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Scanning tunneling microscopy experiments reveal that the degree of spin polarization of electrons
tunneling from Ni into a semiconductor increases with decreasing potential barrier thickness. The
results show that the highly polarized 3d bands as well as the low-polarized 4sp bands contribute to
the tunneling current and that the ratio of their tunneling probabilities depends on the potential barrier
thickness and height. Furthermore, the tunneling potential barrier for the 3d-like levels is estimated to

be ~1 eV higher than for the 4s5p contribution.

PACS numbers: 73.40.Gk, 72.15.Gd, 75.50.Rr, 78.60.Fi

The study of the injection process of spin-polarized
electrons from a ferromagnetic material into a nonmag-
netic material is of importance for the understanding of
the physics of giant magnetoresistance and of the polar-
ized electron transport in multilayer and granular systems,
in which the magnetic coupling is mediated by a nonmag-
netic material. Layered and granular exchange-coupled
devices are currently the subject of intensive theoretical
and experimental research because of their repercussions
in information storage technology [1-3]. The efficiency
of injecting spin-polarized charge carriers from material
A to material B depends on the details of the electronic
potential at the interface between the materials. This Let-
ter presents scanning tunneling microscopy (STM) results
that characterize some features of the potential barrier that
influence the injection of spin-polarized electrons from a
ferromagnetic metal into a semiconductor. Essentially,
the experiment consists of measuring the spin polarization
of electrons tunneling at constant energy as a function of
the width of the tunneling potential barrier. The barrier
width is varied by changing the tunneling current while
keeping a fixed tunneling voltage. According to theoreti-
cal models [4—7], the tunneling current emitted from the
ferromagnetic metal originates from the highly polarized
and localized 3d-like states and from the low polarized,
delocalized, 4sp-like states. Ideally, maximum spin po-
larization is expected when only the 3d-like levels con-
tribute to the current injected across the tunneling barrier
potential. It is expected, however, that the sp-like states,
given their highly delocalized nature, contribute substan-
tially to the tunneling current, despite the fact their den-
sity of states is 1 order of magnitude smaller that of the
3d levels. On the other hand, it has also been noted [8]
that it is necessary to distinguish between delocalized d;
and localized d;-like electrons of E, symmetry at I". Ac-
tually, dominant d;-like tunneling has been proposed [8]
as a simple explanation for the spin polarization measured
on metal-oxide-superconductor junctions [9] at liquid-He
temperatures for energies of a few meV. For tunneling
through a vacuum barrier at the experimental conditions
discussed here, however, an interpretation of the data in
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terms of dominant d;-like tunneling does not seem to be
applicable (see below). The spin polarization of electrons
tunneling from 3d ferromagnets through a vacuum poten-
tial barrier was first probed by spin-polarized field emis-
sion spectroscopy (SPFES). Thus it has been reported that
the low values of the polarization magnitude, below 10%
for Ni, observed by SPFES [10—12] arise because the tun-
neling probability ratio between the 4sp and the 3d band
lies in the range 1072 < Ty/Tsp < 1071, as predicted by
theory [4-7].

In STM, however, the relative contribution of the 3d-
like states to the tunneling current appears to be greatly
enhanced. This has been shown for the case of ferro-
magnetic tips on GaAs(110) [13] and possibly also ex-
plains the results of tunneling between a CrO; tip and a
Cr(001) surface [14]. The main difference between the
STM and the SPFES geometry seems to reside in the
thickness of the tunneling barrier, which is about a fac-
tor of 2 thinner in STM [15,16]. Thus the discrepancy
between spin-polarized STM and SPFES results appears
to be related to differences of the corresponding tun-
neling potential barrier parameters, e.g., their thickness
and height.

To estimate quantitatively how the tunneling barrier
height and thickness could influence the degree of the
tunneling electron spin polarization, a simple model is
used which assumes that the tunneling current arises from
highly polarized 3d and low polarized 4sp-like contri-
butions. Regarding the distinction between itinerant and
localized 3d states, we note that according to Ref. [§]
the polarization of the d; contribution is estimated to
be +10%. In the SPSTM and SPFES measurements,
however, the actual polarization is found to be of nega-
tive sign [10-12,16], except for Ni(110), which yields
P = +(5 = 2)% [12]. Additionally, as shown below, the
SPSTM vs potential barrier thickness data provide no in-
dication of a change of sign with potential barrier thick-
ness as would be expected for competing localized vs
delocalized 3d states. For Fe, furthermore, the polariza-
tion of the d; part is predicted to be 95% [8], whereas in
SPFES it is reported to be at most +25% for emission
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(tunneling) along [100] [17] and about +43% in SPSTM
[16]. These observations favor an interpretation of vac-
uum tunneling where the 4sp-like contributions are more
important than the itinerant d; part, at least when dealing
with ferromagnetic tips. Thus for the analysis of the ex-
perimental data we assume that the tunneling current can
be expressed as

