconducting quantum interference devices. For the films de- 
posited on AI,O,, x-ray diffraction patterns indicate a highly c axis-oriented 
crystal structure perpendicular t o  the substrate surface. 

The recent discovery of the binary metallic attracted great scientific interest (2-8). With its 
MgB, superconductor (I) having a remarkably metallic charge carrier density (2) and the 
high transition temperature (T,) of 39 K has strongly linked nature of its intergrains in a 

polycrystalline form (9, lo), this material is a 
promising candidate for superconducting devic- 
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versity of Science and Technology, Pohang 790-784, thermore, because single-crystal growth of 
Korea. MgB, seems very difficult, the fabrication of 
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