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We present new measurements of inelastic He atom scattering from the surface phonons of Cu(OO1) 
as a function of crystal temperature, incident energy, and parallel momentum transfer. A careful 
subtraction of the multiphonon intensity and other background contributions from the time-of-flight 
intensities reveals three distinct surface-localized vibrational modes which are ascribed to the 
Rayleigh phonon, the longitudinal bulk resonance, and a further acoustic bulk resonance at higher 
energy transfers. The longitudinal resonance couples very strongly to the scattering He atoms and, 
for a wide range of incident conditions, gives peaks which are more intense than those due to the 
Rayleigh mode. The energy and momentum dependence of these peak intensities are analyzed with 
the aid of a simple distorted wave Born approximation, and the different coupling parameters for the 
two modes are determined and compared with other available data. The incoherent diffuse elastic 
peak is shown to decrease as a function of parallel momentum transfer according to the theory of 
Fraunhofer scattering from a random array of point defects. The multiphonon background is shown 
to be in agreement with a quick scattering approximation. 0 I994 American Institute of Physics. 

1. INTRODUCTION 

The first complete measurements by He atom scattering 
(HAS) of the dispersion curves of close packed face- 
centered-cubic (fcc)( 111) metal surfaces,‘-4 in addition to 
mapping out the transverse polarized Rayleigh wave (RW), 
revealed two unexpected and remarkable features. A second 
dispersion curve was found which was attributed to a longi- 
tudinally polarized resonance (LR) within the bulk phonon 
band, and this mode under certain conditions had a larger He 
scattering intensity than the Rayleigh peak. This behavior 
has been confirmed by recent measurements on the Cu( 111) 
surface.5*6 Measurements using electron energy loss spectro- 
scopy (EELS) provide independent confirmation of the dis- 
persion curves on Cu( 111). The Cu(OO1) surface studied in 
the present article was first examined by Mason and Wil- 
liams with HAS, but their measurements extended only out 
to one-half of the Brillouin zone in the (100) direction.7 They 
were able to clearly distinguish two separate acoustic 
branches in the phonon dispersion which were tentatively 
identified as the Rayleigh mode and as the transverse band 
edge. In 1990, similar results were reported’ which also in- 
dicated a strong intensity in two surface branches. Recently, 
the complete dispersion curve of the (001) surface of both 
Cu (Ref. 9) and Ag (Ref. 10) were measured out to the zone 
boundary for the (110) and (100) symmetry directions by our 
group in Gottingen. In the (100) direction, the longitudinal 
resonance was more than five times more intense on Cu and 
only about two times more intense on Ag than the Rayleigh 
mode. Recently, another HAS experiment on the Cu(OO1) 
surface has added additional confirmation of the presence of 
an unexpectedly intense longitudinal resonance.” 

The puzzling anomalous aspect of the longitudinal reso- 
nance is that, in principle, it should be difficult to detect with 
HAS because the associated ionic core motion is expected to 

be largely polarized in the plane parallel to the surface, yet 
for a large range of scattering conditions in the (100) direc- 
tion, its intensity is much larger than that of the Rayleigh 
mode. The latter is expected to have the highest excitation 
probability because its motion is predominantly polarized 
perpendicular to the surface along the direction with the larg- 
est scattering momentum transfer. Deepening the mystery 
surrounding the behavior of the longitudinal resonance is the 
inability of EELS experiments reported so far to detect it on 
the Cu(OO1) surface.*2-‘4 

The first careful attempt at a theoretical interpretation of 
the HAS results for the surface phonons of noble metals was 
carried out by Bortolani and co-workers.15-17 They used a 
Born-von K&man theory approach based on a parametriza- 
tion of the force constants, and were able to explain both the 
Rayleigh mode and the longitudinal resonance for the (111) 
surfaces of Ag,t6 Au,‘* and Pt.t9 They calculated time-of- 
flight spectra for direct comparison with the experimental 
data assuming a pairwise summation of two body repulsive 
interactions of the He atoms with the surface metal atoms. In 
order to obtain satisfactory fits of the peak location and in- 
tensities in the time-of-flight spectra, they had to signifi- 
cantly weaken the force constants at the surface and between 
the surface and the subsurface layer in order to obtain eigen- 
vectors of the longitudinal mode with the significant vertical 
polarization needed to fit the longitudinal mode intensity. In 
particular, the radial force constant between atoms within the 
surface plane had to be softened by up to 70%, an amount 
which is difficult to reconcile with the fact that these close- 
packed surfaces do not reconstruct and exhibit almost negli- 
gible relaxation. In contrast, a similar Born-von K&man 
theoretical approach to the Cu( 111) surface carried out later 
by Mills and co-workers was able to explain all of the dis- 
persion curves obtained with the EELS experiments with 
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only a modest and acceptable softening of the surface radial 
force constants by a factor of about 30%.20*2* However, this 
force constant model with the same two body interaction 
potential used previously cannot account for the strong cou- 
pling to the longitudinal resonance”2’5 observed in HAS. 

Recently a semiempirical pseudocharge model has been 
introduced which is able to explain all the HAS results.5.B 
The pseudocharge model is an outgrowth of early attempts to 
account for the dynamical coupling of the cores to the elec- 
trons occurring in bulk vibrations of insulators and semicon- 
ductors. The early shell model of Co&ran** with further de- 
velopments by Phillips,23 Martin,24 and Webe?5*26 was first 
applied to metal surfaces by Jayanthi, Bilz, and Benedek.*’ 
In these models, the coupling of the lattice to the electrons is 
accounted for by including charges either concentric with the 
ion cores as in the shell models or between the ion cores. To 
satisfy the adiabatic condition, the mass of the charges is 
considered negligible compared to that of the cores. In the 
pseudocharge model, the distortion of the charges is ex- 
panded in spherical harmonics, hence it is also called the 
multipole expansion mode1.5,6.27 The distortion of the charge 
clouds gives rise to additional interactions between the atoms 
of the lattice. At the surface, the distortions induced by the 
surface atom motion parallel to the surface can modulate the 
weak surface electron density (10F4 e/a.u.3) in the vertical 
direction at distances of 7-9 a.u. above the surface layer of 
atoms where the He atoms interact with the surface. Since 
the repulsive He-surface potential is roughly proportional to 
the surface electron density, this provides a mechanism by 
which the He atoms can effectively couple to the longitudi- 
nal resonance.28 This multipole expansion pseudocharge ap- 
proach has been very successful in explaining the dispersion 
curves as well as the measured intensities of the longitudinal 
resonance measured by HAS for both Cu( 111) and 
CU(OO1).5’9 The theory reveals that the excitation of the 
transverse polarized Rayleigh mode is correctly described by 
the summation of two body repulsive potentials as in the 
theory of Bortolani and co-workers. The softening of the 
effective surface radial force constant required to fit the data 
is -3O%, which is reasonably consistent with the Born-von 
K&man force constants used to explain the EELS data.21*29 

The phenomenological nature of the pseudocharge 
model points out the need for first principles calculations. A 
first principles, total electronic energy approach has been put 
forward by Ho and Bohnen.30’“’ The calculations are per- 
formed using the norm-conserving first principles pseudopo- 
tential approach within the local density functional formal- 
ism. Surface force constants can be calculated only at high 
symmetry points in the Brillouin zone, and the dispersion 
curves for the entire zone are obtained in a standard Bom- 
von Karmin dynamical matrix calculation. The frequencies 
at the 2 and fi points of the surface Brillouin zone of 
Cu(OO1) (Ref. 29) and the complete set of dispersion curves 
of Cu(ll1) are found to be in good agreement with the 
EELS32*33 and HAS dispersion curves. However, calculations 
of the anomalously large intensities of the longitudinal reso- 
nance have not been reported so far. Calculations of HAS 
intensities have also not been reported in other theoretical 
approaches based on the effective medium theory.34-36 

Recently the Trieste group has put forward a related phe- 
nomenological model which also provides good agreement 
with some of the available data for both elastic diffraction 
and inelastic He scattering from Cu surface.” In principle, 
this model is consistent with the earlier work of Bortolani 
and co-workers in that the phonon spectrum is calculated 
within the Born-von K&m&r constant theory, and the inter- 
action between the He atoms and the surface is represented 
by a pairwise sum of potentials. The difference is that the 
potentials are a parametrized combination of repulsive cores 
which are flattened into ellipsoidal shapes with the large axes 
parallel to the surface plane combined with attractive van der 
Waals terms. The use of these flattened potentials gives rise 
to a smoother surface potential for elastic scattering than 
would be expected by using a pairwise summation of spheri- 
cal potentials, and calculated diffraction patterns agree well 
with HAS angular distributions.” For inelastic scattering, the 
motions of the conduction charges are modeled by the over- 
lap of the flattened potentials between the ionic cores in a 
manner very similar to that of the multipole expansion 
pseudocharge model. 

