
VOLUME 60, NUMBER 12 PHYSICAL REVIEW LETTERS 21 MARcH 1988

Anisotropy of the Order-Disorder Phase Transition on the Pb(110) Surface
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Surface premelting of lead crystals has been examined by the measurement of integrated LEED beam
intensity as a function of temperature. In agreement with previous results, surface premelting on the
(110) surface begins well below the hulk melting temperature. Surface premeltiug is anisotropic in that
complete disorder is achieved at lower temperature in the [110] direction than in the [001] direction.
The interface between the ordered and fully disordered phases is atomically sharp for disorder along
[110]but extended along [001],where the substrate acts to preserve partial translational order.

PACS numbers: 64.70.Dv, 61.14.Hg, 68.35.Rh, 68.45.6d

Surface melting and premelting are subjects of great
current interest because of the variety of new phase-
transition phenomena which are induced by the presence
of the surface. ' " A number of solids display such
effects, including lead, lead-germanium interfaces,
argon, germanium, ' and ice." The terminology in this
field is not standardized: In the following, we define sur-
face melting to mean complete disordering, with a micro-
scopic structure resembling that of the three-dimensional
liquid. By premelting we mean a disordered state in

which some residual order is retained.
For the study of premelting, lead is a nearly ideal sub-

strate, because of its simple structure and low vapor
pressure. Frenken and co-workers have shown using
Rutherford backscattering spectroscopy (RBS) that the
Pb(110) surface undergoes a disordering process which
was described as complete surface melting for T & 580 K
(Pb melts at 600.7 K). They obtained a surface melting
temperature of 545 K, but they indicated that premelting
phenomena became detectable at 450 K.

In this study we have applied LEED to the problem of
surface melting. The results are complementary to those
of RBS, because LEED investigates long-range order
while RBS is sensitive to short-range correlation. LEED
has the additional advantage that ordering in specific
directions may be studied by the measurement of dif-
ferent diffraction beams, and that it is more surface sen-
sitive than RBS. We present here results which show for
the first time that surface premelting is anisotropic.
While long-range order is completely lost in the (10)
direction ([110]azimuth) at a temperature of =565 K,
some residual order is retained in the (01) beam ([001]
azimuth) up to 590 K.

We prepared single crystals of lead by spark cutting,
polishing, and sputtering with Xe, and annealing. Oxy-
gen was the only persistent contaminant and this was re-
moved by cycles of annealing and sputtering. Further
details are given elsewhere. ' Beam intensity, integrated
typically over (1-2)% of a Brillouin zone, was measured
with a spot photometer and a conventional LEED sys-
tem. Bartelt, Einstein, and Roelofs' have shown that

under appropriate circumstances, integrated LEED spot
intensity may be used to study phase transitions at sur-
faces.

Figure 1 shows a set of intensity-versus-temperature
curves for Pb(110), together with fitted Debye-Wailer
functions for the (10) and (01) beams. At lower ener-
gies, there is in general an anomaly at 540-550 K, above
which the intensities decrease much more quickly than
expected on the basis of Debye-Wailer behavior. The in-
tensity vanishes into the background at about 560 K for
the (10) beams and is constant thereafter. For the (01)
beam the intensity approaches the background more
slowly and stays slightly above it, even at 590 K. In con-
trast to Pb(110), Pb(111) LEED beams showed no such
anomaly and the intensity decreases in Debye-Wailer
fashion up to 590 K, the upper limit for most of our mea-
surements. ' This latter observation is consistent with
previous LEED results, ' but the observations for
Pb(110) are contradictory. The reasons for this dis-
agreement are unknown.

To extract quantitative information from the anoma-

400 460 520 580400 460 520 580
T(K) T(K)

FIG. 1. Intensity vs temperature for Pb(110), together with

Debye-Wailer functions fitted to the lower-temperature sec-
tions of the spectra. (a) (10) beam at primary energies 12, 20,
and 27 eV. (b) (01) beam at primary energies 6.5, 10, and 19
eV. For the lowest two energies, a negative bias of 12 V was

applied to the sample.

