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With use of the distorted-wave Born approximation derived from an ab initio time-independent
scattering theory, an expression for the differential reflection coefficient for one-phonon transitions
is presented. In addition, the relation between the truncation of the interaction potential and the
Debye-Waller factor is discussed. Numerical calculations are carried out for the He-Cu(111) sys-
tem. The copper surface is taken to be a slab of 80 layers with nearest-neighbor interactions for the
computation of the phonon dispersion relations and polarization vectors. The plate modes corre-
sponding to the lowest two nearly-degenerate dispersion curves are mapped onto the Rayleigh
modes. With use of a pair potential proposed by others, the differential reflection coefficient for
one-phonon transitions corresponding to the Rayleigh modes is calculated. The phonon wave vec-
tors are chosen to lie along the (110) direction, with magnitudes ranging from 0.05 to 0.60 A
The shape of the differential reflection coefficient is in good agreement with experiment. It is found
that the projectile mainly interacts with the vibrational motion of the atoms in the first layer of the
crystal and that the interactions involving the displacements of the second or deeper layers only
reduce the differential reflection coefficient slightly. The change in the differential reflection
coefficient due to the Debye-Waller factor is found to be small, as the temperature increases from 60
to 300 K. Further, it is found that the differential reflection coefficient increases with increasing
temperature due to the Bose-Einstein distribution of the phonons and is larger for phonon annihila-
tion than for phonon emission because of the density of the final states of the projectile and the kine-
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One-phonon calculation of atom-surface inelastic scattering of the He-Cu(111) system

matic conditions of the scattering.

I. INTRODUCTION

Scattering of thermal-energy helium atoms from a non-
rigid crystal surface has been a useful technique to probe
surface structure and defects.! ™ From the conservation
of energy and parallel crystal momentum derived from
scattering theory, phonon spectra can be obtained by
measuring the energy gain or loss and scattering an-
gles.>”® Many theories of surface lattice dynamics have
been developed to calculate the dispersion relations and
the polarization vectors.’ !¢ The surface force constants
between the crystal atoms can be inferred by comparing
the dispersion curves calculated from theoretical models
of the lattice dynamics with those determined from ex-
periment, especially in the region of short phonon wave-
lengths.>!”~2° The intensity of the peaks provides infor-
mation of the atom-surface interaction involving pho-
nons.

Recently there have been several theoretical ap-
proaches of the scattering processes including the
distorted-wave Born approximation (DWBA),2!724
DWBA with normalization,?® the close-coupling calcula-
tion of scattering matrix,2%?” and the unitary one-phonon
approximation.?® In addition, a semiclassical scheme has
been employed for phonon inelastic collisions,?® 3! and
the optical-potential method has been developed with in-
clusion of phonons.3?73* A systematic ab initio
quantum-mechanical formulation with realistic approxi-
mation schemes was derived by Choi and Poe for phonon
inelastic collisions based on a time-independent scattering
theory. ¥

While various atom-surface interaction model poten-
tials involving thermal vibrations of the crystal surface
have been employed to calculate the inelastic scatter-
ing, 373 our present formulation is applicable to an arbi-
trary atom—nonrigid-surface interaction potential.** This
flexibility allows one to understand the atom-surface in-
teraction from a more fundamental point of view than the
phenomenological approach. Further, the three-body
effect can be included in a straightforward manner in our
approach, if necessary.

In most other formulations the one-phonon inelastic
scattering was defined in terms of the ionic displacement
operator from the equilibrium position, i.e., the phonon
creation or annihilation operators, in a first-order expan-
sion of the atom-surface interaction potential. We adopt
here a more physical point of view that the initial and the
final phonon states of the scattering matrix element con-
tain the same occupation numbers except in a certain
mode, in which the occupation numbers differ by 1. We
then say that the transition between these phonon states
takes place in that mode. The expression of the
differential reflection coefficient to be used in this paper
contains no sum of different transition modes. In view of
the flexibility of the input potential and more physical
treatment of the phonon process, we employ this formula-
tion in the present calculation.

