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The results of a molecular-dynamics simulation of the finite-temperature properties of the Cu(110)
surface are presented. The interatomic interactions have been calculated using the efFective-medium
theory. The temperature dependence of the interlayer spacings, phonon frequencies and lifetimes,
and the structure factor is calculated. The anharmonic efFects are shown to be considerably stronger
than in the bulk, giving rise to a large thermal expansion coefEcient and to a phonon density of
states with large peak shifts and widths, in good agreement with experiment. Anharmonicity is
also shown to be responsible to the loss of order above 550 K observed in a number of scattering
experiments. Above 1000 K an additional loss of order sets in. Here the in-plane order disappears
due to rearrangements of the surface atoms around the adatoms and vacancies that are formed at
these temperatures. As the temperature is increased further toward the melting point, the disorder
moves deeper into the crystal.

I. INTRODUCTION

The finite-temperature properties of metal surfaces dif-
fer substantially from those of the bulk. The thermal ex-
pansion coefIicient for the first interlayer spacing at the
surface is much larger than in the bulk. A roughening
transition has been reported on several surfaces, 2 and an-
other disordered state with properties that are meltlike is
found in some cases at temperatures well below the melt-
ing point. The surface phonons have also been found to
shift and broaden significantly more than in the bulk4
when the temperature is increased.

On the Cu(110) surface a signi6cant change in
the behavior has been reported in the region around
550 K. At temperatures higher than that, the He
scattering, photoemission, low-energy ion scattering,
inverse photoemission, and x-ray scattering intensities
decrease significantly faster than predicted by a simple
Debye-Wailer factor. The strong attenuation of the scat-
tering above 550 K has been attributed to a roughening
transition, 5 9 but this has been ruled out by Zeppenfeld
et al. in a study of the angular profiles in elastic He scat-
tering. Zeppenfeld e$ a/. point to the importance of an-
harmonicity in the vibrations at the surface as the main
source of the decrease in scattering intensity above 550 K.
Direct measurements of the surface phonons as a function
of temperature clearly show a substantial temperature-
induced shift and broadening of the electron-energy-loss
(EELS) peaks arising from phonon modes localized at
the surface, thus supporting the notion that surface an-
harmonicity is important. This was also inferred from
the low-energy ion scattering and inverse photoemission
experiments, but these experiments also showed that a
substantial number of adatom-vacancy pairs are present
at the surface at these temperatures.

A theoretical discussion of the disordering of Cu sur-
faces within the quasiharmonic approximation has been
presented by 3ayanthi, Tosatti, and Pietronero. ~ In the

present paper we present a molecular-dynamics simu-
lation of Cu(110) at temperatures up to 1600 K with
our aim being to contribute to the understanding of the
relative role of the various effects on the surface. We
show that the simulation can reproduce the measured
temperature-induced effects in the phonon spectra and
the change in scattering properties above 550 K. The
simulations clearly show that surface anharmonicity is
responsible for these effects, and we are able to analyze
the origin of the strong anharmonicity at the surface.
At higher temperatures adatom-vacancy pairs are formed
and at a temperature around 1000 K we observe a strong
increase in the disorder which we ascribe to premelting
induced by the adatom-vacancy pair formation.

In the following we first briefIy describe the computa-
tional method. In the next sections we then describe the
calculation of the thermal expansion at the surface and
the finite-temperature phonon spectra. We then go on
to the calculation of the structure factor, which allows
us to discuss the role of anharmonicity and other sources
of disorder in scattering and diffraction experiments. In
the section following that we discuss the role of adatoms
and vacancies formed at the surface at elevated temper-
atures, and then go on to investigate the order at the
highest temperatures including premelting. Finally, we
summarize the findings and conclude in the last section.

II. THE CALCULATIONAL METHOD

The effective-medium theory has been used to calcu-
late the interatomic interactions. The expression for the
total energy is derived from density-functional theory. It
includes in an approximate way the many-body interac-
tions that are essential for a proper description of a metal.
For the present purposes it is important to note that the
method has been shown to give a good description of
the surface energy, interlayer relaxations, adsorbate-
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second and third layers. Clearly, the expansion is con-
siderably larger at the surface than in the bulk. At the
lowest temperatures the temperature dependence of dq2
is approximately linear with a thermal expansion coef-
ficient approximately a factor of 3 larger than for the
deeper layers and the bulk. At higher temperatures the
interlayer spacing starts to increase drastically both due
to anharmonic efFects and because adatoms are being
formed which contribute significantly to the average in-
terlayer spacing. This behavior is very similar to that
observed experimentally for Pb(110).i

The large thermal expansion at the surface compared
to the bulk is not surprising when one considers the po-
tential that a first- or second-layer atom on the (110)
surface experiences when it is moved perpendicular to
the surface in Fig. 2. Clearly both the first- and (to a
lesser extent) second-layer atoms feel a very anharmonic
potential. The potential felt by a bulk atom is included
for reference, and the difFerence to the surface behavior is
striking. The large anharmonicity at the surface mainly
stems from the fact that both the first- and second-layer
atoms have lost nearest neighbors compared to the bulk.

