
unchanged. The more rapid increase in age at marriage that followed 
the antinatalist policies of 1970 produced a more pronounced 
reduction during the 1970s in the number of births that would have 
occurred with no change in age at marriage (and the same number 
of births at each duration for each couple). The policies of 1970 
included measures to encourage limitation of marital fertility by the 
use of contraception and induced abortion, policies that culminated 
in the one-child norm introduced in 1979. The birth rate and the 
total age-specific fertility rate have not continued the decline of the 
1970s, and the total second order birth rate has risen by more than 
40% in the 1980s. We have shown that the total marital fertility rate 
by duration since first marriage did continue to decline at least until 
1985, and that for married women the rate of bearing second and 
third children diminished (except for an upturn in the total second 
birth rate in 1986 and 1987). A major element in the undiminished 
or rising fertility calculated by age (as the TAFR) or for the whole 
population (as the birth rate) is the marriage boom that began when 
the government in 1980 relaxed the locally administered restrictions 
on marrying before an officially recommended age. 
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Thermodynamics of Surface Morphology 

Classical thermodynamic descriptions of surfaces treat 
surface orientation as a thermodynamic degree of free- 
dom and thus allow for the possibility of reversible 
changes in surface morphology as a function of tempera- 
ture or impurity concentration. The existence of these 
transitions has been c o b e d  experimentally. Advances 
in surface S a c t i o n  and imaging techniques now make it 
possible to characterize such transitions quantitatively in 
terms of the atomic structure, and particularly in terms of 
the behavior of steps on surfaces. Statistical mechanical 
models can be used to analyze the observations to deter- 
mine the fundamental energetic parameters governing the 
observed thermodynamic behavior. 

T HE MORPHOLOGY OF SOLID SURFACES, THAT IS, THEIR 

structure on a scale of nanometers to micrometers, is the 
governing factor in a number of practical processes, includ- 

ing crystal growth, epitaxy, and etching. As a first step in developing 
a quantitative understanding of any of these processes, it is necessary 
to understand the equilibrium morphology of the surface. The 
profiles of two silicon surfaces [extracted from scanning tunneling 
microscopy (STM) data] (Fig. 1) illustrate the extent to which 
equilibrium thermodynamics can influence surface morphology (1, 
2). Both of these morphologies represent equilibrium configura- 
tions, with the difference being only the net crystallographic orien- 
tations of the surfaces. The stepped surface in Fig. 1A is defined by 
its net crystallographic orientation and can be considered a single 
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thermodynamic phase. In contrast, the faceted profile in Fig. 1B 
contains regions of two distinct orientations and must be considered 
the coexistence of two thermodynamic phases. 

The classical thermodynamic formalism for describing such sur- 
face morphologies and associated phase diagrams was put in place 
by Gibbs (3) and fully developed by Herring (4). Attempts to 
develop atomic models to calculate the surface free energies needed 
for thermodynamic prediction began as early as the 1920s (S), but 
little progress was made in extending them to nonzero temperature 
until the 1960s. Although recognized only in retrospect, Gruber and 
Mullins (6) developed the crucial insight that the thermal evolution 
of the surface free energy is governed by the wandering of steps (that 
is, linear boundaries across which the surface height changes by one 
or more atomic layers). Since then, statistical mechanical theories 
describing the surface free energy in terms of step behavior have 
been extensively developed (7). However, rigorous experimental 
tests of these theories only became possible in the 1980s, as more 
sophisticated surface preparation procedures, diffraction measure- 
ments, and new imaging techniques were developed. 

In this article we show how experimental observations of steps can 
be used to test theoretical predictions about the orientational 
dependence of surface free energy, which governs the orientational 
phase diagrams of a surface. The extension of the underlying atomic 
models to provide a semiquantitative understanding of thermody- 
namic transitions observed on real surfaces is then illustrated by 
examples of reversible changes in surface morphology. 

