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1. INTRODUCTION

The electronic properties of bismuth have been
investigated over many decades. The energy spectrum
of conduction electrons in the bulk of this material has
been studied in sufficient detail (see the review [1]).
Significant advances have been made in calculating the
band structure [2]. The results of these calculations in
the most sensitive region, i.e., in the vicinity of the
Fermi surface, are in remarkable agreement with exper-
imental data, which requires the accuracy in calculating
the energy at the level of a millielectronvolt. Consider-
able progress has been achieved in the study of surface
states. In particular, the investigation of two atomic
faces, namely, the trigonal (111) surface (perpendicular
to the 

 

Γ

 

–

 

T

 

 direction in the traditional notation [2]) and
the “pseudotrigonal” twin surface (perpendicular to one
of the three equivalent 

 

Γ

 

–

 

L 

 

directions), which coexist
with the trigonal surface on a cleavage of the bismuth
crystal, was performed using scanning tunneling spec-
troscopy in [3]. It was shown that, at the surface, there
exist two-dimensional electronic states with the charac-
teristics dependent on the surface orientation. In a num-
ber of works (see [4–7] and references therein), three
bismuth faces, (111), (110), and (100), were examined
by angle-resolved photoelectron spectroscopy. In those
studies, reliable data were obtained on the density of
two-dimensional states near the Fermi level and their
spectra were calculated theoretically.

According to the results of the aforementioned
works, the two-dimensional character of surface states
with a density considerably higher than the anoma-
lously low density of conduction electrons in the bulk
of bismuth can be considered to be reliably established
experimentally [1]. The formation of these states is
associated with the violation of the translational sym-

metry of the crystal because of the presence of a free
surface. This inference is confirmed by the calculations
performed in [5–7], which somewhat differ in both the
initial assumptions (in particular, those regarding the
degree of the influence of the spin–orbit interaction)
and numerical results.

One of the obvious directions of further research in
the field under consideration consists in investigating
electronic characteristics of surface defects. Some
defects, for example, defects located below the surface,
can be revealed only from variations in tunneling spec-
tra [8], whereas other defects, such as extended terraces
with a diatomic height, nanoislands, hollows, macro-
scopic and microscopic twin interlayers, and disloca-
tion outcrops, can be found using scanning tunneling
microscopy [9]. It is clear that two-dimensional surface
states should be transformed as the boundaries of atom-
ically smooth terraces are approached at a distance of
the order of 

 

π

 

/

 

k

 

 

 

≈

 

 1–3 nm (where 

 

k

 

 is the wave vector
of two-dimensional electrons, which at the Fermi level
is on the order of 1–3 nm

 

–1

 

 [5, 7]). At the boundaries
themselves, there can arise one-dimensional electronic
states [9–11]. This paper is devoted to the study of these
states by scanning tunneling spectroscopy.

Scanning tunneling spectroscopy, i.e., measurement
of local current–voltage characteristics with the use of
a scanning tunneling microscope (STM), makes it pos-
sible to examine the surface under investigation in suf-
ficient detail and to draw reliable conclusions regarding
the structure and properties of this surface, especially in
the case of samples prepared under the conditions of
deep vacuum. Moreover, the method has the advantage
that scanning tunneling spectroscopy provides a means
for studying the electronic spectrum with a high spatial
(up to atomic) resolution. Of course, this method is
combined with scanning tunneling microscopy, which
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permits one to compare the obtained results with the
actual structure of the surface. In this case, it is desir-
able to perform investigations at low temperatures in
order to avoid thermal smearing of spectral features at
low energies and to decrease the probability of tunnel-
ing with emission of phonons. This approach, as
applied to bismuth, enables one to avoid problems asso-
ciated with thermal motion of boundaries of atomic ter-
races [9]. It is particularly important that, when samples
are prepared by in situ cleaving of crystals at low tem-
peratures, there can arise terraces with straight almost
atomically smooth boundaries, macroscopic twins, and
twin interlayers with quantized width and ideal bound-
aries [8–10]. These objects are physically well defined,
which opens up new possibilities for detailed investiga-
tions.

