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Vibrational properties of Cu (100)-c(2X 2)-Pd surface and subsurface alloys

I. Yu. Sklyadneva
Institute of Strength Physics and Materials Science, Russian Academy of Sciences, 634021, Tomsk, Russia
and Donostia International Physics Center (DIPC), 20018 Donostia/San SebaBisque Country, Spain

G. G. Rusina
Institute of Strength Physics and Materials Science, Russian Academy of Sciences, 634021, Tomsk, Russia

E. V. Chulkov
Departado de fsica de Materiales and Centro Mixto CSIC-UPV/EHU, Facultad dén@jea, UPV/ EHU, Apardado 1072,
20018 Donostia/San SebastigBasque Country, Spain
and Donostia International Physics Center (DIPC), 20018 Donostia/San SebaBtsque Country, Spain
(Received 27 January 2003; published 15 July 2003

Using interaction potentials from the embedded-atom method we investigated the structural and vibrational
properties of a Cu(100¢¢2 X 2)-Pd surface alloy and an underlayg€® X 2) alloy with a mixed CuPd second
layer. The calculated surface phonon frequencies are in agreement with the experimental values obtained by
electron energy-loss spectroscopy. From the calculated local phonon densities of states we find that surface
effects are most pronounced in the first two layers for both systems studied. The results also indicate a very
strong Pd-Cu bonding accompanied by a weaker bonding of the Cu surface atoms to their nearest neighbors.
This has considerable influence on the surface phonon frequencies.
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. INTRODUCTION ence between Pd (2.05 JA) and Cu (1.85Jm?).% In
addition, the exothermic Pd-Cu interaction suggests that the
Thin alloy films at surfaces are of great interest from bothenergy of such a system can also be lowered by increasing
fundamental and technological points of view due to the efthe number of Pd-Cu bonds. To investigate the stability of
fect of alloying on the surface electronic structure, magnetithe Cu(100)e(2x 2)-Pd surface Hannoet al*® measured
properties, and catalytic activity which can be quite differentthe dispersion of vibrational modes at the surface along the
from those of the corresponding bulk materials. FotX0®), TX direction using electron energy-loss spectroscopy
a number of metal adsorbates such as Au, Ag, Mg, and Pd gEELS). It was found that the room-temperature spectrum

i;overage ?3‘;1%-50“ f?mr]] surface aIons_wilth a:(i. d exhibited only one surface mode at tXepoint. However,
) structure. ne of the most_extensively studie upon annealing of the surface another high-frequency peak

; 1-7,10-14 ; . : )
metal-onl—miztal nysf,ten; IS IFE’E/SHIDO). En%g'eﬁ, Iowd appears and then dominates the spectrum. The evolution of
energy electron diffractiofL ) measurements showe the vibrational spectrum upon annealing shows that the

that at room temperature the deposited Pd atoms intermixe&]anges occur even at very low temperatures that are far

with the top substrate layer and at a coverage-6f5 ML a below 423 K at which Pd diffuses into the bfiche mea-
Cu(100)€(2x 2)-Pd surface alloy was formed rather thang .oy mode frequencies were compared to the values from

2X2 I . Th f th i . _— .
an orderedc( ) overlayer e structure of the mixed &Iab calculations performed along th& direction with pa-

CuPd surface layer was found to be almost planar with P . X
atoms slightly rippled outwardsExperimental confirmation rameters taken from .effectlve-medlum thed&MT). The .
valuations were carried out for a slab of seven layers with

of a surface alloy model was also obtained by photoemissio . -~ .
experimentg,a LEED study, and Rutherford-backscattering the last threg layers fixed at the k_)ull_< positions. Analysis of
spectrometry. The alloying of Pd with the top layer of the f[he EMT-derived force consta_nts indicated the strong bond-
Cu(100 substrate was also supported theoretically viah9 of the Pd. atoms to_both in-plane and second-layer Cu
first-principle€ and semiempiricaf’ calculations. However, "€ighbors which gave rise to nearly degenetéte energy
medium-energy ion scatterifylEIS) dat& suggest in quali-  difference is~0.83 meV) Pd and Cu vibrations at the
tative agreement with low-energy ion scattering point despite the large mass difference. In the experiment
measurementé** that the surface structure is quite compli- these modes were not individually resolved and the mea-
cated with some fraction of the deposited Pd atoms located &red peak at 11.79 meV was attributed to the superposition
the subsurface. This conclusion is supported by bottf the Cuand Pd modes. To identify the peak at 15.88 meV
thermal-desorption experimeffs and scanning tunneling appearing upon annealing of the surface the authors calcu-
microscopy investigation® which indicate that appreciable lated the vibrational spectrum for Cu overlayer islands on top
amounts of pure Cu are present at the surface together wi¥f the surface alloy. The evaluated energy of Cu vibrations
domains of ac(2x 2)-CuPd surface alloy. From a thermo- normal to the surface was found to be significantly higher
dynamical point of view a Cu-rich surface would be ener-than that of the surface alloy and lower (4.06 meV) than
getically favorable due to the positive surface energy differthat for the underlayer alloy at thé point. Using this result
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the high-frequency peak was attributed to vertical vibrations (a)
of Cu in the Cu overlayer islands which are small at room

