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Freshly cleaved (001) surfaces of the mineral galena, PbS, were examined by scanning tunnel-

ing microscopy (STM) in vacuum. Atomically resolved images in real space showing areas with

perfect order and with edge dislocations were obtained. The observed dislocations have Burgers
vectors a(1,0,0) and —,

' a(1,0,0) where [100] is the cleaving direction.

Scanning tunneling microscopy (STM), first introduced
by Binnig, Rohrer, and co-workers, ' has developed into a
mature and powerful tool for surface-structure determina-
tion under both ultrahigh-vacuum and ambient-pressure
conditions. Its most important advantage over other sur-
face techniques is the capability to image in real space
localized surface features with extremely high lateral
(~ 2 A) and vertical (~0.01 A.) resolution. Applications
of STM to surface studies thus far can be broadly divided
into two categories: (a) regularly ordered surface struc-
ture and (b) irregular surface structure. The former in-
cludes clean surfaces of single crystals, surface recon-
structions, and specific reaction sites while the latter in-
cludes phase boundaries, atomic steps, and vacancies.
The present work belongs to the second category and we
report the first STM observations of edge dislocations on a
PbS(001) single-crystal surface with atomic resolution.

Our single-crystalline PbS sample is the natural
mineral galena, the principal ore of lead. It has the simple
cubic structure of rock salt (NaC1) with a unit-cell edge
of 5.94 A. It produces a perfect cleavage along the (001)
planes. The cleavage surface shows striking inertness to
air exposure, with no significant oxidation even after expo-
sure to air for up to one hour. We prepared a fresh
sample surface by cleaving the galena crystal with a razor
blade in air along the (001) plane. The sample with the
newly cleaved surface was then immediately transferred
to the STM mounted in an ultrahigh-vacuum chamber. A
vacuum of 10 Torr in the STM chamber was reached
within 30 min of initial cleaving. Most of the STM im-
ages were taken in a vacuum of 10 Torr although we
also conducted some experiments in air. Tunneling is not
a problem with PbS since it is a low-band-gap (0.4 eV)
polar semiconductor.

The STM used in this study was constructed on a six-
in. -diam conflat flange with a two-stage spring and mag-
netic damping system for vibration isolation. The tunnel-
ing tip was made by electrolytic etching of a 0.25-mm
tungsten wire in KOH. It is fully ultrahigh-vacuum com-
patible, but can also be operated in air if desired. The de-

tails of the instrument have been reported previously.
The length scales on the x and y scanning directions were
calibrated by imaging carbon atoms on the basal plane of
a highly oriented pyrolytic graphite (HOPG) sample and
the z direction was calibrated with a commercial electron-
ic height gauge. The uncertainties in the calibrations
were -5% in x and y and —15% in z directions. Thermal
drift in the STM was periodically checked during the ex-
periments. The drift rate was typically under 5 A per
minute. The specific drift direction at any given time de-
pended on whether the room temperature was drifting up
or down at the time. Imaging was performed in a
constant-current mode with a typical tunneling current of
-0.8 nA. Tunneling voltage was typically between 0.3
and 0.8 V with the tip biased negatively. Tunneling volt-

age at 0.2 V or below generally resulted in a noisy scan-
ning trace, a result which agrees with a bulk band gap of
-0.4 eV for PbS. In addition to imaging, we also mea-
sured the tunneling current, I„asa function of tip-sample
separation s. From the slope of the dlnI, /ds curve, the
work function of the PbS(001) surface was determined to
be about 3 eV in a vacuum of 1 x10 Torr, close to pre-
viously reported values of -4.0 eV.

Figure 1(a) shows an atomically resolved STM image
of an ordered region of the PbS(001) surface obtained
with the tip biased negatively at —0.5 V with respect to
the sample, which is grounded. According to the calibra-
tion of our x-y PZT scanners, both Pb + and S ions on
the surface are imaged, with a unit-cell edge very close to
6 A, in agreement with the known value of 5.94 A. In-
terestingly, we could not image with the tip biased posi-
tively, i.e., probing filled states of the sample, the tunnel-
ing current being always noisy. Similar behavior has been
noted by other STM workers in different samples. ' One
explanation is the adsorption of an electronegative atom,
such as S, on the probe tip, changing the local density of
states near the Fermi level in such a way that lateral reso-
lution is lost at tip positive but not at tip negative. This is
a likely possibility since S atoms are known to evaporate
from the PbS surface under vacuum and may become ad-
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(a}

actual atom positions, we can probe the empty states in
the conduction band with the tip negative, but not the
filled states when the tip is biased positively. This ex-
planation is less satisfactory since the band gap of PbS is

only 0.4 eV and one can expect to obtain a tunneling im-

age if one increases the positive bias on the tip.
Another interesting feature is the distinct height varia-

tions in the two ionic species as shown in the trace in Fig.
1(b). This is probably due to the heavier concentration of
charge density around the S ions compared to the
charge density surrounding the Pb + ions on (001) planes
of PbS, which has the effect of causing the STM to "see"
the S ions as more protruding on the PbS(001) sur-
face.

When examined under an optical microscope, the (001)
cleavage surface of a galena crystal often shows a large
number of steps, most of which are along [100l and [110]
directions. These cleavage steps are a good indication of
the existence of dislocations on the PbS(001) surface.
During the cleavage process, if a cleavage front intersects
a dislocation with Burgers vector 1, a step with height b n

FIG. l. (a) Atomically resolved STM gray-scale image of an
ordered region of the PbS(001) surface. Bright spots indicate
Pb'+ and S ions on the surface. The unit-cell boundaries are
marked. Tip bias at —0.5 V with sample grounded, tunnel
current I, 0.8 nA. (b) Line trace showing height variations of
surface ions along the [100] direction, indicated by arrows in

(a).

