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We present a detailed line-shape analysis of the high-resolution low-energy electron-diffraction
angular profiles measured from the Pb(110) surface undergoing a roughening transition. Experi-
mentally, we show that the effects of multiple scattering and the thermal diffuse scattering do not
make significant contributions to the line shape and therefore do not affect the structural informa-
tion extracted from the angular intensity distribution of the diffracted beams associated with a sur-
face undergoing the roughening transition. We have measured the effect of anisotropy in the
roughening of a low-index plane metal surface. For the Pb(110) surface, the ratio of anisotropic in-
teraction energies is estimated from the measurement to be J,:J, =3.46:1. In addition, we have also
measured an enhanced surface anharmonicity starting around 380 K, which is closely related to the
anomalous derelaxation of the top layers previously observed by the high-energy ion-channeling
technique. This derelaxation may be the major cause for the roughening transition occurring in the

Pb(110) surface.

I. INTRODUCTION

Recently there has been very active research in the
study of thermal roughening phase transitions in low-
index metal surfaces. Examples are Ag,! Cu,? Ni,? and
Pb (Ref. 4) surfaces. At least two of these surfaces’* ap-
pear to exhibit the conventional Kosterlitz-Thouless
type® of infinite order transition. We have presented a
brief report on the observation of such a roughening tran-
sition in the Pb (110) surface using the high-resolution
low-energy electron-diffraction (HRLEED) technique.*
In this paper we report a detailed line-shape analysis of
the HRLEED angular profiles obtained from the Pb (110)
surface undergoing a roughening transition. We show ex-
perimentally that the effects of multiple scatterings and
the thermal diffuse scattering do not make significant
contributions to the line shape and therefore do not affect
extraction of the structural information of the surface un-
dergoing the roughening transition from the angular in-
tensity distribution of the HRLEED beams. We have
measured the effect of anisotropy in the roughening of a
low-index plane metal surface which has been predicted
and discussed quite extensively in the last few years.®

II. HRLEED EXPERIMENT RESULTS

The basic experimental arrangement has been de-
scribed previously.*’ The very fine resolution of the
HRLEED beam angular profile, which has a width less
than 0.006 A~ allows us to detect not only a slight
change of the peak width but also the tail shape of a
beam profile very accurately. The x-ray Laue picture and
later HRLEED data on the Pb(110) surface indicate that
its misorientation and the mosaic angle are less than 0.1°.
In order to reduce the step density in the surface one
needs to choose an appropriate annealing temperature.
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By testing the range of annealing temperature from 300
to 590 K, we find that ~360 K is the most effective an-
nealing temperature to eliminate the steps. This anneal-
ing temperatures gives the narrowest diffraction beams as
determined by the full width at half maximum (FWHM)
of the angular profile obtained using the HRLEED. The
major experimental results are given as follows.

A. Surface perféction and local defects

We have measured the angular profiles of the (00), (10),
and (01) beams as a function of the incident electron
beam energy E. In the HRLEED system, since the out-
going beam with wave vector kg is diffracted at a constant
angle, ~7.5°, with respect to the incident beam of a wave
vector k;,”® the relation between E and the total momen-
tum transfer S, under the elastic scattering condition, can
be expressed as

|S| - |k0 —ki ] :2ik1 ‘005(7.50/2)
=41 cos(3.75°)V'E /150.4 . (1)

The fcc (110) surface has an ABAB stacking structure, as
shown in Figs. 1(a) and 1(b). The phase difference ¢ of
electrons scattered from neighboring terraces separated
by a monoatomic step, can be written as’

St for the (00) beam

= |s,¢4m for the (10) or (01) beam , )
with

|S| for the (00) beam
S, = {[IS|*—(27/a)*]'/? for the (01) beam (3)
[1S]2—(27/b)*]'/? for the (10) beam ,

where S, is the momentum transfer perpendicular to the
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FIG. 1. The fcc(110) surface structure. (a) Top view of the
real space surface structure and the corresponding reciprocal
space structure. The solid circles represent the first layer atoms
and the open circles represent the second layer atoms. (b) Side
view of the surface structure. (c) The fcc(110) surface expressed
in the body-centered tetragonal unit cell. The first layer atoms
are represented by the solid circles in the top face of this tetrag-
onal unit cell and the atoms in the third layer are also solid cir-
cles but located in the bottom face. One of the second layer
atoms is shown in the center as the open circle.

surface. As defined in Figs. 1(a) and 1(b), ¢ is the step
height along the surface normal and a and b are the
lengths of the unit vectors along the [110] and [001]
directions, respectively. The definitions of the (01) and
(10) beams are also given in Fig. 1(a). ¢=2mm corre-
sponds to the in-phase (constructive) diffraction condi-

tions and @=(2m + 1) corresponds to the out-
of-phase (destructive) diffraction conditions, where
m =0,%t1,+2,. ... Since no in-plane reconstruction has

been observed, iot is reasonable to use t{le bulk lattice con-
stants a=3.50 A and b=V"2a=4.95 A as the lengths of
the unit mesh vectors. The lengths a and b agree well
with our experimental a and b obtained by measuring the
magnitudes of the reciprocal unit mesh vectors:
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Gy, =2m/a and G, =27/b.

In Fig. 2, shown as the solid dots, we plot the measured
FWHM’s of the (00), (10), and (01) beam profiles at room
temperature as a function of St determined by Egs. (1)
and (3) which relate S, to the measured electron energy
E. The step height ¢ is chosen to be the bulk value, i.e.,
t=1.75 A. As we shall see later, within the experimental
uncertainty (+0.05 A), it is consistent with the measured
oscillation period of the FWHM’ in the high-
temperature region where the surface steps are induced.
The period of the oscillation is a measure of the step
height.® Although there exists an inward relaxation on
the top layer at T <380 K,'°7!2 the experimental deter-
mination of ¢ using the oscillation period is almost impos-
sible in this low-temperature region where no oscillation
behavior could be observed. In addition, the angular
profiles of the (00) beam at room temperature, for both
the in-phase and out-of-phase conditions, are plotted in
Fig. 3.

