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Thermal expansion at a metal surface: A study of Mg„0001… and Be„101̄0…
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Quantitative low-energy electron diffraction current-voltage measurements have been utilized to determine

the thermal expansion of the Mg~0001! and Be(101̄0) surfaces. The close-packed Mg~0001! surface exhibits

a small thermal expansion while the more open Be(1010̄) surface has a dramatic thermal contraction in the
first interlayer spacing, accompanied by an expansion in the second interlayer spacing. A comparison of this
data with all other measurements of the low-temperature thermal expansion reveals a quite striking difference
for open surfaces of different metals. Significant negative thermal contraction at the surface occurs only on
open faces of light mass metals. A simple force constant model indicates that this behavior correlates with the
ratio of thermal motion parallel and perpendicular to the surface.

DOI: 10.1103/PhysRevB.66.245414 PACS number~s!: 68.35.Ja, 61.14.Hg, 65.40.De
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I. INTRODUCTION

When a crystal is divided to form two surfaces the sy
metry is broken and there is a redistribution of the electr
and atoms to lower the energy. One obvious result is a n
static structure at the surface. In the simplest cases this
sults in a one-dimensional change in the interlayer spac
near the surface. More dramatic rearrangements result
two-dimensional reconstruction. In almost all cases of me
surfaces the experimental static structure~low temperature!
and first-principles calculations agree quite well. The phys
behind the interlayer relaxation of metal surfaces is w
understood.1–3 Smoluchowski1 proposed that at the surfac
charge smoothing would occur to lower the kinetic energy
the electrons. Charge moves from above a surface atom
the hollow between them. This charge smoothing is m
dramatic on open faces and explains the lower work fu
tions exhibited by open surfaces.1 Finnis and Heine,2 using
simple electrostatic arguments, demonstrated that this lea
a reduction in the first interlayer spacing at the surface. T
picture predicts larger contraction on the more open surfa
and little contraction on the close-packed ones. On the clo
packed faces there should be little Smoluchowski smooth
and small outward relaxation has been predicted as a re
of the electron density tail that extends into the vacuum
tracting the ion cores away from the solid.3 This picture is
consistent with what has been called the ‘‘univer
curve’’ 4,5 that relates the change in the first interlayer sp
ing Dd12 to the area of the surface unit cellAs . When these
two parameters are properly normalized to the volume
atom in the bulk,Vo , all of the data and first-principles ca
culation seem to fall in a region centered on a straight l
given by (Dd12/Vo

1/3)520.114910.1296/Ao . Ao is the area
of the surface unit cell (As) properly normalized to the vol
ume of the bulk unit cell,Ao5As /Vo

2/3. The static structure
at a surface has been developed to the stage where a de
picture of multilayer relaxation exists.6

Obviously, while the general trend in static relaxation c
be explained by the simple-picture described above, at s
level the details of the bonding of the metal becom
0163-1829/2002/66~24!/245414~9!/$20.00 66 2454
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important.7 d-bonded metals are different from either nob
metals or simplesp-bonded metals, but the simple pictu
presented above explains the general trend observed in s
relaxation. Nonetheless, as Feibelman pointed out, there
discrepancy between the calculated and measured first i
layer relaxation for a series of reactive transition metal clo
packed surfaces@Ti~0001!, Zr~00001!, Mo~110!, Rh~0001!,
and W~110!#.8 Most of the data used in this comparison a
old and Feibelman suggested that hydrogen contamina
could be the cause of the disagreement. However, a re
surface x-ray diffraction study of Ru~0001! concluded that
the discrepancy between experiment and theory for the
interlayer spacing changeDd12 is not a consequence of hy
drogen contamination.9 Another possibility, relevant to the
discussions in this paper, concerns thermal expansion. A
the structures were determined at room temperature while
calculations were forT50 K. There is no general under
standing of thermal expansion at a surface, so it is difficul
extract theT50 K structure from data taken at elevated te
peratures.

