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Thermal expansion of the Ag„110… surface studied by low-energy electron diffraction
and density-functional theory
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In this work we present the results concerning the investigation of the temperature dependence of the first
three interlayer spacings of Ag~110! surface using low energy electron diffraction~LEED! analysis and
density-functional theory and molecular dynamics over a wide temperature range. It was possible to observe
significant changes in the thermal expansion of the first and second interlayer distances without detection of
effects associated with an enhanced anharmonicity. The values of the Debye temperature of the first two layers
were obtained by LEED and a comparison between these results and those from other techniques are presented
and discussed.
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I. INTRODUCTION

Recently, the thermal behavior of fcc metal surfaces
gained more attention as a result of several interesting p
erties that have been revealed by both experimental and
oretical studies. Experimental techniques based on ion s
tering, electron diffraction, energy-loss spectroscopy, a
atom scattering, as well as theoretical methods such
density-functional theory~DFT! and embedded-atom metho
molecular dynamics~MD!, have been used to investigate t
enhancement of surface vibration anharmonicity, la
anomaly in the surface thermal-expansion coefficient, the
currence of roughening and premelting as the temperatu
increased, and the behavior of the surface relaxation as
temperature is varied.1–16 The analysis of the surface vibra
tion modes can reveal the driving mechanism for therm
expansion, phase transitions, crystal stability, and surface
fusion anisotropy.17 In the very recent few years, investiga
tion has been done on the mechanism governing adatom
fusion on metal surfaces, in order to understand how
control the formation of low-dimension nanostructures
crystal surfaces. On the other hand, the noble metals h
been used extensively as commercial catalysts and e
trodes, where metallic surfaces play a key role. It is, the
fore, crucial to understand the properties of these surfa
and their behavior under temperature variation.

The fact that bulk translational symmetry is broken wh
a crystal surface is created~e.g. by cleavage! implies that an
anharmonic behavior of the restoring forces should be
pected. So, if that happens, it must be possible to observe
occurrence of large atomic vibrational amplitudes,3,6,8,12

anomalous thermal expansion,1,2,4,6,8 finite phonon
lifetimes,11–13 surface melting, and roughenin
transitions,3,9,10and compare to properties of the bulk. It h
been shown that these phenomena are dependent on th
face orientation and, for the fcc crystals, the~110! surface is
expected to show the most intense effects.7 For many ele-
ments the~110! surface of the fcc crystal shows a significa
oscillatory multilayer relaxation for the first three or fou
0163-1829/2003/68~24!/245408~8!/$20.00 68 2454
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surface layers, a fact which is not observed for the ot
low-index faces~100! and~111!. This results in a quite large
contraction of the first interlayer spacing and a small exp
sion of the second one. It has been reported that these
traction and expansion can be exchanged as the temper
is varied.17 The Ag~110! surface, the most open surfac
among the three low-index Ag surfaces, shows this kind
relaxation and therefore some anharmonicity enhancem
could be expected for this surface.

The thermal behavior of the Ag~110! surface has been
intensively studied over the last decade. Theoretically, diff
ent approaches have been used to study lat
dynamics,18–20structural and electronic properties,21–23 ther-
mal expansion,24 the effect of the surface defects on th
atomic vibration amplitudes,25,26 and the diffusion of Ag
atoms on the Ag~110! surface.27 Experimentally, since the
earlier observation of the oscillatory relaxation by hig
energy ion scattering28 ~HEIS! and low-energy electron
diffraction ~LEED!,29,30 the Ag~110! surface has been
examined by techniques such as impact-collision ion sca
ing and low-energy ~medium-energy! ion scattering
@L~M!EIS#,31–34 electron energy-loss spectroscopy,35,36 He-
atom scattering,17,37scanning tunneling microscopy,38–40and
x-ray scattering.41,42

