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Theory of surface vibrations in epitaxial thin films
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Recent inelastic helium atom scattering measurements of the phonon dispersion curves of epitaxial thin films
(2—30 ML) of four different types of systems are analyzed within the framework of a force constant model.
Whereas Na/Ci001) shows nearly flat dispersionless modes with frequencies af theint that follow the
open standing wave sequence, the other systems P/QuAr(Kr)/Ag(111), and KBr/NaC{001) reveal a
more complex behavior. These qualitative differences can be explained in terms of a simple linear chain model
in which the behavior is determined by the strength of the force constant coupling of the thin films to the
substrate relative to the force constant within the films. Detailed slab calculations for (8@ACaonfirm this
model and indicate that the observed flat phonon dispersion curves are related to the strength of the interface
interaction and bcc structure of the epitaxially grown Na thin filp$0163-182896)05728-1

. INTRODUCTION and Xe on RiL11),>*?° and have also been analyzed using
force constant modefs.

With the development of molecular beam epitaxial Measurements of thin-film phonons also have been car-
(MBE) growth techniques in research and technology, théied out using EELS for the following metal systems:
physical and chemical properties of epitaxial thin films areAg/Ni(00D,?° ~ Fe/Cu001,”"  Co/Cu001,”®  and
currently being studied in great detail by various experimenNi/Cu(001.2°%" In all cases only a few modes could be
tal and theoretical methods. This research is motivated by observed and no loss peaks were found at the zone center.
a desire to understand the large variety of physical propertieshe magnetic films Fe/GQ01) and Ni/Cu001) differ from
in epitaxial film systems, which are associated not only withthe other systems and those to be discussed here in that the
essential characteristics of the epitaxial material, such aers are stiffer than the substrdfeRecently, for a number
quantum size effects, but also with interface interactions beof epitaxially grown films HAS phonon measurements have
tween the epitaxial film and the underlying substrate. ManyProvided complete dispersion curves including thepoint.
experiments have so far been carried out to detect the struEor example, in one recent study by Safietal.”® of films
tural, vibrational, and electronic properties of thin film sys-of 2, 3, 4, and 7 ML of KBr on Na@0D01) well-defined
tems. The effect of quantum-size restrictions on electroni®€aks were observed, which were attributed to Rayleigh-like
states have been observed in photoem|5§‘|‘6?~opt|ca| sec- modes. At thd” pOint the Raylelgh mode exhibited a distinct
ond harmonic generatidi® high-resolution electron energy- 9ap, which decreased with increasing overlayer thickness.
loss spectroscopy*t electron tunneling?*3reflection high- ~However, in more recent HAS investigations of surface
energy electron diffractioft and helium atom scatterify Phonons in epitaxially grown Na films on a @@1) sub-
(HAS) experiments_ Because of the stress induced not on|§trate an entir6|y different behavior was reported by Benedek
by the structural mismat¢fi2®but also by electronic inter- et al>* For these very soft Na films nearly_dispersionless
face interaction§/?° an epitaxially grown system is ex- Phonon modes were observed starting at thepoint for
pected to show large deviations in the vibrational propertie$hicknesses varying from 2 to 30 ML. The modes were at-
compared to the bulk. The first successful inelastic He scattibuted to standing waves with longitudinal polarization di-
tering measurements of epitaxially deposited films were retected perpendicular to the film surface. Between 2 and 20
ported by Gibson and Siberféf?in 1985. For MBE grown ML the frequencies of the standing waves at theoint are
overlayers(l, 2, 3, and 25 ML of heavy rare gases on a Very well approximated by the following expression:

Ag(111) surface they were able to measure the layer-by-layer

evolution of the surface-phonon dispersion relations for rare- 2n—1 7o

gas films physisorbed on Atll) across the entire surface wn(N)= N 2a*’ n=12,...N, (1)
Brillouin zone (SBZ2). At the I" point, the frequency of the

mode that evolves into the Rayleigh wave decreases moneorresponding to an open-ended standing wave harmonic se-
tonically as the film thickness increases, falling as expecteduence, which was referred to as “organ-pipe” modes. Here,
to zero in the limit of infinite thickness. For the rare-gasN is the number of monolayers, a phase velocity, and*
atoms, the A¢l11) surface appears to be nearly perfectly an effective interplanar spacing. Surprisingly a similar HAS
smooth with a potential barrier between adjacent sites oftudy of Pb/C(111) (Ref. 35 did not show the open stand-
only about 30 me\2 Thus it is a good approximation to ing wave sequence but rather a dispersive behavior similar to
assume that the substrate provides only a physisorption holdkhat found for A(Kr)/Ag(111) and the insulator system dis-
ing potential directed normal to the surfas&z), which  cussed above. _

binds the rare-gas atoms to the underlying substrate surface The experimental lowest frequencieg N) at thel” point
plane. Similar results have since been reported for Ar, Krfor these four different types of epitaxial multilayer systems
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the film thicknesN ™~ with v between 0.5 and 1.0. In addi-
tion, alkalis on graphité* NaCl/G&001),*® Pb/Gé111)4°
and NiO/Ag00]) (Ref. 47 have recently been investigated
e @ KBr/NaCLI00T) with helium atom scattering. We have not analyzed these
data here since for the alkalis on graphite no shear vertical
modes at thd” point were found, while for NaCl/G801)
and NiO/Ag001) the measured data at tlhepoint are still
too sparse to determine an accurate dependence on overlayer
numberN, and for the Pb/G@11) system a behavior similar
e to Pb/C111) was observed. It is indeed surprising that so
S~y far only the Na/C(001) system exhibits the open standing
= a4 wave (organ-pipé sequence in the vibrational frequenctés.
In view of these differences and the novelty of these sys-
10 15 tems we have adopted a simple Born—von Karman force
Number of Overlayers N constant model in an initial attempt at understanding these
_ effects. Of course, we realize that recent HAS studies of
FIG. 1. The lowest measured frequenciggN) at thel’ point  phonons on the transition-metal surfaces have shown that it

normalized by the measured or assumed vibrational frequeRcy s also important to explicitly include the electronic degrees
(wo= VK;/m,) of a single monolayer are plotted vs the number of 5¢ freedom in describing phonons in met&is5! However,
the overlayer$\ for Na/Cu001), KBr/NaCl(001), Pb/Cu1ll), and  these effects are not expected to be of great importance for

Ar(Kr)/Ag(111) systems. insulator systems nor for nearly free electron méetalsith

the possible exception of Pb/Cl11), which is presently un-
versus the number of overlaye¥sare shown in Fig. 1. Some der detailed study?
important physical properties of these systems are collected This paper is organized as follows. In Sec. Il we first
for later reference in Table |. As seen in Fig. 1 the lowestpresent a systematic theoretical analysis of the surface vibra-
shear vertical vibrational frequencw,(N) of the Na/ tional properties at thé' point for all the above-mentioned
Cu(001) system at thd™ point varies with the number of Na epitaxial film systems, within the framework of a one-
monolayers alN ! as expected from Eq1). However, for  dimensional force constant model. In order to gain insight
Ar(Kr)/Ag(111), KBr/NaCl(001), and Pb/C@l1]) the open into the dispersion curves of the vibrations polarized normal
standing wave law Eq(l) does not apply. For example, a to the surface as the wave vector approaches the zone bound-
similar plot of the experimental data of 2-, 3-, 4-, and 7-ML ary, this model is extended to a three-dimensional slab. In
KBr overlayers on Na@001) shows a decrease of the lowest Sec. Il we present a three-dimensional slab calculation for
frequenciesw,(N) proportional toN~Y2 In the case of the the Na/C001) system and compare the results to the avail-
Ar(Kr)/Ag(111) multilayer system$1—3 ML) the lowest fre-  able experimental data. We test the rigid substrate assump-
guenciesw;(N) at thel” point are found to be proportional to tion and discuss the influence of acoustic impedance mis-
N~ with y=0.85, which is very similar to the value of matches to the surface phonon densities of states of the thin
v=0.89 for the Pb/C(111) multilayer system. Thus, in these films for this system. Finally, a brief conclusion summarizes
four different epitaxial systems the-point frequencies for the main points of this investigation. A preliminary account
each system have a characteristic functional dependence @vas reported in Ref. 54.

