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Structure and dynamics of Rh surfaces

Jianjun Xie and Matthias Scheffler
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin-Dahlem, Germany

~Received 7 August 1997; revised manuscript received 8 October 1997!

Lattice relaxations, surface phonon spectra, surface energies, and work functions are calculated for Rh~100!
and Rh~110! surfaces using density-functional theory and the full-potential linearized augmented plane-wave
method. Both the local-density approximation and the generalized gradient approximation to the exchange-
correlation functional are considered. The force constants are obtained from the directly calculated atomic
forces, and the temperature dependence of the surface relaxation is evaluated by minimizing the free energy of
the system. The anharmonicity of the atomic vibrations is taken into account within the quasiharmonic ap-
proximation. The importance of contributions from different phonons to the surface relaxation is analyzed.
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I. INTRODUCTION

Experimentally, the structure of a solid surface can
determined by low-energy electron diffraction~LEED!,1 ion
scattering,2 x-ray diffraction,3 and helium-atom scattering.3

Surface phonons can be measured by high-resolution e
tron energy-loss spectroscopy4 ~EELS! and inelastic helium-
atom scattering.5 It is well understood that the first interlaye
separation of metal surfaces is typically contracted at ro
temperature,6 and only few exceptions to this ‘‘rule’’ have
been discovered so far. Due to the anharmonicity of the
teratomic potentials, both the surface interlayer spacing
the bulk lattice constant depend on temperature. Furt
more, because of lower symmetry, the anharmonicity at
surface is expected to be more significant than that in
bulk.

First-principles calculations of lattice relaxations6–11 and
surface phonons for metals12–15typically employ the density-
functional theory~DFT!.16 In most previous work, the equi
librium geometry was determined by minimizing the to
energy of the system~we will call this the ‘‘static equilib-
rium’’ !. We note that the surface structure obtained in t
way corresponds toT50 K and neglects the effects of zero
point vibrations. For example, with respect to the latter,
note that for the crystal bulk, zero-point vibrations give ri
to an increase of the lattice constant by about 0.2–0.
compared to the geometry determined by the total-ene
minimum.17,18 Starting from the ‘‘static equilibrium’’ geom-
etry, surface phonons were calculated either directly~using
the supercell approach!12–14 or by applying density-
functional perturbation theory.15,19

At finite temperature, the equilibrium geometry is dete
mined by the minimum of the free energy, which, in additi
to the total energy, includes the contribution from lattice
brations. Typically this gives rise to a lattice expansion,
it is also possible that contractions occur.18 Because anhar
monicity is more pronounced at the surface than in the b
an increased interlayer of spacing of the top layer,d12, is to
be expected.20,21 Recently, Narasimhan and Scheffler22 and
Cho and Scheffler23 performed a theoretical study of th
thermal expansion of Ag~111! and Rh~100!. The free energy
was calculated by including the contribution of phonons
570163-1829/98/57~8!/4768~8!/$15.00
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the quasiharmonic approximation.18,24 The temperature de
pendence ofd12 was obtained by minimizing the free energ
of the considered slab with respect tod12. In these
studies,22,23 as a first approximation, only the top layer wa
allowed to vibrate as a whole parallel and perpendicular
the surface. The effective vibrational ‘‘modes’’ considered
these works correspond to modes at the Brillouin zone ce
for the top layer vibrating on a rigid substrate. No inform
tion about the true surface phonon spectrum was obtain
and thus, not even an attempt was made to discuss ho
good-quality summation over the phonon Brillouin zone m
affect the result. In fact, a better treatment is quite elabo
as it requires the diagonalization of the dynamical matrix
the whole slab. In order to improve on previou
calculations,23 we present in this paper a theoretical study
the structure and dynamics of Rh~100! and Rh~110! surfaces
by including vibrations of the whole slab. The interplan
force constants are obtained from the directly calcula
atomic forces using the full-potential linearized augmen
plane-wave~FP-LAPW! method.25,26 It has been shown12,13

that the surface phonon modes for wave vectors at h
symmetry points of the surface Brillouin zone~SBZ! can be
determined from the knowledge of interplanar force co
stants. In the present work, these force constants and
corresponding surface phonons are calculated as a func
of the interlayer spacing at the surface. The temperature
pendence of surface relaxation is then determined by m
mizing the free energy within the quasiharmonic approxim
tion. Contributions from different phonon modes to th
vibrational free energy will be examined. In Sec. II, we w
describe some details of the calculation method. The res
are presented in Sec. III.

