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Scanning-tunneling-microscopy study of faceting on high-step-density TaC surfaces
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We have studied the morphologies of the TaC~310!, ~210!, and ~110! surfaces using scanning tunneling
microscopy. Heating the crystals to high temperatures activates a faceting of these surfaces into a hill-and-
valley structure consisting of enlarged~100! terraces and~010! step walls. Step-separation distributions ob-
tained from these surfaces can be well fit by sharp Gaussians and are much narrower than predicted for the
noninteracting terrace-step-kink model, indicating a strong repulsive interaction exists between steps on the
faceted surfaces. This faceting is suggested to be driven by a decrease in the total step repulsive energy through
a reduction of the total number of step pairs.@S0163-1829~96!02723-3#

I. INTRODUCTION

Equilibrium crystal shapes have long been studied, dating
back at least to Wulff’s paper in 1901.1 Early work was more
based on thermodynamics which predicts equilibrium shapes
with given surface free energies. For example, Herring
showed2 that if a surface does not coincide in orientation
with some portion of the boundary of the equilibrium crystal
shape, it would phase separate into a hill-and-valley structure
which has a lower free energy than the original surface. The
hill-and-valley structure can consist of two step-bunched fac-
ets ~type I!,3,4 a high-symmetry terrace and a step-bunched
facet ~type II!,5–8 or two high-symmetry terraces~type
III !.9,10 The high-symmetry terraces correspond to cusps in a
Wulff plot. In addition to thermodynamics, the detailed cal-
culation of surface free energy requires statistical mechanics,
which views the problem microscopically.11–17 One impor-
tant factor to the surface free energy is steps. Interaction
between steps contributes the third- and higher-order terms
in the expansion of the free energy with respect to the step
density.12 Most reported facetings belong to either type-I or
-II phenomena and have been observed on elemental metal
and semiconductor surfaces. These facetings are usually in-
duced by thermal treatment6–8 and impurity absorption.4,5

Thus far, however, the stability of ionic crystal surfaces has
not been widely studied. In this paper, we report our
scanning-tunneling-microscopy~STM! study of type-III
faceting which occurs on the clean TaC~310!, ~210!, and
~110! surfaces. We will provide evidence that this faceting
lowers the total step-step repulsive energy by reducing the
total number of step pairs. This step-pair reduction is
achieved by enlarging~100! terrace widths and~010! step-
wall heights, while preserving the net surface orientation~see
Fig. 1!. Because the~100! and~010! crystal faces correspond
to different cusps in the Wulff plot, this reconstruction can
be viewed as an orientational phase separation from the bulk
truncation. When the repulsive energy between a pair of

single-height steps becomes larger than the formation energy
of a single multiheight step on a high-step-density surface,
orientational phase separation, or faceting, will occur. This
picture has already been implied in discussions for the
single- to double-height step phase transition on Si~100! with
increasing step density.15

The nature of the step-step interaction can be determined
from the step-separation distribution.13 A repulsive step-step
interaction can be deduced from two facts:~1! The step-
separation distribution is single peaked and narrower than a
‘‘universal’’ distribution for the noninteracting terrace-step-
kink ~TSK! model.14 This model neglects any energetic step-
step interaction, but includes an effective entropic interaction
between steps.18 ~2! The step-separation distribution approxi-
mates a Gaussian. The Gaussian,P(x)5(1/wA2p)exp@(x
2L)2/2w2#, wherex is the arbitrary step separation, has been
shown to be an excellent approximation if the step meander-
ing is much smaller than the average step separationL.13

Furthermore, if the interaction energyU(x) between a pair
of steps can be modeled as12,19

U~x!;Ct2/x2, ~1!

whereC is a material constant andt is either the elastic line
dipole moment~torque! or the electrostatic line dipole mo-
ment along a step, the ratio of the width~standard deviation!
w to the meanL of the step-separation distribution is a direct
measure of the ratio of the energetic repulsion strength
A(5Ct2) to the entropic repulsion strengthg via17

w/L5~g/8p2A!1/4. ~2!

Therefore, by comparing the measured distribution to these
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theoretical predictions, one is able to gain insight into the
driving force responsible for an observed surface morphol-
ogy.

