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Temperature dependence of interlayer spacings and mean vibrational amplitudes
at the Al(110) surface
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The Al(110) surface has been studied by low-energy electron diffraction experiments performed
in the temperature range from 40 to 890 K. The three outermost interlayer spacings, the inner
potential, and the rms-vibrational amplitudes normal to the surface were determined between 40
and 450 K by a kinematical analysis of the I(E) spectra. In this temperature range a negative
expansion coefficient for the first interlayer spacing and a temperature-dependent inner potential
was found. At higher temperatures the mean thermal expansion coefficient was derived by the peak-
shift method, taking into consideration the Debye-Wailer factor and the inner potential. A strongly
enhanced linear thermal expansion coefFicient was observed above 750 K.

I. INTRODUCTION

The temperature dependence of the structure and dy-
namics at solid surfaces depends mainly on the tem-
perature dependence of the surface free energy and on
the anharmonicity of the interatomic interactions at the
surface. Phenomena such as lattice relaxation, rough-
ening, and premelting, as well as the enhancement of
thermal expansion and of mean thermal vibrational am-
plitudes in comparison to the bulk values, are of funda-
mental interest. In order to elucidate these phenomena
and to develop and test microscopic models for surfaces,
detailed experimental studies of the structure and dy-
namics in wide temperature ranges up to the melting
point are needed. Recently, the temperature dependence
of structures of some surfaces has been investigated by
molecular-dynamics (MD) simulations by which the an-
harmonicity of the applied interatomic interaction is fully
considered.

The multilayer relaxation at the Al(110) surface
has previously been studied extensively at two dif-
ferent temperatures in low-energy electron diffraction
(LEED) experiments, combined with intensity calcula-
tions made within the framework of the dynamical scat-
tering theory. ~'2 It has been possible to calculate in model
calculations the multilayer relaxation for T = 0 (see Ta-
ble I), but no theoretical data are as yet available for
the temperature dependence of the outermost interlayer
spacings. The premelting effect at this surface was first
detected in LEED experiments and studied in detail in
medium energy ion scattering (MEIS) experiments4 s and
by MD calculations.

The thermal expansion at several other surfaces was al-
ready studied by LEED [Xe(111),s Kr(111) W(001)
Ni(001) (Ref. 12)] and MEIS [Pb(110) (Ref. 13)] ex-
periments as well as by model calculations [Kr(ill), ic

Cu(110),i4 Ni(110) (Ref. 15)]. Strong enhancements of
the thermal expansion normal to the surface in compar-
ison to the thermal expansion in the bulk were found in
these cases, at least at high temperatures.

We performed LEED experiments between 40 and 890
K. By kinematical analysis of the I(E) spectra taken in
the low-temperature range (40—450 K) it was possible to
determine the first three interlayer spacings as well as
the mean vibrational amplitudes normal to the surface
in the first two outermost layers as well as in the bulk.
The method used in this data analysis is equivalent to the
method applied recently in the analysis of surface x-ray
diKraction data for other surfaces.

At higher temperatures we use the well-established
peak-shift method ' " by which a mean thermal expan-
sion coefBcient averaged over the penetration depth of
the electrons could be derived.

This paper is organized as follows. In Sec. II the ex-
perimental conditions and in Sec. III the methods used
for the data analysis will be described; the results will be
presented in Sec. IV and discussed in Sec. V.

II. EXPERIMENT

The experiments were performed in a UHV chamber
equipped with a reverse-view LEED system, Auger elec-
tron spectroscopy (AES) system, 2-kV sputter gun, and
quadrupole mass analyzer. The base pressure in the
chamber is —5 x 10 mbar. The surface of the com-
mercial Al crystal (10 mm diam, 99.999% purity) is cut
parallel to the (110) surface with an accuracy of 0.15'.
The surface is cleaned by alternating Ar+ sputtering and
annealing at 800 K until no more contamination is de-
tectable by AES spectroscopy (0 contamination & 0.01
ML). The difFracted intensity is measured with a video-
LEED system. The LEED optics is a conventional three-
grid optics which allows partial separation of the inelastic
background. The I(E) spectra of the specular spot are
measured by direct integration of the intensity contained
in a window around the spot position.

The data presented in the next section are collected
from several independent runs under variation of the
sample temperature starting with a freshly prepared sur-
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face in each case. The temperature was stabilized within
+1 K.

Qg(&g)
Ez~ T 16 ln 2

(4)

III. METHODS OF DATA ANALYSIS

A. Peak-shift analysis

The Bragg condition for a specular reflex is given by

150.4&a=@a +&i — 2, & )
4dg cos 8

where E~ (eV) is the expected position of a Bragg peak
in the I(E) spectra, V; (eV) is the inner potential, 8 is the
incident angle with respect to the normal of the surface,
d~ (nm) is the interlayer spacing, and n is the difFraction
order. The mean linear thermal expansion coefBcient av-
eraged for the first interlayer spacings as determined by
the mean free path of the electrons de6ned by

1 Bdg
BT

can be derived with Eq. (1) as

1 BlnE~ 1 Bin(E~ + V~)

2 BT 2 BT

1 B ln I/Io a2

EJ2 BT 16ln 2' (3)

which is equivalent within the Debye approximation to
the following term:

The applicability of this peak-shift method was clearly
demonstrated by Cao and Conrad~z and Webb and
Lagally. In general, the inner potential has to be con-
sidered at least for low- and medium-energy electrons.
In the determination of E~ as a function of the temper-
ature the influence of the Debye-Wailer factor on E~ has
to be considered, too, because this effect would reduce
the value of n [Eq. (2)] by the term

with g(u2&) the rms vibrational amplitude. The refine-
ment of the peak-shift method by considering both the in-
ner potential and the Debye-Wailer factor will be demon-
strated below.

