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Comparative study of anharmonicity: Ni„111…, Cu„111…, and Ag„111…
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We present a comparative study of the structure and the dynamics of the most close packed surface of Ni,
Cu, and Ag from near room temperature up to 0.9Tm , using molecular dynamics simulations and interaction
potentials from the embedded atom method. Calculated shifts in the surface phonon frequencies, the broaden-
ing of their linewidths, and the variations in the mean square vibrational amplitudes of surface atoms, as a
function of temperature, indicate that anharmonic effects are small on these surfaces. The surface thermal
expansion of these three~111! surfaces is also found to be smaller than that of the respective~100! and~110!
surfaces. Additionally, we do not find any premelting or pronounced disordering on these surfaces, in the
temperature range considered.
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I. INTRODUCTION

Several unresolved questions foster continued interes
understanding how anharmonic effects at surfaces d
from those in the bulk solid. The reduced coordination of
surface atoms, as compared to their bulk counterparts,
pacts the surface electronic charge distribution and co
quently the nature of the interatomic potential experien
by the surface atoms. As manifestations of these chan
surface atoms may display equilibrium positions, even at
temperatures, which are different from those in the bulk. T
can be seen from the survey of experimental surface st
ture data1 in which surfaces are found to undergo ‘‘rela
ation’’ ~i.e., a deviation from the bulk value for the top inte
layer separations!, or ‘‘reconstruction’’ ~i.e., a lateral
rearrangement of the top layer atoms!. Analysis of the data
from a large set of metal surfaces shows a link between
surface geometry and the deviation from bulklike behavio2

the effect being more pronounced the more open the surf
With increasing temperature, thermal expansion, atomic
brational amplitudes, and phonon-phonon interactions
duced by anharmonic contributions to the interaction pot
tials may also affect the bulk and the surface ato
differently. For example, it may cause the surface to disor
roughen, or melt before the bulk. Indeed, experimental
theoretical work on the~110! surface of the three metals o
interest here—Ni,3,4 Cu,5–8 and Ag~Refs. 9 and 10!—display
anomalous thermal behavior. By the same token, the the
behavior of the close-packed,~111!, surface of the same me
als was generally assumed to be almost bulklike until a
years ago, when medium-energy ion-scattering~MEIS! data
became available. The conclusions from the MEIS meas
ments are that~1! anomalous thermal expansion begins
Ag~111! at 670K and reaches a value 10% above that in
bulk at 1150K~Ref. 11!; ~2! anomalous behavior on Cu~111!
is somewhat delayed and smaller,12 with maximum thermal
expansion of 4.3% at 1180 K; and~3! Ni~111! exhibits an
almost bulklike thermal expansion from 300 to 1100 K.13 In
each case, the mean square vibrational amplitudes of the
face atoms are correspondingly enhanced. These results
to the material specificity of surface thermal expansion a
surface atomic vibrational amplitudes: Ag~111! displaying
0163-1829/2002/66~16!/165439~10!/$20.00 66 1654
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the greatest enhancement of surface anharmonicity, follo
by Cu~111!, and Ni~111! behaving in a bulklike manner
More importantly, the close-packed~111! surface appears to
be as vulnerable to anharmonic effects~which tend to lead to
surface disordering, roughening, and melting! as its more
open counterpart, the~110! surface. It is thus a surprise tha
there is a lack of other observations supporting this claim
it then that the~111! surfaces of Ag and Cu are indeed mo
affected by anharmonicity than their bulk? If so, why is t
thermal behavior of Ni~111! different from that of the other
two?

To address the issue of anomalous surface thermal ex
sion on Ag~111! we recently carried out a molecular dynam
ics study using empirical but reliable many-body interacti
potentials.14 In the temperature range 300–1100 K we do n
find the surface thermal expansion to be different from t
in the bulk. Through calculations of the temperature dep
dencies of the atomic vibrational amplitudes, surface pho
frequencies and their linewidths, Gru¨neisen parameters, an
anharmonic constants, we have provided further measure
the extent of surface anharmonicity on Ag~111!.

