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Thermal expansion of the Ag110) 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 AYLO surface using low energy electron diffractighEED) 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 surface layers, a fact which is not observed for the other
low-index faceq100) and(111). This results in a quite large
Recently, the thermal behavior of fcc metal surfaces hagontraction of the first interlayer spacing and a small expan-
gained more attention as a result of several interesting progion of the second one. It has been reported that these con-
erties that have been revealed by both experimental and theraction and expansion can be exchanged as the temperature
oretical studies. Experimental techniques based on ion scas varied!’ The Ag110 surface, the most open surface
tering, electron diffraction, energy-loss spectroscopy, anmong the three low-index Ag surfaces, shows this kind of
atom scattering, as well as theoretical methods such gg|axation and therefore some anharmonicity enhancement
density-functional theoryDFT) and embedded-atom method 4 id be expected for this surface.
molecular dynamicéMD), have been used to investigate the The thermal behavior of the Afl0) surface has been

enhancement of surface vibration anharmonicity, largg.ensively studied over the last decade. Theoretically, differ-

anomaly in the surface thermal-expansion coefficient, the 0Cnt approaches have been used to study lattice

currence of roughening aqd premelting as the temperature | namicsi®structural and electronic propertids 23 ther-
increased, and the behavior of the surface relaxation as th

24
temperature is variet:!® The analysis of the surface vibra- mal gxpgnspﬁ, the effect ofzﬁthe surface' defects on the
tion modes can reveal the driving mechanism for thermaftomic vibration amplitudes; 7 and t_he d'ﬁ“S'OrT of Ag
expansion, phase transitions, crystal stability, and surface difsoms on the AQL10 surface’’ Experimentally, since the
fusion anisotropy’ In the very recent few years, investiga- earlier o_bservatlon_of the oscillatory relaxation by high-
tion has been done on the mechanism governing adatom dif€rgy ion scatteg;??o (HEIS) and low-energy electron
fusion on metal surfaces, in order to understand how tdliffraction (LEED), ™" the Ag(110 surface has been
control the formation of low-dimension nanostructures onéxamined by techniques such as impact-collision ion scatter-
crystal surfaces. On the other hand, the noble metals hav8g and _low-energy (medium-energy ion scattering
been used extensively as commercial catalysts and elebL(M)EIS]**~* electron energy-loss spectroscdpy’ He-
trodes, where metallic surfaces play a key role. It is, thereatom scattering*’scanning tunneling microscopy; “>and
fore, crucial to understand the properties of these surfacesray scattering!-*
and their behavior under temperature variation. The idea that surface atoms undergo an increase in anhar-
The fact that bulk translational symmetry is broken whenmonicity as the temperature is increased has been subject of
a crystal surface is creatée.g. by cleavageimplies that an  intensive investigations. Specially for AdL0) surface, sev-
anharmonic behavior of the restoring forces should be exeral works have been performed in order to correlate anhar-
pected. So, if that happens, it must be possible to observe tHBonicity, roughening transition, and premelting. In this way,

occurrence of large atomic vibrational amplitudé$'>  the main issue has been the formation of point defeais
anomalous thermal expansibA*®8 finite phonon cancies and adatoms the first and second layers. f&n*

lifetimes!*~*®*  surface  melting, and  roughening and He-atom scatteringexperiments have lead to the con-
transitions>>*°and compare to properties of the bulk. It has clusions that A¢gL10) disorder starts at about 600 K, due to
been shown that these phenomena are dependent on the sifie proliferation of thermally induced defects and a strong
face orientation and, for the fcc crystals, 1140 surface is  increasing of the diffusion coefficient is expected in the
expected to show the most intense effécior many ele- (110) direction. Theoretically, several works, based mainly
ments the(110) surface of the fcc crystal shows a significant on molecular-dynamics simulatiof%?%?’ present results
oscillatory multilayer relaxation for the first three or four that reinforce the experimental conclusions about the ther-
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mally induced defects, specially vacancies and adatoms. Adn Sec. IV the results are presented and discussed in Sec. V.
cording to Devyatko and Rogozhkfh calculations for The conclusions are presented in Sec. VI.