2. SAMPLES PREPARATION
AND EXPERIMENTAL TECHNIQUE

For our investigations, samples were prepared in the
form of long rods oriented along the trigonal axis. Sam-
ples approximately 1 

 

×

 

 2 

 

×

 

 5 mm

 

3

 

 in size were cut on
an electric-spark machine from single crystals grown
from a melt of the initial material with a purity of
99.99999% according to the procedure described in
[12]. For this purity, the concentration of impurity
atoms on the cleavage surface should lie in the range
1

 

−

 

10 atoms/

 

µ

 

m

 

2

 

. The dislocation density determined
on the crystal cleavage from etch pits by etching in a
dilute nitric acid was on the order of 0.05 

 

µ

 

m

 

–2

 

. When
cutting the sample, a shallow incision was made at its
half-height with the aim of specifying the position of
the cleavage surface. The samples were etched in nitric
acid in order to remove the contaminated surface layer
and then were washed in distilled water.

The investigations were performed on a low-tem-
perature setup [13] with the use of a scanning tunneling
microscope [14]. In contrast to the design of the micro-
scope described in [14], piezoelectric inertial step
motors were replaced by a single three-coordinate dis-
placement system based on the effect of electrody-
namic forces [15]. The specific feature of the scanning
tunneling microscope is the possibility of displacing a
tip along three directions in steps from several fractions
of a millimeter to several millimeters under the control
of a computer. Therefore, the surface region under
investigation can be chosen with a size within the range
of typical sample sizes of the order of 1–2 mm by
means of the observation of the sample under the
microscope through optical windows of the cryostat.
By this means, it is possible to examine several tens of
regions, i.e., in actual fact, several tens of different sam-
ples, in one cryogenic experiment. The sample
mounted in the scanning tunneling microscope could
be in situ broken at low temperatures under the condi-

tions of deep vacuum or in a heat-exchange gas
(helium) medium. The measurements were carried out
at the temperature of the sample in the vicinity of the
helium boiling point.

An STM tip was cut from a wire (Pt + 6% Rh) by
scissors. As a rule, this resulted in the formation of mul-
tipoint tips, which, however, made it possible to achieve
the true tunneling contact. Unfortunately, the tips pre-
pared by electrochemical etching with subsequent ion
sputtering did not ensure a tunneling contact at low
temperatures. The electric current appeared only in the
case of mechanical contact. This phenomenon can be
explained by freeze-out of conduction of the damaged
surface layer of the tip.

The STM images and current–voltage characteris-
tics were obtained by the traditional method under the
control of a computer with the use of an 

 

L

 

-card ADC–
DAC board (Moscow, Russia) providing the digital
feedback. In order to increase the signal-to-noise ratio,
each current–voltage characteristic was recorded many
times and the results thus obtained were averaged. As a
rule, the number of measurements was equal to 50–100
and the time required to measure one current–voltage
characteristic was approximately 5 s. The measured
currents were on the order of 0.3–0.6 nA, and the noises
of the order of 1–2% were predominantly caused by
mechanical vibrations.

In the first experiments, after the STM images were
obtained and specific features of the surface relief (such
as terrace boundaries) were revealed, a set of current–
voltage characteristics was measured at points with the
coordinates specified by the operator. This procedure
took much time; as a result, with allowance made for
the drift of the scanning tunneling microscope, the cor-
respondence of the results to the specific features of the
surface relief was not very reliable. Subsequently, we
developed a procedure for measuring a set of current–
voltage characteristics along a line on the surface of the
sample with specified values of the tip displacement
step and the step number.

For the most part, the measurements were per-
formed under the conditions where the voltage 

 

U

 

Bi–

 

tip

 

between the bismuth sample and the tip was varied
from +0.65 to –0.65 V. A number of measurements
were carried out at voltages ranging from +1.8 to

 

−

 

1.8 V. At each step of the displacement of the STM tip
along the 

 

x 

 

coordinate, when the feedback controlling
the position of the tip along the 

 

z 

 

coordinate perpendic-
ular to the surface was “switched on” and the voltage in
the chosen range was maximum, the tunneling gap was
established so that the electric current was equal to a
specified value. Then, the 

 

z 

 

coordinate was written, the
STM feedback was “switched off” (and, hence, the
value of 

 

z

 

 was fixed), and the tunneling current 

 

I

 

 was
measured at the voltage 

 

U

 