In the present paper our goal is to compare anharmoni
on Ag~111!, Cu~111!, and Ni~111!, using classical molecula
dynamics simulations and interaction potentials from the e
bedded atom method~EAM!.15 For this purpose, we calcu
late characteristics of systems that are reflective of an
monic affects. While surface thermal expansion and ato
vibrational amplitudes are obvious candidates for the exh
tion of anharmonic effects, phonon frequencies and their
broadening are also expected to change with tempera
because of phonon-phonon interactions introduced by an
monicity. Note that since we extract our results from molec
lar dynamics simulations, anharmonic terms in the inter
tion potential are included in an exact manner. Together w
the work on Al~111! by Zivieri et al.,16 the present study
provides a good overview of anharmonic effects on fcc~111!
surfaces. Further, by comparing results on fcc~111! surfaces
to the corresponding~110! surfaces, we provide a measure
the differences in the anharmonic behavior of a close-pac
surface of the same metal to that of one of its ‘‘ope
surfaces. In Sec. II we provide some details of the calcu
tions of the surface structural and dynamical prop
©2002 The American Physical Society39-1
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ties. Each subsection contains the results and the discus
of the particular quantity calculated. The study conclud
with a summary of the overall findings.

II. CALCULATION OF SURFACE DYNAMICS
AND STRUCTURE

We employ standard molecular dynamics techniques
simulate the positions and velocities of atoms for a cho
time-period by solving numerically Newton’s equations
motion using Nordsieck’s algorithm.17 For all calculations, a
time step of 1 fs is used. The molecular dynamics~MD! cell
consists of 3024 atoms divided into 18 layers for all cas
Periodic boundary conditions were imposed in thex-y plane
~parallel to the surface!. For each temperature, and at ze
pressure, we performed a constant temperature, con
pressure simulation for a bulk system, to calculate the lat
constant at that temperature. The surface cell is then c
structed with the lattice constant corresponding to the te
perature of interest. Under conditions of constant volume
constant temperature, this system is equilibrated to the
sired temperature for 20 ps. Next the system is isolated
allowed to evolve in a much longer run of about 200 ps
which its total energy remains constant, and statistics on
positions and velocities of the atoms are recorded.

In the subsections below, we give a brief description
how a particular structural and dynamical quantity is cal
lated from the statistics collected in the MD simulation f
Ni~111!, Cu~111!, and Ag~111!. We begin with evaluation of
the temperature dependent phonon frequencies and their
widths analysis. This is followed by an examination of t
mean square vibrational amplitudes and the interlayer s
ration of the top layers. We also calculate the anharmo
constant18,19 and the Gru¨neisen parameter. Next we prese
results for the long and short range orderings at the sur
and examine the exchange of atoms in the top layers.
temperature range of interest in these calculations is 300
0.9Tm . Theoretical bulk melting temperatures based
EAM potentials are 1170, 1340, and 1740 K,20 for Ag, Cu,
and Ni, respectively. This is only slightly less than the e
perimentally observed values21 of 1235, 1358, and 1743 K
for Ag, Cu, and Ni, respectively.

A. Phonon frequencies and linewidths

Surface phonon spectral densities may be calculated f
the dynamic structure factor22 or, in the one-phonon approxi

FIG. 1. The top view of the fcc~111! surface and the two dimen
sional Brillouin zone.
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mation, from the temporal Fourier transform of the laye
averaged, displacement-displacement auto-correla
functions.23 In practice, however, since the reference po
tions for atomic displacements are not well defined, velo
ties instead of displacements are used to obtain the pho
spectral densities.24,25 We have

gaa~Qi ,v!5U E eivtS (
j 51

Nl

v j a~ t !eiQi•Rj
0D dtU2

, ~1!

where gaa is the spectral density for displacements alo
directiona(5x,y,z) of atoms in layerl ,Nl is the number of
atoms in the layer,Qi is the two dimensional wave-vecto

FIG. 2. Phonon spectral densities atM̄ at 300K for~a! Ag~111!,
~b! Cu~111!, and~c! Ni~111!.
9-2
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COMPARATIVE STUDY OF ANHARMONICITY: . . . PHYSICAL REVIEW B 66, 165439 ~2002!
parallel to the surface, andRj
0 is the equilibrium position of

atom j whose velocity isv j
W . A detailed explanation of the

calculation can be found elsewhere.14 Figure 1 shows the
geometry of the fcc~111! surface and the two-dimension
Brillouin zone. In Figs. 2~a!–2~c!, we present the surfac
phonon frequencies at 300 K, for the modes at theM̄ point of
the two dimensional Brillouin zone. This figure provides
good basis for comparison with results from other calcu
tions, which are based on the harmonic approximation
lattice dynamics, and from a variety of experimental me
surements that are often taken around this temperature. T
I illustrates this comparison for Ag~111!, Cu~111!, and
Ni~111!, respectively, for the shear vertical and longitudin
modes which are polarized along the surface normal and
surface plane, respectively. We have not included the s
horizontal mode in the Table as there is very little inform
tion on this mode because of inherent difficulties~selection

TABLE I. Ag~111!: Comparison of frequencies~in THz! of sur-

face modes atM̄ with previous results. EELS stands for electro
energy loss spectroscopy.