(a)

110j

sorbed on the tip. Another explanation is that the
PbS(001) surface is basically n-type under vacuum be-
cause of preferential evaporation of S atoms, thus pin-
ning the Fermi level close to the conduction-band edge.
Since STM probes the local density of states within a nar-
row energy window near the Fermi level, rather than the
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FIG. 2. Three-dimensional STM image of a single atomic
step on the PbS(001) surface. The height of the step is 3 A.
Field of view is 100&100 A2. Tip bias at —0.5 V (sample
grounded) and I, 0.8 nA.

FIG. 3. (a) Atomically resolved STM gray-scale image of a
region of imperfections on the PbS(001) surface. Bright spots
indicate Pb + and S ions on the surface. Tip bias at —0.5 V
(sample-grounded) and It 0.8 nA. (b) and (c) Two different
models of the STM image (a) showing edge dislocations at posi-
tions A, B, and C. The Burgers vectors are also shown. 0, Pb 2+

ion; 0, S ion; and 0, interstitial atom.
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occurs. ' (n is the unit vector normal to the cleavage sur-
face. ) The primary glide system in PbS is (101) [001].
The smallest Burgers vector of this type of dislocation is
—,
' a(1,0,1), which will result in a step of 3 A., i.e., half of

the unit-cell edge, on the (001) cleavage surface. Figure 2
shows a three-dimensional STM image of an atomic step
with a height of 3 A. From a large area (500X500 A )
scan, we chose a flat region free of steps for atomic-
resolution scans. Figure 3(a) shows a small 35 x 30 A2 re-
gion with a high concentration of dislocations. In order to
clarify the dislocation structures, we mark the position of
the bright spots in Fig. 3(a) with open and filled circles
representing the two ions, i.e., Pb + and S,as shown in

Figs. 3(b) and 3(c). Edge dislocations emerging from po-
sitions A, B, and C can clearly be seen. Burgers vectors b
are indicated by arrows. We refrain from marking the
surface ion positions directly on the STM gray-scale im-

age of Fig. 3(a) for the sake of clarity. However, if a
transparency is made in Figs. 3(b) and 3(c) and placed
directly on top of Fig. 3(a), one can see that the circled
positions match the bright spots of the image perfectly.

The edge dislocations at positions A and B [shown in
both Figs. 3(b) and 3(c)] have the same Burgers vector
a(1,0,0) as determined by the Burgers loop. " Two extra
(110) and (110) planes terminate at these two positions,
which in turn means a slip along [110] and [110] direc-
tions, respectively, by an amount of a/2. The resultant
Burgers vector is thus a(1,0,0). The edge dislocation at
position C has a Burgers vector of 2 a(1,0,0). Two possi-
ble ionic arrangements around the C dislocation are
shown in Figs. 3(b) and 3(c). Ideally, one should be able
to identify the Pb + and S ions according to their
height difference as shown in Fig. 1(b), thus resolving the
issue as to whether Fig. 3(b) or 3(c) correctly depicts the
ionic arrangement. Unfortunately, it appears that in this
highly defective region, the distribution of charge density
is modified to such an extent that a clear distinction of the
ions by height difference is very difficult.

The C dislocation in Fig. 3(b) is caused by the precipi-
tation of vacancies on the (100) plane, indicated by the
dot-dashed line, creating an electrostatic stacking fault of

high energy with like ions on both sides of the dot-dashed
line. The energy of the stacking fault can be released by
an offset of & a(0, 1,0), according to Amelinckx, '2 which

changes the Burgers vector from —,
' a(1,0,0) to —,

' a(1,1,0).
So the ionic arrangement as depicted in Fig. 3(b) is most
likely energetically unfavorable.

The C dislocation shown in Fig. 3(c) is caused by a
glide along the [100]direction by a/2. The ionic arrange-
ment also has adjacent like charges as indicated by the
dot-dashed line. However, this configuration, once
formed, cannot be removed by the offset mechanism as in
the case of Fig. 3(b). We believe that Fig. 3(c) is a
correct description of the STM image shown in Fig. 3(a).
This type of dislocation is similar to the prismatic disloca-
tion found in cubic crystals on the (001) plane if an inden-
tation is made on the (100) plane along the [100] direc-
tion. ' '

There is another possibility that the C dislocation has a
component along the [001] direction of —,

' a(0,0,1), which
results in the actual Burgers vector being 2 a(1,0,1).
However, this would give rise to a step with a height of
half of the unit-cell edge, i.e., 3 A, as we have mentioned
earlier. Such a step was neither observed in the STM im-

age of Fig. 3(a) nor in a larger area (500&500 A ) scan
which showed that regions adjacent to the dislocations
were atomically flat.

We note that all Burgers vectors observed in the STM
image shown in Fig. 3(a) are along the [100] direction
which is also the direction of cleaving. It is likely that the
dislocations observed on the PbS(001) cleaved surface is
associated with the cleaving procedure.

The results of this investigation illustrate the capability
of STM in obtaining images with atomic resolution on
dislocations on a crystal surface, thus demonstrating that
STM can be usefully applied to study imperfections and
deformation processes in materials.
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