PHYSICAL REVIEW B VOLUME 59, NUMBER 2 1 JANUARY 1999-11

Temperature-dependent surface relaxations of AgL11)

Jianjun Xief
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin-Dahlem, Germany

Stefano de Gironcoli
Scuola Internazionale Superiore di Studi Avanzati and Istituto Nazionale per la Fisica della Materia, via Beirut 2-4,
1-34014 Trieste, ltaly

Stefano Baroni
Scuola Internazionale Superiore di Studi Avanzati and Istituto Nazionale per la Fisica della Materia, via Beirut 2-4,
1-34014 Trieste, ltaly
and Centre Europen de Calcul Atomique et Malelaire ENS, Aile LR5, 6, Alied’ltalie, 69007 Lyon, France

Matthias Scheffler
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin-Dahlem, Germany
(Received 28 May 1998

The temperature-dependent surface relaxation afLAD is calculated by density-functional theory. At a
given temperature, the equilibrium geometry is determined by minimizing the Helmholtz free energy within the
guasiharmonic approximation. To this end, phonon dispersions all over the Brillouin zone are determined from
density-functional perturbation theory. We find that the top-layer relaxation ¢34y changes from an
inward contraction { 0.8%) to an outward expansior-6.3%) as the temperature increases ffbm0 K to
1150 K, in agreement with experimental findings. Also, the calculated surface phonon dispersion curves at
room temperature are in good agreement with helium-scattering measurements. The mechanism driving this
surface expansion is analyzed, and the physical picture developed by Narasimhan and Scheffler is essentially
confirmed.[S0163-18209)00502-F

I. INTRODUCTION minimizing the Helmholtz free energy of the system with
respect tod, in a simplified quasiharmonic approximation
The equilibrium geometry of a system depends on thdQHA), where the vibrational free energy was calculated in-
temperature due to the anharmonicity of the interatomic poeluding only three representative modes corresponding to the
tential. The presence of a surface breaks the periodic strucigid vibration of the top layer on a rigid substrate. The static
ture normal to the surface, and anharmonic effects are exotal energy and the vibrational frequencies, were calculated
pected to be larger at the surface than in the Bulence, using density-functional theoryDFT) within the local-
the surface interlayer separation may change more stronglyensity approximatiolLDA). Although the results obtained
with temperature than the bulk lattice parameter. Indeed, erwithin this “three-mode approximation” overestimated the
hanced anharmonic effects have been observed by recent exffect (e.g., atT=1040 K, the calculated surface relaxation
periments on several surfaces(001),> Ph(110),% Cu(110),* is 15% whereas the experimental value was 7,58tese
Ag(111),° Cu(111),° as well as B&00J).” Among them, the calculations provided ghysical explanatiorof the mecha-
large thermal expansion observed in the close-packeglism underlying the thermal expansion observed at this sur-
Ag(11)) surface has attracted much attenffolf, but at  face. Subsequently, using again EAM potential, Ketral 1°
present the interpretation of these results is still controverebtained a rather small thermal expansion. They argued that
sial. the large thermal expansion of Ref. 9 was the result of an
Using an the embedded-atom met&AM) in which the  improper representation of the vibrational density of states.
parameters of the interatomic potential are determined b¥n the other hand, very recent MEIS measurements on
fitting bulk properties, LewfSsimulated the thermal behav- Cu(111) (Ref. 6 and LEED measurements on (B601)
ior of Ag(112) for a large range of temperatures using mo-(Ref. 7) seem to support the theoretical picture developed in
lecular dynamics. The results for the top layer relaxationRef. 9.
differ significantly from those reported by an experimental Recent calculations of the thermal properties of Ag btk
study?® the top interlayer spacingl;,, remains smaller than demonstrate that the QHA provides a very accurate descrip-
the bulk value even at temperatures as high as 1110 K; whilgon of the thermal expansion and heat capacity of Ag up to
the analysis of experimental resdltsbtained by the medium the melting point. In order to resolve the controversy on the
energy ion scatterindMEIS), concluded thad,, changes thermal behavior of A@l11), we have recalculated the sur-
from —2.5% contraction to 10.0% expansion as temperaturéace thermal expansion of this surface within DFT-LDA and
increases from room temperature to 1150 K. Narasimhan an@HA without any further approximations. In particular, the
Scheffle? investigated the temperature dependence;eby  vibrational contributions to the free energy from the whole
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Brillouin zone (BZ) are included thanks to the efficient cal- 20.0
culation of phonon dispersions by density-functional pertur- O Three modes calculation
bation theory:? Our results positively indicate that DFT and @ Present results

. i K 15.0 | & Experimental results
the QHA—at variance with previous attempts based on A EAM simulation

EAM (Refs. 8 and 1B—provide aquantitativelycorrect de-
scription of the anomalous thermal properties of this surface.
Our results also show the importance of a proper sampling of
vibrational modes over the BZ for a quantitatively reliable
result. Thequalitative explanation of the earlier work of
Narasimhan and Schefffeis fully confirmed. The disagree-
ment with reported EAM resuft$® is argued to due to the 00}
approximate nature of EAM and to an incorr&epoint sum-
mation in Ref. 10.