The data analysis described above is correct if the con-
tribution from multiple scattering to the measured inten-
sity is negligible. Since multiple scattering would depend
on the incidence and azimuth angles, a kinematical anal-
ysis of the data is justified if n is independent of these
angles. Such a proof was already successfully applied in
an earlier work by Cao and Conrad. ~z

B. Kinematical calculation of I(E) spectra
and parameter determination

Instead of the dynamical theory we use the kinemati-
cal difFraction theory for data analysis because we intend
to show that a kinematic analysis can be made if the ex-
periment is optimized accordingly. An advantage of the
kinematical theory is the significantly reduced expendi-
ture in terms of calculation work.

Whereas, on the one hand, no kinematical analysis has
been made so far to determine the temperature depen-
dence of interlayer spacings and of mean vibrational am-
plitudes by I EED experiments, this method, on the other
hand, is well established in the study of step density,
growth processes, and roughening transitions by LEED
experiments. ~ In all these cases multiple-scattering
efFects have been neglected, i.e. , they do not affect the
information obtained. In our case, the influence of
multiple-scattering effects is checked in a peak-shift anal-
ysis as described above.

Since the aim of the analysis is the determination of the
interlayer spacings, the I(E) spectra of the specular reflex
(00) are the most sensitive quantity to be measured.

Within the framework of the kinematical diffraction
theory the I(E) spectra for the specular Bragg reflex of
a monoatomic lattice is given by the following equation:

2
Ng

I(E 8) N] Nz ).f(E, 8) exp (~Qiri &) exp
~

—
A

'8
~
exp( ——,

'
Q~ (a~, ))Acos8)

with Nq and N2 being the numbers of the atoms in the
two main directions of symmetry parallel to the surface,
N~ the number of atom layers which contribute to the
scattering intensity, Q~ the perpendicular momentum
transfer, Q~ =

&
' eos(8)QE+ V;, and r~ ~ the posi-

tion of the layer j perpendicular to the surface. The scat-
tering amplitude f(E, 8) was calculated from the phase
shifts provided by van Hove;24 it depends strongly on the
electron energy between 10 and 100 eV showing the maxi-
mum at about 70 eV and a slow and monotonous decrease
above 100 eV. A(E) is the electron mean free path, 25

which is responsible for the fact that only a few (N~)

I

layers contribute to scattering. The factor of 2r& ~/ cos 8
is due to the total path of the electron beam inside the
crystal. The energy dependence of A was described in
Ref. 25 by the following empirical equation:

A(E) = a
~

+ 0.41v'aE ~,
f 538

r' (6)

derived by adaption to experimental mean free path data,
where a (nm) is the monolayer thickness. A theoretical
analysis2 has shown that the attenuation of the electron
beam is due mainly to inelastic processes.
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In order to study the influence of the angular and en-
ergy uncertainties on the peak width, calculations con-
sidering Gaussian resolution functions were performed.
It appeared that the full width at half maximum of
the Bragg peaks in the I(E) spectra are caused mainly
by the small penetration depth and the influence of
the energy and angle uncertainties can be neglected
under the present experimental conditions. The term
exp( —Q2&(uz& )) with the rms thermal vibrational am-

plitude g(u&) is the Debye-Wailer factor.
The interlayer spacings d,z and their relative changes

with respect to the bulk values Ad, o are related to r~ ~

as follows:

C
8
C

120 240 360 480 600 720

d bulk
d,, =rg, —rg„Ad, , =

dbulk

In our calculation we assumed that only the rms-
vibrational amplitudes in the first two outermost layers
are greater than in the bulk, because results from MEIS
experiments [Pb(110) (Ref. 13) and Al(110) (Ref. 4)]
were compatible with a 50Fo enhancement of the rms-
vibrational amplitudes in the first and 25% the second
layer.

Figure 1 shows a comparison between a calculated
[Eq. (5)] spectrum and an experimental I(E) spectrum
recorded at 76 K. The parameters for the simulation are
taken from the literature. i 27 Two types of peaks can
be clearly recognized in both spectra: the Bragg peaks
which appear at the energies E~, and between them, the
broad peaks caused by lattice relaxation. The very good
qualitative agreement between both spectra is an indi-
cation of the applicability of the kinematical scattering
theory to Al(110) LEED data.

For a quantitative comparison of experimental I'(E)
and calculated I'(E) spectra we applied the following
reliability factor s

because calculations with difFerent B factors showed that
we got the best fits, controlled by eye, with the advantage
of a short converging time, when we used this Rl factor.