Element Source L SV

Our calculation 4.33 2.15
First principle~Ref. 28! 4.60 2.02

Lattice dynamics~Ref. 30! 4.37 2.10
Ag~111! Lattice dynamics~Ref. 31! 4.80 2.30

He scattering~Ref. 35! 4.23 2.10
HTFS ~Ref. 50! - 2.20
EELS ~Ref. 51! 4.60 2.20

Our calculation 6.51 3.02
Lattice dynamics~Ref. 30! 6.58 3.16

First principles~Refs. 28 and 33! 6.50 3.20
Cu~111! Lattice dynamics~Ref. 32! - 3.02

Lattice dynamics~Ref. 31! 6.70 3.20
HTFS ~Ref. 50! - 3.16

EELS ~Refs. 36 and 52! - 3.17

Our calculation 8.88 3.91
Ni~111! Lattice dynamics~Ref. 30! 8.00 3.83

EELS ~Ref. 34! 8.79 4.01
16543
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rule violation! in measuring it by standard techniques. O
results are in good agreement with previous theoretical26–33

and experimental28,33–36values. This reflects the fact that a
room temperature, one would expect very small anharmo
effects. As the temperature is increased, shifts as wel
broadening of the modes are expected.

Figure 3 show the temperature dependence of the spe
density for the shear vertical mode for Ni~111!, at M̄ @the
same figure for Ag~111! can be found in a previous work14#.
Similar results have been obtained for Cu~111!. In each case,
there is clearly a shift in the frequency of this mode w
increasing temperature. These shifts are given in Tabl
together with those for the longitudinal mode. We note tha
M̄ , between room temperature and 0.89Tm , the frequency of
the shear vertical mode softens by 0.66, 0.53, and 0.63 T
for Ag~111!, Cu~111!, and Ni~111!, respectively, while the
corresponding softening for the longitudinal mode is 0.
THz for Ag~111!, 0.28 THz for Cu~111!, and 0.76 THz for
Ni~111!. There is thus no discernible pattern in the shifts
the frequencies of these modes on the three fcc~111! sur-
faces, except that there is a softening in each case with
creasing temperature. To our knowledge, calculations or
perimental measurements are not available for phonon
high temperature for these systems. For the same temp
ture range, the broadening in the linewidths of the mode

FIG. 3. Temperature variation of phonon spectral densities aM̄
for Ni~111!.
00

2
8

TABLE II. Surface phonon frequencies~in THz! at M̄ , as a function of temperature.

Element T(K) 300 500 700 900 1000 1050 1100 1200 1300 15

Ag~111! L 4.33 4.16 4.13 4.00 4.10 3.73
SV 2.15 2.08 2.02 1.96 2.08 1.49

Cu~111! L 6.51 - 6.23 6.30 - - 6.15 6.23
SV 3.02 - 2.77 2.76 - - 2.57 2.49

Ni~111! L 8.88 8.48 8.55 8.10 - - 8.20 8.19 8.04 8.1
SV 3.91 3.84 3.77 3.65 - - 3.42 3.45 3.40 3.2
9-3



00

1
2

AHLAM N. AL-RAWI, ABDELKADER KARA, AND TALAT S. RAHMAN PHYSICAL REVIEW B 66, 165439 ~2002!
TABLE III. Surface phonon linewidth~in THz! at M̄ , as a function of temperature.

Element T(K) 300 500 700 900 1000 1050 1100 1200 1300 15

Ag~111! L 0.40 0.64 0.52 1.13 1.46 1.80
SV 0.22 0.42 0.64 1.12 0.90 1.10

Cu~111! L 0.14 - 0.32 0.68 - - 0.68 0.67
SV 0.29 - 0.54 0.52 - - 1.20 1.52

Ni~111! L 0.18 0.35 0.58 0.73 - - 1.14 1.16 1.35 2.2
SV 0.08 0.08 0.37 0.43 - - 0.60 0.96 0.63 1.9
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M̄ with increasing temperature, for the three metal surfac
are compiled in Table III. The determination of the broade
ing of the vibrational modes is a very complicated task
elevated temperatures. Indeed, when the temperatur
higher than 0.8Tm , there are appearances of new modes
to phonon-phonon interactions, which make the analy
challenging. Note that in Table III there is a sudden la
increase in the broadening at about 800, 1000, and 140
for Ag, Cu, and Ni, respectively.

