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Surface structures and thermal vibrations of Ni and Cu thin films studied
by extended x-ray-absorption fine structure

Manabu Kiguchi, Toshihiko Yokoyama, Daiju Matsumura, Hiroshi Kondoh, Osamu Endo, and Toshiaki Ohta
Department of Chemistry, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, J
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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.
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I. INTRODUCTION

Enhancement of anharmonic vibration of surface ato
has been an attractive subject since it is believed to b
trigger of surface melting and consequent bulk melting. A
harmonicity is especially important because no melt
should occur within harmonic interatomic potentials. In o
der to investigate a huge enhancement of anharmonic vi
tion and surface melting, several sophisticated techniq
such as low-energy electron diffraction1–4 ~LEED! and ion
scattering5,6 have been applied. The LEED study1 revealed
that on Ni~100! the surface thermal expansion coefficie
rapidly increases between 900 and 1300 K, reaching a v
nearly 20 times larger than that in the bulk. The io
scattering works6 clarified that the open~110! faces of fcc
metals like Pb and Al exhibit surface melting; the surfa
melting point of Pb~110! is approximately 40 K lower than
bulk melting point.

Although most of these works have paid attention to lon
range order, local structure is also very important since m
ing occurs through short-range atomic mechanisms.7 The ex-
tended x-ray-absorption fine-structure~EXAFS! technique is
one of the most suitable methods to investigate the dyna
cal properties of the surface bonds since it provides lo
information on thermal disorder including anharmonici
Moreover, polarization-dependent measurements allow
to study vibrational anisotropy. It is, however, rather difficu
to record surface EXAFS spectra of metal single crys
because of the presence of huge contribution from bu
Therefore, except for adsorbate-substrate systems, most
vious EXAFS works on surface vibrational properties we
devoted to small metal clusters.8–11 By changing the particle
size, the thermal vibration and anharmonicity of surfa
bonds in small metal clusters were actually found to be
hanced significantly. The other techniques such as x
diffraction12 and TEM ~transmission electron microscope!13

were also used for studying thermal properties of small m
clusters. The TEM experiments clarified the decrease
melting temperature for Au clusters.13
PRB 610163-1829/2000/61~20!/14020~8!/$15.00
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Since information on vibrational anisotropy cannot d
rectly be obtained from small clusters, studies concern
single crystals are still essential to distinguish the out-
plane bonds from the in-plane ones. The LEE
experiments1–4 have clarified significant anisotropy betwee
surface normal and parallel directions. On the other ha
Roubinet al.14 have measured surface EXAFS of monolay
Co deposited on Cu~111! to eliminate the bulk contribution
to the surface EXAFS spectra by changing the adsorbate
ement from the substrate. They have concluded that the
of-plane Co-Cu bond is again noticeably softer than the
plane Co-Co one.

In the present study, we have investigated vibrational
isotropy of ultrathin films grown epitaxially on a certain su
strate by means of the temperature- and angle-dependent
AFS technique. The ultrathin films allows us to obtain loc
information on surface metal-metal bonds without taki
care of inequivalent bond natures as in the case of
Cu~111!. There have been reported several epitaxial me
films; Ag deposited on Si~111! and HOPG~highly oriented
pyrolitic graphite! is known to form flat ~111!-oriented
islands.15–17 In the case of Ni/HOPG, Ba¨umer et al.18 have
reported that the~111!-oriented islands are formed at low
temperature. Marcus and Hinnen19 have also found for the
Cu/HOPG system that even at room temperature Cu fi
grow on HOPG in a layer-by-layer fashion. In this paper,
have thus chosen Cu and Ni ultrathin epitaxial films
HOPG. For further understanding of surface vibration
properties, we have also carried out classical Monte Ca
~MC! simulations for Cu films using the embedded-ato
method~EAM!.

