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Thermal expansion at a metal surface: A study of Mg0001) and Be(lOTO)
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Quantitative low-energy electron diffraction current-voltage measurements have been utilized to determine
the thermal expansion of the N@P01) and Be(lO_D) surfaces. The close-packed (@901 surface exhibits
a small thermal expansion while the more open Be_()])09.urface 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.
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I. INTRODUCTION important! d-bonded metals are different from either noble
metals or simplesp-bonded metals, but the simple picture
When a crystal is divided to form two surfaces the sym-presented above explains the general trend observed in static
metry is broken and there is a redistribution of the electrongelaxation. Nonetheless, as Feibelman pointed out, there is a
and atoms to lower the energy. One obvious result is a newliscrepancy between the calculated and measured first inter-
static structure at the surface. In the simplest cases this rédyer relaxation for a series of reactive transition metal close-
sults in a one-dimensional change in the interlayer spacin§acked surfgceETi(OOOJ), Zr(00003, Mo(110), Rh0002),
near the surface. More dramatic rearrangements result in 'd (110].” Most of the data used in this comparison are
two-dimensional reconstruction. In almost all cases of metap'd and Feibelman suggested that hydrogen contamination
surfaces the experimental static structdov temperaturg could be the cause (.)f the disagreement. However, a recent
and first-principles calculations agree quite well. The physic #rfzge x-ray dlfft;actlon study (.)f ROOODdC?]nCIUdfed tL\atf_
behind the interlayer relaxation of metal surfaces is well e discrepancy between experiment and theory for the first

understood:2 SmoluchowskKi proposed that at the surface, interlayer spacing changkd, is not a consequence of hy-

charae smoothina would oceur to lower the kinetic ener OProgen contaminatioh Another possibility, relevant to the
g Ing wou u W inetl 9Y Oljiscussions in this paper, concerns thermal expansion. All of
the electrons. Charge moves from above a surface atom

X A e structures were determined at room temperature while the
the hol'low between them. This chgrge smoothing is MOr& 4 culations were fof=0 K. There is no general under-
dramatic on open faces and explains the lower work funCgianding of thermal expansion at a surface, so it is difficult to
tions exhibited by open surfacesinnis and Heiné, USINg  extract theT =0 K structure from data taken at elevated tem-
simple electrostatic arguments, demonstrated that this lead Bératures.
a reduction in the first interlayer spacing at the surface. This | stark contrast to the static structure at a surface, where
picture predicts larger contraction on the more open surface@heory and experiment generally agree and there is a zero-
and little contraction on the close-packed ones. On the closeyrder accepted explanation, an understanding of the dynami-
paCked faces there should be little Smoluchowski SmOOthingaj behavior of a surface waits to be deve|oped_ In fact, the
and small outward relaxation has been predicted as a reslhserved thermal behavior at a surface has been described as
of the electron density tail that extends into the vacuum alyjolating “common sense.® All that this statement means
tracting the ion cores away from the sofidthis picture is s that our intuition or common sense has not been properly
consistent with what has been called the “universalgeveloped. Some close-packed surfaces exhibit anomalously
curve” *® that relates the change in the first interlayer spaciarge thermal expansidhin the first interlayer spacing,
ing Ad;, to the area of the surface unit céll. When these whijle a more open surface displays thermal contraction in
two parameters are properly normalized to the volume pethe first interlayer spacit§'® accompanied by thermal ex-
atom in the bulkV,, all of the data and first-principles cal- pansion of the second interlayer spacing or even oscillatory
culation seem to fall in a region centered on a straight linghermal expansioi‘ﬁ Yet this is not universal, since 10
given by (Ady,/VE®) = —0.1149+ 0.1296A, . A, is the area  displays a thermal contraction idy, while Cu110 and
of the surface unit cell4s) properly normalized to the vol- Ag(110)14'15di5p|ay a positive thermal expansiondg,. On
ume of the bulk unit cellA,=As/VZ®. The static structure the theory front there is mixed success, with examples where
at a surface has been developed to the stage where a detaifagt-principles theory and experiment agre®’ or dra-
picture of multilayer relaxation exisfs. matically disagreé®!® Even for the success stories the
Obviously, while the general trend in static relaxation cantheory has not presented us with an insight into the origin of
be explained by the simple-picture described above, at somée thermal behavior of a metal surface. A quotation from
level the details of the bonding of the metal becomePhil Anderson’s 1978 Nobel lecture eloquently describes the
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situation: “After all, the perfect computation simply repro- expansion coefficient of the first interlayer spacing given by
duces Nature. It does not explain her.” a15= (1/d15) (dd15/dT) or a,=B12/d15(0) was determined
The origin of the complexity in understanding thermal from low-energy electron diffractiofLEED) |-V measure-
expansion is that at a finite temperature the position of thenents to be+4.5x10 °> K1 for Mg(0001) and —23.8
atoms is determined by minimizing the free energy. The freex 1075 K1 for Be(1010). For comparison, the thermal
energy contains the details of the electronic and lattice excicontraction at the surface of Be is 20 times that of the bulk
tations at a temperature Two recent calculations have be- thermal expansion, and Mg i81.5 the bulk value. The val-
gun to shed light on the origin, what appears to be a violationyes of«,, for these two surfaces will be compared with all
of “common sense” with respect to the thermal properties ofpther measurements of the low-temperature thermal expan-
open metal surfacé$:'® An impressiveab initio molecular  sjon at metal surfaces. This comparison reveals a quite strik-
dynamics(MD) study of the A(110 surface® has repro- ing difference for open surfaces of different metals. Negative
duced the measured thermal contractionljp.**?*The ori-  thermal expansion at the surface seems to occur only on
gin of the thermal contraction is the anomalously large Vi-open faces of light mass metals. A simple force constant
brational amplitude of the second layer atoms perpendiculaiodel indicates that this behavior correlates with the ratio of
to the surface. Narasimhan explored the vibrational propefthermal motion parallel and perpendicular to the surface.
ties of Cu110), Ag(110, and A(110) by performingab ini- The experimental details and results will be presented in
tio calculations of the surface force constants for a structursec. |1. Section 11l will describe the experimental compari-
ally relaxed surfacé? The most striking result was the large son for thermal expansion at a metal surface. Section IV wil
enhancement in the first to third layer force constants and gresent speculation on the origin of the trends observed in

