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General Introduction

Scanning near-field probe microscopy
(SNPM) has developed from scanning
tunneling microscopy (STM), which was
invented in 1981 by G. Binnig, H. Rohrer,
Ch. Gerber, and E. Weibel at the IBM
Ziirich Research Laboratory [1-3]. SNPM
combines three important concepts: scan-
ning, point probing, and near-field opera-
tion [4]. Scanning is achieved by means of
piezoelectric drives which allow the posi-
tioning and raster scanning of a point
probe relative to a sample surface to be
investigated with subatomic accuracy.
Nonlinearities due to piezoelectric hyster-
esis and creep usually have to be corrected
electronically or by software to prevent
image distortions. Point probing allows
local information to be obtained about
the physical and chemical properties of a
sample surface, which facilitates the inves-
tigation of site-specific sample properties.
The point probe is brought in close proxi-
mity to the sample at a distance s which is
smaller than some characteristic wave-
length A of a particular type of interaction
between the probe tip and the sample. [In
the case of STM, A would be the electron
wavelength whereas for scanning near-
field optical microscopy (SNOM), A
would be the optical wavelength.] In this
so-called near-field regime (where 5 < )),
the spatial resolution that can be achieved
is no longer limited by diffraction, but
rather by geometrical parameters; the dis-
tance s between the point probe and the
sample surface, and the effective radius of
curvature R of the point probe. SNPM is
therefore an exceptional type of micro-
scopy because it works without lenses (in
contrast to optical and electron micro-
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scopy), and achieves ‘super resolution’
beyond the Abbé limit. Another important
feature of SNPM is that it can be operated
in air and in liquids as well as in vacuum,
which offers novel opportunities for high-
resolution studies of the structure and
processes at solid/fluid interfaces. In
particular, in situ electrochemical studies
and in vivo investigations of biological
specimens at unprecedented real-space
resolutions have become some of the
more recent intense fields of application,
besides surface science studies under ultra-
high-vacuum conditions.

1 Scanning Tunneling
Microscopy

1.1 Introduction

Scanning tunneling microscopy (STM)
was the first near-field microscopy tech-
nique to be developed. Tt is based on
vacuum tunneling of electrons between
an electrically conducting point probe
and an electrically conducting sample
(metal or doped semiconductor). The sche-
matic set-up for an STM experiment is
shown in Fig. 1. An atomically sharp
probe tip is brought within a distance of
only a few angstroms (1A=0.lnm=
107 m) from a sample surface by means
of a piezoelectric drive in the z-direction
(normal to the sample surface). If a bias
voltage U has been applied between the tip
and sample, a tunneling current J will flow
due to the quantum mechanical tunneling
effect even before mechanical point con-
tact is reached. Since the tunneling current
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is strongly (exponentially) dependent on
the tip—surface separation, it can be used
very efficiently for distance control. By
scanning the lip over the sample surface
while keeping the tunneling current con-
stant by means of an electronic feedback
circuit, the surface contours can be traced
by the tip. A quasi-three-dimensional
‘topographic’ image z(x,y) of the sample
surface is gained by monitoring the vertical
position z of the tip as a function of the
lateral position (x, y), which is controlled
by piezoelectric drives in the x- and y-
directions. The position (x, y, z} of the tip
can be calculated based on the known
sensitivities of the piezoelectric drives in
the x-, y-, and z-directions and the corre-
sponding driving voliages U,, U, and U,.

In addition to its use to control the tip—
surface separation, the tunneling current
contains valuable information about the
local electronic properties of the sample
surface and—to some extent—of the tip
as well, which is unwanted in most cases.
In the following, constant-current topo-
graphs and the various dependencies on
experimental and sample-specific para-
meters will systematically be discussed.
This will ailow classification of the infor-
mation which can be extracted from STM
experiments.

1.2 “Topographic Imaging’ in
the Constant-Current Mode

Within Bardeen’s transfer Hamiltonian
formalism [5)], the tunneling current 7 can
be evaluated from the first-order time-
dependent perturbation theory according
to

1= 2SS (EN(1 - f(B, +eV)

—fE, - eU)(1 ~ f(E}))]
X LM#‘vlza(Eu - E.u) (1)

where f(E) is the Fermi function, U is the
applied sample bias voltage, M, is the
tunneling matrix element between the
unperturbed electronic states 1, of the
tip and v, of the sample surface, and
E,(E,) is the energy of the state v,(v,)
in the absence of tunneling. The delta
function describes the conservation of
energy for the case of elastic tunneling.
(Inelastic tunneling will be considered
later; see Sec. 2.6.) The essential problem
is the calculation of the tunneling matrix
element which, according 1o Bardeen [5], is
given by
A2
Muw =3 [4SGIV0 - 074 @

where the integral has to be evaluated over
any surface lying entirely within the
vacuum barrier region separating the two
electrodes. The quantity in parentheses
can be identified as a current density j, .
To derive the matrix element M, from
Eg. (2), explicit expressions for the wave
functions ¥, and v, of the tip and sample
surface are required. Unfortunately, the
atomic structure of the tip is generally
not known. Therefore, a model tip wave
function has to be assumed for calculation
of the tunneling current.

