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1 INTRODUCTION : THERMAL RESTRUCTURING AT SURFACES

The atoms in the surface of a crystal are missing part of their nearest
neighbors which gives rise to a charge redistribution in the selvedge. This
changed force field is responsible for noticeable interlayer relaxations in the
near surface region. Intuitively the inward relaxation of the outermost surface
layer can be explained by the tendency of the valence electrons to spill over
the surface in order to create a lateral smoothing of the electronic charge
density [1]. The new electron distribution causes electrostatic forces on the
ion cores of the surface atoms, resulting in a contraction of the first interlayer
spacing (d12 < dp). This relaxation is most pronounced for open, loosely
packed, surfaces. In addition, the changes in the force field can also favor
lateral atomic rearrangements in the surface plane . The surface "recons-
tructs” into a phase with new symmetry. These reconstructive surface phase
transitions can either occur spontaneously or be activated by temperature or
by small amounts of adsorbates [2].

So far we have neglected the temperature of the system. As the tempe-
rature rises, however, the lattice vibrational amplitude increases and the
anharmonic terms in the interaction potential gain importance. Due to the
- reduced number of nearest neighbors in the surface (a maximum of 9 at the
surface of a fcc-crystal with respect to the 12 nearest neighbors in the bulk of
this crystal) the mean-square amplitude of the surface atoms is much larger
than in the bulk. While in bulk Cu, for example, anharmonicity is negligible
below 70-80 % of the melting temperature, anharmonicity on the Cu(110)
surface becomes important at temperatures above 40% of the melting
temperature (the bulk Debye temperature of copper is 6z = 343 K, and the
melting temperature is Ty = 1356 K).

At the high temperature end it has been demonstrated recently that on a
variety of surfaces a disordered quasi-liquid layer wets the surface well
below the bulk melting temperature, i.e. the melting of a crystal starts from
the surface layer [3]. In view of the Lindemann criterion of melting [4],
which states that melting occurs when the mean-square displacement of the
atoms surpasses a critical value (~ 10% of the interatomic equilibrium dis-
tance), the important role that surfaces play in the melting phase transition is
not surprising. As already discussed the mean vibrational amplitude is
substantially enhanced at the surface and the Lindemann-criterion predicts a
surface instability around 0.75 Ty

The picture developed above is based on a perfect defect free surface,
which is, however, only at zero temperature the stable equilibrium state. At
elevated temperatures a certain amount of defects like isolated adatoms and
vacancies as well as clusters of those can be thermally excited. Both adatom
islands as well as vacancy holes are bordered by steps. Frenkel [5] studied
the structure of such steps and argued that they should contain a large
number of kinks at finite temperatures. Thus, due to thermal fluctuations,
every crystal surface with steps should have a certain microscopic roughness



at nonzero temperature; the surface remains flat on macroscopic length
scales however. Burton and coworkers, demonstrated that the thermal
excitation of adatom and vacancy islands and thus the excitation of steps is
negligible at low and medium temperatures but gave evidence for the
presence of a roughening transition, at a temperature close to the bulk
melting temperature, where the surface becomes macroscopically rough
[6,7]. The critical temperature of this transition has been termed the
roughening temperature, Tg. Burton et al. suggested that at the roughening
temperature the free energy associated with the creation of a step vanishes.
This was confirmed later by Swendsen in a detailed calculation [8]. One of
the fundamental consequences of the existence of a roughening temperature
for a certain crystallographic face below the melting temperature is that this
face can occur on an equilibrium crystal only at temperatures below Tg.

Let us consider a surface which at T = 0 K is perfectly flat. Upon increa-
sing the temperature, thermal fluctuations give rise to vacancies, adatoms and
steps in the surface layer. The number of these "defects” increases until, at
the roughening temperature, the long-range order of the surface disappears.
Long-range order is confined here to the "height-correlation function" and
not to the positional correlation function (parallel to the surface plane).
Indeed, even above the roughening temperature, the Surface atoms populate
in average regular lattice sites. It is the fluctuation of the height h(r) which
diverges for temperatures T > Ty [9].
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where C is a temperature-dependent constant and r a two-dimensional
vector in a plane parallel to the surface. This divergence is very weak. At the
roughening temperature C (Tg) = 2/n2; the height fluctuation is one lattice
spacing for a distance of 139 lattice spacings.

The first direct experimental evidence for a roughening transition was
reported in 1979. Several groups had studied the thermal behavior of the
basal plane of a hexagonal close-packed 4He crystal [10]. In a beautiful
experiment Balibar and Casting obtained for this surface a roughening
temperature of Ty = 1.2 K.

More recently, the question of thermal roughening has also been addres-
sed in the study of metal surfaces. Detailed He diffraction studies from the
high Miller index (11n) surfaces of Cu [11] and Ni [12], withn =3, 5, 7,
proved the existence of a roughening transition on these surfaces.

The microscopic mechanism which leads to the roughening of a low and
a high Miller index surface is, however, expected to be different. Indeed, as
already mentioned, a low indexed surface — which at T = 0 K is perfectly flat
— fulfills the roughening condition, Eq. (1), when the free energy for the
creation of a step becomes zero. In contrast, on a high indexed surface —
which at T = 0 K is already stepped — Eq. (1) can be fulfilled also without the
creation of new steps. It appears that the proliferation of kinks is sufficient to



roughen the vicinal surface. Indeed, the ensuing meandering of the step rows,
in conjunction with the mutual repulsion between these rows, leads also to
the divergence of the "height-correlation function”. Thus, the roughening
temperature of high indexed surfaces is substantially lower than that of the
low indexed ones. In the case of Cu and Ni (11n) the values for Ty range
from 300 K to 720 K (Cu) and 450 K to 750 K (Ni) forn =3, 5, 7.

While the existence of a roughening transition on stepped vicinal sur-
faces is undisputed, the basic question whether Ty of low indexed surfaces is
lower than the crystal melting temperature Ty, or not is still matter of
discussion. The magnitude of Ty is governed by the bond strength at the
surface. Thus, close packed surfaces with more neighbors and stronger
bonds have a higher roughening temperature than more open surfaces.
Indeed, while numerous fcc (110) surfaces have been found to undergo a
roughening transition around 75% of the bulk melting temperature Ty, fcc
(111) surfaces are generally believed to be stable up to Ty.

2 EQUILIBRIUM CRYSTAL SHAPE (ECS) AND SURFACE
ROUGHENING

2.1 The surface free energy and the ECS

An interesting observation that puzzled scientists for several decades is
the faceted equilibrium shape of single crystals. Intuitively it is clear that the
ECS must somehow be related to the symmetry and energetics of the under-
lying atomic lattice. It was G. Wulff [13] who first made the connection
between the microscopic and the macroscopie level. He demonstrated that
the anisotropy of the surface free energy 7y determines the ECS because a
crystal will seek the shape that minimizes the total free energy of the surface
at a given fixed crystal volume §7 (4) dA, here ¥ is a measure of the
surface orientation and A the surface area. This amounts to a problem in
affine geometry, the solution of which was given by Wulff : consider a polar
plot of the surface free energy 7 (9), as illustrated in fig. 1 for a two-dimen-
sional example. Draw a radius vector that intersects the polar plot at one
point and makes a fixed angle with the horizontal and construct the plane
that is perpendicular to the vector at the point of intersection. Then the inner
envelope of all possible planes is the ECS [14].

The appearance of facets in the ECS is connected with the existence of
cusps in the y-plot. To see this we write down the surface free energy of a
surface which is slightly misaligned with respect to a low-index Miller
surface (fig. 2). Such a vicinal surface consists of flat close packed terraces of
width n-a, separated by monatomic steps of height h. For large n the mis-
alignement angle is & = 1/n. The surface free energy can be written in the
form :

Y0 = v(0) + (B/h) 1B @)



Figure 1.  Polar plot of the total free surface energy y (solid curve) and the Wulff cons-
truction of the equilibrium crystal shape (dashed curve) [14].
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Figure 2.  Schematic representation of a regularly stepped (vicinal) surface.

The first term Y (9) is the free energy of the flat terrace while the second
term adds the contribution from each of the monatomic steps, with P being
the step free energy, i.e. the energy needed to produce a step on an otherwise
flat surface. 7y (9) is a continuous function but has a non-analyticity, i.e. a
cusp,at 9=0:
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The y-plot (fig. 1) is thus characterized by cusps at orientations COITes-
ponding to low-index faces, which will show up as facets in the ECS. From
the large number of cusps in the y-plot at T = 0 K, however, only a small
fraction, corresponding to the lowest Miller indices, will finally result in the
- appearence of facets in the ECS; i.e. the equilibrium crystal will be a sharp



polyhedron with few facets. FCC-crystals for instance are dominated by the
two most densely packed surfaces (111) and (100).
In fig. 3 we illustrate this behavior for small lead crystals [15].
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Figure 3.  Electron microscopy image (a) of a lead crystal at 473 [15] and the anisotropy
of v (b) measured as a function of temperature [15].



