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ABSTRACT

This document summarizes technical progress made on “High Resolution Electron
Energy Loss Studies of Surface Vibrations” (DE-FG02-84ER45147). The project was con-
cerned with the measurement of surface vibrational waves (phonons) on a variety of mate-
rials, in particular the dispersion of these waves at short wavelengths. The prh&cipa.l exper-
imental method employed was high-resolution electron-energy loss spectroscopy (EELS) at
an energy resolution of ~ 5 meV (40 cm™1) and momentum resolution of ~ 02A-1, New
experimental information on a variety of metals, overlayer structures, ultrathin films and
copper oxide materials were obtained as summarized in the document.

DISCLAIMER ‘

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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SUMMARY OF PROGRESS

An experimental program for new measurements of surface phonon dispersion on a
variety of materials was initiated in our laboratory in 1984 and received Department of En-
ergy support under Grant No.DE-FG02-84ER45147. The principal experimental method
employed for these studies was high-resolution electron energy loss spectroscopy (EELS).
Information on surface phonons is basic to our understanding of the surface dynamics of
materials and the nature of forces leading to surface relaxation, reconstruction and the
modification in interatomic forces due to the adsorption of gases or thin films. Surface
vibrations play a critical role in desorption and diffusion phenomena and in many materi-
als applications such as acoustic wave devices and the technology of heat transfer across
interfaces. The surface lattice dynamics is, of course, intimately connected with surface '
electronic and geometric structure.

Since we embarked on this program there has been marked progress in the field. The
techniques of inelastic He scattering and EELS have proven to be important and quite
complementary methods for probing the surface phonon structure.

Published work from our laboratory is enumerated in the accompanying References
Cited [P1-P22] and includes the following materials:

— clean copper (100), copper (111)

— copper (100) with adsorbed nitrogen, oxygen and sulfur overlayers
— clean aluminum (100)

— ultrathin films of nickel and cobalt on Cu (100)

— adsorbate systems O/Ni/Cu (100) and O/Co/Cu (100)

— aluminum on Si (111)

— high T, cupra.t&s:‘ BigSroCaCugOg, YBagCugO7

— clean Pd (100)

— clean Ag (111)

To place this work in context we note that the He scattering measurements were largely
restricted to Rayleigh mode measurements and resonance structure. Although the He data
was taken at higher resolution the data often was not available at or near the zone boundary
nor was any data obtained on “gap” modes (such as Sp in Fig. 1). As is well-documented
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in the literature [P4,P7] our data on Cu (111) exhibited all important modes, including
the gap mode So and was pivotal in resolving the issue of “lateral force constant softening”
(sometimes referred to as the Bortolani-Mills Paradox) on the (111) surfaces of the noble
metals. QOur results indicated only a modest (~ 15 %) softening of the intralayer force
constant in Cu (111) and were in sharp contrast to the model advanced by Bortolani and
co-workers [1] which purported to explain the surface lattice dynamics of Cu, Ag and Au
(111) surfaces in terms of dramatic intralayer force constant softening. Recent data we
have obtained for the gap mode on Ag (111) is consistent with our interpretation for Cu
(111) [P22). Our phonon measurements on Cu (100) and Al (100) have also been crucial
to the critical evaluation of first principles lattice dynamical calculations [P13,2].

We reported measurements of surface phonon dispersion for thin films of nickel on
Cu (100) in 1989 [P8]. Our data provided the first evidence for so-called “film modes”,
corresponding to vibrational modes localized primarily in the overlayer film and earlier
predicted in lattice dynamic calculations of Tong et al. [3]. The modes are expected to be
a general feature of phonon dispersion in ultrathin films.

In more recent work on very different materials we have reported the surface phonon
spectra of the high T materials BigSroCaCugOgys (Bi 2:2:1:2) and YBagCuzO7 (Y 1:2:35.
These results include three experimental papers dealing with surface phonon spectra and
related issues [P15,P17,P18] and a theoretical paper, in collaboration with D.L. Mills,
which presents explicit calculations on the Bi 2:2:1:2 material [P19]. Taken together, these
results provide rather definitive evidence that the bona-fide EELS spectra of these materials
exhibit only phonon excitations, as opposed to energy-gap features [4,5].

Work in the final year of the grant has dealt with phonon dispersion measurements on
Ag (111) [P22], Pd (100) [P20] and adsorption of HoO on the Bi 2:2:1:2 material [P21].
Reprints of these recent studies [P20-P22] are appended to this report.
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FIGURE CAPTIONS

Fig. 1. Experimental and theoretical dispersion curves for surface and resonance modes on
Cu(111). The experimental data are indicated by open circles and calculations by
solid lines. The bulk mode boundaries are shown as cross-hatched curves [(after M.H.
Mohamed, L.L. Kesmodel, B.M. Hall and D.L. Mills, Phys. Rev. B 37, 2763 (1988).].
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Abstract

High resolution electron energy loss\spectroscopy was used to measure the dispersion of ti1e Rayleigh wave along the

{110) direction on the Pd(100) surface. It was found that the phonon
force constants (3.0 THz).
on other fcc transition metal surfaces. The\experimental data can be

that calculated by the slab method using b

interlayer force constant. The phonon softe
surface expansion by 3% instead of the inw

uency (2.7 THz) at zone boundary was lower than
e result is anomalous from that investigated at X
by a considerable softening (40%) of the surface

ji"agreement with the LEED analysis  which revealed a
on most fcc (100) transition metal surfaces.

1. Introduction

dispersion has been measured on
covered metal surfaces by inel

ncies of the Rayleigh wave near
boundary X or M are significantly

layer and their nearest neighbors in the
layer below or the force constant within the first
layer has to be increased. For Cu(100) or Ni(100), an

* Corresponding author. Fax: +1 812 855 5533.

increase of 20% of the force constant k;, between
the first and second layer was found [1-3]. The
surface force constant stiffening is related to the
contraction of the first and second layer spacing,
which is 3.2% for Ni(100) and up to 2% for the
Cu(100) as revealed by ion scattering experiments
[4] and LEED analysis [5], respectively. In the case
of Ag(100), no significant deviation from the bulk
force constants has been observed (k;, increased by
only 5%) [6), with slightly inward relaxation of 1.3%

1. Fhe increase of the force constants near the fcc
(200) surface was thought to be a general phe-
notnenon, because the first interlayer spacing con-
n is usually observed or theoretically predicted
on fce\(100) surfaces.

Recéntly, the anomalous multilayer relaxation for
Pd(100)\has been found by Quinn et al. from LEED
analysis{8]. The interlayer spacing for Pd(100) is an
expansion by 3% instead of a contraction. This result
contradicts the trend on fcc (100) surfaces and may
suggest some new physical mechanism. Motivated
by this anomalous phenomenon, we have measured
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