B. Mean square vibrational amplitudes

The atomic mean square vibrational amplitudes are ca
lated using the equation

^ula
2 &5

1

Nl
(
i 51

Nl

^@r ia~ t !2r ia~0!#2& ~2!
16543
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whereNl is the number of atoms in layerl, r i(0) is the initial
position of atomi in layer l, ^222& represents an averag
over time, anda is a Cartesian component. In applying E
~2! to the statistics collected for the positions of the atoms
a function of time, we discard all atoms that diffuse
evaporate. The three components of the mean square v
tional amplitudes thus obtained for the atoms in the top th
layers are shown in Table IV. A plot of these quantities f
the atoms in the first layer in Figs. 4~a!–4~c! shows that the
mean square vibrational amplitudes along thez-direction
~perpendicular to the surface! are generally larger than th
in-plane (x and y) ones for all three metals, for almost th
entire temperature range. In the case of Ag~111!, it is inter-
esting that the in-plane amplitudes become comparable to
normal one close toTm . Furthermore, in contrast to Cu~111!
and Ni~111!, for Ag~111! even the second and third laye
atoms display enhanced vibrational amplitudes in the
7
9

6
6

6
3
8
9
7

8
4
0
1
6
4
0
1

TABLE IV. Temperature dependence of the mean square vibrational amplitudes in units of 1022 Å2 for
the atoms in the first three layers.

Element T(K) ^u1x
2 & ^u1y

2 & ^u1z
2 & ^u2x

2 & ^u2y
2 & ^u2z

2 & ^u3x
2 & ^u3y

2 & ^u3z
2 &

300 1.22 1.21 1.57 1.2 1.2 1.55 0.92 0.92 1.0
500 2.44 2.21 2.7 1.92 1.7 2.01 1.876 1.67 1.68
700 3.59 3.56 4.25 2.86 2.89 3.07 2.67 2.67 2.6

Ag~111! 900 4.97 5.30 6.55 3.81 4.23 4.66 3.524 3.82 3.9
1000 7.12 6.56 9.29 5.36 5.12 5.93 4.678 4.64 5.0
1050 8.14 7.51 9.26 6.25 5.65 6.56 5.534 5.07 5.4
1100 11.2 9.06 10.57 8.86 6.64 8.05 7.64 5.86 5.8

300 0.96 0.965 1.47 0.82 0.82 1.11 0.78 0.77 0.9
700 2.73 2.85 3.64 2.27 2.20 2.63 2.12 2.19 2.3

Cu~111! 900 3.94 3.85 4.88 3.24 3.16 3.54 2.99 2.89 3.0
1100 5.53 5.71 7.17 4.40 4.55 5.23 3.99 4.17 4.4
1200 6.75 6.77 8.89 5.31 5.352 6.57 4.81 4.81 5.5

300 0.55 0.58 0.94 0.47 0.49 0.65 0.44 0.46 0.5
500 1.00 1.08 1.55 0.84 0.91 1.08 0.80 0.84 0.9
700 1.58 1.49 2.33 1.33 1.25 1.61 1.25 1.17 1.4
900 2.15 2.16 3.15 1.77 1.79 2.11 1.65 1.67 1.8

Ni~111! 1100 2.90 2.91 4.31 2.35 2.38 2.93 2.19 2.18 2.4
1200 3.30 3.50 4.78 2.70 2.93 3.23 2.47 2.70 2.7
1300 3.80 3.69 5.43 3.10 2.98 3.66 2.79 2.75 3.1
1500 5.37 5.11 7.31 4.35 4.08 4.98 3.92 3.64 4.1
9-4
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COMPARATIVE STUDY OF ANHARMONICITY: . . . PHYSICAL REVIEW B 66, 165439 ~2002!
plane component. From these three figures we can conc
that, except for Ag~111! ~Ref. 14! near the melting tempera
ture, the normal component of the mean square vibratio
amplitudes is larger than the in-plane components, and
difference decreases as we go deeper into the crysta
agreement with previous work on Al~111!.16 A comparison of
the calculated surface mean square vibrational amplitude
Ag~111! with those of Ag~110!, ~Ref. 37! is shown in Fig. 5.
This figure shows that the three component of the m
square vibrational amplitudes for Ag~111! and Ag~110! are
about the same up to around 700 K. Beyond this temp
ture, for Ag~110! both thex andy components of the mea
square vibrational amplitudes increase remarkably with