II. EXPERIMENT

TaC crystallizes in the sodium chloride structure and has
a very high melting point, 3983 °C. The TaC~310!, ~210!,
and~110! surfaces were cut by spark erosion and polished to
the desired orientations to within 0.2°. In this work, the mor-
phologies of these surfaces were imaged by a scanning tun-
neling microscope at room temperature. STM measurements
were conducted in an ultrahigh-vacuum chamber equipped
with a conventional low-energy electron-diffraction~LEED!
system. The base pressure was kept at less than 10210 Torr.
All STM images were taken in the constant current mode
with a typical bias voltage;0.1 V and tunneling current;1
nA, using electrochemically etched Pt-Ir tips. Surface clean-
liness was determined by Auger electron spectroscopy~AES!
using a double-pass cylindrical mirror analyzer. The TaC
surfaces were cleaned by flashing to a temperature near
2000 °C using electron bombardment, followed by slow
cooling to room temperature. After cleaning, no impurities
were detected with AES and a LEED pattern indicative of
faceting appeared.10 High-temperature flashing served as an
activation process for the faceting. The stability of the ob-
served structures was tested using various cooling rates from
the flashing temperature. STM images show that the surfaces
produced with a slower cooling rate exhibited better ordering
of facets, indicating that the observed structures are the equi-
librium structures. Slow cooling occurred when the heating
power was gradually reduced to zero over a few minutes
resulting in a cooling rate of;250 °C/min. With the heating
power turned off, the sample, whose color was still red

~; 750 °C!, cooled to room temperaturein situ.

III. RESULTS

A. TaC„310…

The bulk-truncated TaC~310! surface consists of three lat-
tice spacings (3a) on the~100! terrace and one lattice spac-
ing (t5a) on the~010! step wall; see Fig. 1. The top panel in
Fig. 2 shows a STM image from the surface. A line-cut pro-
file obtained from it is plotted in the middle panel. From this
image and dozens of others, two features can be immediately
discerned:~1! Most terrace widths and step heights have
been tripled from their bulk-truncated TaC~310! values, al-
though a small number of double-height steps~and very few
quadruple-height steps! are also observable in some regions.
~2! The step edges are very straight, although in some areas,
defects such as lateral displacements and local disordering
can also be seen. A ball model representing a cross section of
the observed surface is illustrated in the bottom panel of Fig.
2, where the zigzag line denotes the~310! bulk truncation.
These direct STM observations are consistent with previous
high-resolution LEED~HRLEED! measurements.9

Tripling of terrace widths and step heights can be more
clearly seen from the step-separation distribution shown in
Fig. 3. About 550 step separations were measured from
many images of different surface areas to produce this plot.
The distribution can be well fit by a Gaussian~solid curve!

FIG. 1. A ball model of the bulk-truncated TaC~310!, ~210!, and
~110! surfaces with the lattice parameters indicated. The upper
panel shows a top view from the~100! terrace normal direction,
where the square unit mesh is indicated, and the lower panel shows
the cross sections of these surfaces. A gray line representing the
bulk-truncated~210! surface side view is also shown.

FIG. 2. The top panel is a STM image of;1503105-Å2 area
from the TaC~310! surface, where step edges are along the@001#
direction. A line-cut profile from the image~indicated by the striped
line! and a cross-sectional ball model for the observed surface are
presented, respectively, in the middle and bottom panels. The zig-
zag line in the ball model represents the bulk-truncated TaC~310!
surface.
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with a mean valueL;22 Å and widthw;4.03 Å. This
average step separation is in good agreement with the tripled
value of the step separation for the ideal TaC~310! structure,
i.e., 3A(3a)21t2521.14 Å, wherea5t52.228 Å are the
bulk-truncated surface lattice spacing and single step height
~see Fig. 1!, respectively. Because step edges are so straight
that step edge meandering is much smaller than step separa-
tions, the Gaussian-like distribution can be used to indicate
the existence of a strong step-step repulsion as described
above.13 The existence of a strong step-step repulsion can be
further confirmed by comparing the universal distribution for
the noninteracting TSK model;14 see the dashed curve in Fig.
3. As can be seen, the measured distribution withw/L50.18
is much narrower and sharper than the universal one with
w/L50.42.14 This observation, along with the Gaussian-like
distribution, enables us to unequivocally conclude that on the
faceted surface, there is a strong repulsive interaction be-
tween steps.

Based on the observations above, we expect that surfaces
such as TaC~210! and~110! will also exhibit similar faceting
phenomenon. With this in mind, we have performed the
same STM imaging and analysis on these surfaces.

B. TaC„210…

The bulk-truncated TaC~210! surface consists of two lat-
tice spacings on the~100! terrace and one lattice spacing on
the~010! step wall; see Fig. 1. From STM images, we found,
surprisingly, that in some regions quadruple-height steps and
eight-lattice-spacing terraces are dominant~4-8 domain!, and
in other regions triple-height steps and six-lattice-spacing
terraces are dominant~3-6 domain!. Step edges in both the
3-6 and 4-8 domains are found to be straight, as in the
TaC~310! surface. Very small amounts of 5-10-type domain
were also observed. Although primarily two kinds of do-
mains coexist, the net orientation of the surface is unchanged
because the ratio of average step height to average terrace
width in each domain remains the same as that of the ideal
surface. Shown in the top and middle panels of Fig. 4~a! are

a STM image obtained from a 3-6 domain and a line-cut
profile from that image. A ball model representing a cross
section of the observed surface is depicted in the bottom
panel of Fig. 4~a!. A line-cut profile from a 4-8 domain is
plotted in Fig. 4~b!. The size of both types of domains is in
the range of 500–1000 Å, independent of annealing time at
temperature;800 °C as measured by HRLEED. Above that
temperature, the measurement is limited by low diffraction
intensities. Therefore, if a separation between these two
kinds of domains were to occur, it would have to take place
above this temperature.