Bi–

 

tip

 

 decreasing in specified
steps. After the minimum voltage was reached, the volt-
age was restored to its initial value, the feedback was
switched on, and the procedure was repeated a specified
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number of times. Thereafter, the result averaged over
all measurements, i.e., the dependence 

 

I

 

(

 

U

 

Bi–

 

tip

 

), was
written in the computer memory and the tip was dis-
placed by the next step along the 

 

x 

 

coordinate. After the
completion of each cycle, the corresponding two-
dimensional data array was formed so that the first row
contained data on the dependence 

 

z

 

(

 

x

 

) and the first col-
umn involved voltages at which the currents were mea-
sured. The other rows included data on the dependence
of the current on the coordinate at the relevant voltage,
and the columns of the matrix contained data on the
current–voltage characteristics at the corresponding 

 

x

 

coordinate.
The results of measurements were processed with

the ORIGIN program package, which made it possible
to perform the differentiation of the current–voltage
characteristics with smoothing, their summation, aver-
aging, and other operations. The resolution of the spe-
cific features in the current–voltage characteristics was
determined by the number of points in these curves
(usually, 127 or 255) and the smoothing parameter,
which was chosen from the compromise between a suf-
ficiently strong suppression of high-frequency noise
and a small broadening of narrow lines.

3. RESULTS

In scanning tunneling spectroscopy, it is very impor-
tant to separate the effects associated with the sample
itself from the effects caused by the properties of the

scanning tip. This problem is not very simple because
nothing is actually known about the tip. Indeed, neither
the shape nor even the material of the tip end on the
atomic scale can be determined experimentally. For
example, the tip can end not with platinum (or rhod-
ium) atoms but with any atoms sorbed on the tip surface
or with a sample particle trapped upon accidental con-
tact with the surface. Therefore, the only solution of the
problem is to compare the results obtained from differ-
ent experiments. When the experimental conditions
(such as the electric current) in this situation are like-
wise different, it is possible to evaluate the effect com-
ing from the interaction with the tip on the spectra (it is
obvious that this effect correlates with the current
strength).

In our investigations, we performed several tens of
experiments. As a rule, we used in this case multipoint
tips. The current–voltage characteristics measured with
different tips and the calculated differential current–
voltage characteristics differ in shape, and, as can be
seen from Fig. 1a (curve 

 

1

 

), the exponential contribu-
tion to the current–voltage characteristic with increas-
ing voltage becomes dominant. This contribution
comes from the increase in the transparency of the tun-
nel barrier [3, 16], because, to a first approximation, the
transparency of the tunnel barrier increases as
exp(

 

U

 

Bi

 

−

 

tip

 

/

 

W

 

), where 

 

W

 

 is the parameter characterizing
the work function of the tip and the sample. In order to
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Fig. 1.

 

 Differential current–voltage characteristics obtained for planar surface regions in different experiments: (

 

1

 

) derivative of the
experimental current–voltage characteristic, (

 

2

 

) derivative of the fitting function 

 

I

 

0

 

, (

 

3

 

–

 

5

 

) normalized differential

current–voltage characteristics for the trigonal plane, and (

 

6

 

) differential current–voltage characteristic for the quasi-trigonal plane
(the surface of the twin interlayer). Conditions: (

 

1

 

, 

 

3

 

) 

 

I

 

 

 

≈

 

 6 nA at the voltage 

 

U

 

Bi–

 

tip

 

 = –0.6 V and the parameter 

 

W

 

 = 0.26 V; (

 

4

 

)

 

I

 

 = 1.8 nA, 

 

W

 

 = 0.34 V; (

 

5

 

) 

 

I

 

 = 0.3 nA, 

 

W

 

 = 0.56 V; and (

 

6

 

) 

 

I

 

 = 0.5 nA, 

 

W

 

 = 0.56 V. Current–voltage characteristics 

 

3

 

 and 

 

4

 

 are shifted
along the 

 

y

 

 axis by 0.8 and 0.4, respectively.
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eliminate this exponential contribution, the experimen-
tal current–voltage characteristic averaged over many
measurements was approximated by the fitting relation-
ship

and the derivative of the current–voltage characteristic
with respect to the voltage was smoothed over several
points and normalized to the same derivative of the cur-
rent 

 

I

 

fit

 

 (Fig. 1a, curve 

 

2

 

