Vibrational dynamics of a stepped metallic surface: Step-edge phonons
and terrace softening on Ni(977)
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Inelastic helium atom scattering has been used to measure the surface and step localized phonons on
a stepped metallic surface, (977). These time-of-flight measurements were carried out both
perpendicular and parallel to the step direction. Surface phonon dispersion data collected across the
steps show backfolding of the surface Rayleigh mode, and, most importantly, dramatic softening as
compared to the forces present at the smooitlN) surface. This softening suggests significant
relaxation perpendicular to the step edge. Single-phonon scattering data collected along the step
direction reveals the presence of two new step-edge localized modes, as well as the Rayleigh mode
for this direction of the crystal. The Rayleigh mode here does not exhibit the notable softening that
was found for the other direction. Novel in- and out-of-phase scattering measurements, with respect
to the terraces, lead us to assign the new step induced modes as the two transversely polarized
vibrations which propagate along the direction of the step edge. An analytic one-dimensional lattice
model is proposed which well represents the dispersion data for these two step modes; its use allows
us to determine the effective local force field in the two transverse directions with respect to the step
edge. The findings reported herein shed new light on such topics as interface stability, crystal
growth, and charge redistribution in the vicinity of well-characterized extended surface
defects. ©1995 American Institute of Physics.

I. INTRODUCTION ties of extended surface defects. The measurement of
phonons on stepped surfaces can conceptually be divided
Steps belong to a generic defect class, line defects. Theyto two categories(i) the study of step localized phonons,
are of great interest because of their fundamental and techivhich provide information on local forces at steps, diajl
nological importance in atomic-level interfacial phenomenasurface phonon measurements which yield information about
Steps themselves can be viewed as quasi-one-dimensiorthke effect of steps on the neighboring terrace atoms. Such
systems where novel physics can be explored. Steps are alateasurements nicely complement low energy electron dif-
known to play an important, and at times controlling, role infraction (LEED) studies andab initio calculations which
determining the pathways and reaction rates for heterogérave examined structural relaxations caused by the presence
neous processes such as chemical catalysis and corfodion.of steps, with the driving force being electronic charge
Moreover, steps are common topological features duringmoothing near steg§:!’ Further, the observation of step
crystal growth; therefore the stabilities of steps on clean inlocalized phonon modes is the first evidence of collective
terfaces, as well as in the presence of foreign adsorbategibrations of a one-dimensional latti¢&they also give in-
have to be well understood. How their presence modifies théormation on a more fundamental level of how steps, which
forces and stress-fields present at interfaces with respect tweak the local translational symmetry of an otherwise per-
those of a perfectly smooth crystalline interface is particufect atomic environment, affect interatomic forces.
larly central to an improved understanding of crystal growth ~ There has been some theoretical work on the vibrations
and interface stability-2® Steps also play an important role of stepped surfacé€:-2*Knipp®®2! performed extensive cal-
in critical behavior at phase transitioHs!® For all of these culations of step phonons, with detailed analysis of the po-
reasons, it is important to understand the basic properties ddrization of these modes. His results show that step phonons
steps: structural, vibrational, and electronic. have polarizations similar to those of the surface phonons of
Phonon(vibrationa) measurements directly provide in- the step face near the surface Brillouin z¢882) boundary.
formation on interatomic forces. The frequency and disperBerndtet al?* also examined step-edge induced modes, pre-
sion of various modes can give important bonding informa-dicting the presence of two new resonant optical modes, and
tion; for instance, the surface Rayleigh mode suppliesigain describing their polarizations at the SBZ boundary. In
information about the relaxation of the topmost surface layepther work, Kolesk& calculated spectral densities for pho-
with respect to the bulk. Here we will focus on the propertiesnon modes on a variety of stepped surfaces, predicting once
of vicinal surfaces, i.e., ones which contain a significantagain the existence of step localized phonons. Of particular
population of well-defined atomic-level steps, as they pro4elevance to this study was the suggestion by both Berndt
vide a nearly ideal model system for examining the properal. and Koleske that a vicinal met&l11) surface having a
(100 step face would be an excellent candidate for inelastic
dAlso Department of Physics, The University of Chicago. he”u_m atom scattering e_xperiments of Stzee-sdge phonon dy-
Also Department of Chemistry, The University of Chicago. namics. The few experiments done so’faf’ show new
9Current address: Naval Research Laboratory, Washington, DC 20375. modes at or near the SBZ center. Inelastic electron scattering
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(HREELS measurements by Ibadkt al?® show one step (@)
phonon at the SBZ center for a(PT5 surface. Wuttig and QVB_'”ill A5
co-workers?® also using HREELS, were only able to observe ionzer 57 o E

the backfolding of the surface phonon mode for (BDO)

“|p2 hRS

BEAM LINE

due to the change of the surface periodicity caused by steps. I ~as
Lock et al?’ measured one step induced phonon branch ¥ o5 i 4
(which they labeled a&;) on Al(221) using helium atom E 5P
scattering. A general and intuitive finding coming from the D1 _Las

i
i

aforementioned studies is that the step induced phonon o o
modes are only narrowly separated energetically from the __I_l g\
surface phonons found on terraces. This necessitates the use X Jf

of a high resolution probéoth energy and momentuyrfor i
studying these new phonon modes. Furthermore, because of SCATTEAING CHAMBER
the smaller population of steps compared to that of terraces,

step sensitive probes must be used. Helium atom scattering is

an ideal choice in this situation; it is surface sensitive, non- ®  Niern) N

destructive, and has, in many instances, sensitivity to steps !\ PraS————— SCATTERING PLANES
that is superior to that of electron scatterfiign what fol-
lows, we will show how the judicious choice of scattering
conditions(in- and out-of-phase with respect to the terraces
can further enhance the utility of inelastic helium atom scat-
tering for studying step induced phonon modes.

