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Anharmonicity on Al „100… and Al„111… surfaces

R. Zivieri, G. Santoro, and V. Bortolani
Dipartimento di Fisica and INFM Unita` di Ricerca di Modena, Universita` degli Studi di Modena, Via Campi 213/A,

I-41100 Modena, Italy
~Received 12 November 1998!

We present a molecular-dynamics analysis of the stable nonmelting~100! and ~111! surfaces of Al. A
many-body potential derived from first-principles calculations is used. The molecular-dynamics method in-
cludes anharmonic effects of all orders. We study static and dynamical properties of the surface. An expansion
of the~111! surface and a contraction of the~100! surface results from the calculations. At low temperature, the
vertical mean-square vibrational amplitude is larger than the in-plane component, while at higher temperature
the in-plane component approaches the vertical one. Both components are at least twice as large as the bulk
value. The interactions due to the surface decay very rapidly going into the crystal from the surface, as
indicated by the analysis of the Debye-Waller factor. The evaluated linewidths for the Rayleigh surface phonon
reproduce quite well the temperature dependence of the He-surface scattering data. The experimental behavior
of the energy shifts, as a function of the scattering momentum transfer, presents a minimum inside the Brillouin
zone, which is also found by our calculations. The surface energy shifts are about 30% larger than the bulk
ones at the same temperature. The effect of surface anharmonicity is much larger for the static properties than
for the dynamical properties.@S0163-1829~99!05924-X#
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I. INTRODUCTION

In recent years there has been considerable interest in
experimental and theoretical study of anharmonic proper
of single-crystal surfaces. Anharmonicity is responsible
important surface processes, such as thermal expansio1,2

reconstructive phase transitions,3 roughening,4 and surface
melting,5 as well as Debye-Waller effects.6,7 It has been
shown that the open surface~110! of several metals exhibits
surface melting,8–14 while the close-packed~100! and ~111!
surfaces are stable up to the bulk melting point.11,15 Static
displacements associated with the relaxation of the sur
plane were obtained with low-energy electron diffraction16

~LEED! and Mev ion-scattering techniques.17 Measurements
performed with helium-atom-scattering18 ~HAS! were able
to resolve the energy shifts and the linewidths associa
with one-phonon scattering processes. Several theore
methods, such as quasiharmonic approximation,19 perturba-
tion theory,20 and molecular-dynamics21,22 ~MD! have been
developed to study the phonon-phonon interaction. In
perturbative approach20 the anharmonic interaction include
third- and fourth-order terms in the phonon-phonon inter
tion. The MD method is not limited to an expansion of t
potential in terms of the displacements and all the order
the phonon processes are automatically summed up. For
reason, in this paper we use the MD technique to investig
the anharmonic properties of Al surfaces. The semi-infin
crystal is modeled with a slab composed by several th
sands of atoms. To perform the computer simulation of
correlation functions for the slab, which involves long sim
lation times, we use a classical interaction potential.Ab initio
simulations are not yet suitable for this type of calculatio
We study the anharmonic properties of the close surfa
which are stable up to the melting temperature. We focus
attention on the Al~100! and Al~111! surfaces. For the
Al ~111! surface there has been a long controversy conc
PRB 590163-1829/99/59~24!/15959~7!/$15.00
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ing the expansion23–25 or the contraction26 of the surface
layer. The recent LEED measurements16,27 report an expan-
sion of the first two layers. Many of the theoretical studie
based on various techniques, are predicting a surface
traction. In this paper we study the surface relaxations
the Debye-Waller factors of the Al stable surfaces in orde
analyze, in particular, the expansion of the~111! surface. Our
second aim is the evaluation of the energy shifts and of
one-phonon linewidths, as a function of momentum trans
and temperature, to see if, in the same framework, we
explain a large set of anharmonic properties of Al surfac
In Sec. II we discuss technical points relative to the appli
tion of MD simulations to the calculation of the static rela
ations, mean-square vibrations, Debye-Waller factor, a
displacement-displacement correlation functions. The res
for the interlayer relaxations, mean-square displacements
Debye-Waller factor are presented for~100! and ~111! sur-
faces in Sec. III together with a comparison of the availa
experimental data for a set of temperatures. Section IV
devoted to the study of the one-phonon linewidths and
ergy shifts for the~100! surface where a comparison is ma
with the He scattering data for the Rayleigh phonons.
Sec.V the conclusions are drawn.

