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Phase Separation on an Atomic Scale: The Formation of a Novel Quasiperiodic 2D Structure
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Scanning tunneling microscopy of a “5x5”-Cu/Si(111) ordered layer reveals an unusual type of
quasiperiodic phase. Topographic and spectroscopic images together with their Fourier analysis reveal
at least three electronically and structurally distinct local phases which arrange to form a quasiperiodi-
cally ordered structure. The nature and origin of this novel structure is discussed.

PACS numbers: 68.65.+g, 61.16.Di

The initial ordering of lattice-mismatched systems has
attracted wide attention. In numerous studies of weakly
interacting systems this leads to incommensurate layers
which exhibit locally ordered structures separated by
domain walls.'3 Strongly interacting systems have been
less widely studied, can be more complex,* and are im-
portant in understanding the initiation of epitaxial
growth on semiconductor surfaces. Here we present new
scanning-tunneling-microscopy (STM) results for Cu on
Si which not only provides new insight into stress relief
in such strongly interacting systems but illustrates a
powerful, yet unexploited method, to analyze STM data.
From a detailed analysis of the Fourier components of
topographic and spectroscopic STM images, we identify
the local origin of the unusual diffraction features in the
“5x5”-Cu/Si system.>® We also show that this strongly
interacting system consists of at least three structurally
and electronically distinct local phases which are quasi-
periodically arranged on an atomic scale. The resulting
structure is locally commensurate and analogous in
many ways to the Si(111)-7x7 phase.

These experiments were performed in a UHV system
designed for epitaxy and growth studies which allows in
situ metal deposition and characterization by LEED,
Auger, and STM.” [-V spectra were acquired at each
pixel of a topographic scan and later analyzed as I-V
spectra or current image tunneling spectroscopy (CITS)
images.®® A “5x5”-Cu/Si(111) structure was grown by
deposition of 1.5 monolayers (ML) of Cu (as calibrated
by a quartz-crystal monitor and Rutherford backscatter-
ing) onto a clean Si(111)-7x7 surface held at 620°C.
As previously found, this structure is completed at 1.3
ML,> exists over a wide range of coverages (0.8-2
ML),>%1° and produces a characteristic LEED pat-
tern.>® This pattern, while historically labeled as
“5%5,” contains both +- and % -order components, and
is neither a 5X5 nor 6x6 structure.® Recent STM topo-
graphs have revealed the irregular nature of this struc-
ture and noted bias dependent images which prohibited a
detail interpretation. '°

In Fig. 1 we show a large-area STM topography to-
gether with a smaller region taken with a 1-nA tunneling
current and +2-V sample bias. The image shows a

variety of local structures which are labeled as deep
craters (A), shallow craters (B), irregular islands (I),
flat, triangular islands (T), as well as stripped regions
(S). The T islands show a corrugation of 0.3 A, the A
craters show a 0.06-A corrugation, and the strips S show
a 0.03-A corrugation. Both craters tend to have a tri-
angular shape with an elevated central region while the
strips, as noted elsewhere,'? tend to line up to form
bands across the surface. A Fourier analysis of this com-
plex image, together with our spectroscopic data, allow
us to understand the diffraction pattern>® and nature of
this “5X5” structure.

The Fourier components of this 2D image can be

FIG. 1. Unfiltered STM topograph of (a) a 175x175-A?
area of a “5x5”-Cu/Si surface and of (b) a higher-resolution
section, both obtained with a +2-V sample bias. The piezo-
electric drift is uniform and uncorrected in both images.
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directly compared to the reciprocal-lattice vectors deter-
mined in diffraction by our plotting the power spec-
trum'' of the 2D Fourier transform (2D-FT PS). The
2D-FT PS for a 250%250-A? scan is schematically
shown in Fig. 2(a) and has been corrected for drift to
produce the expected orientational symmetry. The
overall sixfold-symmetric pattern is similar to that seen
in LEED?® and can be derived from the three wave vec-
tors q, s, and t indicated in Fig. 2(a). This correspon-
dence is significant since it means that the charge densi-
ties sampled here by STM have the same perioc.c com-
ponents as the ion cores sampled in LEED, and that we
are not neglecting features because of our choice of bias
voltage. We also use the relative spot positions along the
symmetry directions® and the characteristic pattern of
spots between the arrows® to identify the Si(111) (10)
and (01) reciprocal-lattice vectors which correspond here
to the s wave vectors. This provides us with a more ac-
curate value for s of 1.89 A ~! than is generally possible
in real space due to uncertainties from the calibration,
creep, or thermal drift of the piezoelectric scanner.