In order to have a basic set of data for a more discrimi- 
nating test of these new theories, we have carried out more 
extensive HAS measurements of the dispersion curves and 
inelastic scattering intensities from the Cu(OO1) surface. In 
the following section, we present a brief description of the 
apparatus. In Sec. III, we present the experimental results 
and the experimental time-of-flight spectra. The dependence 
of phonon inelastic peak intensities are reported for the (100) 
and the (110) symmetry directions out to the Brillouin zone 
boundary over a wide range of incident He beam energies Ei 
(20-112 meV) and crystal temperatures T, (110-1000 K). 
Section IV describes the procedures used to analyze the data, 
especially the deconvolution of the time-of-flight spectra. In 
Sec. V, the results of this evaluation are then presented. The 
Rayleigh and longitudinal intensities show a different behav- 
ior in many respects, suggesting that the He coupling mecha- 
nism is indeed different for the two modes. In Sec. VI, the 
basic theory is outlined, including that used in the mul- 
tiphonon analysis of the data. Finally a discussion of the 
results is given in Sec. VII. 

II. APPARATUS 

Figure 1 shows a simple schematic diagram of the time- 
of-flight apparatus with the essential components and defini- 
tions of some important parameters. This apparatus, desig- 
nated HUGO II, is a modified version of one described in 
detail in an earlier Ref. 37. An extensive compilation of the 
relevant operating parameters and dimensions is collected in 
Table I. The atomic beam of helium is formed by an adia- 
batic expansion from a high pressure (2400 bar) through a 
cylindrical orifice with a diameter of 10 pm. The source is 
attached to a closed cycle helium refrigerator and can be 
heated resistively, so that its temperature can be varied con- 
tinuously from 25 to 700 K. This corresponds to beam ener- 
gies in the range of 5 up to 140 meV. The beam then passes 
through a commercial conical skimmer38 (diameter of 
opening=0.68 mm) and three vacuum chambers, one of 
which contains the rotating disk chopper for time-of-flight 
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FIG. I. A schematic diagram showing the essential components and defini- 
tion\ of the important angles and distances of the HUGO II scattering ap- 
paratus. 

measurements (see Table I) before entering the ultrahigh 
vacuum (UHV) target chamber, which houses the crystal and 
the equipment (sputter gun, cylindrical mirror Auger spec- 
trometer, and LEED) for metal surface preparation and char- 
acterization. In addition, a mass spectrometer is provided for 
residual gas analysis. The scattered atoms are detected by a 

magnetic sector field mass spectrometer, which is located at 
1.4 m  from the target at a fixed angle of 15)~ -t 0/j= 95.8’ with 
respect to the incident beam direction. 

The sample is mounted on a manipulator providing x, y, 
and z translations as well as rotations about three axes. The 
polar angle 8 of the manipulator can be adjusted to within 
A0~0.05” as required by the small detector in-plane accep- 
tance angle of -0.2”. The target holder is provided with an 
electron bombardment heater and a liquid N, or He cooling 
arrangement, which allows for crystal temperatures in the 
range of 50 up to 1200 K. The Cu(OO1) crystal surface was 
oriented to better than 0.2”, mechanically polished, and fur- 
ther prepared by repeated cycles of sputtering (800 eV Ar+ 
ions at 500 K) and annealing at 850 K for 10 min. No con- 
tamination above 1% could be detected by Auger analysis. 

The detector consists of an electron bombardment ion- 
izer followed by the magnetic sector field mass analyzer. The 
detector design is optimized for use with light particles. For 
He, a detector sensitivity of 3X 10e6 ions per incident atom 
(at Ei=66 meV) is achieved within an active area of 4X8 
mm2 and 5 m m  length. 

To suppress the background signal, the He partial pres- 
sure rise in the detector chamber resulting from the pressure 
rise in the source chamber is reduced by extensive differen- 
tial pumping along the Bight path. In addition to the three 
differential pumping stages situated between the source and 
target chamber, four additional pumping stages are located 
between the target chamber and detector chamber. Including 

TABLE I. Relevant operating parameters and important dimensions of the HUGO I1 apparatus. 

Source Nozzle-orifice diameter d, nominal 
Nozzle stagnation pressure 
Nozzle stagnation temperature 
He-beam energy 

Skimmer (Ref. 38) 

Chopper 

Dimensions 

Relative velocity spread Au/u (FWHM) 
Estimated intensity 
Entrance diameter 
Length; entrance to base 
Outside/inside included angles at orifice 
Orifice-to-skimmer distance 
Double-slit disk, minimum and maximum radius of slits 
Slit widths at minimum and maximum radius 
Disk rotational frequency 
Shutter function (FWHM), effective 
Source-target distance L,,+L, 
Target-detector distance L, 
Chopper-detector distance L,+L,, 
Source-target-detector angle es, 
Incident-beam full angular spread, nominal 
Angle subtended by detector from target, nominal 

Pressures 

Angular resolution (in plane), (00) peak, nominal 
Angular resolution (in plane), (00) peak, measured 
Target chamber 

Base 
Operation, beam chopped 
Operation, beam unchopped 

Detector chamber 
Base 
Operation, beam chopped, specular 
Operation, beam unchopped, specular 

10 pm 
l-400 bar 
25-700 K 

5-140 meV 
0.01 

3X lOi atoms/& 
0.68 mm 
25.4 m m  
30”/25” 
18 mm 

71-84 mm 
5-l mm 

100-500 Hz 
110-4 PLS 
615 mm 
1402 mm 
1984 mm 

95.8” 
0.66” 

0.17’ (in plane), 
0.35” (out of plane) 

0.68” 
0.33” 

8X lo-” mbar 
1 X 10e9 mbar 
1X IO-’ mbar 

6X lo-” mbar 
1X10-” mbar 
1 X 10d8 mbar 
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the pumps in the source, target, and detector chambers, there 
are altogether ten pumping stages. Under unchopped beam 
conditions, the residual He partial pressure is reduced from 
10e3 mbar in the source chamber down to 1O-7 mbar in the 
target chamber and to IO-I3 mbar in the detector chamber 
(crystal removed from the beamline). In the time-of-flight 
mode (chopped beam), the He intensities and partial pres- 
sures are further reduced by a factor of 100. Signals ranging 
from 5 counts/s (background) up to about lo9 counts/s (inci- 
dent beam intensity) can be measured. 

The overall energy resolution, which is determined by 
the velocity smearing of the He beam, the chopper opening 
time, the axial detector length, and the kinematical 
conditions,3g has been estimated to be AE = 0.65 meV [full 
width at half-maximum (FWHM)] for the specular beam un- 
der typical measuring conditions of E, = 30 meV, a value 
which has been confirmed experimentally. Such a relative 
resolution of AEIE = 2% can be achieved for energies up to 
60 meV. The resolution decreases at higher energies since the 
nozzle pressure required to maintain the 2% resolution in- 
creases rapidly with the nozzle temperature, and the corre- 
sponding flux would exceed the effective pumping speed of 
4500 d’ls of the nozzle chamber diffusion pump. For typical 
phonon measurements, however, this is not a restriction, as 
will be shown in the following section. 

Ill. EXPERIMENTAL MEASUREMENTS 

An overview of the time-of-flight (TOF) spectra taken 
along the (100) direction is shown in Fig. 2. These and the 
results along the (110) direction are in complete agreement 
with the earlier data,’ shown for comparison in Fig. 3 ob- 
tained from another apparatus (Gurke). 

Besides the incoherent elastic peak at AE = 0 meV, all 
spectra show two sharp inelastic peaks, which are attributed 
to the predominantly vertically polarized Rayleigh wave 
mode and the longitudinal resonance. They are superimposed 
on a broad inelastic background, which is due mainly to 
multiphonon scattering events, as will be demonstrated in 
Sec. IV. Whereas the width 6 of the RW peak corresponds 
solely to the experimental energy resolution, the LR peak is 
additionally broadened by about 6,=0.25 meV.40 In some 
spectra, e.g., at ei= 3 8.9”, there is evidence for a third even 
broader inelastic peak with energy losses larger than that 
corresponding to the longitudinal resonance. In addition, a 
weak peak is observed with A E = - 1.7 meV at angles close 
to the specular. This peak has been identified as an artifact 
caused by reflections of the very intense He pulses within the 
ionization region of the detector. 