Ag(110 at 600 K, the vacancy-adatom pair concentration

reaches 10%. They have concluded that the vacancy forma- Il. EXPERIMENT

tion plays a key role and changes the surface properties such

as an enhancement on the atomic vibrations. In a more recepfamber with LEED Auger, cleaning and heating/cooling
work, Franchiniet al** carried out calculations based on a y.ilities at the Surface Physics LaboratofF-UFMG-
perturbative-theory approach, including third-order terms ingyazi). The silver crystal was supplied by the Monocrystal
the phonon-ph(_)non interaction and a semiempirical forC%:ompany, with 99.995% purity and showing a mirrorlike
constant potential that allows inclusion of anharmonic effect%lo) surface oriented withirt 1°. The surface was cleaned

to evaluate quantitatively the temperature dependence of tl”l%, several cycles of sputtering/annealing {Aions at 1.0
interplanar spacing. They have explored two models_ an_d, fokev, 450°C, 30 min until no carbon, oxygen, and sulphur
one of them, they found the, anddys thermal behavior in - 414 e detected by Auger spectroscopy. The sample tem-
agreement with those from MEIS. However, they haveperaire was monitored with a chromel-alumel thermocouple
pointed out that this temperature dependence is strongly r'§iyeq at the sample holder but near the sample position. The

lated to how the anharmonicity between layers is treated. I g patterns were recorded at off-normal geometdy (
addition, Narasimhal?, usingab initio calculations to obtain =9.2° andé=67°) using an Omicron LEEDStar video sys-

the bulk and surface interatomic force constdfibzen- tem for an energy range of 40-350 eV and sample tempera-
phonon method found that the radial force constant COU- +1rac of 133 K. 183 K. 229 K. 323 K. 523 K. 573 K. 623 K
pling the nearest-neighbor atoms in the first layer is softened 4 573 kAt higher temperatures the LEED pattern could
by 12%, and in the case qf the bonds coupllng_ the first twq, ot e seen because the light coming from the heating fila-
layers, the force constant is stiffened by 15% with respect tQant increases the background enormously. The base pres-
those of bulk. However, a more pronounced change was 0k 1o in the chamber was<&L0~ % mbars. The intensity ver-
served in the radial force constant, which couples atomg ;o energy curvelLEED- (V) curved were collected for
from the first layer to those lying in the third layer. This so\era| giffracted beams, normalized with respect to the
i 0 S . ! . . .
Klarametﬁr |shenha}nced by 37§).hBa3ﬁ_d Ion thOS?f ".asu"ﬁmdent-beam current and smoothed using a five-point least-
arasimhan has also suggested that this large stiffening 18;,,ares cubic polynomial algorithm. Despite the increase of
responsible for the significant damping in the mean-squarg,e compytational time required for the calculation of the
d!splacements in the direction (t"?‘kef? as the ON€ PEerpen- haoretical LEEDH(V) curves, an off-normal incidence ge-
dicular to the surface plaperesulting into a larger in-plane ometry was chosen in order to increase the number of non-

displacement than at the normal direction to the surface. Thgquivalent beams, specially at higher temperatures when the

author he}s also suggested that the Ia_rge stiffening of the fir ackground intensity precludes a good data collection. The
to the third layer must have some impact on the therma

ncidence angle was determined using the method developed

expansion of interlayer spacing and tends to kdgpcon- . c\nninghan and Weinberg, as described by Van Hove
stant. 43 ’
al.