). This procedure leads to
approximately the same results as those obtained
within the approach proposed by Stroscio and Feenstra
[16] for the calculation of the logarithmic derivative of
the current with respect to the voltage. However, the
former approach is more convenient because it leads to
a decrease in the contribution from the change in the
barrier transparency and, at the same time, does not
lead to an uncertainty in the vicinity of zero voltage,
i.e., in the most interesting range. Owing to the normal-
ization, we obtain the dimensionless differential cur-
rent–voltage characteristic 

 

dI

 

/

 

dU

 

norm

 

 

 

(Fig. 1a, curve 

 

3

 

).
This allows a quantitative comparison of the results
obtained from different experiments under different ini-
tial conditions of the measurement of the current–volt-
age characteristics.

The correctness of the normalization procedure is
confirmed by comparing the differential current–volt-
age characteristics measured in different experiments
(Fig. 1b). It should be noted that the parameters 

 

W 

 

for
the three presented characteristics differ significantly.
In the case under consideration, the normalization of

Ifit I0 UBi–tip/W( ),sinh=

 

characteristic 

 

5 

 

in Fig. 1 leaves its shape almost
unchanged, especially in the voltage range from –0.3 to
0.2 V, where all three characteristics obtained for the
trigonal surface are very similar to each other. Accord-
ing to [16], the broadening of the peaks in these charac-
teristics with an increase in the current (and, hence, a
decrease in the distance between the tip and the sample)
is quite expectable. The differences between the char-
acteristics at higher voltages are associated either with
the noise (the noise contribution increases proportion-
ally with the current) or with the specific features of the
matrix elements of the overlap of the wave functions,
provided their symmetry is different for different tips.

Therefore, the structure of normalized differential
current–voltage characteristics 

 

3–5 

 

near the Fermi level
does not depend on the tip and is determined only by
the bismuth surface. This conclusion is additionally
supported by a comparison with differential current–
voltage characteristic 

 

6 

 

(obtained in [3]) for the surface
of the twin interlayer that has a different orientation.
This differential current–voltage characteristic in the
vicinity of the Fermi level exhibits a substantially dif-
ferent behavior.

Now, we turn to the discussion of the results
obtained in the vicinity of the terrace boundaries. For
the most part, these results were obtained in the course
of one series of measurements performed for several
hours on the same surface region of the surface. The
topogram of this surface region is displayed in Fig. 2.
The choice of this set of data for the analysis was moti-
vated by the following circumstances:

(1) The presence of several terraces with straight
boundaries on the atomic scale makes it possible to
carry out measurements for different boundaries and to
compare the results obtained. The smoothness of the
boundaries suggests that they have a one-dimensional
character.

(2) In contrast to other experiments, this series of
measurements was carried out, fortunately, with the use
of a single-point tip, as could be judged from both the
equality of the height differences upon intersection of
all visible boundaries and the absence of double bound-
aries that are characteristic of multipoint tips.

(3) The effect of a change in the barrier transparency
with an increase in the voltage was weaker than that in
other experiments, the changes introduced into differ-
ential current–voltage characteristics by the normaliza-
tion at voltages from –0.5 to 0.5 V left their shape
almost unchanged, and the highest resolution of the
specific features was achieved.

(4) By the time of the performance of these experi-
ments, we developed the aforementioned procedure
specially for simultaneously measuring the current–
voltage characteristics and the dependence 

 

z

 

(x), which
eliminated an uncertainty in the correspondence of the
results to the surface relief.

Sets of current–voltage characteristics were mea-
sured with the displacement of the STM tip (Pt + 6%

50 nm

10 nm

Fig. 2. STM image of a bismuth surface region studied by
scanning tunneling spectroscopy in the vicinity of the ter-
race boundaries. The current–voltage characteristics were
measured with the displacement of the STM tip along the
black line in the topogram. The dot in the frame recorded
with a larger magnification corresponds to the size of the
region per atom. The absence of fractures in the terrace
boundary on this scale indicates an atomic smoothness of
the boundary. The total change in the contrast from bright to
dark in the large frame corresponds to 2 nm.
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Rh) along the black line shown in the topogram dis-
played in Fig. 2. This line intersects several atomically
straight boundaries of the terraces. It is worth noting
that there are both descending and ascending regions
along the scanning path (Fig. 3a). In the dependences