II. SIMULATION METHOD

In order to perform the MD simulations, we use th
many-body potential of Ercolessi and Adams28 constructed
in the scheme of the embedded-atom method.29 The param-
eters entering in the potential are determined by fitting
total potential toab initio calculations of the forces in man
atomic configurations. The range of the potential extends
to third neighbors. In order to study surface properties,
consider a slab of a sufficient number of planes to av
interactions between the two surfaces. Each plane conta
two-dimensional~2D! supercell on which we impose per
15 959 ©1999 The American Physical Society
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odic boundary conditions in the two directions parallel to t
surface. The Al~100! surface is modeled by a slab of 2
planes. Each layer contains 100 atoms. The Al~111! surface
is represented by a slab of 20 planes. The 2D supercell
tains 192 atoms. No periodic boundary conditions are
posed on the surface normal. We perform the simulation
given T in the Andersen scheme30 and we determine the
equilibrium volume for the system under zero pressure. Fr
this volume, we determine the surface lattice constants u
as input parameters in the surface simulations. Thez direc-
tion, normal to the surface, is allowed to fluctuate. We s
at T50 K randomizing the atomic positions and imposi
zero kinetic energy on the system. We use a time stepDt
50.265310214 s for each temperature considered. With
run of about 1000 time steps the system reaches an equ
rium configuration atT50 K. Then the system is put in
contact with a thermal bath at a given temperature in orde
heat the crystal. A run of 1000 time steps is sufficient
reach the requested temperature. In the range of tempera
T5100–400 K, we continue the simulation for a total
5000 time steps corresponding to 10 ps. ForT in the range
500–700 K we perform a longer simulation of 20 ps. Duri
this last run the instantaneous positions are stored at
time step for the analysis of the properties of the system
this way we can evaluate

~1! the static interlayer relaxation between adjacent lay
defined by

dj , j 115
1

Nj

1

TE0

T

dtF(
l 51

Nj

zj~ l ,t !2 (
l 851

Nj 11

zj 11~ l 8,t !G , ~1!

where Nj is the number of atoms in each layer withNj
5Nj 11 ; j 51 corresponds to the surface layer andj .1 la-
bels the layers inside the slab wherej is the index of the layer
considered;

~2! the vertical and in-plane mean-square displaceme
defined, respectively, as

FIG. 1. The top view of the fcc~100! surface. First layer atoms
are represented. Thex andy axes are indicated.
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^ujz
2 &5

1

Nj

1

T (
l

Nj E
0

T

dtuRz
j ~ l ,t !2Rz

j ~ l !u2, ~2!

^uj i
2 &5

1

Nj

1

T (
l

Nj E
0

T

dt~ uRx
j ~ l ,t !2Rx

j ~ l !u2

1uRy
j ~ l ,t !2Ry

j ~ l !u2!, ~3!

whereRa
j ( l ) with a5x,y,z is the mean position of thel th

atom in thej th layer and̂ & denotes the temporal average
~3! the Debye-Waller factor31 for the atomic layerj given

by e22W( j ) where

2W~ j !5^~k•uj !
2&2

1

12
@^~k•uj !

4&23^~k•uj !
2&2#1•••,

~4!

being k the momentum transfer of the incident particle31

~photon, electron, or atom!. Maradudin and Fein32 have
shown that the largest anharmonic contributions to 2W arise
from the anharmonic averaged term^(k•uj )

2&. For this rea-
son we will consider in 2W only the first term.