This study will focus exclusively on ®77), a vicinal
surface consisting of111) terraces and100) step edges.
Nickel is a particularly advantageous material for this inves-
tigation as its bulk phonon dispersion is well represented by
a single force constant model of its dynanﬁ%Smportant o ] ) o )
supporting information is also readily available from previ- .. Schematc view of our heu scatteng pachive i bt

: 30 29 31
ous phonon studies of th@00),”” (110, and (111D sur-  sample N{977) is illustrated in(b) where the two scattering planes are also
faces of nickel. designated. Also shown is the first surface Brillouin z68B2) of Ni(977)
enclosed by that of Ni11).

8P2 'BP3

Il. EXPERIMENT

Experiments were performed with a high energy andspeeq comes from a two-stage closed cycle helium refrigera-

momentum resolution helium scattering instrument which,; \vhich we use for cooling the target assembly. Base pres-
has been previously described in some défaif.This low ¢ e of ~7%10-1 Torr are routinely achieved. The Ni

energy, neutral atom scattering instrument, shown schemati, mpje is mounted on a manipulator which allows for adjust-

cally in Fig. 1(a), can be viewed as consisting of three parts; ,ant of the crucial degrees of freedom; sampkZtransla-
beamline, scattering chamber, and rotating quadrupole basgg

i ' ' tion, as well as tilt, azimuth, and polar angles. The manipu-
detector. Operating parameters/instrument settings used [Bor rides on a large triply differentially sealed rotating lid
these experiments can be found in Tables | and II.
The supersonic atom beam souftiHP grade 99.999%
helium produces a nearly monochromatic incident flux of

helium atoms(e.g., for T,z 112 K; At/t of 0.66%, or a

TABLE I. Typical experimental parameters.

Mach number of 274and utilizes a two-stage closed-cycle Helium grade 99.999%
helium refrigeration system in order to operate at temperaNozzle diameter 29 (2.5
tures between-40 K and 300 K(typical nozzle temperatures Nozzle stagnation pressure 600-750 psi
used in this study covered 74 K-120.KDifferent incident Nozzle temperature 74-120 K
) Incident beam energy ~14-26 meV
wave vectors are generated by temperature tuning of th@cigent de Broglie wavelength ~0.87-1.2 A
nozzle tip to the desired setting; energies spanning the rangecident wave vector ~5.2-7.2 Kt
14-26 meV were used in this study. The beamline has thred@ach number ~270
differential pumping regions; the first contains the nozzle-Relative velocity spreadv/v) ~0.66%
skimmer beam generation region, the next a dynamically balgggggg g:tie\llvl;gﬂ“ency ~12§:i22 Hz
anced time-of-flight chopper disfvhich contains multiple  tor channel width Qus
time-of-flight, diffraction, and cross-correlation modulation TOF channel number 255
patterns; conventional single-shot time-of-flight pulses werdonizer length(geometrig ~0.9cm
used in these studigsand the third acts as a buffer pumping Eneray resolution 0.46 meV
chamber before the beam enters the scattering chamber. T@%gmar resolution 0367 FWHM
. ) . . . . ckground counting rat@letector closed 20 Hz
scattering chamber is pumped by ion, Ti sublimation, andBackground counting ratéletector open/TOF 30 Hz

cryogenically baffled diffusion pumps. Added pumping
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TABLE Il. Aperture system dimensions. of (111) terraces that are 8 atomic rows wide afidkally)
_ ' straight(100) steps that are one atom high, Figbll The
Distance from  Aperture size  Angle from — crystal was cleaned by Arsputtering during repetitive tem-

nozzle(cm)? le(deg®®
zzle(em) (cm) nozzle(deg perature cyclegbetween 400 K and 1100)Kand then an-

ozzle : nealed a . Surface order was checke , an
Nozz| 0.00 led at 1100 K. Surf d hecked by LEED, and
i‘;‘mmer %07—0-22 8-85 surface cleanliness by Auger spectroscopy. The major con-
Apgzﬂfer L ie? 0'0;’9 0.32 taminant in this crystal was sulfur. The sulfur peak at 152 eV
Aperture 2 358 0193 031 was finally reduced to less than 0.1% of the Ni peak at 62 eV,
Crystal 68.5 which was the limit of our Auger sensitivity.
Aperture 3 94.6 0.445 0.20.98 Dispersion curves are calculated by assuming single
iper:Ufe‘S‘ 122-(15 8-257’8 8%22 phonon interactions and using the conservation of surface

perture . . .20
lonizer plate 168.9 0.635 0.8236 parallel momentum and total energy
lonizer filament 170.0 K;=K;+G+Q, (1)
#The distances in column two are for the long machine configuration. The om

path length can be shortened by removing the 44.45 cm spacer between 2_ K24 2

apertures 3 and 4. Kr=ki 7 AR(Q), )