2.2 The step free energy and the roughening transition in the ECS

In the discussion of the previous chapter we have ignored the tempera-
ture of the system (i.e. we have set T = 0 K). At 0 K the y-plot is charac-
terized by sharp cusps and the crystal is polyhedral, i.e. it is bounded entirely
by facets. The facets in the ECS are microscopically flat with a minimum of
surface defects. At nonzero temperature, however, surface defects can be
excited thermally. The cusps in the y-plot become blunt and in the ECS
rounded regions appear, separating the facets at arbitrarily low nonzero
temperature. As the temperature is further increased, the facets shrink and
rounded regions grow. The blunting of the cusps and the corresponding
strinking of the ECS-facets (i.e. the growing of the rounded step rich regions)
is determined by the decrease of the step free energy, which is due at least
partially to the entropic effects of kinks and kink wandering, since fg(T) =
B(T) — T Sgep(T). The free energy of steps vanishes at the rougﬁcning
temperature with asymptotic dependence near Tg[8] :

B o exp (-c/VTR-T) @

At the roughening temperature, the step free energy becomes zero and
the facet disappears. Above Ty the crystal surface is everywhere smoothly
rounded. Smoothly rounded describes here the macroscopic morphology,
" which correspond on a microscopic scale to a very rough state with a high
density of atomic steps. The step free energy depends of course upon the
facet orientation. Thus, to every different stable facet corresponds a different
roughening temperature. Heating an equilibrium crystal up, the different
facets of the ECS disappear sequentially according to their respective Ty
[16].

The roughening transition of a crystal surface can thus be detected by
direct "visual" observation of the ECS. This approach is demonstrated below
for the best studied example of the thermal evolution of the ECS : solid 4He
(hcp—crystallized) in coexistence with its own superfluid. Fig. 4 shows optical
microscopy images of 4He crystals taken by Balibar et al. [10]. This series
nicely reveals the disappearance of three facets with increasing temperature.
As the temperature increases the (1101) or "s" facet roughens at Tg ~ 035K
followed by the (1T00) or "a" facet at Tk ~ 1.0 K and the (0001) or "c" facet
at Ty =1.28K.

With the help of growth velocity experiments (see Chapter 6) Ballibar
and coworkers were also able to determine the step free energy PB/h of the
(0001) surface of 4He in the neighborhood of the roughening temperature
[17]. The results are shown in fig. 5 and nicely follow the theoretically
expected exponential temperature dependence of eq. 4.

Information on the universality class of the roughening transition may
also be obtained from the thermal behavior of the rounded regions between
the facets in the ECS. Below Tg, the facet edge at the boundary between the
flat and the rounded parts should vary as [16]:



Figure 4. The development of new facets in helium-4 crystals upon lowering the tempe-
rature from 1.3 K (a) through 1.08 K (b), and 0.4 K (c) to 0.35 K (d) [10].
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Figure 5. Temperature variation of the step free energy B/h on (0001) surfaces of solid
4He close to their roughening temperature [17].
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where r, is the radius of the facet. Theoretically the exponent & =352 has
been predicted which is characteristic for the Pokrovsky-Talapov universa-
lity-class and should be independent of temperature and facet orientation for
T < Tg. Experimental investigations of the ECS of small Pb and 4He crystals
are consistent with this prediction [18, 19]. A reexamination of the Pb-data
concluded [20], however, that the data would also be in agreement with a
mean-field exponent € = 2. More recent experiments with In-crystals [21],
which tried to settle this question, were not successful because of a lack of
accuracy in the determination of the profile origin (boundary between the
facet and the rounded region).

3 DETECTION OF STEPS AT SURFACES
3.1 Surface microscopy

Very attractive techniques to detect monatomic steps on surfaces are
direct imaging methods like field ion microscopy (FIM) [22], low energy
electron microscopy (LEEM) [23] and scanning tunneling microscopy (STM)
[24]. FIM provides atomic resolution but is restricted to the presence of high
electric fields and in particular to small areas. Only local defect structures can
be detected.

LEEM, which uses diffracted electrons to image surfaces is particularly
suited to study step arrangements on mesoscopic length scales, its current
lateral resolution limit of 200 A does however not allow the resolution of
atomic details.

The most powerful tool to study defects at surfaces is certainly the scan-
ning tunneling microscope. It provides direct, real-space images of the sur-
face topography on the atomic scale. In a typical constant-current topogra-
phy scan a surface step is easily identified as a vertical movement of the tip
by one lattice spacing. The step structure (kinks) and orientation are easily
determined. In fig. 6 and we show two examples [25].

Fig. 6a shows an STM-topograph image of a well-prepared and annealed
Pt(111) surface. The large-scale image reveals extended flat terraces separated
by monatomic steps, with average terrace widths exceeding 2000 A. The
monatomic steps of height h = 2.27 A have a very low density of kinks and
run straight in the [1T0] direction.

In fig. 6b a smaller area STM image shows the step-terrace topography
of a Pt (997) surface. This is a vicinal surface consisting of (111) terraces,
separated by monatomic [1T1] steps d =20.2 A apart. The regularly spaced
steps running along [110] are clearly visible. The kink density is found to
be much higher in this case.
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Scanning tunneling microscopy images of the close-packed Pt (111) (2000 A x

2000 A) (a) and the vicinal Pt (997) surface (600 A x 600 A) (b) [15].

Figure 6.



These two examples nicely demonstrate the power of the STM in the
study of surface defect structures. The technique has, however, also its limits.
As a probe of step densities and distributions this limit is mainly given by the
finite scan range which can be probed with sufficient resolution. In the case
of point defects the STM may even give ambiguous results. Operated with
lateral atomic resolution it will certainly detect a point defect, but may not
necessarily be able to distinguish a vacancy from an adatom.

3.2 Surface diffraction

3.2.1 Diffraction peak width and height. The classic technique for the
analysis of defect structures on surfaces is certainly diffraction (LEED [26],
X-ray diffraction [27], He-diffraction [28]). The observed diffraction pattern in
reciprocal space can be described as a Fourier transform of the surface atom
arrangement. Because only intensities and no phases are measured in the
diffraction experiment, the Fourier transform cannot, however, reversed
directly to the actual atomic structure. Several schemes have been developed
to overcome this problem and to extract atomic coordinates from measured
diffraction intensities. A qualitative analysis of surface imperfections is, how-
ever, possible just by visual inspection of a diffraction pattern [29]. Intensity
and shape of a diffraction spot are changed in a characteristic way by the
appearance of certain surface defects. In the following we will give a short
introduction into the analysis of surface defects by a quantitative examination
of diffraction spot shapes (height, width, lineshape).

We will begin our discussion with the influence of thermal disordering
and point defects (adatoms or vacancies). The characteristic wave-length of
these defects are of the order of atomic dimensions and much smaller than
typical domain sizes of ordered surface regions. Thus, the Fourier compo-
nents describing displacements due to thermal vibrations and point defects
have wave-lengths of atomic dimensions and the net effect is the appearance
of a diffuse background intensity that reduces the intensity of the diffraction
rods, but causes no broadening. In a first order approximation the diffracted
intensity from a perfect single crystal surface drops exponentially with
temperature and point defect density [30]:

I ~exp [-<(Qu)2>] - I{l—‘:‘.'}ln“"E (6)

here Q is the momentum transfer, u the mean square displacement of the
surface atoms, ng the number of surface lattice sites, X the cross section for
diffuse scattering from isolated defects and 6 the point defect concentration.
Of particular concern for surface roughening studies are the influence of
steps on the diffraction pattern. As a first example we will discuss the
diffraction pattern of a vicinal surface, i.e. the diffraction from a regular
monotonous step array [31]. The reciprocal lattice of a vicinal surface (fig. 7)
is given by the product of the terrace structure factor (periodicity a) and the
reciprocal lattice associated with the macroscopic surface (step periodicity d),
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i.e. is a convolution of the single terrace unit with the step lattice. The
reciprocal step lattice (infinite dimensions) has sharp rods which are inclined
with respect to the diffraction rods associated with the terraces. The later are
broad due to the finite dimensions of each terrace.
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Figure 7.  Schematic illustration of the diffraction from a regularly steeped surface. The
complete reciprocal lattice is a convolution of the terrace- and the step-lattice-
structure-function [31]. '