The time-dependent displacement-displacement auto
relation function33,34 is defined in the one-phonon approx
mation for each layerj as a tensor of the form

cab
j ~Q,t !5 lim

T→`

1

T2t

1

Nj
(
l ,l 8

E
0

T2t

dtua
j ~ l ,t1t!

3ub
j ~ l 8,t !eiQ•[Rj ( l )2Rj ( l 8)] . ~5!

Q is the in-plane component of the vectorq5(Q,qz) and
Rj ( l ) is the mean position of thel th atom in thej th layer. To
evaluate the displacement-displacement correlation func
we need a long simulation run of the order of 100 ps. W
prepare the system at a givenT, as described before, and w

TABLE I. Temperature dependence of the relaxations for
~100! surface. Interlayer distances for the first three layers are
sented. The bulk values are also reported. Units are in Å.

Temp dbulk d12 D12 ~%! d23 D23 ~%!

130 K 2.020 1.985 21.73 2.003 20.84
200 K 2.023 1.994 21.43 2.000 21.14
300 K 2.026 1.999 21.33 2.008 20.89
440 K 2.030 2.007 21.13 2.031 10.00
500 K 2.033 2.016 20.84 2.025 20.39
600 K 2.037 2.026 20.54 2.023 20.69
700 K 2.041 2.035 20.29 2.047 10.29
TABLE II. Vertical and horizontal mean-square displacements on the~100! face for the first three layers
as a function of temperature. Units are given in 1022 Å2.

Temp. ^u1z
2 & ^u1i

2 & ^u1z
2 &/^u1i

2 & ^u2z
2 & ^u2i

2 & ^u2z
2 &/^u2i

2 & ^u3z
2 & ^u3i

2 & ^u3z
2 &/^u3i

2 &

130 K 0.88 0.67 1.31 0.55 0.47 1.17 0.48 0.44 1.09
300 K 2.27 1.77 1.28 1.70 1.17 1.45 1.29 1.19 1.08
500 K 3.48 3.16 1.10 2.30 2.00 1.15 2.14 2.06 1.04
600 K 4.34 4.08 1.06 2.96 2.86 1.03 2.56 2.30 1.11
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PRB 59 15 961ANHARMONICITY ON Al ~100! AND Al ~111! SURFACES
evaluate the total energy as a mean value from the 1000
steps run necessary to thermalize the system. Fixing the
ergy at this value, we perform a simulation of 50 000 tim
steps. The spectral density for the genericj th layer is ex-
pressed as the Fourier transform of the displacem
displacement temporal autocorrelation function and
defined,34 in the limit of long simulation times, as

Sab
j ~Q,v!

5 lim
T→`

1

T

1

Nj
E

0

T

dtuQa
j ~ t !eivtE

0

T

dt8u2Qb
j ~ t8!e2 ivt8, ~6!

where

uQa
j ~ t !5(

l
eiQ•Rj ( l )ua

j ~ l ,t !. ~7!

FIG. 2. Full squares: Temperature dependence of the first l
vertical mean-square displacement for the~100! surface. Open
squares: Unidimensional bulk mean-square displacements.

FIG. 3. Exponent of the Debye-Waller factor atT5130 K as a
function of the atomic layers. Open circles:k5(0,0,kz) with kz

51.56 Å21. Full circles: The same fork5(kx,0,0) with kx

51.56 Å21.
e
n-

t-
s

We remind that for an anharmonic crystal the one-phon
cross section can be very well approximated32 by the product
of the correlation function given by Eq.~5! times the Debye-
Waller factor of Eq.~4!.