To get the best fit we used the so-called GRID-search
algorithm28 in order to find the minimum of Bl. This
algorithm offers the advantage that the procedure of op-
timisation and the optimum values of the parameters are
relatively insensitive to the initial values of the param-
eters. The following parameters were varied in the fit
procedure and their starting values were taken from the
literature as indicated below.

Interlayer spacing for the bulk. Temperature-
dependent data are extracted from single crystal
densities s and thermal expansion coefficients. so Both
data sets show a very good agreement with each other.

Interlayer spacing for the first four layers and the inner
potential at T=ZOO K. The data were taken from the
LEED data analysis (see Table I).

Energy (ev)

FIG. 1. Comparison between an I(E) spectrum (solid
line) measured at T = 76 K with 8 = 7' and a kinematically
calculated spectrum (dashed line) according to Eq. (5) with
relaxation parameters taken from Ref. 1 and bulk vibrational
amplitudes from Ref. 27.

rms vibrational amplitude for the bulk and an enhance
ment of the rms vibrational amplitudes in the first taboo

layers of 50Fo for the first layer and of M% for the sec
ond layer. The enhancement was chosen on the assump-
tion made for the description of MEIS data. 3 The bulk
values are calculated from temperature-dependent theo-
retical data " which at 300 K are in good agreement with
an average value derived from a number of experimental
results.

A background tUith linear dependence on the electron
energy. This background is due to a constant electronic
noise as well as to energy-dependent diffuse scattering.

The statistical uncertainties of the optimized parameters
are directly evaluated from the last iteration step width
of the variables. s

For an optimal application of the described method
of kinematical data analysis a suitable range of electron
energies has to be selected. On the one hand, the en-

ergy should be so high that the scattering amplitude is
not strongly energy dependent (i.e. , greater than 100 eV)
and, on the other hand, the energy should not be so high
so that the scattered intensity would not be reduced too
much by the Debye-Wailer factor. For this reason, we
have selected a range of electron energies between 130
and 320 eV. For data analysis a constant scattering am-
plitude was assumed; this is justified because the weak
energy dependence of f(E, 8) in the selected range of
energies has a negligible inBuence on the Btting parame-
ters. This energy dependence of f(E, e) would cause an
increase in. the resulting vibrational amplitudes smaller
than their statistical uncertainties since the intensity de-
pends exponentially on the square of the vibrational am-
plitudes.

The temperature range for which the LEED data are
sufficient to make a layer-resolved analysis is limited first
by the decreasing peak to background ratio due to the
Debye-Wailer factor and the inelastic background and
second by the influence of the step formation on the I(E)
spectra. For Al(110) the roughening transition was found
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TABLE I. Comparison of measured and calculated relative interlayer spacings for the Al(110)
surface.

Reference

Barnett et al. (Ref. 49)
Ho and Bohnen (Ref. 43)
Chen et al. (Ref. 51)
Eguiluz (Ref. 42)
Ning et aL (Ref. 50)
Smith and Baneciea (Ref. 48)
Ditlevsen and Ngrskov (Ref. 45)
Anderson et al. (Ref. 1)
Noonan and Davis (Ref. 2)
Present work
Present work

Theory
Theory
Theory
Theory
Theory
Theory
Theory
LEED
LEED
LEED
LEED

(K)
0
0
0
0
0
0
0

100
297
70

316

(Fo)
-10
-6.8

-10.36
-5.4

-10.47
-10.1

-6
-8.6
-8.5
-6.9
-7.6

Ad23
(Fo)

3.5
3.23
1.2

3.64
4.8

1
5.0
5.5
4.1
5,0

Ad34
(%)
-3

-2.0
-2.58
-3.0
-2.93
-0.4

-1.6
2.2
-3.7
-3.2

Ad45
(~0)

1.6
1.58

-1.45

1.6

to appear between 400 and 500 K.ss ss An introduction of
a step parameter into Eq. (5), as demonstrated in Ref. 16,
was not successful due to the restricted range of energies.
The maximum sample temperature for the analysis has
been found to be about 450 K.

The selected range of the incidence angles 8 was be-
tween 5.5' and 8' because the agreement between the
measured and calculated I(E) spectra are best there. At
greater incidence angles (8 ) 12') the measured spec-
tra exhibited additional structures which have not been
found in the calculated spectra.

IV'. R.ESULTS

separable from the background. A computer program
was used to determine the energy of the maxima of the
peak under consideration of the background intensity.
Such peak profiles were measured at different incidence
(5' & 8 & 19') and azimuth angles (0' & C & 70').
The energy values of the peak maxima are corrected ap-
plying a temperature-independent inner potential of 12
eV,s4 ss as described in Eq. (2). In Fig. 3(a) ln[E/E(0)]
is plotted, where E(0) is the peak position at 40 K. The
line drawn is a least-squares fit to all data indicating a
constant expansion coefEcient up to 750 K; a nearly con-
stant value has been expected from literature data for
the bulk. so Above 750 K the peak shift is strongly en-

A. Peak-shift analysis

Before starting the data analysis according to Eq. (5)
it has to be examined whether multiple-scattering effects
can be neglected. Figure 2 shows the specular reflex (002)
at an energy of about 64 eV for two different tempera-
tures with the same scale of intensities. The peak shift
is apparent and, also at 873 K, the peak is definitely

-0.01.

