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Surface structures and thermal vibrations of Ni and Cu thin films studied
by extended x-ray-absorption fine structure
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Temperature- and angle-dependent extended x-ray-absorption fine-structure spectra of Cu and Ni thin films
grown epitaxially on highly oriented pyrolytic graphite were measured and analyzed in order to investigate the
dynamical properties of the surface metal-metal bonds. From the mean-square relative displacements of the
metal-metal bonds, the effective Debye temperatures of the surface in-plane and out-of-plane bonds were
determined. The surface bonds were found to be much softer and anharmonic, especially for the surface normal
direction, than those of the corresponding bulk metals. We have also carried out classical Monte Carlo
simulations for Cu films based on the embedded-atom method. The experimental results were reproduced
qualitatively well and it was clarified that the out-of-plane bonds between the first and the second layer are
noticeably weaker than the other bonds such as the in-plane bond in the first layer.

[. INTRODUCTION Since information on vibrational anisotropy cannot di-
rectly be obtained from small clusters, studies concerning
Enhancement of anharmonic vibration of surface atomsingle crystals are still essential to distinguish the out-of-
has been an attractive subject since it is believed to be Blane bonds from the in-plane ones. The LEED
trigger of surface melting and consequent bulk melting. An-experiment™ have clarified significant anisotropy between
harmonicity is especially important because no memngsurface normal and parallel directions. On the other hand,
should occur within harmonic interatomic potentials. In or- Roubinet al* have measured surface EXAFS of monolayer

der to investigate a huge enhancement of anharmonic vibrd=C deposited on Gd11) to eliminate the bulk contribution
tion and surface melting, several sophisticated techniquel® the surface EXAFS spectra by changing the adsorbate el-
such as low-energy electron diffractfofl (LEED) and ion ement from the substrate. They have concluded that the out-

scatterin§® have been applied. The LEED stddyevealed of-plane Co-Cu bond is again noticeably softer than the in-

that on N{100) the surface thermal expansion coefficient plane Co-Co one.

o . In the present study, we have investigated vibrational an-
rapidly increases between 900 and 1300 K, reaching a valu T o ) )
nearly 20 times larger than that in the bulk. The ion- gotropy of ultrathin films grown epitaxially on a certain sub

. v strate by means of the temperature- and angle-dependent EX-
scatterln_g works clarified thaF the operﬁllO).faces of fcc  Afs technique. The ultrathin films allows us to obtain local
metals like Pb and Al exhibit surface melting; the surfacesormation on surface metal-metal bonds without taking
melting point of P110 is approximately 40 K lower than  care of inequivalent bond natures as in the case of Co/
bulk melting point. Cu(111). There have been reported several epitaxial metal

Although most of these works have paid attention to longjjms: Ag deposited on $111) and HOPG(highly oriented
range order, local structure is also very important since meltpyrolitic graphit¢ is known to form flat (111)-oriented
ing occurs through short-range atomic mechaniifise ex-  islands!®~2’ In the case of Ni/HOPG, Bamer et al18 have
tended x-ray-absorption fine-structuUXAFS) technique is  reported that the111)-oriented islands are formed at low
one of the most suitable methods to investigate the dynamtemperature. Marcus and Hintérhave also found for the
cal properties of the surface bonds since it provides locaCu/HOPG system that even at room temperature Cu films
information on thermal disorder including anharmonicity. grow on HOPG in a layer-by-layer fashion. In this paper, we
Moreover, polarization-dependent measurements allow onkave thus chosen Cu and Ni ultrathin epitaxial films on
to study vibrational anisotropy. It is, however, rather difficult HOPG. For further understanding of surface vibrational
to record surface EXAFS spectra of metal single crystalgproperties, we have also carried out classical Monte Carlo
because of the presence of huge contribution from bulkstMC) simulations for Cu films using the embedded-atom
Therefore, except for adsorbate-substrate systems, most praethod(EAM).
vious EXAFS works on surface vibrational properties were
devoted to small metal clustetst! By changing the particle
size, the thermal vibration and anharmonicity of surface
bonds in small metal clusters were actually found to be en- A HOPG (ZYA grade substrate was cleaved with Scotch
hanced significantly. The other techniques such as x-ragape in air and mounted in an ultrahigh vacuum chamber.
diffraction” and TEM (transmission electron microscob% The HOPG was annealed at 1200 K for 1 min to remove
were also used for studying thermal properties of small metatontaminations at the surfat®!® After cooling down to 120
clusters. The TEM experiments clarified the decrease i, Ni or Cu was deposited on the clean HOPG. The film
melting temperature for Au clustets. thickness and growth rate were monitored by a quartz crystal