The LR peak is expected to be broadened by the cou- 
pling to the bulk bands with the same polarization and pho- 
non energies and wave vectors. Thus the phonon spectral 
density of the LR is, in fact, made up of a band of modes, 
while the RW is a single isolated mode, which for a perfectly 
ordered and infinite surface, appears as a 6 function in the 
spectral density at a given energy for each value of AK in the 
Brillouin zone. Therefore we expect the measured width of 
the LR peak to be larger than that of the RW, as is observed. 
An additional contribution to the increased width of the LR 
peak is related to the fact that it has in addition to the pre- 
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FIG. 2. A series of TOF spectra transformed to an energy transfer scale 
taken along the (100) azimuth for ten different incident angles Bi. The 
crystal temperature is T, = 15 0 K and the incident energy is Ei = 40.4 meV. 
For identifying the individual TOF peaks, the corresponding scan curves for 
forward-creation inelastic scattering (dashed lines) and an idealized phonon 
spectrum for the RW and LR (solid lines) are shown at the top. 

dominantly parallel vibrational amplitude also a perpendicu- 
lar component. At a given AK value, the maximum in the 
amplitude arises at slightly different energies for these two 
different polarizations.41 

In Fig. 2, the scattered intensities are given in units of 
counts/second per millielectron volt energy loss. The inten- 
sities from different time-of-flight spectra can be compared 
without further correction since the incident beam intensity 
was constant to within 2% for all measurements. The peak 
intensities decay very rapidly with decreasing incident angle 
corresponding to larger parallel momentum transfer. As a 
result, the spectrum at ej= 46.9” took only 5 min to obtain, 
whereas the spectrum at 19~ = 3 0.9” required 2 h. At small 
incident angles, the intensity due to the longitudinal reso- 
nance becomes increasingly dominant. In fact, in the mea- 
surement taken at Bi= 30.9”, the RW intensity has vanished 
completely, whereas the longitudinal resonance is still clearly 
visible. Due to the rapid intensity decay at smaller angles, we 
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(b) 

FIG. 3. Two series of TOF spectra taken under comparable kinematical 
conditions with two different crystals in two different machines. (a) Data 
taken from Ref. 9 (Ts= 100 K, Ei=39. 1 meV) measured in the fall of 
1990. (b) The new data (Ts= 150 K and E,=40.4 meV). Both series show 
complete agreement for the intense inelastic contribution due to the longi- 
tudinat resonance. The difference in the incoherent elastic intensity reflects 
differences in the defect concentration on the two crystal samples which 
happened to be present during the respective measurements. 

were not able to observe both single phonon peaks at mo- 
mentum transfers close to the Brillouin zone edge with the 
incident energy of Ei=40.4 meV. However, by increasing 
the incident energy to Ei= 83.2 meV and using kinematical 
conditions corresponding to creation events with negative 
parallel momentum transfer (A Kc 0)) the TOF spectra show 
clearly resolved energy loss peaks corresponding to momen- 
tum transfers up into the second Brillouin zone, as is shown 
in Fig. 4. 

The corresponding series of TOF spectra along the (110) 
direction is shown in Fig. 5. As observed previously,’ the 
intensity of the longitudinal resonance is considerably 
weaker in this direction and is always much smaller than the 
RW inelastic intensity. 

In order to examine the temperature dependence of the 
different contributions to the scattered intensity, TOF spectra 
were measured along the (100) direction at crystal tempera- 
tures in the range from 115 up to 800 K for several different 
fixed incident angles. In Fig. 6, we show a series of TOF 
spectra for an incident angle of 13~ = 3 9.9”. For all tempera- 
tures at this angle, the RW (AE=-8.0 meV, AK=0.56 
A-‘) and LR peaks (AE= -9.3 meV, AK=0.39 A-‘) re- 
main at the same respective energy losses and the RW peak 
is always more intense than the LR peak. Thus the main 
effect of increasing the temperature is to increase the broad 
background due to multiphonon scattering. Even at tempera- 
tures as low as 110 K, the integrated intensity of the broad 
background is the dominant contribution to the scattered in- 
tensity as is discussed in Sec. V C. Although it would appear 
from the spectra shown in Fig. 6 that the LR increases with 
respect to the RW with increasing temperature, this is not in 

Energy Transfer [m&l 

r 

bl bl 

dl 
-30 -20 -10 0 10 20 

Energy Transfer fmeV1 

FIG. 4. A series of TOF spectra converted to the energy transfer scale with 
an incident energy of 83.2 meV. The surface temperature is 111 K. The 
topmost panel shows the corresponding scan curves, where it is seen that the 
energy transfer corresponds to momentum transfers of both the LR and RW 
modes up to the Brillouin zone edge and beyond. 

fact the case as a more careful analysis presented in Sec. IV 
shows. At 800 K, there is no longer a diffuse elastic contri- 
bution due to Debye-Waller attenuation, and the two single 
phonon peaks have merged into one unresolved broader peak 
which has an energy loss closely equal to that of the single 
phonon LR peak. A second series was measured at a smaller 
incident angle of Bi= 3 1.8” and is shown in Fig. 7. Here the 
LR intensity (AE= - 15.64 meV, AK= -0.78 A-‘) domi- 
nates in comparison to the RW intensity (AE= - 13.9 meV, 
AK= 1.05 A-‘). Again the increase of the LR intensity in 
comparison to the RW is only apparent and not real. The 
main effect of increasing the temperature is again a strong 
enhancement of the multiphonon background intensity. Here 
as in Fig. 6 there is no evidence for any shift or broadening 
of the single phonon peaks with crystal temperature within 
the experimental accuracy, which is estimated to be 
S(AE)<O.OS meV. 

Next we describe measurements of the dependence of 
the scattered intensities on the incident energy of the He 
atoms. The interpretation in this case is less straightforward 
since the kinematical conditions change with incident energy. 
This can be compensated for by adjusting the incident angle 
so that the scan curve passes through the same point in the 
(AE,AK) plane. One set of TOF spectra taken with incident 
energies in the range from Ei = 20.1 up to 73.5 meV is 
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FIG. 5. The same as Fig. 2, but along the (110) direction and at a crystal 
temperature of rs= 180 K. 
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0 

shown in Fig. 8. The nozzle pressure is adjusted for each 
incident energy to obtain an optimum resolution. The kine- 
matic conditions of all spectra are chosen to cross the disper- 
sion curve of the Rayleigh mode at AE = - 7.8 meV, and 
AK= 0.5 6 A-‘, where the RW mode dominates. The broad- 
ening of the peak with increasing beam energy is due simply 
to the fact that the absolute experimental energy resolution is 
nearly proportional to the beam energy. 

A second series of TOF spectra as a function of energy is 
shown in Fig. 9, where the scan curves intersect close to the 
longitudinal resonance at A E = - 15.8 meV and AK = 0.8 1 
A-‘. In Figs. 8 and 9, it is not possible to compare directly 
the intensities in the different TOF spectra since they depend 
on the incident angle and the nozzle pressures. A procedure 
to correct for these influences is presented in the following 
section. However, even without a quantitative analysis, it is 
obvious from the spectra that the multiphonon intensity 
grows with the incident energy at the expense of the inco- 
herent elastic intensity and the single phonon events. 

IV. DATA EVALUATION 

The physical quantity of interest in these results is the 
differential reflection coefficient d3RldEfdfif, which we 
measure for elastic scattering, single phonon scattering by 
the RW mode, the longitudinal resonance, and other sharp 
features, as well as the broad background which we attribute 
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Energy Transfer fmeV1 
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FIG. 6. Crystal temperature dependence from r,= 110 to 800 K of TOF 
spectra taken along (100) with incident energy E,= 30.7 meV and incident 
angle 0,=39.8". 

mainly to multiphonon scattering. As a first step, we extract 
the different contributions with the aid of a simple fitting 
procedure assuming a Gaussian function for each structure. 
The intensities obtained in this way are then corrected in a 
second step for the different experimental parameters. 

A. Deconvolution of the TOF spectra 

The deconvolution of the spectra into different contribu- 
tions is based on the assumption that their shape can be de- 
scribed by Gaussians. This assumption can be justified39 for 
the incoherent elastic and the single phonon intensities, in- 
cluding the slightly broadened LR, because these peak 
widths are largely determined by the experimental resolution. 
In this case, Monte Carlo simulations confirm a Gaussian- 
like peak shape.39 The shape of the broad background, how- 
ever, is much less obvious. As we also expect, a nearly 
Gaussian distribution for the multiphonon scattering 
contribution42 (see also Sec. VI), we first attempted to fit the 
background with a single Gauss function. To obtain a good 
fit close to the center of the multiphonon contribution, how- 
ever, we had to include a fourth inelastic peak, which was 
assumed to be a Gaussian. Figure 10 shows a typical ex- 
ample of a spectrum deconvoluted in this way. The broad 
Gaussian, labeled (d) and centered at - 12 meV, is attributed 
to multiphonon processes. In addition to the incoherent elas- 
tic peak labeled (a) at 0 meV and the two single phonon 
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FIG. 7. Crystal temperature dependence from T,= 110  to 800  K of TOF 
spectra taken along (100) with incident energy E,= 30.7 meV and  incident 
angle t),=31.8°. 

peaks (b) and (c) due to the RW (- 7.5 meV) and the LR (-9 
mcV), respectively, there is a contribution (e) at - 10 meV, 
which is much narrower than the multiphonon background, 
but considerably broader than the experimental resolution. 
We  attribute this additional contribution, on the basis of its 
temperature dependence, to single phonon exchange with the 
continuum of bulk projected modes. 