Cu Pd
temperature, but increase rapidly in size as the temperatur
grows. On the other hand, a study of the thermal stability of
the Pd/C(100 surfacé’ indicated the possibility of a r:j
temperature-induced transition at 353 K from a ( )
Y

Cu(100)€(2x 2)-Pd surface alloy to a(2x2) underlayer dis
structure consisting of a CuPd mixed second layer capped by
a Cu monolayer. Later the kinetics and mechanism of the
transition as well as the structure of the underlayer alloy

were examined by LEEBR?

In this paper we present a full comparative study of the
vibrational properties for the QLOO surface with one-layer
surface and subsurface CuPd alloys along all symmetry lines

by using a thick-film model. We first examine the structural
characteristics and then extend our study to the vibrations tc
gain information on metal-metal bonding in the alloy films
and to compare the calculated phonon spectra, local densitie(b)
of states, and force constants of a(f0-Pd surface and
underlayerc(2x 2) alloys.

—
Il. CALCULATION METHOD dia

For calculations of the structural and dynamical properties

we use two-dimensional periodic slabs with surfaces perpen: ngz

dicular to the[100] direction. The slab thickness of 30 layers

is found to be sufficient to effectively decouple the two op- das

posite slab surfaces. Increasing the number of layers does nc

change substantially the results of the calculations. We alsc

assume that the top layer of a Cu(1Qf2x 2)-Pd surface q

alloy and the second layer of an underlay¢R x 2) alloy “

have a mixed composition of 50% Cu and 50% Pd. A side N

view of these two surface structures is shown in Fig. 1. 84

The calculations are performed using the embedded-aton
method(EAM).1*2°We employ the version of Foilest al?°
to construct embedding functions and pair interaction poten-|
tials for Pd and Cu. The parameters of the model are deter
mined empirically by fitting to the experimental data such as
sublimation energy, the equilibrium lattice constant, elastic
constants, vacancy-formation energy of the pure metals, an(g)
the heat of solution of a Cu-Pd alloy. The electron density is
approximated by the superposition of atomic electron denSizaiher |arge lattice mismatch of 7.8%. The results show that
ties cgmpytedl N this work  within the local-density ihe effect of Pd on the outermost interlayer spacings of the
approximatior’:? This method which provides many-body Cu(100) substrate is small. The Cu-Cu interlayer distance

interaction potentials has been successfully applied to a Vajas found to be close to the bulk one. It is only slightly

riety of bulk, surface, and interface problems of pure metalg,ntracted d.,=1.1%, in percentage of the bulk interlayer
and alloys?023-30

spacing as in the case of the clean @00 surface® While
the Cu surface atoms exhibit a small inward relaxation the
IIl. CALCULATION RESULTS AND DISCUSSION Pd atomgfilled circles, Fig. 1 relax outward. This leads to a
small rippling of 0.025 A ¢,) within the outermost mixed
CuPd layer. This effect has to be attributed mainly to the size
To obtain the equilibrium structure we relaxed the surfacedifference between Cu and Pd because the semiempirical
alloy using a molecular-dynamics method. The Cu and Pdnethod used in this work does not account for changes in the
atoms were initially arranged above the fourfold sites of theelectronic band structure upon Pd alloying. These results are
relaxed C@100) substrate in a(2x 2) structure. Then the in close agreement with the LEED intensity anal§Siwhich
atoms were allowed to move according to the calculatedhowed that the structure of the Cu(1GRXx2)-Pd sur-
forces until the equilibrium positions were achieved. Sinceface was almost planar with the Pd atoms relaxed by 0.02—
the pure metals have substantially different lattice constants.03 A outward from the Cu sublattice. The first Cu-Cu in-
[a(Cu)=3.615 A anda(Pd)=3.89 A] the system has a terlayer distanced;,) was found to be nearly the same as

FIG. 1. Side view of the Cu(100¢2X 2)-Pd (a) surface and
underlayer alloys. Also shown are the structural parameters.