Theoretical Background 
In this section we review how step properties are related to 

thermodynamic properties of surfaces. Crystallographic orientations 
of high symmetry (low-Miller index surfaces) will generally repre- 
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sent local minima in the surface free energy. At low temperature 
these minima are in the form of cusps, and the associated surfaces are 
called, by de£inition, facets. At small angles of misorientation + from 
such surfaces, one can calculate the surface free energy by consider- 
ing the surface as consisting of terraces of the low-index orientation 
separated by steps of atomic-layer height. If the step density is low 
enough, the variation of the surface free energy (per projected area 
in the low-index plane) with angle + and temperature T is governed 
by (8, 9) 

The terms in Eq. 1 can be understood by referring to Fig. 2, which 
shows a Monte Carlo simulation of a stepped surface based on a 
simple lattice model. The first term f,(T) is the surface energy per 
unit area of the low-index surface. The terraces between the steps in 
Fig. 2 have the microscopic orientation of the low-index surface. 
Because tan+ is proportional to the step density, the coefficient of 
the second term, q (T), is the free energy per unit length for forming 
an isolated single-layer-height step. The thermal dependence of this 
term comes from the possibility of exciting kinks at the edges of the 
steps. The formation of the kinks allows the step to wander, 
increasing the entropy and thus decreasing the free energy for step 
formation. At low temperatures, this free energy change can be 
determined from the partition function for formation of indepen- 
dent kinks of length a, costing energy E. The resulting step 
formation energy at low temperature for the kink geometry of Fig. 
2 is 

2kT 
q(T) = ~ ( 0 )  - -exp(-~lkT) 

all 
(2) 

where k is Boltzmann's constant. At high temperatures, when 
excitations on terraces occur, it is known that the step formation 
energy can eventually disappear according to 

Fig. 1. Surface profiles of two silicon surfaces, each misoriented from the 
[ I l l ]  direction by 4", but along different azimuthal directions (1, 2). (A) 
Misorientation azimuth [TIZ]; (B) misorientation azimuth [llz]. Data were 
compiled by "tiling" adjacent atomic-resolution STM scans to form a 
composite profile covering a cross section 4000 A wide. 

where c is a constant, leading to the roughening transition at T, of 
the low-index facet (7). For the subsequent discussion, we assume 
that the surfaces of interest are well below this roughening temper- 
ature. We also neglect discussion of failures of the lattice model that 
occur near the bulk melting temperature, leading to the interesting 
phenomenon of surface premelting (10). 

The third term in Eq. 1 is due to interactions between the steps. 
B is the free energy coefficient attributable to step interaction. Much 
theoretical work in the past decade (8, 9, 11) has revealed [as 
anticipated by Gruber and Mullins (6)] that, in addition to changing 
the formation energy for an isolated step, the step wandering 
contributes to this interaction term, even in the absence of any 
energetic interactions between the steps. This occurs because the 
wandering of a step will be limited by its inability to cross 
neighboring steps. The resulting decrease in the entropy of wander- 
ing leads to an effective entropic repulsion between steps, which can 
be illustrated by considering the model case of a wandering step 
trapped between two fixed walls at positions x = +e. The step has 
the largest configurational entropy when it is midway between the 
walls, leading to a peaked position probability function at low 
temperature 

even though there is no energetic interaction between the step and 
the walls (6, 12). [The case for which all steps are wandering 
simultaneously can be solved numerically, with a result showing that 
Eq. 4 is adequate for data analysis when the kink density is low 

Fig. 2. Result of a Monte Carlo calculation of a stepped surface in thermal 
equilibrium. The model used is a cubic lattice with near-neighbor interac- 
tions, with all and a, defined. The boundary conditions were set to give a 
misorientation angle tan+ = h/e with e = Sa, and h = a,. Inset: Repre- 
sentative LEED pattern showing "unsplit" diffraction beams at in-phase 
scattering conditions (path length difference for scattering off of adjacent 
terraces equals integral number of wavelengths), and beams at out-of-phase 
conditions with splitting direction perpendicular to the average step-edge 
direction, and magnitude inversely proportional to the average step separa- 
tion. 
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(12).] The effect of this entropic interaction on the free energy is 
known exactly in the limit of small kink and step densities 

and the step "diffusivitf' b2(T) is the mean-quared displacement of an 
isolated step perpendicular to the step edge (13). As one would expect, 
the value of b2 depends on the ease of kink formation as e-flLT. 