-0.03

-0.05

UJ

(a)

-0.04

-0.03

U)
C
6
C

-0.05

50 150 250 350 450 550 650 750 B50

T (K)

40 48 56 64

Energy (eV)

72 80 88

FIG. 2. I(E) spectra for the specular spot around the
(002) position for T=40 and 873 K. The incidence angle is
6t = 9'.

FIG. 3. The logarithm of the peak position (energy shift
with respect to the value at 40 K) vs temperature with a fit-
ted straight line. Each symbol corresponds to a measurement
with a different incidence or azimuth angle: (a) For an elec-
tron energy of 64 eV the symbols denote the following. Q:
8 = 6.5', C = 0', +: 8 = 5', C = 10' ~: 8 = 7', C = 70',
&: 8 = lg', C' = 0'. (b) For an electron energy of 285 eV the
symbols denote the following. &: 8 = 6, C' = 0; Q: 8 = 5
C =10', +: 8=7', C =70'; x: 8=5.5', C =0'.
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hanced. The analysis leads to an n value three times
greater than the value below 750 K. Figure 3(b) shows
the data for the (004) peak at about 285 eV. At this
energy the measurement ends at 480 K because, due to
the decreased Debye-Wailer factor, the intensities of the
peaks at higher temperatures were too low compared to
the background to allow the peak maxima to be evalu-
ated. The quantitative data analysis for determination
of the thermal expansion coefficient derived from the two
different Bragg peaks is given at the end of Sec. V, be-
cause the temperature dependence of the inner potential,
which is needed for the derivation of o., will be discussed
later.

The experimental results shown in Fig. 3 indicate that
multiple-scattering effects have no significant influence
on the peak shift. The deviations of the data obtained
by measurements with different angular parameters are
within the experimental errors. This result, together
with the overall agreement between measured and cal-
culated I(E) spectra depicted in Fig. 1, justifies the ap-
plication of the kinematical theory according to Eq. (5)
in the analysis of the experimental I(E) spectra.

I

-12.9
I

I

—6.9
I
I

-0.9

a d (X)
12

FIG. 5. Perspective view of the Rl factor as a function of
Ady2 and Ad23, constructed for fixed, optimum values of the
other parameters derived from an I(E) spectra at 70 K.

B. Analysis of the I(E) spectra

As discussed in Sec. III, a quantitative analysis of the
I(E) spectra is possible only in a restricted range of ener-
gies. The results of the fitting procedure for I(E) spectra
at 70 and 321 K are shown in Fig. 4 where the experi-
mental data are plotted together with calculated data
corresponding to the best fit. The Bl factor derived from
the data at T = 70 K is 0.091 and at T = 321 K it is
0.031. These values demonstrate the high quality of the
fits implying that the temperature dependence of inter-
layer spacings, rms vibrational amplitudes, and the inner
potential can be determined. The value of the B1 factor
for all fits are in the range of 0.032 & Bl & 0.16. A
perspective view of the Rl factor as a function of Adi2

and Ed2B for the data at T = 70 K is shown as an exam-
ple in Fig. 5. This plot demonstrates that a well-defined
minimum exists of the Bl factor as a function of the pa-
rameters Adit and Adzs. Whereas these two parameters
were varied, the other parameters were maintained at
their optimized values. The smallest Rl factor of 0.091
is found for cadiz = —6.88Fo and Qd23 —4.11Fo.

1. Temperature dependence of the multilayer
relaxation

A series of I(E) spectra were measured and analyzed
for a temperature range from 40 to 420 K. For I(E) spec-
tra at higher temperatures the peak to background ratio
is too small due to a small Debye-Wailer factor and due
to high thermal difFuse scattering so that it is impossible
to get a good fit. In Fig. 6 the results of the fits are shown

T=70 K
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T= 321 K

~ ~ ~ I g~~++~ ~ ~ ~ ~ ~ ~ ~

0
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Ener gy (e Y)
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++

+
,+ +~ I+

+ + +
+ +

+ . +
~a 4-+ ~ +-+=~ ~ Ous+
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T (Kj

FIG. 4. Intensity vs energy I(E) spectra for two difFer-
ent temperatures. + are the experimental data and the line
represents the best fit with calculated data according to Eq.
(5). Angle of incidence is 8 = 8'. The ~alue of Rl is 0.091 at
T = 70 K and 0.031 at T = 321 K, respectively.