10

—B—Ar (Kr)/Ag (111}

—-¥—Pb/Cu {111)
—&—Na/Cu(001)

o
[3,]
!

Reduced Phonon Freq. w;(N)/«w,
o
[am)

o
(841

TABLE I. Some important physical properties of materials for the four epitaxial systems consigered.
(g/cm3) is the mass densityd (10" dyn/cn?) the bulk moduluswy, (meV) the maximum bulk phonon
frequency.a is the direction normal to the surface of the epitaxial systeg(10° cm/g andZ (10° g/cn? 9)
are the longitudinal sound velocity and acoustic impedaicedv ) in this direction, respectively.

Materials Structure e B wm a v z

Ar fcc 1.65 0.2? 8.4 [11]] 1.44 2.38
Kr fcc 3.4 0.35 6.21° [111] 1.47 4.99
Ag fcc 10.49 9.93 22.C¢ [111] 3.97 41.65
KBr fcc 2.75 1.6 20.9 [001] 3.55 9.76
NaCl fcc 2.16 2.5 32.1 [001] 4.75 10.26
Na bce 0.97 0.52 15.66 [110] 3.91 3.79
Cu fcc 8.95 139 29.78 [001] 4.33 38.75
Pb fcc 11.48 4.3 9.03 [111] 2.32 26.63
Cu fcc 8.95 139 29.78 [1171] 5.15 46.09
8Reference 36. ®Reference 40.

bReference 37. Reference 41.

‘Reference 39. 9Reference 42.

dReference 38. hReference 43.
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II. SYSTEMATIC THEORETICAL ANALYSES Model A Model B

A. The linear chain on a rigid substrate

§
7

At the F_point, the vibrations of a multilayer system are

simplest to describe since all the atoms within a given layer N-1 ) Ko N mo i
vibrate with the same phase and amplitude, and there is no %\Kf
mixing between vibrations polarized normal and parallel to N-2

the surface. Therefore, at thé point the multilayer system i

Z
[
3
w
=
3

can be considered in the same way as the usual textbook

problem of a linear chain of atoms, where the force constants 2 4
describe the coupling between the lay&3he equation of «
motion of this one-dimensional system can be written as (=1 e K «
d2u,, % 7 N'mo & K
m ——m=- K U7, 2 el 0
| "ae2 |2 all’Ual 2 " % )

whereu,, is the displacement function of the atom in ftltle

p|ane a|0ng thex Cartesian directionml is the mass of an FIG. 2. The schematic diagraa) of model A of a linear chain
atom in thelth plane, and ' is the effective force con- ©na rigid substrate andy) of model B of a linear chain with a soft
stant between th&h andl’th ’planes for vibrations in the _substrate_. Bc_Jth models are for the vertical vibrations af theoint
direction, which in the present case is directed normal to thé? the epitaxial films.

surface of the epitaxial film. The effective interplanar force

constant can be expressed as u=(u-e'9 +u_e '4)e', )
wherel=1,2,...N. In contrast to an infinite chain in which
K, ”,:_E ®,,00;n'l"), (3) the phase angle is continuous, here the phase angle is dis-
' n’ crete. In Eq.(5) g, is assumed to be the lowest root, which

has to be determined from the boundary conditions. If the
displacement function of Eq5) is substituted into Eq(2)
for1=2,3,...N—1 (i.e., neglecting the displacements of the
particles at the boundarigswve obtain the same solution as
for a linear chain,

where®,,(0l;n’l") is the interatomic force constant matrix
element describing the interactions between thth Gand
n’'l’th atoms vibrating along the direction. Heren’l’ de-
notes then’th atom in thd 'th plane, 0 the reference atom in
thelth plane, and the sum is over all thé atoms in thd'th
plane. For two-body central potentials, the interatomic force 4K sif(q,/2) = mw?, (6)
constant matrix elements can be expressed in terms of the i _ _ ]
radial force constantg(R) and the tangential force constants Where m is the mass of an atom in the chain, agdis

a(R).%®5" Thus, the effective interplanar force constants fordiscrete. _ _ . _
I#1’ are given by In order to obtain a solution that also describes the motion

of the atoms at both ends of the chain &N andl =1, we
find that it is expedient to assume that the atorh=aN has

(48  the same amplitude as a fictitious atoml aN-+1.%* This
leads to the condition

R2
1— R—;’) a(R)

R2
=2 BR)+

(SEDY

n!
and from translational invariance i i ;
uy=[u=e9N+u_e '9Njel !
— ig,N4iq —ig,Na—iq iot
Ka,n:—z Kot (4b) =[u-e'9Nelz+y_e 19Ne 9] “t=yy,,, (7)

"l with the solutionu. =u. e'922N*1)_ Substituting it into Eq.
whereR is the distance between thétb andn’l’th atoms, (5) the displacement function is now given by
andR, is the corresponding componentRfin the « direc- o ietraia . aig
tion. The functional dependence gfand « on R takes ac- u=u-e“ete+e (1 -2N-1)]. ®
count of whether nearest-neighbor or next-nearest-neighbogubstituting Eq(8) into Eq. (2) for bothI=1 andl=N we

etc., interactions are included. then get
To achieve a general and systematic analysis, we consider
a linear chain ofN atomic layers with an effective nearest- 2 sin(q,/2)sin(g,N)=(K;/Kg)cogq,(N—3)]. (9

neighbor interplanar force constaly. For simplicity, we
start by considering the substrate as a rigid wadbdel A),
and label the interplanar interface force constant Kittisee N2=K /K. (10)

Fig. 2(a)]. The solution of the equation of motion with a free z

boundary at=N and a fixed boundary &t=0 consists of the Then we can use E{6) to obtain the following expression
superposition of two waves with amplitudes andu_ trav-  for the frequencies corresponding to wavelengths satisfying
eling in opposite directions with the phase angles,| and  Eq. (10) as a function olN:

—q,l (g,=ka*, wherek is the wave vectora* the spacing 5 )

between the adjacent planggespectively, w1(N)=Koq,/m=K;/(Nm). (11)

For q,—0, Eq.(9) reduces to
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This equation implies that all the atoms in the chain move in

unison with a total effective massm.
To solve Eq.(9) in general it is useful to rewrite it as

(2— K¢ /KO)Sin(QZ/Z)Sin(QZN)