At room temperature, the peak width and the angular
profile at the out-of-phase condition are practically the
same as those at the in-phase condition, as seen in Figs. 2
and 3. There is no oscillatory behavior in FWHM’s at
room temperature. All the profiles are smooth and have
no shoulder structure or peak splitting. These facts indi-
cate that the surface is practically flat. The resolving
power of vur HRLEED is better than 2000 A, 13 but the
FWHM at the in-phase condition for this Pb(110) surface
is about 0.02 A~!. The additional broadening is basically
due to the mosaic angles between micrograins.® Treating
the FWHM at the in-phase condition as an effective in-
strument response width (which is 0.01910.002 A_l_in
the [001] azimuth and is 0.014+0.002 A ™! in the [110]
azimuth), we estimate that the ordered surface domains
are at least 700 A.*

There is a slight difference in the profiles between the
in-phase and out-of-phase conditions: a broad diffuse
background can be detected at the out-of-phase condi-
tion, but not at the in-phase condition, as seen in Fig. 3.
The existence of a background intensity is usually due to
the surface imperfections, e.g., local steps, point defects
such as vacancies and adatoms, high angle mosaic struc-
tures, and inelastic phonon scattering. We can immedi-
ately rule out the possibility of a high angle mosaic struc-
ture and inelastic phonon scattering. This is because
these two types of defects would give a similar diffuse
scattering at both the in-phase and out-of-phase condi-
tions, which is not consistent with our data. We can also
rule out the vacancy or adatom effects, since these defect
structures would give a uniform background!* instead of
the broad diffuse intensity localized in the vicinity of
Bragg diffraction peaks. Comparing the line shape at the
out-of-phsse condition with that at the in-phase condi-
tion, we conclude that only local steps can give such a
broad background. At the in-phase condition there is no
detectable diffuse background and its profile can be fitted
very well with a single Gaussian function corresponding
to the instrument response. An analysis of the angular
profile at the out-of-phase condition shows that the
diffuse background can be fitted very well by a broad
Lorentzian function. The peak intensity of this Lorentzi-
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FIG. 2. The FWHM'’s of the (00), (01), and (10) diffracted beams as a function of S tat T~300 K and 7' ~480 K, where S, is the
momentum transfer perpendicular to the Pb(110) surface and ¢ (=1.75 A) is the single step height. The oscillation behaviors of the
(01) and (10) beams have a phase shift of 7 relative to that of the (00) beam.

an component is about 15% of the total peak intensity at
exactly the Bragg condition. As will be discussed in Sec.
IV, these steps exhibit a short-range behavior and are lo-
calized both laterally and vertically which can be called
“local steps.” A possible mechanism for the generation
of these local steps on a flat surface is the preroughening
effect predicted by Rommelse and den Nijs recently.'?

Thus we conclude that the room-temperature Pb(110)
surface is considered to be very flat and contains very few
defects.

B. Temperature-dependent angular profiles

As the temperature is raised above room temperature,
the FWHM'’s for the (00), (10), and (01) beams at the out-
of-phase conditions increase drastically above 400 K. In
Fig. 4, the FWHM of the (00) beam at the out-of-phase
condition is plotted as a function of temperature [the (10)
and (01) beams have similar behaviors]. In Fig. 2, we also
plot the FWHM as a function of S,¢ at high tempera-
tures~480 K in comparison with its behavior at the
room temperature. At high temperatures, the FWHM’s
for both the specular beam and the higher-order beams
change dramatically from constant values to the oscilla-
tory behavior, which indicates the proliferation of the
atomic steps on the surface. Figure 2 also shows that the
oscillation of the FWHM’s of the (01) and (10) beams has
a 7 phase difference from that of the (00) beam, which is
consistent with Eq. (2) and is basically due to the ABAB
stacking structure. The average terrace width can be ob-
tained from the amplitude of the oscillation.” It is es-

timated from the (00) beam that the terrace width is~ 300
A at 428 K and~35 A at 475 K. This is a direct indica-
tion of the increasing step density which is related to the
roughening of the Pb(110) surface.

The angular profile not only undergoes a dramatic
broadening, but also develops a substantial tail at~410
K. In Fig. 5, we display the evolution of the angular
profiles of the (00) beam along both the [001] and [110]
azimuths at different temperatures with E=27.0 eV,
which corresponds to an out-of phase of 37.

The observed broadening of the profiles as well as the
increase of the intensity in the tails at the out-of-phase
diffraction condition are a result of the creation of high
density steps in the surface. In principle, multiple
scatterings and thermal diffuse scattering may contribute
to the change of the profile shape. These effects, if they
are significant, might obscure the interpretation of the
data and are always of concern in low-energy electron
diffraction. Theoretical calculation and prediction of
these effects on the profile shape have been very difficult.
In our opinion, a reliable conclusion about these effects
on the profile shape can only come from the experiment.
If these effects were important and if they gave significant
contributions to the observed change of the profile shape
at the out-of-phase diffraction condition, they should give
a similar change of the profile shape at the in-phase
diffraction condition at the same temperature. Experi-
mentally we found that that is not the case. In Fig. 6, we
plot the angular profiles of the (00) beam at the in-phase
diffraction condition for various temperatures. Neither
the FWHM nor the tails of the specular beam changes at
any temperature up to 530 K. Therefore we have every
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FIG. 3. The angular profiles of the (00) beam scanned in the
[001] direction at the in-phase (E=48 eV) and the out-of-phase
(E=27 eV) diffraction conditions, where the solid dots are the
experimental data and the solid curves are the model fits based
on the discussion in the text. S is the momentum transfer
parallel to the Pb(110) surface.
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reason to believe that in our experiment neither the mul-
tiple scatterings nor the thermal diffuse scattering make a
significant contribution to the change in the beam shape.
It is a very important result which allows one to extract
detailed information about the change of surface struc-
ture during the roughening transition.
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FIG. 4. The measured FWHM’s of the (00) beam at the out-
of-phase condition (E=27 eV) as a function of temperature.
The solid curves are plotted as the guidelines.
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C. Temperature-dependent peak intensity