reduction of the surface in-plane force constants. This rethe surface thermal expansion coefficients, and Sec. V con-
duces the out-of-plane vibrations and enhances the in-plangins our conclusion.

vibrations. The strong first to third layer force constants
coupled with an almost harmonic potential-energy curve for
perpendicular displacement of the planes with respect to each
other makegl,; rigid and allowsd,, andd,; to respond to A. The Be(1010) surface

increasing temperature in opposite ways. Two very important , )

insights in surface thermal expansion were presented in this 1he €xperiments were performed using a standard ultra-
paper. high vacuum chamber with a base pressure of 7

(1) Thermal expansion or contraction occurs without an-x 10! Torr. A clean Be(100) sample with the surface
harmonicity in the interplanar potential. area of 5<5 mn? (squarg and thickness of 3 mm was pre-

(2) The force constants in the surface are not redistributeghared by repeated sputter-anneal cycles. Sputtering was done
for an unrelaxed surface. with Ne™ at a kinetic energy of 1 kV, and a sample tempera-
These two observations illustrate why our intuition has notture of 550 K. The subsequent annealing was at 700 K. The
progressed very far. One cannot think in terms of anharmoeleanness of sample was monitored with high-resolution
nicity in this region of broken symmetry and one cannot startelectron energy loss spectroscoffREELS. A sharp (1
with a model of a bulk-truncated surface. It is imperative toX1) LEED pattern was observed in the temperature range