I(x) at fixed voltages, specific features appear every
time when the tip intersects the terrace boundaries
(Fig. 3b). These specific features are not related to the
change in the tunneling conditions with a change in the
surface curvature. If the probability of tunneling in this
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Fig. 3. (a) Dependence z(x) of the displacement of the STM tip along the vertical axis and (b) dependences of the current I(x) at several
voltages across the tunneling gap on the coordinate along the black line marked in Fig. 2, (c) current–voltage characteristics, and (d)
differential current–voltage characteristics averaged for the points denoted by the corresponding numerals in the dependence z(x).
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case changes, the change is automatically taken into
account by the procedure used for measuring the cur-
rent–voltage characteristic, because it specifies the ini-
tial value of the current at a specified voltage. As can be
seen from Fig. 3c and especially clearly from Fig. 3d,
the variation in the current–voltage characteristic, i.e.,
the variation in the spectrum of electronic states, is
responsible for the change in the current.

The current–voltage characteristics shown in Fig. 3
correspond to three typical regions: planar regions far
from the terrace boundaries, the upper edge of the ter-
races, and approximately the midpoint of the step. In
each of these three regions, the current–voltage charac-
teristics coincide accurate to within noises. This cir-
cumstance permits us to average the current–voltage
characteristics with the aim of decreasing the noise
level. It can be seen from Fig. 3 that, upon changing
over from the plane to the step, the peak located at
0.21 V above the Fermi level gives way to the peak in
the range 0.18–0.19 V, the inflection at zero transforms
into a maximum, and the peak at –0.1 V disappears.

Small portions of the path in the vicinity of the
wider “valley” (Fig. 3a, x ≈60–65 nm) and the nearest

step to the right of it (x ≈ 90 nm) were scanned several
times with a higher spatial resolution as compared to
that in Fig. 3. This made it possible to thoroughly trace
the evolution of the tunneling spectra in narrow regions
(with a width of approximately only 1 nm) character-
ized by an abrupt change in the surface relief. Figure 4
shows the dependences z(x) and I(x) for these regions.
These dependences were constructed with allowance
made for the small drift (less than 0.5 nm along the x
coordinate and less than 0.1 nm along the z coordinate)
observed in sequential scans: we introduced the correc-
tion for these coordinates that provided the coincidence
of the dependences z(x).

It can be seen that the current characteristics for the
“descending” and “ascending” regions differ signifi-
cantly. For example, at negative voltages, there is a
well-defined maximum with a width of approximately
1.5 nm in the descending region and a small maximum
in the ascending region gives way to a minimum with a
width smaller than 1 nm. At positive voltages, the dif-
ferences are also noticeable. A small minimum in the
descending region gives way to a narrow maximum
with a width smaller than 1 nm, and the specific fea-
tures in the ascending region are weakly pronounced
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0.8

0
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4 6 8020
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Fig. 4. Dependences z(x) and I(x) for the valley (in the region close to 60 nm in Fig. 3a) (at the left) and dependences z(x) and I(x)
for the step (in the vicinity of 90 nm in Fig. 3a) (at the right). Different symbols in the upper left panel correspond to the data
obtained in different cycles of measurements with different steps along the x axis (four cycles for the descending region and three
cycles for the ascending region). The values of the current are averaged over these cycles. The lower left panel presents the results
averaged over two cycles.
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and only slightly exceed the noise level. (It should be
noted that, since the initial current at a voltage of
0.64 V in these experiments is equal to 0.3 nA, the
dependence I(x) at close voltages tends to a constant
level.)

