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Surface-phonon spectroscopy of LiF(001) by inelastic scattering of He atoms:
Theory and interpretation of time-of-flight spectra
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A distorted-wave theory based on a hard-corrugated-wall potential with a time-dependent modu-
lation (dynamic corrugation) and accurately calculated surface-projected phonon densities is used to
calculate the relative amplitudes of time-of-flight spectra. The calculated spectra are compared
with measured spectra over a wide range of angles. In general, good agreement is obtained under
conditions where final-state resonances with bound states of the atom-surface potential are not ex-

pected. When these resonance processes occur, anomalies are found in the measured spectra. The
results indicate that single-phonon processes dominate the measured spectra and that under certain
conditions bulk modes can affect the spectra. Resonance processes may be useful in enhancing oth-
erwise weak interactions.

I. INTRODUCTION

Recent high-resolution time-of-flight (TOF) spectra of
He nozzle-beam scattering from alkali-halide surfaces'

have provided the first clear evidence on the dispersion
curves of surface acoustic Rayleigh waves (RW's). RW
dispersion curves have been measured in LiF(001),'

NaF(001), NaC1(001), KC1(001), and Ag(111), up
to the boundary of the surface Brillouin zone. These re-
sults demonstrate that atom beams can, in principle, do
for surface phonons the same job that neutrons do for
bulk phonons. In these previous papers we have concen-
trated on an analysis of the kinematic information on pho-
non dispersion curves. In this paper we discuss the
kinematic information by analyzing the amplitudes of the
TOF spectra. The TOF spectra normally show, besides a
certain number of sharp peaks apparently corresponding
to surface phonons, a wealth of diverse features. Some of
the more diffuse structures can a priori be ascribed to ei-
ther two- and many-phonon processes or to the scattering
from single bulk-phonon states. The role of many-phonon
processes has long been considered as an important point
to be clarified in the analysis of TOF spectra in order
to assess the capability of the atom-scattering technique in
giving explicit information on surface dynamics.

In this paper we show that the one-phonon scattering
reflection coefficient calculated for a hard-corrugated-
surface (HCS) model is in general good agreement with
the features in the TOF spectra taken at different incident
angles. This observation offers a strong argument in favor
of the assumption that, for He beams at 20 meV, one-
phonon processes are by far dominant. It is also found
that bulk phonons, having a nonzero displacement in the
sagittal plane at the surface, give an appreciable contribu-
tion to the differential cross section and, in some cases,

even overwhelm the RW phonons. On the other hand, we
find that the response of the optical phonons, of either
surface or bulk nature, is apparently not resolved in the
available TOF spectra, such response being smaller than
the theoretical prediction.

From the theoretical point of view this study is an ex-
tension with improvements of the earlier calculations of
Benedek and Garcia, ' which were aimed at explaining the
few preliminary data published by two of us in 1980.'
The present systematic comparison between theoretical
and experimental spectra for several values of the in-
cidence angle (8;= 18'—72') indicates that the one-phonon
approximation is usually quite adequate to describe the in-
elastic scattering of He from LiF(001). Certain residual
discrepancies, occurring for distinct values of the momen-
tum transfer and of 8;, have been attributed to phonon-
assisted bound-state resonances.

The paper is organized in the following way. In the
next section we briefly describe the experiment and the
way in which the TOF spectra are analyzed. In Sec. III
we describe the theoretical method. First the distorted-
wave dynamical theory is described. Next the method
used to obtain the surface-phonon densities is reviewed.
In Sec. IV theoretical TOF spectra are compared with the
experiments under kinematical conditions in which no res-
onances are expected and when resonances may occur.
The paper closes with a discussion of the importance of
resonances in enhancing special features in TOF spectra.

II. EXPERIMENTAL

The apparatus and the kinematic interpretation of the
TOF spectra in terms of surface-phonon dispersion curves
has been described in detail in a previous paper. In the
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fair(bK) =f, [t(bK)] dt(~)
(2.1)

where t is the flight time from the target to detector and is
related directly to the energy gained by the scattered
atoms,

1
%co = —ml2 td 2

1
2

teI
(2.2)

apparatus a highly-collimated (b,9=0.2' and
b,v/v=0. 8%) primary He-atom beam of energy
Ace; =18.8 meV is scattered from a LiF(001) crystal along
the (100) direction. The incident 8; and final 8~ angles
are constrained by the fixed angle 0» between source and
detector to 0;+6t~ ——OsD

——90. High-resolution time-of-
flight spectra were measured over a wide range of incident
angles 0;. Typical measuring times varied from 1 to 6 h.