III. INTERLAYER RELAXATIONS AND MEAN-SQUARE
AMPLITUDES

We start by considering the Al~100! slab. The geometry
of the Al~100! surface is shown in Fig. 1. The calculate
value of the separation between first and second layer,d12,
second and third layer,d23, and the bulk separation,dbulk ,
are presented in Table I for several temperatures. The~100!
surface contracts, as also found in the MD calculations
Yang et al.22 for Cu~100!. The contraction between the firs
and second plane,Dd125(d122dbulk)/dbulk , decreases rap
idly with increasing temperature and, atT5700 K, is
20.29%. We notice that there is not a gene
consensus35–40 on the relaxation of the surface as a functi
of T. The old LEED~Refs. 23 and 41! and extended x-ray
absorption measurements26 give evidence of no contraction
Medium energy electron diffraction42 and MeV ion
scattering17 measurements, however, give a contraction
low and at room temperature of less than 0.05 Å in agr
ment with our calculations. Close to the melting point Mon
Carlo simulations35 predict an outward relaxation. The se
ond and third layer present an expansion at high tempera
shown by the positive sign ofDd235(d232dbulk)/dbulk at T
5700 K. The parallel and perpendicular to the surface me
square amplitudes of the first three layers are summarize

er
FIG. 4. As in Fig. 3 forT5600 K.

FIG. 5. The top view of the fcc~111! surface. First layer atoms
are represented. Thex andy axes are indicated.
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TABLE III. As in Table I for the ~111! surface. Experimental data atT590 K from Ref. 24 and atT5160 K from Ref. 15.

Temp dbulk d12 D12 ~%! ~calc! D12 ~%! ~expt.! d23 D23 ~%! ~calc.! D23 ~%! ~expt.!

90 K 2.331 2.354 10.90 10.9060.5 2.344 10.53 10.5
160 K 2.334 2.374 11.71 11.7060.3 2.350 10.67 10.560.7
300 K 2.339 2.367 11.20 11.80 2.347 10.34 10.1
500 K 2.347 2.363 10.68 2.344 20.13
600 K 2.352 2.369 10.72 2.347 20.21
700 K 2.356 2.369 10.55 2.358 10.08
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Table II. For the~100! surface^ujx
2 &5^ujy

2 & ~see Fig. 1!. At
low temperature, we find an anisotropy of 30% which d
creases with temperature. At 600 K the anisotropy is of l
than 10%. Our MD simulation at this temperature does
indicate the presence of diffusive processes which can
duce a large increase of the lateral mean-square amplitu
In particular, the behavior of the transverse component of
surface displacement, as a function of temperature, is il
trated in Fig. 2. One notes, in the range of temperatu
studied, a linear behavior for the unidimensional bulk co
ponent as well as for the transverse surface one. At
temperature the vertical mean-square displacement is t
as large as that of the bulk, but the deviation increases
proximately linearly with temperature. In Table II are al
reported the mean-square amplitudes of the second and
layer. As it can be noticed, there is a strong reduction of
mean-square amplitudes, which tend to the bulk values go
from the surface inside the crystal. This is better illustrated
Fig. 3 where we present the Debye-Waller factor at low te
perature (T5130 K! for the k5(kx,0,0) parallel to the sur-
face and for thek5(0,0,kz) perpendicular to the surface fo
different atomic layers. The surface correction is larger
vibration perpendicular to the surface than for vibration p
allel to the surface and decays very rapidly within a fe
atomic spacings from the surface. It is important to not
that this Debye-Waller behavior reproduces quite closely
results of Maradudin and Melngailis.6 These calculations
were performed by taking the Bose factor in the hig
temperature limit43 and evaluating 2W( j ) at the lowest order
in the anharmonic force constants. This correspondence
dicates that, in our calculations, the three-phonon proce
are the dominating ones. At high temperature (T5600 K!, as
shown in Fig. 4, higher-order phonon contributions beco
very important. We now turn to discuss the Al~111! surface.
The geometry adopted in our calculations is presented in
5. The evaluated interlayer relaxations for the first two lay
are summarized in Table III together with experimental
sults. We obtain an expansion of the first and second la
In particular, atT590 K the calculations are in very goo
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agreement with experimental data24 for both layers. Our re-
sults atT5160 K reproduce quite well the recent measu
ments of Nooan and Davis.16 The comparison between th
evaluated theoretical values and the observed ones16 is not so
good at room temperature. Nevertheless, several theorie
only predict a contraction of the first layer,36,44,45 but also
that an expansion is not possible, as discussed by Finnis
Heine.46 Finally, the mean-square displacements of our c
culations are given in Table IV. For the symmetry of th
surface, see Fig. 5, we have^ujx