"The numbers in column four refer to the distance from the nozzle. The
angle subtended from therystal by the detector apertures are in parenthe- whereK; and K; are the surface projections of the helium

ses. All numbers refer to the long machine configuration. For the shortenediom’s incident and final wave vectorki and kf (i.e.

machine, the values corresponding to apertures 4, 5, and the ionizer pla _ . _ .
would be 0.280.719, 0.2710.639, and 0.29(0.659. fRi|—|ki|sm 6, and |K¢|=|k¢|sin 6;, where §, and 6; are the

°The beam spot size on the crystal is estimated to be 3.7 mm for normdncident and final angle of scattering with respect to the sur-
incidence. face normal. G is the surface reciprocal lattice vect@},is
the momentum transfer, anfiE(Q) is the energy transfer.
From Egs.(1) and(2), we have

(spring-loaded Teflon gasketand is mounted 5.08 cm from 72 [ [k sin 6,+AK
the center of flange rotation. This allows the sample to be AE(Q)= ﬁ[(T
placed into a variety of positions in the scattering chamber f
such as the scattering center of the instrument, sputteringyherek; =|k;| andAK=*|G+Q|. The + and — signs refer
LEED, Auger, etc. Finally, the detector consists of three dif-to the direction ofc+Q with respect tK; . This relationship
ferentially pumped regions which rotate, under computebetweerAE andAK defines what are called scan curves, the
control, by =20° around the scattering center. This arrangedocus of energy and momentum acceptance conditions for
ment we view as ideal, as it permits data to be obtained at given incident and final scattering parameters. For single
variety of final scattering angles while using fixed incidentphonon interactions, points where the scan curves intersect
kinematic conditions. It is especially advantageous wherphonon dispersion curves correspond to possible quantum
comparing the data to quantum scattering conditiGmrse  transitions
S?I::aurlatmn gives a_II final sta_tesn also avou_js the prqblem AE(Q)=+%w(Q). 4
ge changes in scattering cross sections coming from

incident-state selective adsorption resonances. The actual dEhe (+) sign refers to phonon annihilation, and tfe) sign
tector consists of an electron ionizer/quadrupole mass spete phonon creation.
trometer(the ionizer separately nested in a turbomolecular- By measuring the final velocity of the scattered helium
pumped region which is in turn backed by a diffusion pumpatom at a well-defined angle, we can determine both the
to achieve higher helium compression before being evacuphonon momentum and energy. Measuring these quantities
ated by a mechanical pumprhe entire detector assembly is over a range of angles, we can map the phonon dispersion
mounted on an optical rail support system which permitscurve.
change of the flight path between the crystal and the ionizer. Two scattering directions were chosen for the experi-
In these studies we used the highest resolution “long flighiments[Fig. 1(b)]. One had the sagittal plane perpendicular to
path” setting; chopper-to-crystal distance 55.1 cm andhe stepglabeled asSin Fig. 1(b)], the other had the sagittal
crystal-to-ionizer distance 101.5 cm. The composite energplane parallel to the steps and perpendicular to the terraces,
and angular resolution parameters for the instrument as come., the terrace normal was included in the scattering plane
figured for these experiments were 0.46 meV and 0(86f- [labeled asS’ in Fig. 1(b)]. The crystal orientation was char-
responding to a momentum resolution of 0.038"Arespec- acterized by in-plane scattering of the helium atom beam
tively. from the stepped surface, as well as He—Ne laser reflections

The surface we studied was (8¥7), provided by Prin- and LEED. Only in-plane scattering data were collected, de-
ceton Scientific Corp. It was prepared by cutting a Ni singlefined as the plane which included the incident beam, the
crystal 7.02° away from thé€l11) plane along th€211) di-  surface normal, and the plane of detector rotation.
rection. The crystal orientation was verified to be within 0.5°  Throughout these measurements, we made judicious use
of the ideal(977) direction with Laue x-ray back-reflection. of in-phase and out-of-phase scattering conditions to pick up
The surface can also be labeled a§8\i11)<(100)] in mi- phonon modes of different symmetries and different polar-
crofacet notatiorf® which indicates that the surface consistsizations. The in-phase condition, which corresponds to con-

2
- k?}, @)
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FIG. 2. Comparison of diffraction spectra for in-phase and out-of-phase 15
scattering from the clean single stepped surface. Rahbbs the scattering r ©

plane perpendicular to the steps. The single peak was obtained using in-
phase conditions and the double peak using out-of-phase conditions. Panel
(b) has the scattering plane parallel to the steps and perpendicular to the
terraces. The high signal peak was obtained using in-phase conditions and
the low signal peak using out-of-phase conditions.