II. EXPERIMENT

A HOPG ~ZYA grade! substrate was cleaved with Scotc
tape in air and mounted in an ultrahigh vacuum chamb
The HOPG was annealed at 1200 K for 1 min to remo
contaminations at the surface.18,19After cooling down to 120
K, Ni or Cu was deposited on the clean HOPG. The fi
thickness and growth rate were monitored by a quartz cry
14 020 ©2000 The American Physical Society
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ùoscillator placed near the sample. The absolute and pre
thickness was determined by inductivity-coupled plas
emission spectrography after all the EXAFS measureme
Although the growth style of Ni or Cu could not be chara
terized in the present chamber for the EXAFS measureme
LEED observation was carried out in advance using a dif
ent chamber employing the same deposition condition.
verified beautiful sixfold spots, which implies the growth
~111! oriented epitaxial films.

Ni and CuK-edge XAFS~x-ray-absorption fine-structure!
measurements were carried out at the hard x-ray dou
crystal monochromator stations BL7C and BL12C of Pho
Factory in the Institute of Materials Structure Science.20 The
fluorescence yield detection method was employed to ob
Ni and CuK-edge XAFS using a SSD~solid-state detector!.
For the normalization of the fluorescence yield spectra,
intensity of the incident x rays was measured with an ioni
tion chamber filled with pure N2 as a detection gas. Th
XAFS spectra were taken at normal (u590°) and grazing
(u530°) x-ray incident angles. At normal x-ray incidenc
the electric field vectorE of the x rays lies parallel to the
surface plane and mainly the in-plane bonds contribute
EXAFS, while at grazing x-ray incidence,E lies close to
surface normal, implying that the dominant contribution is
the out-of-plane bonds. The measurements were done at
300, and 420 K. For the measurements at 120 K, the sam
crystal was cooled down using a liquid-N2 cryostat. The
sample temperature was monitored with a Chromel-Alum
thermocouple, which was spot-welded on a Ta sheet attac
to the sample surface. The temperature fluctuations were
than63 K during the XAFS measurements.

III. EXPERIMENTAL RESULTS

A. Characterization of Cu thin films

First, we have characterized the structures of the Cu fi
by LEED. The HOPG misses common orientation with
spect to the crystallographic directions within the plan
Thus, the Debye-Scherrer rings were observed instea
spots. After deposition of Cu at 120 K and subsequent
nealing to 300 K, clear hexagonal spots appeared. This i
cates that~111!-oriented Cu islands were formed on th
HOPG as in the previous case of Ag/Si~111!.17 After depo-
sition at low temperature, the film is considered to consis
an assembly of small crystals with a majority of~111!-faced
crystals. Such an initial stage may be converted into la
crystals~epitaxial film! after annealing.

15 ML Cu was deposited at 120 K, and subsequen
annealed to 300 and 420 K. In each step, the XAFS spect
was measured. Figure 1 shows the change of CuK-edge
XANES ~x-ray-absorption near-edge structure! spectra. For
comparison, the spectrum of a Cu foil was also displayed
Fig. 1. For bulk fcc Cu, two characteristic peaks appear a
the absorption edge. Theoretical calculations revealed
they correspond to fourth and higher shell atoms.9 The ab-
sence of the two peaks in the 120-K spectrum indicates
this film does not crystallize so well. After annealing to 3
and 420 K, the characteristic peaks appear, implying
growth of well-defined films.

We will subsequently discuss the crystal growth in ter
of structure by using EXAFS. Extraction of the EXAF
ise
a
ts.
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functions x(k) (k is the photoelectron wave number! was
carried out according to the well-established procedures:21,22

pre- and post-edge background subtractions and subseq
normalization with the atomic absorption coefficients. T
edge energyDE0 was tentatively chosen as an inflectio
point of the K edges in the 90° spectra. Figures 2 and
show, respectively, thek2x(k) functions and correspondin
Fourier transforms for the Cu thin film after annealing
various temperatures, together with corresponding bulk o
The k range employed in the Fourier transforms w
3.0–11.0 Å21. In the Fourier transforms, the domina
peaks at 2.0 Å are ascribed to the first-nearest-neighbor~NN!
metal-metal coordination. A drastic change has appeare
the 120-K spectrum. A smaller EXAFS amplitude indicat

FIG. 1. CuK-edge XANES spectra of the Cu 15-ML film pre
pared by the deposition at 120 K and annealing at 300 and 47
together with the spectrum of a Cu foil~bottom!. The measuremen
temperatures are 120 K for the 15-ML film and 150 K for the C
foil.