For the present analysis the TOF spectra were
transformed into distributions over momentum transfer
AE,

This formulation leads to a separation of the problem into
two parts: (1) calculation of the coupling matrix, and (2)
calculation of the surface-phonon densities, both of which
are discussed below. Because of the one-phonon approxi-
mation the kinematics are quite straightforward. The in-
cident atom of mass m, energy flu;, and momentum
A'k;=A'(K;, k;, ) is scattered into a final state of energy
flcllf —fl(co' +co) and momentum fi k~ =A'( k; + b, k ) within
a solid angle d 0 around the detector direction. Here

Rb, k =A'(Kg —K;,kg, —k;, ) =—fi(bK, bk, )

is the total momentum transfer with k, the component
normal to the surface, and capital letters refer to momenta
in the plane of the surface. b,K equals the phonon wave
vector Q with respect to the nearest surface reciprocal-
lattice vector G, i.e., b,K=Q+G, whereas the normal
momentum transfer A b,k, =A'(k&, —k;, ) is imparted to the
crystal center of mass.

where I,d is the target-to-detector distance, t,I is the TOF
of the elastic peak, and m is the atom mass. t,~ was mea-
sured before and after each experiment by rotating the
crystal to the nearest diffraction peak. flu is related to the
momentum transfer via the kinematical equation,

2
co kK1+ tan 0; —1. (2.3)

E

This relationship is called a scan curve and is plotted in
Fig. 1 for LiF ( 100) for selected values of 8; over a broad
range of momentum transfer including several Brillouin
zones (extended-zone plot). The sohd periodic curves
show the expected measured locations of the RW surface
dispersion curves Sq as well as the Lucas modes S4 and S6
for positive (phonon-annihilation) and negative (phonon-
creation) values of co.

The Jacobian in Eq. (2.1) is given by

d~ —«td
(2.4)dhK ml, dsin(0sD —8; )

We note that as a result of the Jacobian the momentum-
transfer distributions are distorted in amplitude compared
to the measured TOF spectra. Slow peaks are increased
and fast peaks are diminished. As seen from the scan
curve (see Fig. 1) we thus expect the intensity of events
with small values of AK to be enlarged and this explains
the apparent increase in noise at the left in the
momentum-transfer distributions (see especially Fig. 5).
In the momentum-transfer distributions the background
signal, which was typically of the order of 20—30%, was
subtracted off. The present interpretation of the spectra is
based only on a comparison of relative shapes and no at-
tempt is made to carry out an absolute comparison of
magnitudes.

III. THEORY

The theory used here is essentially a distorted-wave ap-
proximation. In the first subsection we formulate the
theory to calculate the one-phonon reflection coefficient.

A. One-phonon reflection coefficient
and calculation of the atom-scattering

dynamical matrix

&& 5(Ep —E —fun), (3.1)
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FIG. 1. Scan curves for the inelastic scattering of He from

LiF(001) surface for a 90' scattering geometry and for the in-

cidence angles 0; considered in this work. Intersections with the

dispersion curves of RW's (S&) and optical surface modes with

sagittal polarization (S4 and S6) indicate possible inelastic pro-

cesses.

The one-phonon differential reflection coefficient de-
scribes the probability that an atom is scattered into a
solid angle d 0 with gain of energy Ace and is given by"

L mkg
X I(~I -„-„ I

) I'dr dn 4 gIk„I.
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where m is the atom mass and I. is a quantization length;
T is the ordinary transition matrix, and a and P label the
crystal states given by different sets of phonon occupation
numbers. The prefactor contains the Jacobian for
transforming the momentum-coordinate phase-space

I

volume into the angle and energy coordinates as well as
flux factors (see below). ' The factor P~ is the thermal
distribution of phonon states n. In order to apply the van
Hove transformation, we first use the Fourier representa-
tion of the 5 function with the result

