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Abstract

The temperature dependence of the first three interlayer distances of the Ag(111) surface was studied by low-
energy electron diffraction (LEED) over the temperature range 128–723 K. The first three interlayer spacings and the
effective Debye temperatures were extracted from the LEED analysis. At the lowest temperature, the first two
interlayer spacings are slightly (0.5%) contracted. All three interlayer spacings increase with temperature, finally
reaching expansions relative to the bulk of about 0.8% at the highest temperature studied. The effective surface Debye
temperature is lowest for the outermost layer, increasing toward the bulk value for successive layers. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction expansion of the Ag(111) surface, largely due to
the anomalous thermal expansion behavior
observed in medium-energy ion scattering (MEIS)When a surface is produced, the bulk 3D period-
experiments on that surface [1]. In that work, theicity is broken in one direction, reducing the sym-
structure of the Ag(111) surface was studied as ametry of the surface. The surface atoms experience
function of the temperature, and it was found thatforces that are rather different from those exerted
the first interlayer spacing is contracted by 2.5%on atoms inside the crystal. Consequently, surfaces
relative to bulk at temperatures below 670 K, butmay be expected to exhibit different, perhaps
at higher temperatures, this interlayer spacinganharmonic behavior, compared to the bulk.
increases in a non-linear manner. At 1150 K, 80 KAnharmonicity should be observed in quantities
below the bulk melting point, it is expanded 10%such as the surface thermal expansion, thermal
relative to bulk. A significant increase of thevibrations and the phonon distribution. Indeed,
surface vibration amplitudes was also observed.enhanced anomalous effects have been reported

The first theoretical attempt to explain theon many surfaces, such as Pb(110) [1–18].
observed contraction/expansion transition wasThere has been a recent interest in the thermal
performed by Lewis [7] using an embedded-atom-
method (EAM) molecular-dynamics (MD) simu-
lation. In that study, seven different temperatures* Corresponding author. Fax: +1-814-865-3604.

E-mail address: rdd2@psu.edu (R.D. Diehl ) were investigated in the range of 200–1100 K. The
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results of that calculation indicated a small con- Most of the experimental studies of surface
traction of the outermost surface interlayer spacing thermal expansion have used MEIS as the experi-
at 200 K and an essentially bulk-like expansion up mental technique, and only two, for Be(0001) [13]
to 1100 K. Although the mean-square vibrational and very recently for Cu(111) [20], have employed
amplitudes agreed quite well with the MEIS results, a full dynamical LEED analysis to determine the
the thermal expansion behavior was quite different. surface geometries. There could be differences in

Contrary to this EAM-MD study, a later density- the results of LEED and MEIS studies on surfaces
functional theory (DFT) study of this surface pro- at high temperatures where they may become
duced thermal expansion behavior similar to the rough. A comparison of the results of the two
MEIS experiment [8]. The changes in the first techniques may shed some light on the nature of
Ag(111) interlayer spacing (d12) as a function of the surface at elevated temperatures. In this paper,
temperature were evaluated by minimizing the we present a quantitative LEED analysis of the
Helmholtz free energy of the system with respect temperature dependence of the top three layers of
to d12. The static energies and the phonon frequen- the Ag(111).
cies were calculated at T=0 K using DFT theory
within the local density approximation (LDA). The
quantities obtained at T=0 K were then extended 2. Experimental and calculational procedures
to finite temperatures using a simplified quasihar-
monic approximation (QHA), where the vibrational The preparation of the Ag(111) surface has
free energy was evaluated considering only three been described before [21]. The LEED experiments
representative modes, in all of which the topmost were carried out using a low-current LEED system,
layer moves as a whole. The results from that which has been described earlier [22]. The LEED
calculation showed that, at low temperatures, the data were acquired using a charge-coupled device
Ag(111) top layer is contracted by about 1.7%, and video camera, which is interfaced to a personal
at T=1040 K, an expansion of 15% was observed,

computer via a Data Translation frame grabberin reasonable agreement with the experimental
and processor boards. The I(E ) curves were mea-MEIS results. The interpretation of this ‘anoma-
sured directly from the LEED pattern for samplelous’ expansion of the surface was attributed to the
temperatures ranging from 128 to 723 K. Thesoftening of parallel vibrational modes of the sur-
I(E) curves for the symmetrically equivalent beamsface atoms rather than to the anharmonicity of the
were averaged.perpendicular modes, which was proposed to