By counting hundreds of step separations from many im-
ages in different surface areas, step-separation distributions
for both domains were obtained and are plotted in Fig. 5. The
surface actually contained about equal amounts of each type
of step ~3-6 or 4-8! as indicated by STM, and also by
HRLEED measurements which will be presented elsewhere.
The distributions have been well fit by two Gaussians~solid
curves!, one centered atL1;14.6 Å and having a width
w1;1.98 Å, and the other centered atL2;19.6 Å and hav-
ing a widthw2;4.38 Å. Obviously, these two peaks repre-

FIG. 3. Open circles denote the measured step-separation distri-
bution for the TaC~310! surface. The solid curve is a Gaussian fit,
and the dashed curve is the ‘‘universal’’ distribution~from Ref. 17!
for purely entropic step repulsion.

FIG. 4. ~a! The top panel is a STM image of a;108363-Å2

area from a 3-6 domain on the TaC~210! surface, where step edges
are along the@001# direction. A line-cut profile from the image and
a cross-sectional ball model for the observed surface are presented,
respectively, in the middle and bottom panels. The zigzag line rep-
resents the bulk-truncated TaC~210! surface.~b! A line-cut profile
from a 4-8 domain on the surface is shown.
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sent the 3-6 and 408 domains, respectively. The average step
separationsL1;14.6 Å andL2;19.6 Å are in good agree-
ment with those of the 3-6 and 4-8 structures, i.e.,
3A(2a)21t2514.9 Å and 4A(2a)21t2519.9 Å. Also, each
Gaussian peak, withw1/L1;0.14 andw2/L2;0.22, is much
narrower than the universal distribution (w/L50.42); see the
dashed curves in Fig. 5. These two narrow Gaussian peaks
indicate the existence of a strong step-step repulsion in both
the 3-6 and 4-8 domains. This situation is similar to that of
the TaC~310! surface, except for the coexistence of the two
dominant step separations, which could be due to a near-
energy degeneracy of the 3-6 and 4-8 structures.

C. TaC„110…

The TaC~110! surface can be viewed as one lattice spac-
ing on the~100! terrace and one lattice spacing on the~010!
step wall; see Fig. 1. From STM images, we found that the
TaC~110! surface is likewise faceted into a hill-and-valley
array, with straight step edges running along the@001# direc-
tion. Defects similar to those observed on the other two sur-
faces also exist. The middle panel of Fig. 6 shows a line-cut
profile from the top-panel STM image. A ball model repre-
senting a cross section of the observed surface is depicted in
the bottom panel. As can be seen, the rippling array is not
completely regular, but each hill appears to be symmetric,
with a complete absence of~110! terraces. By counting about
500 step separations from many large-area images in differ-
ent surface regions, a step-separation distribution was ob-
tained and is shown in Fig. 7. As before,the distribution can

be well fit by a Gaussian~solid curve! with the mean value
L;18.7 Å and widthw;3.26 Å. The mean valueL;18.7 Å
is in good agreement with that of the 6-6 structure, i.e.,
6Aa21t2518.9 Å, and is consistent with our previous HR-
LEED measurements.10 Once again, the Gaussian-like distri-
bution (w/L;0.17) is much narrower than the universal dis-
tribution (w/L;0.42, dashed curve!, indicating the existence
of a strong step-step repulsion.

IV. DISCUSSION

The structures we observed on these TaC surfaces are the
equilibrium phases slowly quenched through the diffusion
cutoff temperature~probably near 800 °C!. From the analy-
ses above, we have concluded that, after faceting has oc-
curred, there exists a strong step-step repulsion on these sur-
faces. In fact, by using Eq.~2! and the measured ratios of
w/L, the ratioA/g has been calculated, suggesting that on
the faceted surfaces, the step-step energetic repulsion is be-
tween 5.4 and 33 times as large as the entropic step repulsion
depending on the surface orientation. It is natural to assume
that the integrated repulsion energy on these surfaces would
be much larger for the high-step-density bulk-truncated sur-
faces, and that this reduction in energy drives the faceting on
these surfaces. This can be explained as follows: Eq.~1!
indicates that the interaction between a pair of steps is due to
either the electrostatic line dipoles or elastic line dipoles

FIG. 5. Open circles denote the measured step-separation distri-
butions for the TaC~210! surface from the two types of observed
domains,~a! 3-6 and~b! 4-8. The solid curves are the Gaussian fits,
and the dashed curves are the universal distributions~from Ref. 17!.