If there are also energetic interactions between the steps, these will 
affect only the tan3 + and higher order terms as long as the 
interaction falls off at least as rapidly as x-2 (8). For the specific case 
of energetic interactions of the form U(x) = A/2 [where U(x) is 
the potential energy per unit step length], at low temperature the 
free energy due to the step interaction is (8, 14) 

splitting of the diffraction beams, respectively. A great deal of 
disorder in the step configurations is possible without loss of 
observable beam splitting. However, the statistical variations in the 
step separations due to step wandering do give rise to a distinctive 
signature in the diffraction line shapes. Analogous to domain-wall 
structures, the wandering steps cause a power-law variation of the 
line shape (12, 21). Quantitative analysis of such diffraction line 
shapes is difficult. However, the high resolution possible with 
development of surface x-ray diffraction should provide some access 
to this information (22,23). Line-shape analysis is also possible with 
He diffraction, although the effect of inelastic scattering must be 
treated with care (24). Failures of the lattice model can be detected 
very effectively via ion-scattering (1 0). 

The statistical behavior of surface step structure can be more 
directly probed by imaging techniques. The wandering of surface 
steps can be imaged with moderate (on the order of 100 a) 
resolution with reflection high-energy electron microscopy (REM) 
(25), low-energy electron microscopy (LEEM) (26), and, in special 
cases, transmission electron microscopy (TEM) (27). The first two 

As in the case of the entropic interactions, a small kink formation of these techniques are especially useful, as they allow imaging at 
energy allows the steps to wander close to one another and results in elevated temperature and in real time. Although such analysis has 
a large free energy cost due to energetic step interactions. not yet been performed, the images of wandering steps obtained 

In summary, the hdamental behavior of the surface free energy is with these techniques can be used to determine the mean-squared 
governed by four parameters: the fiee energy of the facet, the step length of the kinks (assuming the kinks do not interact) through the 
formation energy, the kink formation energy, and the energetic diffusivity of the step edge position 
interactions between steps. As we will show, this small set of param- 
eters can lead to a remarkable diversity of surface morphologies. b2 = ([do) - x(y)12) !! 

Y 
(7) 

Experimental Background 
Elegant tests of Eq. 1 have been performed by direct measurement 

of the shape of cardidly equilibrated macroscopic crystals of helium 
and of metals (15-17). In contrast, it is possible to test the 
thermodynamics of macroscopic surfaces (which are by no stretch of 
the imagination part of a real equilibrium crystal) by measurement 
of the step behavior. Surfaces with a controlled step density are 
prepared by mechanical preparation of the net surface orientation at 
a fixed angle with respect to a low-index plane. In both types of 
experiments, equilibration of the surface structure requires careful 
attention. Any surface impurities can change the surface free energy 
or act as pinning sites that alter the step structure. For solids with 
low vapor pressures, equilibration of the surface structure at tem- 
peratures of interest may only be possible by surface diffusion, 
requiring prolonged annealing under ultrahigh vacuum conditions 
to maintain cleanliness. At low temperatures, surface diffusion may 
be so slow that the equilibrium configuration of a higher tempera- 
ture is frozen in. 

The step structure can be measured through the complementary 
combination of diffraction and direct-imaging techniques. Diffrac- 
tion provides information on the short- and long-range order and 
on the representative average structure. Direct imaging allows 
statistical deviations from the average behavior to be assessed. 
Low-energy electron diffraction (LEED) is most commonly used to 

where the coordinate system is as defined in Fig. 2. More detailed 
information about the atomic and kink structure of steps can be 
obtained with STM (28). This technique allows atomic-resolution 
imaging with a limited field of view and with limited time resolu- 
tion. The approximate imaging time is several minutes for an atomic 

determine-step structure because of its surface sensitivity and the 
ease with which the wavelength of the probing electrons can be 
varied (18) [although other techniques such as He diffraction can 
also be used effectively (19, 20)]. Data acquisition rates with LEED 

.t bi 

are rapid enough that monitoring thermal transitions of surface step 
structure is limited by the equilibration rate [less than 0.s0C per Fig. 3. A 500 A by 500 A image of an Si(100) surface misoriented by 0.3" 
second for Si(ll1) at 800°C]. The characteristics of LEED patterns toward the [1101 direction, measured by Swartzentruber et al. (30). step 

height is 1.4 A and mean terrace width is 260 A. Adjacent terraces have for stepped surfaces are illustrated schematically in the inset of Fig. of of the surface atoms, visible as parallel 
2. The step height, direction, and spacing can be determined from lines (separation, 7.7 A) in the image. As a result, the kink-formation energy 
the momentum transfer, the direction, and the magnitude of the on alternate steps is different. 
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Fig. 4. The kink-length distribution on the alternate "rough" steps on vicinal 
Si(100). The measured number of kmks of length n, N(n) is plotted versus 
n. The value at n = 0 is the number of sites at which there is no kink. The 
error bars are given as the sum of the statistical error and a systematic 
counting error determined by counting an identical data set several times. 
Data compiled and analyzed by Swartzentruber et a l .  (30), from a large 
number of STM images such as those shown in Fig. 3. 