Tersoff and Hamann [6,7], who first
applied the transfer Hamiltoman
approach to STM, used the simplest
possible model for the tip with a local
spherical symmetry. In this model, the
tunneling matrix element is evaluated for
a s-type tip wave function, whereas con-



tributions from tip wave functions with
angular dependence (orbital quantum
number / # 0) have been neglected. Tersoff
and Hamann considered the limits of low
temperature and small applied bias voli-
tage, for which the tunneling current
becomes

21re
UZ M,

X 6(Ey - EF)(S(E“ - EF) (3)

where £t is the Fermi energy. Within the
s-wave approximation for the tip, the
following expression for the tunneling
current is finally obtained

I & Un,(E) exp(2xR)
x Z va(rﬂ

with the decay rate x = (2m¢)'/? /ﬁ, where
¢ is the density of states at the Fermi level
for the tip, R is the effective tip radius, and
Ty is the center of curvature of the tip. The
quantity

é(E, — Eg) (4)

ny(Ep, Fo) = ZWU(’D )8(E, — E¢)  (5)
can be identified with the surface local
density of states (LDOS) at the Fermi
level Ef, that is, the charge density from
electronic states at Fy, evaluated at the
center of curvature » of the effective tip.
The STM images obtained at low bias in
the constant-current mode therefore repre-
sent contour maps of constant surface
LDOS at Ep evaluated at the center of
curvature of the effective tip, provided that
the s-wave approximation for the tip can
be justified. Since the wave functions decay
exponentially in the z-direction normal to
the surface toward the vacuum region,

¥, (F) x exp(—xz) (6)

e
it follows that

[, (Fo)|” ox exp[~2x(s -+ R)] (7)

where s denotes the distance between the
sample surface and the front end of the tip.
Therefore, the tunneling current, given by
Eq. {4), becomes exponentially dependent
on the distance 5, as mentioned i1n the
introduction:

I o exp(—2ks) (8)

The strong exponential distance depen-
dence typically leads to an order-of-
magnitude increase in the tunneling
current for each angstrom decrease in the
tip—surface separation.

Unfortunately, the simple interpreta-
tion of constant current STM images as
given by Tersoff and Hamann is not valid
for high bias or for tip wave functions with
angular dependence.

Scanning Tunneling Microscopy

1.2.1 Effects of Finite Bias

The applied bias voltage enters through
the summation of states which can con-
tribute to the tunneling current. Addition-
ally, a finite bias can lead to a distortion of
the tip and sample surface wave functions
¥, and v, as well as Lo a modification of
the energy eigenvalues £, and E, [8]. The
derivation of these distorted tip and
sample surface wave functions and energy
eigenvalues under the presence of an
applied bias is, however, a difficuit prob-
lem. Therefore, as a first approximation,
the undistorted zero-voltage wave func-
tions and energy eigenvalues are usually
taken. Consequently, the effect of a finite
bias U only enters through a shift in energy
of the undistorted surface wave functions
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or density of states relative to the tip by an
amount eU. Under this approximation,
the following expression for the tunneling
current as a generalization of the result of
Tersoff and Hamann may be used:

el/
I j n(LeU = H)n(8,7)d8  (9)
0

where n,(£) is the density of states for the
tip and n,(&, /) is the density of states for
the sample surface evaluated at the center
of curvature 7y of the effective tip. All
energies & are measured with respect lo
the Fermi level. One can now make the
following approximation motivated by a
generalization of Eq. (5) together with

Eq. (7):

n(&,7y) x ny(&) cxp{—2(s + R)

B0} o

where a mtype expression for the decay
rate x in the exponential term has been
used. ¢(¢,) denotes the tip (sample sur-
face) work function. Finally, one obtains

I x J:U n(telU £ &)n(&)T(&,eU)d&
(11}

with an energy- and bias-dependent trans-
mission coefficient T'(&,eU) given by

T(8,elU) = exp{—Z(s + R)

2m el 12
x [F ("5‘—?‘5+7+5)] } (12)
In Egs. (11) and (12), matrix element
effects in tunneling are expressed in terms
of a modified decay rate x including a
dependence on energy £ and applied bias
voltage U. The expression (12) for the

transmission coefficient neglects image
potential effects as well as the dependence
of the transmission probability on parallel
momentum. This can be included by an
increasingly more accurate approximation
for the decay rate «.

1.2.2 Effects of Tip Wave Functions
with Angular Dependence

STM tips are usually made from tungsten
or platinum-iridium alloy wire. For these
materials, the density of states at the Fermi
level is dominated by d-states rather than
by s-states. Indeed, first-principle calcula-
tions of the electronic states of several
types of tungsten clusters used to model
the STM tip revealed the existence of
dangling-bond states near the Fermi level
at the apex atom which can be ascribed to
d, states [9]. Evaluation of the tunneling
current according to Eqgs. (1) and (2) now
requires calculation of the tunneling
matrix element for tip wave functions
with angular dependence (/ # 0). Chen
[10] has shown that generally the tunneling
matrix element can simply be obtained
from a ‘derivative rule’. The angle depen-
dence of the tip wave function in terms of
x, v, and z has to be replaced according to

d
X — —

dx

a
~ 3 (13)

g
z— =

oz

where the derivatives have to act on the
sample surface wave function at the center
of the apex atom. For instance, the tunnel-



ing matrix element for a p, tip state is
proportional to the z-derivative of the
sample surface wave function at the center
of the apex atom at r.