(3.2)
d'Z'" l k +-

EZ a

where T is T divided by the factor 2M /mL and is therefore dimensionless. Following van Hove' this can be rewrit-
ten to yield'

d 2g (1)

dco dQ
(3.3)

where the time evolution is driven by the free Hamiltonian
of the solid only and the brackets (. . . }denote an average
over the lattice vibrations and depend on the (surface)
temperature T, . This is also a convenient starting point
for deriving efficient approximations of the Debye-Wailer
factor. "

To calculate T we recall that the atom wave function

g( r, r ) is a mixture of incident and all final-state
waves, ' '

(3.4)

where the time-dependent amplitudes A ( k~, k;, t ) are re-
lated to the T matrix by'

A(k~, k;, t)= dt'e'"'T(k~, k;, t') .
2&m

(3.5)

Thus, A(k~, k;, —oo)=0, while A(ky, k;, + oo) is propor-
tional to the Fourier transform of T(k~, k;, t), whose
squared modulus gives the scattering cross section.

The scattering amplitudes are determined by the surface
boundary conditions. The derivation, however, is compli-
cated by the fact that the surface is oscillating in space
and time as a consequence of both static and phonon-
induced corrugations. Thus it is convenient to express

T(ky, k;, t) as a generalized Fourier transform of the
scattering-source function f(R, t ),

P(d, t)=0, VR, t . (3.8)

Equations (3.2)—(3.4) and (3.6) can now be reexpressed
as an integral equation for the source function

fd'R'dr'M(R, R', r, t')f(R', t') = —1, VR, r

whose kernel

(3.9)

M(R, R', t, t') = e(t t') fd k —e'~" ' d 'e
4am

(3.10)

is the atom Green's function' at the surface boundary
times

M=Mp+p, f=fp+y (3.11)

and write Eq. (3.9) as

(2m ) exp[ice;(t t') i 6k;—(—d —d ')],
and e(t) is the Heaviside unit step function. Note that in

Eq. (3.9),f(R, t) also depends implicitly on k;.
At this stage in the calculation we introduce what

amounts to the distorted-wave approximation. From Eq.
(3.6) it follows that the phonon-modulated potential acts
as a small perturbation when

~
Ak, D&(R, t)

~

&&1. In this
case we can expand M and f in powers of b, k, D& and
keep only the linear terms (one-phonon approximation).
With the use of matrix notation we set

(3.6)T(kg, k(, t)= fd R e' " f(R, t),2I
where R denotes the surface position at which the col-
lision occurs, and

Mp and fp are chosen such that

Mpf p
—3. . ——

(3.12a)

(3.12b)
d—:(R,D(R, r)) (3.7)

describes the locus of classical turning points at time t.
For a HCS the time-dependent surface D(R, t) is simply
given as a sum of the static corrugation Dp(R) and of the
dynamic corrugation D&(R, t) due to lattice vibrations.
The HCS model also imposes the simplified boundary
condition,

From this we obtain, after neglecting terms in second or-
der in hk, a~,

Mp 'Sfp. — (3.13)

Here Mp is given by (3.10) for d=dp=(R+p(R)). From
this it follows that
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p(R, R', t, t') =i[D, (R, t) —D, (R', t')]Lp(R, R', t, t'),
(3.14)

with

L,(R,R', t, t') = e(t —t')
4am

The static source function fp(R), which can be calculated
for the HCS model, is assumed to be known. Thus the
one-phonon contributions to T(kj, k;) in (3.6) can be
written down explicitly. After extensive rearrangement
the correlation function in (3.3) can be written as

f 3
l'6 k ( do —do) l'CO(E l )

-+ ~i, (3 1$)
kate 5'

(T (0)T (t))= d Rd Re fd R

XZ*(R,R(, t —t) )Z(R', R'), t —t) )( D)(R ,)t)) D)( R,)t))) .

Equation (3.16) has been written to show explicitly the Debye-Wailer factor

~(R)= —,(&k, ) (D) (R, t )D) (R,t) ),
which is a periodic function of R but independent of time. The atom-scattering matrix is given by

Z=~&.fp —Mp '(Lpfp)+(Xp 'Lp)fp

where the vectors fp and Lpfp have been replaced by the diagonal matrices,

fp —=&(R—R ')5(t —t')f, (R),
Lpfp:~(R R )6(t t )fd R dt L()(R R t —t )fp(R )

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

In the limit of a flat surface (Dp~0) and small momentum transfer (iI),K—+0) the last two terms in (3.18) give contribu-
tions which cancel each other, whereas the first term remains nonzero since fp~2i/c;, (ei Jconai approxim hatt'ppg).