The amplitude profile of the 2D-FT PS along the (10)
direction is shown in Fig. 2(b) and agrees with previous
measurements.® This also reveals that s and t are nonin-
teger values of q and that q=t—s. Averaging all our
data over equivalent symmetry directions, we find
t=0.814(+0.002)s, in agreement with LEED,® and
q=s/5.55. As we next discuss, the s and t wave vectors
can be associated with two different local structures
where q arises from a disordered arrangement of these
structures and not from a simple incommensurate phase.

The origin of these periodic components can be under-
stood from the 2D-FT PS of selected features in the im-
age. For example, choosing an appropriate intensity cut-
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FIG. 2. (a) Schematic of the power spectrum of the 2D
Fourier transform of a 6.25x10* A? topographic scan where
the diameter of the solid circles or points reflect relative inten-
sities. The asymmetries in intensities can be associated with lo-
cal irregularities and the finite area sampled. (b) The intensity
profile of the power spectrum along the 10 direction. The
small arrows mark the positions of the nq wave vectors and the
dashed line near s marks the position of t+q.

642

off in the topographic image and setting the image to a
uniform value for all points below or above this, allows
us to examine the Fourier components of just the craters
or I and T islands, respectively. We find that the distri-
bution of the “craters” produces the strong set of Fourier
components with only the q wave vectors inside the
dashed ring shown in Fig. 2(a). The A features can be
readily used to define irregular unit cells, hereafter called
quasicells, which on average produce the q wave vectors.
A section of a topograph and the corresponding quasi-
cells are shown in Figs. 3(a) and 3(b), respectively. The
B features indicated here by the dashed circles are al-
ways formed on one side of these quasicells while the T
features, when they arise, occur on the other side. We
attribute the T and I features to our use of higher cover-
ages and the subsequent nucleation of other structures
discussed elsewhere.>®!? In the following we focus on
this initial “5Sx5” structure.

To determine the locations of the periodic components
which give rise to t and neighboring q wave vectors seen
in Fig. 2(a), we back transform all equivalent t and t = q
Fourier components while maintaining their original
phase information. This type of image reconstruction in-
dicates the overall locations of these periodic com-
ponents and is shown in Fig. 3(c). These t Fourier com-
ponents are strongest near the A and B features and
form a network between them characteristic of a domain
wall or discommensuration.* The issue of whether this
network reflects strained bonds or new local structures is

FIG. 3. (a) A section of drift-corrected, smoothed data (1
nA, +2 V), together with (b) a schematic of the quasicells.
(c) The back transform of only the t and t+q Fourier com-
ponents derived from a larger area but shown for this same
area. Note that this back transform image is a “negative”
where the stronger Fourier components are darker.
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central to the understanding of the nature of the “5x5”
phase. To resolve this, we must also consider the loca-
tions of the s-wave-vector components as well as their lo-
cal electronic structure.

We find that the s Fourier components of the surface
order are strongest at low bias and can be directly ob-
served in the CITS spectroscopic images. In Figs. 4(a),
4(b), and 4(d), we show CITS images characteristic of
different biases together with a corresponding schematic
in 4(c) showing the location of the A, B, and S features.
These structures all appear to be in registry with the
1x1 lattice of bulk terminated Si, obtained by back
transforming all equivalent (01) and (10) Fourier com-
ponents. The S features appear independent of bias and
lie on one side of the quasicell while the B features are
strongly bias dependent and lie on the other side of the
quasicell. (We also note a second infrequent type of B
phase which is not discussed.) While all regions on this
surface show (atomically resolved) metallic I-V spectra