Il. EXPERIMENT
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uoscillator placed near the sample. The absolute and precise 2.8 T T T T T
thickness was determined by inductivity-coupled plasma 120 K
emission spectrography after all the EXAFS measurements. 24 y
Although the growth style of Ni or Cu could not be charac- —_ 300K
terized in the present chamber for the EXAFS measurements, 2 2t T
LEED observation was carried out in advance using a differ- S 470K
ent chamber employing the same deposition condition. We g 16 .
verified beautiful sixfold spots, which implies the growth of @ Cu bulk
(112) oriented epitaxial films. S 12r .

Ni and CuK-edge XAFS(x-ray-absorption fine-structure =
measurements were carried out at the hard x-ray double- S 0.8 - y
crystal monochromator stations BL7C and BL12C of Photon e
Factory in the Institute of Materials Structure ScieAt&he — 04t .
fluorescence yield detection method was employed to obtain
Ni and CuK-edge XAFS using a SSixolid-state detectr 0r y

For the normalization of the fluorescence yield spectra, the
intensity of the incident x rays was measured with an ioniza- 8970 8980 8990 9000 9010 9020

tion chamber filled with pure Nas a detection gas. The Photon Energy (eV)

XAFS spectra were taken at normad=€90°) and grazing .

(6=30°) x-ray incident angles. At normal x-ray incidence, FIG. 1. CuK-edge XANES spectra of the Cu 15-ML film pre-

the electric field vectoE of the x rays lies parallel to the Pared by the deposition at 120 K and annealing at 300 and 470 K,
surface plane and mainly the in-plane bonds contribute t&°98ther with the spectrum of a Cu feottom. The measurement
EXAFS, while at grazing x-ray incidenc& lies close to temperatures are 120 K for the 15-ML film and 150 K for the Cu
surface normal, implying that the dominant contribution is offo'l'

the out-of-plane bonds. The measurements were done at 120,

300, and 420 K. For the measurements at 120 K, the sampléinctions x(k) (k is the photoelectron wave numbewras
crystal was cooled down using a liquid;Neryostat. The carried out according to the well-established procedtirés:
sample temperature was monitored with a Chromel-AlumePre- and post-edge background subtractions and subsequent
thermocouple, which was spot-welded on a Ta sheet attachdtprmalization with the atomic absorption coefficients. The
to the sample surface. The temperature fluctuations were le§§lge energyAE, was tentatively chosen as an inflection

than =3 K during the XAFS measurements. point of the K edges in the 90° spectra. Figures 2 and 3
show, respectively, th&?y(k) functions and corresponding

Il EXPERIMENTAL RESULTS Fourier transforms for the Cu thin film after annealing at
' various temperatures, together with corresponding bulk ones.
A. Characterization of Cu thin films The k range employed in the Fourier transforms was
: : . 3.0-11.0 AL In the Fourier transforms, the dominant
First, we have characterized the structures of the Cu f'lm?)eaks at 2.0 A are ascribed to the first-nearest-neigfigy
by LEED. The HOPG misses common orientation with re- oo etal coordination. A drastic change has appeared in

spect to the crystallographic directions within the plane. ) . e
Thus, the Debye-Scherrer rings were observed instead 5?(3 120K spectrum. A smaller EXAFS amplitude indicates

spots. After deposition of Cu at 120 K and subsequent an-
nealing to 300 K, clear hexagonal spots appeared. This indi-
cates that(111)-oriented Cu islands were formed on the
HOPG as in the previous case of Ag/Bi1).}” After depo-
sition at low temperature, the film is considered to consist of
an assembly of small crystals with a majority (4fL1)-faced
crystals. Such an initial stage may be converted into large
crystals(epitaxial film) after annealing.