The differences in the descending and ascending
regions are quite natural because the bismuth structure
determines the difference between the structures of the
boundaries of the terraces facing each other, which
should necessarily affect their physical properties
(Fig. 5) [9]. It can be seen from Fig. 5 that the distance
along the x coordinate between the nearest neighbor
atoms lying in the figure plane, at the upper edge, and
at the bottom on one side of the valley with a diatomic
depth (for example, at the left) is equal to 2/3 of the
atomic spacing along the scan line, whereas the corre-
sponding distance on the other side of the valley
amounts to 4/3 of the atomic spacing (i.e., the rows are
shifted by 1 + 1.3 atomic spacings). In order to answer
the question as to which of the above situations corre-
sponds to the observed boundaries of the terraces, it is
necessary that the atomic structure should be seen in the
experiment. Unfortunately, atoms were not seen in the
experiments under consideration. However, by compar-
ing the experiments carried out at different times, we
succeeded in revealing that the observed situation cor-
responds to that illustrated in Fig. 5, which will be dis-
cussed at the end of this section. If it is assumed that the
bismuth–vacuum interface passes in the same way as is
shown in this figure, i.e., through atoms lying in the fig-
ure plane (open circles), the actual trajectory of the
STM tip in the situation illustrated in Fig. 5 corre-
sponds fairly well to the predicted trajectory. It can be
expected a priori that the transition regions should be
considerably broadened, which is usually the case.
Most likely, we were fortunate that the tip had a struc-
ture depicted in Fig. 5. For another possible orientation
of the crystallite at the tip end, for example, in the [111]

direction along the crystallite axis, the broadening is
inevitable.

Let us return to the analysis of the tunneling spectra.
Figure 6 shows the differential current–voltage charac-
teristics averaged over the regions along the segments
denoted by numerals in the upper topograms. This fig-
ure presents the results obtained for planar regions in
which the tip shape must necessarily have no effect.
Hence, the observed evolution of the differential cur-
rent–voltage characteristics is undeniably associated
with the change in the electronic spectrum of bismuth.
At a distance of 6–8 nm from the midpoint of the steps,
spectra 1 and 5 for both the descending (Fig. 6c) and
ascending (Figs. 6d, 6e) regions almost coincide with
spectrum 0 for regions far from the terrace boundaries.
However, at a distance of 3–4 nm, the most characteris-
tic peak at a voltage of +0.21 V (spectra 2, 6) is notice-
ably distorted. At a distance in the range 3.0–2.5 nm,
the amplitude of this peak decreases significantly and
the peak itself appears as the sum of two peaks at +0.21
and +0.19 V (spectra 3, 7). Finally, only the narrow pro-
nounced peak at +0.19 V remains at the upper edge.
The amplitude of this peak in the descending region
(spectrum 4) is somewhat larger than that in the ascend-
ing region (spectra 8). It should be noted that the corre-
sponding spectra measured for different steps (Figs. 6d,
6e) are nearly identical to each other.

A significant difference in spectra 4 and 8 is
observed in the range close to zero voltage. More spe-
cifically, at zero voltage, the inflection in the differen-
tial current–voltage characteristic almost disappears in
spectrum 4 and a well-defined peak with the maximum
at –0.01 V appears in spectra 8.

In the region of the boundaries themselves (Fig. 7),
the spectra undergo substantial variations. Let us ana-
lyze some of these changes. In spectrum 9 (Fig. 7c), the
amplitude of the peak at +0.19 V decreases signifi-
cantly. Quite possibly, this peak is seen only because of

Fig. 5. Schematic diagram illustrating the arrangement of atoms in the cross section of the terrace boundaries. Open circles indicate
atoms that are located in the figure plane and form atomic rows at the boundaries lying perpendicular to the figure plane. Closed
circles represent atoms that lie off the figure plane and are shifted by one-half the atomic spacing along the normal to this plane.
The solid line corresponds to the measured dependence z(x). The tip for one of many possible orientations of the tip end at a distance
characteristic of STM experiments is schematically shown above the surface. The scale along the x axis is represented so that the
tick marks indicate the positions of bismuth atoms in the upper row. (The coincidence of numbers with a value of π is accidental!).
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the final resolution of the scanning tunneling micro-
scope and corresponds to region 4. However, there
appears a peak at +0.08 V, which is observed only in
this spectrum. In spectra 13 in Figs. 7d and 7e, the peak
at +19 V remains almost identical to that in spectra 8,
but the peak at –0.08 V disappears, and the peak at
−0.01 is shifted to +0.02 V. Spectra 12 in Figs. 7d and
7e, which seemingly correspond to the same regions,
like spectra 11 in Figs. 7d and 7e, differ significantly.
More specifically, spectrum 11 in Fig. 7e becomes sim-
ilar to spectrum 0 for the planar surface. In spectrum 11
in Fig. 7d, the most characteristic peak at +0.21 V is
split into two lines, a small peak arises at +0.07 V, and
the inflection at zero voltage disappears. It is difficult to
argue with confidence that spectra 12 are not a superpo-
sition of spectra 11 and 13, even though the absence of
the ascending portion characteristic of spectrum 13 at
positive voltages suggests that this spectrum exhibits its
own specific features. As regards spectrum 10 in
Fig. 7c, the pronounced peak at +0.33 V and quite a dif-
ferent shape in the voltage range from –0.1 to +0.2 V
indicate that the electronic system with a specific spec-
trum is formed at the lower edge of the valley.