In spite of all these theoretical and experimental studies,e
the thermal behavior of the A§10) surface is still far from IIl. THEORETICAL DETAILS
completely understood. For example, although several works
predict an enhancement of anharmonic lattice vibrations as The LEED analysis was carried out using a muffin-tin
the temperature is increased, the exact harmonic-anharmorfiotential model for the silver crystal, with a muffin-tin radius
transition temperature is not yet known. Also, theof 1.45 A being adopted for the Ag atoms. The muffin-tin
contraction-expansion transition of the first two layers, re-potential and the phase shifts were calculated using the
ported in some experimental and theoretical wdfk8,and  Barbieri/Van Hove phase-shift packalfeln particular, a
how it depends on the anharmonicity, requires more informaself-consistent Dirac-Fock approach was used to compute the
tion. Then, additional investigations on the @¢0 thermal-  self-consistent atomic orbitals for silver. The muffin-tin po-
expansion behavior are still necessary. tential was then computed following Mattheiss’ prescription

In this work we present the results of the investigation ofand the relativistic phase shifts were evaluated by numerical
the temperature dependence for the first three interlayer spaittegration of the Dirac equation. The theoretical LEED-
ings of Ag110 surface using LEED analysis over a tem- I (V) curves were calculated using the FSA-LEED progtam
perature range of 130—670 K and DRED initio molecular-  running on a Pentium Il 700-MHz, a K6 Il 500-MHz, and
dynamics calculations for the temperatures of 0 K, 60 K, 30Gan AMD-Athlon 1.3-GHz microcomputers running Linux. A
K, and 560 K. A comparison between these results and thosget of eight phase shifts were used in the calculations and an
from other techniques, as well as with those obtained foinner potential ofV=(—10+4i) eV was assumed as a start-
other fcc crystal faces, will be presented and discussed. Thag value. The cubic lattice constaat was corrected for
values of the Debye temperature of the first two layers weréemperature changes using the linear-expansion coefficient
then obtained by LEED, within the process of searching thef a,,=18.9<10"°K™*, according to a(T)=a(To)(1
best fit between theoretical and experimental LEEW) +aAT), with a(To)=4.085 A (room temperature valyé®
curves. In Sec. Il the experimental setup for data collection iFhe theory-experiment comparison was performed using the
presented while the theoretical details are shown in Sec. llIPendryR factor*’ For each temperature, the optimization of

The experiment was carried out in an ultra-high-vacuum
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TABLE I. Comparison between the structural and nonstructural parameters at 133 K, obtained in thisemorid columnand the ones
obtained by other experimental studies.

LEED LEED (Ref. 29 HEIS (Ref. 29 LEED (Ref. 30

(T=133 K) (T<100 K) (RT) (RT)
Ady, (%) (~7.9-2.8) (-7%2) -738 -57
Adys (%) (+3.6+4.2) (+1+2) +4.3 +2.2
Ada, (%) (-0.9+4.2) (—2+2)
Adys (%) Bulk (0+2)
0p (bulk) (K) 225 215 215
Op; (K) 150 150(fixed) 149
Ops (K) 160 Bulk 149
Final R, (0.16+0.04) 0.18

the structural and nonstructural parameters was performed in
three steps. Initially, the first three surface interlayer dis-
tances @1,, d,3, d34), and the real part of the inner potential
were allowed to relax while the Debye temperature of the
surface layers were kept fixed at the bulk valu® p(
=225 K). In the search for the best set of interlayer dis-
tances, the FSA approdttwas the adopted procedure. Then,
for the best set of interlayer distances, the Debye temperatur
of the first and second layer®¢; and®,) were optimized
by running calculations on a grid of values. Finally, a new 5
optimization of the structural parametdSA approachus- i (0,1) Rp=0.19
ing the optimal surface Debye temperatures was carried outs. | -\ /% /™ e
The ab initio calculations were performed within the e ’ '
density-functional theory using the local-density approxima-
tion (LDA) for the exchange-correlation potentfaf® The
plane-wave pseudo-potential method was used, where the A
atoms are described by ultrasoft pseudopotentiaiSPP
generated with a scalar-relativistic calculattSriThe DFT-
LDA and molecular-dynamics calculations were carried out

using the PWSCF computer packaé@ running on a PC’s 30 130 230
Linux Clustert Energy (eV)