The schematic reciprocal lattice of random step arrays is shown in fig. 8
[29], for a two layer system and a many layer system, respectively. We will
begin with the discussion of random steps in only two layers. The reciprocal
lattice of such a surface consists of rods modulated in Q; that are not
inclined, because the average surface is flat. The oscillation in Q; is deter-
mined by the step height h and can be explained by the interference of
waves diffracted from the upper and lower terraces. If the interference is
constructive or in-phase (i.e. the phase between the two waves is an even
multiple of =), the diffraction is identical to that of the ideal step free surface
with sharp peaks at 2t nfa (n=0, 1, 2, ...). For the case of destructive inter-
ference or anti-phase diffraction (i.e. the phase between the two waves is an
odd multiple of ), however, the sharp central peaks at 2 & n/a (diminished in
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intensity) are surrounded by a peak doublet of maximum intensity and
spacing 2 /L, where L is the average distance between terraces of equal
height. The sharpness of this second feature is strongly dependent on the
exact distribution of terrace sizes. In extreme cases it can degenerate to one
single broad feature of width 2 w/L.

00 10
random steps |

two layers

UL

a N\
many layers

b

'Figure 8.  Diffraction signatures from random step arrays [29].

Random step arrangements distributed over many layers are again
characterized by in-phase — anti-phase oscillations along Q,. At the condi-
tions for which all the terraces scatter in phase, the diffraction spots are sharp.
At all other values of Q, they will be broadened and the broadening will
have a maximum in anti-phase condition. The anti-phase peak-width is a
direct measure of the average step density and the oscillatory period along
Q, reflects again the step height.

In some favorable situations monatomic steps can also give rise to shifted
(in Q) diffraction peaks, and the step density can be extracted directly from
the peak shift [32]. Such a case is discussed in chapter 4.2.

In figs. 9 and 10 we show two experimental results demonstrating the in-
phase — anti-phase oscillations of randomly stepped surfaces. The first
example is a He-diffraction study of the Pt (111) surface which was artificially
roughened with Ar-ion bombardment [33]. Plotted in the graph is the
specular He-beam intensity, normalized to the incident beam, as a function of
the angle of incidence 9;=; (i.e. a measure of Q,). Curve a), which charac-
terizes the artificially roughened surface, shows the expected oscillatory
behavior. The minima and maxima correspond to anti-phase ({) and in-phase
(T) scattering geometry. The periodicity of the oscillations is consistent with
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the presence of monatomic steps of height h=2.27 + 0.05 A and the
amplitude of the oscillations yield an average terrace width of ~ 100 A. Curve
b) which characterizes a much smoother Pt (111) surface with average terrace
widths of ~ 2000 A (compare with the STM image in fig. 6 characterizing a
Pt (111) surface of similar quality) shows no oscillations at al. The observed
intensity increase with increasing momentum transfer reflects the expected
Debye-Waller behavior (eq. 6). The absence of oscillations in fig. 9 a) is
related to the finite resolution of the He-diffractometer. Quite general each
diffraction experiment is limited in the analysis by its maximum instrumental
resolution in momentum space. A convenient measure of this instrumental
resolution is the so-called transfer width ® [30]. The transfer width can be
associated with a length at the surface, which would lead to the instrumental
width of the diffraction peaks. It represents the linear scale at which
information on the surface periodicity can be obtained directly [30,31]. The
value of @ is determined by the angular openings of beam and detector and
the monochromaticity of the diffracting wave and ranges from 100-200 A
(standard LEED) over 200-1000 A (He-diffraction) to 100-10'000 A (gracing
incidence synchrotron X-ray diffraction). With the help of deconvolution the
largest average terrace widths which can be detected are about 10 w. The
absence of any oscillatory behavior in the specular He intensity in fig. 9 b)
determines the average terrace width to be larger than 10 ® = 2000 A, in
nice agreement with the STM-image in fig. 6.
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Figure 9.  Specularly reflected He-intensity from Pt (111) as a function of incidence
angle. The two-curves correspond to a well prepared sample (b) and to an arti-
ficially roughened surface (a), respectively [33].
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The second example demonstrates the generation of in-phase — anti-
phase oscillations due to the thermal generation of steps, i.e. due to surface
roughening. Fig. 10 shows the measured width of the specular electron
diffraction peak from Pb (110) as a function of perpendicular momentum
transfer at surface temperatures of 303 K and 475 K [34]. As the temperature
is increased the peak width changes dramatically from a constant value at

0.30
g ; s ko
5 0-25 :- & L] '1?5]{
g 020F : "
= 015t . .
ol i . . -
= 0.10 . i >
= I - - @
0.05 F A~
E [ ° “Stzﬂnﬂﬂoannuoooug.aznaﬂo
0.00 : 1 . . _ r :
1.0 2.0 3.0 40 <)
Q, t in units of &
0.30
< i
g 025 o 303K
ﬁ 3 e 475K
= 0.20 r
|— L 2
— " _ = .
= 0.15 . .
2 . .
‘g 'ﬂ.lﬂ - » Py . o
= [ . . .
0.05 & d . .
E o “ﬁ;a““ﬂrnnouunooon'.ﬂunﬂﬂo
DG’U A 1 L 1 i f .
1.0 2.0 3.0 4.0 50

Q, t in units of &

Figure 10. The diffraction peak-width of low-energy-electrons specularly reflected from
the Pb (110) surface at 303 K and 475 K [34].
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303 K to an oscillatory behavior at 475 K. The oscillations at high tempe-
ratures clearly demonstrate the proliferation of steps. From the period of the
oscillations the presence of monatomic steps of height h = 1.75 + 0.05 A is
deduced. The terrace width is estimated to be around 35 A with the help of
the amplitude of the oscillations.

3.2.2 Diffraction line shapes. In the above paragraph we have seen that
the visual observation of diffraction spots allows a qualitative analysis of
surface defect structures. In particular the measured intensities and peak
widths as a function of momentum transfer can be used to deduce the ave-
rage step height and the average step density. With a simple analysis of
intensity and width it is, however, impossible to evaluate the actual distri-
bution of surface defects quantitatively.

It is however just the quantitative distribution function of steps, which
distinguishes a thermally roughened surface from an artificially roughened
surface. The basic characteristic of the surface roughening transition is the
logarithmic divergence of the height-height correlation function above Tg. At
temperatures T < Tr the height-height correlation function g, (r) remains
bounded, while for T > Tg, resulting from the spontaneous proliferation of
monatomic steps, g, (r) diverges [9]:

R (T) = const for T < Ty

lim g, (r) o< )
s C(T) In(r) for T2 Ty

This pair correlation function reflects directly in the line shape of the dif-
fraction peak. Within the kinematical approximation the measured line shape
is given by the convolution of the lattice factor G = X exp[-1Q (r; — 1)) ]
and the instrumental response factor T (Q). Since thé lattice function is the
Fourier transform of the pair correlation function g (r) the lineshape of a
diffraction gives directly g (r) upon deconvolution with the instrumental res-
ponse function. In fig. 11 we show some height-height pair correlation
functions corresponding to different kinds of rough surfaces and the resulting
diffraction peak line shapes [27]. ]

Fig. 11 a) has a linear divergence of g, (r) giving rise to a Lorentzian
lineshape. The width of the diffraction line is proportional to the slope of
g, (r). In fig. 11 b) the case of a stochastically rough surface with no diver-
gence is shown, i.e. on all distances there is a certain finite random rms
height variation h,,, resulting in g, (r) = 2 h.,, The resulting diffraction
peak is a delta-function in Q. In the intermediate case ¢) g, (r) is constant
at large distances, while the linear increase for small r is associated with
local steps. The corresponding line shape is a two-component composite of
a) and b). The correlation function in graph d) finally illustrates the thermal
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Figure 11.  Different height-height correlation functions of various rough surfaces and the

resulting diffraction line shapes [27].

roughening scenario with logarithmic height divergence. The diffraction line
shape has the characteristic power-law form [35]:

-@2-79

1
1(Q,Qy) = S (Q2) Q @)

Q, and Q, being the parallel and perpendicular momentum transfer,
respectively and T the so-called roughness exponent
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K (T) is the so-called roughness parameter. Everywhere in the low tempera-
ture phase the effective K (T) is equal to zero (no power law line shape); at
the roughening transition it jumps to the universal value K (Tg) = 2/% (see
e.g. ref. 35), and increases with temperature continuously in the rough phase.
The function f (p) describes the scattering kinematics and varies from
f(p)=0 for in-phase diffraction to f(p) =1 in anti-phase geometry. Theore-
tically f (p) varies with the model and also depends on finite size effects,
from a (periodically repeated) square to a simple cosine function of the phase
p. Thus, at the roughening temperature in a perfect anti-phase diffraction
experiment we have R = 1.