The calculation procedures were similar to thoseexplain earlier observations of anomalous surface
carried out in an earlier study of Ag(111) [23].expansion on other surfaces [2,3,5].
The full dynamical LEED calculations were per-A later EAM-MD study by a different group
formed using the LEEDFIT code [24–28]. Inessentially agreed with the first EAM-MD study
addition to the automatic optimization of thecited above, indicating a surface contraction over
structural parameters, this code allows optimiza-the whole temperature range up to 1100 K and no
tion of non-structural parameters such as theanomalous expansion [9,19]. This study went on
Debye temperature and the atomic vibrationalto point out that the earlier DFT study did not
amplitudes for each atom in each layer. A set ofinclude the full dynamical behavior of the system,
10 phase shifts were calculated using theand it was demonstrated that failing to include the
Barbieri/Van Hove phase shift package [29] and afull dynamics can give erroneous results for the
muffin-tin radius of 1.44 Å. The three outermostthermal behavior of the surface. With this induce-
layers were treated as being surface layers withment, another DFT calculation, which included a
potentially different structural parameters to thosemore complete description of the dynamics but
of the underlying bulk. The lattice parameter ofstill within the quasiharmonic approximation [10]
the underlying bulk structure was calculated usingproduced a somewhat more moderate thermal
the room-temperature lattice constant [30] and theexpansion of the surface, but the same driving

mechanism for the thermal expansion. bulk thermal expansion coefficient. The imaginary
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part of the inner potential was optimized to 4 eV. fit calculated curves. At the lowest temperature,
five inequivalent beams were measured, and theThe level of agreement between the experiment

and the calculations was measured using the dataset has a total energy range (DET) of 1352 eV.
As the temperature was increased, the energy rangePendry RP [31] and RDE [25]. The structural

parameters were analyzed using both the grid over which usable data could be acquired was
reduced due to the increase in diffuse scattering.method and an automatic optimization in order

to obtain the best-fit structural model for the The dataset at 723 K had two beams with a total
energy range of 204 eV. Fig. 1 and the values ofAg(111) surface. The non-structural parameters,

such as the Debye temperature and thermal vibra- the R factors presented in Table 1 demonstrate
that a good agreement between theory and experi-tional amplitudes, were then optimized for the

best-fit structural models in the final stage of ment was obtained for all temperatures.
The interlayer spacings (d12, d23 and d34) andrefinement. The errors quoted reflect the statistical

precision in the fitting. the Debye temperatures (h1D , h2D and h3D) determined
from this analysis are given in Table 1 and are
shown graphically in Fig. 2. At the lowest temper-
ature, 128 K, the first interlayer spacing is con-3. Results
tracted by 0.5%, the second interlayer spacing is
contracted by 0.4%, and the third interlayer spac-Fig. 1 shows the experimental curves measured

as a function of temperature, along with the best- ing is the same as the bulk interlayer spacing. As

Fig. 1. Ag(111) experimental (thin lines) and theoretical (thick lines) I(E ) curves for all temperatures with respective RP factor values.
For each beam, the temperature increases from the bottom to the top (128, 243, 323, 408, 513, 573, 663 and 723 K).
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Table 1
Experimental results for Ag(111)