A. Cu(100)-c(2X2)-Pd surface alloy
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next two states ak (labeled as the Cu and Pd modes in

Table ) and both modes below the bulk continuum Nt
correspond to separate motions of the Pd or Cu atoms along
the surface normal. Note that these shear vertical surface
states are the only modes completely localized ofCiBd
atoms in the top layer. The dispersion of these phonons
shows substantial flattening near the zone boundary, so one
can suggest that surface stress exists within the mixed layer,
similar to the case reported for Fe films on the (T
surface®? For small wave vectors these Cu modes do not
exist while the motion of the Pd atoms couples to the vertical
vibrations of the Cu sublattice. Another surface state with
in-plane polarization is mainly localized in the second Cu

layer and has a frequency of 15.72 me\XatBesides these
modes there are high-energy gap modes, which are mostly
yIongitudinal and have a substantial weight in the top layer.
Our results are comparable to those obtained by EMT calcu-
lations for a seven-layer sl#bwhich gave 11.87 meV and

12.7 meV for the Pd and Cu modesXat respectively. In the

Frequency (meV)

FIG. 2. Calculated phonon dispersion curves for the
Cu(100)€(2x 2)-Pd surface alloy. Surface states are indicated b
filled circles.

the bulk valu€ The MEIS data give slightly larger rippling
(8,=0.04-0.08 A) than that obtained from LEED measure- , 5 o
ments assuming that the substrate does not relax. The valuB&LS .expenmen{, focused on the'X ([110]) direction
of rippling calculated using the EMTRef. 16 and EAM which is not folded back by the(2Xx2) cell_o_f the surface
simulationg are much larger in magnitud®.11 A and 0.12 alloy, the room-temperature spectrum exhibits only one sur-
A). But the calculations were performed for a seven- andace mode aX (11.79 meV which is lower in energy than
nine-layer slabs, respectively. the experimental Rayleigh mode frequency for a clean
We have calculated the phonon spectrum along the highCu(100) surface[13.4 meV(Refs. 33 and 34 and is slightly
symmetry directions of the(2x2) cell (Fig. 2) for a re-  higher than the corresponding value for the ) surface
laxed 30-layer C(L00) slab with the mixed top layer of al- [11.17 meV(Ref. 35]. In Ref. 16 the measured peak was
ternately arranged Pd and Cu atoms. Surface states afeélated to the superposition of the Cu and Pd modes which
denoted by filled circles. The calculated surface mode frecannot be resolved experimentally due to the small energy
quencies at the symmetry points are summarized in Table Hifference between them.
We found four surface phonons outside the bulk. The two Of considerable interest is the degree to which the force
lowest modes aX are characterized by shear horizontal dis-constants at the clean Q00 surface change upon forma-

placements of both Cu and Pd in the top mixed layer. Thdion of the alloy. Analysis of the interatomic interactions
shows that the force constant between the Cu and Pd atoms

in the top layer(the nearest-neighbor surface atoms are Cu
and Pd in this caseas well as the force constant for the
interaction Pg¢-Cu, (the numbers indicate atomic laygrs
along the surface normal are 60% and 40% larger in magni-
tude, respectively, than the nearest-neighbor intralayer and
interlayer force constants for the clean (€00 surface. On

the other hand, the force constant representing the interaction
Cuy-Cu, is softened by 6% compared to the clean surface

TABLE |. Surface phonon frequenciémeV) at the symmetry
points. Atomic displacements are shown in brack@&ts-bormal to
the surface;XY—within the surface plane The subscriptg1,2)
denote the layer numbers with maximum vibrational amplitude.