IV. TEMP ERATURE DEPENDENCE
C)F THE SURFACE PHDNONS

The anharmonic efFects at the surface can be further
studied by considering the temperature dependence of
the phonon spectrum. We do this by calculating the
momentum autocorrelation function in layer 7 along the
direction o, as

dt
e ' 'nP(k, t),

2Ã

(6)

where (pk) is shorthand for the denominator in Eq. (3).
We calculate the power spectrum p& &(tv) from a dis-

crete series of p& &(t) sampled during the simulation using
Burg's algorithm.

To illustrate the infIuence of anharmonicity on the vi-
brational spectrum of Cu(110) we will concentrate on the
three zone boundary states at Y that are split ofF below
the bulk phonon bands. They are all gap states that are
localized at the surface and we therefore do not have any
problems with the finite thickness of the computational
box in the calculation. The motion of the atoms in the
outermost layers is illustrated in Fig. 3.

In Table I we compare the frequencies obtained for
these three modes in the present calculation (at 100
K) with the result of a simpler calculation within the
harmonic approximation and with experiment. The
agreement between the two calculations and with experi-
ment is seen to be good. For the Sy mode the present cal-
culation is closer to the experiment than is the harmonic
one. This is not due to anharmonic efFects at the low tem-
perature considered. Rather the difFerence can be traced
back to a difFerence in the range of the electron den-
sity contributions that were included in the total energy
calculation. In the harmonic calculation only nearest-
neighbor contributions have been included, whereas in
the molecular-dynamics simulation contributions from up

cx
(g) ) n(t) —ik K,(t)

i'll

Here k is a wave vector in the surface plane, and the sum
over atoms i is over the N~ atoms in a particular layer
l such that the atom is included in the sum if it is less
than half an interlayer spacing away from the layer. The
index o, = z, y, or z on the instantaneous momentum
p;(t) of atom i indicates that only the motion in the rr

direction is considered. N~&ye+ ls the number of layers.
In the Appendix we show that nP(k, ur) is equal to the
phonon density of states in layer l along the direction a
in the harmonic approximation.

The correlation function nt (k, u) can be expressed di-
rectly in terms of the Fourier transform FIG. 3. Schematic illustration of the motion of the two

outermost layers for the three V zone boundary phonons on
the Cu(110) surface. The polarizations in difFerent directions
and in the first few layers as calculated in the harmonic ap-
proximation are indicated by the lengths of the vectors shown.
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TABLE I. The low-temperature (100 K) phonon frequen-
cies of the three Y modes Sq, E, and S3 that are split below
the bulk phonon bands on the Cu(110) surface. The result
of the present calculation is compared to that of a harmonic
treatment with only nearest-neighbor density contributions
included (Ref. 13) and to experiment (Ref. 18). The experi-
mental value shown for the Sq mode is extrapolated from the
published spectra (Ref. 18). Frequencies are in meV.

Sg
E
S3

Simulation

8.1
11.4
13.0

Harmonic model

10.4
11.7
13.0

Experiment

12.4

to third-nearest neighbors have been included in the elec-
tron density sums. This results in slight changes in the
second-, third-, and fourth-nearest-neighbor interactions.
For most modes this makes only a small difference, but
in the Si mode the surface atoms are moving directly
toward the second-nearest neighbors (cf. Fig. 3) in
the surface plane, which means that the second-nearest-
neighbor effects are largest here.

The calculated spectrum projected onto the first layer
is shown in Fig. 4 for two different temperatures. It is
clearly seen how the peaks shift and broaden when the
temperature is increased. We characterize the tempera-
ture dependence of the phonon peaks found by their first
and second moments,

ii = jury(kw)W,

from other peaks in the spectrum. The results for A(T)
and A(T) for the Ss mode are shown in Fig. 5 together
with the results of an EELS experiment of Baddorf and
Plummer which exists for this case. It is seen that both
the variation of frequency and the width are in excellent
agreement with experiment. The figure also includes the
result of a calculation of the frequency shift in the quasi-
harmonic approximation. This is a purely harmonic cal-
culation where the thermal expansion discussed in Sec.
III has been included. That is, the dynamical matrix is
calculated from the energy expression using the average
interplanar distances calculated in the simulation. The
quasiharmonic description is seen to include most of the
anharmonic effect, but part of the shift in frequency and
the increase in the width of the peaks with temperature
cannot be described in this way.

