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Abstract. A variant of scanning tunnelling microscopy with spin-resolving properties, based
on observation of circularly polarized luminescence from a semiconductor tip, is suggested. The
method is analysed using a three-step model of electron transport, including tunnelling from a
ferromagnetic sample to the tip through the vacuum gap, ballistic transport through the band-
bending region of the tip subsurface and radiative recombination with holes in the semiconductor
bulk. The tunnelling of spin-polarized electrons is treated with the transfer-Hamiltonian method.
Then the model reveals a close connection between the degree of circular polarization of the
light and the local spin polarization of the sample surface: namely, by making measurements
with photons propagating in three non-collinear directions it would be possible to obtain a
complete map of the distribution of surface spins with high spatial resolution without affecting
the magnetization of the surface. The possibility of practical realization of such experiments is
discussed.

1. Introduction

The invention of scanning probe microscopies (SPMs), including scanning tunnelling
microscopy (STM) [1] and atomic force microscopy (AFM) [2], has allowed studies of solid
surfaces down to atomic scale. Recently several authors have investigated the possibilities
of applying SPM to reveal surface magnetic properties with a high lateral resolution [3—19].
These techniques are referred as spin-polarized scanning tunnelling microscopy (SPSTM),
magnetic force microscopy (MFM) [18,19] and spin-polarized atomic force microscopy
(SPAFM) [16]. The feasibility of magneto-optical near-field imaging with a photosensitive
semiconductor tip has also been tested [20]. In addition, use of a ferromagnetic or
an antiferromagnetic metallic tip as the source of spin-polarized electrons in SPSTM is
supported by theory [3, 21] and by experiments [4, 6] as well.

The stray magnetic field of a ferromagnetic tip may disturb the sample magnetization.
Then it is difficult to distinguish spin-dependent features from other contributions of the
surface. To circumvent this problem use of a semiconducting tip (e.g. GaAs) where spin-
polarized conduction band (c-band) electrons can be obtained by pumping with circularly
polarized light has been proposed [8,11,15-17]. A convenient feature is that the spins of
the electrons in this kind of tip can be reversed by switching the helicity of the pumping light
between right- and left-hand circular polarization. This approach is supported by ordinary
STM experiments [10, 12, 14] showing that it is possible to obtain atomically resolved
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topographic surface imagewith an STM tip prepared from highly doped p-GaAs. Spin-
dependent tunnelling current has also been detected in a thin g0;-A3aAs ferromagnet
to semiconductor film junction [22].

Under pumping with circularly polarized light spin-polarized electrons are created in the
subsurface region of the GaAs tip within a depth of the order pfrl[23]. These electrons
can tunnel to the sample only if they diffuse to the tip apex during their lifetime. On the
other hand illumination can reduce the resolution due to enhanced thermal fluctuations in
the tip. The energy bands of a tip made of a p-type IlI-V semiconductor are usually bent
downward in the sub-surface region due to the presence of surface states capable of trapping
carriers. This gives rise to a sub-surface electric field and the surface photovoltage effect
SPV [24] since the minority carriers are accelerated by the field toward the surface and the
majority carriers toward the bulk. Such surface states are likely to be present even in a well
controlled environment due to strongly reduced crystallographic symmetry of the tip [15].
Although spin-polarized electrons can reach the tip apex, they may not tunnel to the sample
but are captured by defects or surface states. This is because such capture is much more
probable than tunnelling to the sample [15]. Only if the spin polarization of the trapped
electrons is conserved is the tunnelling current to a magnetic sample spin dependent [15].
In the reverse tunnelling, from the sample to the tip, the situation is analogous. Since the
states at the conduction band (c-band) edge of the tip are empty the tunnelling current from
the sample to these states is spin-independent.

Using a ferromagnetic Ni tip and a p-GaAs Zn-doped®1&n—2 sample, emission of
circularly polarized light induced by injection of spin-polarized electrons from the tip to the
sample has been observed [5]. Similar studies of STM-excited luminescence but without
analysis of the polarization have been carried out by several authors [25, 26]. In practice
it is difficult to define well the polarization of the electrons emitted from a magnetic tip
since it depends on the circumstances (orientation of the lattice facets etc) of the tip apex.
Recently it has been established that localized plasma modes can decay radiatively in an
STM junction [27-30]. Another possible mechanism that is effective on dielectric surfaces
is tunnelling of electrons to empty higher states from which they can fall to lower empty
states emitting a photon [31]. Such radiation was found to be partially circularly polarized
[30], a circumstance that allows in principle investigation of surface magnetization.