(1,0) Rp=0.13

arb

Intensit

(0,1) Rp=0.07

IV. RESULTS
A. LEED analysis (1) Fp= 0.21

In order to certify the quality of our experimental LEED
data and the reliability of the LEED{V) calculations, the
first step was to verify the occurrence of the expected oscil-
latory relaxation for the lowest-temperature datas@t ( 3 ;
=133 K). As shown in Table I, our results are in reasonable g ST R
agreement with those reported in the literattfeCIn Fig. 1
we present a theory-experiment comparison for some LEED-
I(V) curves, in the case ofF=133 K. It can be seen from (02) Rp=0.15
this figure, and confirmed by the loRp values, that a very
good agreement between theory and experiment was
achieved. After that, the analysis was repeated for all the
sample measured temperatures and the results are summ 30 130 £ v 230
rized in Table Il. The behavior of the first three interlayer nergy (eV)

spacings, as the temperature is varied, is represented in Fig. FiG. 1. Comparison between some theoretical and experimental
2. As can be seen from this figure, the first interlayer spacing Egp-1 (V) curves for the A¢L10) dataset collected &t=133 K.

d;, undergoes a contraction, which decreases as the tempergne more defined lines corresponds to the experimental LEE)-
ture goes up. The second interlayer spadagexpands but curves. For each pair of curves the beam index and the Rpal
also goes down as the temperature increases, while the thifactor are presented.

u.)

arb

(1,2) Rp=0.10

Inte
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TABLE Il. The percentage of the interlayer spacing variation with the sample temperature as a result of the LEED analysis. The effective
Debye temperature is also shown for each surface temper&tgris. the final PendnR factor in the structural determination. “Beams”
corresponds to the number of beams used in each temperature anéths total range of energy defined by the experimental beams.
Tu=1234 K is the Ag melting point.

T(K) TITy Ady, (%) Adys (%) Aday, (%) 0p; (K) Op, (K Rp  Beams AEq (eV)
133 011  (7.9+28) (+3.6+42)  (—0.9+4.2) (150+ 65) 160 0.16 9 1900
183 015  (6.9+3.0) (+1.4+4.2)  (-0.2+4.2) 150 150 0.19 9 1900
229 0.18  (85%35) (+2.5x4.2)  (-2.1%+5.0) 155 175 0.22 9 1980
323 0.26  (7.8+35) (+3.5x4.8)  (-15+4.5) (155+90) 175 0.21 9 1854
523 042  (7.0+x41) (+2.1x6.0) (-3.3+8.0) 200 200 0.20 9 994
573 046  (-5.8+2.8) (+3.0-4.8)  (~1.9+9.6) 190 210 0.19 9 552
623 050  (1.3+35) (-5.3x4.2)  (+2.4+9.5) 160 180 0.21 9 354
673 055  (-0.2%65) (-0.7+8.0) (+2.5+10.0)  (170-100) 200 0.20 8 284

interlayer spacingls, shows a contraction at low tempera- two different calculations. As can be seen from this figure
tures (133-573 K, which is converted into a small expan- and from Table lll, the values foa, and B, are basically
sion at higher temperatures. independent oE_; and the grid size. The resulting values of
The Debye temperatures, as determined from the LEER,=4.01 A andB,=1.14 Mbar deviate from the experimen-
calculations for each temperature, are shown in Table lltal values by 1.7% and 13%, respectively, and agree well
These were essentially constant over the measured tempesaith other theoretical resulfs:>® Using the lattice parameter
ture range, within the precision of the measurements. Theorresponding to a static equilibrium, electronic density of
average Debye temperatures from this analysis were l6&ates and the phonon-dispersion curves, ukigg=25 Ry
+15 K and 181 17 K for the first two layers, respectively. and a grid of (1& 10X 10), were calculated. The results of
The uncertainties in the surface Debye temperature are theoth calculations are shown in Figs(bB and 3c) and are

standard deviations with respect to the mean value. also in good agreement with the experimental results. In par-
ticular, the phonon-dispersion curves are in excellent agree-
B. DFT calculations ment with results from the calculations performed by Xie