FIG. 6. Temperature dependence of the interlayer spac-
ings at the surface and in the bulk. The straight lines are
results of a fit to the data representing the thermal expan-
sion. Q are the bulk interlayer spacings taken from Ref. 30.
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8. vms displacements notional to the surface

As discussed in Sec. III, the rms vibrational amplitudes
in the bulk and in the first two layers normal to the sur-
face are also fitting parameters. Figure 7 shows the val-
ues of the temperature dependence for these parameters
obtained by the fits. In the lower part of Fig. 7 the rms

0.018

0.Ol. 4

0.010
O

0.006

Cl

a) 0.014

0.010

0.006

0.002
0 50 100 150 200 250 300 350 400

(Kj

FIG. 7. Temperature dependence of the rms displace-
ments normal to the surface for atoms in the bulk and in
the first two layers. In the upper figure the experimental re-
sults for the bulk (+ and straight line), the first layer (0 and
dashed line) and the second (Q and solid line) are drawn to-
gether with fitted curves to show the tendency of the data.
In the lower figure the results for the bulk (+) are shown
in comparison to theoretical data (Cl) (Ref. 27) and to other
experimental data (s) (Ref. 36).

for the first three and the bulk interlayer spacings. The
data for each interlayer spacing were fitted with a straight
line in order to derive the linear thermal expansion co-
efBcient and to visualize the temperature dependence of
the data. For comparison of the results for the bulk in-
terlayer spacing with data from the literature, the bulk
values from Hatchso are also plotted in Fig. 6 (open cir-
cles). There is good agreement between our results and
the literature data for thermal expansion.

The contracted first interlayer spacing at the surface
decreases with increasing temperature. The results yield
a contraction with a coefFicient of —24 x 10 6 K for the
first interlayer spacing with a statistical error of about
10%. Analyzing the expanded second interlayer spacing
d23 we obtained a thermal expansion coeKcient which
is about two times greater than the bulk value from
literature, which is 24 x 10 K . The contracted
third interlayer spacing behaves in the same way as the
interlayer spacing in the bulk. Due to the large number of
measured I(E) spectra, the resulting temperature depen-
dence of the interlayer spacing is obviously not caused by
statistical errors. The similarity between the bulk expan-
sion coefficient taken from the literature (24 x 10 s K i)
and the present result (32 x 10 s K i) considering the
statistical error, provides a good evidence of the quality
of these results.

vibrational amplitude determined for the bulk is plotted
together with theoretical 7 and experimentalM data. The
straight line is a fit to the theoretical data which shows
that these data are well described by a linear tempera-
ture dependence. The experimental data show also a lin-
ear temperature dependence and the absolute values are
in good agreement, too. This result is the first confirma-
tion of theoretical data in a large range of temperature,
since up to now only rms vibrational amplitudes for a
few temperatures have been available. The scattering of
the experimental data is due mainly to statistical errors
of the fit procedure and partly also due to instabilities in
the electron beam current.

In the upper part of Fig. 7 the results are shown for
the rms vibrational amplitudes in the two outermost lay-
ers together with the rms amplitudes for the bulk. The
fitted parabolic lines are traced as a guide to the eyes.
The rms amplitudes in the first and second layers are ob-
viously equal within the limits of the experimental errors
and show a similar temperature dependence. The rms
vibrational amplitudes in the first two layers are larger
by about 29% at 300 K and by 38% at 450 K than the
corresponding values for the bulk.

8. The inner potential

In all structure determinations using electrons, such as
LEED and TEM, the inner potential is an indispensable
parameter. In I EED data analysis which is performed by
comparison with data calculated within the framework
of the dynamical scattering theory, the inner potential
is a fit parameter, although it should, in principle, be
possibleir to calculate it with the same atomic potential
used in calculation of the phase shifts.

The most direct experimental method for determin-
ing V~ is the analysis of the phase shift of the electron
waves due to the material by means of an interference
microscope. ' V, values for Al obtained by difFerent
methods at difI'erent electron energies are collected in Ta-
ble II; they range from 9.3 eV up to 18.2 eV with a mean
value of 12.5 eV. The temperature dependence of V, of
Al has not been studied as yet.

In Fig. 8 the Rl factor is plotted versus V, as obtained
from the I(E) spectrum measured at T = 70 K. The
other parameters were fixed at their optimized values in
the calculation of the Bl factor. The R1 factor depends
strongly on V, so that its minimum value of 0,091 is well
defined.

The results for V, are presented in Fig. 9 as a function
of temperature where the averaged temperature depen-
dence is shown as a line. In spite of the statistical un-
certainties, the data provide clear evidence that the inner
potential decreases from about 15 eV at 40 K to 12 eV at
420 K. The observed change of V, is large in comparison
to the temperature dependence of the work function for
a metal which is expected to be —(10 4—10 s) eV/K. 4o

There is only one publication in which the temper-
ature dependence of the inner potential has been de-
scribed; it is an electron interference microscopy study
for Bi. In that case, the inner potential decreases with
increasing temperature, too. The decrease depends on
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TABLE II. Comparison of various experimental and theoretical results of the inner potential of
aluminum. (EIM denotes electron interference microscopy. )

Reference
Andersen et al. (Ref. 1)
Noonan and Davis (Ref. 2)
Laramore and Duke (Ref. 53)
Nielsen and Adams (Ref. 34)
Hoffman and Jonsson (Ref. 38)
Buhl (Ref. 35)
Keller (Ref. 37)
Keller (Ref. 37)
Siota (Ref. 52)

Method
LEED
LEED
LEED
LEED
EIM
EIM
EIM
Theory
Theory

T (K)
100
300
300
300
300
300
300
0
0

V, (eV)
9.3
10.1
16.4
11.6
11.9
12.4
13.0
18.2
9.93

the radius of the examined Bi spheres. The authors as-
sume that this behavior is due to a variation of U, near
the surface. To estimate this temperature dependence of
the inner potential, the authors referred to the tempera-
ture dependence of the diamagnetic susceptibility which
is connected to the inner potential, as reported in Ref. 41
and they found good agreement. Such an estimation is
not possible in the case of aluminum because it is para-
magnetic.