Here we discuss a variant of SPSTM where a semiconductor tip is utilized and the
restrictions with optically pumped tips mentioned above can be avoided as well as the
stray magnetic field emerging from a magnetized tip. The proposed method is based
on observation of circularly polarized light from the tip forming a tunnel junction with
a magnetic surface. Such a configuration is opposite to the one [5] where a metallic
ferromagnet (Ni) was used as the tip and the sample was GaAs. However, the physical
origin of the electron spin polarization is the same in both cases and our theoretical analysis
can be used to interpret the results obtained in [5], too.

2. The degree of spin polarization of the injected electrons

Suppose that the Fermi level of a ferromagnetic sample lies above the c-band of a p-type
semiconductor (e.g. p-GaAs) tip with a clean surface. Then the elastic tunnelling of spin-
polarized Fermi electrons from the sample takes place mainly to the c-band states of the
tip and not to the surface states which have energies in the band gap of the semiconductor
(see figure 1). After tunnelling a substantial fraction of the electrons penetrate ballistically
through the band-bending region and enter the bulk of the semiconductor, thermalizing to
the c-band minimum. In the bulk the electrons recombine with holes, producing circularly
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Figure 1. The tunnelling barrier of the proposed spin-sensitive STM with detection of
circularly polarized luminescence from a semiconductor tip. Some of the spin-polarized electrons
tunnelling from left to right pass the subsurface region of the semiconductor tip where the energy
bands (c and v) are bent due to surface states (vertical lines). Then they diffuse into the interior of
the tip where they are recombined with equilibrium holes producing photons. The bias voltage,
V, lifts the Fermi level,Er, of the ferromagnet just above the semiconductor c-band (c) edge
to ensure effective injection of spin-polarized electrons. Work functions of the ferromagnetic
sample and the semiconductor tip are denoted asd ¢, respectively.

polarized luminescence. The degree of the circular polarization is defined as
A=y —1)/Us + 1) (1)

where I, and I_ are the intensities of the right- and the left-hand circularly polarized
components of the light, respectively. To describe the degree of polarization of the
luminescence we adopt the three-step model [23]: (i) vacuum tunnelling of the spin-
polarized electrons between the ferromagnetic sample and the semiconductor tip; (ii)
transport of the electrons to the bulk of the semiconductor and (iii) radiative recombination
of the injected electrons with holes (see figure 2).

Vacuum tunnelling of the spin-polarized electrons can be analysed with the Bardeen
transfer-Hamiltonian method [32], expressing the Bardeen tunnelling matrix element as

—in?
MO’ = 27 /(X:Vwa - I/IO'VX:) ds (2)
mMe Js

where &5 is a differential vector element pointing along the normal of a separation surface
S located in the middle of the vacuum gap between the tip and the sampland v,
are the wave functions of the electrons with spin projectién or |) in the tip and in the
sample, respectively. The coordinate-dependent parts of the tip wave fungtioasd x |
are assumed to be identical. In what follows the electrons with the spin projectame
called ‘o-electrons’.

The transition rate of an electron from statg to statey, per unit time is given by
Fermi’s golden rule

w, = (27 /R)| M, |*8(Ey — Ey) (3)

whereE, andE, are the energy eigenvalues of the wave functions involved. The maximum
energy of the electrons injected above the bottom of the c-bEinds £ = ¢V — E. where

V is the tunnelling voltage applied to the sample. Increasing polarization is expected when
E diminishes [5,8]. Then the highest degree of the electron spin polarization (ESP) is
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Figure 2. An illustration of the three-step model for spin-polarized STM. Spin-polarized
electrons tunnel from the sample through the vacuum gap into the tip. Then they penetrate
ballistically the band-bending region (between the tip surface and the dotted line) and diffuse
to the interior of the tip where they are recombined with holes (p-type tip material is assumed)
producing circularly polarized photons with enefgy. The degree of circular polarization of the
light, A;, propagating along the vectey; is proportional to the projection of the spin polarization
vector P of the sample surface in this same direction. By measutingorresponding to three
noncollinear directionsr{, ny, n3), the vector—a P wherea is a constant (0< o < 1) is
completely determined.