first understand what the static reconstruction has done to thudied(110 to 500 K indicating that the Be(lTIl) surface
force constants at the surface and then how these new forges not reconstruct. LEED intensities of the integer order
constants affect the surface phonons. diffracted beams as a function of incident electron energy
It should also be pointed out that it is not clear whatwere recorded using a video LEED system with 0.5 eV in-
features of either a calculation or an experiment need to bgrements at normal incidence for sample temperatures 110,
examined to understand the microscopic nature of surfacgoo, and 500 K. Normal incidence was determined by ad-
thermal properties. For example, the MD calculation forjysting the position of the sample until thev) curves of the
Al(110 discovered a soft channel for vibrations of the sec-equivalent beams were identical, i.e., the Pen@ryactor
ond layer atoms perpendicular to the surfdtt.is strange  (Rp) (Ref. 24 between the equivalent beams is less than 0.1.
that this anomalous channel for surface vibrations was nevex|| equivalent beams were averaged and normalized to the
recognized in either the 2experimemracHe scatterinf) or  peam current. Eight inequivalent bearf(d0), (01), (11),
theoretical(first principle$” and molecular dynami€3 in-  (02), (20), (12), (03), and(13)} were recorded with the total
vestigations of the surface phonon spectra ofi}0). energy range ofAE=1900 eV for temperaturd =110 K.
Given the state of confusion associated with thermal EXEor T=300 K there were e|ght inequi\/a|ent bea[{(&O),
pansion at a metal surface it seems clear that more data afg1), (11), (02), (20), (12), (03), and (13)} with the total
needed which might lead to the formulation of empirical energy range ofAE=1400 eV. At T=500 K only five in-
rules that can be explored theoretically, leading to a generalquivalent beam$(10), (01), (11), (02), and (12)} were re-
zero-order explanation. The temperature dependent interlay@prded, with the total energy range afE=950eV. The
spacingd;;(T) =d;;(0)+ ;T (whereT is temperature and reduction in the data set with increasing temperature is the
Bij is the coefficient of the linear expansion of the separationzonsequence of Debye-Waller attenuation at higher beam en-
between théth andjth planes, has been measured for the grgjes.
close-packed M@002) surface (1A,=0.913), and the open  Analysis of the LEEDI-V spectra was carried out using
Be(1010) surface (14,=0.490). The surface thermal- standard multiple scattering algorithms combined with the

Il. EXPERIMENTAL DETAILS AND RESULTS
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TABLE I. Geometric parameters with respect to the bulk extracted from the best-fit spectra to the LEED
I-V data for Be(10D) as a function of temperature, whekel;; (T) =[d;;(T) — d®(T) ]/d®(T).

T=0K
(extrapolated T=110K T=300K T=500 K Bij (AIK)

Ady, (%) —27 —235+3.0 -26.7+3.4)  —30.8+3.8 —12.3x10°

Adys (%) +5.4 +6.6(+1.5 +7.4(+1.7) +9.6+1.9  +11.8x10°

Adg, (%) —-13.6 —134+3.4  —15.1+3.9 —14.2+4.5 —0.7x10°°

Adys (%) +1.5 +3.0+1.8 +3.3+1.9 +6.5+2.2  +13.5<10°°

d?sk (A) 0.6579 0.6589 0.6598 0.6618 0.7890 °

dbuk (R) 1.3358 1.3178 1.3196 1.3262 1:6Q0°°

LEED nonstructural parameters

(u); (A) 0.166 0.196 0.244

(u), (R) 0.126 0.173 0.213

(Wpuk (A) 0.114 0.148 0.180

C (eV) —4.25 —4.75 —4.50

Vo, (V) 8.05 8.57 8.53

Rp 0.176 0.152 0.163

automated tensor-LEED programs of Barbiere and Varuij with respect to the bulk valudﬂ“”‘, where Ad;;(T)

Hove?® Fourteen atomic phase shifts for Be were employed:[dij(-r)_dbu|k(-|-)]/dbu|k(-|-)_ As the temperature increases,

in our calculations, which we derived using a muffin-tin po- i first (third) interlayer spacing contracts, while the second

tential. Electron attenuation was included by the energyitqyrth) interlayer spacing expands. Since the interlayer

dependent imaginary part of the optical pOtEB“V@‘ repreé-  gspacing is assumed be a linear function of temperature for
sented by the equatiovi,=C{E/(7.35+V,)} ™" eV where  temperature below premelting regime, the experimental data
E is the incident electron energ®,a parameter. The real part \yore fitted with a straight line to determin®; (defined in

of the optical potential ,,) is a constant optimized during e Introductiop. The experimental values <ﬁ]i' are shown

the search. The thermal vibration of the atoms was intros, Taple |. The surface thermal expansionjcoefficient be-

duced via a Debye-Waller factor, where the Debye temperageen the interlayer spacing is given ;= 3;; /d;;(0).

ture was converted into isotropic mean-square displacemen o .
(u2). The first(u?), and secondu?), layer vibrational am- Iﬁwe data presented in Fig. 2 for Be(XM1lyield a surface

. .. _5 .
plitudes were used as parameters to fit the experimental datgermal expansion coefficient of 23.8(+9.0)x 10" K in