The idea that surface atoms undergo an increase in an
monicity as the temperature is increased has been subje
intensive investigations. Specially for Ag~110! surface, sev-
eral works have been performed in order to correlate an
monicity, roughening transition, and premelting. In this wa
the main issue has been the formation of point defects~va-
cancies and adatoms! in the first and second layers. Ion33,34

and He-atom scattering17 experiments have lead to the co
clusions that Ag~110! disorder starts at about 600 K, due
the proliferation of thermally induced defects and a stro
increasing of the diffusion coefficient is expected in t
^11̄0& direction. Theoretically, several works, based main
on molecular-dynamics simulations,24,26,27 present results
that reinforce the experimental conclusions about the th
©2003 The American Physical Society08-1
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V. B. NASCIMENTO et al. PHYSICAL REVIEW B 68, 245408 ~2003!
mally induced defects, specially vacancies and adatoms.
cording to Devyatko and Rogozhkin26 calculations for
Ag~110! at 600 K, the vacancy-adatom pair concentrat
reaches 10%. They have concluded that the vacancy for
tion plays a key role and changes the surface properties
as an enhancement on the atomic vibrations. In a more re
work, Franchiniet al.24 carried out calculations based on
perturbative-theory approach, including third-order terms
the phonon-phonon interaction and a semiempirical fo
constant potential that allows inclusion of anharmonic effe
to evaluate quantitatively the temperature dependence o
interplanar spacing. They have explored two models and
one of them, they found thed12 andd23 thermal behavior in
agreement with those from MEIS. However, they ha
pointed out that this temperature dependence is strongly
lated to how the anharmonicity between layers is treated
addition, Narasimhan,19 usingab initio calculations to obtain
the bulk and surface interatomic force constant~frozen-
phonon method!, found that the radial force constant co
pling the nearest-neighbor atoms in the first layer is softe
by 12%, and in the case of the bonds coupling the first t
layers, the force constant is stiffened by 15% with respec
those of bulk. However, a more pronounced change was
served in the radial force constant, which couples ato
from the first layer to those lying in the third layer. Th
parameter is enhanced by 37%. Based on those res
Narasimhan has also suggested that this large stiffenin
responsible for the significant damping in the mean-squ
displacements in thez direction ~taken as the one perpen
dicular to the surface plane!, resulting into a larger in-plane
displacement than at the normal direction to the surface.
author has also suggested that the large stiffening of the
to the third layer must have some impact on the therm
expansion of interlayer spacing and tends to keepd13 con-
stant.

In spite of all these theoretical and experimental stud
the thermal behavior of the Ag~110! surface is still far from
completely understood. For example, although several wo
predict an enhancement of anharmonic lattice vibrations
the temperature is increased, the exact harmonic-anharm
transition temperature is not yet known. Also, t
contraction-expansion transition of the first two layers,
ported in some experimental and theoretical works,18,31 and
how it depends on the anharmonicity, requires more inform
tion. Then, additional investigations on the Ag~110! thermal-
expansion behavior are still necessary.

In this work we present the results of the investigation
the temperature dependence for the first three interlayer s
ings of Ag~110! surface using LEED analysis over a tem
perature range of 130–670 K and DFTab initio molecular-
dynamics calculations for the temperatures of 0 K, 60 K, 3
K, and 560 K. A comparison between these results and th
from other techniques, as well as with those obtained
other fcc crystal faces, will be presented and discussed.
values of the Debye temperature of the first two layers w
then obtained by LEED, within the process of searching
best fit between theoretical and experimental LEED-I (V)
curves. In Sec. II the experimental setup for data collectio
presented while the theoretical details are shown in Sec.
24540
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In Sec. IV the results are presented and discussed in Se
The conclusions are presented in Sec. VI.

II. EXPERIMENT

The experiment was carried out in an ultra-high-vacu
chamber with LEED, Auger, cleaning and heating/cooli
facilities at the Surface Physics Laboratory~DF-UFMG-
Brazil!. The silver crystal was supplied by the Monocrys
Company, with 99.995% purity and showing a mirrorlik
~110! surface oriented within61°. The surface was cleane
by several cycles of sputtering/annealing (Ar1 ions at 1.0
KeV, 450 °C, 30 min! until no carbon, oxygen, and sulphu
could be detected by Auger spectroscopy. The sample t
perature was monitored with a chromel-alumel thermocou
fixed at the sample holder but near the sample position.
LEED patterns were recorded at off-normal geometryu
59.2° andf567°) using an Omicron LEEDStar video sy
tem for an energy range of 40–350 eV and sample temp
tures of 133 K, 183 K, 229 K, 323 K, 523 K, 573 K, 623 K
and 673 K. At higher temperatures the LEED pattern co
not be seen because the light coming from the heating
ment increases the background enormously. The base p
sure in the chamber was 5310210 mbars. The intensity ver-
sus energy curves@LEED-I (V) curves# were collected for
several diffracted beams, normalized with respect to
incident-beam current and smoothed using a five-point le
squares cubic polynomial algorithm. Despite the increase
the computational time required for the calculation of t
theoretical LEED-I (V) curves, an off-normal incidence ge
ometry was chosen in order to increase the number of n
equivalent beams, specially at higher temperatures when
background intensity precludes a good data collection. T
incidence angle was determined using the method develo
by Cunninghan and Weinberg, as described by Van H
et al.43