128 K 243 K 323 K 408 K 513 K 573 K 663 K 723 K

Dd12 (%) −(0.5±0.3) −(0.5±0.4) −(0.5±0.8) (0±1.2) (0±1.7) (0.23±1.7) (0.72±1.2) (0.76±1.2)
Dd23 (%) −(0.4±0.4) −(0.4±0.8) −(0.4±1.2) (0±1.2) (0±1.7) (0.16±1.7) (0.65±1.2) (0.74±1.2)
Dd34 (%) (0±0.4) (0±0.8) (0±1.2) −(0.3±1.7) (0±1.7) (0±1.7) (0.70±1.7) (0.84±1.7)
h1D ( K) 154 166 170 160 166 179 164 157
h2D ( K) 195 207 204 205 200 203 200 178
h3D ( K) 200 210 218 219 220 217 212 198
RP 0.17 0.20 0.18 0.14 0.20 0.19 0.15 0.14
RDE 0.35 0.36 0.40 0.22 0.29 0.30 0.30 0.33
DET (eV ) 1352 1218 734 376 248 211 204 204
Number of 5 5 3 2 2 2 2 2
independent beams

the temperature is increased, the interlayer spac- LEED calculations. These were essentially con-
stant over the temperature range measured, toings increase. At the highest temperature (723 K),

each of these interlayer spacings is expanded by within the precision of the measurements. The
average Debye temperatures from this analysis0.8% relative to the bulk. This expansion, if

assumed to have a linear dependence over this were 165±8, 199±9, and 212±9 K, respectively,
for the first three layers. Published values of thetemperature range, corresponds to a thermal

expansion coefficient of 22.0×10−6 K−1 compared Debye temperature of bulk Ag are in the range
215–225 K [30,32] (225 K was the value used into the bulk value of 18.9×10−6 K−1. Fig. 2b shows

the Debye temperatures determined from the this work). Since the Debye temperature is derived,

Fig. 2. (a) Interlayer spacing as a function of temperature for the first three interlayer spacings. (b) Debye temperature as a function
of temperature for the first three layers of Ag(111). A representative error bar is shown.



133E.A. Soares et al. / Surface Science 468 (2000) 129–136

4. Discussion and conclusion

Fig. 4 shows experimental data for the reduced-
temperature dependence of the first interlayer spac-
ing for several metal surfaces. For all of the
surfaces, the increases in interlayer spacing are
essentially linear in temperature below a reduced
temperature of about 0.55. The thermal expansion
coefficient is proportional to the slope of these
curves and is typically somewhat higher than the
bulk value. At higher temperatures, the slope is
observed to increase in some cases, and this
increase has been described as ‘anomalous’ in some
papers. In the case of Be(0001), the slope is
considerably larger than the bulk value, even at
the lower temperatures. This result was also
described as ‘anomalous’. We would like to distin-

Fig. 3. First-layer relaxations for Ag(111) measured by LEED guish between these two ‘anomalous’ effects by
(this work) and MEIS [1] and calculated using EAM-MD [9]

describing the larger (but linear) thermal expan-and DFT-QHA [10]. The relaxation is specified as the percen-
sion behavior as ‘enhanced surface expansion’ andtage relaxation relative to the bulk value. The melting temper-

ature (Tm) of Ag is 1234 K [31]. by describing the non-linear behavior as ‘anoma-
lous surface expansion’. Because bulk Be has
unique phonon spectra and thermal expansion
properties, the ‘enhanced surface expansion’ ofassuming a harmonic model for the thermal

vibrations, the essentially constant behavior Be(0001) could be a consequence of the compari-
son to its unusual bulk properties [33].obtained here might be an indication that anhar-

monic effects are small in this temperature range. In Table 2, we present a list of all thermal
expansion measurements reported in the literatureFig. 3 compares the first interlayer spacing

determined in this study to those obtained by the for surfaces. Since all of the studies performed on
the temperature dependence of the interlayer dis-MEIS, DFT and EAM-MD studies described

earlier. At low temperatures, the surface is slightly tances of surface metals were done using MEIS
and LEED, some comments on the differencescontracted, in agreement with the other studies.