=(K;/Kp)cogq,/2)codq,N). (12

For the special case dk{/Ky=2, this equation has the

simple solution cog(,N)=0, which requires
2n—1
2N

wheren=1,2,3...,N. As before we substitute E¢13) into
Eq. (6) to obtain

q.= T, (13

wp(N)=w)y sin (14

2N 2
where wy, = J2K;/m. For the lower-order {<N) vibra-
tions, Eq.(14) can be written approximately as

2n—1 77}

wn(N)~wy (15

2n—1 7
2N 2|

This is just the case of open standing wave mddéds. ad-

dition, for the lower-order rooté&smalln) the phonon disper-

K,/Ko

0.6 -

0.2

0.0

Reduced Phonon Freq. w;(N)/w,

15

Number of Overlayers N

FIG. 3. The lowest calculated frequenciegN) at thel” point
normalized by the vibrational frequenayy (wo= VK;/m,) of a
single monolayer are plotted vs the number of the overlayefsr
different ratios between interface force const&ptand intrafilm
force constank.

force constanK; and film interplanar force constaKt, are
shown in Fig. 3. It is interesting to observe the striking simi-
larity to the experimental data of Fig. 1. In all cases the
frequencies decrease with increashglue to the increase in

sion curve is approximately linear. The phase velocity can b&he effective mass of the film. With increasing rake/Ko,

derived from Eq(6) as

_do [4K,a* dz| a* d, a*
U—m— F?CO ? —wM7CO E~wM7.
(16)
Therefore, Eq.(15) is consistent with Eq(1) obtained by

the lowest vibrational frequencies decrease more rapidly
with the number of overlayers. For very thin filfid=1,2),

the interface couplind; has the greatest influence on the
vibrational frequencies, especially for larg€/K,. For
thicker films, the relative decrease in frequencies with in-
creasingN is greatest for the largest valueskf/K,. If the
results of Fig. 3 are plotted on a double logarithmic scale the

continuum theory. Thus within the framework of the force points forN=2 all fall on a straight line. Figure 4 shows the
constant modelK{/K,=2 is the force constant condition for slope y of these curves as a functions of the logarithm
the appearance of the open standing wave modes in &;/K,.>® Figure 4 suggests that a behavior similar to the

multilayer system.

open standing wave may also be found #y/K,>2 but

From this model of a one-dimensional chain on a rigidwith y=1.1. The more extreme situatidf;/K,>2 is not
substrate, we can now understand the differences betweensidered further in this article. Table 1l summarizes the

the experimental data at thepoint for KBr/NaCl001), Na/
Cu(001), Pb/Cy111), and AK(Kr)/Ag(111) multilayer sys-

experimental values of andK;/K, for the four systems in
Fig. 1.

tems. According to Eq(9) the relation between the vibra-  Figure 5 displays the vibrational densities of states of the
tional frequencies and the overlayer thickness dependstoms at the surface calculated for two different ratios of
sensitively on the ratioK/K,) between the interface and force constant¥/K,=0.1 and(corresponding to the open
interplanar force constants. In one limit the coupling to thestanding wave interface conditipriThe vibrational density
substrate is negligible, i.eK is very small(K{/Ky<2);in  of states at the surface is defined by the following equation:
the lowest-frequency vibrational modes all the atoms of the
overlayers move in unison and the corresponding frequencies
w;(N) are just proportional to 3N. This represents the case
of the KBr/NaCl001) system. The other extreme occurs
when the coupling to the substrate is strong &dK, is Here,w is the frequencyy; is the frequency of thgth mode,
equal to about 2. In this limit the amplitudes are almost zerandu; (I =N) is the related displacement for the surface atom
at the interface, and vary throughout the film according to thé=N. In Fig. 5 the length of the horizontal bars at the cor-
open standing wave behavior, as in the case of Na oresponding frequency is proportional to the calculated square
Cu(00]). The cases of AKr)/Ag(11l) and Pb/C(l1l) are  of the vibrational amplitude of the shear vertical motion at
intermediate withK{/K,<2, but not too small. the surface(normal to the surface plapeOne can see that
To understand this general relationship in more detail, wehe distribution of vibrational frequencies depends sensi-
solve Eq.(2) numerically for the simple one-dimensional tively on the ratioK;/K, between the interface and the film
interplanar force constant model with a rigid substrate. Thenterplanar force constants, especially for the lowest-
calculated lowest frequenciaes;(N) versus the number of frequency vibrations. Generally, the lower-frequency vibra-
epitaxial overlayers for different ratios between interfacetions have larger displacement amplitudes at the surface. For

N
ploN)=2, [ui(1=N)[*6(w; - w). (17



54 THEORY OF SURFACE VIBRATIONS IN EPITAXIA . .. 5055

TABLE Il. The measured functional dependence parameter

1.2 LN 2 N B B N L B ) B B and the fitted force constant ratld;/K, using a rigid substrate
| O O O model (model A).
o
1.0 EI/ ] KBr/NaCl(001) Ar(Kr)/Ag(111) Pb/Cy111l) Na/Cu00l)
i El/ b Y 0.5 0.85 0.89 1.0
/ 1 K/Ko 0.1 0.77 1.14 2.0
yosr d
/ of test calculations based on model B were carried out to
06— | ] study the error introduced by the rigid substrate approxima-
[J/ i tion (model A). The vibrational dynamics of the linear chain
0 I.L | | | | in model B is determined by five parameteks;, m,, K¢,
. 1 11 111 1 11 111 1 11 . .
102 107 100 107 102 10° K, andmg so that the total number of possible calculations

Ke /K is very large. For simplicity we present only the results for
f/ 0o the surface phonon densities of states assurigigK, for
_ two different ratios of massa®/m,=5 andmy/m,=1. As
_ FIG. 4. The parametey as obtained from the slope of the loga- Fig. 5 the interface force constants are chosel 4% q
;:hn;] of t.rtf Calfcl\l]"‘fitei ftrtecéuency fOf ”:.e lov‘;etsht mogz r;fzbvs =0.1 andK{/K.=2. The calculated results are shown in
€ logarthm OflN 15 plotted as a function of the ratiQ/%o be- — rios 6 and 7, respectively, and compared with the corre-
tween the interface force constdff and the film interplanar force - . . -
sponding calculations of Fig. 5 for the rigid substrateodel
constantK (Ref. 58. ! X
A). The interplanar force constants, the atomic masses, and

the open standing wave modes the amplitudes of the dighe corresppnding acoustic impedance mi_smatches used in
placements of the surface atoms are largest in the lowesihe calculations for model B are collected in Table Ill. The
frequency modes, especially for the thin films smal).  acoustic impedance mismatch is defineddy|Z,—Z//Z;,
Since HAS is especially sensitive to the shear vertical disyvhereZo and Z, are the acoustic |mp_edances of the over
placements, these low-energy modes show up as stror{ayer and substrate materials, respectively. The acoustic im-

peaks in the experimental time-of-flight spectra. pedanceZ of a linear chain is proportional tgKm,*® where
K is the force constant, amth the mass of the chain atom.