FIG. 4. Mean square vibrational amplitudes vs temperature
atoms in the top layer for~a! Ag~111!, ~b! Cu~111!, and~c! Ni~111!.
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creasing temperature, but thex component dominates. Th
ratio of the mean square vibrational amplitudes of the surf
atoms for Ag~110! to those for Ag~111! at 0.85Tm is around
41, 30, and 5 for thex, y, andz components, respectively. I
order to obtain a qualitative picture of the behavior of t
surface atoms for the~111! and ~110! ~Refs. 37 and 4! sur-
faces for all three metals, in Fig. 6 we plot thez component
of the mean square vibrational amplitudes because it is
one usually recorded in experimental studies. We find t
the vibrational amplitudes for each surface is small up
0.5Tm , beyond which it enhances the most for Ag~110!
which also roughens at about 930 K.10 The ratio of thez
component of mean square vibrational amplitudes of the
face atoms for~110! to ~111! of Ag, Cu, and Ni at a tempera
ture around 0.63Tm are 2, 1.5, and 1 respectively—a tren
similar to what Statiriset al.11 noted in their MEIS experi-
ments.

From Table IV and Ref. 16 we conclude that the surfa
mean square vibrational amplitudes increase at a rate o

r

FIG. 5. Surface mean square vibrational amplitudes versus t
perature for Ag~111! and Ag~110!.

FIG. 6. Thez component of the mean square vibrational amp
tudes surface atoms vs the temperature of~111! and ~110! surfaces
of Ag, Cu and Ni.
9-5
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31025, 1531025, 931025, and 731025 Å2/K from room
temperature up to 0.5Tm , for Ag~111!, Cu~111!, Ni~111!, and
Al ~111!,16 respectively. From 0.5Tm up to 0.86Tm @for
Al ~111! up to 0.80Tm], the rates of the increase of the me
square vibrational amplitudes are 3431025, 2031025, 18
31025, and 831025 Å2/K for Ag~111!, Cu~111!, Ni~111!,
and Al~111!,16 respectively. These rates by themselves wo
indicate that anharmonic effects on Ag~111! are stronger than
those on the other three metals. To examine if this is ind
the case, in Table V we have put together the tempera
variation of the ratio of the components of the mean squ
vibrational amplitudes of the surface atoms to those of
bulk, for the three metals. We find this ratio to be larger
the direction normal to the surface than in the in-plane dir
tions, in agreement with previous theoretical work.4,38–40

Furthermore, the surface root mean square~rms! vibrational
amplitude is almost uniformly larger than that in the bulk
about 30%, for all cases.In the case of the atoms in sec
and third layers, the rms amplitudes are, respectively, ab
18% and 12% larger than that in the bulk. In the entire te
perature range considered in the Table, the variation is o
8%, 7% and 6% for Ag~111!, Cu~111!, and Ni~111!, respec-
tively. The anharmonicity on Ag~111! is thus found to be no
different than on the other two surfaces.

In Fig. 7 we compare the calculated ratios of the surfa
to bulk vibrational amplitude with those reported from e

TABLE V. Surface mean square vibrational amplitudes norm
ized to the bulk value for the three components. The last colum
the root mean square vibrational amplitude with error bars
60.05.

Element T(K)
^ux

2&

^uB
2&

^uy
2&

^uB
2&

^uz
2&

^uB
2&

^uSrms
&

^uBrms
&

300 1.42 1.40 1.76 1.24
500 1.48 1.34 1.64 1.22
700 1.47 1.44 1.78 1.25

Ag~111! 900 1.41 1.47 1.81 1.26
1000 1.70 1.57 2.21 1.35
1050 1.82 1.69 2.1 1.37
1100 2.33 1.88 2 1.44

300 1.34 1.31 1.86 1.23
700 1.37 1.41 1.87 1.25

Cu~111! 900 1.47 1.41 1.80 1.26
1100 1.50 1.56 1.83 1.28
1200 1.60 1.61 1.97 1.31

300 1.33 1.40 2.00 1.26
500 1.34 1.39 2.03 1.26
700 1.40 1.40 2.06 1.28
900 1.41 1.42 2.01 1.27

Ni~111! 1100 1.43 1.45 2.06 1.28
1200 1.47 1.56 2.07 1.30
1300 1.54 1.52 2.09 1.31
1500 1.65 1.58 2.11 1.33
16543
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perimental data for Ag~111! and Cu~111!.11,12 We find good
agreement between the calculated and the experimental
ues for Cu~111! to almost 0.7Tm , after which the measure
ments show a large increase, reaching a value of 2 clos
Tm . For Ag~111! the calculated values lie below those fro
MEIS data over the entire temperature range, the discrepa
being much larger beyond 0.6Tm . The figure also includes
our results for Ni~111!. The MEIS measurements for Ni~111!
~Ref. 13! found that up to 1100 K the surface vibration
amplitude is about 30–40 % larger than that for the bulk,
good agreement with our calculation. To our knowledge,
measurements are available above 1100 K for Ni~111!.