obtained when the Fermi level of the ferromagnet is situated just above the bulk value of
the c-band edge of the semiconductor, &£€.— E. 2 0 (see figure 1). Then the total rate
of the spin-polarized electron transfer is to a good approximation

Co & N, (Er)|M,|? 4)

where N, is the density of ther-electron states at the Fermi level of the sample. After
tunnelling some of these electrons cross the band-bending region and diffuse to the bulk
of the tip, thermalizing to the band minimum. During this process the spin polarization is
partly lost via spin relaxation characterized by the spin-relaxation time

The generation rateg,, of the o-electrons in the tip is proportional t6, in (4). If
their number is denoted by, the rate equation of the total number of the minority carriers
can be written as

d(nT+n¢)/dt=g¢ +g¢—(1/r)(nT +I’l¢) (5)

where Yt is the electron recombination rate. Taking into account the spin relaxation the
difference between the numbers of electrons with the two spin projections takes the form

d(ny —n))/dt = g4 — g, — (/1) (ny —ny) — (L/7)(ny —ny). (6)

Under stationary conditions the time derivatives in (5) and (6) are zero. Using (4) as well
as the relatiorg, o C, we obtain an expression for the spin polarization of the tip electrons
in the form

- T
e ey o @)
I/ZT —G—I’li T

P
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whereh is a unit vector along the mean value of the spin,
P =P/ = (g1 —8,)/(gr + &) = (N} My [> — Ny M [®) /(N3 | M4 > + Ny M%) (8)
and

1T =1/t + 1/z,. 9)

The physical meaning of; is discussed in connection with (16)—(19). To achieve a large
value of P, T/t should not be too small. This is possible e.g. in highly doped p-GaAs
tip material wherer, can be greater than [33]. The ratioz,/r may vary in a wide range
depending on temperature and concentration of the impurities, defects and the majority
carriers.

The spin-density matrix of the injected and thermalized electrons can be parametrized
as

p:%(l+P°O’) (10)

wherel is the unit 2x 2 matrix ando are the Pauli matrices. Thus the mean value of the
spin (s) = S,(op) is

(s) = LP. (11)

For the next we consider radiative recombination of the electrons with equilibrium holes
in GaAs where the bottom of the c-band and the top of the v-band are located at the centre of
the Brillouin zone ["-point) making direct-gap transitions of high efficiency possible. The
c-band is twofold degenerate with spin. The v-band consists of three twofold-degenerate
subbands, one of which is split off from the others by the spin—orbit splitNngAt high
p-doping of the tip material its Fermi level is close to the top of the v-band. Thus a
considerable number of holes is available for radiative recombination with the minority
carriers injected from the sample. It is just this luminescence which we suggest to be
utilized in a spin-polarized scanning tunnelling microscope.

The parameter defined by (1) is related to the mean spin of the minority carriers by
[33]

A=-20(s)n (12)

wheren is a unit vector in the direction of the light propagation. The value @ 0.5 for
the transitions considered but in strained GaAs it can be close to unity [34]. Using (7), (11)
and (12) we can write

A=—a(T/t)P;-n. (13)

It is evident that by measuring at different positions of the tip above the surface and
for light propagating to three non-collinear directionsg, n, andnz a complete map of
all components ofP; can be obtained (see figure 2). A measurement in only one direction
would produce a map of the componentBf along this particular direction.

To probe the spin polarization of the electrons at the Fermi level its position should
be adjusted to be just above the c-band edge of the tip. For p-GaAs this can be done by
applying a voltage of about1.5 V to the sample. Under these circumstances the tunnelling
electrons which suffer inelastic scattering (and depolarization) in the sub-surface region of
the tip do not have enough energy to reach its interior. Therefore most of the electrons
penetrating deep into the tip have traversed this re@altistically without loss of their
spin polarization.