II. METHOD OF CALCULATION

A. General theory

We consider a crystal slab consisting of a finite number
atomic layers perpendicular to thez direction, and of infinite
extension in thex and y directions. In the quasiharmoni
approximation, the free-energy function of the conside
system can be written as18
4768 © 1998 The American Physical Society
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57 4769STRUCTURE AND DYNAMICS OF Rh SURFACES
F~$di j %,T!5F~$di j %!1Fvib~$di j %,T!

5F~$di j %!1kBT

3(
quu

(
p51

3N

lnH 2sinhS \vp~quu ,di j !

2kBT D J , ~2.1!

whereF is the static total energy which can be obtained
first-principles calculations,kB and \ are Boltzmann and
Planck constants, and$di j % is the set of interlayer distance
d12, d23, . . . , between layers 1 and 2, 2 and 3, etc. T
vibrational free energy is denoted asFvib , andvp(quu ,$di j %)
is the frequency of thepth mode for a given wave vectorquu ,
evaluated at the geometry defined by$di j %; and N is the
number of atoms in the slab. Anharmonicity of the inte
atomic potentials is included in this description becauseF
and the vibrational frequenciesvp depend on the interlaye
distances$di j %. The free energy and the equilibrium di
tances$di j

0 % at a given temperature are determined by
minimum of F($di j %,T) with respect to$di j %.

In the present work, we have calculated the vibratio
frequencies and the corresponding free energy using the
model27 and the density-functional theory. We expand t
static total energyF of the system in a Taylor series:

F5F01(
l,a

fa~ l!ua~ l!1
1

2(l,a (
l8,b

fab~ l,l8!ua~ l!ub~ l8!

1 . . . , ~2.2!

whereua( l) is thea component (a5x,y,z) of the displace-
ment of thelth atom from its mean positionR0( l) ~taking the
thermal expansion of the lattice into account!. The instanta-
neous position of an atom is given byr ( l)5R0( l)1u( l). We
consider here that the monatomic lattice, and the set of i
gersl5( l 1 ,l 2 ,l 3), which specify a particular atom, have th
following meaning:l 3 labels the crystal planes lying parall
to the surface, andl 1 ,l 2 specify the points in the two
dimensional lattice which spans a plane. In the quasih
monic approximation the equations of motion are
y

e

-

e

l
lab

e-

r-

M
d2

dt2
ua~ l!52(

l8,b

fab~ l,l8!ub~ l8! , ~2.3!

whereM is the atomic mass,fab( l,l8) is the force constant
which is defined by

fab~ l,l8!5S ]2F

]ua~ l!]ub~ l8!
D

0

. ~2.4!

The subscript ‘‘0’’ in Eq.~2.4! indicates that the force con
stantsfab( l,l8) are to be evaluated at the mean positions
the atoms, rather than at the positions of the static equi
rium. Due to the two-dimensional translational property
the slab, the normal-mode solutions to Eq.~2.3! have the
form27

ua~ l!5M 21/2Q0za~ l 3!exp$ i @quu•R0uu~ luu!

1quu•R0uu~ l 3!2vt#% , ~2.5!

whereQ0 is the vibrational amplitude,za( l 3) is a polariza-
tion vector which will turn out to be the eigenvectors of th
dynamical matrix, andv is the vibrational frequency. Fol-
lowing the notation of Ref. 27, we havequu5(qx ,qy),R0uu
5(x,y),R0uu( l)5R0uu( luu)1R0uu( l 3),luu5( l 1 ,l 2). Insertion of
Eq. ~2.5! into Eq. ~2.3! leads to the eigenvalue equation

(
l 38 ,b

Dab~ l 3 ,l 38 ;quu!zb~ l 38 ;quu!5v2~quu!zb~ l 3 ;quu! ,

~2.6!

where the elements of the dynamical matrix are defined

Dab~ l 3 ,l 38 ;quu!5
1

M(
luu8

fab~ l 3 ,l 38 ,luu82 luu!