In stark contrast to the static structure at a surface, wh
theory and experiment generally agree and there is a z
order accepted explanation, an understanding of the dyna
cal behavior of a surface waits to be developed. In fact,
observed thermal behavior at a surface has been describ
violating ‘‘common sense.’’10 All that this statement mean
is that our intuition or common sense has not been prop
developed. Some close-packed surfaces exhibit anomalo
large thermal expansion11 in the first interlayer spacing
while a more open surface displays thermal contraction
the first interlayer spacing12,13 accompanied by thermal ex
pansion of the second interlayer spacing or even oscilla
thermal expansion.13 Yet this is not universal, since Al~110!
displays a thermal contraction ind12 while Cu~110! and
Ag~110!14,15display a positive thermal expansion ind12. On
the theory front there is mixed success, with examples wh
first-principles theory and experiment agree13,16,17 or dra-
matically disagree.18,19 Even for the success stories th
theory has not presented us with an insight into the origin
the thermal behavior of a metal surface. A quotation fro
Phil Anderson’s 1978 Nobel lecture eloquently describes
©2002 The American Physical Society14-1
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situation: ‘‘After all, the perfect computation simply repro
duces Nature. It does not explain her.’’

The origin of the complexity in understanding therm
expansion is that at a finite temperature the position of
atoms is determined by minimizing the free energy. The f
energy contains the details of the electronic and lattice e
tations at a temperatureT. Two recent calculations have be
gun to shed light on the origin, what appears to be a violat
of ‘‘common sense’’ with respect to the thermal properties
open metal surfaces.10,16 An impressiveab initio molecular
dynamics~MD! study of the Al~110! surface16 has repro-
duced the measured thermal contraction ind12.12,20 The ori-
gin of the thermal contraction is the anomalously large
brational amplitude of the second layer atoms perpendic
to the surface. Narasimhan explored the vibrational prop
ties of Cu~110!, Ag~110!, and Al~110! by performingab ini-
tio calculations of the surface force constants for a struc
ally relaxed surface.10 The most striking result was the larg
enhancement in the first to third layer force constants an
reduction of the surface in-plane force constants. This
duces the out-of-plane vibrations and enhances the in-p
vibrations. The strong first to third layer force constan
coupled with an almost harmonic potential-energy curve
perpendicular displacement of the planes with respect to e
other makesd13 rigid and allowsd12 and d23 to respond to
increasing temperature in opposite ways. Two very import
insights in surface thermal expansion were presented in
paper.

~1! Thermal expansion or contraction occurs without a
harmonicity in the interplanar potential.

~2! The force constants in the surface are not redistribu
for an unrelaxed surface.
These two observations illustrate why our intuition has
progressed very far. One cannot think in terms of anharm
nicity in this region of broken symmetry and one cannot s
with a model of a bulk-truncated surface. It is imperative
first understand what the static reconstruction has done to
force constants at the surface and then how these new f
constants affect the surface phonons.

It should also be pointed out that it is not clear wh
features of either a calculation or an experiment need to
examined to understand the microscopic nature of sur
thermal properties. For example, the MD calculation
Al ~110! discovered a soft channel for vibrations of the se
ond layer atoms perpendicular to the surface.16 It is strange
that this anomalous channel for surface vibrations was ne
recognized in either the experimental~He scattering21! or
theoretical~first principles22 and molecular dynamics23! in-
vestigations of the surface phonon spectra on Al~110!.