We assumed above that the kinetic energy of the injected electrdaw.isHowever,
the case of large band bendings and high bias voltages when the injected electrbot are
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requires special consideration. Such electrons experience, when propagating along certain
directions inside the tip, precession of spin polarization around an effective magnetic field
caused by the spin—orbit interaction in conjunction with lack of the inversion symmetry in the
[lI-V compounds [33]. The orientation of this field depends on the direction of the electron
guasimomentunk. Thus in the bulk the effective magnetic field is randomly oriented due to
electron scattering and leads to depolarization of the electrons. However, electrons that are
ballistically crossing the band-bending region have momenta with approximately constant
direction and all of them feel the same orientation of the effective magnetic field. As a
result this field rotates the spin polarization from its initial directiBp [35]. For GaAs

the rotation is maximal fok|| (110 and zero fork|(100 or (111 [35]. This is because

the effective magnetic field is parallel to a vect&r with componentsk, = kx(k§ — k),

K, = ky(k? —k?) and K = k. (kZ — k%) in the coordinate frame where they andz axes

are directed along100, (010 and (001), respectively [33]. At low energies of injected
electrons the spin precession is small [35], but it may become quite substantial when the
electrons gain kinetic energy in a thick band-bending region.

In the experiment withthe ferromagnetic Ni tip and the GaAs sampdaoton flux
producing 1000 counts$ in the photomultiplier for each nanoampere of the tunnelling
current was observed within a solid angle ©D.2 sr [5]. The degree of the circular
polarization was~ — 31%. In SPSTM where the luminescence is induced in a
semiconducting tip instead of a GaAs sample the photon flux may be somewhat lower,
requiring the use of single-photon counting techniques. A tip fabricated by selective epitaxial
growth, as proposed for an optically pumped SPSTM [17], could provide an effective method
for collection of the luminescence radiation. As shown in figure 3 the tip is integrated into
an end of a GA (x4 ax)Al x 1 axAS—Ga_ Al AS—Ga_(+ax)Al x+a,AS light guide transferring
the luminescence to a detector. Such a structure can work as a light guide in this case since
the band gap is greater in AlAs (2.14 eV) than in GaAs (1.43 eV) [36]. In this way a single
component ofP; can be measured.

Polarized photons

&

I: Ga, ,AlLAs

Substrate II: Gay_(ran Alirax AS

GaAs epitaxial Td < 1 um
layer l

<
AA
« b

Polarized electrons

Figure 3. The proposed construction of a GaAs tip integrated into an end of a
Gay—(x+ax)Al x4 axAS—Ga_ Al As—Ga_(x+anAl +axAs optical waveguide. The tip apex is
formed by a selectively grown GaAs epitaxial layer cleaved at the (110) plane.
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3. The local character of the spin polarization

In the model of SPSTM discussed above the magnetic contrast of the image is due to
the factorP; in (13). It depends on the wave functiogig of the sample side through the
tunnelling matrix elements (see (2) and (8)). By applying a bias voltage as shown in figure 1
the Fermi level of the ferromagnet is just above the bulk c-band edge of the semiconductor
and thus the energy of the tunnelling electrons is taken to be roughly eqél.tdn the

case of elastic tunnelling of electrons from the sample to the c-band states of the tip these
matrix elements have been evaluated in our previous work [17]. The analysis was based
on expansion of the tip wave functign, using spherical harmonic components. In the
simplest case of a spherically symmetric tip state we can restrict this expansion only to the
s-wave. Near the c-band edge of GaAs a linear combination of atomic orbitals (LCAO)
wave function with wave vectok ~ 0 can be written as

Ac(r) =a2s(r—Rj) —a’Zs/(r—R}). (14)

Here R; (R) is the position of thejth cation (anion) where the s-type wave functions,
(s7), are centred and (a') is a coefficient [37]. In the vacuum outside the tip apex the tail
of the wave function has the form

Xo (1) o< €7 [Kcx (15)

wherex = |r — 7/|, v is the position of the ion at the tip apex ards a decay constant
of orderA—1. This wave function leads to the relation [17]

My o< (1) (16)

where ¢, (r') is the sample wave function at the position of the tip apex ion. A similar
result was obtained by Tersoff and Hamann [38] in the theory of normal STM. To consider
a more general tip wave function Chen’s derivative rule [39] can be applied. First we write
the angular dependence of the tip wave function in terms of rectangular coordinates
andz using a polynomialQ (x, y, z) (for the d,, function, say,Q(x, y, z) = xy etc). Then
according to the derivative rule the tunnelling matrix element may be expressed as

d d d
M, o 17
x 9 (Kax Kay " ka7 ) Vo (). (7
Substituting (16) in (8) we obtain

= (Nt Y )12 = Ny, (7)12) /(N [y (P P + Ny [, (7)) (18)

where the sample wave functions, () and the density of the state factors correspond to
their values at the Fermi level. By definition [17; in (18) is the local degree of spin
polarization of the electrons at the point and energyEr. It can be expressed by the
ratio of the local spin densityn(r’, Er) to the local density of the electronic states of the
sample,o,(r', Ef), as