The peak intensities of the (00), (10), and (01) beams as
a function of temperature at both the in-phase (solid cir-
cles) and the out-of-phase (open circles) conditions are
plotted in Fig. 7. At the in-phase condition, the peak in-
tensity undergoes two changes with increasing tempera-
ture. Below T~500 K, the peak intensity behaves nor-
mally and the only change is a slight deviation of the
peak intensity from the Debye-Waller decay starting at
about 380 K, indicating an enhanced atomic vibration in
the surface. In order to compare the atomic vibration
amplitude, we assume (although it is not fully appropri-
ate) that in two temperature regions, i.e., 295 <T <380 K
and 380 < T <500 K, the peak intensity still follows the
Debye-Waller decay but with different Debye-Waller fac-
tors. Using the formula

T e =Toexp(—2W) @)

with the Debye-Waller factor
2W={(S-u)*)=constT , (5)

we obtain the atomic vibrational amplitude perpendicular
to the surface, {u?), by fitting the experimental data of
the (00) beam for each temperature region. At T <380
K, (u?)/T=1.685X10"* A> K~'. While at
380< T <500 K, {u?)/T=3.913x10"* A? K~!, which
is at least two times larger than that at 7<380 K. Corre-
spondingly, the mean-square vibrational amplitudes,

({u?))17? are 0.2248 A at 300 K and 0.3956 A at 400 K,
which are 6.4% and 11.3%, respectlvely, of the nearest-
neighbor atomic spacing (3.5 A). Frenken et al. '° have
reported an anomalous expansion in the top layers of the
Pb(110) surface at temperatures below 480 K using the
high-energy ion channeling technique. It is closely relat-
ed to the surface anharmonicity and therefore our result
is consistent with their observation.

At T>500 K, the peak intensity drastically deviates
from the Debye-Waller decay and changes much faster
than it does at 380 K. The intensity falls to the back-
ground level when the temperature approaches 560 K, as
seen in Fig. 7. The mean-square vibrational amplitude at
500 K is 0.4423 A 12.6% of the nearest-neighbor atomic
distance. This dramatic decay of the peak intensity is
due to the surface melting, which has been studied exten-
sively in recent years by Frenken and van der Veen.!

At the out-of-phase condition, however, the peak in-
tensity decays relatively faster than that at the in-phase
condition in the temperature region below 500 K. As
seen in Fig. 7(a), the peak intensity of the (00) beam at
E=27.0 eV, which corresponds to the out-of-phase con-
dition, falls more rapidly than that at E=48.0 eV, which
corresponds to the in-phase condition (especially at
T >400 K), even though the former has a smaller
Debye-Waller factor due to its smaller momentum
transfer. At about 480 K, the intensity drops to the
background level. The intensities of the (10) and (01)
beams also exhibit the same behavior, as seen in Figs. 7(b)
and 7(c). Considering the fact that the dramatic change of
the angular profile also occurs at this temperature region,
we believe that the relatively faster decay of the peak in-
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tensities at the out-of-phase condition is primarily due to
the destructive interference between different atomic lay-
ers in the rough surface. This faster decay even starts at
room temperature for which the surface roughening tran-
sition has not occurred. This indicates that the local step
density continuously grows at low temperatures, which
may be related to the surface preroughening. Unlike the
analysis of the angular profile, a quantitative study of the
peak intensity turns out to be difficult because of the
complexities of the mixed effects due to surface anhar-
monicity, roughening, and even multiple scatterings. As
discussed above, the line-shape analysis can effectively
avoid this difficulty, which will be presented in Sec. I'V.

As a brief conclusion, the surface roughening occurs
between 400 and 500 K, while at about 380 K the surface
exhibits an enhanced atomic vibration. The surface
enhanced anharmonicity may be a possible driving mech-
anism for the roughening transition. A detailed discus-
sion will be given in the final section.
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III. THEORETICAL DESCRIPTION OF ROUGHENING
TRANSITION IN fce(110) SURFACES

A. Summary on Kosterlitz-Thouless (KT)
surface roughening transition

The general features of the surface roughening phase
transition have been discussed in the review papers by
Weeks,!” and by van Beijeren and Nolden.!®* The
roughening transition is in the same universality class as
that of the Kosterlitz-Thouless type® and is of infinite or-
der. As T approaches Ty from below, the correlation
length diverges very rapidly and remains infinite for
T>Tg. The height-height correlation function
([h(r)—h(0)]*) diverges logarithmically as r— o at
T > Ty, implying the interface width of the surface
(called the ‘“‘surface width”) diverges at and above the
roughening transition temperature.

The above conclusions were first drawn from a discrete
Gaussian (DG) model by Chui and Weeks.!” On the oth-
er hand, the body-centered solid-on-solid (bcSOS) mod-
el,?° established by van Beijeren, also exhibits similar
roughening features. The bcSOS model has the advan-
tages that it is exactly solvable and can be directly ap-
plied to the fcc(110) surface.

The perfect (110) face of a fcc crystal is depicted in the
top view and side view of Figs. 1(a) and 1(b), respectively.
In this paper, we denote x and y to be in the [170] and
[001] directions, respectively, as seen in Fig. 1(a). Its
ABAB stacking structure consists of a body-centered
tetragonal unit cell, as shown in Fig. 1(c). According to
van Beijeren,?® this configuration corresponds exactly to
the bcSOS model. The bcSOS model was originally ap-
plied to an isotropic bece(100) surface with a square unit
mesh. For the fcc(110) surface, this model should be
modified to include an anisotropic interaction associated
with a rectangular unit mesh. The quantitative features
of the roughening transition for this anisotropic bcSOS
model are summarized?! as follows.