15 ML Cu was deposited at 120 K, and subsequently
annealed to 300 and 420 K. In each step, the XAFS spectrum
was measured. Figure 1 shows the change ofkEedge
XANES (x-ray-absorption near-edge structuspectra. For
comparison, the spectrum of a Cu foil was also displayed in
Fig. 1. For bulk fcc Cu, two characteristic peaks appear after 3 4 5 6 7 8 9 10 11
the absorption edge. Theoretical calculations revealed that A
they correpspond tg fourth and higher shell atohithe ab- Wave number & (A )
sence of the two peaks in the 120-K spectrum indicates that fig. 2. cuk-edge EXAFS oscillation functionk?y (k) of the
th|S f||m doeS not CI’ySta”ize SO We” Aftel’ annealing to 300 Cu 15-ML film prepared by the deposition at 120(|@ng_dashed
and 420 K, the characteristic peaks appear, implying thé@ine) and annealing at 300 Kshort-dashed lineand 420 K(dotted
growth of well-defined films. line) taken at normal x-ray incidence, together with the spectrum of

We will subsequently discuss the crystal growth in termsthe Cu foil (solid line). The measurement temperatures are 120 K
of structure by using EXAFS. Extraction of the EXAFS for the 15-ML film and 150 K for the Cu foil.

Ex) (A7)

2

EXAFS function
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smaller coordination number and larger disorder of the film.
The absence of higher shells means that the film does not
crystallize completely.

The curve-fitting analysis of the first-NN shells was per-
formed ink space after Fourier filteringAR=1.7-2.8 A) of the Ni 4-ML and Cu 4- and 8-ML films measured at grazing

and inverse Fourier transformation. The backscattering aMm30°) and normal (90°) x-ray incidences at 1206lid line) and
plitudes and phase shifts for the shells were obtained fromgg  (dotted line.

the empirical references of bulk Cu. Fitting parameters em-
ployed wereN* (effective coordination numbgrR (inter-  transforms of them. The curve-fitting analysis of the first-NN
atomic distance C, (mean-square relative displacement shells in the 120-K data was subsequently performed in a
andCj; (mean-cubic relative displacemgnthe edge-energy similar manner Ak=2-10 A"* and AR=1.6-2.7 A for
shift AE, was assumed to be equal to those of the bulks. Theli) and the results are summarized in TableQ} is ne-
numerical results are summarized in Table I. Although itglected because of the low-temperature analysis of the well-
might not be appropriate to analyze such a disorder system igrdered films.

a usual way, the estimatéd was 4.7+0.3, which is much First of all, we will discuss the effective coordination
smaller than the bulk value of 12, afiwas 2.52-0.01 A,  numberN*. N* is defined as

which is also shorter than that of bulk Cu, 2.55 A. The small

N* and R values are also observed for metal small N

cluster€™13 The films can be regarded as an assembly of N*:3Zl C°§‘9Jv @)
small clusters after deposition at low temperature. After an- =

nealing the filmN*, R, C,, andC; converged to the bulk T T T T T
Cu value. We could qualitatively investigate the crystal
growth process from the microscopic point of view. Consid-
ering the LEED results, it is revealed that tiel 1)-oriented
large crystalgfilms) are formed by deposition at low tem-
perature and subsequent annealing to room temperature.

