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Surface vibrations of Ag(1QQ) and Cu(1QQ): A molecular-dynamics study
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We present molecular-dynamics studies of Ag(100) and Cu(100), using interatomic potentials obtained
by the embedded-atom method. The low-temperature results for the surface phonon frequencies and po-
larizations at selected points in the two-dimensional Brillouin zone are in good agreement with experi-
mental data and also with results of first-principles calculations on both systems. The mean-square vi-
brational amplitudes of the surface atoms are found to be isotropic and much larger than the reported
values for the bulk. As a function of increasing temperature, the frequencies of the surface phonons are
found to redshift and the peaks to broaden. The variation of the mean-square vibrational amplitude with
temperature displays effects of enhanced surface anharmonicity.

I. INTRODUCTION

The dynamics of the surfaces of several metals have
been the subject of considerable examination as a result
of continued developments in experimental probes and
also in theoretical techniques used to understand the
data. Among the issues being discussed are the frequen-
cies and polarizations of the surface phonons and reso-
nances, the dispersion of these normal modes, the mean-
square vibrational amplitudes of the surface atoms, and
the dependencies of all the above quantities on the sur-
face temperature. While investigation of the surface dy-
namics at low temperatures can provide information on
the bonding between surface atoms within the framework
of a harmonic potential, studies for a range of higher
temperatures are necessary to extract the role of surface
anharmonicity and thermal roughening.

For the narrow range of issues in surface dynamics
mentioned above, a good deal of experimental and
theoretical efforts have focused on the (100), (111), and
(110) surfaces of Ni, Ag, Au, Cu, and Pt. Although there
are many peculiarities to each of these systems, a few
general tendencies have also been found. For example,
comparison of lattice-dynamical calculations with experi-
mental data shows that the force constants between
atoms in the surface layers are different from those in the
bulk. ' ' These deviations from the bulk values show
certain characteristics: the (100) surface displays a
stiffening in the interlayer surface force constant, ' the
(111)surface requires a softening in the surface intralayer
force constant, and the (110) surface, which has the
highest propensity to reconstruct, demands the introduc-
tion of surface stress. ' ' Furthermore, low-energy
electron diffraction (LEED) and He-atom scattering from
the (110) and (100) surfaces of Ni (Refs. 13 and 14) and
Cu (Refs. 15—17) point to large increases in the mean-
square vibrational amplitude of surface atoms and to the
appearances of enhanced surface anharmonicity at

characteristic temperatures. ' ' Such an increase in
surface anharmonicity has also been predicted by
temperature-dependent electron-energy-loss-spectroscopy
(EELS) measurements on Cu(110). '

In this paper we will confine our attention to Cu(100)
and Ag(100) on which surface phonons have been the
subject of recent investigations. Lattice-dynamical
calculations" based on force constants obtained from
first-principles calculations reveal two modes —a longitu-
dinal mode L& at I and a mode S2 with first-layer longi-
tudinal and second-layer shear vertical displacements at
X—which were not reported in earlier calculations using
either parametrized force constants ' or those obtained
from an embedded-atom type of potential. ' Although it
is not easy to resolve the frequencies of these particular
modes from the EELS data, their presence leads to
very good agreement between the calculated, incident
energy-dependent cross sections for electron scattering
and the measured values.

Our aim in this paper is first to calculate the frequen-
cies and polarizations of all surface modes and reso-
nances at the high-symmetry points in the two-
dimensional Brillouin zone, using the molecular-
dynamics (MD) technique based on interaction potentials
obtained from the embedded-atom method (EAM). A
comparison of the results so obtained with the experi-
mental data, as well as with the values obtained from
theories based on first-principles calculations, is essential
in testing the reliability of the phenomenological poten-
tial. It will be seen that the embedded-atom potential
yields the frequencies and the polarizations of the surface
vibrational modes in remarkable agreement with the cal-
culations based on force constants derived from the first-
principles method.