—
<

N
AN

structive interference between the atom beams specularly 5 L N
scattered 6, = 6;) from adjacent terraces, satisfies 0.378 0.756 L134 1.512
Momentum Transfer (A1)
kh(cos 6;+cos 6;) = 2kh cos 6;=2nr, (5)

. . . o . FIG. 3. The surface Rayleigh mode measured using in-phase conditions in
whenn is an integerk is the incident momentunt) is the  the scattering plane perpendicular to the steps. P@eshows a typical

step height in the direction of the terrace normal, @ndo;) group of time-of-flight spectra. Pané) shows the same data with time

is the incident angléfinal angle with respect to the terrace converted to energy transfer. Parie) shows the data plotted as energy
.. . . transfer vs momentum exchange. The solid lines are the scan curves.

normal. Similarly, the out-of-phase condition, which corre-

sponds to destructive interference between the atom beams

specularly scattered from adjacent terraces, satisfies
. RESULTS

kh(cos 6;+cos #;) =2kh cos ;= (2n+1) . (6) A. Surface phonons

Figure 2 shows diffraction spectra under in-phase and out- Let us first look at the measurements made with the scat-
of-phase conditions. The spectra in the upper panel wertering plane perpendicular to the steps. These spectra were
taken with the sagittal plane perpendicular to the steps, whiltaken with the beam scattering in-phase, with an incident
the spectra in the lower panel were taken with the sagittatnergy of 14.0 meV and an incident andgly of 22.4°.
plane parallel to the steps. Both geometries revt#® ex-  Throughout this papef; is the incident angle with respect
pected dramatic changes in scattering behavior as we switcho the macroscopic surface normal, afdis the incident
from in- to out-of-phase kinematics; across the steps we sesngle with respect to the terrace normal. Therefore,
a transformation from two to one diffraction peaks, while ®,=6,—7.02° for “upstairs” scattering, the geometry used
along the steps we see a specular intensity change of neaiily this study. A typical group of time-of-flight spectra, taken
two orders of magnitude. The consequences of collectingt different final angles, at a crystal temperature of 400 K, is
data with such carefully selected conditions will be fully shown in Fig. 8a). Figure 3b) shows the spectra converted
discussed in the next section of this paper. to energy transfer. The two inelastic peaks are due to scatter-
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FIG. 4. All of the data taken with scattering plane perpendicular to the steps

and using in-phase conditions. Pai@&l shows energy transfer vs momen- 15 1
tum exchange and pan@d) shows the folded zone phonon dispersion curve. r ©
E 10 |
ing from the surface Rayleigh mode. Surface Rayleigh mode 8 i -
folding is clearly illustrated by Figs.(8) and 4a). Figure 3 § St /'/,/
shows the intersection of the relevant scan curves with the & /
data, while Fig. 4a) clearly shows that the two observed a0
“folded” phonon branches are related by a simple linear /
translation in momentum space by 0.378%along the mo- -5

0.756 1.134 1.512

mentum transfer axis. This mode folding is due to the new Momentum Transfer (A°1)

periodicity created by steps and can be understood as the
modulation of(111) surface along thé'M direction by the
steps. The new periodicity in real space is 16.65 A. In recipF'G- 5. The surface Rayleigh mode measured using out-of-phase conditions

N _ 1 in the scattering plane perpendicular to the steps. Rahshows a typical
rocal space, this i27/16.69=0.377 A , equal to 0.378 group of time-of-flight spectra. Panéh) shows the same data with time

A~! within experimental uncertainty. converted to energy transfer. Parfe) shows the data plotted as energy
Figure 4b) shows all the data points folded back into the transfer vs momentum exchange. The solid lines are the scan curves. The
first SBZ. The Ni111) surface Rayleigh modé along the other (apparentinelastic feature in the lowest spectrum is actually an arti-
I—,M di . . | h hick i The thin li in Ei fact, called a decepton, which is actually diffracted elastic flux coming from
- 'reCt'_On IS also s owithic me_)' ethinline inFig. e finite energy spread of the incident helium beam.
4(b) is a sine curve fit to our experimental da@ne should
especially note that the Rayleigh mode of Ni(977) is appre-
ciably softened as compared to that of the Ni(111) surface. Rayleigh mode softening on 977 in comparison with
Additional data across the steps was taken using out-ofNi(111) is clearly demonstrated, Fig(l§). Fitting the Ray-
phase conditionghe incident helium beam energy was 24.4leigh mode of both the in-phase and out-of-phase data gives
meV and the incident angl®; was 30.4}. Figure 5 shows a maximum phonon energies at thé SBZ boundary of 14.8
sampling of such time-of-flight spectra and their respectiveand 15.0 meV, respectively. These two numbers agree within
energy transfer spectra for 400 K surface. Folding of theexperimental error, and are much softened as compared to
surface Rayleigh mode is not expected to be seen under theBayleigh mode of the Ni1l) surface, which has a maxi-
conditions since He scattered from adjacent terraces interferaum zone edge energy of 17.2 m&\The softening of the
destructively, resulting in the loss of sensitivity to the addi-force constant as compared to the bulk value is calculated to
tional periodicity imposed by the steps. Indeed, mode foldingpbe 32%, which is much bigger than the 11% softening pre-
was not experimentally observed as shown in Fig).6The  viously seen by our group for the Nill) surface’® One
surface Rayleigh mode, now only a single peak, was bettgplausible explanation would be that the eight rows of terrace
resolved. Thus the data are much less noisy, and the surfae¢doms relax from their corresponding equilibrium positions
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FIG. 6. All of the data taken with scattering plane perpendicular to the stepglG' 8. The N{977) surface and polarization directions for the step local-

and using out-of-phase conditions. Paf@lshows energy transfer vs mo- ized phonon modes.
mentum exchange and par®) shows the folded zone phonon dispersion
curve.