Since the decomposit ion procedure, especially the han- 
dling of the background, is essential for the interpretation 
presented in the next section, we performed a consistency 
check with a theoretical analysis of the multiphonon contri- 
bution. Figure 11 shows a comparison of the measured tem- 
perature dependence of the integrated multiphonon intensity 
(peak d) with the theoretical results to be described in Sec. 
VI. The agreement between theory and experiment is very 
good. The width (FWHM) of the multiphonon peak shown in 
Fig. 12 and the position are nearly independent of the surface 
temperature. Both are in good agreement with theory.43 
Moreover, the Debye-Waller factors of the bulk and single 
surface phonon contributions show the expected different be- 
havior as discussed in Sec. V. These observations provide 
convincing evidence for our assignment of the multiphonon 
background. 

An even more direct check of the temperature depen- 
dence of the TOF spectra can be obtained by looking at the 
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FIG. 8. TOF spectra taken along (100) converted to an  energy transfer scale 
for different incident energies in the range from E, =  20.1 up  to 73.5 meV. 
In addit ion to the TOF spectra, the corresponding scan curves are displayed 
at the top. The crystal temperature is Ts= 1  10  K. All scan curves intersect 
on  the R W  dispersion curve at the same point A.E= - 7.8 meV and  AK 
=0.56 A-‘. 

difference function of a TOF intensity at higher T taken with 
respect to the low temperature spectrum which would be 
measured ideally in the limit of 0 K. Figure 13 shows as an 
example the difference spectrum between a measurement at 
T,= 200 K and a reference spectrum at T,= 110 K, after 
subtracting the multiphonon background from each. Changes 
in the different contributions due to single phonons and in- 
coherent elastic scattering are easily identified. All of the 
peaks are positive, which is expected for the inelastic contri- 
butions in that temperature range because of the increasing 
Bose occupation number (see Sec. V). The incoherent elastic 
peak would normally be expected to decrease with tempera- 
ture and appear as a dip in the difference spectrum. However, 
this contribution is extremely sensitive to the presence of 
defects, which may explain why it appears as a positive 
peak. Very importantly, a new single phonon peak attributed 
to the bulk resonance “2” shows up as a sharp structure in 
the difference spectrum at - 11 meV. Such a mode was pre- 
viously identified through extensive comparisons with theory 
on Al(001),44 where it was designated as mode 2. The theory 
attributes this contribution to a small maximum in the trans- 
verse vertical polarized density of bulk states.‘@ ‘45 This pro- 
vides additional confirmation that the peak has been cor- 
rectly interpreted and is not, e.g., an artifact arising from an 
incorrect subtraction of the multiphonon background. This 
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and other possible explanations for this peak are discussed in 
Sec. VII. 

B. Corrections due to experimental parameters 

The measured intensities have to be corrected for the 
following experimental parameters. (1) Changes in the flux 
through the nozzle with changing source conditions. This is 
taken into account by normalizing the measured intensities 
by the pressure rise in the target chamber. The pressure rise 
is a direct measure of the beam flux on the crystal since the 
pumping speed is constant at the small pressures involved. 
(2) A change in detector sensitivity with beam velocity. The 
detector is sensitive to the beam density, and therefore to 
obtain the corresponding flux, the measured count rates 
should be corrected by dividing with a factor of l/v, where 
vf is the final velocity. The data presented here does not 
include this correction; rather it was included in the theoreti- 
cal output when comparing with the experimental data. (3) 
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FIG. 10. Deconvolution scheme for measured TOF spectra. Shown is a 
measured TOF spectrum at rs= 110 K in the (100) azimuth (E,=30.6 
meV, Bi= 39.8”) and the five Gaussians labeled (a)-(e), fitted to the spec- 
trum as explained in the text. 

Kinematical conditions; the measured intensities were cor- 
rected for different amounts of kinematic focusing resulting 
from the different scan curve conditions and the angles at 
which the scan curves intersect the dispersion curves.39 (4) 
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FIG. 11. A comparison of the measured temperature dependence of the 
integrated multiphonon intensity with theory for E,= 3 1 meV. The experi- 
mental points were obtained by a Gaussian fit of peak (d) (see Fig. 10) of the 
TOF spectra, as discussed in Sec. IV, and the theoretical curve was calcu- 
lated from FIq. (14) with en=280 K. (a) 8,=39.9”, pc2.9 A-‘, and 
Q,= 1 .O A-‘, and (b) 0,=3 1.9”. p=4.9 A-‘, and Qc=0.95 A-‘. 
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FIG. 12. A comparison of the temperature dependence of the measured 
multiphonon peak width (FWHM) with theory for E,=3 1 meV, @,=39.9” 
(upper curve), and 0,= 3 1.9” (lower curve). The experimental points were 
obtained by a Gaussian fit of peak (d) (see Fig. 10) of the TOF spectra as 
discussed in Sec. IV, and the theoretical curves were calculated from Eq. 
( 14) with the parameters used for Fig. 11. 

Changes in the crystal area illuminated by the impinging He 
beam and area seen by the detector for different scattering 
angles. The former two corrections are especially important 
for the measurements of the energy dependence of the inten- 
sities. The latter two factors, however, turned out to have 
only a small influence. 39 
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FIG. 13. (a) The same TOF spectrum as in Fig. 10 (E,=30.6 meV, 
19,=39.8”, T,= 110 K. and (100) azimuth) with the multiphonon back- 
ground subtracted. (b) The difference spectrum between a measurement at 
r,$= 200 K and the spectrum shown in (a). The positive peaks are due to the 
Bose occupation number enhancement of the inelastic scattered intensity. 
The difference spectrum confirms the existence of three peaks in the TOF 
Epectrum. 

FIG. 14. Measured dispersion curves of the RW mode and the LR of 
Cu(OO1) along the (100) symmetry direction: (A) LR; (Cl) RW mode, and 
(0) mode “2.” The solid lines are pseudocharge calculations taken from 
Benedek et al. (Ref. 9). Open data points taken at E,=40.4 meV and filled 
data points taken at E,= 83.2 meV. The dashed lines show the boundaries of 
the projected bulk bands. 

V. RESULTS 

A. Dispersion curves 

The dispersion curves for the Rayleigh mode and the 
longitudinal resonance obtained from the single phonon en- 
ergy transfers and corresponding momentum transfers from 
all of the measured TOF spectra as described in Ref. 37 are 
shown in Fig. 14. The RW mode and the LR could be traced 
out over the entire first Brillouin zone and even somewhat 
beyond. The observed zone edge energies are fiw= 17.1 meV 
for the RW mode and hw=21.8 meV for the LR. 

6. Parallel momentum dependence 

The dependence of the intensities of the elastic peak and 
of the single phonon peaks due to the RW mode and the LR 
on the parallel momentum transfer is shown in Fig. 15. The 
dependence of the diffuse elastic peak on parallel momentum 
transfer provides significant information concerning the elas- 
tic differential cross section for scattering of He titoms from 
the defects which lead to this contribution.46 Since as shown 
below the number of steps on the target crystal is quite low, 
the defects are expected to be predominantly pointlike, i.e., 
adsorbates, adatoms, or vacancies. Very near to the specular 
beam at small parallel momentum transfer AK= 0, such 
point defects have a very large differential cross section due 
to the long-range van der Waals attractive potential. This 
contribution falls off rapidly with increasing AK, and at 
angles further away from specular, the Fraunhofer contribu- 
tion from the hard core repulsive part of the defect potential 
dominates. An estimate of this behavior can be obtained by 
assuming that the hard core repulsion of a typical defect is 
axially symmetric and subtends a radius a on the surface. 
The Fraunhofer reflection coefficient is then the same as that 
of a hole of radius a, which to a good approximation is 
IJ,(AKu)/AKu~‘, where J,(x) is the Bessel function of or- 
der unity.46 This reflection coefficient decays with AK ac- 
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FIG. 15. Measured intensities of single phonons and of the diffuse elastic 
peak as a function of parallel wave vector transfer; diffuse elastic (X), 
Rayleigh mode (!I), and longitudinal resonance (A). The dashed curve is 
the theoretical Fraunhofer envelope for the diffuse elastic scattering from 
point defects (Ref. 46). The solid lines are drawn through the experimental 
points to guide the eye. 

cording to the envelope function l/AK3 which is indepen- 
dent of a. Thus the envelope function remains the same even 
if there is a distribution of different defects with different 
radii. Therefore, if the diffuse elastic contribution is from 
point defects, we would expect to see a decay consistent with 
the I lAK3 envelope, as opposed to a 1 lAK2 envelope ex- 
pected for step edges normal to the sagittal scattering plane. 
The theoretical curve shown in Fig. 15 is the Fraunhofer 
I/ AK3 envelope multiplied by the necessary factors to con- 
vert it into a differential reflection coefficient.47 For defects 
with hard core radii in the 2-3 A range as expected here, the 
Fraunhofer contribution becomes smaller than the direct or 
illuminated face scattering from the hard core for values of 
AKa3-4 A-‘.46 The direct hard core scattering contribu- 
tion from an isolated defect has an envelope which is nearly 
independent of AK.46 Consequently, this hard core contribu- 
tion from a distribution of defect sizes should be independent 
of AK. The fit with the diffuse elastic data points is very 
good over the entire measured range, except at the largest 
values of AK, where the Fraunhofer curve seems to be below 
the data points. This could indicate the onset of the region 
where the illuminated face contribution is dominant. The 
good agreement between the diffuse elastic contribution and 
the Fraunhofer envelope indicates that the surface defects 
observed here are indeed point defects. 