III. THEORETICAL DETAILS

The LEED analysis was carried out using a muffin-
potential model for the silver crystal, with a muffin-tin radiu
of 1.45 Å being adopted for the Ag atoms. The muffin-t
potential and the phase shifts were calculated using
Barbieri/Van Hove phase-shift package.44 In particular, a
self-consistent Dirac-Fock approach was used to compute
self-consistent atomic orbitals for silver. The muffin-tin p
tential was then computed following Mattheiss’ prescripti
and the relativistic phase shifts were evaluated by numer
integration of the Dirac equation. The theoretical LEE
I (V) curves were calculated using the FSA-LEED program45

running on a Pentium III 700-MHz, a K6 II 500-MHz, an
an AMD-Athlon 1.3-GHz microcomputers running Linux.
set of eight phase shifts were used in the calculations an
inner potential ofV5(21014i ) eV was assumed as a star
ing value. The cubic lattice constanta was corrected for
temperature changes using the linear-expansion coeffic
of aAg518.931026 K21, according to a(T)5a(T0)(1
1aDT), with a(T0)54.085 Å ~room temperature value!.46

The theory-experiment comparison was performed using
PendryR factor.47 For each temperature, the optimization
8-2
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TABLE I. Comparison between the structural and nonstructural parameters at 133 K, obtained in this work~second column! and the ones
obtained by other experimental studies.

LEED LEED ~Ref. 29! HEIS ~Ref. 28! LEED ~Ref. 30!
(T5133 K) (T,100 K) (RT) (RT)

Dd12 (%) (27.962.8) (2762) 27.8 25.7
Dd23 (%) (13.664.2) (1162) 14.3 12.2
Dd34 (%) (20.964.2) (2262)
Dd45 (%) Bulk (062)
QD ~bulk! ~K! 225 215 215
QD1 ~K! 150 150~fixed! 149
QD2 ~K! 160 Bulk 149
Final Rp (0.1660.04) 0.18
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the structural and nonstructural parameters was performe
three steps. Initially, the first three surface interlayer d
tances (d12, d23, d34), and the real part of the inner potenti
were allowed to relax while the Debye temperature of
surface layers were kept fixed at the bulk value (QD
5225 K). In the search for the best set of interlayer d
tances, the FSA approach45 was the adopted procedure. The
for the best set of interlayer distances, the Debye tempera
of the first and second layers (QD1 andQD2) were optimized
by running calculations on a grid of values. Finally, a ne
optimization of the structural parameters~FSA approach! us-
ing the optimal surface Debye temperatures was carried

The ab initio calculations were performed within th
density-functional theory using the local-density approxim
tion ~LDA ! for the exchange-correlation potential.48,49 The
plane-wave pseudo-potential method was used, where th
atoms are described by ultrasoft pseudopotentials~USPP!
generated with a scalar-relativistic calculation.50 The DFT-
LDA and molecular-dynamics calculations were carried
using the PWSCF computer package50 running on a PC’s
Linux Cluster.51

IV. RESULTS

A. LEED analysis

In order to certify the quality of our experimental LEE
data and the reliability of the LEED-I (V) calculations, the
first step was to verify the occurrence of the expected os
latory relaxation for the lowest-temperature datasetT
5133 K). As shown in Table I, our results are in reasona
agreement with those reported in the literature.28–30In Fig. 1
we present a theory-experiment comparison for some LE
I (V) curves, in the case ofT5133 K. It can be seen from
this figure, and confirmed by the low-RP values, that a very
good agreement between theory and experiment
achieved. After that, the analysis was repeated for all
sample measured temperatures and the results are su
rized in Table II. The behavior of the first three interlay
spacings, as the temperature is varied, is represented in
2. As can be seen from this figure, the first interlayer spac
d12 undergoes a contraction, which decreases as the tem
ture goes up. The second interlayer spacingd23 expands but
also goes down as the temperature increases, while the
24540
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FIG. 1. Comparison between some theoretical and experime
LEED-I (V) curves for the Ag~110! dataset collected atT5133 K.
The more defined lines corresponds to the experimental LEED-I (V)
curves. For each pair of curves the beam index and the finalRP

factor are presented.
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TABLE II. The percentage of the interlayer spacing variation with the sample temperature as a result of the LEED analysis. The
Debye temperature is also shown for each surface temperature.RP is the final PendryR factor in the structural determination. ‘‘Beams
corresponds to the number of beams used in each temperature and theDET is total range of energy defined by the experimental bea
TM51234 K is the Ag melting point.