resolution scan over an area of 500 i% by 500 A. In order to obtain 
statistically significant data, large numbers of such areas must bk 
sampled and-the results must-be carefully cross-checked with a 
surface-averaging technique such as LEED. In addition, STM 
measurements are typically limited to temperatures not much above 
room temperature,.;hich are below the equilibration temperature 
for many materials (29). Thus, the room-temperature STM images 
that we show for Si represent structures equilibrated at a higher 
temperature (typically 500" to 600°C). 

  he application of combinations of these techniques to measure- 
ment of step configurations now makes it possible to test the 
theories outlined above directly. Such measurements allow quanti- 
tative determination of at least some of the parameters governing 
step behavior. In addition, it is aiso possible to characterize more 
complex transitions involving surface morphology that occur in real 
materials. 

Experimental Confirmation of Step 
Wandering 

Particularly beautiful quantitative studies of step wandering have 
been performed on vicinal (stepped) Si(100) surfaces (30-32). The 
crystal structure of Si allows two energetically different types of 
single-layer-height steps to form on the (100) surface. The kink 
energies on these two step types are quite different, leading to 
markedly different amounts of step wandering. This is illustrated in 
Fig. 3, in an STM image by Swartzentruber et at. for a surface 
equilibrated at approximately 600°C (30). Alternating steps are 
nearly straight, leading to a structure similar to the simple Gruber- 
Mullins (6) model of a wandering step trapped between two walls. 
Swmntruber  et at. have analyzed the kink density along the 
wandering step edges, using a Boltzmann probability for indepen- 
dent kink excitations 

N(n) = 2N(O) exp [ - ~ ( n ) / k q  (8) 

where ~ ( n )  is the energy of a kink of depth n spacings and N(n) is the 
number of kinks observed at that depth. The results of this 
measurement are illustrated in Fig. 4. Analysis of these results with 

the use of Eq. 8 show that e(n) deviates slightly from the value ne 
expected from a simple lattice model according to 

(where C is a constant) and gives a kink energy of e/kT = 
0.37 2 0.03 atom-' (30). 

Data from large numbers of images such as that in Fig. 3 can be 
compiled to test Eqs. 4 through 7 and to measure the form and 
strength of any energetic interactions between steps. Such an 
analysis has been peformed for step wandering on Si(ll1) from the 
measured position distribution function of the steps, shown in Fig. 
5 (33). The measured distribution is significantly narrower than the 
calculated distribution for freely wandering steps, indicating that 
there is a repulsive energetic interaction acting between steps. One 
can obtain good estimates of the expected narrowing of the distri- 
bution due to energetic interactions by considering the simple 
trapped-step model. Restricting the step to a narrower range of 
positions, w < 8, will increase the free energy by decreasing the 
entropy of wandering, at the same time that it decreases the free 
energy by reducing the energetic repulsion. If the potential energy 
per unit length of step is U(x), then the modified step position 
distribution becomes (12) 

with 

For the Si(ll1) step distributions measured with two different ste 
separation~,~the data give w = 36 A for 8 = 146 i%, and w = 21 1 
for 8 = 79 A. These values indicate a direct proportionality between 
w and 8, and thus a form for U(x) of A/x2,  that is consistent with 
either an elastic or a dipole origin for the energetic interaction. 
Using Eqs. 5 and 11 and the measured value of w/8 = 0.26 allows 
us to determine that A/g = 6/all. This will increase the magnitude of 
the step interaction term in the free energy by over a factor of 10, 

Terrace width, 

Fig. 5. Terrace-width distribution for Si ( l l1)  surfaces misoriented 1.2" 
toward the [ 2 n ]  direction. P ( e )  is the probability of occurrence of a terrace 
of width in units of 112 the 7 x 7 unit cell (23 hl) in the [ 2 n ]  direction. 
Only terraces bounded by single-layer-height steps are included in the data. 
Open circles show the data compiled from observations of 151 terraces. The 
dotted line is the calculated curve for freely wandering steps, the solid curve 
is calculated from Eq. 10 with w = 36 hl. Similar data were also compiled for 
482 terraces on a sample misoriented by 2.3" (1). 
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Tabk 1.  The relative fraction of mple- and sx#e -Fght  steps observed 
on Si ( l l1)  surfaces misoriented toward the [2 ] d~recuon, as a function 
of the misorientation angle + (1).  The average step separation tSin ,,, 
which would occur if all steps were single-height, is compared with h e  
average em, for the observed fraction of triple-layer steps. 

