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The surface phonon dispersion curves have been calculated for fcc (100), (110), and (111) surfaces using molecular dynamics
(MD) simulations and Lennard-Jones pair potentials. In the low-temperature limit these MD simulatiors have been compared to
the results from slab-technique lattice dynamics calculations of the type pioneered by Allen, Alldredge and de Wette. We compare
the dispersion results between these two methods as a prelude to MD studies of the dispersion curves at elevated temperatures. At
temperatures where the dynamical behavior is well described within the harmonic approximation, the two techniques should
provide equal descriptions of surface phonon spectral densities and phonon frequencies. In this paper we demonstrate this

agreement.

1. Introdution

Over the past twenty years, the surface phonon
dispersion relations of many metals, insulators
and semiconductors have been mapped over their
entire surface Brillouin zones (SBZ) using elec-
tron energy loss spectroscepy (EELS) and helium
atom scattering (HAS) [1]. To provide a physical
interpretation of the experimental data, many
lattice dynamics models have been constructed,
spanning the range from simple force constant
models {1,2] to ab initio methods [3]. Above all,
thesc experimental and theoretical studies clearly
indicate that the surface force field can differ
substantially from that of the buik [1].

Once a dynamical model is developed to de-
scribe the surface vibrational behavior, various
methods can be used to calculate the surface
phonon dispersion, which then can be compared
to the experimentally measured curves. One fre-
quently used method is the slab technigue (ST),
developed over twenty years ago by Allen. Ali-

dredge and de Wette [4-6]. Using the ST, a
microscopic understanding of the surface vibra-
tions can be developed since the dispersion curve
frequencies are calculated directly, along with the
polarization vectors and the vibrational ampli-
tudes of the modes. This is possible because the
dynamical matr_. is solved for a finite number of
layered slab. of atoms, and the resulting eigen-
vector’s displacement and its corresponding
eigenvalue can be assigned to a particular slab
layer. Another method is the Green’s function
(GF) techrique, which treats the surface lattice
dynamics as u perturbation of the bulk lattice
dynamics [7]. A GF calculation of the surface
dynamical behavior yields information on the sur-
face phonon density of states and clear discrimi-
nation between “truc” surface localized modes
and surface resonances. This technique is also
favored when calculating defects in a lattice since
the defects can usually be treated as an addi-
tional perturbation. A third method which has
not been used as extensively is molecular dynam-
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ics (MD) simulations [8~11]. Here the atoms move
according to Newton'’s laws of motion, where the
force acting on each atom is obtained by sum-
ming the component forces from surrounding
atoms. Using this method, the surface spectral
densities can be obtained by Fourier transforming
the velocity-velocity or displacement—displace-
ment autocorrelation functions [8-12]. Since this
method allows one to study vibrations at finite
temperatures, it can be applied to study tempera-
ture dependent phenomena, such as anharmonic
effects on surface dynamics [13-18], soft-mode
driven phase transitions [9-11,19,20], and surface
melting and disordering [21-26].

Each of these three techniques has advantages
and disadvantages when used for calculating sur-
face vibrations. Typically the ST and GF methods
are preferred, since the surface phonon frequen-
cies and spectral densities can be obtained with-
out too much computational effort. However, us-
ing the ST to calculate the dynamical properties
of stepped surfaces or surfaces with several basis
atoms becomes computationally cumbersome be-
cause large matrices are necded for convergence
of the eigenvectors and eigenvalues. For example,
an early study of stepped Ni surfaces needed to
use many slab layers in order for the slab modes
to converge in frequency [27]. This computational
difficulty arises because inverting the dynamical
matrix to find both the eigenvalues and cigenvec-
tors typically involves 3N* operations per Q-vec-
tor, where N is the dimensionality of the matrix
[28]. ST methods have been developed for stepped
surfaces where the dynamical ma‘rix is solved on
a computer using a symboiic aigebra routine, but
even this simplification requires significant com-
putational effort [29]. On the other hand, the
matrix used in GF calculations does not grow in
size as dramatically as the size of the system
increases. In Knipp’s calculations of high-Miller-
index surfaces, t:;2 matrix dimensionality In-
creased proportionately to the number of terrace
atoms [30). However, GF methods become in-
creasingly difficult when more than first nearest
neighbor interactions are considered. Further-
more, in order to describe vibrational characieris-
tics at higher temperatures, such as changes in
the phonon frequency and linewidth, GF cal ula-

tions must include perturbative terms for the
virtual phonon-phonon interactions [31-34], re-
quiring further computational effort.

