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New Model for Reconstructed Si(111) 7 x 7 Surface Superlattices
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Superlattices of disjoint bilayer atomic microdomains stabilized by epitaxial misfit
strain energies are proposed to account for nxn (n =5 at lower T, n =7 at higher &) sur-
face structures of both Si on Si(ill) and Sn on Ge(111). The microdomain model accounts
well for the relative stability of Si(111) 7x 7 against hydrogenation and chlorination and is
energetically more favorable than the original Lander model of 2&& 2 building blocks
centered on point vacancies.

PACS numbers: 68.20.+ t, 61.14.Hg, 68.10.Jy, 68.55.+ b

A wide variety of superlattice patterns has been
observed on almost every face of each predomi-
nantly covalent semiconductor which has been
studied by low-energy electron diff raction. " The
largest n & n unit cells are found' on annealed
Si(111) surfaces: For the pure surface, n= 7 (an-
nealed at T, &600 C), or n = 5 (T,&600 C). Re-
cently it has been discovered' that a fraction of a
monolayer of Sn on Ge(111) unexpectedly converts
the annealed 2 &8 Ge superlattice to a Si-like pat-
tern (n=5, T, &400 C; n=7, T,&400 C). In this
note, I propose a new theoretical model which ex-
plains the remarkable similarity in the thermal
behavior of these giant n&n cells and which also
reconciles a wide range of paradoxical data.
These include the dependence' of the annealing
temperature T, for converting cleaved Si 2&1 to
7 &&7 on regular macroscopic step density [vicinal
(111)surfaces] and the relative stability of Si(111)
7x7 (unlike cleaved 2 &&1) against hydrogenation'
and chlorination. '

Broadly speaking the theoretical models which
have been suggested" to explain reconstructed
superlattice structures on predominantly covalent
semiconductor surfaces are divided into two

types, rough and smooth. The smooth models
assume that the surface is atomically complete
(apart from a small density of random macro-
scopic steps) and that the observed low-energy
electron-diffraction (LEED) superlattice patterns
are produced by small periodic displacements
(5b/5 &0.1) of atoms in the surface plane from
the sites of a semi-infinite bulk lattice. The
forces responsible for the weak reconstruction
are of the Jahn-Teller type and may be electronic
density waves (of the Peierls-Overhauser type)
which are formed because of the specific geome-
try of the Fermi line of the dangling-bond surface
electronic energy band, ' or, more generally, '
by the interatomic forces responsible for the
buckling of the cleaved Si(111)2 XI surface

The present rough model assumes that because
of the kinetics of surface preparation (which, in
one way or another, are at best equivalent to
thermal roughening of the surface, as in high-
temperature annealing, or at worst produce a
grossly damaged surface, as in a "poor" cleave)
the surface will always be incomplete or frag-
mented on an atomic scale." This means that
over the surface area of order 10' surface sites
required to define the observed LEED pattern
about 50 (+10) excess surface atoms will be dis-
tributed. What becomes of these excess atoms
during the initial stages of annealing' The an-
swer, of course, is that the excess surface atoms
condense to form m&&m islands (m&n). These
islands will be nearly maximally compact, i.e. ,
their shape will nearly maximize their area/cir-
cumference ratio. For (111)surfaces this means
that the islands will be nearly hexagonal and will
be bounded by linear edges composed of (110)
steps. ' The same kinetics describe the later
stages of annealing' of a fraction (0.3-0.8) of a
monolayer of Sn on Ge(111).

At this point we can already make a fundamen-
tal distinction between the rough atomic and
smooth displacive models based on the energy
~, available for superlattice ordering. The
smooth models yield values of ~,which range
from very small (4E, &0.005 eV/atom) for the
Peierls mechanism" to small (~,'=0.02 eV/
atom) for the buckling model. " The rough values
lead to a much larger value for ~," because of
the nonlocal or cumulative nature of the misfit
strain energy associated with epitaxial film in-
terfaces, "which is illustrated for Sn on Ge in
Fig. 1(a).

