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Loading a cantilevered bar allows studying the eff'ect of a uniform, externally applied, and continuous-
ly variable strain field on the properties of surfaces. Straining a nominally flat Si(100) surface produces
unequal populations of the 2&1 and 1X2 domains. The domain compressed along the dimer bond is
favored. The eA'ect depends on the strain and not the strain gradient. The eff'ect saturates at a strain of
0.1% when 90% of the surface is in the favorable domain. The kinetics of developing and annealing
away the asymmetry are identical and thermally activated.

PACS numbers: 68.35.Bs, 68.35.Gy

It is clear from both theory and experiments that
strain is an important ingredient in the physics underly-
ing the reconstruction of surfaces. A number of authors'
have used Keating-type analyses where stretching and
bending force constants are assigned to bonds and a
structure of a given topology is optimized by minimizing
the elastic energy. Needs and Vanderbilt have calcu-
lated surface stress tensors from geometry-optimized
total-energy calculations. In beautiful experiments, the
importance of strain has been demonstrated in Si-Ge al-

loys of different compositions and strained epitaxial over-
layers of different thicknesses where different reconstruc-
tions are observed for different average strain.

It would be useful to be able to apply externally a uni-

form and continuously variable strain, i.e., to have strain
as an independent variable. With such a capability one
would hope to do a number of interesting experiments in-

cluding the following: determination of the strain-
temperature phase diagram for reconstructed surfaces,
lift the surface energy degeneracy of orientational
domains and perhaps prepare single-domain surfaces,
study the effect of strain on surface segregation in alloys
with atoms of different sizes, alter the natural misfit for
incommensurate overlayers, and study the effect of strain
on surface magnetism.

We have mocked up several mechanical schemes.
Here we report experiments using the simplest of these,
which is to load the free end of a cantilevered bar. This
produces a uniaxial strain at the surface varying linearly
along the length of the bar. In this paper we take the
"strain" to be that calculated at the surface from the
elastic theory for the cantilevered bar; we have not yet
measured the surface lattice parameter with sufficient
precision to determine the strain directly.

Our first experiments have been on the Si(100) 2 x 1

surface which reconstructs by dimerization of atoms in

adjacent rows. In areas of the surface separated by an
odd number of monatomic steps the orientation of the di-
mer bonds is rotated by 90 giving 2x 1 and 1 x 2 orien-
tational domains which give distinct 2 -order superlattice
LEED reflections.

The samples are 0.3 mm thick, 2 mm wide, and 19
mm long. Twenty samples are clamped in a carousel
mounted on a rotary feedthrough. The carousel is rotat-
ed to bring the free end of a sample into the gap between
two carefully machined and aligned wedge-shaped Ta
anvils. The anvil assembly moves up or down on a high-
precision micrometer to bend the sample. A 0.8-mm
deflection of the anvil corresponds to 0.1% strain at the
fixed end of the bar. Different samples break at different
strain, but we frequently achieve 0.3% strain at room
temperature. We check for plastic deformation by
measuring the position of the end of the bar after remov-
ing the load.

The first experiments were on nominally flat surfaces
which originally have equal populations of the two
domains as indicated by the equal intensities of the
(0, 2 ) and ( —,',0) reflections at normal incidence.
Straining the crystal at room temperature causes no
change because of the slow kinetics. However, straining
the sample at higher temperatures produces unequal in-
tensities. In Fig. 1 we show the intensities of two super-
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FIG. 1. The ratio of the intensity of the ( —, ,0) and (0, —, )
LEED beams to their values at zero strain plotted as functions
of the calculated surface strain. The data were measured at a
fixed position along the bar for various deflections of the end.
The domain compressed along the dimer bond is favored.

1988 The American Physical Society 2469



VOLUME 61, NUMBER 21 PHYSICAL REVIEW LETTERS 21 NOVEMBER 1988

M
R

R
M

(a)
~ *

~ X Q X

oo oo+ +

oo
++

OX ~

o gx+.

X

(0, 1/2)

(1/2, 0)

- 0.05

STRAIN ( % )

- 0.1

(b)
(0,1/2)

lattice beams for different deflections of the end of the
bar plotted as functions of the calculated surface strain
at the position of the incident beam. For these data the
intensities were measured after the sample was strained
at an elevated temperature and then cooled under load.
The same relative intensities are measured at the elevat-
ed temperature —both decreased by the Debye-Wailer
factor. If the load is relieved at room temperature the
same asymmetry remains.

The intensities indicate unequal populations of the two
domains. The sense is that the domain compressed along
the direction of the dimer bond is favored. The asym-
metry saturates at about 0.1% strain when approximate-
ly 90% of the surface is in the favorable domain (see
below). Angular profiles of the superlattice reflections
remain instrument limited at all incident electron ener-
gies, indicating that even the minority domains have
average terrace widths of greater than 500 k

Figure 2(a) shows similar data but measured by mov-

ing along the length of the sample at each of a number
of fixed deflections of the end. These data indicate that
the asymmetry depends on the strain and not the strain
gradient along the bar.