In terms of a microscopic view of the
STM imaging mechanism [11] illustrated
in Fig. 2, a dangling-bond state at the
tip apex atom is scanned over a two-
dimensional array of atomic-like states at
the sample surface. Overlap of the tip state
with the atomic-like states on the sample
surface generates a tunneling conductance
which depends on the relative position of
the tip state and the sample state. The
atomic corrugation Az depends on the
spatial distribution as well as on the type
of tip and sample surface states. Generally,
for non-s-wave tip states, the tip apex
atom follows a contour, determined by
the derivatives of the sample surface
wave functions, which exhibit much stron-
ger atomic corrugation than the contour of
constant surface LDOS at Eg.

1.2.3 Imaging of Adsorbates

The transfer Hamiltonian approach as
used by Tersoff and Hamann has further
limitations. First, it is a perturbative treat-
ment of tunneling, being appropriate
only for weakly overlapping ciectronic
states of the two electrodes. Secondly,
this approach suffers from the fact that
assumptions for the tip and sample surface
wave functions have to be made in order to
derive the tunneling current.

As an alternative, Lang [12,13] has
calculated the tunneling current between
two planar metal electrodes with adsorbed
atoms where the wave functions for the
electrodes have been obtained self-

Scanning Tunneling Microscopy 5

consistently within density functional
theory. In Fig. 3a the calculated current
density distribution from a single sodium
atom adsorbed at its equilibrium dictance
on one of the two metal electrodes is
shown. The plot illustrates how spatially
localized the tunneling current is. By scan-
ning one adsorbed atom (taken as the tip)
past another adsorbed atom (taken as the
sample), the vertical tip displacement ver-
sus the lateral position can be evaluated
under the constant-current condition [13].
In Fig. 3b, constant-current scans at low
bias of a sodium tip atom past three
different sample adatoms (sodium, sulfur,
and helium) are shown. Most striking is
the negative tip displacement for adsorbed
helium. The closed valence shell of helium
is very much lower in energy with respect
to the Fermi level, and its only effect is
1o polarize metal states away from Ep,
thereby producing a decrease in the
Fermi level state density. This results in a
reduced tunneling current flow, that is, a
negative tip displacement in a constant-
current scan. This example illustrates
nicely that ‘bumps’ or ‘holes’ in ‘topo-
graphic’ STM images may not correspond
to the presence or absence of surface
atoms, respectively—sometimes even the
reverse is true.

1.2.4 Spatial Resolution in
Constant-Current Topographs

According to Tersoff and Hamann [7], an
STM corrugation amplitude, or corruga-
tion in brief, A, may be defined by

A=z, —z_

(14)

where z, and z_ denote the extremal
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values of the z-displacement of the tipin a
constant-current scan. This corrugation A
decreases exponentially with distance z
from the surface,

A o< exp(—yz) (15)

where the decay rate ~ is very sensitive to
the surface lattice constant because it
depends quadratically on the correspond-
ing Fourier component ( in the expansion
of the surface charge density,

v x %rz”‘Gz (16)

with k? = 2m¢/ . Consequently, only the
lowest non-zero Founer component deter-
mines the corrugation at sufficiently large
distances. Tersoff and Hamann [6,7]
argued that suppression of higher Fourier
components in their expression for the
tunneling current between a spherical tip
of radius R and a sample surface at a
distance s from the front end of the tip is
equivalent to a spatial resolution deter-
mined by

()"

According to this expression, the lateral
resolution in STM 1s determined by the
geometrical parameters R and s, rather
than by the wavelength of the tunneling
electrons. This is characteristic for near-
field microscopes which are ?Jerated at

distances between the probe tgp and the
sample surface that are small compared
with the wavelength, as mentioned in the
introduction. For STM, typical tip—sur-
face separations are 3-10 A, whereas the
wavelength of tunneling electrons typically
varies in the range 12-120 Aforan applied
bias voltage of 0.01-1V,

The expression, Eq. (17), for the lateral
resolution in constant-current STM

images implies that high spatial resolution
is obtained with a small radius of curva-
ture of the effective tip and at a small tip—
surface separation, that is, at low tunnel-
ing gap resistance. Both dependencies have
been verified experimentally. The depen-
dence of the measured corrugation on the
radius of curvature of the effective tip was
studied by combined STM-FIM (field ion
microscopy) experiments [15] where the
obtained STM results could be correlated
directly with the size of the effective tip
as revealed by FIM (Fig.4). As a direct
consequence, measured absolute values
for the corrugation A are meaningless if
the microscopic structure of the tip is not
known.

The dependence of the measured corru-
gation on the tip—surface separation has
experimentally been studied by systematic
variation of the tunneling gap resistance
[16,17]). In paiticular, the suppression of
higher Fourier components in the expan-
sion of the surface charge density with
increasing tip—surface separation, as theo-
retically predicted by Tersoff and Hamann
[6, 7], has experimentally been verified [17].
Figure 5 shows the influence of the chosen
tip—surface separation on the spatial reso-
lution achieved on a W(110)}/C-(15 x 3)
reconstructed surface. It 1s immediately
apparent that the STM results can
critically depend on the tip-surface
separation, that 1s, on the tunneling gap
resistance, particularly for surface struc-
tures with complex unit cell structure.