Thus, Figs. 5, 6, and 7 encompass both acoustic impedance

mismatches 06=1.00, 0.55, and 0 as well as different ratios
In order to test the rigid substrate approximation and exof film to interface force constants.

amine the effect of a soft substrate a more realistic model The calculations in Figs. 6 and 7 reveal the striking dif-

[model B, see Fig. ®)] is studied next. The model consists ferences between model A and model B. In every case the
of a linear chain ofNg substrate atoms of mass, with N soft substrate leads to a broadening of the distribution of the
overlayer atoms of mass, at each end. The nearest- phonon density of states, and the maximum amplitudes of
neighbor interplanar force constants in the overlayer and thgurface phonon densities of states of the overlayer obtained
substrate ar&, andKg, respectively. The interface interpla- for the rigid substrate are reduced accordingly. The effective
nar force constant is now labeled By . A value of 200 for  error in the frequencies introduced by the rigid substrate ap-
N, is chosen in order to simulate a thick substrate. A serieproximation depends sensitively on the acoustic impedance

B. The linear chain on a soft substrate

T T T 1 1.5 T I
K;/Ky=0.1 K,/Kg=2

[0

- L | n=t I I FIG. 5. Calculated vibrational
- 3 ) densities of states at surface for
4 3 5 i -+ the one-dimensional chains on the
B rigid substrate fora) K{/Ky=0.1

— - [ 2 - and (b) K{/Ky=2. The frequen-
2 1 ~ cies are normalized bywy (wq

- 0.5 + = =K;/m,). The horizontal bars
- - " are directly proportional to the
nei - - L |1 B density of states plotted from left

— to right.

tLELLLL N

0 0.0
12345678910a) i 2 3 4 56 6 7 8 9 10

B
1
T
o
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Reduced Phonon Freq. w_ (N)/w,
n
T
T
1]

b)

Number of Overlayers N



5056 N. S. LUO, P. RUGGERONE, AND J. P. TOENNIES 54

LI B - v
o ms=5m, rn's=m0
N . o
= { P FIG. 6. Calculated vibrational
~a > e q b P e P ) | densities of states at the surface
a. n=2 1 b n=2 4 ] for the one-dimensional chain
g = P P P 4 > P > p model of a thin overlayer on a soft
a4 3 P . s 4 substratésolid curve in compari-
> p > b i o

d b > son with those on a rigid substrate
2 = < s = | P P (horizontal bars In both (a) and
é - g N > L (B) Ko=Ks, Ki=0.1K,. In (@

] > Pk | - > L Ms=5m,, gnd the impedance
v 2 > - mismatch is §=0.55. In (b)
3 n=1 > b S n=t > > b ms=m, and 6=0.0. The frequen-
® t p cies are normalized bywy (w,
e k - ! ?’ - =K{/mg). The horizontal bars

23 45678 9 10 a) 1234567 8 910y, are from Fig. 5.

Number of Overlayers N

mismatch and the interface force constant. When the intereomplete disappearance of mismatch the overlayer modes
face force constant is very smdBee Fig. 6, the substrate are almost entirely adsorbed by the substrate. They would
has only a slight influence on the peak frequency positions oflisappear entirely iK;/Kq=1 andm,/ms=1 since in this

the surface phonon density of states, but the peak intensitiemse there is no longer an interface. As to be expected, the
are reduced significantly, especially for the lowest-frequencylifferences between the results for model A and model B
modes. Thus, the, modes are especially broad. This is dueincrease with decreasing acoustical mismatch and increasing
to their small wave vectog,, which means that the waves interface interaction strength. An example of a thin-film sys-
penetrate farther into the substrate and couple strongest witem corresponding to a small acoustic mismatch is that of the
the substrate. Figure 7 shows calculations for an interfaceeavy alkali atom$Cs, Rb, and Kon graphite, yet the HAS
force constant that is twice the force constant of the film andexperiments did not pick up any mode at fhgpoint** This

of the substrate. In this case the lack of rigidity of the sub-could well be due to smearing of the phonon density of states
strate has a great effect on both the frequency and the inteas illustrated in Fig. 7.

sity distributions of overlayer surface vibrations. For the case Thus the validity of the rigid substrate approximation will

of an intermediate mismatctsee Fig. 7 the frequencies in depend on the ratios between the acoustic impedances of the
the soft substrate calculations are significantly shifted upsubstrate and of the thin film and to some extent on the
wards. As in Fig. 6 the broadening of the density-of-statesiature of the interfac® Table | lists the relevant physical
distribution is largest for the lowesfn=1) frequencies. properties(density of massp, bulk modulusB, maximum
When there is no impedance mismatch as in Fig. 7, the frephonon frequencyw,,, orientations of overlayer and sub-
guencies are shifted downwards by a large amount and thstrate, longitudinal sound velocity,, and acoustic imped-
density of states vanishes almost completely. Because of ttence Z=pv,) of the overlayer and substrate materials

o
I

T T T T T
2 ms=5m, I mg=m,

D i FIG. 7. Calculated vibrational
D > - [ ] densities of states at the surface
s for the one-dimensional chain
— - - L - model of a thin overlayer on the
soft substrate (solid curve in
[ - comparison with those on the
B '_ rigid substrate(horizontal barg
In both (a) and (b) Ko=K; and
K{=2Kg. In (@ mg=5m,, and
| the impedance mismatch is
- 6=0.55. In(b) mg=m, , and5=0.
’—— >7 — The frequencies are normalized by
" >_ - | - g (wo=+K;i/my). The horizon-
0.0 tal bars are from Fig. 5.
12345678910a)1234557591ob)
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TABLE lll. The chosen parameters of model B for the calculations in Figs. 6 and 7.

Ko my K¢ Ks ms é
Model A Ko m, 0.1K, o 1 Fig. 5@
Model B Ko m, 0.1K, Ko 5m, 0.55 Fig. &)
Model B Ko m, 0.1K, Ko m, 0 Fig. €b)
Model A Ko me 2Ky % 1 Fig. 5b)
Model B Ko Mo 2Ko Ko 5m, 0.55 Fig. 1@
Model B Ko my 2Ko Ko my 0 Fig. 7b)

needed to apply these models to the four epitaxial systems iratios of force constants;/K,=0.1 and 2(corresponding to
the present paper. Table 1V lists the acoustic impedance migshe open standing wave conditjoare shown in Fig. &)—
match & and the reflection coefficient R=(Z,—Zs)/  8(f) for 2, 3, and 4 ML on a rigid substrate. The wave-vector
(Z,+Z)] for the four multilayer systems. One can see thatrange in which the vertical vibrational amplitudes on the
the Ar(Kr)/Ag (111) and Na/C@001) systems have much surface are above 25% of the maximum have been empha-
larger reflection coefficients at the interface than KBr/sized in the dispersion curves by solid lines, since they are
NaCl(001) and Pb/C(111). Therefore, the rigid substrate ap- expected to show up as especially intense features in inelas-
proximation should be a reliable assumption for the formettic helium atom and electron impact scattering. In general
two systems. In summary, there are in fact two conditions fophonons at wave vectors removed from the zone origin and
the appearance of the open standing wave modes: one iszane boundary are no longer either only vertically or longi-
large acoustic impedance mismatch, the other is that the ratidinally polarized, but are a mixture of both. The compli-
K¢/K, between interface interplanar force const&ntand cated shape of the solid portions of the curves in Fig. 8
intrafilm interplanar force constaht, is close to 2 or larger reflects this as well as a significant hybridization occurring
than 2. when modes with different well-defined polarizations at the
Since both model A and model B provide qualitatively zone edges come near to each other at intermediate wave
similar pictures for the frequencies of overlayer systekys, vectors. With increasing values of the wave vector the shear
in model A may be looked upon as an effective couplingvertical polarized modes at thE point (indicated byV;,,
parameteK; . Thus, if the same measured frequencies veri=1,...N) transfer their polarization by hybridization and
sus the number of overlayers are fitted by both models, quarsther mixing effects to modes that at the zone origin were
titative differences in the effective interface force constantsnot polarized in the shear vertical direction.
appear K{#K;). The error A =|K;—K{|/K{) introduced The overall shape of the Rayleigh wave dispersion curves
by the rigid substrate approximation depends on the acousti® Fig. 8 depends both on the interactions within the over-
impedance mismatch and the interface interaction. Onljyayer and on the interface interaction of the overlayer with
when either the acoustic impedance mismatch approachesthe substrate. Near thE point, the wave vector is very
(for example,m =) or the interface coupling approaches small, the wavelength very long, and the substrate has a large
zero(K;=0 andK; =0), then the substrate no longer has anéffect on the lowest-frequency vibratioiRayleigh wave.