3exp$ iquu•@R0uu~ luu82 luu!1R0uu~ l 38!

2R0uu~ l 3!#% . ~2.7!
es

TABLE I. Surface relaxationsDd12/d0 andDd23/d0 , work functionf ~eV!, and surface energiess ~eV/atom! for Rh~100! and Rh~110!

surfaces obtained by different calculations and experiments. The results correspond toT50 K, and none of the theoretical values includ
the effect of zero-point vibrations.

Dd12/d0 Dd23/d0 f s

Rh~100! LDA ~Ref. 6! 23.5% 5.25 1.27
LDA ~Ref. 11! 23.8% 10.7% 1.44
LDA ~Ref. 23! 23.0% 20.2% 5.26 1.29
GGA ~Ref. 23! 22.8% 20.1% 4.92 1.04

LDA 23.3% 20.2% 5.30 1.23
GGA 23.0% 20.1% 4.91 0.99

experiment 10.561.0% ~Ref. 31! 061.5% ~Ref. 31! 4.65 ~Ref. 32! 1.12 ~Ref. 33!
experiment 21.1661.6% ~Ref. 34! 061.6% ~Ref. 34!

Rh~110! LDA ~Ref. 35! 210.2% 12.5% 4.99 1.92
LDA ~Ref. 11! 29.8% 12.6% 2.05

LDA 29.9% 12.0% 4.94 1.85
GGA 29.2% 12.1% 4.59 1.43

experiment 26.961.0% ~Ref. 36! 11.961.0% ~Ref. 36! 4.98 ~Ref. 37! 1.27 ~Ref. 38!
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4770 57JIANJUN XIE AND MATTHIAS SCHEFFLER
TABLE II. Interplanar force constants of Rh~100! coupling the
surface layer to other layers for wave vectors atG, X, and M at
Dd12/d0523.0%, Dd23/d0520.1%. The units are 104 dyn/cm.
The corresponding interplanar force constants for the interior la
of the slab are also shown for comparison. The indices~ab! and the
arguments (l 3 , l 38) of fab

p ( l 3 , l 38) are combined as (l 3a, l 38b). Ma-
trix elements not listed are zero by symmetry.

( l 3a, l 38b) Surface Interior ( l 3a, l 38b) Surface Interior

quu5G

(1x, 2x) 24.89 24.92 (1x, 3x) 20.03 20.30

(1z, 2z) 28.34 27.65 (1z, 3z) 21.45 21.84

quu5X

(1x, 1x) 14.65 26.23 (1x, 3x) 0.53 0.39

(1y, 1y) 6.34 10.18 (1y, 3y) 20.08 0.03

(1z, 1z) 10.15 17.07 (1z, 3z) 20.57 20.70

(1x, 2z) 26.42 25.46 (1z, 2x) 25.41 25.46

quu5M

(1x, 1x) 14.60 23.70 (1x, 3x) 20.50 20.72

(1z, 1z) 15.01 18.49 (1z, 3z) 20.88 20.59

(1x, 2y) 22.59 22.73 (1y, 2x) 22.59 22.73

TABLE III. Interplanar force constants for Rh~110! at G, X, Y,
andS atDd12/d0529.2%,Dd23/d052.1%. The units are 104 dyn/
cm. The corresponding interplanar force constants for the inte
layers of the slab are also shown for comparison. The indices~ab!
and the arguments (l 3 , l 38) of fab

p ( l 3 , l 38) are combined as
( l 3a, l 38b). Matrix elements not listed are zero by symmetry.