MD simulations require significantly more
computational effori when compared to ST and
GF calculations when used for calculating the
lattice dynamics at low temperature. This effort is
required because the force acting on each atom
from the shells of neighboring atoms must be
calculated at each time step, and many time steps
are typically needed for sufficient resolution of
the features in the surface phonon spectral den-
sity. The computational expenditure for calculat-
ing the force cn each atom from the surrounding
atoms goes as the square of number of nearest
neighbors included in the force sum. This implies
that the dynamics of very large systems might be
better solved using MD simulations than using
the ST or GF methods. The advantage of using
MD simulations is that the temperature depen-
dence of phonon modes can be calculated di-
rectly. Elevated temperature effects on surface
phonon dynamics form the subject of the follow-
ing paper (paper II) as well as that for subse-
quent work on stepped and basal surfaces using
LJ and Finnis-Sinclair potentials [35,36]. One of
the disadvantages of this technique is that only
certain values in reciprocal lattice can be simulta-
ncous sampled. This disadvantage can be over-
come by using differently sized surfaces to fill in
the wavevector dependence of the dispersion re-
lations. Another disadvantage of the MD method
is that caly the spectral density is calculated,
therefore the actual atomic displacement of the
vibrational modc can only be inferrcd from the
polarization of the calculated spectral densities.

In this paper we concentrate on using low-tem-
perature MD simulations and LJ pair potentials
to calculate the surface phonon spectral densities
for fcc (100), (110), and (111) surfaces. These MD
resuits wiii then be compared wiih those caicu-
lated using the ST. We first discuss general char-
acteristics of the MD technique we used, includ-
ing lattice constant selection, equilibration crite-
ria, and how the surface phonon spectral densi-
ties were calculated. We then briefly discuss how
the ST calculations were carried out. We report
the results of the low-temperature simulations,
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and discuss the criteria used to determine when
equilibrium is reached. Interesting temperature
fluctuations which are due to the finite size of the
system are also presented. Finally, we compare
the dispersion relations obtaired using MD and
ST methods, and compare the calculated spectral
densities at one wavevector for the (110) surface.

2. Background

In this section we present the equations and
methods which we have used for calculating the
surface phonon dispersion relations for the three
basal planes of fcc crystais. The formalism we use
for calculating the surface phonon dispersion re-
lations from MD simulations has been drawn
from previously published work [8-13,16,37,38].
We outline the technique and equations used for
transforming the velocity vectors of the surface
atoms into the surface phonon spectral densities.
We also present the slab technique equations
from which we calculated the surface phonon
dispersion relations and surface spectral densities
that were later compared to the MD simulation
results.

2.1. Molecular dynamics simulations

To obtain the surface phonon spectra, New-
ton’s equation of motion, ¥ = rma, is integrated.
The integration of this equation should use the
largest time step possible while still maintaining
good total energy conservation. We find that a
7th-order predictor—corrector (PC) algorithm sat-
isfics thesec two requirements f39]. Generally, us-
ing PC’s with orders greater than 7 do not in-
crease the accuracy of the calculation nor the
maximum time step that can be taken [40]. We
found that using PC’s of orders less than 7 sub-
stantially increased the numerical error from in-
Crascs in ihic luiie sicp (40). Ciic good check of
overall efficiency of the integrator is to monitor
the total energy during the simulation, which
should ideally maintain a constant value. The
energy drain, defined as the rate at which the

total energy drops during the simulation, using a
Sth-order PC was typically 50-100 times greater
than if a 7th-order PC was used. For all simula-
tions reported here a total energy drain of nu
more than 2.0 X 107%% occurred over the 4096
time steps collected for generating each phonon
spectrum.