The inner potentials of both aluminum and bismuth
decrease with increasing temperature, but more theoret-
ical and experimental work is necessary to clarify this
phenomenon.

C. Corrected peak-shift analysis

As discussed in Sec. III the measured peak shifts (Fig.
3) must be corrected in order to be able to determine
the thermal expansion coeKcient with respect to the in-
fluence of the rms vibrational amplitude [Eq. (4)] and of
the inner potential and its temperature dependence [Eq.
(2)]. The values of the inner potential shown in Fig. 9 are
obtained from the fit described above in addition to the
interlayer spacings and rms vibrational amplitudes as al-
ready mentioned. As it cannot be excluded that the inner
potential depends on the electron energy and shows a dif-

ferent temperature dependence for electrons with lower
energies, it is not sure whether the corrected data for
the 64-eV peak are vahd. In Table III a comparison is
made of the thermal expansion coeKcients derived from
the peaks at 64, 156, and 285 eV with their corrected
values.

The correction of the thermal expansion coeKcient of
11 x 10 s K r derived from the (004) peak using an rms
vibrational amplitude of the bulk of 0.105 nm at room
temperature and assuming the Debye approximation
for the rms vibrational amplitudes leads to a correction
of —3 x 10 6 K, and the temperature-dependent inner
potential gives finally a value of 22 x 10 K, which due
to the relatively large electron penetration depth should
correspond to the bulk thermal expansion. Indeed this
result is in good agreement with the literature value for
the expansion coeFicient of the bulk of 24 x 10 K

The peak-shift data from the (002) peak at about 64 eV
give a corrected value of 48 x 10 6 K, which is strongly
enhanced compared to the bulk value and the coefficient
derived from the analysis of the I(E) spectra. This result
should be regarded with caution because of the unknown
temperature dependence of the inner potential at that
energy, but the data were helpful when looking at the
influence of multiple scattering. The strong increase of
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FIG. 8. Rl vs V, calculated for optimum values of the
other parameters obtained for an I(E) spectrum taken at 70
K.

FIG. 9. The temperature dependence of the inner poten-
tial of aluminum. The fitted line is just a guide to the eye.
The error bars are due to the statistical errors of the fits. The
results are derived for the electron energy range &om 130 to
420 eV.
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TABLE III. Comparison between corrected and uncor-
rected values of the thermal expansion coefBcient n for difer-
ent electron energies derived for a temperature range from 40
to 450 K.

Peak energy
(eV)
64
156
285

~ (10-e K-i)
uncorrected

21
12
11

Q. (10 K )
corrected

48
30
22

the peak shift above 750 K is correlated to the onset of
premelting at that surface as observed with MEIS.4 The
uncorrected value of n is 21 x 10 s K i between 40 and
750 K and 64 x 10 K above 750 K up to 890 K.

The results for the (003) peak at an energy of about
156 eV have been corrected with respect to the known
temperature dependence of the inner potential. The cor-
rected value is 30x10 K, with an error that is greater
than for the (004) peak, due to the stronger influence of
the error of the inner potential.

V. DISCUSSION

No theoretical results are available for the tempera-
ture dependence of the interlayer spacings, the thermal
expansion coefficient, and the rms vibrational amplitudes
at the Al(110) surface. Hence the experimental results
are discussed in relation to theoretical work for other fcc
(110) surfaces.

The interlayer spacings at the surface and in the bulk
were determined by the kinematical analysis of the I(E)
spectra for a wide range of temperatures. A compari-
son is made in Table I between measured and calculated
interlayer spacings taken from the literature and typi-
cal fit results of this work. The references are sorted
chronologically starting with the earliest publication in
1983. All theoretical calculations except those in Ref. 42
yield a damped down oscillating relaxation. To get an
overview of the results of the theoretical calculations, it
is recommended to look at the range of the first two in-
terlayer spacings: The values of Adi2 range from —5.4%
to —10.5% and of Adzs range from 1% to 4.8%. These
theoretical results do not agree well. The reason for the
scattering of the theoretical data has not yet been ana-
lyzed, and these model calculations do not consider any
temperature dependent effects. Also the origin of the dif-
ferent signs for Ads4 obtained in the experimental stud-
ies based on the dynamical theory data analysis is not
known.

The present results obtained at 70 K show a good
agreement with the results from first-principles calcu-
lations made by Ho and Bohnen;4s only the values of
Ad2s and Ad34 are slightly higher. The larger devia-
tion of Ad34 from the theoretical results could be due to
a greater error regarding the deeper interlayer spacings
because the sensitivity of the method decreases with in-
creasing depth. The results obtained at 316 K deviate by
a greater amount from the results proposed by Ho and
Bohnen, but this could be due to the neglect of tempera-
ture dependency in the model calculations. Qualitatively,

our results agree with the results of Anderson et al.
Analyzing the temperature dependence of the inter-

layer spacings for the bulk we get a thermal expansion
coefficient for the bulk of 32 x 10 K . This is by
about 30% higher than the literature value of 24 x 10
K i. If we assume a statistical error of about 10—15%,
the estimated maximum systematical error is about 25%.
This large error is due mainly to the very small increase
of the lattice constant in that temperature range and the
relatively weak sensitivity to the bulk behavior of this
method because of the small penetration depth of the
electrons.