( l 3a, l 38b) Surface Interior ( l 3a, l 38b) Surface Interior

quu5G

(1x, 2x) 25.13 24.30 (1x, 3x) 0.31 20.86
(1y, 2y) 27.88 27.14 (1y, 3y) 0.15 20.14
(1z, 2z) 23.95 23.55 (1z, 3z) 26.87 24.44

quu5X
(1x, 1x) 13.52 25.40 (1x, 3x) 0.71 0.62
(1y, 1y) 9.51 17.24 (1y, 3y) 20.07 20.96
(1z, 1z) 13.68 16.56 (1z, 3z) 25.88 23.61
(1x, 2z) 21.77 23.09 (1z, 2x) 23.48 23.09

quu5Y
(1x, 1x) 5.69 10.81 (1x, 3x) 20.49 0.11
(1y, 1y) 9.11 20.50 (1y, 3y) 1.74 1.08
(1z, 1z) 13.68 18.12 (1z, 3z) 25.78 23.67
(1y, 2z) 25.52 25.81 (1z, 2y) 25.52 25.81

quu5S
(1x, 1x) 13.83 24.16 (1x, 3x) 1.74 0.94
(1y, 1y) 10.21 17.81 (1y, 3y) 0.76 0.25
(1z, 1z) 13.66 16.44 (1z, 3z) 26.20 22.92
(1x, 2y) 26.12 25.23 (1y, 2x) 24.23 25.23
Once the force constants are obtained, the frequencies
polarization vectors for all modes in the slab for a givenquu
can be obtained by diagonalization of a 3N33N matrix.

B. Density-functional theory calculation

In the present paper, the considered systems Rh~100! and
Rh~110! are modeled by a periodic slab consisting of 7 la
ers of Rh and a vacuum region with the same thickness.
employ density-functional theory and the FP-LAP
method.25,26 The exchange-correlation functional is treat
by the local-density approximation28 ~LDA ! as well as the
generalized gradient approximation~GGA!.29 We first calcu-
late the lattice relaxations, surface energies and work fu
tions of Rh surfaces atT50 K neglecting the influence o
zero-point vibrations. The geometry is optimized by
damped molecular dynamics allowing the top two layers
both sides of the slab to relax. The remaining atoms are k
at the bulk lattice sites. The energy cutoff for the FP-LAP

FIG. 1. Surface Brillouin zones for fcc~100! and~110! surfaces.
High-symmetry points are indicated.

FIG. 2. Variation of the surface interplanar force constants aX
with Dd12/d0 for Rh~100!.
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57 4771STRUCTURE AND DYNAMICS OF Rh SURFACES
basis is taken to be 15 Ry and for the wave functions ins
the muffin-tin spheres angular momenta are taken into
count up tol max

wf 58. The cutoff energy for the potential i

FIG. 3. Top-layer relaxation of Rh~100! as a function of tem-
perature calculated in different approximations, i.e., including d
ferent vibration modes. The results of Cho and Scheffler~Ref. 23!
are shown for comparison.

FIG. 4. Top-layer relaxation of Rh~100! as a function of tem-
perature calculated by including the vibration modes atG, X, and
M. The contributions from vibration, parallel and perpendicular
the surface, are displayed. The arrow points to the result obta
when vibrational contributions to the free energy are neglec
completely. The result of Cho and Scheffler~Ref. 23! are shown for
comparison.
e
c-

taken asG25100 Ry. For thekuu sampling, we use a uniform
mesh of 15 points in the irreducible part of SBZ of the~131!
surface displaced fromG.

In order to calculate phonon frequencies of the slab,
extension of the ‘‘frozen phonon’’ method12 is used. For a
selectedquu in the surface Brillouin zone, we can calculate a
the interplanar force-constant matrices by distorting the s
in an appropriate way. The obtained force constants allow
to set up the dynamical matrix and solve for the eigenval
and eigenvectors of the system. The interplanar force c
stants coupling planesl 3 and l 38 are given by

fab
p ~ l 3 ,l 38 ;quu!5(

luu8
fab~ l 3 ,l 38 ,luu82 luu!

3exp@ iquu•R0uu~ luu82 luu!# . ~2.8!

In the harmonic or quasiharmonic approximation, the int
planar force constantsfab

p ( l 3 ,l 38 ;quu) are related to the
forces by

-

ed
d

FIG. 5. Top-layer relaxation of Rh~110! as a function of tem-
perature calculated by including the vibration modes atG, X, Y,
andS. The contributions from vibrations parallel and perpendicu
to the surface are displayed. The arrow points to the result obta
when vibrational contributions to the free energy are neglec
completely.