L _ _ et al® and Narasimhat®
_In order to chec.k the validity of the silver USPP used_ N The Ag110 surface calculations were performed using a
this work, calculations of some of the Ag bulk properties gneating slab geometry, consisting of seven or nine layers of
were performed. First, to determine the bulk equilibrium Iat'atoms separated by a vacuum of thickness equivalent to 16
tice constant, and the bulk modulu8,, a series of static atomic layers and a (88X 1) grid in the Brillouin zone.

total-energy calculations, as a function of the lattice parampq equilibrium geometry was obtained by fully relaxing all
eter, using different values for the plane-wave kinetic-energyhe atomic layers in the slab using the Broyden-Fletcher-
cutoff E.,, and the Monkhorst-Pack grid used in the Gogfarh-Shanno algorithiif. Relaxing all the ‘slab layers
Brillouin-zone integration, were carried out. The equilibrium gives an extra convergence check since at equilibrium the

lattice constant and the bulk mOd,UIUS were the;gbtained b¥terlayer distances on both sides of the slab have to be iden-
fitting the results to a Murnaghan’s equation of stat@able  jca| The structural parameters, resulting from the geometry

lII). In Fig. 3@ the static total energy as a function of the qhimization a 0 K are presented in Table IV, as well as
lattice parameter, as well as Murnaghan’s fit, is shown for

TABLE lIl. Equilibrium lattice parameter and the bulk modulus

1O: ' ' ' ' ' for several values o, and grid size.
i Ecut (RY) Grid a, (A) By (Mbar)
= 25 (8%x8x%8) 4.01140 1.14283
§ 50 (8%x8x%8) 4.01120 1.14236
- 60 (8%x8x%8) 4.01120 1.14240
70 (8%x8x%8) 4.01110 1.14240
80 (8%x8x%8) 4.01110  1.14240
25 (10x 10X 10) 4.01100  1.14375
50 (10<10x10) 4.01100 1.14373
0.00 0.0 0.20 %%c; 0.40 050 0.60 60 (10x 10x 10) 4.01100 1.14378
70 (10x 10X 10) 4.01100 1.14377
FIG. 2. The percentual change in the first three interlayer spac80 (10<10x 10) 4.01100  1.14377
ings as a function of the surface temperatanermalized to the Experimental value$Ref. 49  4.085 1.00

melting temperaturd )y, = 1234 K) obtained by LEED.
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Lattice Constant Phonon Dispersion Curves for Ag bulk
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FIG. 3. (a) Static total energy per atom as a function of the lattice paranadtarthe Ag bulk. Open circles correspond to the results for
E..t:=25 Ry and a (&8x8) grid and full circles toE; ;=80 Ry and a (18 10x 10). (b) Experimental(Ref. 53 (diamond$ and
calculated(solid line) electronic density of states for the Ag bilk.,,=25 Ry and a (18 10X 10) grid]. (c) Calculated phonon-dispersion
curves at the lattice parameter corresponding to static equilibrium. Experimental neutréRefats) are represented by the open circles.
T and L stand for transverse and longitudinal modes, respectively.

those from other theoretical studi®s>>As can be seen, there second interlayer spacingsl,, and d,s) are plotted. It is
is a very good agreement between the experimental and thelear from this figure that the LEED, MD, and DFT-MD data
oretical results presented in Tables | and IV. show two “regions:” a nearly constant expansion coefficient
After determining the AgL10) structure at 0 K, molecular at low temperatures which suddenly presents an increasing
dynamics simulationgDFT-MD) were performed on the pehavior at high temperatures. This change occurs for the
Born-Oppenheimer surface at three 'different surface temrEED data at about 0.4%,, . In an attempt to quantify the
peratures(60 K, 300 K, and 560 Kusing the Verlet algo- gifferences between the datasets shown in this figure, the
rithm. After each time step, a self-consistent calculation Waginear-expansion coefficient for the first interlayer distance
performed in order to obtain the new electronic charge deng ,q ohtained through a linear fitting of the data in the tem-
sity. In all simulations a time step of 3.87 fs was used and erature range for whicti,(T) shows a nearly linear behav-

total simulation time of 3 ps was achieved. The time step wa or (except for the DFT-MD results where all the points were
carefully chosen in order to guarantee energy conservation: : : .

