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Observation of Spin-Polarized-Electron Tunneling from a Ferromagnet into GaAs
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Experimental evidence is presented for the tunneling of polarized electrons from the apex of a fer-
romagnetic Ni tip into GaAs(110}. The polarization is found to be negative and of highest magnitude at
very low injection energies, which shows that highly polarized minority 3d electrons are preferentially
extracted from the Fermi level of the tip.

PACS numbers: 75.30.Pd, 73.40.Gk, 75.70.Cn, 7S.55.Cr

Ten years after its invention by Binnig and Rohrer the
scanning tunneling microscope (STM) [1] has proven to
be an extremely useful instrument for research in a vast

range of areas and topics [2]. It also marked the begin-

ning of a new era in the study of nanometer-sized struc-
tures. Recently, the detection of electron-spin-polari-
zation effects in STM has received some attention.
Manassen et al. [3] reported on beautiful experiments on

the observation of individual paramagnetic spins in oxi-
dized silicon surfaces. More recently, Wiesendanger et
al. [4] reported on STM experiments using a Cr02 tip
and a Cr(001) single crystal. Here we report on STM
experiments demonstrating tunneling of spin-polarized
electrons from a ferromagnetic tip into a semiconductor.
The experiment is based on the measurement of the cir-
cular polarization of the recombination luminescence ex-
cited by electrons tunneling from a ferromagnetic Ni tip
into GaAs(110). In fact, GaAs acts as a spin detector [5]
by employing the reverse of the optical orientation of
spins [6], so-called optical pumping. This effect is used,
for example, for photoemission of spin-polarized electrons
from negative-electron-affinity GaAs by using circularly
polarized light for excitation [7]. The advantage of the
present approach is that it allows the observation of
electron-spin-polarization effects without the interference
of topographic features, e.g. , roughness, steps, etc. , of the
sample under study. By definition the polarization of
light is a normalized quantity. Thus the detection of the
spin-polarization effects through it does not depend criti-
cally on the tunneling current or on its fluctuations.
Furthermore the spin-polarization effects can be observed
even in an external magnetic field. We note that Brechet
er al. [8] were the first to report preliminary results on
the injection of spin-polarized electrons from vacuum into
GaAs with reduced electron affinity. Similar experiments
were reported by Fromme et al. [9].

The process of injection and recombination of charge
carriers from atomically clean Ni tips into III-V com-
pounds has been studied in detail [10]. The GaAs sam-
ples were doped with Zn at a concentration of p=lO'
cm . We also used GaAs grown by molecular-beam ep-
itaxy, Be doped at p =10'", 3 x 10'", and 10' cm
Clean atomically flat GaAs(110) surfaces were produced
by cleaving in situ. The high doping level of the GaAs

was chosen in order to position the Fermi level close to
the I g point, the uppermost of the spin-orbit-split valence
bands. Thus a sizable concentration of holes is available,
making possible the radiative recombination of minority
charge carriers injected at low energies. Ni tips were
made by electrochemically etching polycrystalline wire
with diluted HCl. The shape of their shaft and apex was
characterized before and after the experiments by inspec-
tion with a scanning electron microscope. The tips exhib-
it typical cone angles of 9' to 15' and apex radii of 40 to
70 nm. Cleaning in the ultrahigh vacuum (UHV)
chamber was done by Ne-ion bombardment at 1 keV and
subsequent heating to 890 K for about 15 min. The crys-
tal orientation of the apex of the tip was not determined.
The tip was magnetized in situ by means of an elec-
tromagnet (see Fig. 1). The measurements were taken
with the tips remanently magnetized. The orientation of
the magnetization of the apex side of the tips was deter-
mined by measuring the stray magnetic field with a Hall
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FIG. l. Experimental setup. See text.
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probe gaussmeter. It is known that the magnetization of
the micrometer-sized region at the apex of the tip is pref-
erentially oriented along the tip's axis [11]. The results
below show that we are now able to flip this magnetic
domain by 180 . Additional experimental details are
given in Refs. [10,12].