')7

ever, the last two terms of (3.18) are expected to yield a small contribution also at nonzero corrugations as in I.iF and are
omitted in the present calculations. Note that Benedek and Garcia in their previous calculation' have neglected these
te~s on the basis of the incorrect argument that it would involve, at lowest order, only phonons of vanishing parallel
momentum. ' Finally, we note that Eq. (3.16) clearly shows that we have been able to decompose the problem into
essentially three factors: (1) the Debye-Wailer factor, (2) the atomic-scattering matrix, and (3) the dynamic corrugation
which we discuss next.

The dynamic corrugation D) (R, t) which reflects the motion of the surface atoms receives a contribution from all slab
normal modes according to

D)(R,t)= g
Q i 2%,ri)(Q,j)

1/2 aDp(R. ) Q.-.-
L(bt ice( Q,j)t+b iro( Q,j)—))

Qj
(3.21)

where b . and b- . are creation and annihilation operators of a phonon with parallel wave vector Q and branch index j,Qj Qj
tp(Q, j) and ei „(Q,j) are its frequency and polarization vector, respectively, and (lDp(R)/(lu(1, )() represents the defor-

mation of the turning-point locus (corrugation in the HCS model) under a unit displacement of the ath ion in the lattice
cell of indices I =(L,l3 ); x- are the X, lattice translations along the surface, and M„ is the acth ion mass.

With the use of Eqs. (3.16) and (3.21), and the approximation to Eq. (3.18), Z =5k,fp, and performing the thermal
average, we have finally

dtpdQ 8~~
i
k;,

i

—ik zk T & Z)3 (~k)Zi' p(~k)&i i' p(Q'~) '
I3,I3,~,~', a,p

(3.22)

where T, is the surface temperature, p(Q, co) is the surface-phonon density matrix, ' and Z is the dimensionless coupling
vector,

Zi, „(hk)=
L 2coM„

—w( R )+'hk d ( R ) aD, (R)~
~

~
dRe P pR)

Bu~( 1,~)
(3.23)
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FIG. 2. Calculated surface-phonon dispersion curves of LiF(001) along symmetry directions for sagittal polarization. He-

scattering experimental data (0, from Ref. 3) are aligned along the Rayleigh dispersion curve {S&). Neutron-scattering data (0) corre-
sponding to bulk band edges are taken from Dolling et al. (Ref. 30).

BDp(R)

Bu(0, 2,a)

( —aD, (R)laR, I), R~g„
RgA„ (3.24)

where 2„ is an area surrounding the ath ion in the cell at
1 =(0,—, ), proportional to the square of its ionic radius

The transfer function BDp(R)/Bu( l, a.) involves, in
principle, a microscopic description of the surface poten-
tial and its modification under nuclear (core) displace-
ments. For metal and semiconductor surfaces the best
way to determine this function would be to carry out an
extension of the calculations reported by Hamann for
CiaAs(110) and Ni(110) —H(2X 1) static surfaces. The
Fourier transform in (3.23) tells us that the longer the
range of the transfer function, the weaker the response at
large AK. This result, first derived by Armand et al. ,

'

yields a cutoff for phonon inomenta Q larger than a criti-
cal Q, and has been used to explain some of the anomalies
observed in the phonon inelastic scattering of Ne from
Ni(111) by Feuerbacher and Willis. ' For closed-shell
insulator surfaces like I.iF(001) the electron-density per-
turbation is strongly localized so a much simpler model
can be used for the transfer function. We have considered
only the effect of ions in the first layer (I& ——13 ———,

'
) and

taken

and such that X+„is the surface unit-cell area Thus .the
dynamical problem is reduced to a calculation of Dp(R)
and fp(R). These were obtained from fitting previously
measured diffraction amplitudes by means of a method in-
troduced by Garcia.