+ Fraction Cinglc 

(deg) of triples (A) (A) 

compared with freely wandering steps. A similar analysis of data for 
varying step densities (32, 34) can be used to test the rather specific 
predictions that have been made for step interactions on Si(100) 
(35). 

The examples discussed above indicate the type of measurements 
that can now be performed to determine the quantitative parameters 
governing step structure. An ideal series of measurements would 
involve a range of sample misorientations corresponding to step 
separations from thousands of angstroms to tens of angstroms to 
determine both the kink energy and the step interactions. Measure- 
ments over a wide range of temperature would be performed with 
the use of both LEED and either REM or LEEM, and details of the 
atomic structure of the steps would be measured near room tem- 
perature with STM. As discussed in the following two sections, such 
studies can also be used to measure the phase transitions in surface 
morphology that can result from the orientational variations in the 
surface free energy. 

Step-Height Changes 
Changes in overall surface morphology involve rearrangements in 

the step structure. One obvious possible step structural transition 
involves changes in the height of the step, an example being halving 
the number of steps while preserving the net orientation by dou- 
bling their height and mean separation. The possibility of such 
transitions is not apparent in Eq. 1, which shows only the effect of 
orientational variation. However, it is easy to imagine how such 
transitions can occur if we consider simple lattice models. We can 
distinguish two generic cases of step-height variation: one in which 
an isolated multilayer step has a larger step formation energy than a 
single-layer step, and one in which an isolated multilayer step has a 

Fig. 6. A 200 A by 800 A STM image of an S i ( l l 1 )  surface misoriented 1.2" 
toward the [2TT] direction, shown as a shaded surface. One triple-layer and 
two single-layer height steps are visible. Kinks along the step edges follow 
the 7 x 7 unit cell. 

lower step formation energy. The basic physics of the first case can 
be illustrated by consideration of a cubic lattice with only near- 
neighbor interactions. For this model, the step formation energy at 
T = 0 for an n-layer step is n times that for a single-layer step. At 
nonzero temperature, entropy (see Eq. 2) causes the single-layer 
step to be favored, as there is no energy cost for the breakup of an 
isolated multilayer step into single-layer steps. However, at larger 
step densities, the step interaction term will be smaller for the 
multilayer steps because of their larger step separation and larger 
kink energy. Thus, one might expect a continuous increase in the 
concentration of multilayer steps with angle of misorientation, as 
the step interaction term becomes comparable in magnitude to the 
step formation term in the free energy. Another possibility is a 
purely first-order phase transition between two phases with purely 
single and multilayer height configurations (35a). This orienta- 
tional variation will clearly depend on the relative step formation 
energies and kink formation energies for the single and multilayer 
height steps, as well as some configurational entropy of mixing. 
No  calculations have specifically addressed the issue of such mixed 
step-height configurations, although at moderate temperatures 
and step densities such configuration may result in much rougher 
surfaces than would be the case when only single-height steps are 
present. 