(a) The roughening transition temperature T satisfies
the equation

A(Tg)=—1, 6
with
AT =2+w?—1)/2vw , 7
v=exp(—J,/kgT) and w =exp(—J,/kgT) . (8)

J, and J, are the nearest-neighbor coupling constants
along the [110] and [001] directions, respectively, in the
rectangular unit mesh of the (110) surface. (For fcc bulk
unit cell, J, is the next-nearest-neighbor coupling con-
stant.) Equation (6) can be simplified as

exp(—J, /kpTg)+exp(—J,/kgTg)=1. (6"

In the case of an isotropic bcSOS model, i.e., J, =J,=J,
Eq. (6') can be reduced to kg T =J /In2.

(b) The height-height correlation function exhibits a
logarithmic divergence as |R,,,|—>o at T2>Tg. At
T < Ty the surface maintains a finite surface width
(~ h 0)2
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2n3, T<Tg
— 2y o
where R,,, is the surface atom position, R,,,, =ma+nb
(m,n=0,%1,%2,...). @ and b are the unit vectors along
the [110] and [001] directions, respectively. (a is the
nearest-neighbor spacing of a fcc crystal and V'2a =b.)
p is defined as

p’=m?+en?, (10)

in which the anisotropic parameter € is known exactly
only at T=2Tg:

6=exp[(Jx—Jy)/2kBTR] N (11)

where we assume J, =ZJ,. The capillary wave behavior,
which exhibits the logarithmic divergence in Eq. (9), is
one of the important characteristics of the KT transition.
We shall call such a surface the “KT rough surface.”
Various other models!®?%23 also predict a similar KT
roughening behavior, except that the expressions for
A(T) are different [although at T=Tg, A(T) has a
universal value: A (Tg)=2/7?]. In the case of the
bcSOS model,

A(D)=(2/7*)/[L—(1/marcsinA(T)] , (12)

with 4 (Tg)=2/72

It should be emphasized that the bcSOS model only
takes into account the short-range and pairwise interac-
tions among the surface atoms; this may not be reason-
able for the low-index metal surfaces. Recently, Tray-
anov et al. ® proposed a modified bcSOS model by
redefining the coupling constants J, and J, in terms of
the surface free energies of fcc(111), (100), and (110) faces.
This consideration has included the many-body interac-
tions and is more suitable for metal surfaces.®

B. Diffraction from the KT rough surface

We express the diffraction intensity from a crystalline
surface as

I(S)=1,(S) 3 exp(iS;'R,,,)

X {exp{iS-e[h(R,,,)—h(0)]}), (13)

where S is the total momentum transfer, S, is its com-
ponent parallel to the (110) surface, I,(S) is the atomic
form factor, and e is the elementary translation vector be-
tween neighboring terraces.”* The summation is over the
two-dimensional atomic positions of the surface. In the
case of a fcc(110) surface, assuming only the single step
height is allowed, we can express e as

e=+a/2+b/2+t (14)
and
S,t, for the (00) beam
S-e= |S,t+S a/2=S,t+m, for the (01) beam  (15)
S,t+S,b/2=S8,t+m, for the (10) beam ,
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where S, and S, are the momentum transfers parallel to
the [110] and [001] directions, respectively, and t the step
vector along the surface normal. Actually, S-e is just the
phase difference ¢ for (00), (10), and (01) beams, as given
in Eq. (2). The thermal average of Eq. (13) can be ob-
tained by the Gaussian approximation,? i.e.,

(exp{iS-e[hA(R,,,)—h(0)]})
=exp{ —[S-e]*([h(R,,,)—h(0)]?)/2}, (16)

where [S-e] means S-e mod 27 such that —7 <[S-e] <.
Replacing the summation in Eq. (13) by an integral as an
approximation and combining Eq. (13) with Eq. (9), we
can calculate the diffracted intensity which is the 2D
Fourier transformation of Eq. (16):

8(S; =Gy Jexpl( —h2[S-e]?), T<Tg

I(S)x Q"™ >, 17)
where

IQI*=(S, —2mh /a)*+(S, —2mk /b)* /€ (18)
for various (k) order beams (h,k =0,+1) and

n(T)=[S-e]*4(T)/2 . (19)

G, is the two-dimensional reciprocal lattice vector for
the (hk) beam.

Although the surface width 4, in Egs. (9) and (17) does
not have an explicit form in the bcSOS model, it is in gen-
eral a monotonic increasing function of temperature (due
to the thermal excitation of local defects).

At T < Ty the Bragg intensity has a 8-function profile
with  an  additional = Debye-Waller-like  factor,
exp(—h3[S-e]?, corresponding to the coherent
diffraction from the long-range ordered flat surface with a
finite surface width A,. As the temperature is raised, the
surface width gradually grows with the thermal genera-
tion of defects and therefore the intensity of the 8-like
peak continues to decay. This explains why as the tem-
perature is raised to Ty from below, the anti-Bragg peak
intensity falls faster than that expected from the thermal
vibration, as observed in our experiment (Fig. 7). At
T = Ty, the surface width diverges. As a result, the §-
like peak disappears and is replaced by the power-law
line shape which corresponds to the diffraction from the
KT rough surface.

In the case of the out-of-phase diffraction conditions,
i.e., S-e==m,x37. . ., the exponent

n(T)=[L1—(1/marcsinA(T)] "' . (20)
Specifically, as =Tk,
n(Tg)=1. @21

C. Considerations of short-range roughness

As mentioned earlier, Eq. (9) only exhibits the asymp-
totic behavior of surface height-height correlation func-
tion and therefore the diffraction intensity, i.e., Eq. (17),
only reflects the long-range character in the surface.
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Practically, Eq. (17) alone may not be used to interpret
the entire experimental data because the short-range
roughness always exists and it makes a certain contribu-
tion to the diffraction profile. The short-range roughness,
reflecting the local step structure at both T <Ty and
T = Ty, manifests itself in the tail part (larger .S, away
from the central Bragg peak) of the angular profile and
therefore contributes a broad diffuse background, which
may affect the intensity of the power-law tail. This
diffuse background, usually appearing as a Lorentzian
shape, has been observed in our experiment and has been
reported also in many cases.">?* The bcSOS model as
well as other models do not provide an explicit solution
to the short-range correlation function. Hence establish-
ing a phenomenological model may be an alternative ap-
proach. Since the short-range roughness does not signify
the divergence of the surface width and roughening tran-
sition, a surface with a finite width of defect layers is a
simple model to describe the low-temperature surface