1146 1988 The American Physical Society



VOLUME 60, NUMBER 12 PHYSICAL REVIEW LETTERS 21 MARcH 1988

r

Tm
l lp ln

Trn Tp
=le ln-

Ep

where lo is a characteristic length, T is the bulk melt-

ing temperature, and To is a characteristic temperature
identi6ed as the temperature for the onset of surface dis-
ordering.

Two cases can be treated easily. First, if the
substrate-disordered phase is localized over distances

ious decrease in LEED intensity, we must eliminate the
influence of Debye-Wailer effects and compare the result
with an appropriate model. The Qrst step is easy: We
subtract the background intensity, and divide by a
Debye-Wailer function obtained from a least-squares fit
of the low-temperature part of the data. Typical curves
are shown in Fig. 2. They show constant intensity up to
about 500 K, indicating a good flt, and thereafter there is

a sharp decrease associated with disordering. The (10)
beam is consistently lower in intensity at a given temper-
ature than the (01) beam, indicating the anisotropy of
disorder. We now wish to describe quantitatively the de-
crease in intensity above 500 K. Theory indicates that
the thickness of the disordered layer grows logarithmic-
ally with temperature, and that the interface between the
ordered and disordered phases is delocalized. To test
whether our LEED results are consistent with these pre-
dictions, we assume a simple model. The intensity con-
tribution from depth z is equal to the square of the order
parameter multiplied by exp( —z/Xcos8), where A, is the
inelastic mean free path and 8 is the direction of the
diffracted beam relative to the surface normal inside the
solid. This is a kinematical model, although LEED at
room temperature is a dynamical process, but a dynami-
cal calculation is impossible because of the complexity of
the problem.

The distance l from the surface to the substrate-
disordered-phase interface grows logarithmically2:

I/Io - (t/to)
' ~". (2)

This result is formally similar to the case above, but the
exponent is independent of X and hence of the diffraction
angle 8. If we plot the logarithm of intensity against
ln(T —T) we should obtain a straight line whose inter-
cept with the temperature axis is ln(T —To), from
which we obtain To. In one case the slope is (1
+sec8)lo/A, and in the other 2lp/sp.

A log-log plot of the corrected intensities in Fig. 2 is
shown in Fig. 3. The data for the (10) and (01) beams
both exhibit straight-line sections over a limited temper-
ature range. The slopes of these sections are 4.5 and 1.7
for (10) and (01), respectively, underlining the direction-

small compared with A. , which is comparable to the lat-
tice parameter, the interface is atomically sharp. This
type of interface resulted from calculations by Trayanov
and Tosatti' ' for a van der Waals solid. The order pa-
rameter in the z direction is a steplike function, and
LEED intensity decays because the disordered overlayer
absorbs intensity. The absorption takes place for the in-

coming electrons penetrating the disordered layer as well

as for the outgoing diffracted electrons in the direction 8.
Hence the total electron path length where attenuation is
important is l+l/cos8. The temperature-dependent in-

tensity is then

I/Io (t/to)', a (1+sec8)lp/k.

The diffraction angle 8 for the (10) beam and 12.3-eV
kinetic energy was calculated in the free-electron limit

by the assumption of an inner potential of 10 eV. The
expression is independent of the assumption of kinemati-
cal scattering.

The second case which can be treated easily is an in-

terface which is much broader than A, . If we assume ex-
ponential decay of the order parameter in the disordered
phase, with interface width so, we obtain
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FIG. 2. Pb(110), decrease in intensity of LEED beams due

to disordering. Measured intensity minus background has been

divided by the Debye-Wailer factor and plotted against tem-

perature.