Py =m(r', Ep)/ps(r', EF). (19)
From (13) and (19) we obtain
A =—a(T/t)[m@', Ep)/ps(r', Ep)] - n. (20)

The magnitudes ofP, and m appear also in the analysis of the spin asymmetry of
the tunnelling current flowing between an optically pumped semiconductor tip and a
ferromagnetic sample [17]. Thus the effect of the tip in the suggested SPSTM image
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is reduced to a constant factorq7 /7). It is also convenient that, in principle, magnetic
contrast is obtained directly without any supplementary procedure.

It has been suggested [40] that predominantly s—d-hybridized bands with nearly spherical
Fermi surface contribute to the tunnelling current from a transition metal ferromagnet (Co,
Fe, Ni) and that the electron effective mass is close to the free electron mass. Using this
model and the approximation of a rectangular potential barrier with corresponding wave
functions [41] we obtain from (18)

P = (K% — kyk))(ky — ky) /(6% + kykey) (ky + k) (21)

wherek, is the Fermi momentum of a-electron. Due to the factor? — kyk; the spin
polarization can change its sign although the bulk polarizafipa= (k4 — k) /(ky + k) is
always positive. For instance, the valuesRyfare 17 and-2% when calculated from (21)
for Fe and Ni using the barrier height of 4 eV and the Fermi momentai46j 1.10 and
k, = 0.42 for Fe andc; = 1.16 andk; = 0.95 for Ni in the units ofA~1, respectively.

It should be noted that the Bardeen theory is valid for slow tunnelling rates, requiring
that exf—«d) « 1 whered is the width of the barrier. At intermediate rates a more precise
treatment is needed. In the case of a rectangular barrier the exact solution of the tunnelling
problem [42] can be used. Then we obtain the spin polarization as a functies iof the
form

Py (kd) = [SintP(kd) (k2 — kyky) +kyky ] (ky — k) /[SINP (1) (162 + Ky ky ) + Kok 1y + k).
(22)

When «d is increased from zero to infinity?;(«d) ranges from the bulk valu, =

(ky —k,)/(ky + k) to that of P; in (21) as shown in figure 4 in the case of Ni (the results
for Fe and Co are very similar). Other featuresRfare that for a wide (sirflicd) > 1)

but low (k2 < kyk;) barrier P, = —P, and that for any values of, d, k; andk, it is
betweenP, and — P,.

According to calculations [11]P; is sensitive to the shape of the spin-dependent
tunnelling barrier potential. The barrier between the sample and the tip is not rectangular
because a negative bias voltage (abeli5 V in GaAs) is needed to raise the Fermi level of
the (ferromagnetic) specimen above the semiconductor’s c-band edge. A trapezoidal barrier
shape would be more realistic (see figure 1) to handle the problem. Inside the barrier region
the wave function can be expressed [43] as a linear combination of Airy functiog3 Ai(
and Bi¢) with

£=C2mJIOYVpd)(P — ¢+ V)P = (¢ — ¢ + eV)/d)3x]. (23)

Here¢ andg are the work functions of the ferromagnet and the semiconductor, respectively.
However, it is found that with a bias voltage of the order-af.4 V the value ofP; is
nearly the same as for the rectangular barrier.

In STM experiments the apparent barrier height is frequently lower (even 1 eV or
less) than the work function of the tip and the sample materials. In this case the negative
polarization of Ni can be close to its limit10% = — P, (see the discussion after (22)). It
is well known that different measuring methods give very different polarization values for
the same material [5, 44-46]. In tunnelling experiments using an Ni STM tip and GaAs
sample a negative polarization with maximum valuePot= (—31+ 5.6)% was observed
[5]. On the other hand electron-capture spectroscopy of Ni surfaces [44] reveals very
high negative Fermi-level polarization, up t05%. Tunnelling measurements between a
thin superconductor Al film and a thin polycrystalline Ni film give a positive polarization
(11%) close to the bulk value (10%) [45]. Low negative polarizatioas-5%) that are



Spin-polarized scanning tunnelling microscopy 5705

AP S N W

Pl

——————

LT

e
etk T

K(zg(l)

Figure 4. Calculated degree of the spin polarizati®p of electrons tunnelling from Ni into a
GaAs tip as a function of the tip—sample separatighdnd the surface wave function decay
constant £). P; is normalized against the bulk polarizatio®,§. A rectangular tunnelling
barrier is assumed. For a sufficiently wide barriér 10 ,&) P; changes rapidly from- P, to

+ P, whenk is reduced to near zero.

close to those given by (21) with reasonable values @fere found on Ni surfaces using
spin-polarized field emission experiments [46].