The temperature variation of the mean square vibratio
amplitudes is a good indicator of the strength of anharmo
effects. Since for a harmonic system this variation is line
with temperature, the slope of^ula

2 &/T plotted againstT, as
shown in Fig. 8, provides an estimate of the extent of anh
monicity. We see that on each surface anharmonicity set

FIG. 7. Ratio of surface-to-bulk vibrational amplitudes vers
normalized temperature of Ag~111! and Cu~111!: comparison of
results from~present work! and MEIS~Refs. 11 and 12!. Also in-
cluded are the MD results for Ni~111!.

FIG. 8. A plot of ^ula
2 &/T vs temperature for a measure of su

face anharmonicity.
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COMPARATIVE STUDY OF ANHARMONICITY: . . . PHYSICAL REVIEW B 66, 165439 ~2002!
at a particular temperature. Of course, proper accountin
the deviation from harmonic behavior requires inclusion
error bars in the calculation. A comparison with a simi
figure for Ag~110! ~Fig. 5 of Ref. 37! shows that the anhar
monicity on Ag~111! is smaller than that on Ag~110!.

The practical implications of the deviations of the me
square vibrational amplitudes are, of course, reflected m
in the Debye Waller factors@2W( j )'(K•uj )

2, whereK is
the momentum transfer of the incident particle# which ac-
count for the temperature dependence of the scattering in
sity from solids. These factors are calculated easily fr
Table IV. As expected from the discussion above, the Deb
Waller factors approach bulk values as one moves from
top atomic layers to the layers below: the attenuation~to bulk
values! happens faster for Ni~111! than the other two sur
faces.

C. Debye temperature

The surface and bulk mean square vibrational amplitu
presented in the previous section can be used to deter
another useful quantity called the Debye temperature,
fined by

uB(S)
2 5

9\2T

MkB^uB(S)
2 &

, ~3!

whereM is the mass. Our calculated values of the surfa
and bulk Debye temperature for Ag~111!, Cu~111! and
Ni~111! are summarized in Table VI. As expected the surfa
Debye temperatures are smaller than the ones for the
due to the enhanced vibrational amplitudes which are
consequence of reduced coordination. We find hereuS
5(3/4)uB to be compared withuS5(2/3)uB for Pd~110!.41,42

D. Interlayer separation

The interlayer separation at each temperature is obta
from the time averaged position of each atom in the lay
which is further averaged over the atoms in the layers. In
statistics, we do not include atoms that either diffuse
evaporate away from a layer. The number of such atom
always small~less than 10% at high temperatures for the
layer and almost negligible for the second and subseq
layers!. We defineDd12 as (d12-dB) whered12 is the average
distance between the first and the second layer. The sur
percentage relaxationsDd12/dB% are plotted in Fig. 9, as a
function of temperature. We see that at low temperatu
there is a contraction on all three metal surfaces, w
Ag~111! relaxed the most followed by Cu~111!. As the tem-

TABLE VI. Debye temperature for Ag~111!, Cu~111!, and
Ni~111!: the first column represent the bulk value while the seco
columns represent the surface Debye temperature.

Element uB(K) uS(K)

Ag~111! 186.00 143
Cu~111! 237.42 216
Ni~111! 384.10 303
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perature increases from room temperature up to 0.89Tm , the
surface interlayer spacing for Ag~111! barely reaches the
bulk value. For Cu~111! a small enhancement over the bu
value is found above 0.84Tm , and for Ni~111! the surface
interlayer spacing overtakes that in the bulk at 0.40Tm and
reaches an enhancement of 1.4% at 0.85Tm . Similar calcu-
lations show no contraction on Al~111!,16 asd12 is found to
remain almost constant up to 0.8Tm , while the bulk expands
as the temperature increases.