While the application of epitaxial strain argu-
ments to the strong reconstruction of fractional
monolayers of Sn on Qe is obvious, it is some-
what less obvious for Si on Si. In fact the latter
case is special, because the fractional surface
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FIG. 1. (a) A cross section of part of ann =5 and m
=4 Sn microdomain on Ge(111), but not to scale l~(Sn)
=1.15r(Ge)]. Some of the sites in the troughs between
Sn-covered islands may be occupied by Ge atoms (as
superlattice defects) and some of the Sn atoms may
similarly replace Ge in second-layer sites. (b) The
same for Si on Si(111). The distortions of the upper
layers are exaggerated. Strong reconstruction which
is significantly resistant to chemical corrosion results
when these microdomains order to form superlattices.

layers on Si(111)are almost certainly fractional
bilayexs, so that there is only one broken bond

per surface atom [except for the (110}steps
which define the microdomain edges]. These bi-
layers are compressed by inward relaxation" of
the outer atomic layer (enhanced back bonding).
Unlike C, Si does not readily form multiple bonds,
and the inward vertical relaxation 6b may pro-
duce a lateral expansion 6b~~, i.e. , the effective
lattice constant 5 of the fractional surface bi-
layer may be larger by 6b~~ than that, b„of the
substrate, as shown in Fig. 1(b). However, we
are justified in treating 5b, and 5b~~ as symmetry-
breaking constants (c numbers, in the language of
field theory} only so long as the strain energy
k(mM~~)' is a~„, where ~~ is the relaxation
energy of the cleaved surface. (We expect that
~~ is of order the step-formation energy LKs~
and from the shifts of dangling bond energies with
surface relaxation" that both energies are of or-
der 0.3 eV/atom. } Subject to this condition the
size-limiting energetics of microdomain growth
of Si on Si(111) may resemble those of Sn on

Ge(111). The very striking quantitative similari-
ties in n(T, }are discussed below.

The mechanism of epitaxial, microdomain,
strain misfit energies immediately can explain
the paradox that for both Sn on Ge(111) and Si
bilayers on Si(111}the n = 5 superlattice is stable
at toaster temperatures, contrary to bulk structur-
al transitions where according to Ostwald's rule
generally the smaller unit cell is stable at Pighex
temperatures. (No other model which has been
proposed can explain this anomaly. ) The surface
interatomic force constants, because of reduced
atomic coordination numbers and lower surface
phonon frequencies, soften more rapidly at high
temperatures than the bulk force constants.
Hence the nonlocal misfit strain energy (which
limits m and n} decreases more rapidly than the
local rebonding energies associated with step for-
mation (which tend to increase m and n) with in-
creasing T, which explains why the larger value
of n is stable at higher T.

In principle as the temperature is increased
and the surface force constants soften further, an
entire sequence of additional transitions to still
larger microdomain structures (e.g. , n= 9, etc. )
could occur. However, at high temperatures the
edges (steps) of the microdomains will also under-
go thermal roughening. " Recent LEED experi-
ments have shown" that an order-disorder tran-
sition of the 7&7 structure occurs at T, =854 C
with small but discernible kinetic hystersis. Evi-
dently such a transition (essentially a transition
to a roughened surface) can preclude additional
transitions to 1arger values of n. Moreover mi-
crodomain edge roughening (rather than mere
center positional disordering) can explain the
rather puzzling absence of long-wavelength criti-
cal scattering" as T approaches T„because the
characteristic wavelength of edge roughening is
the diameter of the 7 &7 cell itself.

The steps associated with microdomain edges
will tend to be pinned by extended (macroscopic)
steps, e.g. , produced by a vicinal cleave, and the
temperature T, for conversion of the cleaved sur-
face to the microdomain surface will depend

strongly on the macroscopic step density. ~ When
that density is very low T, may be as low as 200
C, and this observation has often been used as an
objection against rough models. Note, however,
that if, as we suppose, the roughness is of ther-
mal origin and hence is intrinsic, the average
atom during annealing need diffuse a distance d
which is only d=(n -m)b & 10 A, and that this
could easily happen at 200 C. (Evaporated Si
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atoms diffuse 40A during island growth of amor-
phous Si on substr ates at He temperatures. ")

The stability of the n =7 Si(111)pattern against
hydrogenation' and chlorination' (which remove
the dangling bonds and erase both the Fermi line
and the surface buckling) is a very sore point for
smooth models. This chemisorption also erases
most of the difference 65~ between b, and b, . How-
ever, because of the large number of overlaid
atoms in a given bilayer microdomain, these
units will be collectively metastable for much
longer periods" than a simple Jahn-Teller local
distortion and will resist chemical attack to a
much greater degree than would hold for the
smooth models.