effect on the overlayer vibrations, and the two models aréVhen the wave vector approaches the zone boundary, the
completely equivalent. vibrations become localized within the film and the effect of

the substrate diminishes. Accordingly the frequencies for
K{/Ky=0.1 and 2.0 in Fig. 8 are very similar at tie point,
whereas there are large differences atkhpoint. With in-

To gain more insight into the complete dispersion curvesreasing layer thickness, the surface is further removed from
of the shear vertical modes in thin films especially near thehe interface and the interface coupling at the substrate influ-
zone boundary, we have extended the one-dimensional forehces a progressively smaller fraction of the Brillouin zone
constant model to three dimensions for the example of a fcaear thel® point. It is interesting to note in both cases shown
(002) thin-film slab on a rigid substrate. For simplicity, we in Fig. 8 that at small wave vectors the lowest-frequency
consider only a single nearest-neighbor atom-atom forcehear vertical modes show a quadratic dependence on the
constantB, . According to Eq(4), in this case the interplanar in-plane wave vectotw=Q?). This appears to be related to
force constant for adjace®01) planesK is equal to B;, the rigidity of two and more layers towards bending forces.
and the interplanar force constants to the more distant planerhis effect has been discussed previously in connection with
vanish. The results along tH&M direction for two different layered compounds such as grapfite.

C. Full dispersion curves for a thin film on a rigid substrate

TABLE IV. The longitudinal acoustic impedance mismatcldesnd interface reflection coefficienis of
the four types of epitaxial overlayer systems.

Ar/Ag(111) Kr/Ag(111 KBr/NaCl(001) Na/Cu001) Pb/Cy11))

o 94.3% 88.0% 4.9% 90.2% 42.2%
R 0.89 0.79 0.02 0.82 0.27
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FIG. 9. Schematic diagrams of the first and second layers of a
; fcc (100 surface. Solid circles are the atoms at the surface, and the
3 ML|}/ open circles are the atoms in the second layer. Solid lines connect

the bonds between the nearest neighb@sA three-dimensional
picture. (b) A top view picture.

Phonon Wave Vector Q

two bonds normal to the wave vector along the direction
FIG. 8. Calculated phonon dispersion curves of (t80) over-  give no contribution to the corresponding dispersions. The
layers on a rigid substrate along thévl direction. The solid lines dispersion is small since it results only from the coupling
indicate the modes that have predominantly vertical vibrational amprovided by the two other bonds, which have a projection in
plitudes at the surfac®; (i=1,...N) labels theéth mode polarized the direction of the wave vector. According to this model the

normal to the surface. F¢a)—(c), K¢/K=0.1,(a) 2 ML, (b)) 3ML,  dispersion should be larger along tiX direction.
(c) 4 ML. For (d)—(f), K;/Kg=2 under theN open standing wave

Condltlﬁn-édt)) 2 M;-' (€ 3 ML, () 4 ML. The frequencies are |, pea| ISTIC CALCULATIONS FOR SODIUM FILMS
normalized byyB;/m. ON COPPER (001)

In Fig. 8 it is also apparent that the shear vertical modefa" Full dispersion curves for sodium films on a rigid substrate

with the lowest frequencw,, which evolves to the Rayleigh To fully explain the HAS data for Na/G002), the small
wave for a thick overlayer, has the greatest positive slopedispersion of the open standing wave modes as reported in
while the slopes of the shear vertical dispersion curves witlRef. 37 has to be accounted for. This requires a more refined
n>1 decrease with increasing frequencies. This is attributethree-dimensional slab calculation with at least two radial
to the hybridization of the lower-frequency vertical modesforce constant®? These were determined by a best fit of the
with the longitudinal modes, which have a strong dispersionbcc Na bulk phonon dispersion curnvEsyhich yielded val-

The higher-frequency modes that can no longer hybridize araes of 8)2=3.70 N/m between the first-neighbor atoms and
therefore flatter. This also explains why the dispersion curve@y?=0.43 N/m between the second-neighbor atoms. With
of vertical modes are more flat for the open standing wavehese force constants the differences between measured and
condition (K{/K,=2) where the modes are pushed upwardscalculated phonon frequencies were less than 3.4%. As dis-
in frequency than for the softer interface situationcussed above, because of the large acoustic misntaézh
(Ki/Ky=0.2). This suggests that the interface motionsTable ) the rigid substrate approximation is valid for this
strongly affect the dispersion curves for these thin films. particular system.

Finally we note that for a given force constant ratio HAS and LEED experiments suggest that the geometrical
K/K,, the slopes of vertical modes are also expected t@rrangement of the Na monolay&rsvolves with increasing
depend on the interlayer structure as well as the direction dil from a quasihexagonal fad11) structure at the interface
the wave vector. For example, in the case of a fcc thin filminto a (110-oriented bcc structure. The ideal bcc (&0
consisting of (001) layers shown in Fig. 9, the nearest- structure is shown schematically in Fig. 10. The structure is
neighbor bonds located within one of the planes do not convery similar to a hexagonal fdd 11) lattice, since the differ-
tribute to the vibrations normal to the surface, and only theence between the first- and the second-neighbor distances in
four nearest-neighbor bonds between each pair of adjaceat bcc crystal is only about 15% with,=0.88G, and
planes are involved in the vertical vibrations. Of these ther,=a,, respectively, whera, is the lattice constantsee
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tween the Na film and the extended rigid substta}8®S is
chosen according to the open standing wave interface condi-
tion (K¢=2ky),

KR = gNaRS— 2K §2=10.72 N/m, (19
wheregVaR9 is an effective radial force constant between an
individual Na atom and the rigid Cu substrate.