. e first interlayer+9.1(+5.4)x 10 ° I/K in the second in-

The third and deeper layers were forced to have the samt 5 . S
2 ; térlayer, —1.0(+9.8)X 107 I/K in the third interlayer, and
bulk value(u)g. Best fit to measured spectra was deter +10.2(=7.2)X 10 ° I/K in the fourth interlayer. For com-

mined by PendnR factor (Rp) and the error bar was calcu- parison, the value of the bulk thermal expansion~ig.2

lated as defined by Pendi§/Temperature dependence of the s i .
bulk lattice constants was obtained from x-ray ddt@alcu- <10 I./K' Th.e 'thermal da@a are in good agreement with
ﬁfallculatlons within the quasiharmonic calculatihs.

lated intensities are compared to the experimental spectra
search a minimuniRp factor by using the automated search
algorithm to obtain the surface structures. No in-plane relax-
ation was considered in the calculations. The same ultrahigh vacuum chamber and LEE® ap-

The temperature dependent measurements of the surfaggaiys used for Be(10) experiments were used for
structure of Be(10Q) are tabulated in Table I. The agree- Mg(0001) experiments. A clean M§001) sample with the
ment between the experimental spectra and calculated musurface area of 50 mir(circle) and thickness of 3 mm was
tiple scattering, using the parameters in Table I, is excellenfyrepared by sputtering with Neat a kinetic energy of 1 kV
reflected in theRpfactors. Previous structural analysis of this and sample temperature 400 K, and subsequently annealing
surface has shown that the surface is terminated with thgt 450 K. Repeating this procedure results a sharg {1
bulk short interlayer spacimycalled d3* in Table I. The  LEED pattern and a clean surface as defined by HREELS.
comparison between the experimental and calculated spectra The Mg(0001) surface does not reconstruct in the tem-
is shown in Fig. 1. Figure 2 plots the temperature depenperature range investigatefi=130 K to T=400 K. The (1
dence ofdy,, d,3, d34, dyyi for both the short and long bulk < 1) LEED pattern showed a sixfold symmetry, indicating
interplanar spacing. There is both oscillatory interplanar rean averaging over the two terminatiotd and B) of the
laxation and oscillatory thermal expansion. threefold symmetry of ideal h€p00J). Intensities of the in-

The temperature-dependent data can be extrapolated liteger order diffracted beams as a function of incident elec-
early toT=0 K yielding the values for the interplanar spac- tron energy were recorded with 0.5 eV increments at normal
ing presented in Table | fof =0 K. To facilitate a compari- incidence for sample temperatures 130, 300, and 400 K. All
son to other materials Table | displays the percent change iaquivalent beams were averaged and normalized to the beam

B. The Mg(000)) surface
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of AE=740eV for a temperaturd =300 K; and two in-
equivalent beamg¢(01) and (11)} with the total energy of
AE=560 eV for a temperaturé=400 K. As in the case of
Be(1010), the reduction in the data set with increasing tem-
perature is the consequence of Debye-Waller attenuation at
higher beam energies.

The surface structure was obtained using the same proce-

dure described for Be(1@). Fourteen atomic phase shifts
for Mg were employed in our calculations, which we derived
using a muffin-tin potential approximation. Electron attenu-
ation was included by the energy-dependent imaginary part
of the optical potentiaV,; that is similar to the case of
Be(1010).

Comparison between the experimental and best-fit calcu-
lated spectra is shown in Fig. 3. The agreement between the
experimental spectra and the multiple scattering calculation
is excellent, given the structural and nonstructural param-
eters shown in Table Il. The fit is reflected in tRg factors
presented in the table. The smallp factor at higher tem-
perature is related to the reduction in the data set with in-
creasing temperature. Figure 4 is a plot of the interplanar
spacing at the surface and in the bulk as a function of tem-
perature. The straight line fits to the data are used to deter-
mine the values of;;s (see Table . The extrapolation of
the data toT=0 K is presented in Table Il. Within experi-
mental error the relaxation in the deeper layeats;@ndds,)
are the same as in the bulk. The dataTat130 K are in
excellent agreement with the previous experimental study at
T=100 K,?® and the extrapolation td=0 K in in excellent
agreement with first-principles calculatiofisThe surface
thermal expansion coefficiend,, for the first interlayer

o 1.50 7 -
1.45
1.40 o

1.35 4 -

Interfayer spacing (Ang

1.30+ -

0.65

0.60 =
*»_H d
0.55 * L

©

9]

S
!
T

Interlayer spacing (Ang.)