The variation of u(T) and A(T) in Fig. 5 is approx-
imately linear. This is true to a first approximation for
all the modes studied, and in Table II we compare the
slopes Qi ——dO/dT and b, i = db. /dT for the three modes
studied. In this table we also include the result of the

Y point, TransversaI mode
~ Sirnu [ation
& Experiments

4 = f(~ —ii) n, (k, ~)d~,

giving the peak position and width, respectively. The
moments are calculated from the spectra using a window
of width 5 meV around the peak to avoid contributions

560 K
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FIG. 4. The calculated density of phonon states in the
three polarization directions (in-plane longitudinal is shown
with a solid line, shear horizontal is short dashed, and the
out-of-plane transversal is shown long dashed) for the Y zone
boundary phonons in the first layer on the Cu(110) surface at
280 and 560 K.

Temperature (K)
FIG. 5. The calculated frequency and width for the (Sa)

Y zone boundary phonon on the Cu(110) surface. The results
of the EELS experiment of Baddorf and Plummer (Ref. 4) are
included for comparison. The experimental width includes a
constant contribution of about 5 meV from the instrumen-
tal resolution. The dashed lines represent a linear regression
through the experimental or simulated results. The solid line
represents the result of a calculation using the quasiharmonic
approximation.
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TABLE II. The temperature derivative of the frequency (Oi) and width (Di) of the three Y
modes that are split below the bulk phonon bands on the Cu(110) surface. The frequency shift is
calculated both from the simulation and in the quasiharmonic approximation (Ai ).

Ai (meV/100 K)
Aqi" (meV/100 K)
Ai(meV/100 K)

—o.19(+0.06)
—0.03(+0.01)
0.31(+0.10)

—0.27(+0.03)
—o.16(+0.o3)
0.13(+0.08)

—0.27(+0.02)
—o.17(+0.03)
0.29(+0.12)

quasiharmonic approximation. It is seen that the quasi-
harmonic approximai;ion describes the trend in Oi even
though the absolute magnitude is too small. The two
higher-energy modes are shifting faster with increasing
temperature than the lowest-energy mode. The main
reason for this difference is that the two higher-energy
modes are seen from Fig. 3 to be largely concentrated
in the first layer, where the eA'ect of the large thermal
expansion in the first interlayer spacing is expected to be
largest.

V. SURFACE ORDER

In order to study the order at the surface and the tem-
perature efFects we calculate the layer structure factor
defined by

S&tk) = ) e '" ')N,

St(k) is a measure of the order in the nuclear positions
along k in layer I.

In Fig. 6 we show Si(k) for the first layer as a func-

) Oo,o

tion of temperature both for k perpendicular to the sur-
face and for k having components parallel to the surface.
On the semilogarithmic plot Si(k) is seen to fall off' lin-
early with temperature as would be expected in a simple
harmonic Debye-Wailer theory. Between 500 and 600 K
there is, however, a deviation from the simple linear de-
pendence indicating an increase in the disorder. This is
only observed for k having a component perpendicular
to the surface indicating that the disorder is in this di-
rection. The in-plane order is not changed significantly
in this temperature range.

The change in out-of-plane order around 550 K agrees
nicely with the endings of both low-energy ion scattering
and He scattering experiments. The change in Si(k) is
less dramatic than in the specular He scattering experi-
ment. This most likely is related to the fact that Si(k)
is approximately what would be measured in a (hypo-
thetical) neutron scattering experiment that was able to
pick up a signal only from layer 1. In a He scattering ex-
perirnent it is only possible to study the outermost layer,
but the scattering is not directly from the nuclei. Rather,
the low-energy He atoms scatter from the outermost tails
of the electron distribution so the scattering with wave-
vector exchange k is expected to be related to Si(k), but
not identical to it. Hyperthermal He atoms are known
to scatter very strongly from defects like adatoms or va-

cancies at the surface, so it is most likely that atoms
that make large excursions out from the surface due to
the anharmonic potential will give rise to a much larger
change in the He scattering intensity than in Si(k).