For the first interlayer spacing we found an increas-
ing contraction with increasing temperature which gives
a linear thermal expansion coefficient ni2 of —24 x 10
K . This sign of o.i2 is in contradiction to calculations
according to a quasiharmonic method proposed by Jayan-
thi, Tosatti, and Fasolino for the copper (110) surface.
For temperatures of less than 0.7T~ they found a ther-
mal expansion coefficient for the first interlayer spac-
ing which is of the same magnitude as the bulk value,
and for increasing temperature, T ) 0.7T, an enhance-
ment of nip compared to the bulk. Other calculations
using MD simulations for the same surface in which
the embedded-atom theory was used showed a small con-
traction of di2 of 13 7—% to. —14.0% in the temperature
range from 0 K up to 0.4T~. At T ) 0.4 —0.5T~ thermal
expansion at the surface begins to increase. The small
contraction of dq~ with increasing temperature between
0 K and 0.4T corresponds qualitatively to the contrac-
tion found for Al(110) considering that the measurements
were made up to T = 450 K —0.5T~ (T~=933.6 K). To
prove the theory it is necessary to make specific calcu-
lations of the temperature dependence of the mulitlayer
relaxation of Al(110).

The data in Fig. 3(a) of the (002) peak are strongly
influenced by surface effects because at this energy the
mean free path A is only about 0.5 nm. 2s The layer (i.e. ,

N~), which contributes to the scattering, is in this case
about 0.3 nm thick; consequently, the derived linear ex-
pansion coefficient depends mainly on the expansion of
the first two interlayer spacings. For this reason the
strong decrease of Ln[E/E(0)j above 750 K (T ) 0.8T~) is
due to a surface effect. This increase of a is correlated to
the onset of premelting on that surface as shown by other
experimentss s and theoretical studies. s s In molecular-
dynamics simulations it is shown compared with experi-
mental MEIS datas that above 750 K the occupied frac-
tion of a top layer decreases and the occupied fraction of
the adatom layer increases, starting at zero. The appear-
ance of adatoms is strongly correlated with the onset of
disorder at the surface. Other MD calculations predict
the melting of the first three layers 200 K below the melt-
ing point at about 730 K. Thus the increase of o, at 750
K is an indication of the onset of disorder and premelting
at the surface. The enhanced interlayer spacing may be
a precondition of premelting.

The penetration depth of 285 eV electrons is about two
times bigger than that of 64 eV electrons so the surface
sensitivity of the former is weaker and the value derived
for n (22 x 10 s K i) corresponds to the value for the
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bulk. 30

For the second interlayer spacing d23 we have deter-
mined an expansion coeIIIicient of 55 x 10 K . This
apparently seems to be in contradiction to the discussion
above, but for comparison with the peak shift results the
mean value of the first three interlayer spacings must be
taken which leads to a mean o; of about 22 x 10 s K
corresponding to the bulk value. This is in good agree-
ment with the results found for Ni(001) (Ref. 12) and
Pb(110), s too.

The third interlayer spacing gives an a of about 32 x
10 s K i, which within the errors band is the same as
the bulk value.

A lot of calculations have been made about the onset of
premelting at the Al(110) surface, s s but they have not
revealed results concerning the temperature dependence
of relaxation.

Other experimental results of the thermal expansion
of the following surfaces: W(001),ii Ni(001), iz and
Pb(110),is showed also an enhanced expansion com-
pared to the bulk at temperatures higher than 0.5 0.7T~. —
These expansion coeKcients are mean values of the first
two or three interlayer spacings depending on the used
experimental method.

The contraction of the first interlayer spacing in the
low-temperature range can be illustrated by a force
model described by Ditlevsen and Nprskov for Al(110):4s
To reduce the corrugation of a (110) surface a contrac-
tion of the first interlayer spacing and an expansion of the
second interlayer spacing are necessary. The authors give
an explanation of the contraction by model calculations
based on the efFective medium theory using force con-
stants. They found that the force constant between the
first and the second layer is greater than the constants
between the other layers beneath. The temperature de-
pendence of the force constants may cause an increase
in the ratio of the constants between the first and the
second layer and the bulk. An increasing ratio for in-
creasing temperature would cause a contraction of dq2
and a negative expansion coeKcient.