The momentum transfer dependence of the single pho- 
non scattering contains information about the range of the 
repulsive dynamical coupling potential between the He atom 
and the surface,48 which is discussed in Sec. VI A following 
a description of the theory. 

C. Temperature dependence 

A systematic analysis of the Debye-Wailer behavior of 
the different total integrated elastic and inelastic contribu- 
tions to the TOF intensities is shown in Fig. 16 for 
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FIG. 16. Measured dependence on surface temperature in the (100) azimuth 
of RW (tl), LR (A), multiphonons (O), diffuse elastic scattering (X), and 
the single phonon resonance 2 (0) for 8,=39.9” and E,=30.7 meV plot- 
ted on a logarithmic scale. The momentum transfer AK ranges from 0. I A-’ 
for the multiphonon peak center to 1.4 A-’ for the diffuse elastic peak. 

9,=39.9”, where the RW and LR peaks are nearly equal, 
and in Fig. 17 for 8,= 3 1.9’, where the LR peak is more 
intense than the RW peak. At 19= 3 1.9”, it was not possible to 
separate the mode 2 contribution from the multiphonon 
background. Therefore for the data collected at Bi= 3 1.9”) 
we attributed the broad background intensity completely to 
the multiphonon contribution. 

In both Figs. 16 and 17, the multiphonon intensity al- 
ready dominates all the other contributions at T,= 100 K. As 
shown in Fig. 11, it increases almost linearly with tempera- 
ture. This behavior is described very well by the theory pre- 
sented in Sec. VI. The single phonon intensities first increase 
with temperature up to about T,=350 K and then decrease 
at very high temperatures. The theory in Sec. VI B predicts a 
temperature dependence which varies as 

n( Q, v)eezwK Te- QT, (1) 
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FIG. 17. Measured dependence on the surface temperature along the (100) 
azimuth of RW (El), LR (A), multiphonons (0 ), and diffuse elastic scatter- 
ing (X) for 0,=31.9”, and E,=30.7 meV plotted on a logarithmic scale. 
The momentum transfer AK ranges from 0.2 8-l for the multiphonon peak 
center to 2.8 A-’ for the diffuse elastic peak. 
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FIG. 18. Measured surface temperature dependence, corrected for the Bose 
factor. of the RW (Cf) and LR (A) at E,= 30.7 meV. The lines are the 
best-fit calculations with Eq. (I) for (a) 0,=39.9’, 6,=267 K, and parallel 
momenta AK=O.S8 A-’ for the RW, and AK=0.44 A-’ for the LR. (b) 
H,= 3 1.9”, B,,= 265 K, and parallel momenta AK= 1.05 A-’ for the RW, 
and U=O.78 A-’ for the LR. 

where rr(Q,~) is the Bose occupation number and the stan- 
dard definition of the Debye-Waller exponent in terms of the 
Debye temperature 0, is48’b’ 

2 IV= 
3A'(hk)*T 

~C"k&:, ' 
(2) 

where Me, is the crystal atom mass. Thus by plotting the 
intensity divided by the temperature on a logarithmic scale 
vs temperature, we can correct for the Bose factor. Such 
Bose corrected intensities should yield a straight line, and 
this behavior is shown clearly in Fig. 18. Figure 18(a) is for 
E,= 30.7 meV and 8,= 39.9”, which corresponds to a par- 
allel momentum transfer of AK = 0.58 A-’ for the RW and 
AK = 0.44 A-’ for the LR. The Debye temperature obtained 
via Eq. (1) for the measurements at 8,=39.9” is 8,=267 
K for both the RW and the LR. This value is somewhat larger 
than the Debye temperature of eo=230 K reported by 
Lapujoulade.J9 which was obtained from specular attenua- 
tion measurements on close packed Cu surfaces. Figure 
18(b) shows a similar Debye-Waller plot taken at the same 
energy, but at 8i = 3 1.9”, where the LR peak is much larger 
than the RW peak. Essentially, the same value of 0, as 
obtained above provides an excellent fit of the LR peak 
(on= 265 K) and is consistent with the RW data within the 
experimental errors. 
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FIG. 19. Measured dependence of the corrected experimental peak intensi- 
ties on incident energy. The various components are labeled as follows: 
diffuse elastic (X); Rayleigh mode (0); longitudinal resonance (A); and 
multiphonon (0). The measurements were taken with all scan curves inter- 
secting at a single point on the dispersion curve of the RW, so that there are 
small differences in AK for the other modes. (a) Data taken from the spectra 
shown in Fig. 8, for conditions for which the RW intensity is larger than the 
LR intensity along the scan curves; (b) data taken from the spectra shown in 
Fig. 9, for conditions for which the LR is the dominant single phonon 
intensity along the scan curves. 

D. Energy dependence 

The dependence of the corrected scattered intensities on 
incident energy is shown in Fig. 19 for two situations in 
which the parallel momentum, and hence the frequency, of 
the Rayleigh mode are kept constant. Some of the raw data 
have already been presented in Figs. 8 and 9. Since the con- 
ditions were chosen so that the scan curves pass through the 
same point on the RW dispersion curve, the corresponding 
values of AK for the diffuse elastic peak are slightly decreas- 
ing with E, and slightly increasing for the LR mode. The 
data in Fig. 19(a) for a fixed RW parallel wave vector of 
AK = 0.56 A-’ were chosen to illustrate the behavior for a 
case in which the RW mode intensity is larger than the LR 
for all scan curves. The data in Fig. 19(b) which are for the 
LR wave vector AK= 0.78 A-’ is a case in which the LR is 
the dominant single phonon inelastic intensity for all scan 
curves. The mode 2 is not shown since it disappeared quickly 
with increasing energy. All of the other inelastic intensities, 
including the multiphonon part, increase with incident en- 
ergy. Perhaps surprisingly, a similar increase is also observed 
for the diffuse elastic peak. This effect is in fact not due to 
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FIG. 20. A comparison of theoretical calculations with the measured incident energy dependence of the diffuse elastic, single phonon, and multiphonon 
scattered intensities. The symbols used for the data points are the same as used in Fig. 19. (a) RW dominant case (A.k=0.8 1 A-‘); (b) LR dominant case 
(Ak=0.81 A-‘). 

the change in energy, but as explained below, comes about 
because of the changes of parallel momentum which is ex- 
plained in the next paragraph. 

Figure 20 shows the comparison with theory of each of 
the experimental intensities of Fig. 19. For both the RW 
dominant and the LR dominant cases, the calculations de- 
scribe the general increase in intensity with incident energy 
rather well except for the very lowest energies, where the 
theory predicts intensities which are too small. Numerical 
calculations of the multiphonon behavior based on the 
theory, outlined in Sec. VI below, also show that the total 
multiphonon background contribution increases with inci- 
dent energy in a manner closely matching that exhibited by 
the data. The parameters used for the multiphonon form fac- 
tor are /?=3 A-’ and Q,= 1 A-‘. The calculations appear to 
underestimate the multiphonon contributions at energies be- 
low 40 meV. There, however, the experimental intensities 
may be somewhat too large since it is difficult to separate the 

small multiphonon from the bulk single phonon contribution. 
In agreement with the experiments, the diffuse elastic 

peak is also predicted to increase rather rapidly with incident 
energy as is shown in Fig. 19. This behavior results from the 
decrease in the values of AK corresponding to the elastic 
peak as Ei increases. Consequently, the strong decrease in 
the Debye-Waller factor is completely overcome by the 
sharp increase in the diffuse elastic cross section of the sur- 
face defects with decreasing AK shown in Fig. 15. The theo- 
retical diffuse elastic intensities shown in Fig. 20 are calcu- 
lated from an elastic transition rate, which is essentially the 
product of the Debye-Wailer factor and the form factor, with 
the form factor being the same l/AK3 envelope as used in 
the calculations for Fig. 15. It is indeed gratifying that the 
same general and rather simple model of the scattering pro- 
cess shown in Fig. 20 is able to explain the general trends of 
the energy dependence of all three different types of scat- 
tered intensities (diffuse elastic, single phonon, and mul- 
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tiphonon). This would seem to indicate that the essential 
physics of the scattering interaction is reasonably well de- 
scribed by the theoretical model which is discussed next. 