-

2 3 45 6 7 8 9 10 11 12
o —1
Wave number & (A )

FIG. 4. Ni and CuK-edge EXAFS oscillation functionie®x(k)
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B. Thermal vibration of Cu and Ni films

4-ML-thick Ni and 4- and 8-ML-thick Cu epitaxial films
were prepared by deposition at low temperature and subse-
guent annealing to room temperature. Figures 4 and 5 show,
respectively, thé&?y(k) functions and corresponding Fourier

—_
a

Fourier Transform (arb. units)
)

9
TABLE |. Structural parameters determined by EXAFS for the 6
Cu 15-ML film. All the measurement temperatures are 120 K.
3
State N R (O Cs
A (10%A% (104A% 0 . . . . .
As deposited at 120 K 4(3) 2.521) 3.84) 5.57) 0 1 2 3 4 5 6
Annealed at 300 K 83 2.551) 1602 2.34) Distance R (A)
Annealed at 420 K 10(8) 2.551) 1.2(2) 2.04)

FIG. 5. Fourier transforms dé?x(k) of Fig. 4.



PRB 61 SURFACE STRUCTURES AND THERMAL VIBRATION . . . 14 023

TABLE II. The EXAFS results for the first-NN metal-metal 24 T
shells in the 4-ML Ni film and the 4- and 8-ML Cu films.
System Angle N R(A) C,(10° % A?) 21 | -
Ni 4 ML 90° 9.2(7) 2.472) 5.83)
30° 8.43) 2.471) 5.82) —~ 18 } i
Ni bulk 12 2.47 3.2
Cu 4 ML 90° 10.23) 2.541) 5.6(3) 15 L ]
30° 8.63) 2.531) 5.83)
Cu 8 ML 90° 10.93) 2.541) 5.22)
30° 10.44) 2.541) 5.8(3) 12 | -
Cu bulk 12 2.55 4.0

whered); is the angle betweel and the location vector from
the x-ray-absorbing atom to x-ray-scattering atorin ideal
flat 4-ML-thick film oriented in the(111) direction would
provideN*(90°)=11.3 and\N* (30°)=9.2, respectively. We
obtained N*(90°)=10.2£0.3 and N*(30°)=8.6+0.3 for
the Cu 4-ML film, andN*(90°)=9.2+0.7 and N*(30°)
=8.4=0.3 for Ni 4-ML film. Although the absolute value is
a little smaller than the expected values, polarization depen-
dence ofN*[ N*(90°)>N*(30°) ] means that the flatLl11)-
oriented films were formed on the HOPG. Slightly smaller
N* and largerC, of the films may suggest imperfect flathess Y .
due to island formation. Smallé&* of the Ni film indicates 1 2 3 45 6 7 8 9 1011 12
more difficulty in the formation of films than Cu. This is Wave number & (A‘l)
reasonable, taking account of the mobilities of Cu and Ni at
room temperaturéDebye temperatures of 450 K for Ni and FIG. 6. Filtered EXAFS oscillation functiong?y(k) of the
343 K for Cu. first-NN contributions at 12@solid line) and 300 K(dotted ling for

The temperature dependence of the EXAFS spectra fo30° and 90° x-ray incidences.
the first-NN shells was subsequently analyzed by means of
the curve-fitting method. Figure 6 shows the filtek&g (k) As concerns the polarization dependen€s, and Cj
functions for the first-NN Ni-Ni and Cu-Cu shells. It is clear show larger temperature dependence der30° than for6
that with a temperature rise the EXAFS amplitude is reduced=90°, indicating that the surface out-of-plane bond is softer
and the phase is gradually delayed at higlegions. These and more anharmonic than the in-plane bond. The Debye
phenomena can easily be understood by the third-order cuemperature was estimated according to the well-known for-
mulant expansion formula of EXAFS: mula given by Beni and Platzm&hThe Debye temperatures

EXAFS oscillation function &y(k) (A~

kx(k)=Aq(k)exp —2C,k?)sin 2kR+ ¢(k) — 4/3C3k?], —
2

where Ag(k) and ¢(k) are the amplitude factor and the
phase shift, both of which are less temperature dependent.
Because of the enhancement@f and C; with a tempera-
ture rise, the amplitude is suppressed and the phase is gradu-
ally delayed. In the present analysis, the low-temperature
(120 K) data were used as references. The fitting variables
wereR, C,, andC; for Cu, while for Ni, C5; was neglected
because it was too small to obtain quantitatively. The quali-
ties of the curve fitting are exemplified in Fig. 7.