T(K) T/TM Dd12 (%) Dd23 (%) Dd34 (%) QD1 (K) QD2 (K) RP Beams DET (eV)

133 0.11 (27.962.8) (13.664.2) (20.964.2) (150665) 160 0.16 9 1900
183 0.15 (26.963.0) (11.464.2) (20.264.2) 150 150 0.19 9 1900
229 0.18 (28.563.5) (12.564.2) (22.165.0) 155 175 0.22 9 1980
323 0.26 (27.863.5) (13.564.8) (21.564.5) (155690) 175 0.21 9 1854
523 0.42 (27.064.1) (12.166.0) (23.368.0) 200 200 0.20 9 994
573 0.46 (25.862.8) (13.064.8) (21.969.6) 190 210 0.19 9 552
623 0.50 (21.363.5) (25.364.2) (12.469.5) 160 180 0.21 9 354
673 0.55 (20.266.5) (20.768.0) (12.5610.0) (1706100) 200 0.20 8 284
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interlayer spacingd34 shows a contraction at low temper
tures ~133–573 K!, which is converted into a small expan
sion at higher temperatures.

The Debye temperatures, as determined from the LE
calculations for each temperature, are shown in Table
These were essentially constant over the measured tem
ture range, within the precision of the measurements.
average Debye temperatures from this analysis were
615 K and 181617 K for the first two layers, respectively
The uncertainties in the surface Debye temperature are
standard deviations with respect to the mean value.

B. DFT calculations

In order to check the validity of the silver USPP used
this work, calculations of some of the Ag bulk properti
were performed. First, to determine the bulk equilibrium l
tice constanta0 and the bulk modulusB0, a series of static
total-energy calculations, as a function of the lattice para
eter, using different values for the plane-wave kinetic-ene
cutoff Ecut and the Monkhorst-Pack grid used in th
Brillouin-zone integration, were carried out. The equilibriu
lattice constant and the bulk modulus were then obtained
fitting the results to a Murnaghan’s equation of state52 ~Table
III !. In Fig. 3~a! the static total energy as a function of th
lattice parameter, as well as Murnaghan’s fit, is shown

FIG. 2. The percentual change in the first three interlayer sp
ings as a function of the surface temperature~normalized to the
melting temperatureTM51234 K) obtained by LEED.
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two different calculations. As can be seen from this figu
and from Table III, the values fora0 and B0 are basically
independent ofEcut and the grid size. The resulting values
a054.01 Å andB051.14 Mbar deviate from the experimen
tal values by 1.7% and 13%, respectively, and agree w
with other theoretical results.23,55Using the lattice paramete
corresponding to a static equilibrium, electronic density
states and the phonon-dispersion curves, usingEcut525 Ry
and a grid of (10310310), were calculated. The results o
both calculations are shown in Figs. 3~b! and 3~c! and are
also in good agreement with the experimental results. In p
ticular, the phonon-dispersion curves are in excellent ag
ment with results from the calculations performed by X
et al.55 and Narasimhan.19

The Ag~110! surface calculations were performed using
repeating slab geometry, consisting of seven or nine layer
atoms separated by a vacuum of thickness equivalent to
atomic layers and a (83831) grid in the Brillouin zone.
The equilibrium geometry was obtained by fully relaxing a
the atomic layers in the slab using the Broyden-Fletch
Goldfarb-Shanno algorithm.56 Relaxing all the slab layers
gives an extra convergence check since at equilibrium
interlayer distances on both sides of the slab have to be id
tical. The structural parameters, resulting from the geome
optimization at 0 K are presented in Table IV, as well a

TABLE III. Equilibrium lattice parameter and the bulk modulu
for several values ofEcut and grid size.