10.0
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Ad,,/dg (%)

Il. COMPUTATIONAL DETAILS

To model the surface, we adopt a repeated-slab geometry FIG. 1. Temperature dependence of surface layer relaxation of
consisting of seven atomic layers separated by a vacuumg(111). Our calculated results are denoted by the filled circles.
region corresponding to five atomic layers. As in a previousOpen circles are the results of Ref. 9; open triangles are EAM
treatment? the Helmholtz free energy of the slab is given by simulations(Ref. 10. The experimental resultRef. 5 are shown

by filled diamonds.
F({d}, T)=E{d})+F.ip({d},T)
wheren,, is the occupation number of tiggth mode defined

3N
—E({d)+keTY 2 by
qp p=1 L L
Jdpp,d' )=+ , . (2.3
xIn 2sink(%‘8+{d}))], (2.) M@ diz 0= 5+ e (29

It is noted that the variation abp(q,{d;,,d"}) with dy; is
different at different temperature due to the changéddt.
The static total energyE is calculated by density-
nctional theory within the local-density approximatith.
9u|ly separable norm-conserving pseudopoterffiaee used

4 41 is the f f theth mode f 4 in our calculations together with a plane wave basis set with
andaw(q,,1d}) is the frequency of theth mode for a given a kinetic energy cut-off of 55 Ry. BZ integrations are per-

wave vectorq, evaluated at thg geometry defmed{h_;}; formed with the smearing technigque of Ref. 16 using the
andN is Fhe number_ of atoms in the slab. Thg static totalyermite-Gauss smearing function of order one, a smearing
energyE in Eq. (2.1 includes all the anharmonic terms of width =50 mRy, and a 16-point grid in the irreducible
the interatomic potential. The anharmonic nature also apyeqge of the BZ. The phonon frequencies of the system are
pears n the V|brat|_onall free ener@y,_ib since in the quasl-  cajculated by density-functional perturbation thetiyrhe
harmonic  approximation the vibrational  frequenciesyynamical matrices are calculated ona4 grid of points in
wp(qy,{d}) are allowed to change witfd}. . the surface BZ of the 7-layer slab and Fourier interpolated
At a given temperatur@ and zero pressure, the equilib- o er 5 48-point grid of, vectors in the irreducible wedge of

rium geometry is determined by the minimum of the Helm-y,o 5\,rface BZ, in order to calculate the vibrational contribu-
holtz free energy, i.e.gF/dd=dJE/dd+dF,/dd=0. It is  tion to the free energy.

not practical to minimize the Helmholtz free energy with
respect to all the lattice parametéd§ within the presenab
initio approach. Remember the facts that the translational

symmetry of the crystal still remains along the direction par- ' .
allel to the surface and the relaxation of the deep layer is We first calculated the surface relaxation of(Ag1) by

usually small, we therefore assume here that the temperatunx]e'mmIZIng the static total energy and neglecting the vibra-

dependence of the in-plane lattice constant as well as oth ipnal contributions. The obtained results afed;,/dg

: : =—1.0%, Ady3/dg=—0.2%, wheredg is the interlayer
out-of-plane interlayer distancédenoted a$d’}) except the o 23 B = B ™ g )
top layer spacingl,, is the same with the bullé The tem- spacing in the bulk. Starting from this static equilibrium ge

N . . ometry, the Helmholtz free energy of the slab is evaluated as
perature dependent equilibriudy, is then determined by a function of the interlayer interspacingd}. The tempera-

whereE is the static total energy, as obtained by DFT cal-
culations, kg and# are the Boltzmann and the Planck con-
stants, andd} represents the set of interlayer distances nory,
mal to the surface and the interparticle distances parallel t
the surface. The vibrational free energy is denotedr gs,