mode softening is observed as compared tdNj along the
I'K direction®* The mode is not softened because, parallel to

on the (111) surface, similar to AB31),2%7 where oscilla- 1€ StePs, the terraces are undisturbed.

tory relaxations up to 11.7% were observed. Another reason
might be the effect of charge smoothtfgear steps. Finite B. Step localized phonons

size effecty’ could also be a factor; the size of the surface Step induced phonons are the phonons which are essen-
for collective vibration is effectively eight rows of atoms. A tially localized to, and propagating along, the st&bg/hat
realisticab initio calculation is needed for k977) to deter-  5.0'he possible normal modes for step localized phonons? A
mine the various contrlputlons to 'Fhe observed lsoftenlng. simplified answer comes from considering a step row of at-
Is the surface Rayl)elgh mode in the other direcipar- 5 g a5 a one-dimensional lattice oriented and in contact with
allel to steps softened? Figure 7 shows the result measureq, ree_dimensional lattice, similar to phonons propagating
in the scattering plane .p.arallel to the steps under |n-ph.asg|ong high symmetry directions in cubic cryst#s®” Based
and out-of-phase conditions. Clearly no surface Rayleigh,, his model, there is a longitudinal mode polarized along,

and two transverse modes polarized perpendicularly to, the
steps. Consider the symmetry of this row of atoffry. 8).

20 One of the symmetry directior(they direction is along the
! macroscopic surface and perpendicular to the steps, where
~ 6F there is translational symmetry. The other symmetry direc-
E tion (the z direction is the normal to the macroscopic sur-
§ 12 - face. These are the possible polarizations of the two trans-
b [ . verse modes.
g 8 . In order to detect step induced phonons which propagate
£ WL along the steps, the scattering plane has to be chosen parallel
F ¥ to them. Helium atom scattering is mainly sensitive to the
0 A variation of the He-surface interaction potential perpendicu-
0 04225 ~ 0845 1268 1.69 lar to the surface. A surface lattice vibration will strongly
Momentum A1)

couple with the He beam if the displacement vector of the
FIG. 7. The surface Rayleigh mode measured using in-pliéisel circles vibration has an appreciable projection onto the surface nor-

and out-of-phaséopen circles conditions in the scattering plane parallel to Mal- For a Qne'qimenSional |.attice: the p0|ariz_ati0n falls in
the steps and perpendicular to the terraces. the same direction as the displacement. Helium scattering
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therefore will primarily couple to phonon polarizations

which have projections onto the surface normal. Then how F® E=17.9 mev,0,237.4° By
do we choose the scattering plane? We know that it must be 230 |
parallel to the steps. One easy choice would be the scattering
plane perpendicular to the macroscopic surface, but only the
z polarization would be detected since the scattering plane
would be perpendicular to thepolarization. It is also diffi- %0 |
cult to determine when the scattering plane is precisely :
aligned to the macroscopic surface normal since in-plane
scattering of the He atoms cannot be used, and He—Ne laser Pl o e S SR S
reflection is not sufficiently accurate. One can choose the %0 100 H‘i3°°T, 1500 1700 1900
scattering plane to be perpendicular to the terraces as shown ghtTime (se)

by S' in Fig. 8. Because the scattering plane is perpendicular
to the terraces, the in-plane scattering of helium atoms can be
used to determine the crystal orientation precisely. Notice
also that bothy andz polarizations have projections on the
scattering plane, thus both modes can be observed under this
condition. We therefore adopted this geometry for our step
phonon measurements.

Can we use in-phase and out-of-phase conditions to de-
tect the two polarizations separatéfnd in fact to assign the 100 [
polarizations of the observed phonon mg@ebshe answer is AT T .
yes. The phonon mode that is most sensitive to in- or out-of- -5 0 5 10 15 20 25
phase conditions izpolarized; it is only 7° from the terrace Energy Transfer (meV)
normal. Using in-phase conditions, inelastic scattering aris-
ing from thez-polarized phonon mode will be enhanced due 0 E
to constructive interference effects which influence both the [©
elastic and inelastic cross sections. This interference be-
comes destructive when out-of-phase conditions are used.
This effect is much less pronounced for tlepolarized
mode. Therefore, under in-phase conditions, ztpwlarized
phonon mode is observed and t@olarized phonon mode
signal is not strong enough to be detected. With out-of-phase
conditions, thez-polarized phonon mode signal is effectively - S
nulled and they-polarized phonon mode is observed, a pre- -1.69 0 1.69
dominantly shear horizontal mode that can be detected be- Momentum Transfer (A")
cause of the broken mirror reflection symmetry with respect
to the scattering plane. The surface Rayleigh mode is ob-
served at all times due to the large number of terrace atom§!G- 9. A typical group of time-of-flight spectra taken with the scattering