Surface alloy Underlayer alloy

T 16.382,] 17.587,] value. Thus, we find a very strong Pd-Cu bonding accompa-
22.387,] 19.9§7,] nied by Wgaker b(_)ndmg of the Cu surface__atoms to their
22.33(XY),] ?earﬁstt nelghkt)f?rsl:l’r(]jth? Iayer b;ar:om{. In Iaddm.on,fthe éntteratl)c—
— ion between the atoms in the top layer is found to be
M iggggjiﬂ 111'25[3?255(1;?%]2” ~25% smaller than that at the @®0 surface. These
: -1 : 12 changes in the force constants upon Pd alloying together
_ with the mass difference between Cu and Pd atoms deter-
X 9.0Z(XY),] 7.78(XY)4] mine the shifts of surface mode frequencies in the phonon
9.76 (XY)4] 11.08(XY)4] spectrum and the energy separation between the modes.
11.17Pd.Z,] 11.62Pd,(XY);] While the larger atomic mass of Pd tends to soften the sur-
12.49Cu,Z;] 12.49Pd, (XY),] face phonons except for the Cu shear vertical mode the
15.72(XY),] 15.51Cu,Z4] bonding at the surface tends to push them to higher energies.
15.8QCu,Z,] For the Cu and Pd modes the energy difference is decreased
25.97(XY)4] 23.95(XY)4] from 2.48 meV(the effect of the difference in masw® 1.24
26.3Q(XY),] 24.98(XY),] meV. The longitudinal gap modes shifted to higher energies

are located at the upper edge of the energy gap and as a
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below the bulk bands. However, At all of them are con-
nected with vibrations of atoms within the surface plane in
contrast to the clean €00 surface and the Cu(10@)-2

X 2)-Pd surface alloy. The lower two statesxatorrespond

to motion of the top-layer Cu atoms in the surface plane
along the two perpendicular directions. The calculation of
force constants indicates that interactions between the
nearest-neighbor Cu atoms in the surface layer-are6%
weaker than those at the clean(C00) surface. Concerning
the bonding between Pd and Cu atoms, it is quite similar to
the previous case of the top CuPd alloy. The interlayer force
constants coupling the Pd atoms to their first- or third-layer
Cu nearest neighbors are 30%-50% larger than the bulk
ones. The Pd-Cu in-plane bonds are very strong, too. The
magnitude of the corresponding force constant is increased
yby ~60% relative to the bulk value. As in the previous case
such an increase comes at the expense of the bonding be-
i i ) tween Cu atoms in the first three layers which is reduced in
result acquire a typical resonant character. This may be thﬁ']agnitude by~ 20% compared to the clean (100 surface.

reason why these modes were not measured by BELS. 0 deeper layers behave like those in the bulk. As a conse-
should be noted that any of the calculated surface modes — .
ence the frequency of the lowest surface statX as

does not correspond to the measured high-energy peak

- shifted down. But the other mode connected with displace-
. Q2% 2)- ) .
tSaii?a?;/d\évah oceurs as the Cu(1 2)-Pd surface ments of the Cu surface atoms towards their nearest-neighbor