Given the state of confusion associated with thermal
pansion at a metal surface it seems clear that more data
needed which might lead to the formulation of empiric
rules that can be explored theoretically, leading to a gen
zero-order explanation. The temperature dependent interl
spacingdi j (T)5di j (0)1b i j T ~whereT is temperature and
b i j is the coefficient of the linear expansion of the separat
between thei th and j th planes!, has been measured for th
close-packed Mg~0001! surface (1/Ao50.913), and the open
Be(101̄0) surface (1/Ao50.490). The surface therma
24541
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expansion coefficient of the first interlayer spacing given
a125(1/d12)(]d12/]T) or a125b12/d12(0) was determined
from low-energy electron diffraction~LEED! I -V measure-
ments to be14.531025 K21 for Mg~0001! and 223.8
31025 K21 for Be(101̄0). For comparison, the therma
contraction at the surface of Be is 20 times that of the b
thermal expansion, and Mg is11.5 the bulk value. The val-
ues ofa12 for these two surfaces will be compared with a
other measurements of the low-temperature thermal exp
sion at metal surfaces. This comparison reveals a quite s
ing difference for open surfaces of different metals. Negat
thermal expansion at the surface seems to occur only
open faces of light mass metals. A simple force const
model indicates that this behavior correlates with the ratio
thermal motion parallel and perpendicular to the surface.

The experimental details and results will be presented
Sec. II. Section III will describe the experimental compa
son for thermal expansion at a metal surface. Section IV w
present speculation on the origin of the trends observe
the surface thermal expansion coefficients, and Sec. V c
tains our conclusion.

II. EXPERIMENTAL DETAILS AND RESULTS

A. The Be„101̄0… surface

The experiments were performed using a standard u
high vacuum chamber with a base pressure of
310211 Torr. A clean Be(101̄0) sample with the surface
area of 535 mm2 ~square! and thickness of 3 mm was pre
pared by repeated sputter-anneal cycles. Sputtering was
with Ne1 at a kinetic energy of 1 kV, and a sample tempe
ture of 550 K. The subsequent annealing was at 700 K.
cleanness of sample was monitored with high-resolut
electron energy loss spectroscopy~HREELS!. A sharp (1
31) LEED pattern was observed in the temperature ra
studied~110 to 500 K! indicating that the Be(1010̄) surface
does not reconstruct. LEED intensities of the integer or
diffracted beams as a function of incident electron ene
were recorded using a video LEED system with 0.5 eV
crements at normal incidence for sample temperatures
300, and 500 K. Normal incidence was determined by
justing the position of the sample until theI (V) curves of the
equivalent beams were identical, i.e., the PendryR factor
~Rp! ~Ref. 24! between the equivalent beams is less than 0
All equivalent beams were averaged and normalized to
beam current. Eight inequivalent beams$~10!, ~01!, ~11!,
~02!, ~20!, ~12!, ~03!, and~13!% were recorded with the tota
energy range ofDE51900 eV for temperatureT5110 K.
For T5300 K there were eight inequivalent beams$~10!,
~01!, ~11!, ~02!, ~20!, ~12!, ~03!, and ~13!% with the total
energy range ofDE51400 eV. At T5500 K only five in-
equivalent beams$~10!, ~01!, ~11!, ~02!, and ~12!% were re-
corded, with the total energy range ofDE5950 eV. The
reduction in the data set with increasing temperature is
consequence of Debye-Waller attenuation at higher beam
ergies.

Analysis of the LEEDI -V spectra was carried out usin
standard multiple scattering algorithms combined with
4-2
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TABLE I. Geometric parameters with respect to the bulk extracted from the best-fit spectra to the

I -V data for Be(101̄0) as a function of temperature, whereDdi j (T)5@di j (T)2dbulk(T)#/dbulk(T).

T50 K
~extrapolated! T5110 K T5300 K T5500 K b i j ~Å/K !