The force F; acting on the ith atom is a sum of
the component forces acting on the ith atom, and
is given by,

2, N Nop V(r,)
Fi=m—5 =ZF_'-E AN > (1)
" at? i jei Ll dry

where bold letters designate vectors, m; is the
mass, and r; is the position coordinate. The com-
ponent forces F; are found by differentiating a
scalar potential multiplied by the magnitude of
the force acting in the £, ¥, or Z direction. We
have used a Lennard-Jones (L)) 6-12 potential
for all calculations in this paper, which is given
by:

12 &1
i a T -
o(r;;) =4e (r_,) - (’_u) J (2)

It is well understood that LJ potentials do not
accurately model metals or semiconductors [37].
However, they have a simple analytical form and
surface phonon dispersion curves have been cal-
culated for LJ solids using the ST methods {5].
The total potential energy of the simulated solid,
P, is equal to

N NN

mt'%): Z‘fb(run (3)

where i is summed over all atoms in the simula-
tion, N, and j is a sum over the shell of irterac-
tion neighbors, NN.

When using Lennard-Jones potentials the
fengths and the time can be expressed in dimen-
sionless urits $ =r/¢ and 7 =t/(Mc?/e)'/? [5].
With these substitutions, the equations of motion
then become {5}

2 _, S“ 1
d_Z;S 42 SS S{(; -1y, (4)
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Fig. 1. Plotted in the ‘“oft hand column are the geometric

arrangement of atoms for tfc (100), (110), and {111) surfaces.

In the middie column the reciprocal lattice or surface Brii-

louin zone caicsponding to each direct lattice is shown. On

the right-hand side cre plotted the major Gucctione in the

surface plane. These are the same geometries and directions
used by Allen, Alldredge and de Wette [5].

where 5,; is given by:

,j172

DG s)
[43

and the sum « is over the three components of

motion.

At the start of each simulation, the initial
conditions of the parallelepiped slab are estab-
lished, two sides of which are free surfaces. The
remaining four sides are surrounded by periodic
boundary conditions [37]. The surface geometries
and directions used in this study are shown in fig.
1. The X unit direction is always chosen so that
the surface atoms are only one atomic spacing, a,
anart from each other. The jy unit direction is
chosen to be y =a for the (100); § = (V2 )a for
the (110); and § = (V3 /2)a for the (111). The 2

unit direction is chosen to be ncrmal to the
surface.

At every temperature, T*, where 7T* =
(m/k )T, the lattice constant @ must be sct to
account for the thermal expansion of the lattice.
The lattice constant is set to establish the peri-
odic boundary length which is held constant dur-
ing the simulation. This allows interplanar expan-
sion of the lattice normal to the surface plane,
but keeps the intraplanar lattice spacing fixed.
The lattice constant is set at each T* to account
for the bulk thermal expansion and is described
by the functional form, a =c,+c¢,T* +c,T*?,
where ¢, =1.0903¢, c, =0.0295¢, and c,=
0.072¢. This functional form has been chosen
since it well describes the thermal expansion of
the heavier rare gas solids [41]. The values of c,,
c;, and ¢, were obtained by fitting the lattice
constant a at three temperatures, a = 1.14 at
T* =0.655 {37], which is the melting tempera-
ture, a = 1.115 at T* =0.30 [38], and a = 1.0903
at T* = 0.0, which is obtained by minimization of
the bulk potential energy.

Since more than 95% of the program run time
is spent calculating the force sums, it is desirable
to calculate them efficiently at every time step
over all atoms where the mteraction 1s significant.
To expedite these force sum calculations, a table
of neighboring atoms is calculated out to a partic-
ular radius around each atom. In this paper. i_is
set to include a maximum of 176 atoms (9 shelis
of interactions), or r.=3.0a. Any atom beyond
this radius contributes only a 0.0142% increase to
the total potential energy, and a negative force of
F;= —0.004139¢ /o as compared to the force at
r.=a, which is F,=8376e/0. This table de-
creases the total computational time needed be-
cause only the forces orginating from atoms at
less that the cutoff radius, r., are calculated
during each time step, rather than using all atoms
that comprise the solid.