The second and perhaps the main objective of the work
is to extend the investigations of surface phonons to
higher temperatures. This involves a systematic study of
line broadening and frequency redshift as anharmonic
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effects become important with increasing temperature.
The effect of temperature on the mean-square vibrational
amplitudes of atoms will also be explored and attention
will be paid to enhancement in the vibrational amplitude
of atoms in the first and the second layers of the crystal
surface as compared to those in the bulk. So far several
experiments suggest an increase in surface anharmonicity
vis-a-vis its bulk value' ' for Cu(100). The calculations
to be presented here will attest to this prediction.

The rest of this paper is organized as follows. Section
II contains a summary of the theoretical technique in-
volving the MD simulations and the procedure for ob-
taining the potentials using the embedded-atom method,
Sec. III summarizes the results of the MD simulations for
Cu(100) and Ag(100) at room temperatures and their
comparison with experimental data and lattice-dynamical
calculations based on force constants from first-principles
methods and from parametrized fit to the data, Sec. IV
focuses on the temperature-dependent dynamics of
Cu(100), and Sec. V presents the conclusions.

II THK. ORKTICAL TECHNIQUE

A good review of the molecular-dynamics technique
can be found in Ref. 21. BrieAy, Newton's equations of
motion of atoms, interacting via a given potential, are
solved by using a suitable algorithm and by applying
periodic boundary conditions to remove edge effects. The
time evolution profile of the system, the radial distribu-
tion function, the velocity autocorrelation function, and
the dynamical structure factor can thus be evaluated.

In the MD simulations to be presented here, the six-
value Gear predictor-corrector algorithm, ' with a time
step of 1X10 ' sec in employed. Since the interaction
potential is short ranged (-6 A) the neighbor listing
method ' is employed to make the computation more
efficient. Temperature of the system is controlled via the
introduction of fictitious forces on atoms. ' When the in-
stantaneous temperature of the system is higher than the
desired value, a frictional force is applied to each atom in
order to slow it down and thus lowering the temperature.
On the other hand, the temperature can also be increased
by changing the sign of the frictional forces, i.e., ac-
celerate each atom artificially along the direction of its
velocity vector.

The procedure of the simulation is as follows. For
each temperature to be studied, a zero-pressure bulk
simulation is performed with 256 atoms arranged in a
cube. Periodic boundary conditions are employed and
the minimum image convention is used to calculate the
interaction potentials for the atoms in the central cube.

The size of the cube is allowed to Auctuate, thus allowing
the determination of the equilibrium volume for the sys-
tem under zero pressure. The lattice constant is extract-
ed from the average volume V of the system. For the fcc
structure with four repeating unit cells in each of the
three Cartesian directions, the lattice constant
ao= V /4. Thermal expansion is hence an inherent1/3

part of this procedure.
The lattice constant determined from the bulk simula-

tion is used as input for the surface simulations. Periodic
boundary conditions and the minimum image convention
are now invoked in the two directions parallel to the sur-
face plane and no boundary conditions are used along the
surface normal. The slab contains ten layers with a
10X 10 square lattice in each layer, giving a total of 1000
atoms in the system. For each surface at each tempera-
ture, the perfect lattice positions of the truncated surface
are used as initial configurations of the atoms. Initial ve-
locities are drawn from Maxwell distribution at the par-
ticular temperature. A 10-ps constant-temperature
equilibration run is made to ensure that the surface relax-
ation process has completed and that the system is equili-
brated at the desired temperature. Afterwards, the sys-
tem is left undisturbed in a 50-ps constant-energy simula-
tion during which the positions and velocities of the
atoms are stored for analyses of structural and dynamical
properties of the system such as the mean-square vibra-
tional amplitudes of atoms and the phonon spectral den-
sities.

The mean-square displacement (MSD) from the equi-
librium position (mean-square vibrational amplitude) of
an atom in the jth layer is defined as

where N, is the number of atoms per layer, j=1 is the
surface layer, and ( ) represents an average over time t.