B. Calculation of surface phonon densities

In this paper the elements of p(Q, co) are obtained from
a new Green's-function calculation of surface lattice
dynamics, the details of which are reported elsewhere. 6 z

These results are based on the Schroder and Nusslein
breathing-shell model (BSM) and room-temperature data
corresponding to the experimental conditions. The bulk
(a+) and surface (a+) ion polarizabilities are set equal
(a+=a+) and taken from the classical compilation of
Tessman, Kahn, and Shockley. This choice of the pa-
rameters gives a good fit of both bulk and surface experi-
mental dispersion curves, respectively, obtained from neu-
tron and atom scattering as shown in Fig. 2. Small de-
viations occur at the M point, which have been attributed
to different mechanisms including surface elastic relaxa-
tion, surface-enhanced anharmonicity, different electronic
structure at the surface causing a change in ion polariza-
bilities' and Szigeti charge. ' ' We are in favor of the po-
larizability mechanism since a noticeable deviation is ob-
served only in LiF, where at the Brillouin-zone boundary
(M point) only the polarizable anion is moving in the RW
S~, in NaF and KC1, where the anion —the polarizable
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FIG. 3. Experimental TOF spectrum and calculated one-
phonon reflection coefficient for scattering of He from
Lip(001) ( 100) for 8; = 18.0' and k; =6.06 A '. E labels the po-
sition of the elastic peak. Theoretical positions of Rayleigh
peaks ($), LA band edge (LA), and optical surface modes (0) are
indicated in the calculated spectrum.

object—is at rest, no deviation is found. As shown in Ref.
27 for LiF, if a' is allowed to be larger than a —in or-
der to account for the effect of smaller coordination —and
both are adjustable, the residual discrepancies at the M
point can be removed in both bulk and S& dispersion
curves. Still, we did not use this fitting procedure here
since such a refinement is time consuming and, moreover,
has a negligible effect on the phonon densities, at least on
the scale of the present analysis. We note that previously
Schroder's original 8SM input data including the
surface-polarizability change were used in a preliminary
calculation of the one-phonon reflection coefficient.

For planar scattering along (100) only sagittal (l) com-
ponents of p(Q, co) with Q=(Q, O, O) enter into (3.22).
They are calculated for 33 equally spaced values of g in
the irreducible segment I —M and 101 values of co be-
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FIG. 5. Same as Fig. 3 for 0;=54.0'and k;=6.20A

tween zero and the maximum crystal frequency. Thus the
computational resolution in momentum and frequency is
equal to b,g =0.05 A ' and b,co =0. 12 )& 10' rad s
respectively. This is close to the experimental resolution
and entirely adequate for a significant theory-to-
experiment comparison. In order to display the sharp 5
functions occurring in p(Q, co) at the RW S& they have
been replaced by equivalent rectangular areas having a
width equal to h~. As a result a RW peak closer than Ace

to the acoustical edge is not resolved from the continuum
of the bulk band.

The inelastic spectrum for a given scattering geometry
(incidence angle 8; and final angle 8f ——90' —8;) involves

the set of matrices p(Q, co) with co related to Q through the
kinematical equation (2.3) (see Fig. 1). Since p(Q, co) is
known for each Q over a discrete frequency mesh its value
at the particular co given by (2.3) is obtained from a linear
interpolation. At large 0;, where the scan curves are rath-
er steep, the chosen mesh of Q values becomes relatively
coarse, so that some of the spectra for 8; & 60' have been
evaluated over a double mesh of 65 Q values in I —M,
which also have been generated by linear interpolation.
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labels the diffused diffraction peak, due to the diffraction of
atoms with incident velocities different from the nominal veloci-
ty.

IV. ANALYSIS OF TOF SPECTRA
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FIG. 9. Same as Fig. 3 for 0; =60.0' and k; =6.08 A '. Ad-
ditional peaks due to inelastic resonances with the bound states
are seen in the experimental spectrum. They are marked by the
corresponding G vector (here G=(1,1) ) and bound-state label
(n =0, 1,...).
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Broadening effect due to the coalescence of two Rayleigh peaks
under KF conditions appears in both experimental and theoreti-
cal spectra.