There have been discussions of the temperature depen-
dence of the atom-surface scattering intensities involving
creation or annihilation of phonons.*>*! However, a
direct atom-surface analogy of the Debye-Waller factor
of neutron scattering from a bulk crystal is not available
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except in some limiting cases.*? In practice, the form of
the relevant factor usually depends on the potential used.
We keep the Debye-Waller factor in a general form suit-
able for the formulation with any pair potential, and
define from this form the temperature-dependent Debye-
Waller coefficients for a numerical evaluation.

In this paper we investigate one-phonon inelastic
scattering of helium atoms from the copper (111) surface.
We examine how the atom-surface interaction through
Rayleigh modes affects the differential reflection
coefficient. The differential reflection coefficient is calcu-
lated as a function of phonon wave vectors along the
(170) direction. The shape of the differential reflection
coefficient from our calculation is in good agreement with
experiment.*> We find the interaction of the projectile
with the surface layer to be the most important quantity
to consider, especially for phonon wave vectors greater
than about 0.60 A~!. In addition we find that the tem-
perature dependence of the differential reflection
coefficient is mainly determined by the Bose-Einstein dis-
tribution and any changes due to the Debye-Waller factor
alone are small as the temperature increases from 60 to
300 K. Also we find that the kinematic conditions of the
scattering favor phonon-emission processes at high tem-
peratures.

In Sec. II we first outline the calculation of the surface
lattice dynamics. We then briefly review the transition
matrix of the atom-surface inelastic scattering and derive
an expression for the thermally averaged transition ma-
trix for one-phonon transitions. The effect of the transi-
tion on the reflection coefficient calculated to the first or-
der of the displacement of the crystal atom is also dis-
cussed. In Sec. III we present numerical calculations of
the dispersion relations, the Rayleigh modes, and the
Debye-Waller coefficients for a slab of 80 layers of Cu
atoms. The atom-rigid-surface potential is obtained nu-
merically from the helium-metal-atom pair potential. By
specifying the kinematic conditions of the scattering, we
calculate the differential reflection coefficient and analyze
the interaction depth between the projectile and the vi-
bration of the crystal atoms. The effect of the surface
temperature is also examined. A summary of our calcu-
lation is presented at the end of this paper.

II. THEORY

A. Lattice dynamics of crystals with a surface

The relevant vectors defining the projectile-crystal sys-
tem with the origin on the surface and the positive z axis
along the outward normal to the surface are shown in
Fig. 1. We assume that the crystal is of infinite extent in
the x and the y directions with translational-invariance
symmetry in the x-y plane. We treat the slab crystal as
two dimensional, with each unit cell containing atoms
distributed down through all the layers. These unit cells
are referred to as surface unit cells. We assume one atom
per surface unit cell in a given layer. We denote by R
the two-dimensional direct-lattice vector parallel to the
surface and G the corresponding parallel reciprocal-
lattice vector generated by G. Thus Rga=m A ;+n A,
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FIG. 1. The vectors defining the projectile-crystal system.

and G=mB,;+nB, where A, and A, are the primitive
direct-lattice vectors and B, and B, are the correspond-
ing reciprocal-lattice vectors with A;-B;=278,;. When
used as superscript or subscript, G is denoted simply by
G. We choose the surface unit cells to be primitive cells
and denote the equilibrium position of an atom in the /th
layer of a surface unit cell corresponding to R; by the
vector Rg+r;. The Ith-layer equilibrium atomic
configuration is obtained from that of the first layer by a
translation vector r; —r;. The vector r; is uniquely deter-
mined up to R;. The displacement of the atom from its
equilibrium position is denoted by u/(Rg) which can be
put in the operator form,