Dd12 ~%! 227 223.5~63.0! 226.7~63.4! 230.8~63.8! 212.331025

Dd23 ~%! 15.4 16.6~61.5! 17.1~61.7! 19.6~61.9! 111.831025

Dd34 ~%! 213.6 213.4~63.4! 215.1~63.8! 214.2~64.5! 20.731025

Dd45 ~%! 11.5 13.0~61.8! 13.3~61.9! 16.5~62.2! 113.531025

d12
bulk ~Å! 0.6579 0.6589 0.6598 0.6618 0.78931025

d23
bulk ~Å! 1.3358 1.3178 1.3196 1.3262 1.6031025

LEED nonstructural parameters
^u&1 ~Å! 0.166 0.196 0.244
^u&2 ~Å! 0.126 0.173 0.213
^u&bulk ~Å! 0.114 0.148 0.180
C ~eV! 24.25 24.75 24.50
Vor ~eV! 8.05 8.57 8.53
RP 0.176 0.152 0.163
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automated tensor-LEED programs of Barbiere and V
Hove.25 Fourteen atomic phase shifts for Be were employ
in our calculations, which we derived using a muffin-tin p
tential. Electron attenuation was included by the ener
dependent imaginary part of the optical potentialVoi repre-
sented by the equationVoi5C$E/(7.351Vor)%

1/3 eV where
E is the incident electron energy,C a parameter. The real pa
of the optical potential (Vor) is a constant optimized durin
the search. The thermal vibration of the atoms was in
duced via a Debye-Waller factor, where the Debye tempe
ture was converted into isotropic mean-square displacem
^u2&. The first^u2&1 and second̂u2&2 layer vibrational am-
plitudes were used as parameters to fit the experimental d
The third and deeper layers were forced to have the s
bulk value ^u2&B . Best fit to measured spectra was det
mined by PendryR factor ~Rp! and the error bar was calcu
lated as defined by Pendry.24 Temperature dependence of th
bulk lattice constants was obtained from x-ray data.26 Calcu-
lated intensities are compared to the experimental spect
search a minimumRp factor by using the automated sear
algorithm to obtain the surface structures. No in-plane rel
ation was considered in the calculations.

The temperature dependent measurements of the su
structure of Be(101̄0) are tabulated in Table I. The agre
ment between the experimental spectra and calculated
tiple scattering, using the parameters in Table I, is excell
reflected in theRp factors. Previous structural analysis of th
surface has shown that the surface is terminated with
bulk short interlayer spacing,5 called d12

bulk in Table I. The
comparison between the experimental and calculated sp
is shown in Fig. 1. Figure 2 plots the temperature dep
dence ofd12, d23, d34, dbulk for both the short and long bulk
interplanar spacing. There is both oscillatory interplanar
laxation and oscillatory thermal expansion.

The temperature-dependent data can be extrapolated
early toT50 K yielding the values for the interplanar spa
ing presented in Table I forT50 K. To facilitate a compari-
son to other materials Table I displays the percent chang
24541
n
d

-

-
a-
ts

ta.
e

-

to

-

ce

ul-
t,

e

tra
-

-

in-

in

di j with respect to the bulk valuedi j
bulk , where Ddi j (T)

5@di j (T)2dbulk(T)#/dbulk(T). As the temperature increase
the first~third! interlayer spacing contracts, while the seco
~fourth! interlayer spacing expands. Since the interlay
spacing is assumed be a linear function of temperature
temperature below premelting regime, the experimental d
were fitted with a straight line to determineb i j ~defined in
the Introduction!. The experimental values ofb i j are shown
in Table I. The surface thermal expansion coefficient b
tween the interlayer spacing is given bya i j 5b i j /di j (0).
The data presented in Fig. 2 for Be(1010̄) yield a surface
thermal expansion coefficient of223.8(69.0)31025 l/K in
the first interlayer,19.1(65.4)31025 l/K in the second in-
terlayer,21.0(69.8)31025 l/K in the third interlayer, and
110.2(67.2)31025 l/K in the fourth interlayer. For com-
parison, the value of the bulk thermal expansion is'1.2
31025 l/K. The thermal data are in good agreement w
calculations within the quasiharmonic calculations.27

B. The Mg„0001… surface

The same ultrahigh vacuum chamber and LEEDI -V ap-
paratus used for Be(1010̄) experiments were used fo
Mg~0001! experiments. A clean Mg~0001! sample with the
surface area of 50 mm2 ~circle! and thickness of 3 mm wa
prepared by sputtering with Ne1 at a kinetic energy of 1 kV
and sample temperature 400 K, and subsequently anne
at 450 K. Repeating this procedure results a sharp (131)
LEED pattern and a clean surface as defined by HREEL