It can be seen from the spectra measured at higher
voltages (Fig. 8) that spectra 3 and 6 at the midpoints of
the steps differ significantly both for the descending
and ascending regions and from the spectra obtained

for the planar regions (spectra 1 and 4 for the descend-
ing and ascending regions), where the spectra almost
coincide with each other. It should be noted that, in
spectrum 3, the peaks at +1.6 and –0.5 V disappear and
a peak at +0.6 V appears. A similar peak at +0.55 V is
observed in spectrum 2 (this peak is also seen in spec-
trum 4 in Fig. 7). In spectrum 6, maxima at +1.6 and
+0.9 V give way to broader maxima at +1.50 and
+0.75 V and the minimum at –0.7 V transforms into a
maximum. It should also be noted that the spectra
shown in Fig. 8 and those depicted in Figs. 6 and 7 can
be compared taking into account that, in the voltage
range from –0.4 to +0.4 V, the spectra are substantially
broadened (by one order of magnitude) and distorted
upon numerical differentiation, because we were inter-
ested in the behavior of the differential current–voltage
characteristic at higher voltages. In order to increase the
signal-to-noise ratio, it was necessary to perform the
smoothing over the region with the width comparable
to the width of the specific features at low voltages.

In conclusion of this section, we consider the spec-
trum obtained for the upper edge of the terrace in other
series of measurements at higher initial currents
(Fig. 9) in comparison with spectra 4 and 8 depicted in
Fig. 6. The spectrum under consideration is of interest
because it not only confirms the inference that the state
different from the two-dimensional state observed far
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Fig. 6. Differential tunneling spectra averaged over the regions underscored by thick lines in panels (a) and (b). Numerals under
these lines correspond to those in panels (c–e). The spectra indicated by the numeral 0 were obtained for planar regions far from the
boundaries. The spectra shown in panels (c–e) are sequentially shifted along the y axis by 0.8, 1.6, and 2.4, respectively. The zeroth
spectrum is shifted by –0.2.
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from the boundary is formed at the boundary but also
permits us to elucidate the crystallographic structure of
the boundaries for the experiments from which the
aforementioned results were obtained. As in spectrum 3
shown in Fig. 1, the peaks in spectrum 3 depicted in
Fig. 9 are noticeably broadened as compared to those in
spectra 4 and 8. However, it is clearly seen that spec-
trum 3 at low voltages coincides with spectrum 8: spec-
trum 3 contains the peak at a voltage close to zero,
whereas spectrum 4 does not exhibit any features at
these voltages. Therefore, spectra 3 and 8 correspond to
the same crystallographic structure.

Unlike the experiments described above, in the
experiments under consideration, we observed a well-
defined atomic structure (Fig. 10), even though the
measurements were performed with not a single-point
tip and the resolution was considerably worse. In this
case, the multipoint tip distorted the shape of the step in
the descending region but does not affect the shape of
the step upon changing over from the lower terrace (at
the left of Fig. 10) to the upper terrace (at the right of
Fig. 10), and the step height corresponded to the pre-
dicted value. It should be noted that the atomic struc-
tures in the lower and upper terraces are identical to
each other. As can be seen from Fig. 10, the lower
atomic rows are shifted with respect to the correspond-
ing upper atomic rows by approximately 1/3 (0.31 ±
0.05) of the atomic spacing along the line of the shift in

two halves of the image. Therefore, the atomic arrange-
ment corresponds to that shown in Fig. 5.