The surface phonon spectral densities can be calculated
from the dynamic structure factor, or in the one-
phonon approximation, from the temporal Fourier trans-
form of the layer-averaged displacement-displacement
autocorrelation functions. Since the reference positions
for the atomic displacements are not well defined, we use
velocities instead of displacements to analyze the vibra-
tional frequencies. The surface phonon spectral densi-
ties are then obtained from the temporal Fourier trans-
form of the layer-averaged velocity-velocity autocorrela-
tion functions according to

N

g (Q~~, co)= f e' ' g e ~ 'u, (t+r) (2)

where R is the equilibrium position of an atom and ( ),
represents an average over the starting times v.. One
could use Eq. (2) directly to obtain the phonon spectral
densities, but the correlation functions for the solid

I

phase, especially at low temperatures, do not decay to
zero very rapidly and thus the truncation error, after a
Fourier transform, can cause negative peaks in the spec-
tral density curve. For the results we will present later,
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the phonon spectral densities are obtained according to

In the event that the simulation time approaches infinity,
it can be proved rigorously that Eqs. (2) and (3) are
equivalent. The raw spectrum obtained according to
Eq. (3) is smoothed by convoluting it with a Gaussian
function, to eliminate the noise caused by an insufhcient
number of averages. 22

In addition to the above dynamical quantities,
structural information like interlayer relaxation can also
be calculated directly from the diA'erence between the
average heights (the z coordinates) of the first and second
layers:

(4)

E„„=gF g p'(r, )+—,
' g. P(r, ),

i j(wi)
(5)

where the embedding function F is a functional of the
electronic charge density with origins in the density-
functional theory, p' is the angle-averaged radial elec-
tronic charge density function obtained from the
Hartree-Fock calculations for free atoms, P is the pair-
wise repulsion between the cores of atoms, and r, is the
separation between atoms i and j. It can be shown that
the first term on the right-hand side of Eq. (5) represents
a many-body type of interaction if F is a nonlinear func-
tion, but reduces to a pair interaction otherwise. The
forms of embedding function of several fcc metals are
chosen to be cubic splines fitted to bulk experimental data
such as the sublimation energy, equilibrium lattice con-
stant, elastic constants, and vacancy-formation energies
of the pure metals and the heats of solution of the binary
alloys. When applied to solid surfaces, the parameters
for the potential are not changed, nor are additional ad-
justable parameters introduced. Therefore, the model is
surface parameter free. References to the application of
the EAM to a variety of problems in pure metals and al-
loys, including studies on phonon dispersion, thermal-
expansion coe%cient, liquid-metal structure, surface
reconstruction, point defects, dislocation motion and
fracture of pure metals, and segregation of alloys at inter-
faces, can be found elsewhere. 28

The force acting on atom k is expressed as

dE...
drk

Now let us turn to the central issue in a MD simula-
tion, the interaction potentials. We choose the
embedded-atom-method potential because of its many-
body nature and the overall success in reproducing sur-
face relaxations and bulk and surface phonon disper-
sion ' for several metallic systems. The total potential
energy of the homonuclear solid has the following form
in the EAM:

first (oyer

O second layer

FIG. 1. The top view of the fcc(100) surface and the two-
dimensional Brillouin zone.

and the pressure of the system is defined as

d+totI'= —k~T—
V dV ~T

(7)

With Eqs. (5)—(7) and the input of the three functions F,
p', and P, one can now perform MD simulations with the
EAM potentials.
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FIG. 2. Surface phonon spectral densities of AG (100) at
300 K at X for (a) the first-layer atoms and (b) the second-layer
atoms. In this and all subsequent figures on surface phonon
spectral densities, the solid, long-dashed, and short-dashed lines
represent the shear vertical, longitudinal (even), and shear hor-
izontal (odd) components, respectively.
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III. SURFACE PHQNONS QF Cu(100)
AND Ag(100) AT RQQM TEMPERATURE