2 &5^ujy
2 &. The anisotropy

between the vertical and the horizontal component decre
with temperature, but remains larger than one. At 700 K
simulation does not indicate any considerable diffusion
the atoms in the surface plane so that the planar mean-sq
displacement remains smaller than the vertical one. T
evaluation of the Debye-Waller factors involving the late
and vertical mean-square displacements are rather simila
those discussed for the~100! surface and are not reporte
here. We stress again that, at low temperature, the m
square displacements are mainly related to three-phonon
cesses. The effect of higher-order contributions is visible
the high-temperature limit.

IV. LINEWIDTHS AND ENERGY SHIFTS

Previous calculations of the linewidths for Lennard-Jon
crystals were performed by McGurnet al.34 Embedded-atom
method calculations were performed by Ditlevsenet al.47

and by Yanget al.22 A MD simulation of Al was performed
by Gesteret al.18 using a Morse potential. All these simula
tions indicate that the presence of the surface enhances
bulk linewidths. We start by evaluating the linewidths ass
ciated to the Rayleigh mode as a function of moment
transfer. Accurate measurements have been performed
He-surface inelastic scattering18 ~HAS! of the Rayleigh one-
phonon spectra for the Al~100! surface in theS direction.
The intensity of the Rayleigh peak strongly decreases w
increasing lateral momentum; for this reason accurate m
surements have been performed for lateral momentum m
TABLE IV. As in Table II for the ~111! surface.

Temp. ^u1z
2 & ^u1i

2 & ^u1z
2 &/^u1i

2 & ^u2z
2 & ^u2i

2 & ^u2z
2 &/^u2i

2 & ^u3z
2 & ^u3i

2 & ^u3z
2 &/^u3i

2 &

200 K 1.21 0.70 1.73 0.88 0.65 1.35 0.68 0.57 1.20
300 K 2.04 1.29 1.58 1.60 1.18 1.36 1.10 0.98 1.12
500 K 3.22 2.13 1.51 2.20 1.80 1.22 1.83 1.73 1.06
600 K 4.31 3.22 1.34 2.81 2.29 1.23 2.46 2.25 1.09
700 K 4.59 4.55 1.01 3.77 3.29 1.15 3.39 2.74 1.24
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PRB 59 15 963ANHARMONICITY ON Al ~100! AND Al ~111! SURFACES
than half of the zone-boundary value, where the Rayle
peak rises well above the multiphonon background. M
surements have been performed atT5300 K and at T
5440 K. In Fig. 6 we present our results atT5300 K. The
linewidth is defined as the width at half maximum of th
Rayleigh peak evaluated with Eq.~6!. Our results are in good
agreement with the experimental measurements. Also for
higher temperature,T5440 K, our simulation is in agree
ment with the measured linewidths, as shown in Fig. 7, a
indicates that the increase in linewidth is larger than that
predicted by the use of the Morse potential.18 Moreover, MD
calculations performed with Morse potential largely under
timate at this temperature the linewidths, especially for sm
momentum transfer, the region where multiphonon effe
are dominating and the many-body potential plays a not
able role. We note that the surface linewidths are larger t
in the bulk. TheḠ→X̄ direction is parallel to the bulkG
→K direction andX̄ corresponds to theT2 bulk mode with

momentum transfer equal to (2p/a)@ 1
2 , 1

2 ,0#. A direct com-
parison is not possible, because the experiments canno
performed atX̄. However, our surface calculations give atX̄

FIG. 6. Phonon linewidth of the Rayleigh mode in theS direc-
tion at T5300 K for the~100! surface. Full circles: calculated va
ues. Triangles: experimental points from Ref. 18.