4. DISCUSSION

The main qualitative conclusion which follows from
the results obtained in this study lies in the fact that, at
each boundary of atomic layers, there arises an elec-
tronic system with its own specific spectrum. This
inference uniquely follows from the analysis of the tun-
neling spectra shown in Figs. 6–8. (The only exception
is provided by spectrum 12 depicted in Fig. 7, which
corresponds to the lower right boundary of the valley;
however, this can be most likely associated with the
shape of the scanning tip, which does not reach the
required place.) For these states with characteristic
energies (0.1–0.2 eV) reckoned from the Fermi level,
the momenta along the straight boundaries should be
relatively small (more specifically, they should be no
larger than the transverse momenta). We can argue that,
according to the evolution of the tunneling spectra
(from spectrum 1 to spectrum 4 and from spectrum 5 to
spectrum 8) (Fig. 6), the momentum of electrons from
the valence band with a maximum in the vicinity of
0.2 V should be approximately equal in order of mag-
nitude to (π/2) × 10–7 cm–1. Hence, electrons along the
boundaries are delocalized over distances larger than
the interatomic distance and, in this sense, we can speak
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about one-dimensional systems. An additional argu-
ment is that the STM tip moves in the course of scan-
ning at an angle different from the right angle with
respect to the boundary and the spectra are recorded at
different points of atomic chains. Moreover, there is a
small drift (of the order of the interatomic distance) in
sequential measurements of the set of spectra. There-
fore, the coincidence of the spectra for different steps
counts in favor of the electron delocalization.

However, a number of questions remain open. In par-
ticular, the maximum observed at a voltage of –0.08 V in
the differential current–voltage characteristic is present
in all tunneling spectra and does not undergo substan-
tial changes. According to its position, this maximum is
in satisfactory agreement with the position of the bot-
tom of the electronic band for two-dimensional elec-
trons. However, the insensitivity to the height differ-
ence most likely indicates that the wave function of this
state extends from the surface deep into the bulk of the
material.

Spectra 9 and 13 in Fig. 7 are inconsistent with the
simple interpretation based on the uncertainty princi-
ple. The peak at a voltage of +0.08 V, which is charac-
teristic of spectrum 9, is absent in spectra 4 and 10 for
the neighboring regions located at a distance of the
order of 1 nm. If this value is substituted into the for-
mula for the transverse momentum, the energy (for the
free-electron mass) is estimated to be 0.5 V. The spe-
cific feature observed at voltages of 0.01–0.02 V in
spectrum 13 agrees even worse with the above scheme.
Quite possibly, the point is that, according to the sche-
matic diagram depicted in Fig. 5, different atoms of the
tip end (and, hence, states with different symmetries)
participate in the formation of the tunneling current
during recording of differential current–voltage charac-
teristics 9 and 4, 10.

Spectrum 11 in Fig. 7 requires special consideration.
This spectrum was measured for the planar region at the
center of the valley; however, it differs significantly
from the spectrum measured for the planar regions far
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from the terrace boundaries (spectrum 0 in Fig. 6).
Moreover, the fact stands out that the most characteris-
tic peak in the vicinity of +0.2 V is split into two peaks.
This specific feature could be associated with the quan-

tum confinement due to the closeness of the boundaries
on both sides. The momentum of the relevant electrons
was estimated above. Knowing their energy, we can
estimate the effective mass as 0.3 of the free-electron
mass. If instead of the size of 2 nm, we use the valley
width of approximately 5 nm (Fig. 7) in the above esti-
mation, the characteristic energy of quantum confine-
ment appears to be 0.2(2/5)2 meV ≈ 30 meV. With
allowance made for the crudeness of the obtained esti-
mate, this value differs insignificantly from the
observed splitting of the peak at a voltage U ≈ +0.2 V.
However, spectrum 14 in Fig. 7 for the bottom of the
narrower valley at x ≈ 30 nm (Fig. 3) closely resembles
spectrum 11, even though the width of this valley is two
times smaller than that obtained at x ≈ 60–70 nm.

In our case, the investigation of linear one-dimen-
sional structures should necessarily include an analysis
of the mechanisms of transitions of electrons from one-
dimensional states to two-dimensional states and then
to three-dimensional states. In order to evaluate the role
of these processes, as well as to calculate the tunneling
current, we should calculate the energy spectrum of the
aforementioned states (and to consider models of the
spectrum of the tip), which is far beyond the scope of
our present paper. However, we can assume that the
processes of current spreading are not very significant
because the spectra obtained at different currents
(Figs. 1, 9), i.e., upon a considerable change in the
resistance of the tunneling gap (one of the obstacles to
the current flow), are similar to each other.
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