A comparison of our results forDd12/dB% with the
analysis of the experimental data obtained by medium ene
ion scattering11–13 shows that our results are in good agre
ment up to around 0.5Tm for all three metals; above thi
temperature our calculations show smaller thermal expan
for all surfaces as compared to that obtained from the ME
data which find 10% for Ag~111! and 5% for Cu~111! at the
high temperature end of the plot. Interestingly, for Ni~111!,
our calculation and the MEIS data13 show full agreement up
to 0.64Tm . Recent experiments using x-ray diffraction43 for
the case of Ag~111! is in full agreement with our predictions

E. Anharmonic constant and Grüneisen parameter

From the previous results, the temperature depend
shifts in the frequencies of the surface phonons and the
face thermal expansion, we calculate two constants that
vide a measure of surface anharmonicity: the anharmo
constant and the Gru¨neisen parameter. The anharmonic sh
of surface phonon energies with temperature is gener
assumed,19 in a first approximation, to be proportional to th
harmonic energy of the corresponding oscillator, as for m
lecular vibrations,

\v~T!5\v02Xe\v0~2n011!, ~4!

where w0 is the harmonic phonon frequency,n0
5@exp(\v0 /kT)21#21 is its temperature-dependent occup
tion number, andXe is the so-called anharmonic consta
which will be deduced below for the three surfaces of int
est. In a previous theoretical work18 the above equation wa

FIG. 9. Percentage change ofd12 relative to bulk versus normal
ized temperature for Ag~111!, Cu~111!, and Ni~111!.
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used to produce values forXe ranging from 0.0144 to 0.0183
for Cu~110!, using frequencies of theS1 , S2 , S3 and S5

modes at theȲ point in the surface Brillouin zone as ob
tained from MD simulations.7 The anharmonic constant fo
Al ~111! was similarly calculated to be 0.0203~using the
measured frequencies at different temperatures44 yielded a
value of 0.0240). By applying the same procedure,
present in Table VII. the values ofXe for the longitudinal and
shear vertical modes for Ag~111!, Cu~111! and Ni~111! at M̄ .
Our results show thatXe range between 0.014 and 0.036 f
the three surfaces. The calculated values ofXe for Cu~110!,
Al ~111!, Ag~111!, Cu~111!, and Ni~111! are thus found to be
similar and small, indicating that anharmonic effects
these surfaces are small.

In order to relate the shift in the frequencies of the surfa
phonons to surface thermal expansion, we calculate
Grüneisen parameter, which is defined as

gp52
Dvp /vp

DV/V
. ~5!

Heregp is the Grüneisen parameter for modep of frequency
vp andV is the volume of the crystal. For present purpos
we takeV5A•d12, whereA is the area of the surface. Plo
of Dvp /vp , as a function ofDV/V at the high symmetry
point M̄ in the surface Brillouin zone for the two modes u
to 0.86Tm are shown in Figs. 10 and 11. The surface Gru¨n-
eisen parameter for the longitudinal and shear vertical mo

FIG. 10. Variation of the change in longitudinal phonon fr

quency atM̄ with the change in the volume of the top two layers
determine the Gru¨neisen constant for Ag~111! and Cu~111! and
Ni~111!.

TABLE VII. The anharmonic constant for Ag~111!, Cu~111!,

and Ni~111! at M̄ .

Element L SV

Ag~111! 0.024 0.036
Cu~111! 0.014 0.021
Ni~111! 0.024 0.021
16543
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from the linear fit of our data for the~111! surfaces of Ag,
Cu, and Ni and the results for the bulk from a previo
work45 are given in Table VIII. We are not aware of an
previously reported values ofg for ~111! surfaces with which
we can compare.

F. Layer order parameters

Snap shots of the top three layers of Ag~111!, Cu~111!,
and Ni~111! from MD simulations show that the three sy
tems have well defined layers for all temperatures even c
to melting. To further quantify the disorder on the surfa
and to examine the possibility of premelting, we present
sults for two order parameters calculated for the tempera
range 300 K to about 0.9Tm . The long-range translationa
order of the atoms on the surface can be calculated by
static structure factor~S! using the relation46

S~Q!5^ur~Q!u2&, ~6!

with

r~Q!5
1

N (
j51

N

e2 iQ•Rj, ~7!

whereN is the number of atoms in the layer and^222&
stands for an ensemble average. HereQ is the in-plane re-
ciprocal lattice vector (2A2p/a, 2A2p/A3a, 0) wherea is
the lattice constant. On the other hand, the local order on

FIG. 11. Variation of the change in shear vertical phonon f

quency atM̄ with the change in the volume of the top two layers
determine the Gru¨neisen constant for Ag~111! and Cu~111! and
Ni~111!.

TABLE VIII. The surface Gru¨neisen parameter for Ag~111!,

Cu~111!, and Ni~111! at M̄ .