The Mg~0001! surface does not reconstruct in the tem
perature range investigated,T5130 K to T5400 K. The (1
31) LEED pattern showed a sixfold symmetry, indicatin
an averaging over the two terminations~A and B! of the
threefold symmetry of ideal hcp~0001!. Intensities of the in-
teger order diffracted beams as a function of incident el
tron energy were recorded with 0.5 eV increments at norm
incidence for sample temperatures 130, 300, and 400 K.
equivalent beams were averaged and normalized to the b
4-3
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current. The data set consisted of four inequivalent bea
$~01!, ~11!, ~02!, and ~21!% with the total energy range o
DE51425 eV for a temperatureT5130 K; three inequiva-
lent beams$~01!, ~11!, and~02!% with the total energy range

FIG. 1. Comparison of LEED data for Be(1010̄) with multiple
scattering calculations for the structure presented in Table I.
24541
s

of DE5740 eV for a temperatureT5300 K; and two in-
equivalent beams$~01! and ~11!% with the total energy of
DE5560 eV for a temperatureT5400 K. As in the case of
Be(101̄0), the reduction in the data set with increasing te
perature is the consequence of Debye-Waller attenuatio
higher beam energies.

The surface structure was obtained using the same pr
dure described for Be(1010̄). Fourteen atomic phase shif
for Mg were employed in our calculations, which we deriv
using a muffin-tin potential approximation. Electron atten
ation was included by the energy-dependent imaginary
of the optical potentialVoi that is similar to the case o
Be(101̄0).

Comparison between the experimental and best-fit ca
lated spectra is shown in Fig. 3. The agreement between
experimental spectra and the multiple scattering calcula
is excellent, given the structural and nonstructural para
eters shown in Table II. The fit is reflected in theRp factors
presented in the table. The smallerRp factor at higher tem-
perature is related to the reduction in the data set with
creasing temperature. Figure 4 is a plot of the interpla
spacing at the surface and in the bulk as a function of te
perature. The straight line fits to the data are used to de
mine the values ofb i j s ~see Table II!. The extrapolation of
the data toT50 K is presented in Table II. Within experi
mental error the relaxation in the deeper layers (d23 andd34)
are the same as in the bulk. The data atT5130 K are in
excellent agreement with the previous experimental stud
T5100 K,28 and the extrapolation toT50 K in in excellent
agreement with first-principles calculations.29 The surface
thermal expansion coefficienta12 for the first interlayer

FIG. 2. A plot ofdi j as a function of temperature for Be(1010̄)
obtained for the LEED data. The lines are the best fit to the exp
mental data.
4-4
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THERMAL EXPANSION AT A METAL SURFACE: A . . . PHYSICAL REVIEW B66, 245414 ~2002!
spacingd12 is found to be14.5(62.8)31025 l/K, where
the bulk thermal expansion coefficient of Mg is 2
31025 l/K.

III. GENERAL TRENDS IN dij AND a i j

The results presented in the preceding section for the
face thermal properties of the close-packed Mg~0001! and
open Be(101̄0) surfaces are similar to data in the literatu
for other sp-bonded metal surfaces. Thermal contraction
observed for the first interplanar spacing on open surfa
such as Mg(101̄0) ~Ref. 13! and Al~110! ~Refs. 12 and 20!,
and thermal expansion is common on close-packed surf