1 ﬁ 172
I} — T
u'(Rg) Vi QZS 20.(Q) (aqs+talqy)
X e (Qle' TR | (1)

employing normal modes with the second quantization,
where Q is the two-dimensional phonon wave vector
parallel to the surface, w,(Q) the frequency and €/(Q) the
polarization vector corresponding to mode s. Q’s lie in
the first two-dimensional Brillouin zone. We impose the
orthonormality condition

26£*(Q)'6§'(Q)M0r=8m’ ’ )
!

where M, is the mass of the crystal atom. Here aq ; is
the annihilation operator for the mode (Q,s) and its ad-
joint operator ag ; the creation operator. They satisfy
the Boson comrr;rutati;)n relations [aQ,.s,a&,s,]=8QQ.8”,,
lagsraq,s1=[ags:a0,]1=0. We impose the two-
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dimensional Born—-von Karman boundary condition with
N =N,N, being the total number of unit cells on the sur-
face. The portion of the crystal containing the N unit
cells is sometimes called the “large primitive cell” since it
repeats itself along the surface of the crystal. The Hamil-
tonian of the harmonic crystal H . is expressed in terms
of the displacement u/R;) and the corresponding
momentum. In terms of the normal modes the crystal
Hamiltonian is given by H,, = EQ,Sﬁa)S(Q)(a&SaQJ +1)
with the phonon eigenstates denoted by |. . SRQsr- - - Y,
where ngq ; is the occupation number of mode (Q,s). To
simplify the notation we define [n)=|...,nq,,...).
The phonon states satisfy the orthonormality rela-
tion {n|n')=$,, and the completeness relation
S, |n){n|=1. The energy of |n) is given by
6, = 3 q,s f0;(Q)ng++). The total parallel crystal
momentum operator A, is defined by

H=3q SQaQ saq,s With eigenvalue Q, = 3o Qng ;-
B. The atom-crystal surface scattering

In what follows we adopt the method of scattering dy-
namics and notations described in Ref. 35. The position
of the' atomic projectile relative to the origin will be
denoted by r, its projection on the crystal surface by R
the initial (final) momentum of the projectile by k; (k),
and K; (K/) the projection. The projectile-crystal in-
teraction potential V' and the total Hamiltonian of the
system H satisfy the two-dimensional translational invari-
ance, *°
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with M the mass of the projectile and

m*‘nRGe iHoRg _ i(P/A+HIRG

UG =e (5)

with P being the projection of the momentum operator of
the projectile onto the surface. The time-independent
Schrodinger equation of the system takes the form

(6)

H,‘/}H-) I‘)=El/l(+)(l')

where E=#%k?/(2M)+6,

¢ *)(r) is the phonon- dependent wave function of the
system. From Eq. (3b) we see that K=K, +Q,, is a good

quantum number up to G. The wave function is required
to satisfy the asymptotic behavior of an incident wave
plus scattered waves. Using Egs. (3a) and (3b) the wave
function and the interaction potential ¥ can be written,
respectively, in the forms®?

is the total energy and

¢;(+)(I)E¢(+)(l')
= 2 Y2 nye' KT BT (7a)
S n)VE,.(z)n’le" T TR (7b)
n,n',G

where each term in the sum of Eq. (7a) is referred to as a
channel, which we will denote by (n,G). If V becomes
large compared with the vertical kinetic energy of the
projectile as it approaches the surface, then ¥\5)(z) de-
cays rapidly to zero. We approximate this requlrement
by the boundary condition that ¥§)(z,)=0 where z, is
the point below which the wave functions are essentially
zero. Substituting Egs. (7a) and (7b) into the Schrodinger
equation (6) we get a close-coupling equation for ¥5)(z)
involving the potential matrix V,f,,,(z). The asymptotic
behavior of the incident plus scattered wave then be-
comes™®

(open channel) ,

U VUL=V (3a)
and
UsHU;=H (3b)
for all G, where
hZ
H———v2+H YV 4)
J
kn.O 12 —ik .~z ik, ~z
koo (e ¢ 5605nni“‘sr(lg,zlioe ")
n
B2 "
niO S(+) —K,GZ
- Sucnoe "¢ (closed channel) ,
Kne !

as z goes to infinity, where

2E =6,
If k2 <0, we write k2; = — 2 with K, > 0.