The calculated dispersion curves along ifé direction
of SBZ of Ng110 surface at different coverages, 2, 3, 4, 5,
10, 15, and 30 ML are shown in Figs. (Al-11(g), respec-
tively. The frequencies of the vibrations normal to the sur-
face (labeled withV;, wherei=1,...N) have the open
standing wave sequences at fhegpoint, in agreement with
the previously obtained results with the linear chain model.
In Fig. 11 the dispersion curves with predominantly shear
vertical character are emphasized by the broad solid curves
for N=<5 ML. The same general behavior holds for the thick
films. In order to verify the open standing wave behavior at
wave vectors approaching the zone boundary, the vertically
polarized component of the phonon density of stiseg Eq.
(17)] at the surface is shown for the example of 5 ML for
three different wave vectors in Fig. 12. As discussed in con-
nection with Fig. 8 the lowest-frequency modes increase

FIG. 10. Schematic diagrams of an id¢al0 surface of a bcc  slightly with wave vector, whereas the high-frequency
crystal. Solid circles are the atoms at the surface, and open circlafiodes decrease. However, the dependence on wave vector is
the atoms in the second layer. Solid lines connect the bonds berery small especially for the=2,3,... modes. Thus, Figs. 11
tween the nearest neighbors, and dotted lines between the secogfld 12 show a trend towards a dispersionless behavior al-
neighbors.(a) A three-dimensional picturéb) A top view picture. though not quite as flat as observed alongm direction.

A possible simple explanation for this unique behavior
Fig. 10. In the slab calculations we approximate the thin Nacan be found in the bcc structure. As discussed above in
films by a uniform slab of bc€110 planes. Then, according connection with the bulk phonons the dominant interaction
to Eq. (4), the interplanar force constant between adjacenin Na is between the nearest-neighbor ato(s$?=3.70
bce (110 atomic planes is calculated to be N/m), whereas the interaction between the second-nearest-
neighbor atomg52=0.43 N/m is only about 10% of the
4 former. For each Na atom in the b¢t10) planes(see Fig.
Klala:_ ﬁ?a+ﬁ§a:5_36 N/m. (18) 10) the four nearest-neighbor bonds located in the plane do
3 not contribute to the vibrations normal to the surface, and
only the two nearest-neighbor bonds between atoms in adja-
Note thatkK )@ involves only the interactions between adja- cent planes are involved in the vertical vibrations. However,
cent film planes. The interface interplanar force constant bethese two nearest-neighbor interplanar bonds give no contri-
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FIG. 11. Calculated phonon dispersion curves of bc¢1M@ overlayers on a rigid substrate along tABl direction with the force
constantg3)=3.70 N/m, 8Y3=0.43 N/m, andg"¥R9=10.72 N/m.(a) 2 ML, (b) 3 ML, (c) 4 ML, (d) 5 ML, (e) 10 ML, (f) 15 ML, and(g)
30 ML. The shear vertical vibrational modes for 2—-5 ML coverages are emphasized by the boldface lines.
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FIG. 12. Calculated phonon densities of states for the vertica,
componenthorizontal barsat the surface foa 5 MLE(llO) film
on a rigid substratga) At the I" point. (b) At the 0.d"N point. (c)
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This is supported by the He atom diffraction
measurement¥, which reveal that whereas the first Na
monolayer shows &(2X2) structure, which has a lattice
constant equal to that of the Cu substré8eés1 A), the sec-
ond and third layers show a number of closely spaced satel-
lites corresponding to a superstructure with a lattice constant
of 3.65 A. Low-energy electron diffraction experiments also
indicate that the lattice constant evolves gradually from 3.61
A to the value of 3.66 A, which is still smaller than the
lattice constant of a perfect Na latti¢®.71 A).%% Thus, the
compression and structural distortion resulting from the
Cu(001) substrate lead to a significant strain in the epitaxi-
ally grown Na films. This is favored by the anomalously
small cohesive energy, the bulk modulus, and the shear

odulus of sodium?® Strain induced by a lattice mismatch

etween substrate and film appears to be a universal
phenomenof®-1°

To account for the existence of substrate-induced strain,
we have adjusted the force constants between Na atoms in
the epitaxial film in order to fit the measured dispersion

bution to the dispersions along tlheN direction because of curves. To simplify the problem, we assume that the intra-
being normal to this direction. Thus, only the very weak j P b ’

interaction between the second nearest neighbors contribut{a'ngn strain is uniformly distributed throughout the film, and
to the dispersion in this direction. e force constants between all the atoms of the slab are

i-lssumed to have the same average value. The best fit to

The theoretical results are qualitatively in good agreemenweasured dispersion curves is achieved by the force constant
with the measured data. However, a quantitative compariso djustments:ABE‘a=+1.63 N/m (Aﬁ'falﬂﬁ‘a=+44%) and

with the experimental data shown in Table V indicates thaf" Na._ Nay HNa.__ o .

the calculated frequencies of the open standing wave mod m2 i;ﬁe_ro'g ial:l/?:)r((:Aeﬁ é é fgt;q:r i13288/ ?)8 Tﬁfmau%?éﬁdcgﬁe_
are generally 10%-20% smaller than the measured oneé. onds tc?a+51°/ increase when corﬁ ared t(; the bulk value
This is likely to be due to the considerable strain in the layer P 0 P

resulting from the fact that the fd©01) substrate has a dif- %'36 N/m. !n the fit the mterf_ace_ force_constant IS S'_”_‘“'ta'
ferent structure than the close-packed bcg 1@ films 53 neously adjusted so as to maintain the interface condition for

open standing wave modes:

TABLE V. Comparison between the measured and calculated
shear vertical vibrational frequencies at tepoint for the Na/Cu
(00D system.w,(N) denotes thenth shear vertical vibrational fre-
quency at thel' point in the system oN layers of sodium on
Cu(00)) surface =1,2,...N). The HAS measured data are from
Ref. 34. Columns “model A)” and “model A(Il)” are calculated

by model A without and with adjustments of the bulk force con- ) ) ) )
stants, respectively. Model Bee Fig. 2)] calculations are made 1he adjusted interface force constant is determined to be

with the same intrafilm force constants for Na overlayers as in16.16 N/m, which is 51% larger than the value of 10.72 N/m
model All). All the values are in meV. for an ideal film. The adjusted interplanar force constant of
8.08 N/m and interface force constant of 16.16 N/m differ

AKJARI= A gNARS = 2 A K}

=202AB A+ ABY¥=+5.44 N/m. (20

Modes HAS data Model &) Model A(ll)  Model B considerably from the values of 6.6 and 28.0 N/m, respec-
tively, crudely estimated previously for the strained films
1(2) 7.60 6.08 7.59 743 ysing a much simpler mod&f.
@1(3) 5.10 4.05 5.06 5.05 With these force constant changes, the phonon dispersion
w1(4) 3.60 3.04 3.67 3.66  curves of N&110) overlayers on a rigid wall at different
wy(4) 10.40 8.61 10.60 1071 coverages, 2, 3, 4, 5, 10, 15, and 30 ML, are calculated along
w4(5) 2.89 2.63 2.99 2.96  theT'N direction of SBZ of the N&L10) surface. The results
wy(5) 8.42 7.09 8.62 8.71  for the dispersion curves are shown in_Fig. 13. The numeri-
w1(10) 1.42 127 1.40 1.43 cal calculation of the frequencies at the point for three
wy(10) 4.21 3.67 4.43 4.42 different models are compared with all the experimental data
w3(10) 6.84 6.03 7.15 7.24 for N=2, 3, 4, 5, 10, and 15 in Table V. The adjustment of
04(10) 9.46 8.23 10.0 9.96 the force constants within model [see Fig. 2a)] leads to a
(15 0.95 0.89 1.01 0.98 significant improvement in the agreement with the experi-
wy(15) 2.97 2.28 2.91 2.96 mentall’-point data. For most of the frequencies in Table V
w5(15) 4.86 4.05 4.88 491 the agreement is better than 2—3%. For &4€10), w5(10),
w,(15) 6.49 557 6.75 6.86 andw,(10) modes the calculated frequencies are too large by
ws(15) 7.80 7.09 8.75 8.57 5% and the largest error is found for thg(15) mode, which