The experimental setup is illustrated in Fig. 1. In the
present work no attempt was made to observe whether
there is any difference between tunneling into Ga or As
sites. The results thus represent an average for electron
injection at different lattice sites. Light passes through a
Pockels cell, and then through the linear polarizer. The
intensities for +k/4 retardation, I+ and I, are mea-
sured by a photomultiplier in the counting mode. The de-
gree of circular polarization is

The circular polarization of the emitted radiation is pro-
portional to the degree of spin polarization of the recom-
bining minority carriers at the fundamental band gap.
Because of the relatively large spin orbit splitting at the
valence band, h, ,„=0.34 eV, the recombination takes
place predominantly at the uppermost valence band I &.

Hence, assuming integration over all electron impulse
directions in the semiconductor in the steady-state re-

gime, we measure [7]

p =p, P; eoso, (2)

1

p, cosO
P P (3)

where P~ =(P;+ —P; )/2.
Figure 2 shows data collected for two different tips giv-

ing clear evidence of the injection of polarized electrons
from ferromagnetic Ni into GaAs. Several measure-
ments were performed with different Ni tips and GaAs
samples. The inset in Fig. 2 shows a typical luminescence
intensity (I) vs EI, curve. Near threshold, Ei =100 meV,
we measure I =30 to 100 counts/snA. The interpretation

where p„=0.5(l+ r/r, ) is the spin-polarization detec-
tion sensitivity, r is the electron lifetime at the bottom of
the conduction band, r,. is the spin relaxation time [13],
and P;(Eq) =(nl —ni)/(nl+nl) is the initial polariza-
tion of the electrons injected into the conduction band,
with n t and n~ the number of majority and minority elec-
trons of the ferromagnet, respectively. The maximum
electron injection enemy above the bottom of the conduc-
tion band Eq is EI, =eVT —Eq, where VT is the tunneling
potential applied to the tip. 0 is the angle between the
electron-spin-polarization vector P; and the direction of
light propagation towards the optical detector. In order
to determine the spin polarization PM associated with the
magnetic state of the tip, the circular polarization of the
luminescence, p+ and p, is measured for both polarities
of the magnetizing electromagnet. Thus, using Eq. (2),
we obtain
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FIG. 2. Degree of spin polarization vs maximum injection
energy of electrons tunneling from a N i tip into p-doped
GaAs(l l0). The error bars are the statistical error. Inset: The
luminescence intensity (I, in arbitrary units).

of the I vs Ei, curves is discussed elsewhere [10]. The po-
larization spectra show an increasing polarization magni-
tude with decreasing EI, . A local minimum of the magni-
tude of the polarization appears at EI, =0.7 eV. For its
definitive confirmation, however, further work is neces-
sary. The magnitude of PM reaches the background level
at V = —2.7+0.2 eV, i.e., at EI, =1.3+0.1 eV. This
strong decrease of the polarization is not accounted for by
the creation of electron-hole pairs, since the threshold for
such processes lies at a higher energy [10]. We find that
insu%cient cleaning of the tip or contamination of the
apex caused by prolonged exposure to the residual gases
in the UHV chamber, or after tunneling for several
hours, would result in a loss of the spin polarization asso-
ciated with the tip magnetization. This means that a low

number of contaminant atoms, maybe even a single one,
can drastically influence the spin polarization of the
charge carriers tunneling into GaAs. We also observe a

polarization contribution that does not show measurable
changes upon reversal of the magnetization. This residu-
al polarization is nearly zero at low injection energies and
increases with increasing energy. It remains even if the
magnetic effect is quenched by tip contamination. We
believe that this is a manifestation of the spontaneous po-
larization P&& of conduction electrons in GaAs observed in

photoemission experiments [14]. This effect is associated
with the energy-dependent spin splitting of the conduc-
tion band [13]. Preliminary results show that the back-
ground can be minimized by orienting the GaAs crystal
such that Pg) lies perpendicular to the optical detection
axis. This is the case depicted in Fig. 1 for which P&& is

along the [110] direction [14]. We also expect a preces-
sion of P~ by an angle Op about the [110]direction [15].
For small injection energies this effect may be neglected,
but for Eg ~ 1 eV we might expect precession angles of
up to 30 . Finally we note that the luminescence radia-
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tion also exhibits a small linear polarization component
lying in a direction parallel to the axis of the tip.