The simulation temperature is chosen by scal-
ing the velocities of the system [37]. The tempera-
ture 7% =(m,/kg)T of the system is rclated to
the velocities of the atoms by:

N 3
al
N X XS, (6)

i=]l «

T*=
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where S¢ denotes the first derivative of the scaled
position, S¢, with respect to time. A Maxwellian
distribution of velocities is assigned randomly to
the ensemble of atoms, except for one bulk atom
which is not assigned. This atom’s velocity is
assigned with the constraint that the sum of the
crystal momentum be zero. After the velocities
are assigned, the temperature of the ensemble is
calculated and the velocities are then scaled to
match the assigned temperature.

For a Maxwellian distribution in three dimen-
sions, thermal equilibrium is attained when a(7),
which is:

N 3 52
(1/N) L L{s#()7}

a(r) = i=jva3 2 (7

(1/N) X X87(7)
i=l a

equals 5/3 [37,42]. Because a finite number of
atoms are simulated, a(7) fluctuates around 5/3
and the fluctuations are of order 1/VN [42]. The
quantity «(r), along with T*, potential energy,
P*, and total energy, E*, of the whole ensemble
are stored and can be checked during the simula-
tion. Also stored for each time step are the
tepetatures of boin fice suifaces. The intcgra
tion of the differential equations then proceeds
for about 2000 time steps. At the conclusion of
this integration time, the simulation ensemble is
considered to be in equilibrium because a(7) =
5/3, and both free surfaces have reached the
simulation temperature. Surface phonon spectra!
densities taken after this number of time steps
yield essentially identical spectra.

When equilibrium is reached, the integration
continues for 4096 time steps and the two-dimen-
sional Q-resolved velocity vectors are stored.
These velocity vectors, S*(£2: 7_) are given by

S o . — ; 1) .
AY (Q’ !z) ZS \J’ ”zl\ exp{‘Q

J

AR £
(2 j \Uf

b

and are obtained by taking the discrete 2D
Fourier transform (FT) of the j atoms in the /,th
plane. In eq. (8), @ is a wavevector parallel to the
surface, and S(j; /,) is the current position of the
jth atom in the /,th layer. Since the surface
contains a finite number of atoms, only integral

values of the FT g-vecivis are accessible, This is
because the n X n 2D surface positions are real,
and the corresponding 2D FT of these positions
gives 37 + 1 unique Q-vector values.

At the program’s completion the Q-resolved
velocity vectors $*(Q; l., ) are transformed to
yield the phonon spectral density functions
g°#(Q; 1., w). The spectral density function is the
FT of the velocity—velocity autocorrelation, and is
given by

£(Q: L., w) = [ dr exp(ior)

<S"(Q, 1, 7)S#(Q; 1}, 0))

<S"(Q 1,,0)8%(Q; I, 0))
(9
To evaluate g*A(Q; l,, w), we take advantage of
the correlation theorem, which replaces the dou-
ble sum nceded for the correlation in the time
domain with one complex multiplication in the
frequency domaix [28). This method is also faster
when the FT are periormed using a fast-FT (FFT)
algorithm [28]. The Q-resolved velocity vectors,
$*(Q; i,, 7), are FFTed and the corresponding
LOl’I‘CIBlthFl function found by multiplying
39Q: 1, w) by the complex conjugate
S 1., w)*. Tius product is then back-trans-
forned to the tlme domain and the product nor-
malized by the denominator in eq. (9) to obtain
the autocorrelated functions. The correlation
function g*A(Q; [,, 7) is then FFTed again to get

g°A(Q; 1,, w).

The spectral density f*#(@; [,, ») shown in all
figures is obtained by taking the power spectrum
of g*B(Q; I,, ). For the time step we used, A, an
energy resolution of Aw,, =2%/(h X 4096) is
achieved, where the frequency, w. is in units

related to the LJ potential by w = ye /Mo? [5]. In
this paper, 4 = 0.008r, which corresponds to a
frequency resoiution of Aw,,=0.19i7w. The
surface phonorn spectra for both free surfaces are
then added together.