For close-packed metal surfaces, such
as Au(111) [18] or Al(111) [16], atomic
resolution could not be explained within
the spherical tip model employed by
Tersoff and Hamann, Baratoff [19] early
on pointed out that the spatial resolution
might be considerably improved compared
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with expression (17) if tunneling occurs via
localized surface states or dangling bonds.
Later, Chen [11, 20] systematically investi-
gated the influence of different tip orbitals
on the spatial resolution within a micro-
scopic view of STM. The calculated
enhancement of the tunneling matrix ele-
ment by tip states with / # 0 was shown to
lead to increased sensitivity to atomic-
sized features with large wavevectors. For
instance, a p, tip state acts as a quadratic
high-pass filter, whereas a d: tip state acts
as a [guadretid high-pass filter. Conse-
quently, the resolution of STM can be
considerably higher than predicted within
the s-wave tip model. The spontaneous
switching of the resolution often observed
in or between atomic-resolution STM
images can be explained by the fact that
a very subtle change of the tip involving a
change of the effective orbital can induce a
tremendous difference in STM resolution.
In conclusion, it is the orbital at the front
end of the tip which mainly determines the
spatial resolution in STM. A p, orbital
typical for elemental semiconductors or a
d; orbital from d-band metals are most
favorable.  Therefore, ‘tip-sharpening
procedures’ have to aim at bringing such
favorable orbitals to the front of the
tip [11].

1.3 Local Tunneling Barrier
Height

According to Eq. (8), the tunneling current
I was found to depend exponentially on
the tip—-surface separation s:

I x exp(—2xs)
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with a decay rate « given by

1/2
. = (Zmz)

where ¢ is an effective local potential
barrier height. Sc far, ¢ was assumed to
be laterally uniform. In reality, ¢ exhibits
spatial variations which can yield addi-
tional information about the sample sur-
face under investigation.

Motivated by Eq. (8), an apparent local
barrier height is usually defined by

K (dInl\?

Pa = &m ( P ) (18)
For large tip—surface separations outside
the effective range of image forces, it is
clear that ¢ has to approach the surface
local work function ¢, which is defined as
the work needed to remove an electron
from the Fermi level of the solid to a
position somewhat outside of the surface
where image force effects can be neglected.
However, for small tip—surface separa-
tions (S—IOA), image potential effects cer-
tainly have to be considered. By assuming
a model potential [21]

#(d) = g — 5 (19)

where ¢ is the average work function of
the sample surface and the probe tip
{#0 = (@ + $,)/2], and d is the distance
between the two image planes
(d 5 —1.5A), the distance dependence
of the tunneling current can be calculated:

din/ _ 2(2m)"?
ds K

2

Plle— v 0 i) 20

As can be seen from Eq. (20), the first-
order term in 1/d, although present in the




8 Scanning Tunneling Microscopy

potential ¢(d), cancels exactly in the
expression for dIn//ds. The second-order
term in 1/d uscally contributes only a few
percent of the zero-order term and can
therefore be neglected to a first approxi-
mation. As a consequence, one finds

din/f

R P const. (21)

and

¢a = ¢g = const.

This means that the presence of the image
potential does not show up in the distance
dependence of the tunneling current
although the absolute values of the current
are drastically affected by the presence of
the image potential. The distance indepen-
dence of the apparent barrier height
deduced from the in7-s relation (Fig. 6)
has been verified experimentally as well as
by more detailed theoretical analysis [22].

1.3.1 Local Tunneling Barrier
Height Measurements at
Fixed Surface Locations

According to Eq. (18), the apparent bar-
rier height ¢, can be determined locally by
measuring the slope of In/—s charactens-
tics at a fixed sample bias voltage U and at
a fixed sample surface location. To demon-
strate vacuum tunneling it is necessary to
obtain reasonably high values for ¢, of
several electronvolts in addition to verify-
ing the exponential dependence of the
current on the tip—surface separation.
Alternatively, the apparent barrer
height can be deduced from the slope of
local InU-~s characteristics in a low
applied bias voltage range and at a fixed

tunneling current. In the low-bias regime,
the tunnel junction exhibits Ohmic behav-
ior, as found earlier {4):

I o Uexp(—2ks) (22)
Therefore, one obtiins
R (dinU\?
=— 23
Pa S ( a5 ) (23)

at constant current.

1.3.2 Spatially Resolved Local
Tunneling Barrier Height
Measurements

The experimental determination of the
spatially resolved local tunneling barrier
height ¢a(x,y) can be performed by
modulating the tip-surface separation s
by As while scanning at a constant average
current /, with a modulation frequency v
higher than the cut-off frequency of the
feedback loop [23]. The modulation of In f
at vy can be measured by a lock-in ampli-
fier simultaneously with the corresponding
constant-current topograph, and directly
vields a signal proportional to the square
root of the apparent barrier height via the
relation

Alnjf 2V2m  —

The apparent barrier height obtained in
this way is not measured at a constant tip—
surface separation s. Scanning at a con-
stant average current (and at a constant
applied bias voltage) implies that the pro-
duct v/¢As is kept constant, rather than s.
However, since the spatial variation of ¢,
is usually small (about 10% or less of the
absolute value of ¢,), and ¢, enters only

(24)



under the square root, the spatial variation
of ¢a(x, y) is usually measured almost at a
constant tip—surface separation s.