What about the remarkable similarity of n(T.)
for Si bilayers on Si and Sn on Ge'P This is prob-
ably largely coincidental, and may occur because
k(Si on Si)(b~ —b,)2 is of the same order as k(Sn
on Ge)(bs„—bGJ'. Here the k's represent inter-
atomic forces, and k(Si on Si) &k(Sn on Ge), while

(b, -b,) & (b s„-bG, )~. The actual values of m(n)
are determined by kinetic constraints and by
strain-misfit and step-step interaction energies
which taken altogether are quite complex. How-
ever, it is tempting to suppose that m =n —1, be-
cause, as pointed out by Kane, when I is even
the bilayer hexagonal corners are rounded in the
upper monolayer in an energetically favorable
way.

A useful distinction can be made between nearly
hexagonal superlattice overlaid bilayers and the
isolated triangular growth pyramids which have
been observed ' to nucleate homogeneously on
Si(111) surfaces during vapor deposition. The
former situation, obtained by annealing a rough
surface, resembles a two-dimensional liquid-
solid transition. Coalescence of the microhexa-
gons is forbidden by the accumulation of strain
misfit energy. In the latter case multiple bilayers
grow from the vapor, and the upper layers erase
the strain energy of the layers below them,
which gives rise to a triangular morphology be-
cause of the inequivalence' of (110) and (110)
macroscopic step energies.

The present model of misfit-stabilized super-
lattices apparently is not appropriate to superlat-
tice patterns of low symmetry such as noncom-
pact Ge(111) 2X 8. Although this surface must
also be atomically rough, general thermodynamic
arguments show ' that the covalency in Ge (taking
as a fiducial point Sn, which is found in both
covalent and metallic forms) is about ~

~as great
as in Si. It is therefore possible that annealing

of Ge(111) surfaces produces some regions which
are atomically smooth and which are weakly re-
constructed. This would be consistent with the
partial erasure of the Ge(111) 2 x 8 structure by
hydrogenation. '

In conclusion, the more intuitively favored mod-
els for annealed and reconstructed semiconductor
surfaces, and especially natural cleavage faces
such as Si(111) and Ge(111), are essentially
smooth and atomically complete. I have ar gued,
however, that the weight of recent experimental
evidence favors entirely new and much less obvi-
ous microfaceted models containing superlattices
of islands, troughs, and steps. The hidden mech-
anism which favors these surprising structures
is a large epitaxial strain misfit energy which is
probably present even on pure surfaces. If the
present model is correct it has far reaching im-
plications, e.g. , it can explain the otherwise puz-
zling absence of critical scattering at the super-
lattice disordering transition, ' and it should have
important consequences for the interpretation of
some semiconductor heterointerface experiments
as well. ' More quantitative characterization of
the microfaceted dimensions within a unit cell re-
quires a detailed analysis of atom diffraction
data. 2~ 2'

I am grateful to M. J. Cardillo and J. E. Rowe
for helpful discussions.
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Time-differential perturbed angular correlations have been determined with use of the
dynamical critical exponent z for Fe and Ni. In both systems, crossover from z = 2.5 to
z = 2.0 is observed as T -Tc. The value z = 2.5 (d = 3 Heisenberg model) has been pre-
viously observed in neutron-scattering experiments; the value z = 2.0 (order-parameter-
nonconserving models), in hyperfine-interaction experiments. Thus, the existence of two
distinct kinds of dynamic critical behavior, each corresponding to a different universality
subclass, is confirmed.

PACS numbers: 64.60.Ht, 75.50.Bb, 75.50.Cc, 76.80.+y

Spin fluctuations near the Curie temperature in
ferromagnets have been studied via neutron scat-
tering and hyperfine interaction methods. For the
isotropic, three-dimensional systems Fe and Ni,
neutron scattering yields dynamic exponent val-
ues of z = 2.7(2) and z = 2.46(25),"respectively.
In contrast, hyperfine-interaction studies invari-
ably produce z =2.0(2) for the same materials. ' '

In a recent Letter, ' two of us addressed this ap-
parent discrepancy by suggesting that the effec-
tive value of z crosses over from 2.5 to 2.0 as
the wave vector of the contributing fluctuations
becomes small. To justify our hypothesis, we

noted that neutron scattering experiments depend
predominately on "large" values of q, while hy-
perfine experiments probe the region near q = 0.

From a theoretical point of view, the value z
=2.5 is expected for the three-dimensional Hei-
senberg model (a, system that has a conserved or-
der parameter), while z =—2.0 is predicted for sys-
tems that contain appreciable order-parameter-
nonconserving terms. ' Our crossover hypothesis
therefore demands identification of suitable spin-
nonconserving perturbations, as well as, eventu-
ally, explicit calculation of crossover behavior.

From an experimental point of view, the best
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