. . plane parallel to the steps and using in-phase conditions, their energy trans-
(One should also note before proceeding that the polarlza}o- P P gmp o

) ) ’ ) er spectra, and the corresponding energy transfer vs momentum exchange.
tions of the step-induced modes in reality are not purelybe denotes the diffuse elastic pedis for inelastic scattering from surface
linearly polarized throughout the SBZ; nevertheless, as seeRgyleigh mode, and, for inelastic scattering from the new mode. The
below, the above arguments for a perfect one-dimensionﬁ?f)"d !lnes 'througI‘R andE, in (c) are the scan curves. The remaining solid

. . . ) . ines in(c) is the calculated NiL11) surface Rayleigh mode using the simple
lattice chain capture the essential physical behavior of thgine function, scaled using the maximum energy<apoint (19.0 me\j
two new step-induced phonon modes n€arthe center of measured by Stirmimaet al. with inelastic electron scattering.
the SB2)

Figure 9a) shows typical time-of-flight spectra taken
with in-phase conditions. For these runs the incident helium
beam energy was 17.9 meV, the incident angle waspectra converted to energy transfer, followed by the disper-
0,=37.4°, and the crystal temperature was 300 K. Figuresion curve and corresponding scan curves in Fig(c)10
9(b) shows these spectra converted to energy transfer, folAgain, there is an inelastic featurd,) unique to this

lowed by the dispersion curv&sand corresponding scan stepped surface, as well as the Rayleigh wave.

280

180 |

Counts

130 [

30 |,

1 E=17.9 meV, 9i=37.4°

6,=32.4°

Intensity (arb.units)

0,=33.4°

Energy Transfer (meV)
=3

curves in Fig. @c). Clearly, there are two inelastic features, Figure 11 shows the dispersion curves generated from all
one due to the Rayleigh mode, and difg) unique to this of the time-of-flight data. Note th&, andE, do not belong
stepped surface. to the same phonon dispersion branch, which agrees with our

Figure 1@a) shows typical time-of-flight spectra taken simplified view of step induced phonons. Following our ex-
with out-of-phase conditions. Here the incident helium beanpectationsg, is observed using in-phase conditions because
energy was 24.4 meV, the incident angle was=37.4°, and  of its z polarization, whileE, is observed using out-of-phase
the crystal temperature was 250 K. FigurdlGhows these conditions because of itg polarization. The longitudinal
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7 gen exposure of 0.048 L quenches tBgmode completely
L > while the surface Rayleigh mode persists. Figure®)12nd
-1.69 0 1.69 12(d) show spectra taken using out-of-phase conditions.
Momentum Transfer (A"') Similarly, 0.048 L of oxygen exposure is found to completely
quench theE, mode, leaving the Rayleigh mode largely un-
FIG. 10. A typical pair of time-of-flight spectra taken with the scattering changed. These observations confirm our assignmeft; of
e pees, o conesponig vty s vt oo SN4E 25 sep-edge induced phonon modes
gsgr?geEzpis the other new mode, The solid lines througland E, in (c) ~ Wealso o_tﬁerved that even under ultrahigh vacuum con-
are the scan curves. The remaining solid line€jris the calculated N1.11) ditions (810"~ Torr), adsorption of background gases can
surface Rayleigh mode using the simple sine function, scaled using thguench the new modes. At 250 K, disappeared 20 min
_maxim_um energy aK poi_nt (19.0 meV} measured by Stirnimaet al. with after the crystal was cleaned. At 300 KB, disappeared 35
inelastic electron scattering. .
min after the crystal was cleaned. For both cases, the Ray-
leigh mode persisted. A similar sensitivity of step localized
modes to impurities was also reported by Ibathal 2°
mode of the step is not observed, which may indicate its near The sensitivity of the step induced modes to surface tem-
degeneracy with the surface Rayleigh mode. perature has also been examined. In work reported
We used two methods to characterize the nature of thelsewher® we have assessed the structural changes which
localization of the two new step modes. The first method wa®ccur as a function of surface temperature. We have found
to introduce a small amount of oxygen which causes a transensitivity to two types of roughening; kink formation in the
sition from single to double stefistep doubling® We have  step row, and disordering of the rows neighboring the steps.
also showr® that oxygen moves to the step edges upon adKink formation in the row of step atoms has a characteristic
sorption at low coverages. Therefore it is a quite reasonablenset temperature of 300 K, while disordering of the nearest
expectation that such O adsorption should significantlyneighbor rows has a characteristic onset temperature of 550
modify the step-edge related modes as compared to the effekt3® Figure 13 shows time-of-flight spectra measured at dif-
on the terrace-related Rayleigh wave. Figuregallaand ferent crystal temperatures for both in-phBiy. 13a)] and
12(b) show spectra, taken using in-phase conditions, whiclout-of-phasgFig. 13b)] conditions. Using in-phase condi-
demonstrate the effect of oxygen adsorptionEqn An oxy-  tions, E; persists until the crystal temperature exceeds 550
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FIG. 12. Adsorbate effects on the two new modes. The left-hand side is in-phase dataaPanitle spectrum for the clean crystal at 500 K. Pdbglis

the spectrum for the 500 K crystal with 0.048 L of oxygen exposure. It is clear that the newHpaligappears upon oxygen dosing. The right-hand side is
out-of-phase data. Pan@) is the spectrum for the clean crystal at 250 K. Pdadgis the spectrum for the 250 K crystal with 0.048 L of oxygen exposure.
The new modeE, disappears upon oxygen dosing.