FIG. 7. As in Fig. 6 atT5440 K.
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a value of 1 meV atT5300 K, as it can be seen from Fig. 6
which is .30% larger than the bulk value previous
evaluated48 at the same temperature. This is a further indic
tion that multiphonon effects are enhanced by the prese
of the surface. We now turn to discuss the energy shifts
order to make a stringent comparison with the experime
data we define the energy shift asDv5vT(Q)2vTm

(Q),

where Tm is the lowest temperature at which the surfa
Rayleigh mode is measured with the HAS technique.18 For
Al ~100! Tm5130 K. The experimental results of the Ra
leigh phonon-dispersion curves are clearly separated f
the background in the second half of the Brillouin zone. F
this reason, we present the results only forQ>0.5 Å21. In
Fig. 8 are reported the experimental data together with
calculations atT5300 K. It can be noticed that the behavio
of the energy shifts as a function of the momentum is rat
similar to that one of theT2 phonon shift in the bulk in the
@110# direction even if the surface energy shifts are larg
Moreover, for the smallestQ, we obtain convergence in th
numerical value by taking a supercell with 400 atoms in ea
layer. This is an indication that multiphonon processes

FIG. 8. Energy shift, as defined in the text, of the Raylei
mode atT5300 K. Full squares: calculated values. Triangles: e
perimental points from Ref. 18.

FIG. 9. As in Fig. 8 atT5440 K.
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high order are very important, as already emphasized in
bulk calculations.48 In Fig. 9 are presented the results forT
5440 K. There is a noticeable increase of the energy s
but the dip present aroundQ50.7 Å21 still remains. As a
function of Q the effect of anharmonicity is not linear. Ou
theoretical results reproduce the experimental trend, eve
at Q50.66 Å21 we underestimate the experimental value
we assume a linear temperature dependence at theX̄ point,
the slope is 0.4 meV for 100 K. The slope reduces at
meV for 100 K at the smaller momentum, in agreement w
the experiments of Gesteret al.18

V. CONCLUSIONS

In this paper we have shown that a MD simulation bas
on a surface free parameter many-body potential reprod
quite accurately both static and dynamic anharmonic effe
in the smooth aluminum surfaces. The evaluated prope
turn out to be very sensitive to the number of particles and
the total simulation time. To get convergent results seve
thousands of particles are necessary. For the static prope
a small simulation time of 10 ps is required to reach conv
gence in the calculations, whereas for the evaluation of
width of the spectral densities a larger simulation time
requested (100 ps!. Our results depend on the surface orie
tation. We predict a small contraction of the~100! and an
ev
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expansion of the~111! surface in agreement with the exper
ments. This is a relevant theoretical result, because m
MD andab initio calculations give a surface contraction. Th
surface mean-square displacements are, at low tempera
at least twice as much the bulk one’s. The ratio increase
higher temperature. The behavior of the Debye-Waller fac
in the range of temperature considered differs very sligh
from the linear behavior found in earlier calculations.6 The
interactions produced by the surface decay quite rapidly
ing from the surface inside the slab. The fifth layer can
ready be considered as a bulk layer. The evaluated l
widths, as a function of the lateral momentum, reproduce
a satisfactory way the scattering data. Also the tempera
behavior is quite well described by our many-body potent
Calculations performed with the Morse potential do large
underestimate the experimental linewidths. As shown in
study, the evaluated energy shifts present a nonmonot
trend as found in the experimental data. Our analysis in
cates that the presence of the surface largely enhance
anharmonic contributions of the static properties and p
duces only small effects in the surface dynamical propert
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