Spatially resolved measurements of the
apparent potential barrier height can yield
information about spatial inhomogeneities
of the local sample work function ¢,
which can be split into two contributions.
The chemical component of ¢, is deter-
mined by the chemical nature and struc-
ture of the solid only, whereas the
electrical component of ¢, depends on
the chemical nature of the solid as well as
on the surface crystallographic orienta-
tion. Therefore, spatially resolved mea-
surements of ¢, can be used, for
instance, to map chemical inhomogeneities
at surfaces as well as different crystallo-
graphic facets of small crystallites.

On the atomic scale, it is more appro-
priate to relate the measured apparent
barrier height with the decay rates of the
wave functions describing the sample
surface and the tip. Lateral varations of
@da(x,y) then have to be interpreted as
lateral variations in the decay rate of the
surface wave function. As we know from
Eq. (15), the measured surface atomic
corrugation A in constant-current STM
images is smoothed out exponentially
with an increasing tip—surface separation
s. This can only occur if the decay rate «,
above a local protrusion in the topography
is larger than the decay rate x; above a
local depression. Consequently, the appar-
ent barrier height above a local topo-
graphic protrusion has to be larger than
the barrier height above a local depression.
Therefore, atomically resolved apparent
barrier height images closely reflect corre-
sponding topographic constant-current
images.

Scanning Tunneling Microscopy 9

1.4 Tunneling Spectroscopy

Besides the distance and apparent barrier
height dependence of the tunneling current
there also ex’sts a bias dependence which
can be studied by various tunneling spec-
troscopic methods. For tunneling between
metal electrodes in the low-bias limit, the
tunneling current is found to be linearly
proportional to the applied bias voltage
(Eq. (4)). For higher bias and particularly
for semiconductor samples, the bias
dependence of the tunneling current gen-
erally does not exhibit Ohmic behavior,
and the constant-current STM images can
depend critically on the applied bias
(Fig. 7). Studying this bias dependence in
detail allows extraction of various spectro-
scopic information at high spatial resolu-
tion, ultimately down to the atomuc level.
The spectroscopic capability of STM com-
bined with its high spatial resolution is
perhaps the most important feature of
STM, and has been applied widely, parti-
cularly for investigation of semiconductor
surfaces [24-26]. Figure 8 shows a simpli-
fied one-dimensional potential energy
diagram at zero temperature for the sys-
tem consisting of the tip (left electrode)
and the sample (right electrode), which are
separated by a small vacuum gap. For zero
applied bias (Fig.8b) the Fermi levels of
tip and sample are equal at equilibrium.
When a bias voltage U is applied to the
sample, the main consequence is a rigid
shift of the energy levels downward or
upward in energy by an amount |eU],
depending on whether the polarity is posi-
tive (Fig.8c) or negative (Fig.8d). (As
discussed in Sec. 2.2.1, we neglect the
distortions of the wave functions and the
energy eigenvalues due to the finite bias to
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a first approximation.) For positive sample
bias, the net tunneling current arises from
electrons that tunnel from the occupied
states of the tip into unoccupied states of
the sample (Fig.8c), whereas at negative
sample bias, electrons tunnel from occu-
pied states of the sample into unoccupied
states of the tip. Consequently, the bias
polarity determines whether unoccupied
or occupied sample electronic states are
probed. It also becomes clear that the
electronic structure of the tip enters as
well, as 15 also obvious from expression
(11) for the tunneling current:

el/
I x J n (el + &ny(8)T(8, €77} dE
0

By varying the amount of the applied bias
voltage, one can select the electronic states
that contribute to the tunneling current
and, in principle, measure the local elec-
tronic density of states. For instance, the
current increases strongly if the applied
bias voltage allows the onset of tunneling
into a maximum of the unoccupied sample
electronic density of states. Therefore, the
first derivative df /dU(U) reflects the elec-
tronic density of states to a first approx-
imation. However, the energy and bias
dependence of the transmission coefficient
T{(&,eU) has also to be considered. Since
electrons in states with the highest energy
‘see’ the smallest effective barrier height,
most of the tunneling current arises from
electrons near the Fermi level of the
negatively biased electrode. This has been
indicated in Fig. 8 by arrows of differing
size, The maximum in the transmission
coefficient T(&,eU) given in Eq. (12) can
be written as [26]

Tmax(U) = cxp{—z(s + R)

() o

The bias dependence of the transmission
coefficient typically leads to an order-of-
magnitude increase in the tunneling cur-
rent for each volt increase in magnitude
of the applied bias voltage. Since the
transmission coefficient increases monoto-
nically with the applied bias voltage, it
contributes only a smoothly varying ‘back-
ground’ on which the density-of-states
information is superimposed.

As an important consequence of the
dominant contribution of tunneling from
states near the Fermi level of the negatively
biased electrode, tunneling from the tip to
the sample (Fig.8c) mainly probes the
empty states of the sample with negligible
influence of the occupied states of the tip.
On the other hand, tunneling from the
sample to the tip is much more sensitive
to the electronic structure of the empty
states of the tip, which often prevents
detailed spectroscopic STM studies of the
occupied states of the sample [27].