45352.5 3.0 4.0 5.0
in(T -T)

FIG. 3. Logarithm of intensity, corrected for Debye-Wailer
effects, vs logarithm of the melting temperature minus temper-
ature.
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al anisotropy. Extrapolation of the straight-line sections
for both beams yields a critical temperature of 543+ 3

K. This temperature agrees well with the corresponding
value of 545 K obtained by Frenken, Maree, and van der
Veen.

Since the (10) intensity becomes indistinguishable
from the background near 570 K, i.e., well below T, we

conclude that the thickness of the interface between or-
dered and fully disordered Pb along this azimuth must

be smaller than the maximum thickness of the disor-
dered layer visible by the electron beam with 12-eV pri-

mary energy. Because this maximum thickness is about
2X, and X, (12 eV) is small, ' the interface must be atomi-

cally sharp for order in the [110] direction. In other
words, the data for the (10) beam in Fig. 3 should corre-
spond to case (1) above, with the slope being (1
+sece)lo/X, . Using the value of in=6. 23 A obtained by
Frenken, Maree, and van der Veen for Pb(110) we cal-
culate X =3.5 A, which is reasonable. ' With this value

of A, we estitnate the thickness of the disordered layer as
a function of temperature from the data of Fig. 2. This
is shown in Fig. 4 and compared to the total number of
disordered layers obtained in Ref. 7. The agreement is

excellent. Because of the low value of X, at 12-eV pri-
mary energy, LEED is incapable of probing disordered

layers thicker than about 2 monolayers at 570 K.
The (01) beam intensity in Fig. 2 does not reach the

background at 590 K, a fact which indicates that for this

azimuth the width of the interface must be larger than
about 2k. Hence we argue that the behavior in the [001]
direction is typical of case (2) above, corresponding to a
delocalized interface of thickness so. The slope in Fig. 3

then is equal to 2lo/so which yields so = 8 A based on

the same lo as before. Because k is small at 10 eV, the

upper litnit of the information depth is the same as for
the (10) beam. However, since the interface thickness
for the (01) beam is now larger than A, , the measured in-

tensity of this beam is not a good measure of disordering
processes for thicknesses greater than about 7 A., i.e., for
T&570 K. Therefore the change in slope in Fig. 3 for

8

the (01) beam data at higher temperatures cannot be
easily evaluated.

The overall result is then a self-consistent picture of
the anisotropic disordering of the Pb(110) surface. The
order parameter in the [110] direction is characterized
by an atomically sharp interface (so & X) whereas in the
[001] direction it is about 8 A wide (so) X). The criti-
cal temperature of disordering for both directions is near
543 K in good agreement with the RBS study. It is
reasonable that To is the same for both azimuths be-
cause disordering in the two azimuths is a correlated
process.

Some insight into the reason for the anisotropy of sur-
face disordering is obtained by consideration of the
solid-liquid interface. The liquid may be regarded as a
randotnly close-packed phase' in which the interatomic
distance is only slightly larger than in the solid. (The
volume change of lead on melting is 3.5%, giving an
average bond-length change of 1.2%.) Metallic bonding
requires high coordination number, and to minimize in-
terfacial free energy, this high coordination must be con-
tinued across the solid-liquid interface. This is easy for
the (111)-liquid interface, which is expected to be sharp.
However for the atomically "rough" (110) surface this
transition is diScult. Good packing can still be achieved
in the [110] direction, but not in the [001] direction
where the interatomic distance is J2 times larger than
the distance of close packing. An interface with low in-
terfacial energy is only possible if the liquid structure
partly resembles that of the substrate. There is therefore
a tendency for the interface to delocalize, and for order
to decay slowly into the liquid in the [001] direction (see,
e.g. , Broughton, Bonissent, and Abraham' ). This de-
scription applies to the solid-liquid interface at the melt-

ing point, but the same principles apply to the premelted
surface.

In conclusion, we have demonstrated the anisotropic
nature of surface premelting on Pb(110). The onset
temperature is in good agreement with the value ob-
tained from RBS, and the thickness of the disordered
layer is also consistent. The previous controversy be-
tween LEED and RBS results ' has been resolved.

Illuminating discussions with E. Tosatti are gratefully
acknowledged, as well as access to results prior to publi-
cation.
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FIG. 4. Number of disordered layers vs logarithm of re-

duced temperature. The line taken from Ref. 7 represents the
number of "molten" plus disordered layers.
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