TABLE IV. Calculated surface phonon frequenciesn for
Rh~100! and Rh~110! corresponding to surface relaxation atT5300
K. Units are in THz.

Rh~100! Rh~110!

X M X Y S
n mode n mode n mode n mode n mode

2.97 S1 4.44 S1 3.44 S1 2.50 S1 3.54 S1

3.36 S4 4.50 L1 3.54 S2 2.62 S2 3.66 S2

3.42 S2 5.13 S7 3.65 S3 3.78 S3

5.40 S6 4.52 S5 5.26 S7
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FIG. 6. Surface phonon density of states of Rh~100! for the wave vectors atX and M points in the surface Brillouin zone.
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p ~ l 3 ,l 38 ;quu!52

]Fa~ l 3 ,quu!

]ub~ luu ,l 38!
'2

DFa~ l 3 ,quu!

ub~ luu ,l 38!
,

~2.9!

whereDFa( l 3 ,qzz) is the a component of the force differ
ence at atomic layerl 3 under a distortion of layerl 38 in ac-
cordance withquu , ub( luu ,l 38) is the b component of atomic
displacement at (luu ,l 38). The displacement for other atoms
layer l 38 is given by

u~ luu8 ,l 38!5u~ luu ,l 38!exp@ iquu•R0uu~ luu82 luu!# . ~2.10!

The dynamical matrix of Eq.~2.7! can then be written as

Dab~ l 3 ,l 38 ;quu!5
1

M
fab

p ~ l 3 ,l 38 ;quu!

3exp$ iquu•@R0uu~ l 38!2R0uu~ l 3!#% .

~2.11!

In order to calculate the thermal expansion, we need
know the interplanar force constants as a function of
interlayer distance. In most cases, the thermal expansio
the lattice at the surface along thez direction is expected to
be more significant than the expansion of the bulk latt
constant. The latter also defines the expansion of interato
distance in thex-y plane. We therefore calculate the surfa
interplanar force constants as a function ofd12. Furthermore,
we calculate the interplanar force constants for the cry
bulk. From all the interplanar force constants, the dynam
matrix ~as a function ofd12! of the considered slab can b
constructed. The surface relaxationd12(T) is then obtained
by minimizing the free energy of the slab for various te
peratures. For the phonon calculations it is important to u
significantly thicker slab than for the electronic structure c
culations, in order to obtain a reliable description of surfa
modes, surface resonances, and the surface phonon de
of states.12,27 We therefore calculate the surface phon
spectra for Rh~100! and Rh~110! for a 201-layer thick slab.
to
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-
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III. RESULTS

For Rh bulk the theoretically obtained lattice constant~ne-
glecting the zero-point vibrations! is ath53.79 Å for DFT-
LDA and ath53.83 Å for DFT-GGA. The FP-LAPW param
eters employed for these calculations are the same as t
for the surface calculations stated in Sec. II B, except that
the bulk study we use a mesh of 72k points in the irreduc-
ible part of the fcc Brillouin zone. The experimental value
aexp53.80 Å.30 The surface properties of Rh are calculat
with the theoretical bulk lattice constant. In Table I, w
present the results of surface relaxations, work functions,
surface energies of Rh~100! and Rh~110! calculated via LDA
and GGA neglecting the zero-point vibration. Results fro
other calculations and the experiments are also listed
comparison. The present reults are in good agreement
those of previous calculations.6,11,23,35In the following cal-
culations of the surface dynamics, we will use the GGA. T
surface interplanar force constant will be calculated a
function of d12, while the interlayer spacingd23 is kept as
the static equilibrium value.