FIG. 2. CuK-edge EXAFS oscillation functionsk2x(k) of the
Cu 15-ML film prepared by the deposition at 120 K~long-dashed
line! and annealing at 300 K~short-dashed line! and 420 K~dotted
line! taken at normal x-ray incidence, together with the spectrum
the Cu foil ~solid line!. The measurement temperatures are 120
for the 15-ML film and 150 K for the Cu foil.
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smaller coordination number and larger disorder of the fi
The absence of higher shells means that the film does
crystallize completely.

The curve-fitting analysis of the first-NN shells was pe
formed in k space after Fourier filtering (DR51.7–2.8 Å)
and inverse Fourier transformation. The backscattering
plitudes and phase shifts for the shells were obtained f
the empirical references of bulk Cu. Fitting parameters e
ployed wereN* ~effective coordination number!, R ~inter-
atomic distance!, C2 ~mean-square relative displacemen!,
andC3 ~mean-cubic relative displacement!. The edge-energy
shift DE0 was assumed to be equal to those of the bulks.
numerical results are summarized in Table I. Although
might not be appropriate to analyze such a disorder syste
a usual way, the estimatedN* was 4.760.3, which is much
smaller than the bulk value of 12, andR was 2.5260.01 Å,
which is also shorter than that of bulk Cu, 2.55 Å. The sm
N* and R values are also observed for metal sm
clusters.8–13 The films can be regarded as an assembly
small clusters after deposition at low temperature. After
nealing the film,N*, R, C2, andC3 converged to the bulk
Cu value. We could qualitatively investigate the crys
growth process from the microscopic point of view. Cons
ering the LEED results, it is revealed that the~111!-oriented
large crystals~films! are formed by deposition at low tem
perature and subsequent annealing to room temperature

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 su
quent annealing to room temperature. Figures 4 and 5 sh
respectively, thek2x(k) functions and corresponding Fourie

FIG. 3. Fourier transforms ofk2x(k) of Fig. 2.

TABLE I. Structural parameters determined by EXAFS for t
Cu 15-ML film. All the measurement temperatures are 120 K.

State N R C2 C3

~Å! (1023 Å 2) (1024 Å 3)

As deposited at 120 K 4.7~3! 2.52~1! 3.8~4! 5.5~7!

Annealed at 300 K 8.3~3! 2.55~1! 1.6~2! 2.3~4!

Annealed at 420 K 10.8~4! 2.55~1! 1.2~2! 2.0~4!
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transforms of them. The curve-fitting analysis of the first-N
shells in the 120-K data was subsequently performed i
similar manner (Dk52 –10 Å21 and DR51.6–2.7 Å for
Ni! and the results are summarized in Table II.C3 is ne-
glected because of the low-temperature analysis of the w
ordered films.

First of all, we will discuss the effective coordinatio
numberN*. N* is defined as

N* 53(
j 51

N

cos2u j , ~1!

FIG. 4. Ni and CuK-edge EXAFS oscillation functionsk2x(k)
of the Ni 4-ML and Cu 4- and 8-ML films measured at grazin
(30°) and normal (90°) x-ray incidences at 120 K~solid line! and
300 K ~dotted line!.

FIG. 5. Fourier transforms ofk2x(k) of Fig. 4.
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whereu j is the angle betweenE and the location vector from
the x-ray-absorbing atom to x-ray-scattering atomj. An ideal
flat 4-ML-thick film oriented in the~111! direction would
provideN*(90°)511.3 andN* (30°)59.2, respectively. We
obtainedN*(90°)510.260.3 and N*(30°)58.660.3 for
the Cu 4-ML film, andN*(90°)59.260.7 and N*(30°)
58.460.3 for Ni 4-ML film. Although the absolute value i
a little smaller than the expected values, polarization dep
dence ofN* @N*(90°).N*(30°)# means that the flat~111!-
oriented films were formed on the HOPG. Slightly smal
N* and largerC2 of the films may suggest imperfect flatne
due to island formation. SmallerN* of the Ni film indicates
more difficulty in the formation of films than Cu. This i
reasonable, taking account of the mobilities of Cu and N
room temperature~Debye temperatures of 450 K for Ni an
343 K for Cu!.