The results are tabulated in Table Ill. In Table INC, L
andAC; imply the differences irC, andC; between 120 K 2 3 4 5 6 7 8 9 10 11
and 300 K. Large positivA C, andAC3; mean large thermal A7
vibrations and anharmonicity. Larg&wC, and AC; of the Wave number £ (A )
films indicate that the effective interatomic potential should g 7. Examples of the curve-fitting analysis for the first-NN
be shallower and more anharmonic. The present results aggy-cu shells, which are obtained for the 4-ML Cu film measured at
consistent with the results of small clusters; that is, the conthe x-ray incident angle of 30° at temperatures of 120 and 300 K.
traction of the bond length and the enhancement of thermathe filtered(experimental and fitted(calculational EXAFS oscil-
vibration and anharmonicity were also observed in smallation functionsk?y(k) are given as solid and dotted lines, respec-
clusters. tively.

N

Filtered ¥yk) (A7)

'
N
T
1
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TABLE Ill. The results of the temperature-dependent EXAFS description of the thermal properties of metals, however,
analysis for the first-NN metal-metal shells in the 4-ML Nifilm and these approximations might sometimes not be sufficient
the 4 and 8-ML Cu films. since the metallic bond should be of many body and the
anharmonic effect is important. It is worthwhile performing
MC simulations to compare the results with our present ex-

System Angle AC,(10 2 A2 AC,10 %A% 0p(K)

Ni 4 ML 90° 3.4(4) 366(20) periments and their lattice dynamics calculations.
30° 4.04) 34515) For the description of the interatomic potential, the EAM
Ni bulk 2.6 416 was employed. In the EAM, the total adiabatic potential en-
ergy of the system can be written as a sum of short-range
Cud4ML  90° 4.44) 3.1(6) 32519 pairwise core-core repulsion and embedding energy for plac-
30° 5.05) 3.88) 30715  ing an atom into the electron densf?®The EAM does not
Cu8ML  90° 4.34) 2.34) 32815 require the three-dimensional periodicity and is thus appli-
30° 4.44) 2.7(6) 32515 cable to surfaces as well as alloys and defects. The EAM
Cu bulk 4.0 1.4 338 parameters employed in the present simulations were deter-

mined by Foileset al?®

Five-layer Cu was taken into account in tNeP-T MC
for all the shells are also tabulated in Table Ill, together withsimulations. Here, a two-dimensional periodic boundary con-
the corresponding bulk value. Although there might be somejition was imposed for a #x7.6a=30.6x30.917 &
difference between the cumulants for 30° and 90°, they areectangular lattice, whemis the interatomic Cu-Cu distance
unfortunately within the errors. of 2.55 A. Each Cu layer contains 168 atoms, and the lowest