Ecut (Ry) Grid a0 (Å) B0 (Mbar)

25 (83838) 4.01140 1.14283
50 (83838) 4.01120 1.14236
60 (83838) 4.01120 1.14240
70 (83838) 4.01110 1.14240
80 (83838) 4.01110 1.14240
25 (10310310) 4.01100 1.14375
50 (10310310) 4.01100 1.14373
60 (10310310) 4.01100 1.14378
70 (10310310) 4.01100 1.14377
80 (10310310) 4.01100 1.14377

Experimental values~Ref. 46! 4.085 1.00
c-
8-4
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FIG. 3. ~a! Static total energy per atom as a function of the lattice parametera for the Ag bulk. Open circles correspond to the results
Ecut525 Ry and a (83838) grid and full circles toEcut580 Ry and a (10310310). ~b! Experimental~Ref. 53! ~diamonds! and
calculated~solid line! electronic density of states for the Ag bulk@Ecut525 Ry and a (10310310) grid]. ~c! Calculated phonon-dispersio
curves at the lattice parameter corresponding to static equilibrium. Experimental neutron data~Ref. 54! are represented by the open circle
T and L stand for transverse and longitudinal modes, respectively.
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those from other theoretical studies.19,23As can be seen, ther
is a very good agreement between the experimental and
oretical results presented in Tables I and IV.

After determining the Ag~110! structure at 0 K, molecula
dynamics simulations~DFT-MD! were performed on the
Born-Oppenheimer surface at three different surface t
peratures~60 K, 300 K, and 560 K! using the Verlet algo-
rithm. After each time step, a self-consistent calculation w
performed in order to obtain the new electronic charge d
sity. In all simulations a time step of 3.87 fs was used an
total simulation time of 3 ps was achieved. The time step w
carefully chosen in order to guarantee energy conserva
The changes in the first and second interlayer distances
tained by the DFT-MD simulations, are presented in Fig. 4
can be seen from this figure that the DFT-MD results o
tained in this work are in reasonable agreement with
results obtained by LEED and with results from other the
retical and experimental studies.

V. DISCUSSION

In order to compare our results with those from the lite
ture, in Fig. 4 the LEED and DFT-MD data together wi
those from a MEIS experiment31 as well as those from clas
sical molecular-dynamics simulation18 ~MD! for the first and
24540
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second interlayer spacings (d12 and d23) are plotted. It is
clear from this figure that the LEED, MD, and DFT-MD da
show two ‘‘regions:’’ a nearly constant expansion coefficie
at low temperatures which suddenly presents an increa
behavior at high temperatures. This change occurs for
LEED data at about 0.45TM . In an attempt to quantify the
differences between the datasets shown in this figure,
linear-expansion coefficient for the first interlayer distan
was obtained through a linear fitting of the data in the te
perature range for whichd12(T) shows a nearly linear behav
ior ~except for the DFT-MD results where all the points we
used!. The results then obtained for the linear expansion
efficients areaLEED5(60620)31026 K21, aDFT-MD5(98
650)31026 K21, aMEIS5(402630)31026 K21, and
aMD5(8065)31026 K21. The MEIS results show, for
d12, a contraction that changes to an expansion at abouT
5550 K (0.45TM) and a very high expansion coefficien
~about 21 times larger than the bulk!. On the other hand, the
MD results show a contraction up toT;700 K and a com-
paratively lower expansion coefficient~four times larger than
the bulk!. The LEED and DFT-MD results are in bette
agreement with those from MD study, with an expansi
coefficient of about three and five times the bulk value,
spectively. Therefore, the LEED analysis does not show
PP
TABLE IV. Comparison between the equilibrium geometry of the Ag~110! obtained in this work and other theoretical results. US
stands for ultrasoft pseudopotential and NCPP for norm conserving pseudopotential.

This Work Wanget al. ~Ref. 23! Narasimhan~Ref. 19!

Dd12 (%) 28.04 28.03 28.81 29.19 26.9
Dd23 (%) 13.79 14.17 13.59 14.10 12.3
Dd34 (%) 20.55 20.85 21.11 21.50 21.2
Atomic layers 7 9 11 11 7
Vacuum layers 16 16 9 9 5
Potential USPP USPP USPP USPP NCPP

LDA LDA LDA GGA LDA
8-5
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V. B. NASCIMENTO et al. PHYSICAL REVIEW B 68, 245408 ~2003!
anomalous expansion coefficient for the first interlayer sp
ing of Ag~110! surface at least up to 0.45TM . Furthermore,
the LEED data for the second interlayer spacingd23 do not
agree with those from MEIS analysis, as can be seen in
4~b!. Again, an expansion/contraction transition for this p
rameter, at about 430 K (0.35TM), is shown in the MEIS
results, whereas from the LEED data the parameter un
goes an expansion, although decreasing, up to about 60
(0.49TM). This lack of coincidence between MEIS and oth
techniques results was previously observed for the~111! sil-
ver surface, either by LEED~Ref. 14! or by x-rays.15