The changes in the first and second interlayer distances, o _s_ec_). The results tien oftalned fczristh(illlnear expa_n5|on co-
tained by the DFT-MD simulations, are presented in Fig. 4. Efficients §2m55150_(60— 20)x107° K™, f“GDFTj\fD_(gs
can be seen from this figure that the DFT-MD results ob-+20)%10° K™, _GaMEIlS:(“OZi 30)x10°° K™%, and
tained in this work are in reasonable agreement with thémp=(80=5)x10">K"". The MEIS results show, for

results obtained by LEED and with results from other theo-d12, & contraction that changes to an expansion at about
retical and experimental studies. =550 K (0.49,) and a very high expansion coefficient

(about 21 times larger than the bulion the other hand, the
MD results show a contraction up ~700 K and a com-
paratively lower expansion coefficietfour times larger than

In order to compare our results with those from the litera-the bulk. The LEED and DFT-MD results are in better
ture, in Fig. 4 the LEED and DFT-MD data together with agreement with those from MD study, with an expansion
those from a MEIS experimetitas well as those from clas- coefficient of about three and five times the bulk value, re-
sical molecular-dynamics simulatithMD) for the first and  spectively. Therefore, the LEED analysis does not show an

V. DISCUSSION

TABLE IV. Comparison between the equilibrium geometry of the(d) obtained in this work and other theoretical results. USPP
stands for ultrasoft pseudopotential and NCPP for norm conserving pseudopotential.

This Work Wanget al. (Ref. 23 Narasimharn(Ref. 19
Adq, (%) -8.04 -8.03 -8.81 -9.19 -6.9
Adys (%) +3.79 +4.17 +3.59 +4.10 +2.3
Adg, (%) —0.55 —-0.85 -1.11 —1.50 -1.2
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
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1o yg--*wllas : : ' ] atoms with respect to the temperature is expected. In fact,

A A D this has been observed in an ion scattering experiment on
L o olem ] Ag(110 surfacé® for a temperature range below 600 K.

I Above 6@ K a different behavior for the mean-square dis-
= ®--@DFT-MD placements was observed. Therefore, a different value of the
T o surface Debye temperature far>600 K should be ex-
< : pected. In the present LEED analysis of the(&H), an

I optimization of the effective Debye temperature for the first

r two surface layers has been accomplished and the results
@ ] (see Table Nl show that, for both layers, the Debye tempera-
1ol , , . . ] ture does not change as the sample temperature is varied, at
0.0 0.2 0.4 06 0.8 1.0 least in the investigated temperature raffgem 133 K up to

673 K). These two parameters show small variations around
the mean values o®p,=166 K and®,,=181 K for the

WOj ' ' ' ' *--xMIEls ] first and second layers, respectively. These values are lower
G—OLEED ] than those reported by Devyatko and RogozHRiof 205 K,

@—-@DFT-MD ] for the first layer and higher than those reported by Bracco
. etal® in an ion scattering experiment, where they found
0 (110)=140 K and® o3 =116 K for the(110 and(001)
azimuths, respectively. However, based on the bulk value of
®p=225 K that has been used in our LEED calculation, the
value of ®; is in good agreement with that one expected
(159 K) from the theoretically simple expressiofg,,,
=0p,kV/2/2. These results are consistent with the linear be-
s s oa . s - havior of t_he mean-square displacement with temperature in
’ ' T/t ‘ ‘ the whole investigated temperature range, as predicted by the
Debye model. Therefore, based on the present LEED analy-