The geometry of the fcc(100) surface and the two-
dimensional Brillouin zone are shown in Fig. 1. The pho-
non spectral densities for the displacements of the first-
and second-layer atoms as obtained from the MD simula-
tions discussed above, are presented in Figs. 2 —5. The re-
sults for Ag(100) at the X point in the two-dimensional
Brillouin zone in Fig. 2(a) show the shear horizontal
mode (odd) Si at 1.55 THz, the shear vertical mode S&
(the Rayleigh wave) at 2. 1 THz, and the longitudinal
mode S6 at 3.95 THz. All three of these modes have
their maximum amplitude in the first layer. The spectral
densities in Fig. 2(b) for the displacements of the atoms in
the second layer reveal another mode Sz at 2.3 THz with
shear vertical motion in the second layer coupled to lon-
gitudinal motion of atoms in the first layer. Other
features in Fig. 2(b) include the second-layer shear hor-
izontal mode at 2.3 THz, the S4 mode at 2.1 THz with
longitudinal polarization in the second layer, the 56 mode
at 3.95 THz with vertical motion of the second-layer
atoms, and a resonance at 2.65 THz associated with a

vertical displacement of atoms. Note that in each figure
the maximum value of the spectral density has been put
to unity and the area under each curve is the same. Thus
52 resonance which lies inside the bulk band is stronger
than what is apparent from the figure.

The spectral densities for Ag(100) at M presented in
Fig. 3(a) display the S, (shear vertical) mode at 2.78 THz
outside the bulk band and the degenerate modes Li (lon-
gitudinal) and L', (odd, shear horizontal) at 3.4 Hz. Simi-
larly, the spectral densities for the atoms in the second
layer in Fig. 3(b) exhibits the S2 mode with vertical polar-
ization at 3.4 THz and the L& and L

&
modes at 3.4 THz

which continue to have the same polarizations as the
atoms in the first layer.

The highlights of the spectral densities of Cu(100) are
very similar to that of Ag(100). At X, the modes in the
first layer, shown in Fig. 4(a), are S& (shear horizontal) at
1.91 THz, the Rayleigh wave S~ (shear vertical) at 2.91
THz, S6 (longitudinal), a doublet at 5.77 and 5.95 THz,
and S2 (longitudinal first layer and shear-vertical second
layer) at 3.77 THz. The frequencies and polarizations of
the modes in the second layer are shown in Fig. 4(b).
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FIG. 3. Surface phonon spectral densities of Ag(100) at
300 K at M for (a) the first-layer atoms and (b) the second-layer
atoms.

FIG. 4. Surface phonon spectral densities of Cu(100) at
300 K at X for (a) the first-layer atoms and (b) the second-layer
atoms.
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These two figures also indicate that for S2 the first-layer
atoms have vertical, as well as longitudina1, displace-
ments. Note that in both Figs. 4(a) and 4(b) there is also
a mode at 3.22 THz with polarization similar to that of
Sz. Further detailed MD simulations with a larger num-
ber of layers will be more helpful in assigning the origin
of the mode at 3.22 THz. Finally, the spectral densities
for Cu(100) at M are presented in Figs. 5(a) and 5(b),
displaying the S„L,, and S2 modes, similar to the case
for Ag(100).

A comparison of the frequencies of the modes at X and
M for Ag(100) and Cu(100) obtained by several theoreti-
cal techniques is summarized in Tables I and II. The re-
sults presented in Figs. 2 —5 are tabulated under the
method heading MD/EAM. We have also performed
calculations using the lattice dynamical technique with
parametrized surface force constants and the nearest
neighbor (NN) interactions. ' The results for Ag(100)
obtained by choosing k,2=1.2k and k» =0.8k, where
k =20, 200 dyn/cm is the bulk force constants, are under
LD/NN in Table I. Here k&2 is the force constant be-
tween atoms in the surface layer and the layer below and
k» is the coupling between the atoms within the surface
layer. Similar results for Cu(100) with k, &=1.2k and
k =27,000 dyn/cm are presented in Table II under
method LD/NN. The frequencies obtained using lattice
dynamics techniques with surface force constants from
first-principles (FP) calculations, ' the EAM (Ref. 19)
and bulk parameters [4NN (Ref. 31) and 2NNa (Ref. 30)j
are also contained in the tables. Here 4NN and 2NNa
refer to the models with four nearest-neighbor central
force interactions, and two nearest-neighbor interactions
plus angle-bending interactions between nearest neigh-
bors, respectively.