In the temperature range up to 0.45TM , the LEED results
do not indicate the occurrence of an contraction/expans
transition. However, at higher temperatures (T.0.45TM),
the LEED results show a more rapid increase of thed12
interlayer distance in such a way that at 673 K this dista
is very close to the bulk value. The linear-expansion coe
cient in this temperature range changes drastically fr
aLEED5(60620)31026 K21 to aLEED5(780620)
31026 K21 and it is even greater than that of MEIS expe
ment. Thed23 interlayer distance also shows a different b
havior at this higher temperature range~Fig. 4!.

It has been argued that a rapid increase in surface ex
sion should be due to a strong surface anharmonicity, wh
could lead to an instability at the surface a
premelting.1,57,12,13,18According to the Debye model, a linea
behavior of the mean-square displacements of the sur

FIG. 4. ~a! Thermal expansion of the first interlayer spaci
obtained by LEED, DFT-MD, MEIS~Ref. 31!, and molecular dy-
namics~MD! ~Ref. 18!. ~b! The same for the second-layer expa
sion.
24540
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atoms with respect to the temperature is expected. In f
this has been observed in an ion scattering experimen
Ag~110! surface33 for a temperature range below 600 K
Above 600 K a different behavior for the mean-square d
placements was observed. Therefore, a different value of
surface Debye temperature forT.600 K should be ex-
pected. In the present LEED analysis of the Ag~110!, an
optimization of the effective Debye temperature for the fi
two surface layers has been accomplished and the re
~see Table II! show that, for both layers, the Debye tempe
ture does not change as the sample temperature is varie
least in the investigated temperature range~from 133 K up to
673 K!. These two parameters show small variations arou
the mean values ofQD15166 K andQD25181 K for the
first and second layers, respectively. These values are lo
than those reported by Devyatko and Rogozhkin,26 of 205 K,
for the first layer and higher than those reported by Bra
et al.33 in an ion scattering experiment, where they fou
Q^11̄0&5140 K andQ^001&5116 K for the^110& and ^001&
azimuths, respectively. However, based on the bulk value
QD5225 K that has been used in our LEED calculation, t
value of QD1 is in good agreement with that one expect
~159 K! from the theoretically simple expressionQsur f

5QbulkA2/2. These results are consistent with the linear
havior of the mean-square displacement with temperatur
the whole investigated temperature range, as predicted by
Debye model. Therefore, based on the present LEED an
sis, the rapid increase above 556 K (0.45TM), of the Ag~110!
first interlayer distance seems not to stem from anharmo
effects. However, it must be mentioned that in the pres
LEED analysis anisotropy in the surface atom vibrations w
not taken into account and so, the values found for the
face Debye temperature represent only effective values
addition, as can bee seen from Table II, the two first lay
show nearly the same value for the Debye temperature
lower than the bulk value, that is,QD15166 K andQD2
5181 K. In a similar LEED analysis for Ag~111! surface,
Soareset al.14 have obtained more distinct values (QD1
5165 K andQD25199 K), indicating a larger stiffness o
the second layer with respect to the first one. However,
Ni~110! ~Ref. 58! at T5198 K QD15240 K and QD2
5260 K were obtained, where a value ofQD5350 K for the
bulk value was used in the calculation, and for Ni~111! ~Ref.
59! QD15240 K andQD25QDBulk were obtained. Based o
these results, it seems that in the~111! surface the first and
second layers show a more distinct set of values for the
bye temperature than the~110! one. These may happen be
cause the~110! is the more open low-index surface and t
two first layers are nearly equally free to oscillate.

The study of the Ag~110! thermal behavior has been ca
ried out mainly considering the formation of point defec
such as vacancies and vacancy-adatom pairs using diffe
experimental techniques and theoretical approaches.
main results from these works have emphasized the corr
tion between defect formation and thermal anharmonic
The present LEED analysis does not give information ab
the formation of surface defects and therefore it is difficult
draw any conclusion about this process except that anhar
nicity ~if that occurs! should appear on the dependence of
8-6
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Debye temperature with temperature as obtained by LE
The results of the present work show only nearly const
values forQD1

andQD2
, then it might be an indication tha

anharmonic effects are at most small in the explored te
perature range.