(1—&P[1+£>—2&cos(S;-a)] ™' (discrete surface model®®)

LS= 148, /0071

The parameter £ in Eq. (23a) is a function of the step den-
sity and 0 <£ < 1. In principle, the discrete surface mod-
el, in which the diffraction is from the discrete atoms in a
terrace, is more rigorous for describing the short-range
behavior. In reality, the difference between the two mod-
els is quite small. This is because the FWHM of the
Lorentzian usually is small, compared with the dimension
of the first Brillouin zone (typically ~10%). Therefore
the short-range order and the average terrace size are still
large enough so that the discrete atomic nature of the ter-
race can be ignored. For the discrete surface version, the
corresponding FWHM is equal to 20}, where

— (1—¢)?
2§

If o} is small, £ will be close to 1, and this results in the
approximation

1=¢

aVvE '’

The same result can be obtained by expanding
cos(S”-a)zl—(S“-a)z/Z. Thus the discrete model ver-
sion can be simply transformed into the continuous mod-
el version. For both versions, the width of the Lorentzi-
an function is approximately proportional to the local
step density in the surface.

The physical meaning of Eq. (22) can be summarized as
follows: Below T, the Lorentzian width increases with
temperature. This is due to the continuous excitation of
the local steps. The surface is still “flat”” and maintains a
long-range order. The ratio Ry(7) of the 8 component to
the Lorentzian term mainly depends on both the surface
width h, and the step density. This ratio decreases

1
o =—arccos
a

’
o=

(continuous surface model®®).
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(T <Tg). The simplest model, a two-level system,?>2¢

shows that the diffracted profile consists of a central §
function superimposed on a broadened Lorentzian diffuse
background. A similar result can be obtained for a finite,
but multilevel system (as long as the surface width is still
finite),?® which is still consistent with the experimental
observations. As mentioned above, one possible origin of
this Lorentzian diffuse background may be caused by a
surface preroughening effect.!’

We therefore phenomenologically add a Lorentzian
term to Eq. (17), i.e.,

Ry(TIS(S,£G )+ L(S,;+Gy), T<Ty (222
TS < IR(T)IQI" =" DI+ L(8,£G,,), T=Ty, (22b)

where the Lorentzian function L(S)) has two different
versions:

(23a)
(23b)

[

monotonically as the temperature approaches T. For
T = Ty, the § component evolves into the power-law line
shape which superimposes on a broader Lorentzian
diffuse background [with a ratio R (7)].

D. Convolution of the diffracted intensity
with the instrument response function

The fitting of the experimental profile will be per-
formed by using Eq. (22) convoluted with the instrument
response function. In our HRLEED system, the instru-
ment response function can well be described as a Gauss-
ian profile. At low temperatures T < T, the convolution
of Eq. (22a) is simply a sum of a Gaussian function and a
convoluted Lorentzian function (denoted as “G +G*L”).

For T = Ty, the convolution of the power-law function
is more involved. It has been shown by Dutta and
Sinha?’ that the 2D convolution of an isotropic power-
law function, |Q|~27"T) with a 2D Gaussian function
of width o, is proportional to the Kummer function:

exp(—Q2/0H)* Q| ¥ Mx¢(1—n/2;1;—Q%/0?) ,
(24)
where the Kummer function ¢ is defined as

o — w Lla+m)T(B) z™
HEB= 2 Ta)P(B+m) m! -
Here I'(x) is the gamma function.

However, for the anisotropic system we are studying
here, the convolution turns out to be slightly more com-
plicated. The Taylor-series expansion with respect to the
anisotropic factor gives an explicit form for this convo-
luted angular profile (along x =[110] and y =[001] direc-
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tions, respectively):

© ] 1 j —
1(S,,00=<C 23 EAE LA
=o (j1?

%

X

S2

n x
Hl— i —— |,
J 2,] U;Zc l
and

L+ L0 +1—n)

(jn?

1(0,S,)=C, 2"y m
j=0
SZ
jr1-Li+ -2
2 o

X¢

>

(25)

where C,=o0,a, C,=0,b/¢, and o, and o, are the
Gaussian widths of the instrument response along the
[170] and [001] directions, respectively. € is the aniso-
tropic parameter defined in Egs. (10) and (11). The aniso-

tropic factor 7’s are defined as
7, =1-(C,/C,)*=1—(ev ,a/o,b)*,
n,=1—(C,/C,=1—(0,b/eca)* .

(26a)
(26b)

If o,a=0,b and €=1, one has 7, =7,=0, so that the
anisotropy no longer exists and Eq. (25) is just the isotro-
pic solution, Eq. (24).

As is known, the Kummer functions in Eq. (25) have
an asymptotic form?® at large Q:

dG+1—n/2;j+1;,—0Q%*/c*)~(Q /o) H 2w - (27)

As a result, by retaining the lowest-order term, the tail
J

Ryexp[ —(S;/0,)?1+G(S;/a;)*L(S;), T<Tyg
i R,¢(1—n/2;1;—S?/a})+G(S;/a;)*L(S;), T=Tyg

I(S;)

where i=x,y and the Gaussian function
G(z/0)=m"1%0"lexp[ —(z/0)*]. In a flat surface the
ratio of the Gaussian to the Lorentzian, R;, depends on
the short-range roughness characterized by the local step
density and the surface width. However, in the rough
surface, the ratio R; of the Kummer function to the
Lorentzian is not only a function of the short-range
roughness but also the KT surface roughness which is
characterized by the exponent n (7). Besides, both R,
and R; are anisotropic in the x and y directions (R; de-
pends on the anisotropy €).

IV. LINE-SHAPE ANALYSIS

We use the angular profile at the in-phase condition as
the effective instrument response function, which is fitted
very well, as shown in Fig. 3(a), by a single Gaussian
function with the FWHM’s equal to 0.014+0.002 A ™!
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part in the intensity expression, Eq. (25), exhibits a
power-law behavior with the exponent (2—n), i.e.,

1(S,,0)~(S,a)"?"™ and 1(0,S,)~(S,b/e)~ 2~ ,
(28)

which are independent of the instrument response func-
tion.