1.4.1 Scanning Tunneling
Spectroscopy at Constant Current

To perform scanning tunneling spectro-
scopy measurements, a high-frequency
sinusoidal modulation voltage can be
superimposed on the constant gi

Jrond bias voltage applied between the tip

and the sample. The modulation frequency
is chosen higher than the cut-off frequency
of the feedback loop, which keeps the



average tunneling current constant. By
recording the tunneling current modula-
tion, which is in-phase with the applied
bias voltage modulation, by means of a
lock-in amplifier, a spatially resolved spec-
troscopy signal df/dU can be obtained
simultaneousty with the constant current
image [28,29]. Based on expression (11)
for the tunneling current and by assuming
dn,/dU = 0, one obtains [24]

ds
FrA,
o eny(O)ng(e )T (eU, el)

el
+ j n{xelU F &)n( &)
0

_4T(8,¢U)
du

At a fixed location, the increase of the
transmission coefficient with applied bias
voltage is smooth and monotonic. There-
fore, structure in df/d U as a function of U
can usually be attributed to structure in the
state density via the first term in Eq. (26).
However, interpretation of the spectro-
scopic data d7/dU as a function of position
(x,y) is more complicated. As discussed in
Sec. 2.3.2 of this Chapter, the apparent
barrier height above a local topographic
protrusion is larger, that is, the transmis-
sion coefficient is smaller, than above a
local topographic depression. This spatial
vanation in the transmission coefficient
shows up in spatially resolved measure-
ments of d//dU as a ‘background’ that is
essentially an ‘inverted’ constant-current
topography. Therefore, spectroscopic
images corresponding to the spatial varia-
tion of d//dU obtained in the constant
current mode in fact contain a superposi-
tion of topographic and electronic struc-

e (26)
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ture information.

1.4.2 Local Spectroscopic
Measurements at Constant
Separation

To eliminate the influence of the z-depen-
dence of the transmission coefficient, local
I-U characteristics can be measured at a
fixed tip-sample separation. This is
achieved by breaking the feedback circuit
for a certain time interval at selected sur-
face locations by means of a sample-and-
hold amplifier, while local 7-U curves are
recorded [30, 31}. The I-U characteristics
are usually repeated several times at each
surface location and finally signal aver-
aged. Since the feedback loop is inactive
while sweeping the applied bias voltage,
the tunneling current is allowed to become
extremely small. Therefore, band gap
states in semiconductors, for instance,
can be probed without difficulties. The
first denivative d//dU can be obtained
from the measured /- U curves by numer-
ical differentiation. The dependence of the
measured spectroscopic data on the value
of the tunneling conductance //U can be
compensated by normalizing the differen-
tial conductance d/f/dU to the total con-
ductance //U. The normalized quantity
(d1/dU)/(I/U) reflects the -electronic
density of states reasonably well by mini-
mizing the influence of the tip—sample
separation [32]. However, the close resem-
blance of the (dInf/dIn U)-U curve to
the electronic density of states is generally
limited to the position of peaks while peak
intensities can differ significantly.
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1.4.3 Current Imaging Tunneling
Spectroscopy

The measurements of local /-U curvesat a
constant tip-sample separation can be
extended to every pixel in an image,
which allows performance of atomically
resolved spectroscopic studies [33]. The
method, denoted current imaging tunnel-
ing spectroscopy (CITS), also uses a sam-
ple-and-hold amplifier to aliernately gate
the feedback control system on and off.
During the time of active feedback, a con-
stant stabilization voltage Uy is applied to
the sample, and the tip height is adjusted
to maintain a constant tunneling current.
When the feedback system is deactivated,
the applied sample bias voltage is linearly
ramped between two preselected values,
and the 7-U curve is measured at a fixed
tip height. Afterwards, the applied bias
voltage is set back to the chosen stabiliza-
tion voltage U, and the feedback system is
reactivated. By acquiring the I-U curves
rapidly while scanning the tip position at
low speed, a constant-current topograph
and spatially resolved /- U characteristics
can simultaneousiy be obtained. To
increase the possible scan speed and to
decrease the amount of data to be stored,
one can predefine a coarse grid of pixels in
the image at which local /- U curves will be
measured (Fig. 9). The ability to probe the
local electronic structure down to atomic
scale has great potential, for instance, for
investigation of surface chemical reactivity
on an atom-by-atom basis/\

1.5 Spin-Polarized Scanning
Tunneling Microscopy

Thus far, the dependence of the tunneling
current on the tip—sample separation s, the
local barrier height, and the applied sam-
ple bias voltage U has been considered:

I=1(s,6,U) (27)

Accordingly, the corresponding modes of
STM operation have been discussed:
‘topographic’ imaging, local barrier height
imaging, and tunneling spectroscopy.
However, the spin of the tunneling elec-
trons and the additional spin dependence
of the tunneling current, if magnetic elec-
trodes are involved, have nol yet been
considered:

I=1(s,6,U,1) (28)

By using this spin dependence of the tun-
neling current in spin-polarized STM
(SPSTM) experiments, magnetic informa-
tion about solid surfaces can be obtained.