VI. ADATOM-VACANCY PAIR FORMATION

10 '

Temperature (K)

FIG. 6. The structure factor [Eq. (9)] for the first layer
of a Cu(110) surface. Results are shown for k = (100), (001),
and (101). The unit of the wave vector in the x direction is
2s/~2a [the (100) peak is then the first allowed Bragg reflec-
tion from the surface], whereas perpendicular to the surface
it is chosen so that a (001) vector is the change of wave vec-
tor that a 30-meV He atom experiences when re8ected from
a surface (3.28 bohr ). This choice is made to simulate the
intensity variation of a specularly scattered hyperthermal He
beam.

Apart from the enhanced anharmonicity at the sur-
face it has also been suggested that thermal generation
of adatom-vacancy pairs at the outermost surface layer
might be responsible for some of the disorder at the
Cu(110) surface at elevated temperatures. s s In Fig. 7
we show the occupancy in various layers as a function of
temperature in the simulations. It is seen that the num-
ber of adatoms starts to grow significantly around 1000
K and that the atoms mainly come from the first layer at
lower temperatures whereas the vacancy formation prop-
agates inward as the temperature increases. The rise in
the number of adatoms does not seem to coincide with
the drop in scattering intensity around 550 K, thus ex-
cluding this as the main cause of the intensity drop. This
is in fine agreement with both the low-energy ion and
He scattering experiments.
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FIG. 7. The occupancy H~ of each layer / as a function of
temperature. 8& ——1 corresponds to a full layer. The adatoms
are seen as a population of layer 0.

Figure 8 shows an Arrhenius plot of the adatom con-
centration. We only include the high-temperature points
where we have good statistics in the plot. From the slope
of the figure we deduce an activation energy for adatom
formation of 0.35 eV in reasonable agreement with the
value of 0.2 eV deduced from the low-energy scattering
experiment. He scattering experiments have indicated
the existence of an activation energy of 0.27 eV (Ref. 5)
for the creation of some defect on the Cu(110) surface,
but here the exact nature of the defect was not specified.

There is an interesting aspect about the activation en-
ergy for adatom formation that needs to be discussed
further. If one calculates the energy of taking an atom
from the first layer and placing it away from the range
of the vacancy that is left behind, one finds that the en-
ergy for this process is as high as 0.6 eV. The much
smaller energy deduced from the simulation arises due to
adatom-adatom and vacancy-vacancy interactions. Fig-
ure 9 shows a snapshot of the atomic configurations at
1025 K. It is clearly seen how the adatoms and the vacan-
cies have a tendency to cluster together. Two adatoms

FIG. 9. A snapshot of the atomic configurations of a
Cu(110) surface at 1025 K. The adatoms are the darkest,
the first layer atoms somewhat lighter, and the deeper layer
atoms are white.

or two vacancies at nearest-neighbor sites are bound to-
gether by 0.15 eV per atom (or vacancy). In the simu-
lation there is therefore a considerable concentration of
such "bonds" and the eA'ective adatom formation energy
is considerably smaller than the single adatom value. We
expect that the same holds for the experimentally de-
duced values.

VII. PREMELTINC

The behavior of the structure factor at higher tem-
peratures can be'seen in Fig. 10. Around 1000 K the
order starts to decrease drastically, and the decrease is
also observed for the in-plane structure factor. Further-

1 00,0

1 0—0.6

10'
1 0—1.0

0-& 6

500 1000 1500
0

1 0—0.6

O
O

C3

1 0—1.0

0.50 0.75 1.00

& ooo/T (K-')

FIG. 8. An Arrhenius plot of the adatom concentration
on Cu(110).

Temperature (K)

FIG. 10. The structure factor [Eq. (9)] for the three out-
ermost layers of a Cu(110) surface. Results are shown for
k = (100). The layer by layer disordering typical of premelt-
ing is observed. Due to the static substrate below layer 8 the
disordering temperature does not approach the bulk melting
point for the deeper layers. This means that we cannot deter-
mine a good value for the melting point. Taking into account
that there are only eight dynamical layers on top of the static
substrate, we anticipate a melting temperature in the range
1400—1500 K for this potential in reasonable agreement with
the experimental melting point for Cu of 1356 K (Ref. 24).
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more, the layers are seen to lose the order one by one,
starting with the outermost one. This behavior has been
observed experimentally for Pb(110) (Ref. 3) and Al(110)
(Ref. 20) and is known as premelting. Simulations using
the effective-medium theory have been able to describe
this in great detail for Al(110).~i ss ~0 The present re-
sults are not qua1itatively diA'erent.