Equation (25) is the series expansion in terms of the or-
der of the anisotropic factors, 7, =1 —(eaxa/olb)z and
n,=1—(o,b /eo.a), respectively, for the [110] and
[001] directions. From Eq. (27), we see that only the
zeroth-order term (i.e., j=0) retains the power-law line
shape with the minimum exponent (2—n). Therefore it is
a reasonable approximation to retain the zeroth-order
term in the intensity expression, Eq. (25). This zeroth-
order intensity has a form similar to that of the isotropic
solution Eq. (24):

I(S.,0)x(0,a)" 2 "¢(1—n/2;1;—S2/02),
1(0,S,) < (0,b/€)"*""¢(1—n/2;1;—S} /0}) .

The higher-order terms (j = 1), which have a power-law
shape of larger exponent (2j +2—n), as seen in Eq. (27),
drop more rapidly in the tail part. Therefore these terms
can be quantitatively treated as a small diffuse back-
ground and be included in the Lorentzian part that corre-
sponds to the short-range roughness.

Combined with the scattering intensity due to the
short-range roughness, at T'= T, the diffraction intensi-
ty should be expressed as the sum of a Kummer function
and a convoluted Lorentzian function (denoted as
“K +G*L”). In conclusion, the diffraction intensity, Eq.
(22), after the convolution, can be finally written as

(29a)
(29b)

and 0.019+0.002 A~' along the [1T0] and [001] az-
imuths, respectively.

A. Low-temperature line shape

As discussed in Sec. III, the low-temperature angular
profile (' < Tg) should be fitted by the sum G +G*L, as
expressed in Eq. (29). In the fit, the Gaussian width o,
Lorentzian width o, and the ratio R, are the adjustable
parameters.

The room-temperature line shape at the out-of-phase
condition, as seen in Fig. 3(b), is fitted quite well by the
calculation. The Gaussian component has a peak width
almost the same as that at the in-phase condition, indicat-
ing that it is the & component diffracted from the flat sur-
face with a long-range order. The Lorentzian FWHM’s
(=20) are 0.15040.005 A ™! along both [110] and [001]
azimuths. The ratio R of the Gaussian to Lorentzian is
87% and 82% along the [110] and [001] directions, re-
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spectively.

The fitting parameters as a function of temperature are
plotted in Fig. 8. For a comparison, we have also fitted
the higher-temperature profiles using the same fitting
procedure, i.e., by Eq. (29a). Below 7T=400 K, the
Gaussian width has no significant change while the
Lorentzian component continues to broaden. The ratio
R(T), as seen in Fig. 8(c), decays slowly at T<380 K.
All of these indicate that in this temperature region the
surface is flat but the local step density and the surface
width slowly increase with temperature.

At T ~380 K, Ry(T) starts to decay much faster. This
implies that the surface width increases and the local
steps start to generate quickly into the deeper surface lay-
ers. The Gaussian component, on the other hand, also
begins to broaden significantly at T ~410 K, suggesting
that the 8 component, which represents the long-range
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FIG. 8. Plots of fitting parameters used in the G +G*L fit vs
temperature: (a) the Gaussian FWHM o, (b) Lorentzian
FWHM, and (c) the ratio R,. The solid curves are guidelines to
the eyes.
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order of the flat surface, no longer exists at this tempera-
ture. It is more convincing to see this point by referring
the integrated intensity as a function of temperature. As
plotted in Fig. 9, the integrated intensity of the § com-
ponent, which is calculated from the G + G *L fit, decays
quickly and drops to the zero level at T~410 K, while
the total integrated intensity changes slowly. The total
integrated intensity should only depend on the surface
atomic vibration (the Debye-Waller effect and the anhar-
monicity).

The broadening of the Gaussian function signifies not
only the disappearance of the § component but also the
emergence of the power-law line shape. This is because
the power-law line shape, after convolution with the
Gaussian resolution function, still has a Gaussian por-
tion?® in the central part but its FWHM is broader than
that of the instrument response. It has been shown® that
in the case of n=1, the convoluted power-law shape
broadens about 60% if the Gaussian instrumental
response has a 0.02 A~ FWHM. Therefore the broaden-
ing of the 8 component suggests that the fitting of
G +G*L may not be appropriate anymore and should be
replaced by a sum of K +G*L, i.e,, Eq. (29b), which
would be consistent with both the experiment and the
theory.

B. High-temperature line shape

Before the K +G*L fit scheme is performed, we em-
ploy a more intuitive way to display the change of the tail
part of the measured angular profile as a function of tem-
perature. Figure 10 shows the log-log plots of the tail
part of the (00) beam (out-of-phase condition) in the [110]
azimuth at various temperatures. The data shown in Fig.
10 are raw data and they extend from 0.03 to 0.09 ATl
which are =2.50; so that the influence of the instru-

2.0
o total intensity
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> 1.6 P
=
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238
.5 E 1.2
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=k 0.8
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FIG. 9. Temperature dependence of integrated intensities of
the (00) beam at the out-of-phase condition (E=27 eV). The in-
tegration is carried out in the [110] direction. The integrated in-
tensity of the 8§ component is determined from R, by means of
the G +G*L fit.
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445 K ,slope=-0.30

432 K slope=-0.56

412 K slope=-0.94

log,( 1)

382 K,slope=-1.28

303 K,slope=-1.62

18 L s L s
’ -1.45 -1.35 -1.25 -1.15 -1.05

log.,{S; (A*") in [110] azimuth}

FIG. 10. Logo(1) vs logo(S)) (out-of-phase condition) in the
[110] direction at various temperatures. These experimental
raw data extend from 0.03 to 0.09 A~ '. The slope for each line
shape is equal to —(2—n). As the exponent n (T) approaches 1,
the KT roughening transition occurs. The roughening tempera-
ture Ty is around 412 K as shown in the figure.

mental response can be safely ignored.?” The data at
S, >0.09 A™! (corresponds to log,,|S,|> —1.05) are
affected by the Lorentzian diffuse background due to the
local steps (short-range roughness) and therefore should
not be considered here. According to Eq. (28), the slope
for each line shape (which exhibits a straight line in the
log-log plot), is given by —(2—n). At room temperature,
n is a small number. The change of the slope with tem-
perature indicates that the exponent n(7) starts to in-
crease as T > 380 K. The n(T) reaches 1 at about 410 K,
which is close to the roughening temperature. n(7) con-
tinues to grow as the temperature is raised further. Simi-
lar plots have been obtained for profiles along the [001]
azimuth.