Chen et a/. ' have claimed that force constants from
first-principles calculations yield new modes, I.j at M and
S2 at X, whose eigenvectors are crucial to the under-
standing of the energy dependence of the scattering
cross-section of the modes observed in EELS (Refs. 4, 5,
and 32) and the feature spread between 3.6 and 4. 1 THz
in He-scattering data on Cu(100) near X. It is true that
the earlier studies on those two systems had not reported
the I &, or the Sz mode, as the tables reflect. However,
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the molecular dynamics results presented here, as well as,
the lattice dynamica1 calculations with parametrized
force constants do reproduce both the L

&
and S2 modes

with frequencies in good agreement with the experimen-
tal data and the theoretical results in Refs. 4 and 5.

FIG. 5. Surface phonon spectral densities of Cu{100) at
300 K at M for (a) the first-layer atomms and (b) the second-
layer atoms.

TABLE I. Comparison of surface phonon frequencies for Ag(100) (in units of THZ).

Method

Expt.
MD/EAM
LD/NN
LD/FP'
LD/2NN'
LD/4NN

S, (z)

2.4'
2.78
2.58
2.5
1.82
2.1

Mt
L, (x +y)

3.40
3.25
3.3

S,(z, )

3.48
3.52

3.2-3.4
3.35

S&(y)

0.8
1 ~ 55
1.85
1.4
0.86
1.4

S4{z)

2.1'
2.10
2.12
2.1

2.09
1.8

S,(z, )

2.35
2.54
2.2

S,(x)

3.95
3.94
4.1

4.08
4.2

' Reference 5.
Reference 34.

' Reference 30.
Reference 31.
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TABLE II. Comparison of surface phonon frequencies for Cu(100) (in units of THz).

Method

E~pt »b c

MD/EAM
LD/NN
LD/FP'
LD/EAM
LD/2NNo. '

S, (z)

4.05
3.88
3.95
4.3
3.97
3.66

M
1.&(x +y)

5.10
5.15
5.0

S2(z2)

4.9
4.99
5.32
4.9

5.18

1.91
2.79
2.3
2.09
2.59

S4(z)

3.24
2.91
3.20
3.1

2.99
3.11

S2(z~)

3.6-4.1

3.77
4.08
3.4

S,(x)

6.1

5.77
6.14
6.2
6.08
6.11

' Reference 4.
Reference 32.

' Reference 33.
Reference 19.

' Reference 30.

IV. TEMPERATURE-DEPENDENT DYNAMK."S

OF Cu(100)

The MD simulations have been carried out for Cu(100)
at 150, 300, and 600 K. The results for the phonon fre-
quencies at 300 K have already been reported in Sec. III.

In Figs. 6(a) and 6(b), the phonon spectral densities for
the first layer atoms at X at surface temperatures of 150
and 600 K, respet. tive1y, are displayed. As expected, the
features in Fig. 6(a), including the S6 mode which ap-
peared broad in Fig. 4(a), are sharp and they broaden out
considerably in Fig. 6(b), as a result of anharmonicity in
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FIG. 6. Surface phonon spectral densities of Cu(100) at X for
the first-layer atoms at (a) 150 K and (b) 600 K.

FIG. 7. Surface phonon spectral densities of Cu(100) at M for
the first-layer atoms at (a) 150 K and (b) 600 K.



SURFACE VIBRATIONS OF Ag(100) AND Cu(100): A. . . 13 731

TABLE III. Phonons at X on (100) surfaces (phonon frequency + half width at half maximum in
units of THz). (Asterisks denote weak and broad peaks. )

Metal

Ag

Temp.

300 K

S, (y)

1.55+0.07

S4(z)

2.10+0.09

S,(z2)

2.35*

S,(x)

3.95+0.17

CU 150 K
300 K
600 K

2.02+0.06
1.91+0.09
1.78+0.22

3.00+0.07
2.91+0.08
2.72+0.26

3.81+0.04
3.77+0.08

3.68*

6.00+0.08
5.77+0.25
5.42+0.34

TABLE IV. Phonons at M on (100) surfaces (phonon frequency + half width at half maximum in

units of THz).