As for the Al(110) surface, one can see by comparing
the temperature dependence of the adatom-vacancy for-
mation (Fig. 7) with the temperature dependence of the
order parameter (Fig. 10) that the two effects are corre-
lated. The loss of order can be thought of as originating
from distortions of the atomic positions around the va-
cancies and the adatoms. These distortions are clearly
observable in Fig. 9.
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APPENDIX

In this appendix we will show that in the harmonic ap-
proximation the correlation function ni (k, w) defined in
Eqs. (2)—(4) is identical to the projected phonon density
of states in layer l and direction 0, , which is defined as

~P(»~) = ) I&i,k. l'~(~ -~k ).

VIII. CONCLUSIONS

We have presented the results of a molecular-dynamics
simulation of the finite-temperature properties of a
Cu(110) surface. A complete picture of the dynamical
properties of the surface from room temperature to the
melting point emerges in good agreement with available
experimental observations. The thermal expansion of the
first interlayer spacings is considerably larger than in the
bulk. We find large anharmonic shifts in phonon fre-
quencies and an increase in the width of the peaks in
the phonon density of states with temperature which is
again considerably larger than in the bulk. The order in
the first layer as measured by the structure factor shows
three regimes. At low temperature the order decreases
in an ordinary Debye-Wailer fashion indicating that a
harmonic description is essentially valid for the structure
factor although the mentioned changes in the vibration
spectrum indicate that some anharmonicity is present in
the system. Above 550 K there is an additional decrease
in the out-of-plane order, which can be described to an
increased inAuence of anharmonicity for motion perpen-
dicular to the surface. Above 1000 K the in-plane order
starts to decrease faster than expected from a Debye-
Waller description. The loss of order is shown to coincide
with an onset in the formation of adatom-vacancy pairs
at the surface. The loss of in-plane order is associated
with relaxations of the atoms surrounding the adatoms
and vacancies. As the melting point is approached the
vacancy formation penetrates to the deeper layers. This
is accompanied by a gradual layer-by-layer loss of order,
known as premelting.

I

Here z& k is the eigenvector in layer / corresponding to
1

the eigenfrequency ~k
Within the harmonic approximation the phonons are

plane waves parallel to the surface, and the momentum
autocorrelation function can be expressed in terms of the
phonon coordinates. The reciprocal surface representa-
tion of the momentum in layer / is defined by

p,.(~) = ).p;(~)
-'"

~pl

(A2)

where k is the surface crystal momentum and R; is the
two-dimensional projection of the equilibrium atomic co-
ordinate onto the surface. However, for convenience we
will not distinguish between two- and three-dimensional
vectors, so that the surface crystal momentum is just de-
fined as a three-dimensional momentum with 0 as the
third component and R; is the full three-dimensional co-
ordinate of atom i The mom. entum p~&i(t) is expanded
in surface phonon coordinates:

i . (Murk ) '~—'
&si(~) = ~ ) I

2 )I (ak —a*k )

X ~a ik K, -iu)k tXG(k C

= ~) @k (~)&P,k
e*"

k, o

(A3)

where Qk (t') = (ak +a" k )e ' " //2uk is the classi-
cal amplitude and N is the total number of atoms. Then
the momentum autocorrelation function is expanded in
phonon coordinates;

(&, (t)&, (o)) = ). '"' ' " Ã(t)&, (0))

) ) —i(k —k') (R;—R~) —i(k' —k") K~ n P+ ((j (t)qs (0))
kl ~I k II (y I I

—). ,-(~.-(0))";,.",,'. -"-'

-'IT ~.2 Q cl P+ $4)k~t6'( k~6') k C (A4)
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Here we have used the facts t,hat Qk~(t) = Qk (0)e
and that the average energy of a single harmonic os-
cillator is given by (E) = 2iM(Q)~ = 2kT due to the
equipartition of energy in the phonon degrees of free-
dom. The polarization vectors are normalized such that

I~ = 1 and we get similarly

(A5)

since Q 1 = 3%/IV't = 3N~ z„,where N~ z„is the num-
ber of layers.

The correlation function n& (k, ~) in Eq. (2) can then
be obtained from Eq. (A5) and the Fourier transform P
of (A4) as

which is exactly the density of states defined in Eq. (Al).
In the general case, including the anharmonicity, it is

important to take into account the thermal expansion
that is not included in the harmonic approximation. In
the calculation, see Eq.(4), we have used the instanta-
neous atomic positions rather than the harmonic equi-
librium positions. When using the instantaneous atomic
positions, at low temperature, this will result in a Debye-
Waller-like contribution and a small contribution from
the multiphonon expansion, both of which will always be
present in an experiment measuring the phonon density
of states.
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