Let us here argue from the statistical point of view (fifth) layer was dynamically fixed at the bulk position, al-
whether the differences in the anisotropic vibration are sigthough the lattice constant was allowed to vary. The MC
nificant. We employ the ratio of cumulants between 30° anctalculations were based on the Metropolis algorithms. Ini-
90°, for AC,, which are 1.180.20, 1.14-0.15, and 1.02 tjally, 20000 MC steps were evaluated from the ideal bulk
+0.14 for Ni(4 ML), Cu (4 ML), and Cu(8 ML), respec- |attice, where each step contains 672 times movements of
tively, and forAC; which are 1.23:0.42 and 1.180.47 for  atoms and one time variation of the lattice constant. After the
Cu (4 ML) and Cu(8 ML), respectively. If the values are 20000 MC steps, 10 000 MC steps were further calculated to
significantly greater than unity, the difference between theget information on thermodynamical averages. The external
30° and 90° data becomes meaningful. The probability denpressureP was assumed to be 0 Pa, and the temperatures
sity function of true values ) can be expressed with the were set to be 120 and 300 K.
normal Gaussian distribution with the average valpyg 6f The second- and third-order cumulai@s and C5 given
the measured value and the standard deviation df its by the present EAM-MC calculations are summarized in
error. The probabilityP that the true valuer is located be- Table IV. Here, Cul, Cu2, and Cu3 denote the Cu atoms in
tween u—p and u+p is given by P(u—p<7<u+p) the first, second, and third layers, respectively. Cul-Cul
=0.68, andP(7=<1)=0.18 is thus obtained whem=1.18 means the in-plane bond in the first layer, while Cul-Cu2 is
and p=0.20 for AC, of Ni (4 ML). Similarly, we obtain the out-of-plane bond between the first and the second layer.
P(7<1)=0.18 and 0.44 foAC, of Cu (4 and 8 ML, and  For comparison, the experimental and previous calculation
P(7<1)=0.29 and 0.35 foAC5 of Cu (4 and 8 ML. Since  results of bulk CuRef. 29 are also tabulated. We included
each event is independent of each otlirr<1) for all the  the results of quantum-mechanical calculations and those of
cases is resultantly estimated to be 0.0144@, and 0.10 the classical calculations. For a quantitative comparison of
for AC5, assuming the perfect correlation among the thredhe present classical MC results with the experimental ones,
data sets of N{4 ML) and Cu(4 and 8 ML). Moreover, one the contribution of zero point vibrations is required, thus
may permit the correlation betweedC, and AC; because indicating a slight underestimation &, especially at low
in a normal interatomic potential anharmonicity is enhancedemperature and thus overestimation €, between 120
with the suppression of the harmonic force constant. One caand 300 K.
thus estimate the overal(7<1) of 0.0014. We can con- As given in Table IV, the values &, andC; of in-plane
clude with the accuracy of 99.86% that the out-of-planarbonds like Cul-Cul are large at the surface and decrease as
vibration for the surface metal-metal bonds is softer and/othey go into the bulk and converge to the bulk value at the

more anharmonic than the in-planar one. third layer. Such increases in thermal vibrations of in-plane
bonds are consistent with largeC, and AC5 observed ex-
V. MONTE CARLO SIMULATIONS perimentally in the normal incidence spectra. As concerns

the anisotropy of the thermal vibrations of the Cu-Cu bonds,
ClassicalN-P-T (closed system, constant pressure, andC, of the out-of-plane bond&Cul-Cu3 is larger than that of
constant temperaturéIC calculations of five-layer Cu were in-plane bondgCul-Cul and Cu2-Cy2 This agrees with
carried out in order to understand the surface vibration moréhe experimental results whereby the bonds observed experi-
deeply. Desjonques and Trglia have already calculated mentally at grazing incidence are softer and more anhar-
MSRD for various bulk metals and corresponding surfacesnonic than the ones at normal incidence. We could repro-
for a similar purposé? They used a lattice dynamical model duce the experimental results qualitatively, and show that the
involving central forces between the first- and second-neare$tonds between the first and second layers are especially soft.
neighbors and also bending interaction between triplets of The lattice dynamic calculations by Desjonge® and
first neighbors within the harmonic approximation. For theTréglia** have demonstrated th@ of the out-of-plane bond
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TABLE IV. Cumulants for the Cu-Cu shell in Cu 4-ML film at 120 and 300 K estimated from the MC
simulations. The experimental and calculated values for bulk Cu are also given for comparison. All the
quantities ofC, are in units of 10% A2 and those ofC; are in 104 A%,

AC, C, C, AC, Cs Cs
(120 K) (300 K) (120 K) (300 K)