In this section we compare the calculated one-phonon
reflection coefficient with some selected TOF spectra.
Out of the systematic comparison made for LiF(001) over
a large number of different incidence angles and docu-
mented in Appendix F of Doak's thesis, we have chosen
the more interesting and informative spectra. They are di-
vided in two groups. The first group (Figs. 3—8) contains
spectra which are not affected by resonances with bound
states of the atom-surface potential and are in good agree-
ment with theory. In the second group (Figs. 9—13) we
collect some spectra showing clear effects of resonances as
predicted from the kinematics and known bound-state en-
ergies. In each figure the kinematical parameters 0; and
k; and the surface temperature are indicated. The vertical
lines correspond to hK =G = (integer) X 2~/a, where
a =2.01 A is the nearest-neighbor ion distance. Since the
experimental integrated intensity is strongly modulated by
initial-state resonances —an effect not included in the
theory —the spectra are plotted in arbitrary units.
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FIG. 10. Same as Figs. 3 and 9 for 0; =63.2' and k; =6.05
A '. Right-hand part of the experimental spectrum has been
magnified 5 times: Here the weak structure around AE= —1.
A ' is probably significant and in agreement with the calculated
features in the optical region.

A. Nonresonant inelastic spectra

Figures 3—6 show four spectra for equally spaced
values of 0; (=18', 36', 54', and 72 ). Inelastic scattering
occurs essentially in two regions, corresponding to
phonon-creation and -annihilation processes, which, with
each new angle, shift to the left by approximately an in-
teger G value. The relative intensities of the different
structures change considerably with angle. At the extreme
angle 0; = 18 phonon-annihilation processes are not
resolved from the background, while at the other extreme,
0; =72', only annihilation processes are observed.

At first glance, the calculated spectra appear to be in re-
markable agreement with experiment and suggest that a
complete interpretation of the TOF spectra should be pos-
sible. The sharper experimental peaks correspond quite
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FICx. 13. Same as Fig. 9 for 0;=30.7' and k;=5.97 A
Here the out-of-plane resonance ( 1,0)0 yields a reduction of the
RW intensity at 3.0 A ' and a sharp minimum at AK =0.

0.0
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FIG. 11. TOF spectra taken at the same incident angle

0;=64.2 and slightly different incident momentum. Dramatic
change in the spectral shape and the large discrepancies with the
calculated spectrum are due to the bound-state resonances. For
k;=6.06 A ' one of the RW peaks is tuned on the (1,1)& reso-
nance and is strongly enhanced.

well to RW peaks (marked by t). Particularly at
8; =36.0 (Fig. 4) the intensities of the three distinct RW
peaks are in very good agreement with the predicted inten-
sities. Furthermore, the experimental tails, adjacent to the
RW peaks, are seen to reflect quite well the bulk-phonon
structures, particularly those arising from the edge of the
longitudinal-acoustic (I.A) band, which appear on the an-
nihilation side for 8; =36', 54', and 72' (Figs. 4—6). Also
the peak at AIC=3. 2 A ' for 8;=18 (Fig 3), alth. ough
not well reproduced by theory, originates from the LA

edge rather than from a R%'. This is even more evident in
the spectrum at 8; =40.5' (Fig. 7) for the peak at O. l A
which is well reproduced by theory. On this side of the
specular peak the RW plays a negligible role and is not
resolved. This is not surprising if we consider that at long
wavelengths the R%' penetrates deeply into the solid with
a corresponding loss in amplitude, in comparison to the
bulk modes.

In Fig. 6, the tail of annihilation processes for 8; =72' is
compared with the corresponding Bose factor (broken
line). It is seen that the response of the high-energy pho-
nons dies off more rapidly than by the statistical weight.
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FICz. 12. Same as Fig. 9 for (9;=65.2' and k;=6.05 A
Here a RW peak is enhanced by the (1,1)2 resonance.
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FIG. 14. Bound-state resonance conditions (solid lines) for
6);=60.0 and 63.2. Intersections with the scan curve (dashed
line) give the positions of the inelastic resonances (see Figs. 9
and 10, respectively).
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The faster decay indicates an appreciable effect of the
phonon density as well as of the coupling mechanism.

The spectrum for 8; =49.8' (Fig. 8) shows the kinemati-
cal focusing (KF) effect, occurring when a scan curve is
tangent to a surface-phonon dispersion curve. While in
angular distributions KF contributes an inverse-square-
root singularity, in TOF spectra KF yields a broadening
due to the continuum of scattering channels, which are ac-
cessible over a nonzero range of momentum transfer. The
effect is well simulated by the calculation thanks to the as-
sumed nonzero width of the RW peaks. In this and other
spectra theory predicts also a small peak for the sagittal
Lucas mode (marked by 0), of which no evidence is found
in the present TOF measurements.