Ill. RESULTS

JE({d12,d"}) JFip({d12,d"}) ture dependence of the equilibriwy, is then obtained from
9dy, == 901, Eg. (2.2 in which all other interlayer spacindsl’} includ-
ing dg are assumed to expand according to the temperature
dhwp(q,{dq2,d"}) dependence of the bulk. Neglecting the temperature depen-
:_Eq: % 9d1, dence of{d’'} will give even larger thermal expansion of

d,,. Figure 1 shows the calculated resufified circles to-
Xnp(g,{d2,d"}), (2.2 gether with the experimental datdfilled diamond$ and
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d, & (dashed lingwith d;,. The harmonic results ofE/dd,, are shown

by the dot-dashed line. The equilibriudh, is obtained by the in-
FIG. 2. Variation of the static total enerdy, vibrational free  tersection of the solid lines and the dashed line.
energyF,;, and the Helmholtz free energy with the surface inter-
layer spacingl;, at T=500 K. dot-dashed line is the derivative & with respect tod;,

when anharmonic terms iB are neglected by quadratically

other calculations:' The temperature is scaled with respectexpanding it around the static equilibrium geometry. The
to the experimental melting temperatdig,= 1234 K(Ref.  solid lines are— dF,;,/dd,, at different temperatures. The
17)]. It can be seen that in the low temperature rangesquilibrium geometry ofd, is determined by the intersec-
(T/T,<<0.6), the present calculation gives a thermal expantion of 9E/dd,, and— dF;,/dd;,. It can be clearly seen that
sion similar to that of Ref. 9. At higher temperatures, thepy increasing the temperature, the intersectiordBfdd,
calculations of Ref. 9 overestimate the thermal expansion 0&nd — oF;,/3d,, gives an increasing value of equilibrium
Ag(111). The present calculation, which includes all the Vi- gistanced,,. Furthermore, the anharmonicity of the static
brational modes of the slab in the whole BZ, diSplayS a mucrénergy E, dashed |ine, is essential in determining the en-
smaller top layer expansion than obtained in the “threehanced thermal expansion at high temperature, that would be
mode approximation,” thus bringing the theoretical predic- much reduced if this anharmonicity were neglectelt-
tions in much closer agreement with experimental resultsgashed ling
Adj,/dg changes from—0.8% inward contractiortinclud- The driving force for expansion comes from the tempera-
ing zero-point vibrationsat T=0 K to +6.3% outward ex- tyre variation of the vibrational free energy. Equati@p)
pansion aff = 1150 K [the corresponding experimental fig- reveals that the value of JF,;,/dd;, at a given temperature
ures vary from—2.5% to +10.0% (Ref. §]. The EAM s determined byiiw,/dd;, which represents the “soften-
simulation in Ref. 10, on the contrary, shows no enhancemg” of w, with the increase ofl;,. Such “softening” of
ment of thermal expansion of the interlayer spacing in thehe frequencies is characterized by the shift of the phonon
whole temperature range, i.e., thg, value always remains density of stateDOS). Figure 4 shows the shift of layer
smaller than the interlayer spacing in the bulk. localized phonon DOS with,,. The solid line corresponds

What is the mechanism giving Ayl1) such an enhanced o d,,=2.32 A and the dashed line corresponds dg
thermal expansion? Figure 2 shows the variation of the static- 5 42 A Clearly, the DOS of the middle layer of the slab is
energy E, the Helmholtz free energ¥;, and the vibrational  quite bulk like, and the shift witli, is very small, while the
free energy.F.,, with the top-layer interspacindy,, for  syrface-layer DOS is significantly different from that of the
T=500 K. The equilibrium geometryl;,, is determined by mjiddle layer and is very sensitive th,. By increasingd;,,
two factors: one is the static total enerdy, which governs the vibrational frequencies of the first layer “shift” down-
the binding strength of the surface with the substrate and thgard, which results in a decrease of the vibrational free en-
anharmonicity of the interlayer potential normal to the sur-ergy as shown in Fig. 2. The vibrations of atoms in the
face; the other is the decrease of the vibrational free energ¥econd |ayer also “soften” by increasir[gz and contribute
Fuib, which reflects the “softening” of the vibrational fre- o the decrease of the vibrational free energy. Figure 5 shows
quency with the increase af;,. We note thaf,;, does not  the “shift” of the phonon DOS in the top layer with, , for
always decrease with the increase of lattice parameters, f@fifferent vibrational modes. It can be seen thatdas in-
example, in the anomalous thermal expansion of bulkcreases from 2.32 A to 2.42 A, not only the vibrational
Silicon.18 As dlZ increases from the static equi”brium Value, modes that are perpendicu|ar to Surface, but also those par-
d,. the interlayer potential increases while the vibrationalallel to surface, shift downward. The shift of the perpendicu-
free energy decreases, determining a new equilibrium spagar modes reflects the anharmonicity of the interlayer poten-
ing dq,, larger thand?z. Figure 3 shows how the tempera- tial E normal to the surface, while the shift of the parallel
ture dependent equilibriurd,, is obtained from Eq(2.2). modes is due to the flattening of the corrugation of the po-
The dashed line is the variation 6E/dd,, with d;,. The tential parallel to the surface. The latter effect implies that
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a minor role. Altogether, the enhanced thermal expansion of
d,, at Ag(11]) surface is governed by the anharmonicity of
the interlayer potential normal to the surface as well as the
“softening” of the parallel modes with the increase af,.