Metal

Ag

Temp.

300 K

S, (z)

2.78+0.09

Ll(x +y)

3.40+0.07

S2(z2)

3.48+0.11

CU 150 K
300 K
600 K

4.00+0.08
3.88+0.15
3.80+0.38

5.25+0.05
5.10+0.18
4.71+0.36

5.18+0.06
4.99+0.07
4.80+0.28

0
TABLE V. Interlayer relaxation on (100) surfaces with distances in units of A.

Metal

Ag

Temp.

300 K

ap

4.114

dbulk

2.057 2.021

d 12 dbulk

—0.036

(d 12 dbulk ) id bulk

—1.750%

Cu 150 K
300 K
600 K

3.624
3.633
3.652

1.812
1.817
1.826

1.788
1.795
1.810

—0.024
—0.022
—0.016

—1.325%
—1.211%
—0.876%

TABLE VI. Mean-square vibrational amplitude on (100) surfaces and the one-dimensional bulk
0 2

value in units of 10 A .

Metal

Ag

Temp.

300 K

& u'„)
1.52

&u' )

1.38

&u', , )

1.13 0.96

& ul. n, )

0.8

CU 150 K
300 K
600 K
900 K

0.61
1.28
2.80
5.09

0.59
1.30
3.06
6.24

0.44
0.92
1.94
3.64

0.42
0.88
2.03
3.93

0.3
0.7
1.4
2.4
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the interaction potential.
It is of interest to also look at the spectral density for

Cu(100) at M, particularly at 150 K shown in Fig. 7(a).
There are two distinct modes with longitudinal polariza-
tion in the first layer at 4.95 and 5.25 THz. At higher
temperatures, however, only one such feature survived
[See Figs. 5(a) and 7(b)I. Most likely the lower frequency
mode ( —5 THz) arises from the large density of states at
the edge of the bulk band while the higher frequency
(5.25 THz at 150 K) is the I.I resonance discussed earlier.
As a function of increasing temperature the phonon spec-
tral densities not only broaden but the peak positions also
shift downward in frequency. These variations in the fre-
quencies and the linewidth for Cu(100) are summarized in
Tables III and IV. To date we are unaware of any experi-
mental data on such temperature effects. For compar-
ison, the values for Ag(100) at 300 K are also included in
the tables.

Apart from reproducing the surface phonon frequen-
cies and polarization remarkably well, the EAM potential
is also able to yield interlayer surface relaxation. The
calculated values of the lattice constant ao, the bulk in-
terlayer separation db„Ik, and the separation between the
first and the second layer dI2, at three temperatures, are
illustrated in Table V. Our value of —1.2% contraction
for the surface layer in Cu(100) at 300 K is more in agree-
ment with the low-energy-electron-diffraction data
(
—1.1%) than that concluded from the medium-energy

ion scattering experiments. We are not aware of simi-
lar data on Ag(100). The table also shows that the linear
(vertical) expansion coefficient at the Cu(100) surface is
approximately 2.79 X 10 /K and that in the bulk is
about 1.65X10 /K, in agreement with previous EAM
calculations and experimental data on bulk Cu.

Finally, the mean-square vibrational amplitudes of the
first- and second-layer atoms are summarized in Table
VI. For the (100) surface of both Ag and Cu, the mean-
square vibrational amplitudes of the surface atoms are al-
most isotropic except at 900 K for Cu, bearing in mind a
statistical error of +0.05X10 A in our calculated
values. However, some finer trends towards anisotropic
behavior can be seen from the numbers presented in the
table. For Ag(100) at 300 K the out-of-plane mean-
square vibrational amplitude is larger than the in-plane
one by about —10%. For Cu(100) we find almost no an-
isotropy until 600 K, but a trend for the in-plane mean-
square vibrational amplitude to dominate as the tempera-
ture increases. This is understandable since the surface is
eventually going to disorder with in-plane diffusion of
adatoms. Experimentally, isotropic behavior has been re-
ported on Ag(100) in earlier work using back-diffracted
low-energy electrons, s and on Ag(111), and more re-
cently for the Ni(100) (Ref. 14) surface atoms. The con-
clusion from recent medium-energy ion scattering experi-
ments, however, suggests that on Cu(100) the out-of-
plane vibrational amplitudes are smaller than the in-plane
one by 30%. Earlier lattice-dynamical calculations based
on bulk force constants and for harmonic systems, and
also calculations treating anharmonic terms through per-
turbative schemes, ' had found the out-of-plane vibra-
tional amplitudes at metal surfaces to be larger than the