is 12%.
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FIG. 13. Comparison of HAS dat@olid circleg with calculated phonon dispersion curves of(NED overlayers on a rigid substrate
along thel'N direction with the force constant adjustmenig\2=+1.63 N/m,ABY2=+0.55 N/m, andA gN2R9 = 1+ 5.44 N/m.(a) 2 ML, (b)
3 ML, (c) 4 ML, (d) 5 ML, (e) 10 ML, (f) 15 ML and(g) 30 ML. The shear vertical vibrational modes for 2—5 ML coverages are emphasized
by the boldface lines. The measurements are from Ref. 34 and only those points are shown that are relevant for the present theory.

B. The linear sodium chain on a vibrating copper substrate the lower-frequency modes are relatively more strongly

To study the small coupling of overlayer and substrateCOl"pled with the substrate vibrations.

vibrations for the Na/C{®01) system, model B is applied in
a realistic calculation for a linear chain of 200 Cu atoms with IV. CONCLUSIONS

N Na atoms at each entN=12,3,..). The nearest layer In this work, we have carried out a systematic theoretical
interplanar force constant in Na films is taken as 8.08 N/m . e . .
analysis of the vibrational modes at thepoint of epitaxial

as determined in the above three-dimensional slab calculih

. . hin-film systems. A simple linear chain model has been
tion with model A. For the fcc Cu substrate, the measured, '+ pe capable of explaining the measured phonon fre-

bl,“k phonon dispersion c'ur\f@s:an b,e reproduced very well quencies at th& point as a function of film thickness for the
with only one nearest-neighbor radial force consat=28 four different epitaxial systems Na/@01),3 Pb/Cy111),%
N/m.*® Then, according to Eq4), the force constants be- Ar(Kr)/Ag(11D,222and KBr/NaC(OOl).33AII four films are
tween the C(00) planes are found to b&S'=287"  softer than the corresponding substrésee Table ). The
=56.0 N/m for the nearest-neighbor planes, and no interaanodel shows that the decrease of the frequencies with in-
tion for the other more distant planes. The only free paramereasing film thickness depends sensitively on the ratio of the
eter is the interplanar interface force constdfif", which
can be determined by fitting the experimental data. In this : 5
linear chain system, the vibrations of the Na overlayers are 20 ==2
all within the range of frequencies of the Cu substrate. We
have calculated phonon densities of states at the surface ver-
sus the number of overlayers from 1 to 15. The best fit to the'%'
measured data is achieved with the interplanar interface forceg =7t
constanthNacuz 15.0 N/m and the corresponding phonon : -3
densities of states at the surface are shown in Fig. 14. Asg.).'J
expected these densities of states are similar to the ope
standing wave state densities calculated with the rigid sub- : }\‘ r 2
strate approximation shown in Fig(aJ. By comparing the 2

[+]

: N

T
S

Phonon Frequency [THz]

104

results of model B with that of model A, the error in fitting

T
.

the interface force constant introduced by the rigid substrate
approximation in model A for the Na/Q@0l1 system is

identified as 7.7%. Hence, this realistic calculation has con-

. . . . . o]
firmed that the rigid substrate approximation is a useful de- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
scription of the Na/C(D01) system. The calculated frequen-

cies from model B are also listed in Table V. They differ by Number of Overlayers N

2% and agree better with the measured data than the model

A(ll) calculations as expected from the result presented in FIG. 14. Calculated phonon densities of states for the vertical
Sec. Il. In addition, in Fig. 14 one can see that the half widthcomponent at the surface of a linear chain Na/Cu/Na. Th@@i

of the peaks is larger in the lower-frequency modes, espesubstrate has 200 layers, while the number oflN8 overlayers
cially for the thin films(N smal). This feature reveals that varies from 1 to 15.
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film interlayer force constant to the force constant at thetheI" point contain considerable information on both strain
interface to the rigid substratésee Table . The theory within the intralayers and the relative strength of the inter-
furnishes a simple explanation of the HAS measured opeface force constant.

standing wave frequency sequence in Na epitaxial thin films More work is needed to understand the behavior in the
on CU00Y) in terms of a special relationship between thecase of films that are stiffer than the substrate. For both cases
interface and intrafilm interactions within the framework of of softer and stiffer substrates the influence of the substrate

the force constant models. The effect of the acoustic impedgiprations in situations where the acoustic impedance mis-
ance mismatch of the film to the substrate is also discusseghaich is not large still needs to be examined in detail.

In cases of a large mismatch such as irjk&k)/Ag(111) and
Na/Cu001) the coupling to the substrate modes can be ne-
glected. In addition, the full dispersion curves for 2—30 ML
Na on C1001) have been calculated for bcc (440 films.
Good agreement with experimental results can only be ob- N.S.L. and P.R. gratefully acknowledge the support of the
tained by increasing both the interlayer film force constantMax-Planck Society. We thank D. Paulmann for help with
and the corresponding interface constant by 50.7%. This insome of the calculations. The authors thank G. Benélek
crease is consistent with the observation of structural mistang), J. G. Skofronick(Florida), J. R. MansonClemson,
match at the interface, which is responsible for the strongand F. W. de Wett€Austin) for many valuable critical dis-
increase in the film force constants. The full dispersioncussions. We would like to thank V. CeliVirginia) for
curves in thel'N direction show that the nearly dispersion- suggesting the derivation of some of the equations in Sec.
less behavior is caused by the special interlayer structure df A. N.S.L. is also grateful to the support of the National
Na bcc films. The present work shows that the frequencies dcience Foundation through Grant No. EHR-9108764.

ACKNOWLEDGMENTS

*Present address: Department of Physics, University of Louisville??K. D. Gibson, S. J. Sibener, Burl M. Hall, D. L. Mills, and J. E.