In chapters 4 and 5 we will discuss several experimental examples which
make use of the diffraction line shape analysis to detect the surface roughe-
ning transition. |

4 ROUGHENING OF NONVICINAL SURFACES
4.1 Nonreconstructed fcc (110) surfaces

Particularly attractive for roughening studies of low index metal surfaces
are (110) surfaces of fcc-crystals. Firstly, the (110) surface has the most open
structure of the three densest fcc-faces, (111), (100) and (110); resembling to
some extent the topography of the vicinal (113) surface. The second aspect is
surface reconstruction. The (110) surfaces of transition metals with face
centered cubic (fcc) symmetry belong to two different classes. The first class,
including the 3d-elements Cu, Ni and the 4d-elements Rh, Pd and Ag, have a
nonreconstructed (1x1) ground state for the clean surface, i.e. they keep the
- bulk termination (they exhibit however large oscillatory interlayer-relaxa-
tions). The second class of fcc metals, including the Sd-elements Ir, Pt and
Au, exhibits a reconstructed (1x2) ground state. The nature of the (1x2)
reconstruction has been studied extensively by a number of different expe-
rimental techniques and there is a general agreement now that the (1x2)
phase of all three 5d-metals is a missing row geometry [36] with every
second close packed [110] row missing (see fig. 12).

It was suggested that reconstruction and roughening in these systems are
indeed related [37]. As pointed out by Garofalo et al. the energies of the
relaxed unreconstructed (1x1) surface and the energies for all possible
missing-row states (1x2, 1x3, ....., 1x4), are all energetically close to one
another [38]. Locally the (1xn) reconstructions represent microscopic (111)
facets and are expected to be easily excitable at elevated temperatures.
Trayanov et al. [37] speculate, that whatever the low-temperature ground
state configuration (unreconstructed or reconstructed) it might roughen into a
high temperature disordered phase, with a mixture of (1xn) configurations.
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a) (110) (1x1) b) (110) (1x2)

Figure 12. Structure of the unreconstructed and reconstructed (110) surface of face
centered cubic metals.

4.1.1 The precursors to surface roughening : vibrational disordering
and adatom-vacancy creation. More than fifteen years ago it had been
noticed that the intensities in the photoemission spectra taken from Cu (110)
decrease dramatically with temperature above ~ 500 K [39]. Similar effects
have been seen recently in low energy ion scattering [40], in X-ray
diffraction [41] and in thermal He scattering [42,43]. The dramatic intensity
decrease observed in all cases above 450-500 K could not be accounted for
by simple Debye-Waller effects. While Lapujoulade et al. [43] and Fauster et
al. [40] proposed as explanation either anharmonic effects or some kind of
disorder, Mochrie [41] concluded categorically — without qualitative addi-
tional evidence — that he was observing the roughening transition. He even
tentatively identified the temperature at which "the intensity has fallen essen-
tially to zero" (870 K) with Tg. A He specular intensity measurement on
Cu(110) versus temperature of Zeppenfeld et al. [42] shows (ﬁg 13a) that also
above 870 K the intensity continues to drop (at 1000 K it is already one
order of magnitude lower) and that there is no sign of saturation even above
1000 K. Whether the intensity becomes "essentlally zero" appears to depend
on the dynamical range of the instrument, and is not a criterion for the choice
of value of Tg. Zeppenfeld et al. have analyzed in detail the energy and
angular distribution of the scattered He atoms in the whole temperature
range up to 1000 K [41]. Recently Kern et al. extended these measurements
up to 1100 K [44]. The analysis of the specular He-diffraction peak measured
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in near antiphase-scattering geometry reveals the onset of step proliferation
- to be located at Ty = 1070 K, 200 K higher then estimated by Mochrie.
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Figure 13. a) Thermal dependence of the He-specular peak height from Cu (110); He
beam energy 18.3 meV and angle of incidence 45° [42]. b) Mean square
displacements of surface atoms versus temperature [45],

It is generally accepted now that the surface roughening is preceded by
two precursors : the onset of dynamical disorder through enhanced anharmo-
nicity and the onset of static disorder through adatom-vacancy creation. In
particular the sharp decrease in coherently scattered intensity above 0.35 Ty,
is ascribed to an anomalous large increase of the mean-square displacement
of the surface atoms < u2 > due to a large anharmonicity in the metal poten-
tial at the surface. In ﬁg 23b we show the mean-square displacements < u’ >
at the Cu(110) surface which have been deduced from the fitting of the
measured temperature dependence of its surface phonon frequencies and
widths [45].

An enhanced surface anharmonicity on the open (110) surface of fcc
metal crystals has been deduced also from theoretical [46] as well as experi-
mental [47] studies of the thermal surface expansion coefficient. Non-
reconstructed fcc (110) surfaces are strongly relaxed and the interlayer
distance between the first and second plane of atoms d,, is contracted
between 5 and 15% with respect to the bulk value d,. This relaxation was
found to vanish rapidly above ~ 0.4 Ty, (i.e. d;5/d, = 1) which can only be
ascribed to a substantial increase of the thermal surface expansion coefficient
driven by a strong surface anharmonicity. The corresponding experimental
graph for Pb(110) is given in fig. 14.
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Figure 14, Surface relaxation of Pb (110) versus temperature [47].

The increase of < uf} is however not sufficient to fully explain the subs-
tantial decrease of the coherent He-intensity in fig. 13a. In particular above
800 K the dynamic disorder is to small to account fully for the dramatic
intensity decay. This temperature marks indeed the onset of adatom-vacancy
creation. The defect concentration can be deduced from the specular He-
intensity data, assuming that the decay is induced by dynamic as well as
static disorder, using the < uz> values of fig. 13b. In a simple Debye-Waller
model with the assumption of a random distribution of additional adatoms
and vacancies the attenuation of the specular He-beam I/I, is given by
€q. (6).

With this simple model and a value of L = 70 A for the diffuse scat-
tering cross section from isolated defects we estimate the concentration of
isolated defects to be a few percent at 900 K. The deduced onset of adatom-
vacancy creation around 800 K and their concentration is in nice agreement
with recent molecular dynamics simulations of Hakkinen and Manninen
[48], and ion scattering experiments of Diirr et al [49].

4.1.2 Thermal roughening of fcc (110) (1xI) surfaces. The observation
of a surface roughening transition on the (110) faces of Ni and Pb was
reported recently by Cao and Conrad [50] and by Yang et al. [34], respec-
tively. Using high resolution LEED these authors showed the onset of step
proliferation at ~ 0.75 Ty. The roughening transition is preceded by two
stages, a large increase of the mean square displacements of the surface
atoms due to excess surface anharmonicity starting at ~ 0.45 T, followed
by adatom and vacancy creation above ~ 0.7 Ty
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A detailed analysis of the Ni (110) LEED angular diffraction profiles by
Cao and Conrad reveal a Gaussian central peak superimposed on a broad
Lorentzian, which is interpreted in a two-level model. In this model the ratio
of the Gaussian to the Lorentzian intensity is proportional to the adatom
concentration, the width of the Lorentzian component characterizes the
average step density. In fig. 15 the temperature dependence of these quanti-
ties as measured by Cao and Conrad is shown. The onset of adatom creation
around 1150 K and the proliferation of steps around 1300 K (= 0.75 Tyy) are
evident. This behavior of the diffraction line-shape may however also be
consistent with a preroughening-transition of the type discussed by den Nijs
[51]. In the preroughening scenario steps are created spontaneously at the
transition, but each step up is followed by a step down and vice versa and the
surface remains flat on a macroscopic length scale.
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Figure 15. The ratio of the Gaussian to Lorentzian intensity (@) and the Lorentzian
FWHM (O) of the specular anti-phase LEED diffraction peak from Ni (110) vs.
temperature [50].