<
N
™

]

a
N

T

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

current. The data set consisted of four inequivalent beams
{(01), (112), (02), and (21)} with the total energy range of
AE=1425 eV for a temperaturé=130 K; three inequiva-

T T T T T T T
0 200 400 600
Temperature (K)

FIG. 2. Aplot ofd;; as a function of temperature for Be( 1D

obtained for the LEED data. The lines are the best fit to the experi-

lent beamd(01), (11), and(02)} with the total energy range mental data.
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FIG. 4. A plot ofd;; as a function of temperature for N@D01)
obtained from the LEED data. The lines are the best fit to the data.
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such as B&00]) (Ref. 11 and Al(111) (Ref. 30. In con-
trast, most of the transition or nobel metals exhibit small
thermal expansion for all faces studied. To illustrate this
AR, S I A e point, Figure %a) displays all of the reported data fer;, as
200 400 600 200 400 600 a function of the inverse of the normalized surface area
Energy (eV) Energy (eV) 1/A,. This figure seems to indicate that there is something
fundamentally different between the surface thermal expan-
FIG. 3. Comparison of LEED data for M@00J) with multiple  sjon behavior of open surface sf-bonded metals compared
scattering calculations for the structure presented in Table II. to transiton or nobel metals. But the calculations by
_ _ Narasimhatf for the fcq110) surface of Cu, Ag, and Al
spacingd, is found to be+4.5(x2.8)x10° I/K, where indicated that on all three metals there was an appreciable
the bulk thermal expansion coefficient of Mg is 2.5 strengthening of the first to third layer force constant result-
X107° IK. ing from the static relaxation id;, andd,3. She predicted
that this would lead to rigidity in the lattice spacingayf; as
lll. GENERAL TRENDS IN d;; AND a; a function of temperature. Figuréty dramatically illustrates

her point by plottinga3 as a function of the inverse of the

The results presented in the preceding section for the SUE, t2a area (,). Amazin : .
. ) - gly,aq3is almost independent of
face thermal properties of the close-packed(89) and 1/A, and the identity of the metal. The real question now is:

Open Be(lO!D) surfaces are similar to data in the ”teraturewhy does the Second atomic p|ane behave the Way it does?
for other sp-bonded metal surfaces. Thermal contraction is |t ig important to remember that in the Narasimhan'’s cal-
observed for the first interplanar spacing on open surfacegylation the dramatic changes in the force constants only
such as Mg(10Q) (Ref. 13 and A110 (Refs. 12 and 20  occur for a relaxed surface. Therefore the properties of the
and thermal expansion is common on close-packed surfaces;s as a function of &, and the nature of the bonding in

TABLE Il. Geometric parameters extracted from best fit to LEEW data of Mg000J) as a function of
temperature.(u); is the root-mean-square displacement of tib layer, where Ad;;(T)=[d;(T)

—dbUIk(T)]/dbU|k(T).
T=0K

(extrapolateyl T=130K T=300 K T=400 K Bij (AIK)
Ady, (%) +1.76 +1.96+0.5) +2.34+0.7) +2.48+1.1) +11.8<10°°
Adyg (%) +0.0 +0.2(+0.6) +0.1(+1.2) +0.5*+1.4) +9.2x107°
Adg, (%) +0.0 +0.0(+0.9 +0.1(+1.3 +0.2(+1.5) +6.5x107°
d @A) 2.5855 2.5944 2.6053 2.6127 +6.46x10°5
LEED nonstructural parameters
(u); (A) 0.195 0.285 0.327
(u), (R) 0.140 0.197 0.226
(Wpuk A) 0.113 0.152 0.173
C (eV) -5.0 -5.0 -5.0
V, (eV) 3.02 3.24 3.44
Rp 0.13 0.11 0.10
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FIG. 5. (Color) Measured surface thermal expansion coeffi- Surface openness {”AGI"

cients, a4, (a) for the first interlayer spacing ang,;, (b) for the

; : . FIG. 6. (Color) Measured static interplanar relaxatiod;,
second interlayer spacing as a function of the openness of surfa gircles) and d,; (squares are displayed ina anddy, andd,s in
(1/A,). The references for data points are:(@&01) (Ref. 11, 234 play 12 13