K. This suggests that tHe; mode involves both the step row in-phase conditions anet1.2x10 "2 of the specular intensity
and its nearest neighbor rows, so it is not quenched until botfor out-of-phase conditions. The widths of two new modes
are disordered. Using out-of-phase conditidBsdisappears are about 2.5 meV, which is noticeably larger than that of the
when the crystal temperature is 300 K or higher, implyingsurface Rayleigh mode, 1.5 meV. This may indicate that the
that E, is localized at the step row only, so that the rough-coherence at the steps is worse than the coherence on the
ening of the step row alonge., the large scale formation of terraces. This width could also be a finite size effect as dis-
kinks) quenches thé&, mode. The surface Rayleigh mode cussed previously. Since these are actually resonant modes
persists above 550 K; it is largely unaffected by the rough-which are embedded within the surface projection of the bulk
ening of the step edges. These temperature dependenciésnsity of states, enhanced decay pathways to these states
again support our contention thB and E, are correctly must also be consideredb initio or realistic MD calcula-
characterized as step-edge induced modes, alth&iygls  tions are needed to more fully explore this point.
more localized than if&; . . : :

Signal intensities of two new modes at the SBZ centerc' One-dimensional lattice model
are comparable to that of a typical surface Rayleigh mode on In the absence of molecular dynamics or lattice dynam-
the same surfacer-1.5x10 * of the specular intensity for ics calculations for NO77), we propose a simple one-
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FIG. 13. The temperature dependence of the two new modes. Rarislfor in-phase conditions where tl& mode is persistent up to 500 K and is
attenuated above 550 K. Parib) is for out-of-phase conditions where tBg mode starts to disappear at 300 K.

dimensional lattice quel with which to analyzg the step /— L G {(Up+Nna)—[Uns 1+ (n+1)a]}2
phonon data. 1D lattice models are not foreign to us.

Phonons propagating along high symmetry directions in cu- + 3G {(up+na)—[u,_,;+(n—1)a]}?
bic crystals can be reduced to the problem of vibrations of a L - 5
linear chain of atoms bounded by harmonic pair =2 GL(Up—Ups1—a)°+ 3 GL(Up—Up—yta)®  (7)

potentials?5‘37However,. we will consider a different 1D lat- ¢ o |ongitudinal vibrations, and

tice model. We choose instead an highly anharmonic nearest-

neighbor potentia_l, which can be separated ipto an attractive =1 G [(v,—v,s1)2+a2]+ 2 G [(vy—vy_1)2+a?]
part and a repulsive part. The repulsive part is a simple hard

sphere potential which keeps the one-dimensional lattice +3 szﬁ 8
from collapsing. The attractive part is responsible for thef
lattice vibrations. In our model, the repulsive part will be an
infipite wall, and the attractive part Wi||' be approxima_ted by V=1 G [(W,—W,.1)2+a2]+ L G [(Wy—w,_;)2
springs of zero natural length and spring constapt[Figs.

14(a) and 14b)]. The lattice constant is weakly temperature +a%]+3 Gyw} 9
dependenia, at T=0 K, anda otherwisg. This chain of
atoms is confined by transverse anisotropic harmonic pote
tial well with force constants 06, (z direction andG, (y
direction, as shown in Fig. 14). If the deviations of the ion
cores from their equilibrium positions are small, the potential G, 1 1
of the nth atom may be approximated by nearest-neighbor E_= 27 \E |sin§ kal :E|m|3in§ kal.
interactions. Defining the small deviation alor@su, along

y asv, and alongz asw, the potentials may be written The two transverse modes are given by

or the y-polarized transverse vibrations, and

for the z-polarized transverse vibrations. By solving equa-
r)tions of motions for three normal modes, we find for the
longitudinal mode(in the x direction),

(10
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FIG. 14. (a) is the schematic of 1D latticdb) is the interaction potential  FIG. 15. Panela) shows the model fit to thE; mode. Panelb) shows the
between neighboring atoms alorglirection; (c) is the anisotropic confin-  three phonon modes of the 1D lattice confined in the 2D anisotropic har-
ing potential alongy andz directions. monic potential plotted together with the experimental results.

2 meV. The step faces af&@00); this agreement indicates that
the effective force in the direction parallel to the steps is not

G, 4G [ .1
E.= f E +? Sin E ka
changed as compared to that of 1h¢ direction on N{100.