While the roughening of Ni (110) has been deduced from the broadening
of the anti-phase Bragg peak, in the case of Pb (110) [34] the logarithmic
divergence of the height-height correlation function was demonstrated.
Figure 16 a) and b) show the thermal evolution of the zero order diffraction
line shapes and the extracted roughening exponents Tz and diffraction peak
widths (FWHM) of the Pb (110) surface measured by low energy electron
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larly from Pb (110) reflected low-energy electrons. The scattering geometry
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diffraction. Measurements were taken along the [001] and [1T0] directions
with a beam energy of 27 eV in shear anti-phase scattering geometry. The
line shape is sharp at low temperatures and develops a substantial tail at
elevated temperatures. The measured diffraction line shape is found to be
nicely fitted by eq. (8) indicating a logarithmic divergence in the height-
height correlation function g,(r). The roughening temperature is determined
to be Tr =415 K, where the roughening exponent becomes Tgz = 1. The
corresponding peak-width increase at Ty appears to be asymmetric with a
substantial broadening of ~ 100% for diffraction along the [001] azimuth
and a much smaller broadening of only ~ 30% along the (110) azimuth.

This observation might be the manifestation of an anisotropic surface
roughening. The (110) surfaces of fcc metals exhibit anisotropic surface
properties. The free energy of steps running along [100] is supposed to be
quite different from that of steps running along the [110] azimuth, and
because surface roughening depends on these energies it is expected to be
anisotropic as well. This point was particularly stressed by Bonzel et al. [52]
and Trayanov et al. [54]. The step configuration along the [100] direction is
an open edge of the {100} type while along the [110] direction steps are of
the close packed {111} type. The step free energy for the open {100} type is
expected to be significantly higher than that of the close packed {111} step.
For platinum surfaces the relation of these step free energies has recently
been quantified [54] to be P00y = 1.15+0.02 P15y - {111} steps should
thus be excited thermally at lower temperatures than {100} steps.

Bonzel et al. [52] suggest, based on X-ray photoelectron-diffraction data
of Pb(110), that the transition observed by Yang et al. [34] is solely accounted
for by the proliferation of {111} steps in the [110] azimuth. They identify this
transition with the den Nijs preroughening transition [51] from the ordered
flat (OF) to the disordered flat (DOF) surface. In their scenario the free energy
of {100} steps vanishes only above 500 K, and because both step free
energies PBi;1; and Pyi00) approach zero at Ty of the (110) surface the
roughening temperature was suggested to be larger than 500 K. The model
of Bonzel et al. is based on the analysis of temperature dependent XPD-data.
In the forward scattering enhancement peak intensity versus temperature for
Pb (110) they observe anomalies at ~ 360 K upon scattering along the [110]
azimuth and at ~ 500 K along the [100] azimuth. They attribute these
anomalies to the onset of step proliferation of {111} and {100} steps, respec-
tively.

In their argumentation Bonzel et al. [52] neglect, however, the observed
diffraction line shape of Yang et al. [34] for the LEED-spot profiles. The
observed power-law behavior according to eq. (8) clearly identifies a
thermally rough surface with a logarithmic diverging height-height correla-
tion function g, (r) above Ty =420 K. Indeed, it is questionable, how a
technique like XPD which is sensitive to short range order only, could be
used to analyze long-range defect structures which are relevant to surface
roughening. We recall here that at Ty the height fluctuation is only one
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lattice spacing for a distance of 139 lattice spacings. It is more likely that the
LEED-experiment of Yang et al. determines the correct roughening tempe-
rature of Ty = 420 K and that the observed asymmetry in the measured
peak-widths reflects the anisotropic character of the roughening transi-tion.
While the onset of broadening at 370 K along [100] marks the proliferation
of {111} steps the delayed onset at 410 K along the [110] azimuth reflects the
proliferation of energetically less favorable {100} steps.

From a detailed analysis of elastic He-diffraction profiles it was estimated
[55] that Cu(110) may indeed roughen at similar relative temperatures (with
respect to the bulk melting temperature). Extrapolating of the roughening
exponent measured by Zeppenfeld et al. [42] the roughening temperature of
Cu (110) was estimated to be Tg = 1070 K = 0.79 Ty. This roughening
temperature was recently confirmed by measurements of the specular He
peak-width in exact anti-phase geometry by the same group [44]. At 1070 K
they measured the theoretically expected peak broadening of 60%. The
intensities were to low, however, to perform a detailed line shape analysis
with sufficient statistics.

That this value might indeed be the correct roughening temperature of
Cu(110) is supported by diffusion measurements of Bonzel and coworkers
[56—-58]. These authors studied the surface self diffusion of various fcc (110)
surfaces by monitoring the decay of a periodic surface profile. The profile
with periodicities of a few pum is prepared by a photoresist masking tech-
nique and subsequent Argon RF-sputtering and the analysis of the profile
decay at elevated temperatures is done by laser diffraction [56-58]. The
results for Ni(110) and Cu(110) are plotted in fig. 17. Below the roughening
temperature the macroscopic diffusion is expected to proceed by single
adatom diffusion while above Ty the macroscopic mass transport should be
dominated by meandering steps. Surface diffusion of adatoms on the (110)

surface of fcc-crystals is expected to be anisotropic because of the two-fold

symmetry of the surface. This expectation is confirmed by the data in fig. 17.
At low temperatures the activation energy for diffusion along the close
packed channels, i.e. along the [1T0] direction, is found to be only 40% of
the barrier for across channel diffusion, i.e. diffusion along the [100] azimuth.
Above this temperature the mass transport is isotropic, consistent with two-
dimensional step diffusion. We thus conclude that the diffusion data in
Fig. 17 support a roughening transition of Ni and Cu (110) around 78% of the
melting temperature.

Evidence for the roughening of the (110) surface has also been presented
recently for the metals In [59], Ag [60] and Pd [61]. While the roughening of
the [110] surface of In is generally accepted, the experimental results for
Ag(110) and in particular Pd(110) are disputed. For palladium Francis and
Richardson [61] reported an order-disorder transition to occur around 250 K.
This transition was, however, not be detected in a series of subsequent
experiments [62] and today is believed to be an artifact due to the presence
of impurities in the experiments of Francis and Richardson.
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Arrhenius plot of the surface self-diffusion coefficient for Ni (110) and Cu
(110) [56-58]. »

Ag (110) is an interesting case. This surface was studied by Held et al.

[60] with synchrotron x-ray diffraction. Based on a diffraction peak shape
analysis they deduced the relatively low roughening temperature of 0.56 Ty.
Robinson et al. [63] recently repeated the x-ray measurements on Ag(110)
and came to a surpri-sing result. They demonstrated that the Ag(110) surface
below its roughening temperature coexists of flat (110) oriented regions and
slightly inclined, rough regions. Thermal roughening takes place by the
gradual replacement of the (110) faceted regions by the rough phase and the
roughening temperature depends substantially on the misorientation of the
crystal surface.

In fig. 18 we show the measured inclination angle between the flat and
the rough regions on the surface. At about 790 K the tilt angle becomes a
constant (o, = 0.14°) which agrees with the known miscut of the sample. The
roughening temperature of the perfect (110) surface is found by extrapolating
to the temperature where o (T) = 0, giving a value of Tk = 990 K = 0.80 T
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The phase coexistence of large flat regions with inclined highly stepped
regions has been observed recently by STM for several "soft" metal surfaces
namely Ag(111) misoriented by 1.6° towards the [2TT] direction, Cu (100)
and various vicinal Cu(11n) surfaces [64-66]. In fig. 19 we show as an
example the STM-topograph image of the misoriented Ag(111) surface. The
image reveals a faceted surface with about 1000 A wide flat (111) terraces
separated by a 300—400 A wide stripe with a high density of steps. The steps
are spaced 10-50 A apart and run preferentially along the [110] directions.
The highly stepped region is inclined by about 5° with respect to the flat
(111) terraces.

Figure 19. Scanning tunneling microscopy image (2200 x 2200 A2) of a 5° misoriented
Ag (111) surface [66].

The observation of phase coexistence can be understand in the frame-
work of the theory of the ECS. As long as isolated steps can exist on the
surface all vicinal directions close to the low-index surface are stable. If
isolated steps are, however, unstable with respect to congregalation, most
vicinal surfaces close to the low index facet become forbidden. This is
illustrated in fig. 20. Microscopically, the step-congregalation is caused by
attractive medium-range step-step interactions. The attractive character of

step-step interactions at intermediate distances of 10-20 A was recently

verified by Frohn et al. [65] in an STM-investigation of the terrace-width
distribution for the nominally flat Cu(100) surface and (11n) vicinals. The
measured distance distribution of two adjacent steps revealed always a
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maximum at 11,5 A independent of the nominal average step distance,
varying from 9 A to 25 A.