The magnitude of the contraction determined in between MEIS and LEED might improve our
understanding of the contrasts between theirthis study is somewhat less than that found in

either the DFT or EAM calculation but is signifi- results. At the elevated temperatures of these meas-
urements, many surfaces will have a significantcantly smaller than that found in the MEIS experi-

ment. As the temperature increases, the LEED step density. The intensities at the positions of the
diffraction spots in the LEED patterns are primar-result closely parallels that of the DFT calculation,

while departing somewhat from the EAM-MD ily the result of the constructive interference of
electrons, which are scattered from within terraces.result, which remains essentially constant in the

temperature range studied here. The MEIS result The scattering from randomly placed steps will
contribute primarily to the diffuse intensity. Sincealso changes very little over the range studied here,

but begins to increase dramatically at a temper- a LEED I(E ) experiment uses intensities only at
the positions of the diffraction spots, and since theature of about 750 K. The point where the LEED

result crosses the no-contraction line is in actual intensities of these spots in the LEED
analysis are not nearly as important as the energyagreement with an earlier LEED study of this

surface using data collected at room temperature of their maxima and minima, the intensities mea-
sured in a LEED experiment should, in most[23].
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Fig. 4. Experimental determinations of the first-layer relaxations of several close-packed surfaces, as a function of T/Tm.

circumstances, be overwhelmingly dominated by might be employed in these conditions. In that
situation, we would no longer expect the scatteringthe scattering from terraces, at least if they are

wider than the transverse beam coherence length. to be dominated by the atoms on terraces.
In a MEIS experiment, the primary mechanismThis will not be true at the limit of extremely

rough surfaces, when the diffusely scattered inten- used to determine the relaxation of surface atoms
is the blocking of ions, which have been back-sity at the position of the diffraction spots becomes

comparable to the sharp diffraction intensity. This scattered from deeper layers. If all surface atoms
have the same geometry, a well-defined ‘blockingprecludes the use of normal LEED on surfaces,

which are very rough, although diffuse LEED dip’ is observed in the angular dependence of the

Table 2
List of experimental thermal expansion data for surfacesa

Surface Thermal expansion coefficients Technique

Surface Bulk

Ag(111) 22.0×10−6 K−1 between 0.10 and 0.60Tm 18.9×10−6 K−1 LEED (this work)
Ag(111) Below 0.49Tm: similar to the bulk value. Above 0.49Tm: increases dramatically 18.9×10−6 K−1 MEIS [6 ]

and at 0.93Tm becomes 11 times the bulk value.
Cu(111) Below 0.49Tm: similar to the bulk value. Above 0.49Tm: increases dramatically 16.5×10−6 K−1 MEIS [6 ]

and at 0.87Tm becomes six times the bulk value
Ni(111) Bulk-like between 0.23Tm and 0.58Tm 13.4×10−6 K−1 MEIS [4]
Be(0001) 70.0×10−6K−1 between 0.06 and 0.42Tm 11.3×10−6 K−1 LEED [13]
Pb(110) Below 0.50Tm: similar to the bulk value. Above 0.50Tm: 3.5 to 12 times higher 28.9×10−6 K−1 MEIS [2]
Ni(001) Below 0.52Tm: similar to the bulk value. Above 0.52Tm: starts to increase 13.4×10−6 K−1 High q resolution

dramatically and at 0.78Tm is about 20 times higher than the bulk LEED [3]

a Tm is the bulk melting point temperature. The bulk values were extracted from http://www.webelements.com/.
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scattered ions. In MEIS, there is no ‘constructive the value found by MEIS. The Debye temperature
obtained for the first three layers was basicallyinterference’ mechanism as there is in diffraction.

Therefore, there is no enhancement of scattering constant, and the average values for the first,
second and third layers are, respectively, 165±8,from terrace atoms over scattering from step

atoms. Because of this, a relaxation result obtained 199±9, and 212±9 K. Data at temperatures
higher than 723 K could not be obtained in thisfrom MEIS will have a larger contribution from

step atoms than a relaxation result obtained from experiment due to the increase of thermal diffuse
scattering.LEED. This discrepancy should be expected to

increase with temperature on surfaces where the
thermally induced step densities are high. In addi-
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