Pd atoms in the second layer is shifted up and the energy
separation between these two modes becomes rather large
B. Cu(100)-c(2X2)-Pd underlayer alloy (3.31 me\). The next two modes & are characterized by
Before calculating the phonon spectrum the atomic coorappreciable localizatiofup to 60% at the Pd sublattice with
dinates of the layers were relaxed to the equilibrium posishear horizontal atomic vibrations. Despite of the strong
tions as in the previous case. The main structural parametefsu-Pd bonding they peel off from the bottom of the bulk
to be determined are the first, second, and third interlayepands and lie outside the bulk continuum. The only surface
spacings @, dy3, andds,, see Fig. L While in the pre-  states aX connected with motion of atoms along the surface
vious case the rippling effect is restricted to the surface CuP@ormal are localized in the top Cu layer and lie in the bulk
layer, in the case of an underlayer alloy it occurs in theband region at~15.72 meV. The shift of these modes to
second CuPd &,) and fourth (¢,) layers. The buckling in  higher energies is mainly governed by the Cu-Pd forces
the Cu top and third layers is ruled out by symmetry con-which increase substantially.
straints. The calculations show an expansion of both the first To illustrate the changes in the phonon spectrum we have
and the second Cu-Cu interlayer distances relative to thealculated the local phonon densities of sta@®©S) up to
bulk unlike the case of a clean D0 surface where the top  the fourth layer. They are presented in Figs. 4 and 5 together
interplanar separation is contractédThe changes ard;,  with that for the central layefdotted line. As one can see
=1.4% andd,3=2.8%. Our values are smaller than thosethe layer DOS start to settle at the third layer where there are
obtained in Ref. 18 using tensor LEED analysid;j( only small differences from the bulk DOS. The force con-
=3.3% andd,;=6.6%), but the tendency is the same. Thestants are found to restore to their bulk values at the third
change in the second Cu-Cu distance is larger than that in tHayer too. The largest differences compared to the bulk occur
first one due to the buckling effect. The deeper interlayeiin the mixed CuPd layer in the case of a surface allélg.
spacings are very close to the bulk Cu. The rippling in the4) and in the two outermost layers for an underlayer alloy
mixed CuPd layer where the Pd atoms move inwards frontFig. 5. We have calculated the phonon DOS for Cu and Pd
the surface and the rippling in the fourth layer where the Cuatoms in the mixed layers separately. The vibrational modes
atoms located just below the second-layer Pd atoms mowelated to the displacements of atoms in the mixed CuPd
upwards(see Fig. 1 are found to be small and do not differ layers are present everywhere from low frequencies to the
substantially:5,=0.03 A ands,=0.02 A. Our results are in high-energy gap. In the case of a surface alloy the main
reasonable agreement with the tensor LEED study of Barnefgature is the pronounced low-frequency Pd peak below the
et al,'® except for the magnitude of the rippling in the fourth bulk DOS. It is shifted to lower frequencies compared to the
layer which is surprisingly large in Ref. 185(=0.2  corresponding Cu peak which lies close to the bulk trans-
+0.1 A). verse bands. In the upper frequency range, the phonon modes
The calculated values of surface phonon frequencies atonnected with vibrations of Cu mixed layer atoms are
the symmetry points are summarized in Table | and the dismainly situated, except for the surface state, at the energy
persion curves along high-symmetry directions are shown igap (~26.06 meV). In the case of an underlayer alloy the
Fig. 3. As in the previous case a group of modes is foundnost pronounced peak is connected with the top-layer Cu

Frequency (meV)

FIG. 3. Calculated phonon-dispersion curves for the
Cu(100)€(2x 2)-Pd underlayer alloy. Surface states are shown b
filled circles.
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FIG. 4. Local density of states(solid lineg for the FIG. 5. Local density of states(solid lineg for the

Cu(100)€(2x2)-Pd surface alloy together with the bulk DOS Cu(100)€(2x2)-Pd underlayer alloy together with the bulk DOS
(dotted line$. The solid and dashed lines for layer 1 show the (dotted line$. The solid and dashed lines for layer 2 show the
phonon DOS for Cu and Pd atoms, respectively. phonon DOS for Cu and Pd atoms, respectively.

IV. CONCLUSION

vibrations in the direction perpendicular to the surface. As

for the mixed layer density of states it is more bulklike than present the results of a comparative study of the struc-
that in the previous case. Thus unlike the surface alloy the, 41 and vibrational properties of a Cu(106)2% 2)-Pd
fre_quencies of Cu vibrations a_long the surface normal arg,iface alloy and an underlayef2 x 2) alloy with a mixed
shifted to the higher energies in the case of an underlayet,pd second layer. Analysis of the interatomic interactions
alloy. The measured high-frequency shear vertical modghowed a very strong Cu-Pd bonding compared to the
which grows upon annealing of the Cu(10€)2X2)-Pd  nearest-neighbor Cu-Cu interactions. From the calculated lo-
surface appears at 15.88 meV. So this high-frequency peatal phonon densities of states we find that the layer DOS
can be related to the vibrations of pure Cu over the mixedstart to settle at the third layer where there are only small
CuPd layer. differences with the bulk DOS, and the force constants al-
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most restore to their bulk values. In the case of ain intensity of this mode upon annealing of the
Cu(100)€(2x2)-Pd surface alloy the largest differences Cu(100)€(2x2)-Pd surface suggests a temperature-
compared to the bulk occur in the mixed CuPd layer and thénduced transition from &(2x 2)-CuPd surface alloy to an
main feature is the pronounced low-frequency Pd peak begnderlayerc(2x 2)-CuPd alloy, consisting of a mixed sec-
low the bulk DOS. In the case of an underlayefZ ond |ayer Capped byaCu mono|ayer_

X 2)-CuPd alloy the most pronounced peak is connected

with the top-layer Cu vibrations in the direction perpendicu-

lar to the surface. The results also indicate that the energy of ACKNOWLEDGMENT
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