.- . . . . Finally we show in Fig. 7 the surface phonon band struc-
anharmonicity of the interatomic potential at a surface is %ure corresponding to the geometry obtainedTor300 K.

somewhat complicated effect where they, andz degrees : :
of freedom are not independent. The modes perpendicular li-ghe th'.CkneSS of the slab has been exte_ndeq to 30 atom|_c
ayers in order to decouple the surface vibrations that pen

the surfacdcorresponding to the Rayleigh wavare mainly Ftrate deeply in the bulk, by inserting in the middle of our

located in the low frequency range and provide a smalle ) .
contribution to the DOS. The parallel modes have relativel lab a number of layers with bqu—hke_ force constants. The
owest surface-mode branc®, which lies below the bulk

g(g)hser frequencies and occupy a larger portion of the tot ands is the Rayleigh wave. It is primarily associated with

vibrations normal to the surfadshear-verticalSV) mode,
compare also Fig. J5 The gap modeS; is primarily a
“shear-horizontal” (SH) mode which is associated with vi-
Q{ations in the direction transverse @p and parallel to the
surface. The surface mod&s andS, are primarily longitu-
]c_iinal modes which are associated with vibrations along the
direction parallel tog,. The calculated frequencies of the
Rayleigh modeS,; are in good agreement with experimental
data from helium scattering.

FIG. 4. The phonon density of statd3095) of different atomic
layers. Solid lines are fod;,=2.32 A; dashed lines are fal,,
=242 A.

As discussed above in Fig. 2, the increase-6f-;,/9d 5
with temperature determines the expansiom gf. In Fig. 6
the different contributions te- dF ;,/9d,> coming from per-
pendicular and parallel modes are analyzed. It can be se
that the contribution of the parallel modes-toF;,/dd 5 is
larger than the one of perpendicular modes and that the di
ference between the contributions from parallel and perpe
dicular modes increases with temperature. This is in agre
ment with previous finding$!® Note, however, that this
effect is not general and in other systems, as for instance the

Be(0007) surface!® the “softening” of parallel modes plays IV. CONCLUSION
300 : : Our calculation of the thermal properties of @4 1) sur-
perpendi face are in quantitative agreement with the enhanced thermal
vibration expansion found in the experiments. This behavior is found

to be determined by two effect§) the anharmonicity of the
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FIG. 5. The shift of phonon DOS at surface from different vi-
brational modes with different;,. The solid lines are fod;, FIG. 7. Calculated phonon dispersion of a 30-layer slab model-
=2.32 A and dashed lines are fdy,=2.42 A. ing an Ag(111) surface.
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interlayer potential normal to the surface afij the de- weights had been used:(for I'), 6 (for K), and 6(for M).
crease of the vibrational free energy with increasdhg. This gives a clearly incorrect description of
The latter effect reflects not only the anharmonicity of thek-summation.

interlayer potential normal to the surface, but also the flat- Note addedln a recent publicatio]r"? it was argued that
tening of the corrugation of the interlayer potential parallel tothe validity of the approach of Narasimhan and Schéffler
the surface with the increase df,. A recent calculation and Cho and Scheffl&was unclear. In the present paper we
using the EAM(Ref. 10 shows that the interlayer spacing have shown that their “three-mode-approximation” overes-
djpincreases very weakly betwedm=0 K and 1100 K. This  timates the size of the effect but gives a correct account of
significant difference to ouab initio result is due to two the physics.
reasonsii) The k-summation in Ref. 10 was done incor-

rectly; and(ii) the EAM lacks some important aspects of the

quantum mechanical nature of electréhyVith respect tdi)

we note that the surface Brillouin zoneshé K points(the

cornerg and 6 M points(the midpoints of the edge lings One of the author§].J.X) would like to acknowledge the
However, each corner point belongs to three zones, and eafimancial support from Alexander von Humboldt foundation
M point belongs to two zones. Thus, the contributions fromin Germany. Two of ugS.B. and S.dG.have done this work
I', K, and M should be added with the weighting factors: 1in part within thelniziativa Trasversale Calcolo Parallelof
(for T'), 2 (for K), and 3(for M). In Ref. 10 the following INFM. We thank P. Ruggerone for helpful discussions.
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