iT = id + isp > (1)
where iy and i, represent the contributions arising from
the localized and the itinerant states, respectively. The

tunneling current depends exponentially on the product
of the tunneling barrier width and the square root of the

mean barrier height, sd\/a and ssm/q?)sp, respectively.
As the 3d shells are more localized, we would expect
Sq = Ssp + Os, where 8s > 0 is a small quantity relative
to the typical values of s = 0.5 nm. Thus one can
make the approximation s; = s;, = s, and Eq. (1) can
be written for small tunneling energies as

ir = igoexp(—sAyda ) + ispoexp(—sAy s, ). @)
where iy0 and i;,0 are constants, and the decay length
K;l for j = sp,d is related to the mean barrier height by

Kj = Ay/d;, where A = 2/2m/h. Note that, because of

image forces, ¢; is also a function of s [15,18,19]. The
polarization P of the tunneling electrons is given by

irP = igPy + ispPsp 5 3)
where Py and Py, are the polarization of the 34 and 4sp-
like states. From Eq. (2), assuming |P,,| << |P4] [5,7], it
follows that

P(s) = Pa

1+ (isp,O/id,O) eXP[YA(V (;_bd - (;_bsp)]
Note that the coefficient i is proportional to the local
density of states near the Fermi energy multiplied by the
nonexponential prefactor of the tunneling matrix element.
The quotient of the pertinent prefactors is of the order
of unity [20]. Thus one would expect isp,o/id,o =3 X
1072, which is approximately the ratio of the 4sp to the
3d band density of states at the Fermi level [21]. Because
the relative tunneling probability is 7; « i;, we obtain
Tsp/Ta = isp/ia, and thus Eq. (4) is equivalent to
P
1+ Ts,(s)/Tals) "

Equation (4) shows that the decay length x ! of the
tunneling electron spin polarization is a measure of the
difference between the mean potential barrier heights,

K = A(\/—é‘d — 4/#sp). Because of their higher degree
of spatial localization, the 3d-like levels are expected to
exhibit a shorter decay length at the surface than do the
sp-like levels [22], implying that q?)sp < ¢4. From the
above arguments we can see that, with decreasing bar-
rier width, the tunneling probability for 3d-like electrons
should increase relative to the 4sp-like states, thus giv-

“

P(s) = (%)
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ing rise to a relative increase of the highly polarized
electron injection by tunneling across the barrier into the
semiconductor.

The measurements of the electron spin polarization
vs tunneling current were performed using ferromagnetic
polycrystalline Ni tips and an Al gsGag.94As(110) surface,
which forms the tunneling barrier and acts as an opti-
cal spin detector. Typically, the tunneling current was
varied in the range 20 = iy = 500 pA, which causes
the tip-surface distance to change by about 0.18 nm.
The upper limit of the tunneling current was about 600
pA, at which point the tunnel junction usually becomes
unstable, damage to the AlyosGag.94As(110) begins to ap-
pear in the STM topographs, and the spin polarization de-
grades. The spin polarization of the tunneling electrons
is determined by measuring the degree of circular polari-
zation of the recombination luminescence. The lumines-
cence induced by the tunneling current from the Ni tip
into the AlposGaposAs(110) surface has a linear depen-
dence on the tunneling current intensity. To check for
background effects the recombination luminescence po-
larization was measured using nonmagnetic tips. There
a small residual polarization can be detected, the magni-
tude of which decreases to zero near zero kinetic injection
energy [13]; its magnitude is roughly an order of mag-
nitude lower than the magnetic spin polarization effects
reported here. Additionally, this residual effect has been
further minimized by properly orienting the GaAs(110)
surface such that the [1, 1, 1] direction is perpendicular to
the optical detection axis. Measurements of the spin po-
larization of electrons tunneling from ferromagnetic mate-
rials then reveal a negligible background, as can be seen
in the raw data, Fig. 3 of Ref. [16]. For a detailed de-
scription of the technique and experimental details, see
[13,16]. A typical P vs iz result is shown in Fig. 1. The
tunneling bias is Vr = 1.8 V, which defines the probed
binding energy range in the Ni tip, £y = E < Ef, where
E, = eVy — Eg = 300 meV, Eg is the band gap of the
semiconductor, and Ef is the Fermi energy. The data
show that increasing the tunneling current from 20 to
500 pA gives rise to an increase of the spin polarization
by about a factor of 2. Note that the relatively weak de-
pendence of the spin polarization on the tunneling current
indicates that its decay length is much longer than that
for the tunneling current. To quantify this we note that
Eq. (4) suggests the following relationship between the
tunneling current and its spin polarization:

P4
pP=—, ©®
1+ BlT
where P;, B, and <y are fitting parameters. As the

total tunneling current can be expressed approximately
by ir = ip exp(—sA\/g), where ¢, < ¢ < ¢, we see
by comparison with Eq. (4) that y is simply the ratio
between the decay length of the tunneling current and the

spin polarization: y = (/¢4 — 553,,)/\/5. The solid
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FIG. 1. Typical measurement of the tunneling electrons spin
polarization as a function of the tunneling current. A ferro-
magnetic Ni tip is the source of spin-polarized electrons. An
Alp0sGagoaAs(110) surface forms the tunneling potential bar-
rier and serves as an optical spin detector. The energy of the
tunneling electrons lies in the range 0 < E = 300 meV. The
variation of the tunneling current in the range 20 < iy < 500
PA induces a change As = 0.18 nm of the thickness of the po-
tential barrier. The solid line is a fit of Eq. (6) to the data.

line in Fig. 1 is Eq. (6) fitted to the data. The result of
several measurements yields y = 0.35 = 0.06; i.e., the
spin polarization of the tunneling electrons has a decay
length that is about 3 times longer than the decay length
of the tunneling current. This result can be useful to
estimate the relative magnitude of the barrier heights.
Assuming ¢ = (pa + b5,)/2, it is easy to show that
b4 — ¢ésp = 2yd. An apparent barrier height of ¢, =
3.5 eV was determined from dlniy/ds measurements.
To obtain the value of the actual mean barrier height,
the reduction induced by the image forces has to be
subtracted [15,18,19]. This reduction is approximately
1.5 eV for the tip-surface distances typical of these
STM measurements [15]. Taking this correction into
account one can estimate the barrier height difference
to be 2y¢ = 1.4 eV. The assumption s; = s, = 5 was
made above. Because of the stronger localization of the
3d levels, however, one would expect s; < s,,, which
implies that the difference between the barrier heights
estimated above is somewhat exaggerated. The fitting of
Eq. (6) to the data indicates that the 3d-like contributions
are highly polarized and that the ratio i, o/iqs0 varies by
a factor of 2 or more between different measurements.
For the particular results shown in Fig. 1 one can estimate
042 = T,;/T,s = 1.1, i.e,, the probability ratio changes
by a factor of 2.6 when the barrier width changes by
As = 0.18 nm. Note that this is an example that the
3d contribution to the tunneling current can become
dominant. In addition, the fit to the data in Fig. 1
yields the value ip50/ig0 = (4.0 £2) X 1072 if we

set s = 0.50 ¥ 0.05 nm for ir = 0.4 nA. The actual
magnitude of s, as far as it can be defined, lies within the
range of values obtained from one-dimensional numerical
calculations using the model developed by Koenraad and
co-workers [23]. The above analysis was done neglecting
the polarization of the itinerant states. Hybridization of
the 4sp levels [6] and the inclusion of d;-like states [8]
can give rise to a positive polarization of the itinerant
contribution. An analysis of the data assuming Py, > 0
shows that the fitting parameter i, 0/iq0 decreases with
increasing magnitude P;,, roughly by a factor of 2 when
increasing Py, from O to 25%, while the parameter 7y is
reduced very slightly. Therefore the present results also
allow an interpretation that includes positively polarized
itinerant contributions [6]. They cannot, however, be
reconciled with an interpretation in which the tunneling
current is dominantly of the d;-like type.

Finally, one can estimate from Eq. (4) and the
parameters determined from the STM data that for the
spin polarization to decrease to the magnitude observed
with FES, 1% = P = 10%, it is necessary to increase the
barrier width to 0.9 = s = 1.3 nm, which is precisely
the thickness range of the tunneling barrier for typical
FES working conditions [10-12]. Thus the present
interpretation of the STM data can also account for
the magnitude of the spin polarization measured on Ni
tips with FES and shows that higher tunneling electron
spin polarization may be achieved more generally with
STM than with FES. Another important difference
between the STM and FES results is the shape of the
potential barrier [15]. Furthermore, the energy range of
the tunneling electrons can be made much narrower under
STM conditions. Thus the FWHM of the distribution
of tunneling electrons is well below 300 meV for the
present experiments, whereas in FES typically FWHM =
0.2—0.5 eV. This can be of importance in the case of Ni,
because the highest polarization of the 3d levels appears
within a narrow energy range below the Fermi level.

. The STM results presented here show that the polariza-
tion of electrons tunneling from Ni into a III-V semicon-
ductor surface increases with a decreasing width of the
tunneling barrier. This shows that the coupling between
the 3d-like states and the semiconductor increases faster
than for the 4sp-like states. Thus the electron spin po-
larization can be used as a tag that allows wave functions
of different angular momentum to be distinguished in the
tunneling experiment. A simple approximate relationship
between the spin polarization and the tunneling current
is derived, Eq. (6), which proves useful to determine the
barrier height difference for tunneling from 4sp and 3d
levels and yields plausible values for the ratio isp0/iq0,
which is approximately the ratio of the 4sp to the 3d den-
sity of states at the Fermi level.
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