The coupled differential equations are difficult to solve
numerically and we introduce an approximation based on
the two-potential formalism. We write V=uvy(z)+V
where V=V —v,(z) and is expected to be small com-
pared with vy(z). In our calculation v,y(z) is chosen to be
the laterally averaged potential (see Sec. III C)

ki = —(K—Q,+G)>. )

vo2)== [ [2u(|r—RG—r1|) d’R (10)
S u.c. G,[
where the integration is over the unit cell (u.c.). For each

channel we consider the wave function distorted by v,(z)

o(+) i(K—Q,+G)R

=Xn6

which satisfies the unperturbed Schrodinger equation

0(+)( )=

XK, nG (11)

(z)|n)e

0o(+) o(+)

XX (T)=Exg H(r) (12)

ﬁZ
—WV§+HC,+UO( z)
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with the boundary condition y%:"(z5)=0. Then x%;"(z)
has the asymptotic behaviors

_ik"Gz—s,ﬂg e™16” (open channel)
(+)( )~
XnG \Z K62 (+), “¥nG? (13)
e "9"—5{Ede """ (closed channel) ,
where s\d'=e 206 with 8, being the phase shift from
the potential v,(z). Also we define the wave function
- i(K—Q, +G)-R
¥ =x2"2)|n de’ ~
J
+) = (+) iM
Snfo,niO—anfniSGf()gnfo+ k. - k. )V2L2 fer
n/Gf n;0

The transition matrix is defined by

ﬁ (k )1/2
T,

(+)
nfo,niO— Snfo,nio . (15)

nfo n;0
IML
In the distorted-wave Born approximation (DWBA), we

set

Kon oD =X ) olT) (16)
and therefore

o mo=75 J G DV e @, an

s
where
Ve @)=V (2)=ve(2)8,,866 (18)
for n,7n;. The initial and the final states are open chan-
nels.

C. Application to one-phonon transition

The g-phonon transition between the initial and the
final phonon state |n;) and |n s is in general defined
such that their occupation numbers Migs and n fos satis-

fy

3 Insy g = (19)
& :

This includes any changes of the occupation numbers in
every mode (Q’,s’) of |n;) and |n,). We consider one-
phonon transitions in mode (Q,s) between |n; ) and |n, ).
Then from Eq. (19) with g=1

an',s’ - niQ”s' = iSQQlass' . (20)
We use the upper sign to denote phonon emission and the
lower sign phonon annihilation. In our formulation only
the initial and the final states are physically observable.
We include only transitions defined in the above so that
for either phonon emission or annihilation the final pho-
non state is uniquely determined, once the initial phonon
state is specified. The differntial reflection coefficient is
defined by

7461

with x%:7(z)=x%""*(z) so that it satisfies Eq. (12) and
has the asymptotic behavior with incoming scattered
waves. For the channel (n;,0) we have kni0=—k,»z>0

and for (ns,Gy) we have kffcf =k}z from the conserva-

tion of the parallel crystal momentum. For the open
channel we choose k>0 so that k, ¢ =k,. The
i

close-coupling equations mentioned before can be
transformed to an integral equation. Combining the
asymptotic behavior given by Eq. (8) and the integral
equation, we have the following expression of the scatter-
ing matrix:

Kon 6, (D (O o(1) - (14)

[

I=p ’dﬂ =2 aq,, 21)

where I is the number of particles entering the detector
per unit time, p; is the number density of the incident
beam, v; is the speed of the incident particles, and d€1
the differential solid angle in the direction of the detector.
For projectiles satisfying the momentum conservation

K,—K;=FQ+Gy (22a)
and the energy conservation
Ef—Ef=%F%0,(Q), (22b)

the thermally averaged differential reflection coefficient
for the one-phonon transition can be written as

2k, (ITnfo,n,OlZ)T

k| [1=(#/2EP)Vq0,(Q)-K /|
(23)

where the angled brackets denote the thermal average

over the initial phonon states. There is no sum over the
final phonon states in the above equation.