The temperature dependence of the EXAFS spectra
the first-NN shells was subsequently analyzed by mean
the curve-fitting method. Figure 6 shows the filteredk2x(k)
functions for the first-NN Ni-Ni and Cu-Cu shells. It is clea
that with a temperature rise the EXAFS amplitude is redu
and the phase is gradually delayed at highk regions. These
phenomena can easily be understood by the third-order
mulant expansion formula of EXAFS:

kx~k!5A0~k!exp~22C2k2!sin@2kR1f~k!24/3C3k3#,
~2!

where A0(k) and f(k) are the amplitude factor and th
phase shift, both of which are less temperature depend
Because of the enhancement ofC2 andC3 with a tempera-
ture rise, the amplitude is suppressed and the phase is g
ally delayed. In the present analysis, the low-tempera
~120 K! data were used as references. The fitting variab
wereR, C2, andC3 for Cu, while for Ni,C3 was neglected
because it was too small to obtain quantitatively. The qu
ties of the curve fitting are exemplified in Fig. 7.

The results are tabulated in Table III. In Table III,DC2
andDC3 imply the differences inC2 andC3 between 120 K
and 300 K. Large positiveDC2 andDC3 mean large therma
vibrations and anharmonicity. LargerDC2 and DC3 of the
films indicate that the effective interatomic potential shou
be shallower and more anharmonic. The present results
consistent with the results of small clusters; that is, the c
traction of the bond length and the enhancement of ther
vibration and anharmonicity were also observed in sm
clusters.

TABLE II. The EXAFS results for the first-NN metal-meta
shells in the 4-ML Ni film and the 4- and 8-ML Cu films.

System Angle N R(Å) C2(1023 Å 2)

Ni 4 ML 90° 9.2~7! 2.47~2! 5.8~3!

30° 8.4~3! 2.47~1! 5.8~2!

Ni bulk 12 2.47 3.2

Cu 4 ML 90° 10.2~3! 2.54~1! 5.6~3!

30° 8.6~3! 2.53~1! 5.8~3!

Cu 8 ML 90° 10.9~3! 2.54~1! 5.2~2!

30° 10.4~4! 2.54~1! 5.8~3!

Cu bulk 12 2.55 4.0
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As concerns the polarization dependence,C2 and C3
show larger temperature dependence foru530° than foru
590°, indicating that the surface out-of-plane bond is sof
and more anharmonic than the in-plane bond. The De
temperature was estimated according to the well-known
mula given by Beni and Platzman.23 The Debye temperature

FIG. 6. Filtered EXAFS oscillation functionsk2x(k) of the
first-NN contributions at 120~solid line! and 300 K~dotted line! for
30° and 90° x-ray incidences.

FIG. 7. Examples of the curve-fitting analysis for the first-N
Cu-Cu shells, which are obtained for the 4-ML Cu film measured
the x-ray incident angle of 30° at temperatures of 120 and 300
The filtered~experimental! and fitted~calculational! EXAFS oscil-
lation functionsk2x(k) are given as solid and dotted lines, respe
tively.
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for all the shells are also tabulated in Table III, together w
the corresponding bulk value. Although there might be so
difference between the cumulants for 30° and 90°, they
unfortunately within the errors.