FIG. 4. (a) Thermal expansion of the first interlayer spacing sis, the rapid increase above 556 K (0045, of the Ag110
obtained by LEED, DFT-MD, MEISRef. 31, and molecular dy- first interlayer distance seems not to stem from anharmonic
namics(MD) (Ref. 18. (b) The same for the second-layer expan- effects. However, it must be mentioned that in the present
sion. LEED analysis anisotropy in the surface atom vibrations was

not taken into account and so, the values found for the sur-
anomalous expansion coefficient for the first interlayer spacface Debye temperature represent only effective values. In
ing of Ag(110 surface at least up to 0.#% . Furthermore, addition, as can bee seen from Table Il, the two first layers
the LEED data for the second interlayer spacihg do not  show nearly the same value for the Debye temperature and
agree with those from MEIS analysis, as can be seen in Figower than the bulk value, that i€)y;=166 K and ®p,
4(b). Again, an expansion/contraction transition for this pa-=181 K. In a similar LEED analysis for Ad11) surface,
rameter, at about 430 K (0.3%), is shown in the MEIS Soareset al!* have obtained more distinct value® g,
results, whereas from the LEED data the parameter under 165 K and®,=199 K), indicating a larger stiffness of
goes an expansion, although decreasing, up to about 600 #e second layer with respect to the first one. However, for
(0.49T)). This lack of coincidence between MEIS and otherNi(110 (Ref. 58 at T=198 K ©5,=240 K and O,
techniques results was previously observed for(itid) sil- =260 K were obtained, where a value®f,= 350 K for the
ver surface, either by LEEIRef. 14 or by x-rays'® bulk value was used in the calculation, and fof14{) (Ref.

In the temperature range up to 014p, the LEED results  59) ;=240 K and®p,= @ g, Were obtained. Based on
do not indicate the occurrence of an contraction/expansiothese results, it seems that in tfiel1) surface the first and
transition. However, at higher temperatureE>0.45Ty,), second layers show a more distinct set of values for the De-
the LEED results show a more rapid increase of the  bye temperature than tH&10 one. These may happen be-
interlayer distance in such a way that at 673 K this distanceause thg110) is the more open low-index surface and the
is very close to the bulk value. The linear-expansion coeffitwo first layers are nearly equally free to oscillate.
cient in this temperature range changes drastically from The study of the AgL10) thermal behavior has been car-

a gep=(60+20)x10 8 K1 to @ gep=(780+20) ried out mainly considering the formation of point defects

x 10 ® K~1 and it is even greater than that of MEIS experi- such as vacancies and vacancy-adatom pairs using different
ment. Thed,; interlayer distance also shows a different be-experimental techniques and theoretical approaches. The
havior at this higher temperature rand@eg. 4). main results from these works have emphasized the correla-

It has been argued that a rapid increase in surface expation between defect formation and thermal anharmonicity.
sion should be due to a strong surface anharmonicity, whicithe present LEED analysis does not give information about
could lead to an instability at the surface andthe formation of surface defects and therefore it is difficult to
premelting"®"*>*38ccording to the Debye model, a linear draw any conclusion about this process except that anharmo-
behavior of the mean-square displacements of the surfaggcity (if that occurg should appear on the dependence of the