FIG. 6. The top panel is a 4203420-Å2 STM image from the
TaC~110! surface. The middle and bottom panels are a line-cut
profile from the image and a ball model for the observed surface,
respectively.

16 016 53ZUO, CARPINELLI, ZEHNER, AND WENDELKEN



~torques! at steps with zero moments on terraces.12,19 The
electrostatic dipoles at steps on a clean surface are usually
caused by electronic charge-density distortions, as have been
observed on certain elemental metal surfaces.20,21On the sur-
faces of ionic crystals like TaC, the charge density is more
localized, and therefore the electrostatic effect might not be
as significant as the elastic effect. However, previous LEED
~Ref. 22! and x-ray photoelectron spectroscopy~XPS! ~Ref.
23! studies independently suggest that on the TaC~100! sur-
face there is a charge redistribution between carbon and tan-
talum atoms. If this charge redistribution produces a nonzero
electrostatic dipole at steps on the TaC~310!, ~210!, and
~110! surfaces, the dipole component normal to the~100!
terrace,ts5qh, whereq is the charge associated with the
dipole andh is the total step height, will induce a repulsive
step-step interaction.12 The elastic dipoles at steps are cre-
ated by strain fields, i.e.,te5sh,19 wheres is the surface
tension. We then propose that, regardless of whether the di-
poles at steps are electrostatic or elastic, they will be propor-
tional to the total step heighth. Assumingq ands are un-
changed from before to after faceting,17 as step separation
increasesm times , the step height increasesm times as does
the dipole moment. Then, according to Eq.~1!, faceting
would have no effect on the repulsive energy between a pair
of steps. Although there is no reduction in a given step pair’s
repulsive energy, the observed surface reorderings show an
m-fold reduction in the total number of step pairs, and hence
the total step repulsive energy on the surface reduces by 1/m
after the faceting.

One question immediately raised is why the phase sepa-
ration does not continue to form an even larger terrace width
and step height to further reduce the surface’s total step re-
pulsive energy. We suggest that the increase in total step
formation energy due to further increasing the step height
would exceed the decrease in total step repulsive energy due
to decreasing the number of step pairs. A balance between
these two factors determines the average step separation. As

mentioned earlier, we speculate that on the~210! surface, the
minimization of this energy balance has two degenerate so-
lutions, resulting in the coexistence of two different domain
types, 3-6 and 4-8. However, quantitative information for the
final selection of facet sizes requires a detailed total-energy
minimization calculation which is beyond our experimental
scope. We hope that our experimental work will stimulate a
theoretical interest in ionic crystal surfaces.

The faceting observed above involves large mass trans-
port. This process can only be activated by heating the sur-
faces above some temperature. We believe that this has oc-
curred during sample cleaning. Cleaning requires the sample
to reach;2000 °C, which should already be above the acti-
vation temperature for the faceting. It can be imagined that
as the clean surface is cooled from high temperature, single-
height steps coalesce to form facets. This coalescence has
been observed in a similar faceting process on the TaC~910!
surface, and will be published elsewhere. Meanwhile, as fac-
ets grow laterally along the step-edge direction, step-edge
meandering is suppressed by the strong nearest-neighbor
bonds of step atoms and by the strong step-step repulsion. In
this case, the former could play the major role because TaC
has a very high melting point, and its ionic bonds are ex-
pected to be very strong. Lateral displacements of step edges
observed in some STM images could thus be due to the
misaligned intersection of two adjacent growing facets.

V. SUMMARY

We have studied the structural stability of the TaC~310!,
~210!, and~110! surfaces with STM, and find that the bulk-
truncated surfaces are unstable and facet into hill-and-valley
structures comprised of enlarged~100! terraces and~010!
step walls after high-temperature flashing. By measuring the
equilibrium step-separation distributions on these surfaces,
we determined that a strong energetic repulsion exists be-
tween steps which dominates the entropic step repulsion.
This is inferred by comparing the measured Gaussian-like
distributions to a universal distribution for the noninteracting
TSK model. We suggest that the faceting is driven by a
lowering of the total step repulsive energy through a reduc-
tion of the total number of step pairs. Future experiments~in
progress! involving the study of single-height step interac-
tions on slightly misoriented~100! surfaces will give more
insight into the driving force of the faceting. Also, more
experiments are still required to distinguish whether the re-
pulsive interaction between steps owes to the electrostatic or
elastic effect, and to study the kinetics of facet formation.
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FIG. 7. Open circles are the measured step-separation distribu-
tion on the TaC~110! surface. The solid curve is a Gaussian fit, and
the dashed curve is the universal distribution~from Ref. 17!.
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