Let us here argue from the statistical point of vie
whether the differences in the anisotropic vibration are s
nificant. We employ the ratio of cumulants between 30° a
90°, for DC2, which are 1.1860.20, 1.1460.15, and 1.02
60.14 for Ni ~4 ML!, Cu ~4 ML!, and Cu~8 ML!, respec-
tively, and forDC3 which are 1.2360.42 and 1.1860.47 for
Cu ~4 ML! and Cu~8 ML!, respectively. If the values ar
significantly greater than unity, the difference between
30° and 90° data becomes meaningful. The probability d
sity function of true values (t) can be expressed with th
normal Gaussian distribution with the average value (m) of
the measured value and the standard deviation (r) of its
error. The probabilityP that the true valuet is located be-
tween m2r and m1r is given by P(m2r,t,m1r)
50.68, andP(t<1)50.18 is thus obtained whenm51.18
and r50.20 for DC2 of Ni ~4 ML!. Similarly, we obtain
P(t<1)50.18 and 0.44 forDC2 of Cu ~4 and 8 ML!, and
P(t<1)50.29 and 0.35 forDC3 of Cu ~4 and 8 ML!. Since
each event is independent of each other,P(t<1) for all the
cases is resultantly estimated to be 0.014 forDC2 and 0.10
for DC3, assuming the perfect correlation among the th
data sets of Ni~4 ML! and Cu~4 and 8 ML!. Moreover, one
may permit the correlation betweenDC2 and DC3 because
in a normal interatomic potential anharmonicity is enhanc
with the suppression of the harmonic force constant. One
thus estimate the overallP(t<1) of 0.0014. We can con
clude with the accuracy of 99.86% that the out-of-plan
vibration for the surface metal-metal bonds is softer and
more anharmonic than the in-planar one.

IV. MONTE CARLO SIMULATIONS

ClassicalN-P-T ~closed system, constant pressure, a
constant temperature! MC calculations of five-layer Cu were
carried out in order to understand the surface vibration m
deeply. Desjonque`res and Tre´glia have already calculate
MSRD for various bulk metals and corresponding surfa
for a similar purpose.24 They used a lattice dynamical mod
involving central forces between the first- and second-nea
neighbors and also bending interaction between triplets
first neighbors within the harmonic approximation. For t

TABLE III. The results of the temperature-dependent EXAF
analysis for the first-NN metal-metal shells in the 4-ML Ni film an
the 4 and 8-ML Cu films.

System Angle DC2(1023 Å 2) DC3(1024 Å 3) QD(K)

Ni 4 ML 90° 3.4~4! 366~20!

30° 4.0~4! 345~15!

Ni bulk 2.6 416

Cu 4 ML 90° 4.4~4! 3.1~6! 325~15!

30° 5.0~5! 3.8~8! 307~15!

Cu 8 ML 90° 4.3~4! 2.3~4! 328~15!

30° 4.4~4! 2.7~6! 325~15!

Cu bulk 4.0 1.4 338
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description of the thermal properties of metals, howev
these approximations might sometimes not be suffici
since the metallic bond should be of many body and
anharmonic effect is important. It is worthwhile performin
MC simulations to compare the results with our present
periments and their lattice dynamics calculations.

For the description of the interatomic potential, the EA
was employed. In the EAM, the total adiabatic potential e
ergy of the system can be written as a sum of short-ra
pairwise core-core repulsion and embedding energy for p
ing an atom into the electron density.25–28The EAM does not
require the three-dimensional periodicity and is thus ap
cable to surfaces as well as alloys and defects. The E
parameters employed in the present simulations were de
mined by Foileset al.28

Five-layer Cu was taken into account in theN-P-T MC
simulations. Here, a two-dimensional periodic boundary c
dition was imposed for a 12a37A6a530.6330.917 Å2

rectangular lattice, wherea is the interatomic Cu-Cu distanc
of 2.55 Å. Each Cu layer contains 168 atoms, and the low
~fifth! layer was dynamically fixed at the bulk position, a
though the lattice constant was allowed to vary. The M
calculations were based on the Metropolis algorithms. I
tially, 20 000 MC steps were evaluated from the ideal bu
lattice, where each step contains 672 times movement
atoms and one time variation of the lattice constant. After
20 000 MC steps, 10 000 MC steps were further calculate
get information on thermodynamical averages. The exte
pressureP was assumed to be 0 Pa, and the temperatu
were set to be 120 and 300 K.

The second- and third-order cumulantsC2 andC3 given
by the present EAM-MC calculations are summarized
Table IV. Here, Cu1, Cu2, and Cu3 denote the Cu atom
the first, second, and third layers, respectively. Cu1-C
means the in-plane bond in the first layer, while Cu1-Cu2
the out-of-plane bond between the first and the second la
For comparison, the experimental and previous calcula
results of bulk Cu~Ref. 29! are also tabulated. We include
the results of quantum-mechanical calculations and thos
the classical calculations. For a quantitative comparison
the present classical MC results with the experimental on
the contribution of zero point vibrations is required, th
indicating a slight underestimation ofC2 especially at low
temperature and thus overestimation ofDC2 between 120
and 300 K.