Louisville, Kentucky 40292. Black, J. Chem. Phys33, 4256(1985.
TPresent address: Fritz-Haber-Institut der Max-Planck-Gesellschaft®H. Jonsson and J. H. Weare, Surf. Sk81, 495(1987).
Faradayweg 4-6, 14195 Berlin-Dahlem, Germany. 24K, Kern, P. Zeppenfeld, R. David, and G. Comsa, Phys. Rev. B
1s. Yoshida, CRC Crit. Rev. Solid State Mater. Stil, 287 35, 886 (1987).
(1985. 5B, Hall, D. L. Mills, P. Zeppenfeld, K. Kern, U. Becher, and G.
2M. H. Herman and H. SittetMolecular Beam EpitaxySpringer- Comsa, Phys. Rev. B0, 6326(1989.
Verlag, Berlin, 1989 26\W. Daum, J. Electron. Spectrosc. Relat. Phené#n271(1987).
SA. L. Wachs, A. P. Shapiro, T. C. Hsieh, and T. C. Chiang, Phys.27W. Daum, C. Stuhlmann, and H. Ibach, Phys. Rev. 1612741
Rev. B33, 1460(1986. (1988.
4S. A. Lindgren and L. Wallden, Phys. Rev. Leé8®, 3003(1987.  23M. H. Mohamed, J. S. Kim, and L. L. Kesmodel, Surf. S220,
5S. A. Lindgren and L. Wallden, Phys. Rev. Ldfl, 2894(1989. L687 (1989.
6S. A. Lindgren and L. Wallden, Phys. Rev.38, 3060(1989. 29¢. stuhlmann and H. Ibach, Surf. Sgil9, 117 (1989.
S.A. Lindgren and L. Wallden, J. Phys. Condens. Matte2151 30M. H. Mohamed, J. S. Kim, and L. L. Kesmodel, Phys. Rev. B
(1989. 40, 1305(1989.
8A. Hamawi, S. A. Lindgren, and L. Wallden, Phys. SER9, 339  3lY. Chen, S. Y. Tang, J. S. Kim, M. H. Mohamed, and L. L.
(1991 Kesmodel, Phys. Rev. B3, 6788(1991).
9A. Hamawi, S. A. Lindgren, C. Svensson, and L. Wallden, Acta®?G. W. Farnell and E. L. Adler, iPhysical Acoustigsedited by
Phys. PolA81, 7 (1992. W. P. Mason and R. N. TharstgAcademic, New York, 1972
107 Miller, A. Samsavar, G. E. Franklin, and T. C. Chiang, Phys.  Vol. IX.
Rev. Lett.61, 1404(1988. 333, A. Safron, G. G. Bishop, J. Duan, E. S. Gillman, J. G. Sko-
1lv. De Renzi, M. G. Betti, and C. Mariani, Phys. Rev4B, 4767 fronik, N. S. Luo, and P. Ruggerone, J. Phys. Chéif.2270
(1993. (1993.
2R, C. Jaklevic and J. Lambe, Phys. RevlR 4146(1975. 34G. Benedek, J. Ellis, A. Reichmuth, P. Ruggerone, H. Schief, and
134, Iwasaki, B. T. Jonker, and R. L. Park, Phys. Rev3B 643 J. P. Toennies, Phys. Rev. Lef9, 2951(1992.
(1985. 35N. S. Luo, P. Ruggerone, J. P. Toennies, and Ge Zlgangub-
14M. Jalochowski, E. Bauer, H. Knoppe, and G. Lilienkamp, Phys. lished; Ge Zhang, Ph.D. thesis, Max-Planck-Institiit ftro-
Rev. B45, 13 607(1992. mungsforschung, Gingen, 1990.
5B, J. Hinch, C. Koziol, J. P. Toennies, and G. Zhang, Europhys®American Institute of Physics Handbodid ed., edited by D. E.
Lett. 10, 341 (1989. Gray (McGraw-Hill, New York, 1972.
163, E. Black, A. Janzen, and P. Bopp, Surf. @59 371(199).  °7Y. Fuijii, N. A. Lurie, R. Pynn, and G. Shirane, Phys. Rev1@
L. yang, T. S. Rahman, and J. E. Black, Surf. S278 407 3647(1974).
(1992. 38J. Skalyo, Jr., Y. Endoh, and G. Shirane, Phys. Re@, R797
8D, D. Koleske and S. J. Sibener, Surf. S290, 179 (1993. (1974.
19, J. Schell-Sorokin and R. M. Tromp, Phys. Rev. Lé#, 1039 394, Bilz and W. KressPhonon Dispersion Relations in Insulators
(1990. Springer Series in Solid State Sciences Vol. @pringer-
20H, L. Starmer, Surf. Scil132, 519(1983. Verlag, Berlin, 1973

2lK. D. Gibson and S. J. Sibener, Phys. Rev. L&H.1514(1985.  “°W. Drexel, Z. Phys255, 281 (1972.



54 THEORY OF SURFACE VIBRATIONS IN EPITAXIA . .. 5063

“IA. D. B. Woods, B. N. Brockhouse, R. H. March, and A. T. Celli, J. Electron. Spectrosc. Relat. Phen@#/65 755 (1993.

Stewers, Phys. Re\l28 1112(1962. S5C. Kittel, Introduction to Solid State Physicsth ed.(Wiley, New
42R. M. Nicklow, G. Gilat, H. G. Smith, L. J. Raubenheimer, and  York, 1976.
M. K. Wilkinson, Phys. Rev164, 922 (1967. 56J. P. Toennies, ibolvay Conference on Surface Scieredited
43B. N. Brockhouse, T. Arose, G. Cagliotti, K. R. Rao, and A. D. B. by F. W. de Wette, Springer Series in Surface Sciences Vol. 14
Woods, Phys. Revl28 1099(1962. (Springer-Verlag, Berlin, 1988
443, D. White, J. Cui, M. Strauss, R. D. Diehl, F. Ancilotto, and F. ’J. de Launay, irSolid State Physicedited by F. Seitz and D.
Toigo, Surf. Sci.307, 1134(1994. Turnball (Academic, New York, 1956
45G. Brusdeylins, N. S. Luo, P. Ruggerone, D. Schmicker, J. P>A. Reichmuth, Ph.D. thesis, Department of Physics, Cambridge
Toennies, R. Vollmer, and Th. Wach, Surf. S212, 358(1992. University, UK, 1994.
463, Schmidt, Diplom thesis, University of Gimgen, 1992. %9The acoustic impedanégis equal to the mass densjtimes the
47N. Bunijes, Diplom thesis, University of ®ingen, 1994. longitudinal sound velocity. We haveZ=pv and p=m/V*,
“8The same behavior has also been found for C&CL, E. wherem is the mass of an atom and* the volume per atom.
Hulpke and A. Reichmuth, Phys. Rev.33, 13 901(1996. Moreover, the longitudinal sound velocity of a linear chain
49C. Kaden, P. Ruggerone, J. P. Toennies, G. Zhang, and G. Bene- with the interplanar force constai€ can be written asv
dek, Phys. Rev. Bl6, 13 509(1992. = {4K/m(a*/2)cosg,/2) according to Eq(16). Therefore, the
50G. Benedek, J. Ellis, N. S. Luo, A. Reichmuth, P. Ruggerone, and acoustic impedance is proportional tom.
J. P. Toennies, Phys. Rev.B, 4917(1993. 0B, A. Auld, Acoustic Fields and Waves in Solidé/iley, New
5IN. Bunjes, N. S. Luo, P. Ruggerone, J. P. Toennies, and G. Witte, York, 1973.
Phys. Rev. B50, 8897 (1994. 1p. Briesch, Phonons, Theory and Experiments (Springer-

52, Franchini, V. Bortolani, G. Santoro, V. Celli, A. G. Equiluz, J. Verlag, Berlin, 1982, p. 150.
A. Gaspar, M. Gester, A. Lock, and J. P. Toennies, Phys. Rev. B2J. E. Black, D. A. Campbell, and R. F. Wallis, Surf. S£15 161
47, 4691(1993. (1982.

53p. Senefprivate communication 83H. Schief, Diplom thesis, University of @Giingen, 1990.

%N. S. Luo, P. Ruggerone, J. P. Toennies, G. Benedek, and \Z*A. Reichmuth, Diplom thesis, University of @mgen, 1991.