The calculated interplanar force constants coupling
surface layer with other layers in the Rh~100! slab are given
in Table II. Three high-symmetry surface wave vectors
considered~see Fig. 1!: G, X, and M. These results are ob
tained by distorting the slab around the zero-force geom
at T50 K, and are given in Table I. The correspondin
results for the interior of the slab are given as well. T
interplanar force-constant matrices for the Rh~110! surface
are given in Table III. Four wave vectors atG, X, Y, andS
points in the SBZ are considered~see Fig. 1!. It is not sur-
prising to see in Tables II and III that the intralayer part
the force constants@fab

p (1,1)# are most significantly
changed at the surface compared to that in the bulk bec
of the truncation of the surface. At the same time, the int
layer part of the force constants at the surfa
@fab

p (1,l 3),l 352,3# are also modified due to the surface r
laxations. For most of the matrix elements in Table III, the
is a trend for an enhancement in magnitude for force c
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57 4773STRUCTURE AND DYNAMICS OF Rh SURFACES
stants coupling the surface layer to its neighbors compa
with the bulk force-constant matrix elements. This is
agreement with the findings of Al~110!.12

Anharmonicity is included in our studies by calculatin
the force constants as a function of the interlayer dista
d12. Figure 2 shows the variation of the surface interpla
force constants atX point for Rh~100!. It can be clearly seen
that the interlayer force constants decrease monotonicall
d12 changes from a 9% contraction to a 3% expansion. T
‘‘softening’’ of the force constants reflects the anharmonic
of the bond strength at this surface. We also note that
intralayer force constants of the second layerfab

p (2,2) are
also significantly softened at theX point andM points for
Rh~100!, and at theX, Y, andS points for Rh~110!, with the
increase ofd12. While at G, there are no intraplanar vibra
tions, the ‘‘softening’’ offab

p (2,2) is already included in the
surface interplanar force constantfab

p (1,2). In the presen
work, the changes of the intraplanar force constants for
second layer withd12 are taken into account.

Having obtained the force constants for differentd12, we
calculate the phonon frequencies of the slab for eachd12.
The temperature-dependent top-layer relaxations for Rh~100!
and Rh~110! are determined by minimizing the free ener
with respect tod12. Figure 3 shows the variation ofDd12/d0
for Rh~100! with temperature in the case in which vibratio
are calculated from different wave vectorsquu in SBZ. The
results of Cho and Scheffler23 are also given for comparison
It can be seen that when only theG-point vibration is taken
into account, the variation ofDd12/d0 with temperature is in
close agreement with the results of Cho and Scheffler.23 The
small difference is due to the fact that only the top layer w
allowed to vibrate in Ref. 23, while in the present wor
vibrations of the whole slab are included. At low temperatu
~below 300 K!, the vibrations fromG, X, andM points con-
tribute with similar importance to the surface expansion. T
differences between the contributions of the differentquu vec-
tors becomes significant at high temperature because o
different frequency distributions betweenḠ, X, andM.

Using the ‘‘frozen’’ phonon method,12,39,40it is not prac-
ticable to get the phonon frequency for an arbitraryquu point
in SBZ. For phonons, in contrast to electrons, it is in fa
acceptable to approximate the summation over the wh
SBZ by the contributions from only the high-symmetryquu
points. The weights ofG, X, andM are 1

4 , 2
4 , and 1

4 , respec-
tively. Thus, the vibrational free energy is given byFvib

5 1
4 Fvib(G)1 2

4 Fvib(X) 1 1
4 Fvib(M). The temperature depen

dence of the top-layer relaxation for Rh~100! including all
the vibrational contributions fromX, M, and G is shown in
Fig. 4. The arrow marks the result of the surface relaxat
obtained when lattice vibrations~also zero-point effects! are
neglected. We find that at low temperature the thermal
pansion for Rh~100! is close to the result of Cho an
Scheffler.23 At 300 K, the top-layer relaxation is21.64%,
the value found in Ref. 23 is21.45%. However, for higher
temperature the thermal expansion will be overestimate
only the vibrations atḠ point are included. In general, ou
improved calculations confirm the conclusion of Cho a
Scheffler.23 The calculated surface thermal expansion coe
cient isas5(d12)

21(]d12/]T)540.731026 K21 at T5300
d

e
r

as
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e

e
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e

e
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t
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-