As given in Table IV, the values ofC2 andC3 of in-plane
bonds like Cu1-Cu1 are large at the surface and decreas
they go into the bulk and converge to the bulk value at
third layer. Such increases in thermal vibrations of in-pla
bonds are consistent with largeDC2 andDC3 observed ex-
perimentally in the normal incidence spectra. As conce
the anisotropy of the thermal vibrations of the Cu-Cu bon
C2 of the out-of-plane bonds~Cu1-Cu2! is larger than that of
in-plane bonds~Cu1-Cu1 and Cu2-Cu2!. This agrees with
the experimental results whereby the bonds observed ex
mentally at grazing incidence are softer and more anh
monic than the ones at normal incidence. We could rep
duce the experimental results qualitatively, and show that
bonds between the first and second layers are especially

The lattice dynamic calculations by Desjonque`res and
Tréglia24 have demonstrated thatC2 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
simulations. The experimental and calculated values for bulk Cu are also given for comparison. A
quantities ofC2 are in units of 1023 Å 2 and those ofC3 are in 1024 Å 3.

DC2 C2 C2 DC3 C3 C3

~120 K! ~300 K! ~120 K! ~300 K!

4-ML Cu films
Classical MC
Cu1-Cu1 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
Cu1-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° 4.4~4! 3.1~6!

30° 5.0~5! 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
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is not very sensitive to the nature of the metal or to
crystallographic orientation of the surface. They found
relation asC2(Cu1-Cu2);1.143C2(bulk Cu-Cu). In con-
trast, C2 of the in-plane bond is much closer to the bu
value although it depends on metals. They obtained the r
tion like C2(Cu1-Cu1);1.033C2(bulk Cu-Cu) for
Cu~111!. On the other hand, our classical MC results we
DC2(Cu1-Cu2)51.163DC2(bulk Cu-Cu) and
DC2(Cu1-Cu1)51.103DC2(bulk Cu-Cu). Note here tha
the value ofDC2(bulk Cu-Cu) used is the classical one
match the present MC calculations. The present results a
with the experiments and the previous lattice dynam
calculations24 at least qualitatively. Although we obtaine
more enhanced surface vibrations than those by Des
quères and Tre´glia, we can conclude that thermal vibration
of the out-of-plane bonds are more enhanced than thos
the in-plane ones. The quantitative differences might or
nate from the differences of models, potentials, or quan
effects.

V. DISCUSSION

Although the vibrational anisotropy has been studied
various kinds of adsorbate-substrate systems,14,30–32no uni-
fied conclusions have been obtained. As mentioned in Se
Roubin et al.14 have showed that in the Co/Cu~111! system
the surface out-of-plane~Co-Cu! bond is softer than the in
plane~Co-Co! one. On the contrary, Wenzelet al.30,31 have
revealed that in the N/Ni(100)-p4g(232) system, the in-
plane N-Ni bond is softer than the out-of-plane one. Mo
recently, Yokoyamaet al.32 have studied systematically th
thermal vibrations of the first- and second-NN bonds
S/Ni(100)-c(232) and S/Ni(110)-c(232). They have sug-
gested a simple argument that the longer bond simply p
vides softer and more anharmonic vibrations than the sho
ones; in S/Ni~100!, the first-NN S-Ni bond (R152.19 Å)
directed in the in-plane direction is stiffer than the out-o
plane second-NN one (R253.12 Å), while in S/Ni~110! the
e
e

la-

e

ee
s

n-

of
i-
m

r

. I,

e

r

o-
er

first-NN out-of-plane bond (R152.19 Å) is stiffer than the
in-plane second-NN nearest bond (R252.27 Å). Although
this simple concept can explain the above vibrational anis
ropy of Co/Cu~111! and N/Ni~100! systems, it is not clear
whether the in-plane and out-of-plane bonds show the s
vibrational properties if their bond distances are equivale
In this paper, we have studied anisotropic vibrational pro
erties of ultrathin films, and have revealed that the out-
plane bond is softer than the in-plane bond even if the b
distance is not different.