1.0'

-3.0—
I

-I.O -3.0 -2.5

(1,0)

41,0&

+1,1&

B. Effect of resonances 1.0

The TQF spectra displayed in Figs. 9—13 (0;=60.0',
63.2, 64.2, 65.2, and 30.7') are only in qualitative agree-
ment with theory. However, there are important
discrepancies occurring locally in the spectra (indicated by
arrows). They consist in the appearance of additional
peaks, or in the strong amplification of small existing
peaks, or in the sharp suppression of a certain spectral re-
gion.

-1.0

-2.0

2.00 10 3.0

GK(k )

FIG. 16. Same as Fig. 14 for 0; =65.2' (see Fig. 12) and 30.7
(see Fig. 13). In the latter case the intersections with the out-of-
plane resonances ( 1,0)„yield minima.
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I
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We propose here an interpretation of these features in
terms of phonon-assisted resonances with bound states.
The kinematics of these processes has been first described
by Cantini, Felcher, and Tatarek. The dynamics of
phonon-assisted resonances and their intensities have been
investigated and have been reported elsewhere.

In these phonon-assisted resonances the final state, in-
stead of the initial state, can come into resonance with
some bound state of energy —e„by a change in parallel
momentum N, which is equal to an integral number of
reciprocal-lattice vectors. Thus for resonance, energy con-
servation requires that

-
2 1co;+ co = (K;+hK+ N) ——e„.2' (4.1)

{b)

-2.0

-3,5 -3.0

8K{A )

FIG. 15. Same as Fig. 14 for 0;=64.2' with (a) k;=6.06 A
and (b) k;=6.14 A '. Triple intersection of resonance condi-
tion, scan curve, and RW dispersion curve occurring in (a) ex-
plains the resonance enhancement of the RW peak in Fig. 11.

For planar scattering, the resonance condition (4.1) is
represented in the (co,~) plane by a parabola for each N
and bound-state quantum number n (Figs. 14—16, solid
lines). The intersections of such a parabola with the scan
curve (dashed line) for given incidence and final angles
give energy and momentum of the specific phonon assist-
ing the resonance. The intensity of these phonons in the
TOF spectrum is then enhanced or depressed, depending
on the phases. The phases appear to depend on whether
in-plane or out-of-plane resonances are involved, with in-
plane resonances usually leading to maxima and out-of-
plane resonances to minima. A rigorous account of the
observed behavior, however, requires a careful analysis of
the phase shifts and of the Debye-%'aller factor along the
lines illustrated in Refs. 37 and 38.

As far as kinematics is concerned we see for 0;=60',
63.2', 64.2', and 65.2 an excellent correspondence be-
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tween the expected in-plane resonances, involving an in-

plane reciprocal-lattice vector N=(v 2m/ro)(1, 1) and the
observed enhancements. For 8;=60.0 (Figs. 9 and 14)
the resonance (1,1)o at —3.4 A ' yields essentially a
strong amplification of the LA edge. The resonance
( 1,1)

&
falls outside the allowed one-phonon region where

a small bump occurs at —2.5 A ', which can be inter-
preted as a resonance enhancement of the many-phonon
background. Also the spectrum at 8; =63.2 (Figs. 10 and
14) shows a sharp resonance slightly apart from the LA
edge, corresponding to N=(~2'/ro)( 1, 1) with n = l.