Such an effect could be visualized by considering the
different interatomic interactions between the interlayers
at the surface. Neither the atoms in the first nor the sec-
ond layer have nearest neighbors in a direction normal to
the surface. If we assume that the anharmonicity of the
interaction of atoms normal to the surface in the second
layer is greater than that of atoms in the the first layer,
an increasing temperature would lead to an increasing
contraction of di2 and a negative expansion coefficient.
Except for the errors and Huctuations in the data the
rms vibrational amplitude in the first layer normal to
the surface is of the same magnitude as in the second
layer (Fig. 7). This result supports the thesis that the
anharmonicities of the potential in the first and second
layer should be similar. The data from measurements
made with MEIS on Pb(110) (Ref. 13) and on Al(110)
(Ref. 4) can be described with an enhancement of the rms
vibrational amplitude normal to the surface amounting
to M% in the first and 25'%%uo in the second layer, related
to the bulk. These MEIS results are also different from
the results of MD simulations obtained by Barnett and

Landman for Cu(110). The authors found that be-
low 1000 K the rms vibrational amplitudes in the first
layer are smaller than those in the second. On the other
hand, the present results are in good agreement with
MD calculations made by Yang and Rahman. These
authors derived a similar enhancement by about 45'%%uo

of the rms vibrational amplitude in the first two layers
compared to the bulk at T = 150 K. But at tempera-
tures above 300 K the rms vibrational amplitudes in the
second layer are also greater than in the first layer, the
enhancement amounting to 58% compared to the bulk.
Thus the rms vibrational amplitudes derived in the kine-
matical analysis for Al(110) show an enhancement simi-
lar to the results of the MD calculations for Cu(110),4s

which is also in good agreement with MD calculations
for Ni(110). s Whereas the rms vibrational amplitudes
for bulk atoms are nearly proportional to the tempera-
ture, which is in agreement with the prediction by the
microscopic theory, z~ the amplitudes in the first two lay-
ers increase more than linearly with the temperature.

Finally, let us ask if one can set some criteria on the ap-
plicability of kinematical LEED data analysis. In a series
of previous LEED studies s s the difFraction data
have been analyzed in the framework of the kinemati-
cal theory. It seems to be astonishing that the energy-
dependent data taken for the analysis of steps can be
evaluated under neglection of multiple scattering.
On the other hand, the dynamical theory has to be used
for the description of diffraction data if the primary ex-
tinction, depending on the value of the scattering ampli-
tude and on the perfection of the sample crystal, domi-
nates the beam attenuation. 47

The electron mean free path used in our analysis is
determined by inelastic processes only. 2s s Since the ex-
perimental I(E) spectra are well described by the cal-
culated kinematical spectra using these data, we may
assume that the primary extinction and hence also the
multiple scattering are negligible for the selected scat-
tering geometry. But this good agreement holds only
for incident angles smaller than a certain critical angle.
For greater incident angles additional structures, not re-
producible using the kinematical theory, were observed.
This may be due to the strong enhancement of the scat-
tering amplitude f(E, 0) in the forward direction. i Such
an effect could be explained qualitatively in a simplified
picture as follows.

Let us consider a surface layer whose thickness is given

by the electron penetration depth. For small incident
angles the forward-scattering cone of waves emanating,
for example, from an atom in the first layer does not
meet atoms outside the row of atoms underneath. For
the atoms in the cone, approximated as point scatterers,
the scattering geometry is the same for the primary wave
and, for instance, a secondary scattered wave, so that sin-
gle and multiple scattering is indistinguishable. However,
for sufhcient large incident angles atoms in neighboring
rows will be met and multiple scattering with different
scattering geometry becomes probable. As a matter of
fact, the step-analysis experiments mentioned above were
performed at small incident angles.

It should be mentioned that the peak shift test applied
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to prove the role of multiple scattering is obviously not as
sensitive as the comparison of measured and calculated
I(E) spectra. In the former case the peak position mea-
sured at larger angles may not be affected unless mea-
sured Bragg peak positions due to single scattering are
strongly falsified by additional intensity due to multiple
scattering.

In summary, the dominating forward scattering in
LEED experiments does not cause significant multiple
scattering if the incidence angle is small enough. The
limit for the angle depends on the aperture of the
forward-scattering cone, variable with the electron en-
ergy and sample material, on the lattice structure at the
surface and on the azimuth angle. If the incident angle
is above this limit, the probability for multiple scattering
increases with increasing angle.

The kinematical analysis is restricted at high temper-
ature by the decrease of the Debye-Wailer factor and the
increase of the diffuse background with increasing tem-
perature.

VI. SUMMARY AND CONCLUSION

The method of kinematical LEED data analysis was
applied for the determination of the temperature depen-

dence of interlayer spacings and rms vibrational ampli-
tudes in a model study on the Al(110) surface. By the
peak-shift method the role of multiple scattering was elu-
cidated with the result that it can be neglected. This
observation is in line with results obtained for other sur-
faces described in the literature. The applicability of the
kinematical analysis can be understood by assuming that
the electron mean-free-path results mainly from inelastic
processes and not from elastic scattering for an appropri-
ately selected incident angle.

The temperature dependences of interlayer spacings
and rms vibrational amplitudes normal to the surface are
discussed with reference to theoretical results obtained
recently for other surfaces described in the literature.
The main feature of the low-temperature range, i.e. , a
negative value of o. for the first interlayer spacing and the
nearly equally enhanced mean vibrational amplitudes in
the first two surface layers, are in accordance with MD
results for Cu(110) and Ni(110). Similar MD calculations
for Al(110) and model calculations and experiments re-
lating to the inner potentials and their temperature de-
pendence are required. In this work a thermal expan-
sion coefficient enhanced by the factor 2 was detected for
T/T & 0.8, which is in agreement with the results of
premelting studies for other surfaces.
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