On the other hand, Narasimhan’s work19 suggests that the
Ag~110! thermal expansion may be controlled by a lar
stiffening of the first to the third layer, which tends to ke
d13 constant. We have examined this point, and as can
seen in Fig. 2 and Table II, thed13 distance undergoes
contraction of 20.06 Å (22.2%) at 133 K, becoming
20.01 Å (20.4%) at 673 K. However, the standard dev
tion ^Dd13& calculated with respect to the mean value^d13&
52.83 Å is 0.03 Å~1.1%!. So, thed13 distance behaves a
nearly constant, within the error range, for the whole te
perature range which was examined. Therefore, it may
concluded that the Narasimhan prediction may be a m
general behavior for the Ag~110! surface, and this seems t
be valid up to higher temperatures such as 673 K. Base
Narasimhan’s work,19 a possible explanation for the chang
in the first and second interlayer distances may be sugge
In that study,ab initio calculations were performed in orde
to obtain the bulk and surface interatomic force consta
~frozen-phonon method!, and the results then obtained ind
cate that the radial force-constant coupling atoms from
first to the third atomic layers, relative to the bulk value,
enhanced by 37%. Besides that, the thermal vibrations of
second-layer atoms, along thez direction~normal to surface!,
are increased, relative to the bulk value, by a factor of 2.3
addition to that, the in-plane thermal vibrations in the fi
layer also present a considerable enhancement in the am
tudes with respect to bulk along the^001& direction by a
factor of 2.1. Based on these results, we suggest that with
increase of temperature, the enhanced second-layer the
vibration amplitude along thez direction and the first laye
in-plane vibrations will also increase, forcingd12 to expand.
Due to the strong coupling between the first and third laye
the third layer will also move in an attempt to keepd13
constant. However, it seems that the origin of the driv
force involved in a rapid increasing of the thermal expans
coefficient for T.0.45TM is still not understood. The dy
namics of the first layer atoms is controlled by the surfa
force constants, which depend on the charge distribution
the surface. In this way, surface states may play an impor
role in the surface force equilibrium. The Ag~110! surface
has a Shockley-type surface state in a gap at theY zone
boundary of the surface Brillouin zone. At room temperatu
it lies at 0.06 eV below the Fermi energyEF . It has been

*Corresponding author. Present address: Instituto de Fı´sica, UFBA,
Campus da Federac¸ão, 40210-340, Salvador, BA, Brazil. Ema
address: von@ufba.br
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shown by ultraviolet photoemission spectroscopy60 and,
more recently, by second-harmonic generatio
measurements61 that this state has a linear dependence on
energy with the surface temperature. Based on this lin
behavior, it can be inferred that the surface-state ene
crosses the Fermi level at about 624 K and becomes c
pletely unoccupied above this temperature (T.0.50TM).
Then, we speculate that the loss of a surface state charge
induce to a new force equilibrium conditions within the su
face layer~s! that drives the abrupt change in the interlay
spacing. This point requires more investigation and perh
it will put some more light on the intriguing behavior of th
thermal expansion of the Ag~110!.

Therefore, from the LEED analysis, it can be conclud
that in the entire investigated temperature range, i.e., fr
133 K to 673 K, there is no evidence of any effect related
an enhancement in anharmonicity which could give rise
the observed anomalous thermal expansion, occurring
aboutT50.45TM .

The DFT-MD simulations also show a reduction of th
first layer distance from28.03% at 0 K to 23.4% at 560 K,
indicating that a contraction/expansion transition might o
cur for temperatures higher than 600 K. However, it is n
possible to say when the contraction starts decreasing s
no simulations were carried out between 300 K and 560 K
a result of computing time limitation. It is worth to be men
tioned that the DFT-MD simulations and the LEED resu
obtained in this work are in good agreement, specially
lower temperatures.

VI. CONCLUSIONS

In this work we have used low-energy electron diffracti
and density-functional calculations in order to study the th
mal expansion of the Ag~110! surface from 60 K up to 670
K. Our results seem to support the MEIS main conclusion
an anomalous thermal expansion above 0.45TM . The results
also show that the effective surface Debye temperature,
was determined by this LEED analysis, is nearly constant
both first and second layers. Therefore, no anharmoni
could be inferred at least up to 600 K. As for other~110! fcc
surfaces, the two first layers show nearly the same value
the Debye temperature.
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