VI. THEORY 

A. Single phonon scattering 

The theory for the quantum limit of the inelastic scatter- 
ing of atomic projectiles from surfaces dates back to Jackson 
and Mott,s”~“’ and Lennard-Jones and Devonshire52-54 in the 
early 1930s. They were stimulated by measurements of 
Roberts”” of the rare gas accommodation coefficients re- 
ported in 1930 and by the experiments on the surface scat- 
tering of thermal energy helium beams published at about the 
same time by Stern and co-workers.56-58 Much later the dis- 
torted wave Born approximation was introduced59*60 in order 
to consider the use of helium or other rare gas atoms as 
scattering probes for directly measuring surface phonons. 
More recently, higher order quantum exchanges have been 
included in the perturbation series.6’*62 In the distorted wave 
Born approximation, the combined system of surface plus 
incoming projectile beam is described by a Hamiltonian 

H=H,.-I-HP+- v, (3) 

where H,. is the unperturbed Hamiltonian of the surface, H, 
is the free particle Hamiltonian of the projectile atom, and V 
is the interaction coupling the two. The interaction is divided 
into a distorting potential p, which usually includes only 
elastic interactions, and a remainder V’ according to 

v=P+v’. (4) 

This division is made by expanding V in a Taylor series in 
terms of the displacement variables u of the crystal atoms at 
the surface. V() is usually chosen to be the zeroth order term 
in the expansion, and for single phonon scattering, it is ad- 
equate to approximate V’ by the first order term. The transi- 
tion rate for scattering of an incident projectile atom of mo- 
mentum frki=h (Ki ,ki,) into a final state of momentum hkr 
is given by the generalized Fermi golden rule 

)) 
3 

where lf or %i is the total energy of the system in the final 
or initial state. respectively. For the transition matrix, we use 
the Born approximation Tfi * Vj with the matrix element of 
V” taken with respect to eigenstates of the distorting poten- 
tial Ve. Since neither the initial nor final state of the crystal is 
in fact measured, the transition rate is summed over all final 
vibrational states {nf} and averaged over initial states as de- 
noted by (( )). 

The differential reflection coefficient, or number of scat- 
tered particles detected per unit final solid angle and per unit 
final energy d3RIdE#flR, is proportional to the transition 
rate. It is obtained from Eq. (5) by dividing by the incident 
flux and multiplying by the appropriate final density of states 
in phase space for the particular experimental configuration. 
The thermal average and many of the summations in Eq. (5) 
are straightforward and the general result for the differential 
reflection coefficient can be put in the form63 

d3R 1 -=- 
dEfdfir 2~ I 

d*Q z 2 I(f14Q7 ~)-V,Vli)l* 
tz Y 

h 

‘Mw(Q,u) n(Q’u)e 
-2WS(Kf-Ki-Q) 

X SrEf-Ei-ho(Q,v)]. (6) 

This expression is for a crystal consisting of like atoms of 
mass M. e(Q,u) is the phonon polarization vector of the 
mode with parallel momentum riQ, index V, and frequency 
w(Q,v), which is obtained from a lattice dynamical calcula- 
tion. n(Q,v) is the corresponding Bose-Einstein phonon oc- 
cupation number. 

The Debye-Waller factor exp( - 2 W) in Eq. (6) does not 
arise naturally from the distorted wave Born approximation, 
but must rather be viewed as arising from an approximate 
resummation of all higher order terms in the perturbation 
series. 47,63 The simplest expression for the Debye-Waller 
factor, and one which is adequate for the experimental analy- 
sis here, is the classic expression in which the exponent is 
given by the displacement correlation function of a single 
crystal atom 

2W=UlkwW1*))> (7) 

where k=kf-ki and 2 W is independent of both time t and 
lattice position 1. Equation (2) above is obtained from Eq. (7) 
with the use of a Debye frequency distribution function. 

Most treatments up to now have approximated the scat- 
tering potential by a sum of effective two-body potentials 
between the He atom and each surface atom. The repulsive 
part of the atomic pair potentials is usually described by the 
Born-Mayer form ue exp( - pr), where p is the range pa- 
rameter and r is the distance from the core center. The sum 
of such potentials results in a He-surface potential whose 
repulsive part is an overall exponential repulsion with re- 
spect to distance z away from the surface u. exp( - pz) mul- 
tiplied by a more complicated function describing the poten- 
tial corrugation parallel to the surface and the vibrations. 
Both the softness of the exponential repulsion and the fact 
that the He projectile interacts with more than one surface 
atom simultaneously reduces the response to short wave- 
length phonons of the parallel wave vector Q> Q, . A rea- 
sonable approximation of this effect leads to a cut-off factor 
exp( - Q*/2Qz), and in this approximation, the matrix ele- 
ments appearing in Eq. (6) are given by64 

As discussed in the Introduction, the helium atoms are in- 
elastically scattered by the oscillations of the surface electron 
density in response to the vibrations of the underlying nuclei. 
The electron density, and hence the scattering potential, is 
thus a complic.ued function of the core positions. In the re- 
cently introduced pseudocharge mode1,5*6 the interaction po- 
tential is obtained by assuming a direct proportionality of the 
electron density V(r)=A Sp(r), where A is a proportionality 
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factor. Additional terms are added to the matrix element of 
Eq. (8), which are of the same form as (8), but with renor- 
malized polarization vectors, to account for the dynamical 
coupling of the He atoms to the pseudocharges. 

The information on the dynamics of the phonons is con- 
tained in the polarization vectors ez(Q,V), where the LY’S are 
the Cartesian coordinates. For a lattice consisting of unit 
cells with a basis of atoms of mass M, denoted by the sym- 
bol K, the phonon spectral density is defined by 

P$(QP)= c 
h 

v 2.L.4Q7 ~1 JM,M, 

xe~(Q,u)e~:(Q,v)~w-w(Q,V)l, (9) 

where S,,, is the area of the surface unit cell. Then, upon 
defining a new vector q=(iQ,/?) Eq. (6), expressed as a tran- 
sition rate as in Eq. (5), is reduced to a very simple form, 
which we write here for scattering from a single surface layer 
of Bravais unit cells47 

w(kf,ki)=F lvfi/2e-2w~ q,q,*,[p”*“‘( -Q,w) 

IOL 

u 

-1 
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0 0.2 0.L 0.6 0.8 1.0 1.2 IL 

x[n(Q,w)+ ll+p”‘a’(Q,w)n(Q,o)l. (10) AKIk'l 

The two terms in the brackets describe phonon annihila- 
tion and creation, respectively, and each term is the product 
of the transition matrix elements of the form factor 1up/2, a 
Debye-Waller factor, a Bose occupation factor, and the pho- 
non spectral density. The latter will be looked upon as an 
effective structure factor. Equation (10) shows that in this 
simple interpretation, the He scattering intensities from 
single phonons are directly proportional to the spectral den- 
sity. The more exact case of Eq. (6) shows that the true 
situation is a convolution of the spectral density with the 
matrix elements of the potential. However, Eq. (10) is a rea- 
sonable and useful approximation, and is the expression that 
we have used in Sec. IV for the interpretation of the intensi- 
ties of both the Rayleigh mode and the longitudinal reso- 
nance. We realize that this theory can only give effective 
coupling parameters for the LR phonons since these involve 
a different excitation mechanism involving pseudocharges.5.9 

HG. 21. Momentum transfer dependence of the intensity of the RW and the 
LR peaks (a) along the (100) direction and (b) along the (110) direction. The 
solid lines are from the theory of Eq. (lo), calculated with the parameters 
shown in Table II. 

dicular motion the range parameter of the repulsive part of 
the potential /3 and a cut-off factor Q, . Clearly, from Fig. 15 
or the more detailed plots in Fig. 21, the slope of the curve 
for the LR is smaller than that of the RW. This difference 
suggests that the interactions for the two modes have differ- 
ent coupling potentials. 