All MD spectral densities f*2(@; 1., ) are
shown as culculated, i.e., no Gaussian filtering
was use:! [38]. The spectral densities are the sum
of 4 averaged simulation runs taken from consec-
utive runs. Upon completion of the simulation,
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the atomic positions were checked to make sure
that they had not moved out of their assigned
lattice positions.

2.2. Slab calculazions

The low-temperature (T* = 0.02) phonon
spectral densities and frequencies obtained from
the MD simulations discussed above were com-
pared to spectral densities and frequencies ob-
tained using the ST as originally described by

len, Alldredge and de Wette in their pioneer-
ing study of surface phonons [5]. Before calculat-
ing the dynamical properties of the lattice with
the ST the slab layers were first allowed to relax,
until the net force acting on each slab layer was
zero. This process was repeated in a consistent
manner until the layer relaxations converged.

The ST calculation gives the eigenvalues
0®(Q; 1,)* and eigenvectors e*(Q; I,) of the dy-
namical matrix D*A(Q; 1,, I}) as a function of Q;

©*(Q; 1,)’e*(Q; L.)

= Y. D¥(Q; 1, 1))eP(Q, 1), (10)
B
where D“F(Q; 1., 1.) for a one component system
is given by:
DF(Q; 1., 1))

={M} 'L PP, iy 0N

1y’

x exp(i@ - {Ro(J: 1.) = Ro(J", 1D}). (1)

The dynamical matrix D*A(Q; I,, I.) is the layer-
by-layer 2D FT of the force constant matrix
®F(l_, j; I., j'), and is related to the first and
second derivatives of the LJ(6-12) pair potential
by

OeF(L, ji 11, 1)

SES'[j' 4)"(5 ) 1 (b,(s )
S}% I3 Sjj’ 1
58
o d(S;). (12)

2

When /, =1} and j=j' in eq. (11), the value of
@=B(1,, j; I., j') is equal to the negative sum over
the /th and j’th atoms. Th's is the self-interac-
tion term and is added to the other terms in eq.
(11). Since in this term the positions R(j; /,) and
Ko\J', ;) aic identical, the exponential term
in eq. (11) is zero. This term is the restoring
force on the jth atom in the /,th layer from the
rest of the lattice [43]. A detailed formula for
D*B(Q; 1., I.) using a LJ(6-12) potential was
previously derived by Ailen and de Wette [44].
The square root of the eigenvalues w*(Q; /,) are
plotted as a function of @ for the three surfaces
studies and are shown in ref. [5] and are shown
later in this paper in figs. 7-9.

In addition to calculating the energies of the
modes, the layer-by-layer spectral densities can
also be calculated by:

pap(Q; 123 "))
= Y e (Q;1,)eF(Q; 1) 8(w—w,).  (13)

The spectral densities p*#(Q; [, w) for a given @
were obtained by multiplying the layer-by-layer
eigenvectors by a Lerenizian whose width was
equal tc the time resolution of the MD simula-
tion. The spectral densities obtained via MD sim -
ulations and slab calculations have recently been
shown to be identical within the harmonic ap-
proximation [45]. Similar agreement has already
been demonstrated for suiface spectral densities
ohtained using the ST and GF methods for O on
Ni(111) [46).

3. Simulation results and discussion

The low-temperature simulations, T* = 0.02,
were performed mainly to confirm that the
moiecular dynamics program was working cor-
rectly. At this 7*, the atoms vibrate near their
equilibrium lattice positions and their dynamics
can be described within the harmonic approxima-
tion [37). Schommers has stated that anharmonic
contiibutions to the dynamics in LJ solids should
become important when T* = 3T,¥ in the bulk
and at 7%= 1T* at the surface [37]. At T* =
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0.02, which is 3.1% of the bulk melting tempera-
ture of LJ solids, anharmonic effects should be
negligible and the two methods, MD and SC,
should give identical resuits.