4-ML Cu films
Classical MC
Cul-Cul 5.64 3.47 9.11 2.12 0.34 2.46
Cu2-Cu2 5.43 3.23 8.66 1.99 0.17 2.16
Cu3-Cu3 5.00 2.94 7.94 0.88 0.22 1.10
Cul-Cu2 5.94 3.67 9.61 2.15 0.47 2.62
Cu2-Cu3 5.33 3.13 8.46 1.71 0.17 1.88
Experimental
90° 4.44) 3.1(6)
30° 5.05) 3.8(8)
fcc Cu bulk (Ref. 29
Classical 5.14 3.21 8.35 1.48 0.26 1.74
Quantum 4.61 4.19 8.80 1.48 0.26 1.74
Experimental 4.03 4.00 8.03 1.4

is not very sensitive to the nature of the metal or to thefirst-NN out-of-plane bondR;=2.19 A) is stiffer than the
crystallographic orientation of the surface. They found thein-plane second-NN nearest bonR,&2.27 A). Although
relation asC,(Cul-Cu2)~1.14XC,(bulk Cu-Cu). In con- this simple concept can explain the above vibrational anisot-
trast, C, of the in-plane bond is much closer to the bulk ropy of Co/Ci{111) and N/Ni100 systems, it is not clear
value although it depends on metals. They obtained the relavhether the in-plane and out-of-plane bonds show the same
tion like C,(Cul-Cul)-1.03xC,(bulkCu-Cu) for vibrational properties if their bond distances are equivalent.
Cu(111). On the other hand, our classical MC results wereln this paper, we have studied anisotropic vibrational prop-
AC,(Cul-Cu2)=1.16x AC,(bulk Cu-Cu) and erties of ultrathin films, and have revealed that the out-of-
AC,(Cul-Cul)=1.10<x AC,(bulk Cu-Cu). Note here that plane bond is softer than the in-plane bond even if the bond
the value ofAC,(bulk Cu-Cu) used is the classical one to distance is not different.
match the present MC calculations. The present results agree Let us here estimate the vibrational amplitudes of the in-
with the experiments and the previous lattice dynamicsglane and out-of-plane bonds quantitatively using the present
calculationd* at least qualitatively. Although we obtained EXAFS results. We can suppose that only the in-plane bond
more enhanced surface vibrations than those by Desjonn the first layer and the bond between the first and second
quees and Trglia, we can conclude that thermal vibrations layers show different vibrational amplitudes from the bulk
of the out-of-plane bonds are more enhanced than those ohes, while all the other bonds are of bulk Cu. This assump-
the in-plane ones. The quantitative differences might origition is based on the above MC results; the thermal vibrations
nate from the differences of models, potentials, or quantunef Cul-Cul and Cul-Cu2 are different from those of bulk
effects. ones. Let us defin€$, C3°, andC} as the MSRD of Cul-
Cul, Cul-Cu2, and the other Cu-Cu bonds, respectively. The

C, value observed experimentally can be given as
V. DISCUSSION

Although the vibrational anisotropy has been studied for (C5°+6CS)sir? 6+ 4C5°cog 6+ 4C5(m—2)
various kinds of adsorbate-substrate syst&hiS;*2no uni- C,o(m,0)= _ ,
fied conclusions have been obtained. As mentioned in Sec. |, 4m—4+3 sirfg
Roubinet al!* have showed that in the Co/Qul1) system ©)