FIG. 3. Comparison of LEED data for Mg~0001! with multiple
scattering calculations for the structure presented in Table II.
24541
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such as Be~0001! ~Ref. 11! and Al~111! ~Ref. 30!. In con-
trast, most of the transition or nobel metals exhibit sm
thermal expansion for all faces studied. To illustrate t
point, Figure 5~a! displays all of the reported data fora12 as
a function of the inverse of the normalized surface a
1/Ao . This figure seems to indicate that there is someth
fundamentally different between the surface thermal exp
sion behavior of open surface ofsp-bonded metals compare
to transition or nobel metals. But the calculations
Narasimhan10 for the fcc~110! surface of Cu, Ag, and Al
indicated that on all three metals there was an appreci
strengthening of the first to third layer force constant res
ing from the static relaxation ind12 andd23. She predicted
that this would lead to rigidity in the lattice spacing ofd13 as
a function of temperature. Figure 5~b! dramatically illustrates
her point by plottinga13 as a function of the inverse of th
surface area (1/Ao). Amazingly,a13 is almost independent o
1/Ao and the identity of the metal. The real question now
why does the second atomic plane behave the way it do

It is important to remember that in the Narasimhan’s c
culation the dramatic changes in the force constants o
occur for a relaxed surface. Therefore the properties of
di j s as a function of 1/Ao and the nature of the bonding i

FIG. 4. A plot ofdi j as a function of temperature for Mg~0001!
obtained from the LEED data. The lines are the best fit to the d
TABLE II. Geometric parameters extracted from best fit to LEEDI -V data of Mg~0001! as a function of
temperature.^u& i is the root-mean-square displacement of thei th layer, where Ddi j (T)5@di j (T)
2dbulk(T)#/dbulk(T).

T50 K
~extrapolated! T5130 K T5300 K T5400 K b i j ~Å/K !

Dd12 ~%! 11.76 11.96~60.5! 12.34~60.7! 12.48~61.1! 111.831025

Dd23 ~%! 10.0 10.2~60.6! 10.1~61.1! 10.5~61.4! 19.231025

Dd34 ~%! 10.0 10.0~60.9! 10.1~61.3! 10.2~61.5! 16.531025

d ~Å! 2.5855 2.5944 2.6053 2.6127 16.4631025

LEED nonstructural parameters
^u&1 ~Å! 0.195 0.285 0.327
^u&2 ~Å! 0.140 0.197 0.226
^u&bulk ~Å! 0.113 0.152 0.173
C ~eV! 25.0 25.0 25.0
Vor ~eV! 3.02 3.24 3.44
RP 0.13 0.11 0.10
4-5
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the host metal are very important and might shed light on
nature of the thermal properties. Figure 6~a! plots Dd12
~circles! and Dd23 ~squares! as a function of 1/Ao for the
same materials displayed in Fig. 5. There are also data
the static relaxation for the more open surfaces displaye
this figure, i.e., the Al~331! surface, and the~210! surfaces of
Cu and Al. For surfaces where 1/Ao is larger than 0.4, in
general,d23 responds in an opposite way tod12. WhenDd12
is very negative thenDd23 is positive. However, for more
open face where 1/Ao is smaller than 0.4@i.e., fcc~210!,
fcc~331!#, bothDd12 andDd23 are negative. As was the cas
with the thermal expansion coefficient, the plot ofDd13 as a
function of 1/Ao shown in Fig. 6~b! is very illuminating.
Dd13 has the same dependence on the openness of the
face asDd12. Evidently, Narasimhan’s picture, develope

FIG. 5. ~Color! Measured surface thermal expansion coe
cients,a12 ~a! for the first interlayer spacing anda23, ~b! for the
second interlayer spacing as a function of the openness of su
(1/Ao). The references for data points are: Be~0001! ~Ref. 11!,
Mg~0001! ~this study!, Al~111! ~Ref. 30!, Ag~111! ~Ref. 31!,
Cu~111! ~Ref. 32!, Ni~111! ~Ref. 33!, Cu~100! ~Ref. 34!, Ni~100!
~Ref. 35!, Pb~110! ~Ref. 36!, Cu~110! ~Ref. 14!, Ag~110! ~Ref. 15!,

Ni~110! ~Ref. 37!, Al~110! ~Refs. 12 and 20!, Mg(101̄0) ~Ref. 13!,

Be(101̄0) ~this study!. The color code is shown in~a!.
24541
e
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for the fcc~110! surfaces, is more general. The major un
solved question is still the same. Why does the second p
do what it does?