The most interesting case occurs at 5;=64.2'. We
show in Fig. 11 two spectra taken at slightly different in-
cident energy (k; =6.06 and 6.14 A '). For k; =6.14 A
[Fig. 15(b)] we have three intersections of the scan curve
with the resonance curves for (1,1)„(1,1)2, and (1,1)3.
The first resonance, slightly removed from the RW
dispersion curve, shows up as a weak enhancement of the
many-phonon background, while the other two have their
counterpart in the two peaks, appearing in the bulk acous-
tic region. At k; =6.06 A ' the resonance (1,1) ~ is ex-
actly on top of the RW dispersion curve, producing a
dramatic enhancement of the RW peak at AL= —3.45
A '. This offers a clear example of resonance enhanced-
inelastic scattering The sp. ectra at 8;=65.2' and 30.7
(Figs. 12, 13, and 16) are those which present the major
discrepancies. For 5;=65.2' (Fig. 12) the spectral region
—3.40 A '&AE~ —3.15 A ' is more intense than in
the theoretical calculation due to the occurrence of reso-
nance enhancement of the RW for ( 1, 1 )2 and of a weaker
structure originating from the combined effects of the two
resonances (1,1)3 and (2,0)o. For 8;=30.70' (Fig. 13)
we have the interesting case of sharp depressions in the
TOF spectrum produced by the out-of-plane resonances
with N=(V2mlro)(1, 0) and n =0. Actually a minimum

is observed at 6K=0, which has no counterpart in the cal-
culation, and another, on top of the RW at 5K=2.8 A
produces a sizable reduction of the sharp peak, which
theory predicts at about 3 A

V. CONCLUSIONS

The calculations based on the HCS model for the
scattering theory and the BSM surface dynamics are in
general good agreement with the measured TOF spectra
of He, scattered from LiF(001) along the (100) azimuth.
This and the smallness of the inelastic scattering suggests
that the basic assumption of a distorted-wave treatment is
justified. It is clear, however, that the effects of phonon-
assisted resonances from bound states have to be incor-
porated in the theory in order to remove the remaining
discrepancies. This refinement along the line followed by
Celli, Garcia, and Hutchison for elastic resonances has
been reported recently. ' An even more correct treat-
ment, involving the exact close-coupling wave functions
for the elastic scattering, which will automatically take
into account a11 resonance effects, is also in preparation.
There is also an interesting experimental aspect in the
resonance-enhancement effect, when kineinatics predicts it
in the one-phonon forbidden region (e.g., ( 1, 1)„ in Figs. 9

0
and 11 for k;=6.14 A '). In this case we have an
enhancement of the many-phonon background, which
makes it become measurable. The comparison with the
enhanced one-phonon scattering due to the same reso-
nance (e.g. , (1,1)&

in Fig. 11 for k; =6.06 A ') would ap-
pear to contain important information concerning the
many-phonon processes and their intensities relative to
one-phonon processes. From Fig. 11 we can argue that a
single RW is a stronger scatterer by an order of magnitude
than the many-phonon states nearby. This gives further
support to the one-phonon interpretation of the data.

Another important question concerns the possible effect
of the softness of the potential in the direction normal to
the surface. Soft potentials such as the Lennard-Jones po-
tential have been used in the past, for example, in the
framework of the distorted-wave Born approximation. '

It was found that the softer the potential, the smaller the
coupling to RW's compared to the coupling to bulk LA
waves because the coupling constants ZI „(b,k) turn out to3K

be proportional to the matrix element between atom in-
cident and final states of

a
i AK, V— - (z+al3),

QZ KhK

where V - (z+ al3 ) is the two-dimensional Fourier
K, hK

transform of the two-body potential between He and the
ion at the site (L, l3,v). Therefore, using a potential with a
disposable softness parameter, one should be able to esti-
mate the softness from the observed amplitude ratio of the
LA-mode peak to the RW peak. Even if this procedure
indicates that the softness of the surface potential has an
effect, the present study demonstrates that the HCS modeI
is also able to reproduce correctly the amplitudes of LA
modes thanks to the fact that the relevant information on
the surface potential has been incorporated in the theory
through the static source function fo(R) and the fitted
static corrugation. Thus in the HCS model we are using
an effective corrugation, which is known to reproduce the
rainbow scattering intensities quite well. These considera-
tions do not mean that the choice of the potential would
not have other effects. For instance the prediction of
detectable optical Lucas-mode intensities, which have not
yet been seen with certainty in the experiments, might be a
consequence of too localized an interaction. A soft poten-
tial would probably decrease the coupling to optical
modes. To pursue this matter further, it would be desir-
able to have experimental results for optical modes.
Resonance-enhanced scattering might provide a way to
amplify the response of optical surface modes to He
atoms. We are, at present, exploring this possibility,
which would hopefully extend the area of investigation of
surface dynamics by atom scattering to the whole spec-
trum of surface phonons.
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