To determine P~ from the measured circular polarized
luminescence we need to know the quantity p, . Likewise
if P;cos() is known one can, using Eq. (2), determine the
ratio r/r, within a region the size of a micrometer or
smaller, depending on the diAusion length and dimensions
of the semiconductor structure where depolarization takes
place. Measurements of the depolarization of conduction
electrons in highly Zn-doped GaAs at room temperature
give sample-dependent results in the range p, =8% to
26% [13,16]. Because of this uncertainty, and lacking a
calibration of the GaAs samples used in the present mea-
surements, we can only attempt to estimate a lower limit
of iP;i by taking a reasonable upper limit [17],p, =20'%%uo,

and noting that no significant difference in the depolari-
zation is expected between Be- or Zn-doped samples [18].
Hence we determine from Eq. (2) with cos()=0.45 the
polarization scale for PM shown in Fig. 2. The negative
sign indicates dominant minority electron injection.
From this data we get Ptrt =(—31+'5.6)'%%uo for Et; =300
meV. The highest circular polarization of magnetic ori-
gin we report is pM =(4.35+'0.56)% which gives PM
= ( —48 ~ 5)%. High spin polarization, P = —30%, of
minority electrons at the Fermi level was observed in pho-
toemission on Ni(001) by Eib and Alvarado [191. Those
measurements also reveal an abrupt crossover to positive
polarization at boo=A+0. 05 eV, and that the positive
polarization peaks at 34% for hco+%=1 eV, where @ is
the work function. High negative polarization at the Fer-
mi level was subsequently reported for other low-indexed
Ni(hkl) [20,21] surfaces, the (110) being of particular
interest because in that case P = —100% was found [21].
The negative spin polarization observed at the Fermi level
is predicted by the Stoner-Wohlfahrt-Slater theory of fer-
romagnetism [22]. A negative spin polarization of mag-
nitude (5% at the Fermi level for various Ni(hkl) sur-
faces [23] has been found in spin-polarized field emission
(SPFEM) experiments. Calculations are consistent with
the observed spin polarization of the field-emitted elec-
trons although in the case of Ni(111) a higher magnitude
of the polarization is predicted [24]. Rau and Eichner
[25] have reported an electron-capture spectroscopy study
of Ni(hkl) surfaces that indicate very high negative po-
larization of electrons from the Fermi level, up to
PN;= —95%, one exception being the Ni(120) surface
which yields 15%.

It should be mentioned in this context that Thedrow
and Messervey [26] reported positive polarization in
spin-dependent tunneling between thin films of supercon-
ducting Al and polycrystalline Ni thin films. Those
findings support theoretical considerations of the spin-
dependent tunneling from transition-metal ferromagnets
which conclude that the tunneling current is predom-
inantly due to s-d hybridized bands exhibiting positive
polarization [27], despite the much greater density of d
states of minority type at the Fermi level. In the present

STM results, however, the magnitude and sign of the
measured polarization seem to indicate that, for our par-
ticular experimental conditions, tunneling from the
minority spin 3d states at the Fermi level is dominant.

We have presented experimental evidence for the tun-
neling of spin-polarized electrons in STM experiments.
The degree of negative spin polarization of the electrons
extracted from the Ni tip is large, Ptrt =(—31 ~5.6)%,
where the magnitude is an estimated lower limit. The
sign indicates that minority spin electrons are a dominant
contribution of the tunneling current. In light of the
present results the low magnitude of the negative polar-
ization observed in the SPFEM experiments [23] with Ni
tips becomes a puzzling yet interesting finding. The
difference in magnitude and/or sign of the polarization
determined using different techniques could have many
diAerent explanations. Sample quality and experimental
conditions can surely affect the outcome. More funda-
mentally one may consider the decay of the spin polariza-
tion of the electron cloud P(z) at ferromagnetic surfaces,
which was predicted for the case of increasing the dis-
tance z from the surface into vacuum [28]. Interestingly,
SPFEM calculations show that the spin polarization of
the emitted electrons depends critically on the shape of
the surface-barrier potential [24]. In STM experiments
the distance between the tip and the sample can be exact-
ly adjusted within the range of interest, e.g. , by changing
the tunneling current, to probe the polarized electron
cloud and test theoretical predictions. We propose that
the tunneling eA'ect reported here may be useful to image
magnetic domains and to realize spin-polarized spectros-
copy with nanometer resolution as well as to study small
magnetic particles. Furthermore it opens new possibili-
ties for the study of the transport of polarized electrons in
semiconductors.
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