Our calculations Data from previous calculations~Ref. 45!

Element L SV Bulk calculation Bulk measurement
Ag~111! 1.41 2.66 2.40 2.20
Cu~111! 1.26 2.58 1.96 1.63
Ni~111! 2.01 2.84 1.88 1.90
9-8
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COMPARATIVE STUDY OF ANHARMONICITY: . . . PHYSICAL REVIEW B 66, 165439 ~2002!
~111! surface of an fcc crystal can be measured by the
dimensional order parameterO6,47,48

O65

u(
i , j

Wi j e
6iu i j u

(
i , j

Wi j

, ~8!

where the sums run over first- and second-neighbor pairs
u i j is the angle that thei 2 j bond, projected onto thex2y
plane, forms with thex axis. The weighting functionWi j is
given by

Wi j 5expF2
~zi2zj !

2

2d2 G , ~9!

with d as one-half the average interlayer spacing. Its purp
is to filter out ‘‘noncoplanar’’ neighbors. A disordering of th
surface layer would be signaled by a vanishing structure
tor, while a premelting would be shown byO6 falling rapidly
to zero. Our results for the two order parameters,O6 ~solid
lines! and S~dashed lines! are shown in Fig. 12. We see th
the decreases inO6 and in the structure factor, from th
value 1 for a perfectly ordered surface, are rather small u
0.8Tm . Beyond 0.8Tm , O6 falls to 0.77, 0.78, and 0.66, an
the structure factor falls to 0.5, 0.54 and 0.31, for Ag~111!,
Cu~111! and Ni~111!, respectively. We conclude from th
analysis of these order parameters that the~111! surfaces of
these three metals are well ordered and do not premelt u
a temperature around 0.9Tm .

III. CONCLUSIONS

Previous studies have shown that with increasing te
peratures anharmonic contributions to the interatomic po
tial become important and manifest themselves by soften
of phonon frequencies, broadening of phonon line-widt
thermal expansion, and nonlinear variations of the ato

FIG. 12. Top layer order parameters as functions of normali
temperature for Ag~111! and Cu~111! and Ni~111!.
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vibrational amplitudes. In this work, we have presented
complete analysis of these anharmonic effects on the~111!
surfaces of Ag, Cu and Ni. These calculations provide a co
parative study for these metals and both a qualitative
quantitative measures of surface anharmonicity. They c
firm the presence of anharmonic effects of all types, as c
acterized in several decades of literature on the subj
However, our calculated variations of the characteristics
the surface phonons with temperature indicate the prese
of only small anharmonic effects on~111! surfaces of these
metals. The calculated mean square vibrational amplitu
display a small enhancement in the surface anharmon
over that in the bulk. The vibrational amplitudes are found
be anisotropic such that those of atoms in the top three la
are generally larger along the surface normal than in
surface plane, in agreement with previous theoretical w
on Al~111!.16 As expected, the mean square vibrational a
plitudes of the atoms in the top layer increase at a higher
than those of the second and third layers, the average va
of these amplitudes normalized to the bulk value are aro
30% for Ag~111!, Cu~111! and Ni~111!. This average ratio
decreases to around 18% of the bulk value for the sec
layer to around 12% of the bulk value for the third laye
From our results, we conclude that both the surface and
bulk exhibit anharmonic effects at temperatures abo
0.5Tm .

Our calculated temperature variation of the top interla
distance (d12) shows that, for Ag~111! this value never ex-
ceeds that of the bulk, and for Cu~111! only by about 0.3% at
0.84Tm . On the other hand, there is a somewhat larger s
face enhancement on Ni~111!, reaching about 1.4 % a
0.84Tm . Our results for surface thermal expansion are
agreement with the MEIS data for temperatures below 0.6Tm
~Refs. 11 and 12! for Ag~111!, Cu~111!, and Ni~111!.13 It is
only at temperatures above 0.6Tm that our results do no
reflect the onset of larger surface thermal expansion
MEIS data report for Ag~111! and Cu~111!. However, our
results are in excellent agreement with recent x-ray meas
ment on Ag~111! ~Ref. 43! and low energy electron diffrac
tion measurement on Cu~111! ~Ref. 49! for the higher tem-
perature range.

The present work provides a comprehensive examina
and comparison of anharmonic effects on~111! surface of
three important metals. It offers qualitative and quantitat
measures of the manifestations of surface anharmonicit
the structural and dynamical properties of those surfac
Furthermore, by comparison it shows that anharmonic effe
are larger on the~110! surface than the~111! surface of the
respective metal.
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