However, we have to point out that the way to esti-
mate the exponent n (T) through the log-log plot of the
raw data may not be accurate because the diffuse back-
ground may affect the tail intensity of the profile. Espe-
cially at low temperatures, this influence is stronger. At
T=303 K, for example, the slope gives n =0.4, which is
too high for the flat surface. Actually, at T < Ty, the ma-
jor part in the tail is the Lorentzian shape while at
T = Ty the power-law component becomes the dominant
part in the tail.

Therefore a more quantitative method to determine the
exponent n(T) is to fit the angular profile in terms of
K +G*L, which can separate the power-law component
from the Lorentzian diffuse background, as given in Eq.
(29b). On the other hand, as the exponent n-—>0, the
Kummer function is just the Gaussian function with the
same width as the instrumental response, i.e.,

H.-N. YANG, T.-M. LU, AND G.-C. WANG 43

¢(1—n/2;1;,—Q0%/0*)>G(Q /o )=exp(—Q2/c?) ,
as n—0 .

Consequently, as n —0, K +G*L —G +G*L. That is, if
n is small, these two fits, K +G*L and G +G*L, have no
significant difference. Therefore this property of the
Kummer function allows us to extend the K +G*L fit to
the line shape at low temperatures (at 7' < Ty, 7 is usually
small). In the fitting, the adjustable parameters are
chosen to be the exponent n(7), Lorentzian width o,
and the ratio R. The result of fitting is shown as follows.
The comparison of the quality of fit, y2=3(I exp — Lt )2,
between K +G*L fits and G +G*L fits is demonstrated
in Fig. 11, in which the relative difference of the quality
of fit, ie, A=(XL  ov; — Xk g%, )/X% %, is plotted
as the function of temperature. At low temperatures
(T'=380 K), A=O (as seen in Fig. 11), i.e., the two fits are
the same, which is not surprising because in this tempera-
ture region, n is small. However, for T > 380 K, the re-
sult obtained from K + G *L fits is much better than that
by the G +G*L fits. As shown in Fig. 11, A increases
from 0% at T<380 K to about 200% at T ~410 K. The
quality of K + G *L fits, XiJrG*L, maintains as a constant
for all temperatures, which is about 0.0005+0.0002. The
fit by G +G*L becomes worse at 7>380 K and X2, | _«,

increases at least by a factor of 3 at T~410 K. The
fitting of the angular profiles according to the K +G*L
fits has been plotted as solid curves in Fig. 5 in order to
compare it with the experimental raw data. The above
comparison of fits indicates that, at 7> 380 K, the ap-
pearance of the power-law line shape is the major reason
which causes the poor fit by using the G + G *L scheme.
At T =380 K, the Lorentzian width o, and the ratio
Ry, fitted by K +G*L, change similarly compared to
that by G +G*L in the same temperature region. For
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[170] azimuth

—_—
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(X 2(;+G'L" X 2K+G'L)/X 2K+G'L ( % )
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FIG. 11. The relative difference for the quality of fit y?,
A=()(26+G*L—)(i+G*L)/)(§(+G*L, is plotted as a function of
temperature for two azimuthal directions. Note that A is very
small at 7= 380 K and becomes larger at T ~410 K.



43 HIGH-RESOLUTION LOW-ENERGY ELECTRON-DIFFRACTION . ..

T>380 K, they change slowly, only showing a slight
difference from that at 7=382 K. This indicates that the
short-range roughness has reached saturation at 7'~ 380
K, and the long-range roughening effect starts to dom-
inate the change in the surface.

Figure 12 is a plot of the exponent n extracted from the
above-mentioned fits as a function of temperature. Below
380 K, n remains constant and is a very small number.
For T>380 K, n starts to increase with temperature.
The transition temperature occurs at 415+10 K where
n=1. This conclusion is also consistent with the in-
tegrated intensity plot shown in Fig. 9, in which the in-
tegrated intensity of the 8 component drops to zero at
~410 K. On the other hand, as shown in Fig. 4, the
FWHM’s of the angular profiles for the (00) beam are
0.0236 and 0.0429 A ! along the [110] and [001] az-
imuths, respectively, at T=422 K. The increases are
about 60% and 120%, respectively, compared with that
at low temperatures. As mentioned earlier, the quantita-
tive calculation has shown that the FWHM would in-
crease about 60% at n=1. The FWHM in the [110] az-
imuth agrees well with this 60% prediction while in the
[001] direction the 120% increase in the FWHM is twice
as much as that by the prediction. This “overbroaden-
ing” may be due to the anisotropic effect during the sur-
face roughening transition, which will be discussed in
Sec. IV C.

The measured transition temperature agrees remark-
ably well with a recent molecular-dynamics calculation.*
This study predicts that the roughening should occur at
T =0.7T,, for a fcc(110) surface. For lead, 0.77,, =420
K.