The form factor we use with Eq. (10) is given by 

(~fi~2=u~~(~~z~e~Bi~k~z)~2e~QZ’Q~. (11) 

For an exponential repulsive potential uOe-pZ, the matrix 
elements are given by the Mott-Jackson formula.50 Corre- 
sponding to the relationship of the potential to the charge 
density, this translates into a dependence on the change in 
charge density with distance from the surface. Since the dis- 
torted wave Born approximation (DWBA) theory of Eq. (10) 
is based on a phenomenological potential, assumed propor- 
tional to the surface charge density, it should be equally ap- 
plicable to a description of the RW or LR regardless of the 
fact that the underlying vibrational motion of the ion cores is 
expected to be quite different for the two different modes. By 
applying the DWBA theory59*64 of Eq. (10) to the data, we 
can, in principle, obtain from the matrix element for perpen- 

When Eq. (10) is used to fit either the RW or LR curves 
of Fig. 15, a unique pair of values for p and Q, is not 
obtained readily. Instead, we find that a large range of pa- 
rameter pairs fits the data equally well within the experimen- 
tal error, contrary to the case for other metal surfaces such as 
Ag(lll)@ or Rh(111),6’ where the same fitting procedure 
yielded a very narrow range of values. The corresponding 
parameter curves of equal fit quality are shown in Fig. 22. 
However, the parameters p and Qc are also related to the 
classical turning point zr above the surface via P=z~Q&~*~~ 
Recently it has been possible to measure zI directly for the 
Cu(OO1) surface.75 The measured value zt= 2.88 A allows 
for a unique determination of both parameters (see Fig. 22). 
The resulting potential parameters are collected in Table II, 
where they are compared with determinations for other sur- 
faces. A comparison of the potential parameters along the 
different directions shows along (100) a much stiffer poten- 
tial for the LR @=5.0 A-‘) than for the RW @=3.0 A-‘). 
This behavior is expected from the observed strong LR ex- 
citation along this direction. Along the (110) direction, the 
comparatively smaller LR scattering intensity corresponds to 
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FIG. 22. Curves of best-lit values for the potential parameters p and Qc of 
Eq. (IO) for (a) Cu(OO1) and (b) Ag(001). The dashed curves represent 
parameter combinations corresponding to classical turning points of (a) 
c,= 2.88 A for Cu(OO1) (Ref. 75) and (b) z,= 3.66 8, forAg(OO1) (Ref. 76). 

a small steepness for the LR @=3.35 A-‘) when compared T 
with the RW value of (+4.67 A-t). 

kf,k,=x 1 7j expl[-~k4r~+uh17 
1 

B. Multiple phonon transfers 

From Eq. (lo), it is clear that the interesting physics in 
the single phonon intensities is contained in the transition 
matrix element of the form factor, which provides informa- 
tion on the He-surface interaction, and in the phonon spectral 
density which describes the surface lattice dynamics. How- 
ever, a substantial diffuse inelastic background, which is al- 
ways present in the experimental time-of-flight intensity 
curves, must be still accounted for. This diffuse intensity 
comes from three major sources, excitations of the continu- 
ous distribution of bulk single phonon modes, incoherent in- 
elastic contributions arising from defects and imperfections 
on the surface, and coherent multiphonon transfers. For the 
interpretation of the experiments, the background also needs 
to be understood so that it can be properly subtracted from 
the TOF spectra in order to extract the single phonon contri- 
butions. Since the surfaces used in the present experiments 
are very clean and well ordered as indicated by the small 
incoherent elastic peaks, we can safely assume that the back- 
ground is due almost entirely to single bulk phonons and 
multiphonon transfers. 

Several approaches to the multiphonon quantum transfer 
of energy at surfaces have been proposed.42*47,62*b3Y77*7g An 
approach which has been shown to be quite adequate for 
describing the multiphonon background in atom-surface 
scattering is derived from a combination of the trajectory 
approximation and the quick scattering limit.47*79 This can be 
embodied in the following simple form of the transition ma- 
trix: 

TABLE II. Potential parameters p, Qc , and effective Debye temperatures 
0n for different metal surfaces. 

Direction Mode PG-‘) Q&-‘) ~ f4,W 

Cu(OO1) 
Cu(OO1) 
Cu(OO1) 
Cu(OO1) 
Cu(OO1) 

AgW) 
AgWl) 
&(OOl) 
MOO1) 
AgUll) 
Au(ll1) 
Rh(lll) 
Pt(ll1) 
Ni(ll0) 
Al(111) 

(100) 
(100) 
(110) 
(110) 
(100) 

(100) 
(100) 
(110) 
(110) 

(llZ),(llO) 
(llZ),(llO) 
(112),(110) 
(llZ),(llO) 

(100) 
(112),(110) 

RW 3.0a 1 .oa 
LR 5.0a 1 .32a 
RW 4.67” 1.28a 
LR 3.35” 1.08’ 
RW 2. Id 0.95d 

RW 2.17b 0.87b 
LR 5.30h 1 .20h 
RW 4.85b l.lSb 
LR 4.12b 1 .06b 
RW 4.0’ 0.74e 
RW 2.10s 0.749 
RW 3.15’ 0.82f 
RW .‘. 0.57m 
RW 2.92” 0.84” 
RW 4.0D 0.92’ 

267a 
267’ 
267a 
267a 
230’ 
280h 
253’ 
253’ 
253’ 
253’ 
149 
. . . 

255k 
111’ 
595’ 
. . . 

“Present work. 
bReference 10. 
‘Reference 49. 
dReference 61. 
eReference 64. 
‘Reference 65. 
sReference 66. 
hReference 67. 

‘Reference 68. 
jReference 69. 
kReference 70. 
‘Reference 7 1. 
mReference 72. 
“Reference 73. 
‘Reference 14. 

where rl is the position of the Zth unit cell and uI is its 
displacement, again assuming a Bravais surface lattice. In the 
quick collision limit, the time that the projectile remains near 
the surface is short compared with relevant vibrational peri- 
ods. Although this approximation is not adequate for higher 
energy single phonon transfers, it is a reasonable approxima- 
tion for the multiphonon background since it is dominated by 
small frequency and long wavelength modes.80’81 The quick 
scattering assumption is equivalent to assuming that the scat- 
tering amplitude 4 in Eq. (12) is independent of the vibra- 
tional amplitudes u. The trajectory approximation implies 
that the projectile follows a single classically allowed path in 
going from the initial state of momentum lFlki to the final 
state Akf . In the quick collision limit, the choice of path 
becomes unimportant and depends only on the limiting end 
points of the path, or on the total transferred momentum Fik. 

When the transition matrix of Eq. (12) is inserted into 
the golden rule expression of Eq. (5), the resulting transition 
rate can be expressed in terms of the displacement correla- 
tion function ((k-q(t) kaulj (t ’ ))) as follows:47 

1 
wUq&i) = 9 dt e-AEt’hF 1 +j2e-2w 

xexp[((k.uo<o)k.u~<r)))l. (13) 

In general, the summation over surface lattice sites in Eq. 
(13) can give rise to structure in the scattered intensity analo- 
gous to Kikkuchi lines in electron scattering. However, at the 
high energies and temperatures used in these experiments, 
such effects are small and of no consequence and each unit 
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cell can therefore be treated as an independent scatterer. Thus 
the final expression for the multiphonon differential reflec- 
tion coefficient reduces to 

d3R 
-= m2kf ,,..,2e-2wJ;; & ,-AM 
dEfd.nf (2719~fi~k~, 

x{exp[((k.~(O)k.uo(t)))l- 1 
-((k~uo(O>k~uo(~)>>~. (14) 

s 
35 

; 30 
2 
2 25 
3 
z 20 
2 
” 15 
“0 
5 10 
>r 
5 5 

For the form factor 1 Y-~[~, we use the same first order dis- 
torted wave Born approximation of Eq. (1 I), while for cal- 
culating the displacement correlation functions, we simplify 
one step further by using a Debye phonon model. The zeroth 
and first order terms which are subtracted from the exponen- 
tiated correlation function in Eq. (14) can be identified as the 
elastic peak (which is a singular &function contribution) and 
the single phonon contribution, respectively. They have been 
subtracted since we are only interested in the multiphonon 
contributions. 

-60 -LO -20 0 20 LO 60 60 
Energy Transfer ImeV 1 

FIG. 23. The measured inelastic intensity as a function of energy transfer 
for I?,=82 meV and 8,=50.9” and a surface temperature T=800 K under 
extreme multiphonon excitation conditions. The solid curve is a calculation 
based on ECq. (14) with a Debye temperature en== 280 K and potential 
parameters p=3.1 A-’ and Q,=O.9 A-‘. 