A possible example of this type of behavior occurs for steps on 

Fig. 7. Monte Carlo simulations of a stepdoubling transition. (A) A 
relatively low-T configuration composed of predominately double-layer 
height steps. ( T  is equal to the kink energy, r, of single-layer-height steps, 
with the kink energy of single-layer steps equal to that of double-layer steps.) 
(6) A high-T ( T  = 1.46) configuration of mostly single-layer-height steps. 
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Si( l l1)  misoriented toward the [2TI] direction, where there is a 
strong repulsive interaction between steps. An experimental result, 
an image of a sample misoriented by 1.2", is illustrated in Fig. 6 (1). 
Both single- and triple-layer steps appear on the surface in an 
apparently random mixture. For the small-step density the steps are 
primarily single height, whereas for increasing step density the steps 
are primarily triple height (1, 36), a trend confirmed by a statistical 
analysis of many such STM images (Table 1). Profiles of the surfaces 
involving hundreds of steps over distances of approximately 5000 A 
show a mixture of single-layer, triple-layer, and occasional six-layer- 
high steps (1). (Other step heights, which are not observed, 
presumably have much larger step formation energies.) An analysis 
of the height-height correlation function for the @-misoriented 
surface shows that it is significantly rougher than the expectation for 
a surface containing only single-layer height steps. The rapid 
increase in triple-layer steps with step density shows that the strong 
repulsion between singles becomes comparable to the difference in 
single- and triple-height step formation energies at step separations 
around 100 A. 

The second type of step-height transition, in which an isolated 
multilayer step costs less energy than a single-layer step, does not 
arise naturally in simple lattice models. However, it is easy to  
envision a real system where the vagaries of bond formation at the 
step edge favor a specific step height. Such a situation was 
predicted by Chui and Weeks (37) to lead to a thermal transition 
in step height analogous to a wetting transition in fluid interfaces. 
This might occur when double-height steps have a lower step 
formation energy than single-height steps (and all other step 
heights are much more costly). Then the double-height steps 
would be stable at low temperatures, and disorder to singles at 
high temperatures where the entropic wandering (Eq. 2) of the 
single-height steps becomes important. A simulation of such a 
transition is shown in Fig. 7, A and B, for a case in which two 
single steps cost twice the energy of a double-height step. The 
transition is second-order and seems to fall in the Ising universality 
class. Although there have been many reports of such step-height 
phase transitions (3840),  no detailed comparison of the experi- 
mental results with theory has yet been made. 

Faceting 

The most profound changes in surface morphology occur when 
steps coalesce to form facets. When such changes can be demon- 
strated experimentally to be reversible, it is reasonable to describe 
them in terms of equilibrium thermodynamics. Herring first quan- 
tified the requirements on the variation of the surface free energy 
with orientation for such a phase separation to occur (4). The 
stability of any given surface orientation on such a crystal is 
governed by a convexity requirement on the surface free energy as a 
function of orientation. A surface with orientation defined by 
normal ri, will only be stable if the total free energy cannot be 
lowered by creating a zigzag (faceted) structure of planes of different 
orientation A,. This requirement is quantified by the two equations 

and 

where ?(Ai) are the free energies per unit area of orientations A,, and 
A, are the areas of the surfaces of orientations A, (41). In simple 
lattice models, a stepped surface can phase-separate (at low enough 

temperature) only into neighboring low-index orientations. In real 
crystalline materials, more complex interactions allow for a greater 
variety of transitions (42), such as phase separation between a facet 
and a surface of different step density or between two regions of different 
step density. One mechanism for such behavior is a phase transition on 
the surface of a facet. Real surfaces often lower their surface free energy 
by formation of a new (reconstructed) structure much different from the 
bulk termination of the solid lattice. [On Si(ll1) the reconstruction of 
7 x 7 periodicity disorders in a first-order transition to a structure of 
1 x 1 periodicity at approximately 850°C.] 

We can qualitatively understand how the first-order phase transi- 
tion between two such surface structures can lead to orientational 
phase separation by using Eq. 1 to calculate free energy curves for 
the two structures (43). At the transition temperature, the free 
energies of the reconstructed and unreconstructed facets must be the 
same. However, the step formation and kink formation energies of 
the two structures will generally be different. As one example, we 
can choose both the kink and step formation energies much larger 
for the phase stable at low temperature (other choices will lead to 
different phase diagrams), leading to the two curves shown in Fig. 
8A. As the temperature decreases, the free energy of the low-T phase 
drops relative to that of the high-T phase, with the result that the 
net free-energy curve is no longer convex, as shown in Fig. 8B. A 
phase separation then must occur between the low-index facet and a 
region of greater step density, as indicated by the dashed line (16, 
44). The relative areas of the two phases are governed by the lever 
rule (Eqs. 12  and 13), with the angle of the stepped phase given by 
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Fig. 8. Schematic evo- 
lution of free-energy 
curves with tempera- tan (49 
mre of the type that 
leads to reversible face- A B 
ting of Si ( l l1) .  The 
unreconstructed "(1 x 
1)" phase and the 
"(7 x 7)" phase are 
envisioned to have dif- 
ferent dependences off 
on 4. At the tempera- 
ture of the 1 x 1 to 
7 X 7 transition (T,) 
on the (111) ( 4  = 0) 
surface, these two 
,,s cross. (A) Plot .q 
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I$ below T,. Below T, 
the intersection of the 
two curves leads to a re- 
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le 
usorlented by 6- toward a dlrectlon 
0" away from the [ 2 n ]  azimuth. 
4) Contour plots of the LEED in- 
:nsity near the specular beam at an 
ut-of phase condition for both sin- 