According to the bcSOS model, as the temperature ap-
proaches to T from above, the exponent n (7T) can be ex-
panded from Eq. (20) as

n(T)=1+C(T—Tx)"V?* T=Ty, (30)
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FIG. 12. The exponent n(T) extracted from the K + G *L fits
as a function of temperature. The solid curve is the fit by Eq.
(30) and the dashed curve represents the fit by a straight line.
These two curves do not exhibit a significant difference in the
temperature region shown in the figure.
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where the constant C is easy to calculate from Egs. (12)
and (6), which are only functions of J, and J,. However,
the increase of n(T) at T > Ty, as shown in Fig. 12, is
quicker. As a result, the fit of n(7) by Eq. (30) (C is the
only adjustable parameter) exhibits no significant
difference from that by wusing a linear relation:
n(T)<(T —Tg). The fit of Eq. (30) and the linear fit are
plotted as solid and dashed curves, respectively, in Fig.
12. An explanation regarding this is that the data we ob-
tained are only in a small temperature region (from 415
to 455 K). This range may not be large enough to exhibit
a significant deviation of Eq. (30) from a straight line. It
is not possible to measure the angular profile at the out-
of-phase condition for 7> 460 K where the peak intensity
has reached the background level in our experiment.

C. The anisotropy of the roughening transition

The anisotropy of the roughening transition in the
Pb(110) surface is quite obvious from Fig. 4, in which the
measured FWHM along the [001] azimuth broadens ear-
lier than that along the [110] azimuth, as the temperature
is close to Tx. At T=422 K, the FWHM of the [001]
direction has increased about 120% while that of the
[110] direction only increased about 60%.

Figure 13 shows the log-log plots of the tail intensity of
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FIG. 13. The log-log plot of the (00) beam (out-of-phase con-
dition) for [001] and [110] azimuths using the new scale:
S,a=S,b=Q. The relative shift of the two curves is a direct
measure of the anisotropy parameter € as discussed in the text.
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the angular profiles in both [001] and [110] directions at
T=418 and 445 K. In order to extract the anisotropy
parameter €, we have rescaled the scale with respect to
S.a and S, b, respectively, in the plots. From Eq. (28) for
large S, and S,, we let I(S,,0)=1I, and I(0,S,)=1,.

One has
logo(I, )= —(2—n)log,y(S,a)+const ,
logo(1,)= —(2—n)logo(S,b)+(2—n)log;o(€)+const .

In the new scale, letting S, a =S, b =Q, we obtain

log (1

Therefore € can be obtained from the relative shift be-
tween the log-log plots along these two directions. As
seen in Fig. 13, such a shift at 7=445 K is smaller than
that at 418 K, indicating that the anisotropy decreases
rapidly with temperature. The €’s are then extracted
from the plots, which are 2.38 at 418 K and 1.79 at 445 K
(remember that for an isotropic case, e=1). Using the
value of € at T=418 K, we can estimate the coupling
constants J, and J,. Assuming approximately
e=exp[(J, —J,)/kgT] (rigorously speaking, it should
only hold for T=2Tjy), and using Eq. (6'), we obtain
J,=1.22kgTy and J,~0.35kpTy. Hence the ratio
Jy:J,~3.46:1. This ratio indicates that the interaction
along the [110] direction is much stronger than that in
the [001] direction and therefore it exhibits a large aniso-
tropic interaction in the surface. The significance of this
anisotropy will be discussed in the next section.

logo(1,)— )=(2—n)log(€) .

V. SUMMARY AND DISCUSSION

We have presented a detailed analysis for the
HRLEED experimental data collected from the Pb(110)
surface. The line-shape analysis based on the well-
developed roughening theory indicates that this low-
index metal surface undergoes a clear surface roughening
phase transition at T ~415 K, which is ~ 185 K below
the bulk melting temperature.

In addition, the measurement also indicates that an
enhanced surface atomic vibration occurs at about 380
K, just below the roughening transition temperature,
which suggests the surface enhanced anharmonicity may
be a possible driving mechanism for the roughening tran-
sition. The sequence of the instabilities in the Pb(110)
surface described in the present experiment is derelaxa-
tion and anharmonicity (~380 K)— surface roughening
(~415 K)—surface melting (~560 K)—bulk melting
(~600.7 K). One instability drives the next until the bulk
melts.

The modified bcSOS model, proposed by Trayanov et
al., ® suggests that the anisotropic local defects, such as
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pieces of (111) and (100) facets, play a leading role in the
roughening transition on a fcc(110) metal surface. The
thermal generation of a small piece of (111) facet is easier
than that of (100) facet and the surface tends to form the
(1Xn) missing rows (1X2,1X3,...,1Xn,...) or steps
parallel to the [110] direction. The critical quantities,
which determine whether or not the roughening transi-
tion could occur, have been given® by

=1.22470111_0110

and by the anisotropy parameter v !:
v !=(1.41420 10— 0 y0) /0 =J, /], ,

where 0y, 0109, and o}y, are the surface free energies in
the (111), (100), and (110) faces, respectively. Usually,
0111 <0190<071o- If o is mildly positive and the anisot-
ropy parameter v ! is large, the roughening transition
could occur while if o is positive but large and then v ™!
is not large enough, the roughening would not be
favored. The quantity o, which reflects the energetic cost
of the generation of the (111) facet, depends on the ratio
of the surface energies: o;:0,. For the Pb(110) sur-
face, at T<300 K the large inward relaxation of the top
layer (as has been reported previously,!""!? the top layer
contraction is about 15.442.5%) results in a highly stable
(110) surface. Its surface free energy o, is much lower
than that without contraction. As a result, at low tem-
peratures the large top layer relaxation leads to a smaller
anisotropy parameter v~ ! and a larger o value. For such
v~ land o values, the Pb(110) surface would not undergo
a roughening transition. However, the observed anoma-
lous expansion of the top layer at T > 380 K, which is fol-
lowed by the large anharmonicity, almost eliminates the
contraction. Under this dramatically changed situation,
the “derelaxation™ significantly increases the free energy
0110 and hence the relative energetic cost to form the
(111) facet defects and the steps becomes much less than
that at low temperatures. Consequently, this “derelaxa-
tion drastically changes the critical quantities, ¢ and
v~ 1, such that the roughening is favored and leads to the
roughening transition at T~415 K.

The above qualitative discussion shows that the surface
anharmonicity plays a key role in the Pb(110) surface
roughening transition. A similar situation was also ob-
served in the Ni(110) surface.> More quantitative study
on this “derelaxation” induced anisotropic roughening
transition is desirable.
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