the surface out-of-planéCo-Cu bond is softer than the in- . . L
plane(Co-Co one. On the contrary, Wenzet al3%%! have wherem and 6_ are the fllm_ thlcknes§ and x-ray incidence
revealed that in the N/Ni(100)4g(2X 2) system, the in- angle, respectively. By using experimental resuItsA(ﬁS%
plane N-Ni bond is softer than the out-of-plane one. Morediven in Table lil, we can obtain each componentss;
recently, Yokoyamat al32 have studied systematically the =(7-0=1.4)x10"% A% AC3=(4.5£0.9)x107° A%, and
thermal vibrations of the first- and second-NN bonds forAC5=(4.1+0.4)x 10 * A2, The corresponding Debye tem-
S/Ni(100)c(2% 2) and S/Ni(110)e(2x 2). They have sug- peratures are®’=262(25) K, ©@3=322(30) K, and®}
gested a simple argument that the longer bond simply pro=335(5) K, respectively, which are depicted in Fig. 8. The
vides softer and more anharmonic vibrations than the shortdbebye temperature of bulk Cu is 343 K by calorimetric
ones; in S/Ni100), the first-NN S-Ni bond R;=2.19 A)  measurement§,and 338 K by EXAFS. Our present result of
directed in the in-plane direction is stiffer than the out-of—®g=335(5) K indicates high reliability of the present
plane second-NN oneR,=3.12 A), while in S/N{110 the = model.
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< 360 —— vibrational frequencies. Harada and Ohshifrfeave studied
a0l I 5 the mean-square displacements for Au small clusters as a
Saol o o [ i function of a cluster size by using x-ray diffraction. They
© i ‘ also assumed that the particle is composed of the core and
geor i i shell. They have shown that when the thickness of the shell
QE, 280 - | 1 is assumed as one atomic layed(core)=165 K and
§ 260 F A _ Op(shel)=97 K are in good agreement with the reported
8.0l * | values of® (bulk)=168 K and® y(shell)=83 K, the latter
o | | | | of which was determined by LEED.
220 “Surface 4ML  8ML _ Buk
FIG. 8. Effective Debye temperature of the surface Cu atoms, 4- VI. CONCLUSION

and 8-ML Cu films, and bulk Cu. The out-of-plane and in-plane
ones are given as closed triangles and open squares, respectiv
See the text for details.

Angular- and temperature-dependent Cu andkhNedge
eIL_YXAFS spectra of 4 and 8 ML Cu and 4 ML Ni grown
epitaxially on HOPG have been measured and analyzed in
, . © order to investigate the dynamical properties of the surface
Mobreover, we can estlmatk()e the relations 865°=1.71  metal-metal bonds. It was revealed that thermal vibration and
XAC; and AC3;=1.10<AC;. The lattice dynamics |ocal thermal expansion of the metal-metal bond are larger
calculation$’ gave AC3°=1.14xAC} and AC3=1.03 for the films than for their corresponding bulk metals and the
XACB, while our MC results gav C3°=1.16<AC5 and  relative motions focused on the surface local bonds are en-
ACS'=1.10x Acg. These two calculations seem to underes-hanced in the surface normal direction. In the present study,
timate the surface vibrations and anisotropy compared to they changing x-ray incidence angle and film thickness, we
present experimental results. Note here that the surface Deould separate the thermal vibrations of the surface in-plane
bye temperature of GlOO) determined by LEED is 235 K, and out-of-plane and bulk bonds, and discuss the bond char-
which is still lower than the present result of 262 K. We canacter quantitatively. For further understanding of thermal vi-
suppose that the reason for large€, and AC5 observed brations, we have done classical Monte Carlo calculations
experimentally is that theoretical calculations treat perfect§or the Cu film and revealed that the out-of-plane bond be-
films, while the actual films contain many defects and somédween the first and second layer is very weak.
roughening might occur already at room temperature, as is
evident from smalleN* and largerC,. Since the surface
area becomes wider in the presence of defects, the surface
Debye temperature would effectively be lowered. The present work has been performed under the approval
We can further compare the present results with those off Photon Factory Program Advisory CommittéeF-PAC
ultrafine particles. The thermal vibrations of metal surfacesNo. 98G101 and 98G314The authors gratefully acknowl-
have been studied for small metal clustérs The increase edge Professor Masaharu Nomura and Atsushi Koyama for
in the thermal vibration and anharmonicity have been obtheir technical support for the XAFS measurements. The au-
served with a decrease in cluster size. The decrease in ttieors are also grateful for the financial support of the Grant-
Debye temperature is caused by softening of the metal-meat-Aid for Scientific ResearckNo. 09640598
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