In summary, the experimental data for all nonreconstructed fcc (110)
surfaces clearly favour the occurence of a roughening transition at tempe-
ratures of ~ 70% to 80% of the bulk melting point. The measured roughe-
ning temperatures are collected in table I.

TABLE 1
The roughening temperatures of fcc(110) (1 x 1) metal surfaces.

Surface Ty [K] Te/Ty References

In(110)* 290 0.69 59

Pb(110) 420 0.70 34, 67

Ag(110) 990 0.80 63

Ni(110) 1300 0.76 50

Cu(110) 1070 0.79 44, 55
*tetragonal

Upon further increase of the temperature the nonrestructured (110)
surfaces may start to melt well below the bulk melting temperature Ty. A
disordered liquid surface layer can emerge which would grow in thickness
as T — Ty. The undercooled liquid layer which is intercalated between the
vapor and the solid can then act as natural nucleus for the melting process of
the solid. "Surface melting" has indeed been observed for several unrecons-
tructed fcc (110) surfaces; details are discussed in reference 68. The disor-
dering sequence of enhanced anharmonicity, adatom-vacancy creation and
thermal roughening appears to be the natural precur—sor to this phase transi-
tion.

In fig. 20 we show the results of a molecular dynamics simulation of the
Cu(110) surface which nicely demonstrates the evolution from a well ordered
flat surface through adatom-vacancy creation and roughening to surface mel-
ting upon approaching the bulk melting temperature [48]. In the snapshots of
the equilibrium configuration of the Cu(110) surface adatoms begin to appear
on the surface above 800 K (a) leading eventually to the onset of surface
premelting with planar disorder at and above 1200 K (d,a). The snapshots
between 1000 K and 1100 K (b,c) show the adatom clustering and the sur-
face roughening.
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4.2 Missing row-reconstructed fcc (110) (1 x2) surfaces : Decamstruction
versus roughening.

" In the case of Au(110), the missing row (Ix2) phase has beem: found to be
stable only in a limited temperature range [69]. Upon heating, tine half order
superlattice LEED-spot was seen to change shape with temmerature and
eventually disappeared at a critical temperature T, = 0.49 Ty = 650 K, indi-
cating a conti-nuous phase transition from an ordered (1X2) :state into a
disordered (1x1) phase. Campuzano et al. [69] have analyzed this phase
transition in terms of a two dimen-sional order-disorder tramsition and
determined critical exponents consistent with the predictions of tthe 2D-Ising
model, which, due to the p2mm symmetry of the Au(110) (1x2}) surface, is
indeed the appropriate universality class [70].

A considerable amount of disorder, however has also been. «observed to
be present in the low temperature missing row phase of all three mmetals Ir, Pt
and Au [71,72]. While the coherence along the [110] direction (parallel to the
close packed rows) extends over several hundred A, the cohemence length
along the [001] direction (perpendicular to the rows) hardly surpassed
100-200 A. Scanning tunneling microscopy assigned this intrimsic disorder
to the presence of some (1x3) and (1x4) reconstructed regions, which are
induced by a micro (111) facetting. _

In theoretical studies it has been shown that the (1X2) mmissing row
configu-ration is indeed only marginally stable with respect to tthe “higher"
missing row states (1x3, 14, ...., 1xn). The energy difference between any of
the (1xn) phases of Au(110) has been calculated to be less tham 10meV per
atom [38]. Based on this ground it has been argued by several authors that
the missing row configuration should be thermally unstable witth respect to
the formation of (111) microfacets, giving rise to a "rough" surfacee at elevated

temperatures. While Villain and Vilfan [73] have predicted a smccession of -

two transitions, an Ising-like order-disorder transition at ~ 0.50 H)¢ (sponta-
neous proliferation of antiphase Ising-defects, fig. 21) followed iby roughe-
ning transition at ~ 0.57 Ty, (onset of (111) micro facetting generrating single
height steps, fig. 21), Levi and Touzani [74] have found no evidience for an
Ising-like transition but predicted a direct roughening transition.

In a recent x-ray diffraction experiment Robinson, Vlieg and Kern have
studied the thermal behavior of the reconstructed Pt(110) surface [{75,76]. The
experimen—tally observed half order diffraction peaks have twso characte-
ristics : they are broad in the [001] direction but sharp in the: -orthogonal
[1TO] direction and always displaced slightly from the exactt half order
position along [001]. The uniaxial broadening and shift implies: disorder in
one direction only, i.e. must be associated with line defects oriemtted perpen-
dicular to the [001] direction. An identical pattern of uniaxially :ghifted and
broadened half order diffraction peaks was observed earlier by IRobinson et
al. [32] for the Au(110) surface and can be explained conclusively in terms of
randomly distributed single height steps on the surface. It wwas further
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demonstrated that the peak shift of the half order spots is directly related to
the density of these monatomic steps [32,75], while Ising-like defects would
only result in a symmetric peak broadening. Indeed, (111) micro facets are
also the predominant defects seen in scanning tunneling microscopy images
of Au(110) and Pt(110) [71,72].
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Figure 21. Thermal excitations of the fcc (110) (1 x 2) missing row reconstructed surface;
Ising-like antiphase defects and monatomic steps, i.e. (111) microfacets. Also
shown schematically is the profile of the half-order diffraction peak with and
without defects. )

The temperature dependence of the half-order diffraction profile was
measured and found to behave reversibly. The data are summarized in
fig. 22, clearly demonstrating a phase transition at a critical temperature of
T.=0.53 Ty =1080 1 1 K. The peak height, I (T), is fully compatible with a
theoretical curve I (T) = I, 1t where t = T/T,— 1 and B'=0.11 £ 0.01. Above
T, the half-width diverges linearly with the reduced temperature. Both of
these aspects are exactly in accord with the predictions of the 2D-Ising
model, which has fB'=1/8 and v = 1 (correlation length exponent), and
agree well with the LEED data for the analogous phase transition of Au(110)
(1x2).

Notwithstanding this apparent agreement between Pt(110), Au(110) and
the 2D Ising model, we now turn to the behavior of the diffraction peak shift
in fig. 22. Above T¢ the peak shifts substantially and completely reversibly.
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Originally Robinson et al. interpreted this results to be in contrast to the Ising
classification because it implies that an equilibrium density of steps appears
spontaneously above T.. This immediately implicates some roughening
character. The slopes of the half-width and peak shift versus T in fig. 22
allow us to quantify the line defect density in units of probability per lattice
site for the monatomic steps o = 6.6t and antiphase Ising defects B =2.8t;
i.e. thermally induced steps are 2-3 times more common.
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Figure 22. a) Temperature dependence of the half-order x-ray diffraction peak (h, 0.06,
0.06) from Pt (110) (1 X 2) obtained by scanning h [75]. b) Temperature
dependence of the extracted peak height, width and shift [75].

Two solutions have been proposed to escape from this paradox. Villain
and Vilfan [77] suggest that the steps formed above the transition are bound
together in pairs. The imposition of paired steps leads necessarily to a phase
transition model in the Ising-universality class due to the twofold degene-
rated ground state. This model forbids any height divergence and the surface
is never rough. Villain and Vilfan suggest a step pair unbinding transition at
higher temperatures T, > T, which eventually roughens the surface. Den
Nijs [78], however, suggests a transition with real roughening character but
Ising-criticality. In the framework of a 4-states chiral clock step model, den
Nijs demonstrated that for negligible chirality the recons—tructed (1x2) (110)
surface deconstructs and roughens in one single transition which is charac-
terized by Ising exponents. This transition has the character of an incommen-
surate melting transition with respect to the reconstruction degrees of
freedom, explaining the peak shift and the linear vanishing of it at T.. Zero
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chirality, however, requires that step defects with a phase shift of 3 half-cells
(see fig. 21) have also to be present on the surface, but are rarely observed
[71,72] and are expected to be energetically unfavorable [79].