IV. DISCUSSIONS

The picture developed by Narasimhan for fcc~110!
surfaces10 can be extended to include more open surfa
and to explain whysp-bonded metals show a different the
mal behavior ina12. The conclusion of this calculation wa
that for the relaxed static structure of the surface there w
dramatic enhancement in the nearest-neighbor force con
between the surface atom and the atom below in the t
plane.10 This renormalization of the force constants result
in an enhancement of the thermal vibrations parallel to
surface and a reduction in the vibrational amplitude perp

-

ce
FIG. 6. ~Color! Measured static interplanar relaxation.d12

~circles! and d23 ~squares! are displayed in~a! and d12 and d13 in
~b!. The color code is shown in Fig. 5~a!. The references for data
points are the same as those in Fig. 5, except: Cu~110! ~Ref. 38!,
Cu~210! ~Ref. 39!, Al~210! ~Ref. 40!, Ni~100! ~Ref. 41!, Ni~110!
~Ref. 42!, Pb~110! ~Ref. 43!, Al~331! ~Ref. 44!.
4-6
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dicular to the surface. The rigid force constants betwe
planes one and three allow only a small thermal expansio
d13, however, the vibration of atoms in the second layer c
be soft because the force constant between the first and
second interlayer is smaller than that between the first
third layer 10. It was this enhanced parallel motion, not th
anharmonicity in the interplanar potential that led to the
mal expansion or contraction.

The geometrical structure at surfaces provides the
contribution to this picture by reducing the relative vibr
tional amplitudes normal to the surface. Figure 7~a! shows
the nearest-neighbor~NN! configuration for a surface atom a
a fcc~110! surface. It is quite easy to rationalize the results
Narasimhan.10 As she correctly pointed out, the change in t
bond length does not scale with the change ind12 and d13
because of the bond angles. For example, for theT5110 K
structure of Cu~110! there is a 4.8% contraction in the 1-

FIG. 7. Marble model of nearest-neighbor configuration for d

ferent surfaces:~a! fcc~110!, ~b! hcp(101̄0), ~c! fcc~210!.
24541
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bond length but only a 2.4% contraction in 1-2 bond leng
while the change ind12 and d13 are 210% and 25%,
respectively.38 If we assume the change of the force const
is proportional to the change in the bond length, then
force constant perpendicular to the surface between the
and third planes is larger than that between the first
second planes, which is confirmed by calculations.10 Now we
can apply this idea to the other open faces. Figure 7~b! shows
the NN structure for the relaxed hcp(1010̄) surface. There
are four bonds between the surface atom and the atoms in
second plane but the angle is very large~77°! indicating that
changes ind12 will have little effect on the force constant i
this simple model. But there are two NN atoms in the th
layer with an angle of 31° with respect to the surface norm
Again, by assuming that the change of the force constan
proportional to the change in the bond length, on this surf
the change in the first and third layers is;1.7Dd133dbulk

which is larger than what would be expected for the fcc~110!
surface (;1.0Dd133dbulk). This model can be applied to
even more open surfaces such at the fcc~210!. Figure 7~c!
shows the NN atom configuration a fcc~210! surface. Here
there are four NN atoms to a surface atom in the sec
plane at an angle of 74°. There are no NN atoms in the th
plane and two in the fourth plane at an angle of 19°. The
fore we would predict that the increase in the force const
between the atom in the first layer with the NNs in the fou
would be ;1.9Dd143dbulk. For these more open surface
the Narasimhan model has to be extended to talk about
hancement in the force constant between the first and fo
layers.