ML?
2P

dR__
dq,

D. The thermally averaged transition matrix

We denote by u (r) the pairwise representation of the
interaction potential between the atomic projectile and
the atoms of the crystal. Assuming the sum of this pair-
wise form of interaction over the atoms in the crystal
provides an adequate description of the realistic system,
we can write the interaction potential between the projec-
tile and the surface as
V=V(r,u(Rg)=Sulr—Rg—1,—

G,!
To carry out numerical calculation we outline the steps
and the approximations used to obtain {|T, G, ol ) for

We expand u(r) in the

u(Rg)] . (24)

the one-phonon transition.

Fourier series
u(n)=—= S uger 25)
L- %

Taking into account Egs. (24) and (1) we have



7462 YEU WANG, B. H. CHOI, AND N. L. LIU 43

VG =—Ll— 2 Uy, exp{i[k,z +(Q, — Q,,r)-RG,—kG-r,]]<n expz(—aa&s-i—a*aQ,s) n'> (26)
Lk
where kg Ekz’z\+G+Qn,—Q,, and
5 172 R

=i|—0— kg -€* Ve 27

a=i No.(Q) G € (Qle
. o A+B_ 4,8, "7l 4B]
For convenience we denote the mode (Q,s) by £&. Using the Baker-Hausdorff identity e =e“e’e , we have
—aal+a* i

(ngle aagra ﬂglnl —lal?/2 20“;]‘}(7*—(’151 a§ aé_ ]|n§> (28)

ij

Therefore, the potential matrix element can be written as

’ 1/2

N itk,z—kg-1,) Ing.—n’) | max(ng,ng)!

Ve z)==—% S u e = 91 N N [ L R

nn L3 l,zkz kg I;I Y min(ng’n,g)!

min(ng,n') . ’ . .
X I |e'=" i ¢ min(ng,n) (—1Y|al¥ ’ 29)
where
P 172 €*(Q), ngZnp

=" e, | Ko ' 30
VETHNe Q) | 9T |€Q), ng<n . (30)

The products are taken over all modes in the first Brillouin zone. For one-phonon transition we need only V,i £ n, (z)
with Eq. (20) satisfied. Then Qn Q"f: +Q which is limited to the length of the first Brillouin zone at most. If G, is
large, then Uy, and thus V, f ( ) will be small. We consider scattering which does not involve large G,. In addition,
if @ (Q) is not close to zero and Uy, , decreases fast enough to allow early truncation of the sum over k,, then |a|? is of

the order of 1/N <<1. Moreover, if the average occupation numbers {n §>T are not large at the temperatures con-

sidered we approximate 1+x + -+ - by e* for |x| <<1 in the sum over jin Eq. (29) for small |a|?. Then for one- phonon
emission between |n; ) and [n;) we obtaln
i | AiN(n;q,+1) itk,z—kg 1) —Wkg )
Vo (g)=——t | s kg -€*(Qluy e 5 e s 31)
ne,n; L3 2wS(Q) IEk Gf Q kGf
where
(n;q,s+7)

Wilke,)=>— 2N z Ikc Q)2 (32)

w,(Q)

with kGf k,z+G,—Q=k ,Z2+K,—K,. As one can see W,(kG ) depends on the phonon state |n,Q ;). For each [ in