More recently, Mazzeo et al. [80] demonstrated that a small diffraction
peak shift in the initial phase of the transition might be obtained by a disor-
- dered flat phase with a random mixture of odd and even (1xn) configurations.
In their simulation the Ising-disordering and the roughening are separated by
about 30 K. At the roughening temperature they observe already a peakshift
of 0.012 RLU. Assuming that the same shift would be characteristic for the
roughening temperature of the Pt(110) surface, the x-ray measurements
would support in fact the original Villain-Vilfan scenario of two separated
transitions at T, = 1080 K (Ising-disordering) and Tgr = 1110 K (surface
roughening).
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Figure 23. Intensity and peak-width of a He-beam diffracted from a Au (110) surface as a
function of temperature [82] : diamonds - intensity of the specular in-phase
peak, circles - width of the specular anti-phase peak and squares - width of the
half-order diffraction peak under incidence conditions yielding minimum
width.
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Indeed, two recent He-diffraction studies of the Pt(110) (1x2) [81] and the
Au(110) (1x2) [82] surface clearly support the model with two successive
transi—tions. In the case of Pt(110) Krzyzowski et al. determine the transition
temperature to be T, = 1030 K and Ty = 1090 K, while for the Au surface
Sprosser et al. find T, =650 K and Ty = 650 K. Both studies use the detai-
led analysis of the He peak-intensities, widths and line shapes measured for
in-phase and anti-phase diffraction. As example we will discuss here the
results for Au (110) (1x2) [82]. In fig. 23 we show the measured intensity and
peak-width of the specular and the half-order He-diffraction peak. Between
100 K and 650 K both diffraction peak-widths and the specular intensity
decrease exponentially (Debye-Waller behavior). At T, = 650 K the half-
order peak width increases rapidly and the specular intensity changes slope.
The specular peak width, however, still remains constant up to 690 K and
increases dramatically above Ty = 690 K. While the specular intensity and
the half-order peak-width are sensitive to both in-plane Ising defects and
steps, the specular peak-width (anti-phase) is sensing only steps. The obser-
ved thermal evolution clearly demonstrates the existence of two successive
transitions. A detailed analysis of the experimental anti-phase specular
profiles revealed power law line shapes above Ty = 590 K in agreement
with eq. (8), indicating a logarithmic divergence of the height-height corre-
lation function g,(r).

In summary, the experimental data for Au(110) (1x2) and Pt(110) (1x2)
seem to support a two step-transition. First, the surface disorders laterally via
the excitation of antiphase-Ising defects. The critical behavior of the transi-
tion is consistent with the 2D-Ising model. The surfaces roughen in a second
transition distinct from the deconstruction to a state with logarithmic height-
height correlation. The two phase transitions are separated by 40-50 K.

4.3 The close packed fcc (100) and (111) surfaces

The (111) and (100) faces of fcc-metals are the most densely packed
surfaces. For a long time, it was believed that, in particular the close-packed
(111) surfaces are ultimately stable and no structural changes were expected
with increasing temperature. In recent experiments it was however demon-
strated, that even the (111) surfaces have the tendency to reconstruct into
compression structures caused by the energy gain due to the density
increase of the outermost layer [83-85]. A driving mechanism of surface
reconstruction which was already well established for (100) surfaces of
transition metals (Au, Ir, Pt) [86]. While in the case of Au (111) the recons-
truction occurs spontaneously [83] it is activated on the Pt (111) surface,
where the reconstruction can be induced by a temperature increase [84] or
through the enhancement of the Pt-gas phase chemical potential [835].
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While the reconstruction behavior of the (100) and (111) fcc surfaces and
its thermal dependence is an active field of research, studies of thermal
roughening are very rare. Indeed, at least for the (111) surface energetic
arguments strongly suggest that the roughening temperature should exceed
the melting temperature of the material [9]. The only roughening study
reported so far is the work of Abernathy et al. [87], who have investigated the
Pt (100) surface at temperatures close to bulk melting. Their x-ray data,
indeed, suggest a thermal roughening transition around Tr ~ 0.9 Ty. Above
1800 K they observe diffraction peaks the profiles of which are consistent
with the power-law lineshape of eq. (8), charac—terizing a rough phase with
logarithmic diverging height-height correlations.

5 ROUGHENING OF VICINAL SURFACES
5.1 The kink free energy and step roughening

The microscopic mechanism which leads to the thermal roughening of a
low (non vicinal) and a high Miller index (vicinal) surface is different [35, 88].
A low index surface fulfills the roughening condition, Eq. (1), when the free
energy for the creation of a step 3 becomes zero. In contrast, on a vicinal
surface - which at T = 0 K is already stepped — Eq. (1) can be fulfilled also
without the creation of new steps. The elementary excitation of a vicinal
surface is a bound pair of kinks in the step edge bordering a terrace. Such a
pair of kinks is readily excited since its forma-tion costs only two broken
bonds 2 W,, while at close packed surfaces even the excitation of an

adatom-vacancy pair costs four broken bonds. It is, indeed, the vanishing of -

W, and the corresponding proliferation of kinks, which mark the roughe-
ning of vicinal surfaces.

It has been known for a long time that an isolated step is always unstable
with respect to the formation of kinks for all temperatures T # 0 K, in other
words, the roughening temperature TR of isolated steps is always zero. How-
ever, in vicinal surfaces, i.e., surfaces with steps ordered into a superlattice of
equally spaced monatomic steps, a second energy term, the step-step inter-
action energy oy, enters. This step-step interaction has its origin in elastic as
well as electrostatic forces. The surface lattice is distorted in the neigh-
borhood of a step. At a closer distance the distortion fields of two approa-
ching step interact and the steps repel each other. In addition, the local
dipole-moment of a step differs from the terrace value, which likewise may
result in forces between steps.

It is this repulsive interaction between two approaching steps which
stabilizes the vicinal surfaces at low temperature.

This step-step interaction is repulsive on a short-range scale, but might
become attractive at intermediate distances [65]. It is the repulsive interaction
®, between two neighboring steps which stabilizes the superlattice of equally

36



spaced steps at low temperature and which rises the roughening temperature
to a nonzero value. At low temperatures, T << Tg, the surface has the regular
array of straight steps shown in fig. 24. At higher temperatures thermal
disorder through the generation of kinks competes with the order established
by the repulsive step-step interaction. At the roughening temperature, kinks
can be spontaneously proliferated and by adopting a large number of
configurations (the steps meander) the surface increases its entropy and
lowers its free energy. The creation of kinks on a vicinal surface leads to a
broadening of the distribution of nearest neighbor step distances, while the
repulsive step-step interaction tends to keep the nominal step-step distance
on a local scale. The competition between these to effects leads to the
formation of domains with the same structure as the perfect vicinal surface.
The average level of a domain differs from that of the adjacent ones by an
integer multiple of the unit vector; i.e. the lines of kinks from domain
boundaries act as "secondary" steps (see fig. 25). :

Figure 24. Topography of a vicinal surface at zero Kelvin (top) and above the roughe-
ning temperature (bottom).
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Figure 25. Elementary excitation of a vicinal surface (a) and domain organization of these
elementary excitations (b).

The proliferation of "secondary” steps gives rise to the same logarithmic
divergence of the height-height correlation function as observed for close
packed surfaces and expressed by eq. (1). The roughening temperature is
determined by the competition between the kink creation energy W, and the
step-step repulsion wg. W, is not expected to depend upon the step-step
distance d. The step-step repulsion on the other hand depends strongly upon
d since both elastic and electrostatic interactions scale inversely with the
square of the distance. For the same family of vicinal surfaces the roughening
temperature is thus expected to decréase when d increase. -

5.2 The step roughening transition of fcc (11n) surfaces

Many stepped metal surfaces have been investigated during the last
decade, most of them have fcc structure and belong to the (11n) type. This
class of vicinal surfaces has densely packed (100) terraces separated by
monoatomic steps running along [001] and spaced regularly with a perio-
dicity d=na/2 (with n=3,5,7, ...).

The first piece of evidence that a roughening transition might occur on
these vicinal metal surfaces was reported in 1982 by Lapujoulade et al. [89].
They observed a dramatic drop in the He-intensity coherently scattered from
the Cu (115) surface upon increasing the temperature above ~ 400 K. This
behavior contrasted with the generally observed, much weaker decrease of
the coherent intensity, accounted for by the Debye-Waller factor [30].
Lapujoulade and co—workers claimed that this anomalous behavior was due
to thermal roughening and assigned the temperature at which the data
deviate from the Debye-Waller behavior to the roughening temperature. As



was demonstrated in chapter 4.1.1 such anomalous behavior, however, can
have other causes, but for Cu (115) this assignment happened to be correct.
More sound experimental arguments for the existence of a roughening
transition of vicinal metal surfaces were reported a few years later in a series
of detailed He- and x-ray-diffraction studies [90-99]. In fig. 26 we show the
result of a x-ray diffraction study of Liang et al. [94] who investigated the Cu
(113) surface. The data show the measured integrated intensity of the x-ray
diffraction peak under anti-phase scattering conditions. The temperature at
which the diffracted intensity disappears was identified with the roughening
transition yielding a roughening temperature Tg = 620 = 10 K = 0.46 Ty.
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Figure 26. Integrated intensity of the x-ray "step-superlattice” diffraction from the Cu
(113) surface [94].