) (b). The color code is shown in Fig(&. The references for data
Mg(000D (this stuqy, Al(11D (Ref. 30, Ag(11) (Ref_. 39, points are the same as those in Fig. 5, exceptlOl (Ref. 38,
Cu(11)) (Ref. 32, Ni(111) (Ref. 33, Cu100 (Ref. 34, Ni(100 Cu210 (Ref. 39, Al(210) (Ref. 40, Ni(100 (Ref. 41, Ni(110
(Ref. 35, PK{110) (Ref. 36, Cu110) (Ref. 14, Ag(110) (Ref. 15, (Ref. 42 Pl:(ilO)l (Ref. 43, Al (3;31) ’(Ref 44 C o
Ni(110 (Ref. 37, Al(110 (Refs. 12 and 20 Mg(1010) (Ref. 13, S T T

Be(1010) (this study. The color code is shown i@). for the fcq110) surfaces, is more general. The major unre-

the host metal are very important and might shed light on thgolved question is still the same. Why does the second plane
nature of the thermal properties. Figuréa)6plots Ad,,  do what it does?

(circles and Ad,; (squares as a function of 14, for the
same materials displayed in Fig. 5. There are also data for
the static relaxation for the more open surfaces displayed in
this figure, i.e., the AB31) surface, and th€210) surfaces of

Cu and Al. For surfaces whereAl is larger than 0.4, in  surface®’ can be extended to include more open surfaces
generald,; responds in an opposite way dg,. WhenAd;,  and to explain whysp-bonded metals show a different ther-

iS very negative ther\d,s is positive. However, for more mal behavior ina;,. The conclusion of this calculation was
open face where & is smaller than 0.4i.e., fcd210, that for the relaxed static structure of the surface there was a
fce(331)], bothAd,, andAd,; are negative. As was the case dramatic enhancement in the nearest-neighbor force constant
with the thermal expansion coefficient, the plotdod,; as a between the surface atom and the atom below in the third
function of 1A, shown in Fig. 6b) is very illuminating. plane® This renormalization of the force constants resulted
Ad,5 has the same dependence on the openness of the sim-an enhancement of the thermal vibrations parallel to the
face asAd;,. Evidently, Narasimhan’s picture, developed surface and a reduction in the vibrational amplitude perpen-

IV. DISCUSSIONS
The picture developed by Narasimhan for (fck0
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FIG. 8. (Color) Surface thermal expansion coefficient in the first
interlayeraq, as a function of the mass of the atom in the crystal for
all of the open faces data displayed in Figa)5

bond length but only a 2.4% contraction in 1-2 bond length;
31 dee. while the change ind;, and d;3 are —10% and —5%,
respectively’® If we assume the change of the force constant
is proportional to the change in the bond length, then the
force constant perpendicular to the surface between the first
and third planes is larger than that between the first and
second planes, which is confirmed by calculatifhisow we
) can apply this idea to the other open faces. Figubg Shows