During the simulations we monitored the in-
trinsic properties, such as temperature and total
potential energy, of *he atomic ensemble. The
temperature T* versus iime for a (100) surface
at T* = 0.02 is plotted in fig. 2 for a 12 X 12 X 41
(ie., 1, % 1,x1,) dimensioned slab. At the start of
the simulation, T* is set to twice the desired
kinetic energy (T*=0.04). As the simulation
proceeds, T* drops and fluctuates about T* =
0.02. At 7 =0, P,, (defined in eq. (3)) is equal to
P, and this value of P is the lowest that
occurs during the simulation. The dynamical po-
tential energy, P*, which is plotted in fig. 2, is
the difference between these two potential ener-
gies, or P* =P, , — P,,.. As can be seen in fig. 2,
P* fluctuates about 0.02 as is expected from the
equipartition of energy. Also plotted in fig. 2 is
the total energy of the system E*=P*+T* =
0.04. The total energy E* should remain constant
throughout the entire simulation. However, it
slowly and continuously drops during the simula-
tion, due to numerical error of the integrator.
This drop in E* is insignificant, and is less than
1x107%% of the total energy. The simulation
statistics are not influenced by this drop in E*,

0.05 T
0.04 \
003 § T E* —
- 7
Ry
>3 0.02
0.0 | pe :
0‘00 \'4 n o b b L:
0 2 4 6 8 10

time ( t)

Fig. 2. Plot of the temperature, T*, versus time for a (100)

surface with dimensions of (12X 12x 41). The simulation tem-

perature is T* = 0.02. The time dependence of the potential

energy P* and the total enerzy E* are also plotted. Note
that EX=T* + p*,

0.05

0.04

0.03

0.02

T* (& /ky)

0.01

0.00

time ( t)

Fig. 3. Plot of the two surface temperatures 7,F and 7.3

sl
versus time for a 41-layer thick slab, with a 12X 12 dimen-

sioned (100) surlace.

nor does the simulation temperature noticeably
decrease.

In fig. 3 the two surface temperatures 7.f and
T.F are plotted versus time (the subscript s1 refers
to the top layer and s2 refers to the bottom
layer). T, starts off at a higher temperature than
T3, which is due to how the initial coordinates
and second derivatives are iteratively solved at
the start of the simulation. These iterative solu-
tionis are solved starting from the top surface
layer, proceeding through the bulk, and finishing
with the bottom surface layer. After about 1000
time steps, both surfaces achieve the same sur-
face temperature to within the random noise
fluctuations.

Plotted in fig. 4 is the value of a(r) as a
function of time. As the simulation proceeds,
a(7} approaches the value of 5 /3, which is shown
in fig. 4 as a solid horizontal line. The distribu-
tion of a(7r) is Gaussiun and has a standard
deviation of 0.023, about 75% greater than
(1/VN). This deviation larger than (1/VN) in
«(7) is due to fluctuations which will be discussed
shortly. Equiiibrium was assumed to be achieved
when a(7)=5/3 and when the surface tempera-
tures 7.7 and 7.3 fluctuated around the simula-
tion temperature. Simulations calculated under
these conditions produced spectra that hc.i the
same surface phonon frequenciec and intensities.

A closer examination or T* for longer total
integration timcs shows that the temperature
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Fig. 4. Plot of a{7) versus time. As described in the text a(r)

fluctuates about 5/3, which is shown in the figure by a solid

horizontal line. The distribution of values for a(7) is shown
from 7 = 10-80.

fluctuates periodically, and that this fluctuation
depends on the thickness of the MD slab. In fig.
5 T* values from three different simulations
each with approximately the same number of
particles, but with different slab thicknesses, are
plotted. As the slab thickness was increased the
time between these fluctuations increased lin-
early at a rate of 0.1567 per slab layer. The
frequency spectrum of T* for the 12 X 12 X 41
simulation is shown in fig. 6, and the inset is a
blowup of the low-frequency region of this spec-
trum. Two low-frequency features appear, one at

0.035 e T T T T T Y

8x8x93

£ 0.030 :

= 10x16x59

2

2 0.025

8

[ 12x12x41

(=¥

E 0.020

3

i
i

NP P I IS P P
0.015 S S

() 10 20 30 40
Time (1)

Fig. 5. T* is plotted for three simulations, each with approxi-

mately the same number of particles, but with different slab

thickness. Top panel: 93 layers; middle panel: 59 layers; and

bottom panel: 41 layers. For each simulation T* = 0.02. The

top two simulation temperatures have been offset by 0.05 and
0.10, respectively.