0.0

-1.0 =

-2.0 =

-3.0:—

-4.0 =

-5.0:—

-6.0
0

I, , I, , I

150 300 450 600

Temperature
750 900 1050

FICx. 8. One-dimensional {vertical) mean-square vibrational
amplitudes of atoms on Cu{100) and in the bulk of Cu as func-
tions of temperature.

V. CONCLUSION

From the comparison of our surface-parameter free
molecular-dynamics simulations with the experimental
data and first-principles calculation, on the Ag(100) and
Cu(100) surfaces, it is concluded that the EAM potential
can provide a reliable calculation of the interlayer relaxa-
tions and the surface phonon frequencies. The interest-
ing features that we reproduce include a first-layer longi-
tudinal mode at M and a second-layer shear vertical

in-plane ones by about 50%. We await further work to
clarify the situation. Finally, it should be pointed out
that our values for the mean-square vibrational ampli-
tudes in bulk Cu are in reasonable agreement with those
calculated by Ma, deWette, and Aldredge"' at 150 K, but
not at higher temperatures. The perturbative results are
consistently lower than values reported in Table VI.

From the table, at 300 K, for Ag(100) the vertical
mean-square vibrational amplitude of the first-layer
atoms is larger than that for the bulk atoms by a factor of
1.91, while for Cu(100) the enhancement factor is 1.83.
For the second-layer atoms the increment factor is 1.3 for
Cu and 1.4 for Ag, as compared to the bulk. As the tem-
perature increases the departure of the surface vibration-
al amplitude from the bulk value becomes even larger.
This is illustrated very effectively in Fig. 8, which also
shows an appreciable change in the slope of the curves at
about 600 K. It is interesting that a change of slope is
registered in both the bulk and the surface curve in Fig.
8. The effect, however, is much stronger for the surface
one. There appears then a further enhancement in anhar-
monic surface vibrational amplitudes at about 600 K.
Such an onset has been found experimentally in the
thermal attenuation of the diffracted He-atom or x-ray or
low-energy-electron beam from Cu(100), ' Cu(110), '5'
Ni(110), ' Ni(100), ' and Al(110) (Ref. 42) and attributed
to anharmonic effects or to thermal disorder or surface
roughening. For Cu(100) our simulations indicate no evi-
dence of disorder until 900 K and point to enhanced sur-
face anharmonic vibrations as the reason for the large at-
tenuation in the intensity of the diffraction beam.



SURFACE VIBRATIONS OF Ag(100) AND Cu(100): A. . . 13 733

mode at X, which were not reported in earlier lattice-
dynamics studies but revealed in recent first-principles
calculations and EELS scattering cross-section calcula-
tions which include multiple-scattering events. We also
find that a simple force-constant model can reproduce the
main features of the phonon modes, but only when sur-
face force constants are changed from the values in the
bulk.

As shown in our studies of Cuiloo) at three different
temperatures, a molecular-dynamics study, as compared
to lattice-dynamics studies, has the advantage of being
able to explore the temperature effects on surface
structural and vibrational properties such as relaxation,
phonon frequency and linewidth, and mean-square vibra-
tional amplitude of atoms. We have demonstrated here
the effects of enhanced anharmonicity in the interaction
potential for surface atoms, through the considerable

broadening and redshift of the surface phonon modes and
the large increase of the mean-square vibrational ampli-
tude of surface atoms, as compared to those in the bulk,
with increasing temperature.
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