FIG. 4. Averaged spectroscopic CITS (Refs. 9 and 10) im-
ages representative of different energy ranges: (a) +1.4 to
+1.2V, (b) +0.06 to +0.4 V, and (d) —0.4to —1.8 V. The
schematic in (c) depicts various features discussed in the text.
Here, the solid and dashed circles along with the surrounding
features correspond to the A and B phases, respectively, and
the dots forming the S region lie on the indicated 1x1 grid.
[For these data we note that the tip is blunter than in Fig. 1 or
3. This reduces all corrugations in the simultaneously obtained
topograph (1 nA, +2-V sample bias) and prohibits us from
seeing the stripped features in the topograph.]

characteristic of a silicide,'® several other states are ob-
served for these different regions which produce the
strong differences in the CITS images. The S region
shows stronger tunneling for the occupied states than ei-
ther the A or B regions and has an additional filled state
near — 1.2 eV. The empty states of the A and S regions
show similar tunneling but differ markedly from B which
has an additional empty state and more tunneling above
+0.8 eV. Such electronic differences, together with the
different local spacings in the A and B regions discussed
earlier, imply that they are chemically different silicides
than occur in the S region. The formation of such
different local phases can be viewed as the decomposition
of a single incommensurate phase into at least three
phases which are in registry with the underlying lattice.
The S, A, and B local structures fit together to form a
“tiling” and define the irregular unit cells of this 2D lat-
tice. We note that the meandering boundaries of these
quasicells and the resulting nonintegral wave vectors are
general properties of a quasicrystal.'* The irregular lo-
cations of the A and B structures can be associated with
a slight randomization of these local structures.
Although the topographic and spectroscopic features
are suggestive of some specific models for these phases,
such models are not unique. We instead discuss the like-
ly physical origin of the “5x5” phase. The S-region sili-
cide is coincident with the substrate and likely under
severe stress due to the incorporation of Cu into the

Si(111) lattice.!> The strain is sufficiently strong so that
~2 surface lattice constants away from the center of the
S region, a second phase A forms with a different ar-
rangement of atoms (possibly even missing atoms). This
A phase is analogous to the corner holes of Si(111)-7x7
which contribute to reduce strain energy.'® In most
cases the S phase extends across the quasicell and rules
out the existence of a stacking fault as arises for
Si(111)-7x7.%'6 Without a stacking fault, the misfit
eventually produces large stresses on the other side of the
quasicell which leads to the B phase. The variations in
the location of the A and B phases may reflect the small
energy differences and weak long-range interactions be-
tween these phases. We also note that these variations
are consistent with the absence of a stacking fault which
on Si(111)-7x7 forces an alignment of the corner holes.

In general, the reduced coordination and ability to
form new phases at surfaces may allow strongly interact-
ing, strained surface layers to phase separate and pro-
duce this type of quasiperiodic, higher-order commensu-
rate structure. We anticipate that the detailed behavior
of this system will be useful in understanding surface or-
dering and stress relief in other strongly interacting,
lattice-mismatched systems.
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FIG. 1. Unfiltered STM topograph of (a) a 175x175-A?
area of a “5x%5"-Cu/Si surface and of (b) a higher-resolution
section, both obtained with a +2-V sample bias. The piezo-
electric drift is uniform and uncorrected in both images.



FIG. 3. (a) A section of drift-corrected, smoothed data (1
nA, +2 V), together with (b) a schematic of the quasicells.
(¢) The back transform of only the t and t+q Fourier com-
ponents derived from a larger area but shown for this same
area. Note that this back transform image is a “negative”
where the stronger Fourier components are darker.



FIG. 4. Averaged spectroscopic CITS (Refs. 9 and 10) im-
ages representative of different energy ranges: (a) +1.4 to
+1.2V, (b) +0.06 to +0.4 V,and (d) —0.4to —1.8 V. The
schematic in (c) depicts various features discussed in the text.
Here, the solid and dashed circles along with the surrounding
features correspond to the A and B phases, respectively, and
the dots forming the S region lie on the indicated 1x1 grid.
[For these data we note that the tip is blunter than in Fig. 1 or
3. This reduces all corrugations in the simultaneously obtained
topograph (1 nA, +2-V sample bias) and prohibits us from
seeing the stripped features in the topograph.]