413
0.3 Y T T T
0.8 |
> A
> 0.2 % 4
2 :
[~ -
2 D N dem
=
- 0.1 6 8
Energy (o)
0.0 .
0 20 40 60 80 100

Energy ( @ )

Fig. 6. The frequency spectrum for the 41-layer simulation

from fig. 5. In the inset is a blowup of the low-frequency

rogion of the spectrum, which shows that these frequencies

correspond to the Z-component of motion phonon frequency
at T and its first harmonic.

a frequency equal to 1.0w and a second equal to
2.0w, which is the first harmonic of the first. At
higher temperatures (T* =0.10) the 2nd har-
monic (3.0w) of this frequency was also observed.
(Further investigation of the possibility of observ-
ing still higher harmonics were not conducted).
These low-frequency modes correspond to the
time between the oscillations that occur in fig. 5,
and have the same frequency as the Z-polarized
phonon mode at the zone origin (ie, I'). The
temperature fluctuations observed in fig. 5 are
due to low-frequency motions of the entire slab.
Other than increasing the intensity of the T mode,
the oscillation of T* does not seem to influence
the shorter wavelength modes, since the surface
temperature, T,f and 7,f, do not show this oscil-
lation. Any influence that this osciliation may
have on the modes near the zone origin is not
considered further, since these modes are not
calculated accuratelv by either the ST or MD due
to the finite sizes of the computed systems.

If a larger value of the lattice constant (a =
1.003) is used in the simulations at 7% =0.02,
these long wavelength oscillations disappear. The
reason these osciliations disappear can be under-
stood by noticing that the surface atomic spacing,
set at the start of the simulation, is smaller than
the atomic spacing that wouid be calculated by
minimizing the potential cnergy at the surface.
This is an effect due to the change in the number
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of nearest neighbors which occurs at the surface.
For example, the minimum in potential energy
for a two-atom system occurs at an interatomic
separation of 1.122¢; the minimum in potential
energy for a two-dimensional hexagonal sheet of
atoms occurs at an interatomic separation of
1.115¢; and for a bulk three-dimensional crystal
it occurs at a lattice separation of 1.0903¢. Dur-
ing the simulation, the interlayer spacing in-
creases normal to the surface plane to lower the
potential energy of the simulation ensemble.
However, the periodic boundary conditions that
are establiskicd at the start of the simulation lock
the intraplanar atomic positions to the bulk intra-
planar atomic positions. A motion which bows
the surface outward would increase both the in-
terlayer and the intralayer lattice spacing and
subsequently reduce the potential energy of the
entire ensemble. This motion would be similar to
the displacemcnts of a Rayleigh wave at I. The
temperature oscillations cbserved in fig. 5 coin-
cide with these potential oscillations, since T* =
E* —P*, where E* is constant.

The MD spectral density peaks are shown as
open circles for the (100) surface in fig. 7, for the
(110) in fig. 8, and for the (111) in fig. 9. The
phonon frequencies obtained usiug the ST
method are also plotted in figs. 7-9 as solid lines.
The ©*(@; 1) for these figures were obtained
using 41 slab layers with a cutoff radius of 176

Energy (o)

Fig. 7. Comparison of the peaks obtained from the T* = 0.02

MD spectral density functions for the (100) surface in all

three directions: £= 0 panel, = a, and £=0. A 10X 10

arrangement of surface atoms was used, which corresponds to
a 6x6 @ vector sampling of the surface phonc 1s.

30

25

20

15

Energy (o)

10

Fig. 8. Same as fig. 7, except for the (110) and a 12x12
arrangement of surface atoms, which results in a 7X7 @
vector sampling of the surface phonons.