C. A comparison of multiphonon calculations with 
experiment 

We elaborate here on the direct comparisons between the 
experimentally measured data and the calculations in order 
to demonstrate and justify the methods used above in Sec. IV 
for separating out the multiphonon contributions from those 
of the bulk single phonons. A more complete and detailed 
description of the multiphonon behavior of the He-Cu sys- 
tem will be presented elsewhere.43 Figure 23 shows an ex- 
perimental time-of-flight spectrum converted to energy trans- 
fer for an incident He beam of E,=82 meV, 8,=50.9”, and 
a surface temperature T, = 8 00 K. Under these extreme mul- 
tiphonon conditions, the broad peak observed in the neigh- 
borhood of AE=9 meV is nearly entirely due to mul- 
tiphonon exchange; the Debye-Wailer factor is so small that 
the single phonon RW and LR peaks that also appear in this 
same energy region at lower temperatures have completely 
disappeared. The solid curve is the calculation from Eq. (14) 
using a Debye temperature 0, = 2 8 0 K and potential param- 
eters /?=3.1 A-’ and Q,=O.9 A-‘. These parameters are 
very close to and give a slightly better fit than the values 
p=3.0 A-’ and Q,= 1.0 A-’ used to fit the RW tempera- 
ture and energy dependencies shown in Fig. 20 above. The 
shape of the calculated curve, which agrees nicely with ex- 
periment in both FWHM and peak position, is nearly Gauss- 
ian which justifies the use of Gaussian curves for modeling 
the multiphonon contribution in the analysis of Sec. IV. 

In Fig. 11, the temperature dependence of the area under 
the multiphonon peak is plotted as a function of temperature 
for two different incident angles 8, = 3 9.9’ and 3 1.9”, both 
with energy Ei = 3 1 meV. The experimental points were ob- 
tained by a Gaussian fit to the data as discussed in Sec. IV 
and the theoretical curve was calculated from Eq. (14) with 
8,=280 K, with the calculated curve normalized to the 
experimental point at T,=600 K. The calculated curve is 
rather weakly dependent on the choice of 0,) with larger 
values of 8, giving a larger slope and smaller values giving 
a somewhat smaller slope. The results for the calculated 
slopes in Fig. 11 are quite independent of the potential pa- 
rameters over a large range of values. For the actual curves 
presented, we used /3=3.0 A-’ and Qc= 1 .O A-‘, the same 
values obtained from the analysis of the RW single phonon 
peak in Fig. 21. 

We have also compared theory with experiment for the 
position and FWHM of the multiphonon peak as a function 
of temperature and for the peak position as a function of 
incident angle.43 The theory predicts FWHMs which agree 
quantitatively with experiment as shown by the example in 
Fig. 23 and over a wide range of temperature as shown in 
Fig. 12. The measured multiphonon peak position shows no 
shift, within the experimental resolution of 0.6 meV, as a 
function of surface temperature, in agreement with the theory 
which also predicts negligible shift. 

As a function of incident angle, the dispersion curve of 
the multiphonon peak is observed to have a behavior much 
the same as that of the single phonon RW and LR peaks; 
with increasing AK, the multiphonon peak moves monotoni- 
cally from AE ==O to larger positive values of AE, while for 
negative AK, the multiphonon peak appears at negative en- 
ergy exchange.42 The measured and calculated behaviors of 
the peak position with incident angle are very similar. 

Both the FWHM and the peak position of the theoretical 
multiphonon intensity curve shown in Fig. 23 are rather sen- 
sitive to changes in p and Q, . By contrast, the dependence 
of the multiphonon intensities on temperature and incident 
energy are much less sensitive to these parameters. We note 
that the multiphonon intensity contains contributions from 
the RW, LR, and the bulk modes, so we do not expect the 

VII. DISCUSSION 

values of p and Q, obtained from the multiphonon intensi- 
ties necessarily to be identical with those values obtained 
from the single phonon intensities as calculated from Eq. (9). 

In this paper, we have reported extensive measurements 
of the helium atom surface phonon intensities in inelastic 
helium scattering from Cu(OO1) in both the (100) and (110) 
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symmetry directions. The measured dispersion curves con- 
firm the previous results,’ which exhibited, along with the 
Rayleigh mode, a clearly visible longitudinal resonance. In 
the (100) direction, the LR is very strong, and for a range of 
scan curves involving the larger values of AK close to the 
Brillouin zone boundary, it appears more intense than the 
RW mode. In fact, the LR peak in the intensity can be mea- 
sured well into the second Brillouin zone. However, in the 
(110) direction. the LR is much weaker in intensity than the 
RW mode. 

We have investigated carefully the dependence of the 
inelastic intensities as a function of incident energy, parallel 
momentum transfer, and surface temperature. In order to bet- 
ter distinguish and isolate the diffuse elastic and the single 
phonon RW and LR from the diffuse inelastic background 
due to the single bulk phonons and due to multiphonon trans- 
fers, we have developed a novel decomposition technique for 
analyzing the experimental data. The first step of this process 
is to extract each of these distinct components from the total 
inelastic time-of-flight intensities using Gaussian functions. 
The use of Gaussian curves for these contributions is justi- 
lied because their width and shape are dominated by the 
resolving power of the experimental apparatus which is ex- 
pected to produce Gaussian shapes in the energy transfer.39 

The contributions of the multiphonons and the bulk 
single phonons excited at the surface are not so straightfor- 
ward to identify because both form a broad continuum in the 
energy transfer. However, we are able to accomplish the 
separation by making use of the significantly different sur- 
face temperature dependence of these two contributions, and 
by the fact that the multiphonon contribution dominates the 
inelastic intensity at high temperatures and is predicted to 
have a nearly Gaussian shape. Thus, in the high temperature 
range. we can identify the multiphonon component by a di- 
rect comparison with theoretical predictions, and then the 
theory gives dependable predictions of the multiphonon part 
at lower surface temperatures. The bulk single phonon con- 
tributions become important at low temperatures and appear 
in the same range of energy exchange as the multiphonon 
contribution. They could be extracted by subtracting off the 
Gaussian shaped multiphonon background predicted by the 
theory. Further confirmation of the correct identification of 
the bulk single phonon contribution is provided by checking 
its temperature dependence, and we find that its behavior is 
described well by the product of a Bose occupation function 
and a Debye-Waller factor, as expected for a single phonon 
transfer process. After isolating each of the individual com- 
ponents making up the inelastic TOF spectra, we have ana- 
lyzed their behaviors as a function of the variation of the 
incident beam and surface parameters with the aid of an in- 
elastic scattering theory.” 

The temperature dependence of the diffuse elastic peak, 
all single phonon peaks (including the bulk single phonon 
part), and the multiphonon contribution were measured over 
a temperature range of 100 < T< 1000 K. In the lower part 
of this temperature range, the single phonon peaks were 
found to increase with temperature, while at higher tempera- 
ture, they began to decrease, in good agreement with the 
Debye-Waller behavior predicted by Eq. (1). The mul- 

tiphonon contribution, on the other hand, was found to be a 
monotonically increasing function over this entire tempera- 
ture range, except for the case of very high incident energies. 
The temperature dependence of almost all the peaks, includ- 
ing the incoherent elastic peak, agreed well with the theory 
within the experimental error with a Debye temperature 
which was approximately 270 IS. [The bulk Debye tempera- 
ture of Cu is generally accepted to be about 320 K (Ref. 82).] 

The intensities of all contributions (incoherent elastic, 
single phonon, and multiphonon) were found to increase 
with incident collision energy, in general agreement with 
theory. The surprisingly good prediction of the theory for 
general trends of all of the measured intensities as a function 
of incident energy is a strong confirmation that the essential 
features of the physics of the scattering interaction are con- 
tained in the theoretical model used throughout this work. 

The behavior of the inelastic intensities with parallel mo- 
mentum is very interesting. The diffuse elastic peak de- 
creases strongly with increasing parallel wave vector AK 
from its maximum near the specular peak at AK = 0 with a 
l/AK3 behavior expected from the envelope of hard core 
Fraunhofer scattering by a collection of point defects. 

Several significant new results come from the analysis of 
the AK dependence of the single phonon peaks. As a func- 
tion of AK, both the RW and LR intensities decay rapidly, 
with a pronounced azimuthal dependence of the decay rate. 
We find that the simple and widely accepted form factor for 
single phonon transfers,63 which is the product of a cut-off 
factor and a Mott-Jackson type matrix element of Eq. (1 l), 
works well for fitting the data, but does not produce a well- 
defined set of parameters. However, the fit can be made 
unique by taking into account the recently measured value of 
the turning point of the He atoms above the Cu surface. The 
LR intensity along the (110) direction is described by an 
effective scattering potential comparable to that of the RW 
mode. However, along the (100) direction, the observed, 
comparatively slow decay of the LR intensity is described by 
a steeper potential with a large value of p. The physical 
origin of this slow intensity decay has been attributed to the 
comparatively large amplitude of the LR vibration along 
(100) due to the absence of nearest neighbors in this 
direction.’ This observation supports the idea that the prima- 
rily longitudinal polarized vibrations of the LR couple 
strongly to the conduction electrons and cause the electron 
density near the surface to have a vertical vibrational corru- 
gation. 

In closing, we would like to express our hope that this 
extensive data base will stimulate the further development of 
dynamical theories of surface phonon excitation by atom im- 
pact. 
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