&le- and triple-layer height steps; 
848°C is above the reconstruction 
transition, 840°C is just below the 
reconstruction transition, and 804°C 
is well below the reconstruction tran- 
sition. (B) A 200 A by 800 A STM 
image of the surface structure at 
room temperature showing two 
phases: a stepped surface of 6" mis- 

.I- 

at 
t- 

from an Sil 
, ,.. 

[I io] 

rientation 
111th (note 
.ep edges), 2 

i surface wi 

toward the 
the absenct 
md an azim 
th + = 20" 

: [ 2 n ]  a2 
: of kinks ; 

uthally rota 
and0 = 40 

KlnK aensity along the [2TT] airecnon, wrtn mter- 
.econstructed terraces, and an azimuthally rotated 

UI rnucri steeDer ~ o l a r  angle. This transition is driven bv the 
(111) SUl s, 
to a loss c Y 

the tree-energy curves for the reconstructed and unrecon- 
structed structu 

Observations d 
at least qualitati g 
---- 5ehavior ~ I I U  UIC aulldcc llcc cllclgy, ~ I U V I U I I I ~  d sdus~ylllg 

ation of tl tion between atomic models and classical 
lodynamic problems. The thermodynamic informa- 
lbout the orientatlonal stability of surfaces that is obtained 

an be sun rn of phase 

with low 
g 7 X 7 r  
-c --.-I- . 

steps 
venin, 
c- ~ a c c c  

forma 
we ca 
when 

I I 

e 7 X 7 r c  
.nd the ph: 

on on the 
.ion as due 

face. Thu: 
)f convexit n understa . " 

ase separat - .  

Ct. 

>le facetin< 
ms of the 
La-- C--- 

res interse 
of reversil 
vely in ter 
-2 -L- -.- 

g transitio 
simple pal ------ - 

understoo 
t governin 
--&:..c:- 

ns can be 
:meter sel 

:A:-- sLCp 1 

illustr 
therm 
tion ; 

he connecl 
s for these 

from 
diagr; 
diagr; 

: ,,a,. 

such obse 
uns, as sh~ 
uns, the rz . . 
.At.,... .,. ... 

,nations c 
own in Fi 
tdial distar 

lmarized 
surfaces n 
i e  point rc 
,,a,+ ,.F cl 

in the for1 
ear Si(l l1 
:presentin! 

g. 10 for 1). In these 
lce from tl g the (111) 

.dLIulI 13 C I ~ u C I u ~ L ~ u I I J  to the ~ ~ I ~ ~ C I I L  U L  U k C  V u l d I  aigle. In this 

stepped ph 
. .  . lase will inc nuously in 

. . .  
this scenari 

A,- . 1 he angle ot the 
as Af, increases wtn aecreaslng temperature, auowmg eltner q,, or tr 

ler is known (43). Such 
ltally with LEED for 
(2, 43, 45, 46). We can 

interal 
a pha 
Si(l1 

ction term 
se diagran 
1) rnisorier 
F ,.n,.ln"nql 

B(T) to be 
I has beer 
ited towarc 
,c L L . A , . .  

: determine 
r observed 
1 the [Zll]  
- tl\ N--..- 

d if the 0th 
experimel 
direction I 
..,I.,=" c... 

uLW -IIaVIuL Lu -CUI wllCll owface free energies arp 5 
;ed by chemical adsorption, lea- to the 
6 impurity-induced faceting (40, 47, 48). 
E example above illustrates faceting along a nxea azlmuu 
allv all of ical mecha : limited t 

ixed, imp1 

r: - 10. Phase " 
at (A) 
and (B) 
showing 

ations from 
i ( l l 1 )  sur 
The diagran 
plots of ta 
.s mark the 

C A p C '  

chang 
rly. 