NN, with the matrix diagonalization performed at
20 equally spaced @ values between the high-
symmetry points. The spectral peaks that are
plotted are the major peaks in the £-0, j-a,
and 2-O autocorrelated spectral densities,
f*B(Q; 1,, w). The MD simulation size for the
(100) and (111) surfaces was 10 X 10 X 31, and
the size for the (110) surface was 12 X 12 X 41.
This gives reciprocal space dimensions of 6 X 6
for the (100) and (111), and 7 X 7 for the (110).
The MD results are in excellent agreement with
the ST calculations in frequency. The directional
components of the vibrations also agree well with
the ST calculated ones as first reported by Allen,
Alidredge and de Wette [S]. In particular, the S,
mode’s spectral density at X on the (100) surface
has mainly a §-component of motion which agrees

30

25

20

Energy (w)

Fig. 9. Same as fig. 7, except for the (11! surface.
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with the shear horizontal character of this mcde.
Another example of this agreement between ‘he
MD and ST is the switch .hat occurs in the
directional component of the S, mode on the
(110) surface, from a Z-component of motion
near X to a j-comgnent between X-S [5].

To check for size effects on thc calculated
phonon modes, various differently sized simula-
tions for a LJ(100) surface were tried. Even for
the smallest simulation with ensemble dimensions
of 6 X6 X 21, nc change was observed in the
calculated frequencies of the short wavelength
modes (i.e., near X and M). However, as the
number of layers in the ensemble was reduced
the frequency of the I' mode increased in fre-
quency at the rate of 0.028w per layer. For an

0.25 T T T T T

s A (110) at Y 1
0.20 f b

p(_Y_; 1, )
(=)
<
T
1

0.05 F nE

0.00 ." \.N,L

0.25 T

: (110) at Y
0.20 : ]

P id

f(Y; 1, w)
(=]
b=
T
1

T

0 5 10 is 20 25 30
Energy (o)

Fig. 10. This plot compares the spectral densities obtained
from ST calculations (upper panel) and from MD simulations
(lower panel) for the Y modes on a (110) surface. The £
direction is the short-d-shed line, the § direction is the
long-dashed line, and the Z direction is the solid line.

infinitely thick ensemble the freqgrency of the T
mode equals zero, but does not in our simulauons
because the ensemble thickness is finite.

A plot comparing the spectral density func-
tions calculated by MD, eq. (8), and ST, eq. (13),
for the %, §, and 2 polarizations are shown in the
upper and lower paneis of fig. 10, respectively.
The spectral densities plotted in fig. 10 were
obtained for the (110) surface at Y. The MD
frequency resolution shown in fig. 10 is Aw, =
0.1917w. This resolution was used in the corre-
sponding ST calculations in order to facilitate
comparison of the spectral densities generated by
the two methods. In fig. 10, the MD simulation
freqencies are slightly rcd-shiited trom the ST
calculations. This discrepancy is due to the differ-
ence in the interlayer expansion of the lattice,
whish was slightly larger in the MD simulations
than in the ST calculations [13]. Because the MD
int=rlayer spacings are larger, the effective force
constant between the first and second layer will
bte reduced, thereby lowering the phonon fre-
quency. Despite this small discrepancy, the over-
all agreement in both frequency and inteusity of
the modes between these two methods is excel-
lent. The spectral densities obtained using the ST
and MD techniques also show excelient agree-
ment for the LI(190) surface at X and for LI(111)
surface at M but are not shown.

4. Conclusions

In this paper we have demonstrated that the
surface phonon frequencies and spectral densities
calculated using MD simulations agree well with
the results obtained using the ST for tempera-
tures where the lattice dynamics is described
within the harmonic approximation. We have out-
lined the process used to calculate the surface
phonon spectral densities using MD simulations.
Particuiar attention has been paid to the intrinsic
properties of the ensembie of atoms during the
simulations in order to ensure that the surface
phonon spectral densities are taken for an equili-
brated ensemble. Our results indicate that once a
mode! potential is developed the lattice dynamics
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can be well described using MD simulations for
comparison with experiment.

The real power of MD simula‘ions lies ia the
ability to calculate the temperature dependence
of the surface phonon features. This will be espe-
cially important as we seek to develop a better
understanding of how anharmonicity influences
surface dynamical behavior as the temperature is
increased. Results from elevated temperature
simulations will be presented in paper II of this
series.
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