The same surface was also investigated by He-diffraction [90]. The width
of the specular peak in anti-phase geometry was found to oscillate with the
incidence angle, showing that the thermally generated disorder on Cu (113)
is due to the excitation of kinks. Peak profiles were measured and their shape
was found in good agreement (in the thermally rough phase) with the

33



4o

prediction of eq. (8). In fig. 27 we show the deduced roughening exponent
versus temperature indicative of a roughening temperature of T = 720
50 K.
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Figure 27. Roughening exponent TR/2 and diffraction peak anisotropy W110/W100 of
Cu (113) deduced from a detailed analysis of measured-He-diffraction line

shape [90].



Salanon et al. [90] also measured in their study a significant diffraction
peak anisotropy (see upper part of fig. 27). The diffracted He-peaks are found
to be much broader in the [110] direction than in the [001] direction.,
Intuitively one expects from the geometrical anisotropy of the vicinal (11n)
surfaces (the lattice constant along the step a is much smaller than the dis-
tance between neighboring steps d) the inverse behavior, i.e. an enhanced
broadening in the direction parallel to the steps. The experimental results
thus indicate, that the geometrical anisotropy is overcompensated by the
energetic anisotropy acting in the opposite sense. This energetic anisotropy
reflects the energy difference between the step rigidity against kink creation
and the step-step interaction. The observed enhanced peak broadening along
[110] indicates thus, that the step rigidity g, which is related to the kink

formation energy through g = 1/2 kgT exp (Wo/kgT), is larger than the

step-step repulsion ®p. A quantitative analysis revealed a kink formation
energy of W, = 800 % 50 K and a repulsive step-step interaction energy of
o = 560 + 50 K. This energetic anisotropy of Wy/w, = 1.4 is, however, not
consistent with the much larger anisotropy of Wy/we = 32 deduced for the
same surface in the x-ray diffraction study of Liang et al. [94]. Indeed, also
the observed roughening temperatures are off by 100 K. This difference
might be related to experimental ambiguities in the He-diffraction experi-
ments. The He-data being obtained with an energy integrating detector,
Salanon et al. did not account for inelastic effects. One-phonon and multi-
phonon scattering, which are certainly important He-scattering contributions
at elevated temperatures close to Tg, might substantially contribute to the
measured line-shapes.

The agreement between x-ray and He-diffraction data is indeed much
closer in the case of Ni (113). Here, the analysis of the He-diffraction line-
shape had been corrected for inelastic contributions. The estimated roughe-
ning temperatures of 750 + 50 K (He-diffraction [95]) and 740 K (x-ray
diffraction [97]) agree nicely. In table II we have summarized the observed
roughening transitions of vicinal metal surfaces. As far as a quantitative
analysis of the energetic parameters has been done, the values of the kink
creation energy and the step-step interaction has been included.

The roughening of the Ag (115) surface was deduced from a scanning
tunneling microscopy study imaging directly the topography of the step
edges [98]. The results of Frenken et al. are shown in fig. 28. In the STM-
images at 293 K and 331 K large (115) terraces are observed with a low
density of misorientation steps. In the images above 271 K all steps have a
large number of thermally generated kinks and the observed step mean-
dering indicates that the Ag (115) surface is already thermally roughened.
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Table 2
Roughening temperatures of vicinal metal surfaces

Surface | TR [K] | W, [K]| @, [K] | technique | reference
Cu (113) 720 800 560 He 90
620 2100 - 65 X-ray 94
Cu (115) 380 850 120 He 91.

Cu(l1l) | <300 ~5 He 92

~1 STM 106
Ni (113) 750 He 95
740 3500 55 X-ray 97
Ni(115) 450 He 96
Ag15) | 350 STM 98
Cu (331) 650 ~1000 ~ 500 He 93
Cu (310) < 300 ~ 400 ~ 300 He 93
Pt (997) ~ 1050 ST™M 99

The results presented above for the family of the fcc (11n) surfaces are all
in agreement with the terrace-step-kink (TSK) roughening model of vicinal
surfaces. Recent experiments of Lapujoulade's group for the (331) and (310)
surfaces of copper also fall in this line and can be modeled with the TSK-
theory [93]. '

A recent investigation of the vicinal Pt (997) surface is however not
consistent with TSK-roughening via the formation of "secondary" steps. In
their STM-study Hahn et al. [99] observed a roughening transition at
Tr ~ 950 K. The thermally generated roughness on Pt (997) is however of
different nature : the roughening proceeds via the spontaneous formation of
hillocks with close packed [111] and [111] facets.
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Figure 28. Scanning tunneling microscopy images of the Ag (115) surface as a function
of temperature. a) 293 K, 585 x 220 A2, b) 331K, 1180 x 375 A2, ¢) 371K,
450 x 120 A2 and d) 418 K, 465 x 280 A2 [98].



6 CONSEQUENCES OF SURFACE ROUGHENING ON CRYSTAL
GROWTH

6.1 Thin film epitaxy

Predicting the morphology and structure of a thin film epitaxially grown
on a single-crystal surface has been a continuing challenge. The major goal
is to understand the microscopic details of the growth processes to improve
the properties of the epitaxial films. It is generally accepted that there are
three types of growth possible [100]. In the Volmer-Weber (VW) growth,
three dimensional islands grow. In the Frank-van der Merwe (FM) growth the
film grows in a layer-by-layer fashion and in the Stranski-Krastanov (SK)
growth 3D islands nucleate on top of a few epitaxially grown layers.

The FM-growth is clearly the preferred mode in thin-film epitaxy. In a
simple thermodynamic model the FM-growth mode is expected for adlayers
with low surface free energy relative to the substrate [101]. In an equilibrium
experiment we would observe a series of first order phase transition in the
pressure-temperature phase space, each associated with the adsorption of the
n-th layer. As a function of temperature the vapor-pressure of the material to
be grown will reveal a series of steps, each plateau of p, (T) being the charac-
teristic vapor pressure of the n-th adsorbate layer. At p = p, (T) the amount
of adsorbed material jumps discontinuously from the value of the (n-1)-th
layer to that of the n-th layer (see fig. 29). For each layer there exists, how-
ever, 2 critical temperature T above which the growth of the n-th layer
does not proceed through a nucleation mechanism but through continuous
growth [102]. In the limit of an infinite number of layers n — oo, the critical
layer temperatures converge to the roughening temperature of the corres-
ponding surface of a pure adsorbate crystal; i.e. T, ,., = Tg. This conver-
gence to the roughening temperature is directly related to the vanishing of
the nucleation barrier above Tgr [7]. From the practical point of view,
epitaxially films can thus grow only in a FM-mode if the deposition tempe-
rature is below the roughening temperature of the growing surface.

The influence of the thermal roughening on thin film epitaxy was
demonstrated in an elegant experiment of Miranda et al. [103] investigating
the growth of Xe-multilayers on a stepped Pd surface. They used the layer-
distinctive Xe 5p photoemission signal to measure Xe-adsorption isotherms
as well as the relative equilibrium population of individual Xe-layers. At a
temperature of 68 K they observed a distinct transition from layer-by-layer to
continuous growth, identifying this temperature with the roughening tempe-
rature of the Xe-film surface.
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Figure 29. Schematic wetting phase-diagram for adlayers with low surface free energy
relative to the substrate [102].

6.2 Crystal growth and ECS

As the roughening transition has consequences in thin film epitaxy it has
consequences for crystal growth, in particular with respect to the resulting
equilibrium crystal shape (see also chapter 2) [16, 104]. The growth of a
smooth and a rough (T > TR) surface is indeed very different. A rough surface
is disordered, it has a significant density of adatom-vacancy pairs and kinked
steps and the growth may proceed by the sticking of impinging atoms on the
many defect sites present. This gives rise to a fast and linear growth [7]. The
growth rate of a smooth surface below its roughening temperature, which is
controlled by two-dimensional nucleation, is much smaller. Hence, as growth
proceeds, the slowest growth faces are developed at the expense of the fast
ones (rough and rounded). The final growth shape is, thus, made out of flat
facets only. Because fewer and fewer facets are rough at lower temperature
the growth shape is temperature dependent. The lower the temperature, the
richer is the ECS. This is illustrated in fig. 30 showing the growth shapes of
In-crystals as a function of temperature [105].



Figure 30. Growth shape of In crystals as a function of temperature [105], a) >373 K,
b)313K-373K, ¢)293 K-313K, d)283K-293K, and e) <283 K.
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