K, which is 5.0 times larger than in the bulk@ab58.231026

K21 ~Ref. 41!#. Thus for Rh~100! the thermal expansion is
clearly increased at the surface. The different contributio
to the surface relaxation from vibrations parallel to the s
face and perpendicular to the surface are also shown in
4. All the vibrational modes atX, G, and M are included.
The results in Fig. 4 confirm that the parallel vibrations ha
a significantly larger influence on the surface thermal exp
sion than the perpendicular vibrations~z direction!. This is in
agreement with the findings and conclusions of Narasim
and Scheffler,22 and Cho and Scheffler.23

FIG. 7. Surface phonon density of states of Rh~110! for the
wave vectors atX, Y, andS points in surface Brillouin zone.
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4774 57JIANJUN XIE AND MATTHIAS SCHEFFLER
We now turn to the more open~110! surface. The tem-
perature dependence of the top-layer relaxation for Rh~110!
is shown in Fig. 5. The vibrational free energy is calcula
by summing over the wave vectorsG, X, Y, and S in the
SBZ. These four points all have the same weight, there
the vibrational free energy is given byFvib5 1

4 @Fvib(G)
1Fvib(X) 1Fvib(Y) 1Fvib(S)#. Similar to Rh~100!, the con-
tribution to the thermal expansion ofd12 from in-plane vi-
brations is larger than that from out-of-plane vibrations.
T5300 K we obtain the surface thermal expansion coe
cient as559.431026 K21, which is 7.2 times larger than
the bulk thermal expansion coefficient. Comparing the th
mal expansion coefficient of Rh~110! with that of Rh~100!,
we find that Rh~110! exhibits more significant anharmonicit
than Rh~100!. The top-layer relaxation isDd12 /d0527.4%
at T5300 K, which is close to the result of a room
temperature LEED analysis,36 which gave a value of
Dd12/d0526.9%. The surface relaxation obtained when j
the total energy is minimized is noticeably different, name
Dd12/d0529.2%.

In Table IV, we present the calculated surface phon
frequencies corresponding to the surface relaxation
T5300 K. The local density of states is obtained from

Dquu ,a~v!5(
p

d~v2vp!uza~1,quup!u2 , ~3.1!

whereza(1,quup) is the surface layer polarization vector fo
the pth normal mode of the slab with respect to wave vec
quu , a denotesx,y, and z. The calculated surface phono
densities of states are shown in Figs. 6 and 7. Different p
correspond to different polarizations. At theM point for
Rh~100! ~Fig. 6!, results fory polarization are identical to
those for thex polarization due to symmetry. It can be se
that in all cases~Figs. 6 and 7!, the surface modes ar
n

I

nd

C.
d

re

t
-

r-

t

n
at

r

ts

strongly localized at the surface and are well separated f
the bulk modes. Thus it should be possible to identify th
in EELS or He scattering experiments. It is these localiz
surface phonons that are most sensitive to the surface re
ations, and hence govern the anharmonic thermal expan
at the surface. It can be seen in Figs. 6 and 7 that there
more localized surface phonon modes polarized inx and y
directions than in thez direction. This is one of the reason
why the parallel vibrations give a more important contrib
tion to the thermal expansion~see Figs. 4 and 5!.

IV. SUMMARY

In conclusion, we have used a full-potential FP-LAP
method to investigate the surface structures and surface
non spectra of Rh~100! and Rh~110! surfaces. We studied th
thermal expansion by taking anharmonicity into accou
within the quasiharmonic approximation. It is found that d
ferent phonons give different contributions to the surface
laxation in the high-temperature range~higher than 300 K!.
The surface thermal expansion coefficients calculated by
cluding all the high-symmetry points in the surface Brillou
zone are 40.731026 K21 for Rh~100! and 59.431026 K21

for Rh~110! at T5300 K, which are 5.0 and 7.2 times large
than that of the bulk, respectively. The obtained surface
laxations of Rh~100! and Rh~110! at T5300 K are in agree-
ment with the experimental measurements at room temp
ture. The calculated results confirm that the in-pla
vibrations give a more important contribution to surface th
mal expansion than the out-of-plane vibrations.
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