Spin-dependent tunneling had been
observed in the 1970s using planar tunnel
junctions [##=88]. To explain the experi-
mental results, Slonczewski [38] considered
a tunnel junction with two ferromagnetic
electrodes where the directions of the inter-
nal magnetic fields differ by an angle &
(Fig. 10). Within a free-electron model
and in the limit of a small applied bias
voltage, the following expression for the
conductance o of the ferromagnet/insula-
tor/ferromagnet tunnei junction for the
case of two identical ferromagnetic elec-
trodes was found:

o = ope(l + Phcos8)| Pp| < 1 (29)

Here, Py, denotes the effective spin polar-
ization of the ferromagnet/barrier inter-
face and opy is a mean conductance
which is proportional to exp(—2xs). If
the ferromagnetic electrodes are different,
the conductance becomes

|[35-357]
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For the two special cases of parallel and
antiparallel alignment of the internal mag-
netic field directions, one finds

oy = ol + PP )

(31)

o = ope(l — P Ppp)

Consequently, one obtains

TN 70— PrPey = Pop (32)
gt oy

where Py, is the effective polarization for
the whole tunnel junction. An experimen-
tal determination of the quantity on the
left-hand side of Eq. (32) by means of
SPSTM offers a way to derive the effective
polarization Pp,e locally with a spatial
resolution comparable to that of topo-
graphic STM images and therefore ulti-
mately on the atomic scale.

The spin dependence of the tunneling
current in SPSTM experiments with two
magnetic electrodes in a zero external
magnetic field was demonstrated by using
a ferromagnetic CrO; probe tip and a
Cr(001) surface [39]. The topological anti-
ferromagnetic order of the Cr(001) surface
{40] with alternately magnetized terraces
separated by monoatomic steps was con-
firmed. In addition, a local effective polar-
ization of the CrO,/vacuum/Cr{001)
tunnel junction was derived. Later, atomic
resolution in SPSTM experiments has
been demonstrated on a magnetite
(Fe;Q4) (001) surface, where the two dif-
ferent magnetic ions Fe?*yon the Fe B-sites
in the Fe—O (001) planes could be dis-
tinguished by using an atomically sharp
Fe probe tip prepared in situ [41].

With an additional external magnetic
field applied, the magnetization of the
sample (or of the tip) can be modulated
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periodically, for instance, from parallel to
antiparallel alignment relative to the tip
(or the sample) magnetization direction.
Consequently, a portion of the tunneling
current is predicted to oscillate at the same
frequency, with in amplitude linearly pro-
portional to the average tunneling current
[42]. The advantage of this experimental
procedure lies in the fact that lock-in
detection techniques can be used, resulting
in an improvement of the signal-to-noise
ratio. In principle, the magnetic field can
be modulated at a frequency v, well above
the cut-off frequency of the feedback loop,
and the corresponding amplitude of the
current oscillation at the frequency ¢y can
be recorded with a lock-in amplifier simul-
taneously with the constant-current topo-
graph. The spatially resolved lock-in signal
then provides a map of the effective spin
polarization,

A third approach to SPSTM is to use
GaAs either as samples [43,44] or as tips.
It is well known that GaAs optically
pumped by circularly polarized light pro-
vides an efficient source for spin-polarized
electrons. On the other hand, one can
measure the circular polarization of the
recombination luminescence light induced
by electrons tunneling from a ferromag-
netic counterelectrode.

1.6 Inelastic Tunneling
Spectroscopy

Besides elastic tunneling processes, in
which the energy of the tunneling electrons
is conserved, inelastic tunneling can occur
where the electron energy is changed due
to interaction of the tunneling electrons
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with elementary excitations. In Fig. 11 a
potential energy diagram is shown, illus-
trating elastic and inelastic tunneling pro-
cesses. In the case of inelastic tunneling,
the electron loses a quantum of energy vy
10 some elementary excitation mode.
According to the Pauli exclusion principle,
the final state after the inelastic tunneling
event must be initially unoccupied as
depicted in Fig. 1l1a. Consequently, the
bias dependence of the tunneling current
{Fig.11b) shows the behavior described
below.

Starting from a zero applied bias vol-
tage U, the elastic tunneling current
increases linearly proportional to U
(Eq.(4)). As long as the applied bias vol-
tage is sufficiently small (U < hvg/e, where
vy is the lowest energy excitation mode),
inelastic tunneling processes cannot occur
due to the Pauli exclusion principle. At the
threshold bias Uy = hiyg/e, the inelastic
channel opens up, and the number of
electrons which can use the inelastic chan-
nel will increase linearly with U (Fig. 11b).
Therefore, the total current, including
both elastic and inelastic contributions,
has a kink at U, = hiy/e. In the conduc-
tance (df/dU7} versus voltage curve, the
kink becomes a step at Uj. Since the frac-
tion of electrons which tunnel inelastically
is tiny {(typically 0.1-1%), the conductance
increase at U, due to the onset of the
inelastic tunnel channel is too small to be
conveniently observed. Therefore, the
second derivative (d*7/dU?) is usually
measured, which exhibits a peak at Uj.
In general, there are many modes which
can be excited in the tunneling process.
Each excitation mode ¥, contributes a peak
in the second derivative d*7/dU?(U) at the
corresgondmg bias voltage U; = hv,/e so
that d*f/dU?(U) represents the spectrum

of possible excitations. Inelastic electron
tunneling can therefore be regarded as a
special kind of electron energy loss
spectroscopy.

To be abie to detect the small changes in
tunneling conductance AG/G as a resuit of
the opening of additional inelastic tunnel-
ing channels, the relative stability of the
tunneling current has to be better than 1%,
In addition, low temperatures are required
1o keep thermal linewidth broadening in
the spectra, which is of the order of kg T
small compared with the energy Av of the
excitation modes, v being typically a few
millielectronvolts.