\/ ) [ .1 2 The other step localized mode can be reproduced by our
=\ Eiot Eim| sin ka (1) model, takingE,,=6.8 meV forE, as determined aiK =0,
_ . andE,,=16.2 meV, we get the fit shown in Fig. @5. The
in the z direction, and agreement with the experimental data are very good. Also
G, 4G, [ 1 2 shown in Fig. 180) is the dispersion relation for the longi-
E,=% F+?<Sln§ ka tudinal mode as determined from our model. Unfortunately,
it falls very close to that of the surface Rayleigh mode, ren-
5 o .1 2 dering it unresolvable.
=\ E20t Ejn| Sin 5 ka (12 The effective force constants can be calculated from the

above fits;G;=5.2 N/m andG,=10.4 N/m. Both numbers

in they direction.E;o andE,, are thek=0 energies of the are much smaller than the bulk single force constant of Ni,
two transverse phonorik is the momentum transferE, is  37.9 N/m?° This suggests that the effective forces on the step
the maximum energy of the longitudinal mode at the SBZatoms in the direction perpendicular to steps are greatly soft-
boundary, andl iS the Iattice constant. We Choose the IattiCEGned Compared to those Of the bu'k or the |OW M|||er index
constant of N|,a:2489 A, as_our 1D lattice Constant, and p|anesl which are softened by 10%—-30% as Compared to
E10=4.8 meV, as measured At Fitting the data with EQ. those of the bulk®3! This suggests that the step atoms might
(11) for E;, usingEy, as the sole adjustable parameter, wepe substantially relaxed from the rest of the lafticé and
getE,=16.2 meV[Fig. 15a)]. Notice that the SBZ bound- electronic charge redistribution might be dramafiéb ini-
aries are different in Figs. 11 and (& The data were taken tjg calculations on NB77) surface are clearly needed to ex-
in the 'K direction of Ni111) which has a first SBZ bound- plore these issues.

ary at 1.69 A'%; this is used in Fig. 11. But the real period-
icity of the 1D lattice is 2.489 A, so the 1D lattice has a first
BZ boundary at 1.26 Al, which is used in Fig. 15. The
maximum energy of the longitudinal mode of the 1D lattice In this paper we have presented inelastic helium scatter-
at X determined by the fit to b&,,,=16.2 meV is quite ing data which have helped delineate the dynamical proper-
interesting. It falls very close to the maximum energy of theties of a stepped metallic surface,(8i7). Several notable
surface Rayleigh mode &t for the Ni(100) surface®® 16.6  findings, summarized below, have come from this work deal-

IV. SUMMARY AND CONCLUSION
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ing with step-edge induced phonon modes, as well as thpared to those of the bulk, or even in comparison to the low
extent to which the presence of steps modify the forcediller index surfaces of Ni(low Miller index surfaces are
which govern the dynamical properties of the terraced resoftened 10%—30% compared to the Biffk®: This suggests
gions of the surface. Furthermore, new scattering methodoldhat the step atoms might be substantially relaxed from the
gies have been applied, based on in- and out-of-phase scaest of the lattict*” and electronic charge redistribution
tering from the terraces, which have allowed us to selectivelynight be dramatié¢! Ab initio calculations on the N977)
detect and assign scattering signals arising from the twesurface are again needed to substantiate these effects.
transversely polarized step-edge induced phonon branches. To summarize, inelastic helium scattering has been used
When the sagittal plane was perpendicular to the stepgp examine the forces present on the terraces and steps of a
we only observed the surface Rayleigh mode. It exhibitedvicinal metallic surface, NB77). Substantial softening has
unambiguous mode folding, in precise agreement with thdeen observed in the terraces in the direction across the step,
new periodicity imposed by the 77 lattice on that of as well as for the two step-induced transversely polarized
Ni(111). The surface Rayleigh mode in this direction, corre-Vvibrational modes that propagate along the step edges. The
sponding to thd’M direction of Ni111), was significantly reduced coordination number for atoms near the step edge
modified with respect to bulk Ni. The force constant was inplays an obvious and crucial part in these bonding changes.
fact 32% softer than the bulk value. This should be refer-These results point out the importance of understanding how
enced to our previous inelastic electron scattering results fosteps modify the electronic charge density distributitarsd
Ni(111),3* which showed Rayleigh wave softening of only geometric structujelocally at the steps, as well as in the
11% along thd'M direction of Ni111) as compared to the terraced regions of such interfaces. Information about the
bulk. These findings stand in sharp contrast to our results foiorces at the step edges coming from the characterization of
scattering along the direction of the steps, i.e., alongitke these two new phonon modes gives fresh insight into the
direction of Ni111), where no appreciable Rayleigh wave properties of extended atomic-level surface defects on metal-
mode softening was observed. These observations effectiveli surfaces, especially how bonding interactions in the vicin-
rule out the possibility that the softening across the steps iy of step edges depart from those characteristic of atomi-
primarily due to step-induced surface interlayer relaxatiorcally perfect interfaces. Such findings will be of considerable
since such geometry changéspresent would be expected Use in refining our understanding of interface stability, crys-
to affect the surface Rayleigh mode in both directions. Thdal growth, and charge redistribution in the vicinity of ex-
softening could be due to the change in the effective numbeignded structural defects on solid surfaces.
of nearest neighbor atoms, finite size effects which are
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