This geometrical picture would indicate that Cu~110!
should show the same thermal behavior as Al~110! but it
does not. Vibrational amplitudes depend also on mass. In
attempt to elucidate the influence of mass, Fig. 8 displays
dependence of the first interplanar thermal expansion co
cient a12 as a function of atomic mass for open face mate
als. Thermal contraction in the first interlayer spacing occ

FIG. 8. ~Color! Surface thermal expansion coefficient in the fir
interlayera12 as a function of the mass of the atom in the crystal
all of the open faces data displayed in Fig. 5~a!.
4-7
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experimentally only for light mass materials where the m
is less than 50 amu. For masses greater than 50, the the
expansion is always positive. Following Narasimha
suggestion10 that what is important is the enhancement of t
vibrational amplitude parallel to the surface compared to p
pendicular to the surface, model calculations have been
formed. A simple slab calculation of the mean-squared d
placements ~MSDs! was conducted using bulk forc
constants for Mg~0001!, Cu~100!, and Mg(101̄0) at T
5100 K. Figure 9~a! shows the results of the ratio of th
MSDs parallel (̂uxy&) to and perpendicular (^ux&) to the
surface for these three surfaces, showing a linear depend
upon 1/Ao . The more open the surface is, the larger is
ratio between the MSDs parallel and perpendicular to
surface, which as suggested by Narasimhan leads to l
thermal expansion or contraction. This simple model can
used to explore the effect of mass on the ratio of the MS
parallel to and perpendicular to the surface. Figure 9~b!
shows the results for a fcc~100! surface atT5100 K with the
force constants for Cu. Indeed, the ratio of in-plane vib

FIG. 9. ~a! Calculated ratio of MSDs parallel to and perpendic
lar to the surface against surface openness atT5100 K for
Mg~0001! by using 56 layer slabs with seven nearest-neighbor b
force constants, Cu~100! by using 30 layer slabs with four neares

neighbor bulk force constants, and Mg(1010̄) by using 54 layer
slabs with seven nearest-neighbor bulk force constants.~b! Calcu-
lated ratio of MSDs parallel to and perpendicular to the surface
function of mass for a fcc~100! structure by using 30 layer slab
with four nearest-neighbor bulk force constants~taken for Cu! at
T5100 K.
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tions to perpendicular vibrations is related to the mass, wh
as the mass becomes smaller the ratio between the M
parallel and perpendicular to the surface becomes larger.
very simple model violates our cardinal rule by not includi
changes in the force constants between different pla
which is a consequence of the interplanar relaxation, but
model calculation does show that the mass of the atom
the surface can account for experimental trends. More
phisticated calculations are needed to confirm or reject
ideas presented here.

V. CONCLUSIONS

A picture is emerging of the basic physics associated w
the thermal properties of metal surfaces that now can
tested with sophisticated calculations. The creation of a
face breaks the translational symmetry of the bulk causin
rearrangement of the charge and the atomic structure.
static rearrangement results in a renormalized of the fo
constants at the surface, and consequently, significantly
ferent thermal vibrations. For the open surface, the most
portant effect is the enhanced bonding~force constant! be-
tween NN atoms in the first plane and directly below in t
third plane for fcc~110! or hcp(101̄0), and fourth planes for
fcc~210! or fcc~331!. This results in an enhancement in th
vibrational amplitude of the surface atoms parallel to t
surface and a reduction in their motion perpendicular to
surface. The impact of this enhancement on thermal exp
sion depends on the atomic mass, with lighter atoms show
greater effects. In all cases where quantitative calculati
have been performed, the interplanar potentials do not
play significant anharmonicity, so in this region of broke
symmetry, thermal expansion or contraction occurs with
anharmonicity.

It appears that a general understanding of the ther
properties of metal surfaces is eminent, changing fundam
tally what is described as ‘‘common sense.’’ Narasimha
calculations for fcc~110! surface10 can obviously be extende
to surfaces of different bulk crystal structure and to oth
faces. The missing ingredient is an understanding of w
these changes in surface force constants can produce the
expansion ind12 in some metals and contraction in other
Since the static interplanar relaxation is so important,
community needs to revisit the question raised by Feibelm
Does first principles theory really work for reactive transitio
metal surfaces.8
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