1.6.1 Phonon Spectroscopy

Electron tunneling between the probe tip
and the sample can create phonons at the
interface between the conductor and the
tunneling barrier. The emission of
phorons is believed to take place within
a few atomic layers of the interface. Low-
temperature STM experiments with a
tungsten probe tip and a graphite sample
indeed revealed a specirum of peaks in
d?r/ dUz(U) characteristics where the
positions of the peaks corresponded
closely to the energies of the phonons of
the graphite sample and the tungsten tip
[46]. The measured increase in conduc-
tance at the phonon energies was of the
order of 5%. By analogy with elastic
scanning tunneling spectroscopy (see
Sec. ;.4.1), spectroscopic imaging can be
performed by recording d2/ /d U?ata par-
ticular phonon energy while scanning the
tip over the sample surface. This method
allows one to map spatial variations of the
phonon spectra, caused by spatial vana-

| 4



tions in the coupling between the tunneling
electrons and the phonons, on the atomic
scale.

1.6.2 Molecular Vibrational
Spectroscopy

Inelastic tunneling spectroscopy can also
yvield information about vibrational modes
of molecules adsorbed on a surface. By
using low-temperature STM, a vibrational
spectrum of an individual adsorbed mole-
cule can be obtained by positioning the
probe tip over the preselected adsorbate. It
is even possibie to form a map showing the
sites within a molecule where particular
TESONAances occur.

For sorbic acid adsorbed on graphite, a
spectrum of strong peaks was observed in
the first derivative d7/dU instead of the
expected second derivative d2J/dU? [47].
The energies of the peaks corresponded
approximately to the vibrational modes
of the molecule. The measured increase
in conductivity at the molecular reso-
nances was as much as a factor of 10,
which is at least two orders of magnitude
larger than expected.

Future inelastic tunneling experiments
have to focus on the assignment of char-
acteristic features in the tunneling spectra
to particular molecular functional groups.
This will probably help to identify chemi-
cal species by STM, a problem which is not
solvable by elastic tunneling spectroscopy.
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Figure 2. Microscopic view of the STM imaging mechanism. (Image courtesy of Chen [11].)

Figure 1, Schematic set-up for STM.

Figure 3, (a) Current density for the case in which a sodium atom is adsorbed on the left electrode. The length
and thickness of the arrow are proportional to In{ej/j,) evaluated at the spatial position corresponding to the
center of the arrow (1 B = 0.529 A). (Tmage courtesy of Lang [14].) (b} Change in tip distance versus lateral
separation for coustant tunnel current. The tip atom is sodium; sample adatoms are sodium, sulfur, and
belium. (Image courtesy of Lang [13].)

Figure 4. Dependence of the measured corrugation on the size of the cluster on the tip for Au(110) (2 x 1) and
Au(100) (5 x 1) reconstructed surfaces. (Image courtesy of Kuk [15].)

Figure 5. (a) STM topograph of the W{110)/C-R(15 x 3) reconstructed surface obtained with a tunneling
gap resistance R=2.11x 1050 (b) Corresponding STM  topograph with a tunneling gap resistance
R=172x 107017

Figure 6. The image-reduced mean barrier height (full line) and the apparent barrier height deduced from the
la 7-s relation for this barrier (dotted line). The work function used in the calculation is 4.5eV. It can be seen
that the apparent barmier height is always within 0.2 eV of the work function despite the collapse of the image-
reduced barner. (Image courtesy of Coombs [22].)

Figure 7. (a) STM topograph of the Si(111)7 x 7 reconstructed surface with a step along which molecules were

found to be preferentially adsorbed. The image was taken with negative sample bias voltage polarity. (b)

Corresponding STM image obtained with positive sample bias voltage polarity. The adsorbed molecules have

become almost invisible. The Si(111)7 x 7 surface also appears different depending on the bias voltage polarity
~fodie-

Figure 8. Energy level diagrams for the sample and the tip. (a) Independent sample and tip. (b) Sample and tip
at equilibrium, separated by a small vacuum gap. (c) Positive sample bias: electrons tunnel from the tp to the
sample. (d) Negative sample bias: electrons tunnel from the sample into the tip. (Image courtesy of Hamers

(24])

Figure 9. STM topograpb of the unoccupied states of an Si(111)7 x 7 surface {(sample bias 2 V). The atoms
imaged are the top-layer Si adatoms. The grid encompasses a 14,x 14 A area of this surface for which tunneling
spectra have been obtained. The 100 tunneling spectra are plot[& in the d//d{/ form. Such spectral maps allow
one not only to obtain the energies of the occupied (negative bias) and unoccupied (positive bias) states of
particular atomic sites, but also to obtain information on the spatial extent of their wave functions. (Image
courtesy of Avouris [34].)

Figure 10. Schematic potential diagram for two metallic ferromagnets separated by an insulating barrier. The
molecular fields b, and hy within the magnets form an angh;\(lmage courtesy of Slonczewski [38].)

Figure 11, Tunneling electrons can £xcite a molecular vibration of energy Av only if el > Av. For smaller
voltages there are no vacant final states for the electrons to tunnel into. Thus the inelastic current bas a
threshold at U = iv/e. The increase in conductance at this threshold is typically below 1%. A standard
ranneling gpcctrum, d’1/dU? versus U, accentuates this small increase; the step iu df/d¥/ becomes a peak
in d21/dU . (Image courtesy of Hansma [45].)
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