Adyy(%)
i
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Debye temperature with temperature as obtained by LEEDshown by ultraviolet photoemission spectroscpgnd,
The results of the present work show only nearly constanimore  recently, by second-harmonic  generation,
values forG)D1 and@DZ, then it might be an indication that measurementsthat this state has a linear dependence on the
anharmonic effects are at most small in the explored temenergy with the surface temperature. Based on this linear
perature range. behavior, it can be inferred that the surface-state energy
On the other hand, Narasimhan's wbtkuggests that the Crosses the Fermi level at about 624 K and becomes com-
Ag(110 thermal expansion may be controlled by a largePletely unoccupied above this temperatufB>0.50Ty).
stiffening of the first to the third layer, which tends to keep Then, we speculate that the loss of a surface state charge may
d,; constant. We have examined this point, and as can biduce to a new for_ce equilibrium condition; Withiq the sur-
seen in Fig. 2 and Table Il, thd,; distance undergoes a face laye(s) that drives the abrupt change in the interlayer
contraction of —0.06 A (—2.2%) at 133 K, becoming SPacing. This point requires more investigation and perhaps
—0.01 A (—0.4%) at 673 K. However, the standard devia- it Will put some more light on the intriguing behavior of the
tion (Ad,3) calculated with respect to the mean valagy  thermal expansion of the Ag10.
=2.83 Ais 0.03 A(1.1%. So, thed distance behaves as _ Therefore, from the LEED analysis, it can be concluded
nearly constant, within the error range, for the whole tem-hat in the entire investigated temperature range, i.e., from
perature range which was examined. Therefore, it may bé33 K 10 673 K, there is no evidence of any effect related to
concluded that the Narasimhan prediction may be a mor@" €nhancement in anharmonicity which could give rise to
general behavior for the Ag10) surface, and this seems to the observed anomalous thermal expansion, occurring at
be valid up to higher temperatures such as 673 K. Based ofPoUtT=0.45Ty . _ _
Narasimhan's work? a possible explanation for the changes 1he DFT-MD simulations also show a reduction of the
in the first and second interlayer distances may be suggestelfSt layer distance from-8.03% a0 K to —3.4% at 560 K,
In that study,ab initio calculations were performed in order indicating that a contraction/expansion transition might oc-
to obtain the bulk and surface interatomic force constant§ur for temperatures higher than 600 K. However, it is not
(frozen-phonon methodand the results then obtained indi- Possible to say when the contraction starts decreasing since
cate that the radial force-constant coupling atoms from th&© Simulations were carried out between 300 K and 560 K as
first to the third atomic layers, relative to the bulk value, is@ result of computing time limitation. It is worth to be men-
enhanced by 37%. Besides that, the thermal vibrations of théoned that the DFT-MD simulations and the LEED results
second-layer atoms, along theirection(normal to surfacg ~ Obtained in this work are in good agreement, specially at
are increased, relative to the bulk value, by a factor of 2.3. I{foWer temperatures.
addition to that, the in-plane thermal vibrations in the first
layer also present a considerable enhancement in the ampli- VI. CONCLUSIONS
fctor o1 2.1, Bhsed on these r6aU1s, we suggest hatwih g " S ork we have used lov-energy electron diffacton
) ’ d density-functional calculations in order to study the ther-
increase of temperature, the enhanced second-layer therrrh%g

L . L . | expansion of the AG10) surface from 60 K up to 670
ylbratlon Qmpl!tude a_long th.E direction aqd the first layer 1 "oy results seem to support the MEIS main conclusion of
in-plane vibrations will also increase, forcimg, to expand. . - omalous thermal expansion above TyA5The results

Due tq the strong_couplmg betwgen the first and third Iayersalso show that the effective surface Debye temperature, as it
the third layer will also move in an attempt to keep;

H . hat th in of the drivi was determined by this LEED analysis, is nearly constant for
constant. However, It seems that the origin of the drivingy,, first and second layers. Therefore, no anharmonicity
OTtould be inferred at least up to 600 K. As for oth@t0) fcc

coefficient forT.>0.45I'M is stil ot understood. The dy- surfaces, the two first layers show nearly the same value for
namics of the first layer atoms is controlled by the surface[he Debye temperature

force constants, which depend on the charge distribution on
the surface. In this way, surface states may play an important
role in the surface force equilibrium. The M40 surface

has a Shockley-type surface state in a gap at\thzone We would like to acknowledge the Brazilian research
boundary of the surface Brillouin zone. At room temperatureagencies CNPq, CAPES, FAPEMIG, FAPESB, and FAPESP
it lies at 0.06 eV below the Fermi enerds . It has been for financial support.
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