Let us here estimate the vibrational amplitudes of the
plane and out-of-plane bonds quantitatively using the pres
EXAFS results. We can suppose that only the in-plane b
in the first layer and the bond between the first and sec
layers show different vibrational amplitudes from the bu
ones, while all the other bonds are of bulk Cu. This assum
tion is based on the above MC results; the thermal vibrati
of Cu1-Cu1 and Cu1-Cu2 are different from those of bu
ones. Let us defineC2

si, C2
so, andC2

b as the MSRD of Cu1-
Cu1, Cu1-Cu2, and the other Cu-Cu bonds, respectively.
C2 value observed experimentally can be given as

C2~m,u!5
~C2

so16C2
si!sin2u14C2

socos2u14C2
b~m22!

4m2413 sin2u
,

~3!

where m and u are the film thickness and x-ray incidenc
angle, respectively. By using experimental results ofDC2

given in Table III, we can obtain each component asDC2
so

5(7.061.4)31023 Å 2, DC2
si5(4.560.9)31023 Å 2, and

DC2
b5(4.160.4)31023 Å 2. The corresponding Debye tem

peratures areQD
so5262(25) K, QD

si5322(30) K, andQD
b

5335(5) K, respectively, which are depicted in Fig. 8. T
Debye temperature of bulk Cu is 343 K by calorimetr
measurements,33 and 338 K by EXAFS. Our present result o
QD

b 5335(5) K indicates high reliability of the presen
model.
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Moreover, we can estimate the relations asDC2
so51.71

3DC2
b and DC2

si51.103DC2
b . The lattice dynamics

calculations24 gave DC2
so51.143DC2

b and DC2
si51.03

3DC2
b , while our MC results gaveDC2

so51.163DC2
b and

DC2
si51.103DC2

b . These two calculations seem to undere
timate the surface vibrations and anisotropy compared to
present experimental results. Note here that the surface
bye temperature of Cu~100! determined by LEED is 235 K,3

which is still lower than the present result of 262 K. We c
suppose that the reason for largerDC2 and DC3 observed
experimentally is that theoretical calculations treat perfe
films, while the actual films contain many defects and so
roughening might occur already at room temperature, a
evident from smallerN* and largerC2. Since the surface
area becomes wider in the presence of defects, the su
Debye temperature would effectively be lowered.

We can further compare the present results with thos
ultrafine particles. The thermal vibrations of metal surfac
have been studied for small metal clusters.8–13 The increase
in the thermal vibration and anharmonicity have been
served with a decrease in cluster size. The decrease in
Debye temperature is caused by softening of the metal-m

FIG. 8. Effective Debye temperature of the surface Cu atoms
and 8-ML Cu films, and bulk Cu. The out-of-plane and in-pla
ones are given as closed triangles and open squares, respec
See the text for details.
-

er
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vibrational frequencies. Harada and Ohshima12 have studied
the mean-square displacements for Au small clusters a
function of a cluster size by using x-ray diffraction. The
also assumed that the particle is composed of the core
shell. They have shown that when the thickness of the s
is assumed as one atomic layer,QD(core)5165 K and
QD(shell)597 K are in good agreement with the report
values ofQD(bulk)5168 K andQD(shell)583 K, the latter
of which was determined by LEED.

VI. CONCLUSION

Angular- and temperature-dependent Cu and NiK-edge
EXAFS spectra of 4 and 8 ML Cu and 4 ML Ni grow
epitaxially on HOPG have been measured and analyze
order to investigate the dynamical properties of the surf
metal-metal bonds. It was revealed that thermal vibration
local thermal expansion of the metal-metal bond are lar
for the films than for their corresponding bulk metals and
relative motions focused on the surface local bonds are
hanced in the surface normal direction. In the present stu
by changing x-ray incidence angle and film thickness,
could separate the thermal vibrations of the surface in-pl
and out-of-plane and bulk bonds, and discuss the bond c
acter quantitatively. For further understanding of thermal
brations, we have done classical Monte Carlo calculati
for the Cu film and revealed that the out-of-plane bond
tween the first and second layer is very weak.
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