The value of P depends on the bias voltage [5]. The maximum degree of negative
polarization was found while the Fermi level of the ferromagnet (Ni) was just above the
c-band edge of the GaAs sample, corresponding to a voltage of aldohitV applied to
the ferromagnetic tip. At higher voltages it seems tRatscillates, attaining a minimum at
about—2.2 V and a maximum at-2.5 V. Such behaviour could be explained by assuming
a spin-dependent potential at the Ni surface [47,48]. The theory set forth in [47] and [48]
indicates that the effective surface potential barrier is lower for the minority spin electrons.
As a result these electrons have greater tunnelling probability, which explains the high
negative polarization found in the experiments [5]. For a biased tip (Ni) and sample (GaAs)
the barrier is approximately triangular with deeper inclination for the majority spin electrons.
When the negative voltage on Ni is increased the relative difference between the potential
barriers for the electrons with up and down spins will diminish, reducing thus the negative
polarization of the tunnelling current of the Fermi level electrons. For the same reason the
tunnelling current which originates from the states below the Fermi level of the Ni tip is
even less negatively polarized. Possible depolarization due to scattering in the band-bending
region will further reduce the spin polarization.

At sufficiently high voltages part of the barrier near the GaAs surface becomes
classically accessible (Fowler—Nordheim regime [49]). When this area is wide enough the
interference of transmitted and reflected electrons causes well known surface resonances
[49,50] localized at the GaAs surface. Their appearance will enhance the transfer of
electrons through the barrier and can be seen as a sequence of oscillations in the tunnelling
conductance (Gundlach oscillations [50]). In our case the classically accessible part of the
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barrier is wider for the minority spin electrons and thus the first peak of the conductance
can be attributed to them. This may explain the maximum of the negative polarization seen
in the experiment [5]. On the other hand the voltage corresponding to this maximum is
in the range where the Gundlach oscillations were found in STM experiments at the Ni
surface [51]. We are planning to investigate this hypothesis. On the other hand further
experimental studies of such oscillations of the polarization of tunnelling electrons would
help to investigate the spin-dependent potential of magnetically ordered surfaces, a question
which is crucial for understanding SPSTM.

4. Conclusions

STM based on detection of the degree of circular polarization of luminescence radi}ion (
created in a GaAs tip as a result of recombination of spin-polarized electrons transferred
from a magnetic sample is analysed.

Using the Bardeen transfer-Hamiltonian method we show that measuremestfoof
radiation propagating in three non-collinear directions can provide a map of the local
electronic spin polarization vector of the sample surface, probably with subnanometre
resolution. In this method it is unnecessary to alter the sample polarization in order to obtain
magnetic contrast in the STM image, a circumstance that is a major drawback when using
a ferromagnetic tip in a spin-sensitive STM [4, 6]. Because a non-magnetic semiconductor
tip is used the method analysed here can be considered as non-destructive with respect to
surface magnetization.

It is expected that for electron injection energies just above the bottom of the c-band
of the tip the spin-polarized electrons tunnelling from the sample traverse the band-bending
regionballistically. Thus the sub-surface region has only a small effect on the ESP of the
injected electrons.

The STM experiments should be carried out under ultra high vacuum (UHV) because
non-crystalline native oxide layer on a GaAs tip reduces spin-polarized electron transfer
from the sample to the bulk of the tip. However, the tip can be prepared in air, cleaving it
from a single-crystal GaAs wafer and removing the oxide layer afterwards inside the UHV
chamber with hydrogen plasma treatment. UHV is necessary also because the electron spin
polarization of the sample surface is sensitive to contamination. Recent experiments on
GaAs tips which have been passivated with sulphur atoms are quite interesting because the
tip can work even under ambient pressure [52]. The band-bending region introduced in
such a case would not necessarily influence too severely the electrons traversing this region
ballistically.
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