the NN structure for the relaxed hcp(1W) surface. There
74 de are four bonds between the surface atom and the atoms in the
second plane but the angle is very laf@&°) indicating that
changes ird,, will have little effect on the force constant in
O this simple model. But there are two NN atoms in the third
9 dee. o layer with an angle of 31° with respect to the surface normal.
Again, by assuming that the change of the force constant is
proportional to the change in the bond length, on this surface
the change in the first and third layers+sl.7Ad5x d®
FIG. 7. Marble model of nearest-neighbor configuration for dif- which is larger than what would be expected for theg1¢€)
ferent surfacesta) fcc(110), (b) hep(10D), (c) fee(210. surface (~1.0Ad;3x d® ). This model can be applied to
even more open surfaces such at thgZt6). Figure 1c)
dicular to the surface. The rigid force constants betweershows the NN atom configuration a f8d0 surface. Here
planes one and three allow only a small thermal expansion ithere are four NN atoms to a surface atom in the second
d,3, however, the vibration of atoms in the second layer carplane at an angle of 74°. There are no NN atoms in the third
be soft because the force constant between the first and tipdane and two in the fourth plane at an angle of 19°. There-
second interlayer is smaller than that between the first antbre we would predict that the increase in the force constant
third layer!°. It was this enhanced parallel motion, not the between the atom in the first layer with the NNs in the fourth
anharmonicity in the interplanar potential that led to ther- would be ~1.9Ad,,xd°" . For these more open surfaces
mal expansion or contraction the Narasimhan model has to be extended to talk about en-
The geometrical structure at surfaces provides the firshancement in the force constant between the first and fourth
contribution to this picture by reducing the relative vibra- layers.
tional amplitudes normal to the surface. Figur@) 7shows This geometrical picture would indicate that @LO
the nearest-neighbdNN) configuration for a surface atom at should show the same thermal behavior aglAD) but it
a fcq110) surface. It is quite easy to rationalize the results ofdoes not. Vibrational amplitudes depend also on mass. In an
Narasimhart® As she correctly pointed out, the change in theattempt to elucidate the influence of mass, Fig. 8 displays the
bond length does not scale with the changalip andd,;  dependence of the first interplanar thermal expansion coeffi-
because of the bond angles. For example, forfthel10 K cientay, as a function of atomic mass for open face materi-
structure of C(110 there is a 4.8% contraction in the 1-3 als. Thermal contraction in the first interlayer spacing occurs
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092" ' ' b tions to perpendicular vibrations is related to the mass, where
a) as the mass becomes smaller the ratio between the MSD
0914 Mg0T0) I parallel and perpendicular to the surface becomes larger. This
0.90- = very simple model violates our cardinal rule by not including
A changes in the force constants between different planes,
7 0.89 - - Lo : .
X which is a consequence of the interplanar relaxation, but the
50887 . B model calculation does show that the mass of the atoms in
087 Cu(100) ., . the surface can account for experimental trends. More so-
phisticated calculations are needed to confirm or reject the
0.86 Meoo)® | ideas presented here.
0.854 : | +
04 06 08 1.0
Surtace openness (1/A ) V. CONCLUSIONS
0.94 ' ' ' s A picture is emerging of the basic physics associated with
b) the thermal properties of metal surfaces that now can be
0.92 1 o tested with sophisticated calculations. The creation of a sur-
[ | face breaks the translational symmetry of the bulk causing a
%0.907 - rearrangement of the charge and the atomic structure. This
Y l\ static rearrangement results in a renormalized of the force
+0.88 1 . B constants at the surface, and consequently, significantly dif-
v T ferent thermal vibrations. For the open surface, the most im-
0.86 7 i n B portant effect is the enhanced bondifigrce constantbe-
tween NN atoms in the first plane and directly below in the
0.847 i third plane for fc€110) or hcp(10D), and fourth planes for
T T T T fcc(210 or fco(331). This results in an enhancement in the
0 50 100 150 200 vibrational amplitude of the surface atoms parallel to the

Mass (a.m.u.) surface and a reduction in their motion perpendicular to the
surface. The impact of this enhancement on thermal expan-
lar to the surface against surface opennessTatl00K for  SION depends on the atomic mass, with lighter atoms showing

Mg(0001) by using 56 layer slabs with seven nearest-neighbor pudreater effects. In all cases where quantitati_ve calculatio_ns
force constants, G1O0) by using 30 layer slabs with four nearest- have been performed, the interplanar potentials do not dis-

neighbor bulk force constants, and Mg(T0)1by using 54 layer play significant anharmoni_city, S0 in this_region of brpken
slabs with seven nearest-neighbor bulk force constébt<Calcu- symmetry,. t,hermal expansion or contraction occurs without
lated ratio of MSDs parallel to and perpendicular to the surface as tharmon'c'ty' .

function of mass for a fdd00) structure by using 30 layer slabs |t @ppears that a general understanding of the thermal

with four nearest-neighbor bulk force constafisken for Coy at ~ Properties of metal surfaces is eminent, changing fundamen-
T=100 K. tally what is described as “common sense.” Narasimhan’s

calculations for fc€110) surfacé® can obviously be extended

experimentally only for light mass materials where the masd® Surfaces of different bulk crystal structure and to other
is less than 50 amu. For masses greater than 50, the thernj@f€S- The missing ingredient is an understanding of why
expansion is always positive. Following Narasimhan’sth€se changes in surface force constants can produce thermal

suggestioff that what is important is the enhancement of the€XPansion ind, in some metals and contraction in others.

vibrational amplitude parallel to the surface compared to per>ince the static interplanar relaxation is so important, the

pendicular to the surface, model calculations have been pefOMmmMunity needs to revisit the question raised by Feibelman.
formed. A simple slab calculation of the mean-squared disDoes first principles theory really work for reactive transition

placements (MSDS was conducted using bulk force Metal surfaceg.

constants for M¢O001), Cu100, and Mg(10D) at T

=100 K. Figure %a) shows the results of the ratio of the

MSDs parallel (u,y)) to and perpendicular(@,)) to the ACKNOWLEDGMENTS
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