The kinetics to develop or remove the asymmetry de-
pend on the temperature, but the steady-state asymmetry
depends only on the strain and not on the temperature.
This is shown in Fig. 2(b) where the steady-state intensi-
ties are shown as functions of strain from experiments
where the bar was loaded at a number of different tem-
peratures. This suggests that the effect is due to the
mechanical energy rather than the free energy.

The kinetics are illustrated in Fig. 3 which shows the
intensity of one of the reflections as a function of time
after applying and removing the load all at a fixed tem-
perature. The kinetics are well fitted by BI(I)
=AI(~)(1 —e '/') and the time constant is the same in
both directions. Time constants vary from 24 sec at
670'C to 115 sec at 550'C. As a function of tempera-
ture the time constant follows an Arrhenius plot with an
activation energy of about 0.85+ 0.15 eV (the large un-
certainty is due to the uncertainty in the temperature
measurements in these first experiments). Changing the
domain populations requires motion of steps and surface
mass transport, and so this activation energy may be
reasonable.

The experiments have been repeated on a number of
different samples cut from each of two wafers with
essentially the same results. The fraction of the surface
in the majority domain at saturation has varied from
84% to 91% between samples but is constant within 2%
for repetitions of the experiment on a given sample.
There are diff'erences between tension and compression
of a few percent, but we have observed these small
differences in both directions. The effect is very sensitive
to surface contamination and is inhibited by exposure to
the residual gas. In view of this it is not certain that the
saturation is an intrinsic property.
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FIG. 2. (a) The relative intensities of the superlattice
reflections as functions of calculated surface strain measured
by moving along the length of the bar for given deflections of
the end. Each symbol is the data for a given deflection. The
maximum strain for a particular deflection is given by the ter-
mination of the data points with that symbol. (b) The steady-
state relative intensities of the superlattice reflections measured
for the sample strained at various temperatures indicated by
the diff'erent symbols. The temperatures ranged from 550 to
800 C.

Mz
C=l

R

600

TIME (SECOND)

1200

FIG. 3. The intensity of the ( —,',0) superlattice reflection as
a function of time after applying and removing the external
compressive stress. These data were taken at 550'C. The
time constant is 114+ 7 sec.
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In the above experiments, all strains were within the
elastic limit as shown by the position of the sample end
after removing the load. In one experiment a sample
was straining at 900'C for 30 min which produced plas-
tic deformation. (The sample was loaded to a deflection
of the end of 0.7 mm and a 0.5-mm deflection remained
after unloading. ) The asymmetry in the domain popula-
tions of this deformed sample could not be completely re-
moved by annealing the unloaded sample. Repeating the
strain experiment with this deformed sample gives simi-
lar results as shown in Fig. 1 except that equal popula-
tions now occur with an applied stress opposite to that
which caused the plastic deformation. (In this case the
domain populations were equal at an applied strain of
—0.016%.) In a sense this is counterintuitive; the plastic
deformation tends to relieve the applied stress and after
unloading one might think that there would be a residual
strain of opposite sign.

Clearly the step configuration must change as the
asymmetry is developed or annealed and it would be use-
ful to characterize the steps. In the above experiments
on flat samples, the terraces are sufficiently large that we

cannot detect them in our experiments. Therefore we

have attempted experiments with purposely large step
densities by looking both at sputtered and then partially
annealed surfaces and at vicinal surfaces miscut by 4'.
In the former, the heating necessary to develop the
asymmetry also anneals away the additional steps and
the surface behaves just as the nominally flat surfaces
did. In the latter, after cleaning and annealing, the un-

loaded vicinal surface is about 90/o in a single domain
with primarily double steps. (The minority superlattice
reflections are very broad, indicating minority terraces
very narrow in the direction perpendicular to the nomi-
nal step edges. ) We have strained this surface along,
perpendicular to, and at 45' to the step edges. In all

cases there is no change in the superlattice reflections
with strain.

We presently have no understanding of the mechanism
of this effect. If it were just that the applied stress lifts
the surface energy degeneracy of the two domains, it is

difficult to understand the identical kinetics for the de-
velopment and annealing of the unequal populations.
After removing the applied stress the only driving force
for annealing would be entropic. It is also difficult to un-

derstand the saturation if it is indeed intrinsic. It seems
unlikely that the saturation is due to direct interaction
between the steps since the minority-domain terraces
remain several hundred angstroms wide. One might con-
sider the interaction between the applied strain and the
strain field associated with the steps. It is observed that
the effect depends on the applied strain and not the gra-
dient. %hereas a uniform strain will not cause an indivi-

dual step to translate, it does exert a torque and can alter
the configuration of steps. Phenomenologically the be-
havior is like a two-layered system, the selvage and the
substrate with different natural lattice parameters. The
steps then somehow adjust to a configuration which min-

imizes the total energy and this configuration leads to
equal domain populations under zero external stress but
unequal populations under load.
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