- grams 
820°C 

1. 800°C 
nhsrrv 

ula- 
T =  
T =  

the 
I vici- 

well-know 

,- 

n phenomc 

1 . ., 
non o 

Thc 
Virtu 
misor 
Howl 
hlr- -r 

the statisti nical calcu 
icitly high 

llations arc 0 nal S 
1. (49). 1 
i- polar 
, Crosse 

. .-- 
faces 
IS are 
n +. 4 
stud- 
---. 

y directior 
also poss . .  . 

,ientations 
Ever, trans 

along a f reconstruci 

~Iving azin 
id are potentially very interesting (4, 42). We can conslder t h  
of introducing a small azimuthal miscut to a step staircas 
a high-symmetry direction. The effect will be to rotate the ste 
direction by introducing a fixed kink density along the ste 

Lrge kink density will only be 

itions invc 
. .. nuthal var iations are 

--- 
" L C  'u 

effect 
' ied s 

tions, 
P mark 
p bound 

urface ori 
filled c 

the obsc 
aries of th~ 

Cllrd- 4 
ircles 
enred (I1 
e co- 

along 
edge 
edge. 
cannc 
azimx 
A3t3  < 

Such a k : stable if 
 ample of 
shown in 

the surfac 
a reversibl 
the LEE1 

exlsten 
the so 
associa 
the un 

'P rP"lnn 

Ice reglons, 
lid lines an 
lted tie line 
 shaded uns 
, surfaces UI 
ceting bet 
:s of diff 
but fixed 

1 angles (a 

)t lower it! 
tthal faceti ,.-. - . 

; free energy by faceting. An e: 
ng transition in such a case is 

)t big. YA for vicinal Si( l l1)  (49). At high temperature, ther "6'"" 

e go fa 
.s surface 

polar 
'I mutha 

,a=-. 

ween 
erent 

azi- 
n ex- -. 

nglelstep orientatiol 
:ation. Upon cooling 
;pending to a step : 

ion, while the origi 
, The relative chang 
rule requirement for 

1 consister 
;, a second 
staircase a 

lt with the macr&copic surfac 
set of diffraction beams appear 
long the high-symmetry [2TI 

I rig. 
$ un- 
: fac- 
lange 

direct 
angle. 
lever : 
rlrarli 

nal beams 
es in oriel 
fixed mac 

. " .  , 

i rotate tc 
ntation an 
roscopic o 
8 . .  ,- 

increase~ 
e consistel 
~rientation 

I azimuth; 
r with th 
. The resu . . 

ample 
e IB). I1 
lt stable 

eting i 
n . .  

is &own in 
I the shadec 
regions the 
ncludes a ci- . . suggests the expulsion or tne urn rrom ttle step edges due t' -.---A 

a larg 
confir 

In azll 
1s well, ; 

~t Fig. 9. 

nuthal ang 
;e kink en1 
med by S' 

ergy in th 
TM imagc 

I 

e presencc 
:s such as 

: of the re 
Fig. 9B, . 

:constructi 
which sho 

on. This i 
lws straigk [211] 

ICLES 399 



representation, the tie bars indicating phase separation must be 
straight lines according to Eq. 13. The series of Fig. 10, A and B, 
shows the evolution of step stability below the temperature 
(4350°C) of the 7 x 7 reconstructive transition, where stepped 
surfaces of all orientations are stable, at low temperatures where 
both azimuthal and polar phase separation occur. Thus, from a 
relatively small number of measurements, it is possible to character- 
ize the stability of a wide range of surface orientations. 

Conclusions 
The organization of this article has reversed the historical devel- 

opment of surface thermodynamics, by beginning with atomic 
predictions for the surface free energy and proceeding to develop the 
types of orientational phase diagrams that can result. The purpose of 
this reversal was to allow a strong emphasis on the important role of 
steps in determining the surface free energy, and on the recent 
experimental advances that now make it possible to characterize step 
behavior very accurately. The significance of these advances extends 
beyond the equilibrium properties discussed here, as steps are the 
fimdamental units in the surface mass transport required for mor- 
phological phase transitions, and for kinetically limited processes 
such as growth. Thus, the experimental and related theoretical 
capabilities for dealing with the equilibrium properties of steps, 
which have been reviewed here, will find extensive applications in 
studies of nonequilibrium phenomena as well (50-53). 
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