Eq. (31) the factor exp(n;q, |a|?/2) with a corresponding to the transmon mode (Q,s) has been approximated by unity
due to the smallness of ||2. The Potentlal matrix element for one-phonon annihilation can be obtained simply by

changing n;o,+1 to n;q, and €*(Q) to € (Q) with kG =k,Z2+G;+Q where G,=K,;—K,;—Q. The factor
exp[(n,q, + Dlal? /2]1s taken to be unity.
Assuming Bfio,(Q)>>|a|? (B=1/ky T where kj is the Boltzmann constant) one can show that
—Wukg ) —Wkg ) —(Wukg Ny —(W,kg )
(mge+De  Te Y imUngdpte e T (33)

By substituting the potential matrix element Eq. (31) into Eq. (17) and noting that the wave function and kG are in-
dependent of the phonon occupation numbers, the thermally averaged transition matrix element can be written as

r N# <niQ,s>T+1

2 =
mol )z 47’L%  20,Q)

0 Gy, f dz)(g *(Z)X0(+)()

2
. itk,z—kg 1)) —(W(kg ))
X [7 dk, S kg, € (Quy, e 7 e s (34)
_ ke 2 :
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where we have made the substitution 3 kz—>(L /21r) f ? odk,, and

_ 1
(niqs)r= Bio,(Q) (35)
e —1
is the Bose-Einstein distribution for the mode (Q,s). The exponential factor
exp[*(Wl(kGf)>T]=exp[-—i(kGf-eﬁ(Q )T]—eXp{ %([kgf'fi(Q)]z)T} (36)

can be interpreted as the square root of the Debye-Waller factor of the system for one-phonon transitions containing the
integration variable k,. We write in the form of a second-order polynomial in k,

( W,(kGf))T= ATk} +[B{(T)AK, +B5(T)AK, Jk, +Ci(T)(AK, *+C5(T)AK, AK,+CL(T)(AK, ), (37)
where AK=K,—K, and
(nos)r+43i
Alm)="1 Qs’T 2, 2
(T): 2N2 ws(Q) ’esz(Q)| ’
B!( i2‘,i@iﬁu{e[e’ (Q)IRe[€,(Q)]+Im[€e,(Q)]Im[€l (Q)]}
NQ w(Q) 74 X sz X >
! # (an> +
BUT)I=1 3 — 22 (Re[el( Q)]Re[€;,(Q)]+Im[e.,(Q)]Im[€,(Q)]} ,
N&  olQ)
(ng,)r+ (38)
o B Qs'TV7,, 2
ci(n= 2NQ% 0. (Q) eL(QI*,
% (nodrts
Cé(T)E}VQES . (Q) {Re[€l,(Q)]Re[€l,(Q)]+Im[€l (Q)]Im[€l, (Q)1} ,
(ng,)
clin=-" Qs °T 11 Q.

We will refer to these temperature-dependent coefficients as the Debye-Waller coefficients. Then the integration over k,
in Eq. (34) can be done analytically and the thermally averaged one-phonon-emission T-matrix element between states
satisfying conservation of parallel crystal momentum can be written as

N# (niQ,s dr+1

2 =
(|Tnfo,niOI >T 87TZL6 C!)s(Q) ’ (39)
with
A=|3 e exp[— CLUTHAK, *— CLT)AK, AK, — CL(T)(AK, ?]
1
[BHT)AK, +B2(T)AK I - |7
Xexp 7
AN ANT)
(z—r,—z')?
Xf dz % Gf z)X,,o )(z)f dz exp Al
BI(T)AK,+Bi( T)AK, , ,
Xexp 240T) (z—r,—z") |upg(z')
[—BI(T)AK, —B5(T)AK, +i( )] :(Q) +AK-€*(Q) 2
- - i(z—r,—z ,
! * 2A )
(40)
where u g (z) is the two-dimensional Fourier transform of u (r)=u (R, z),
us(2)= [ u(R,z)e AKR 2R 41)

whole surface
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We see that (n;q ) r is not the only temperature-dependent factor in the T-matrix element. For one-phonon annihila-
tion, the T-matrix element is obtained by replacing {n,q )7+ 1by {1, )7 and €*(Q) by €(Q).

E. Comment on the one-phonon transition

In the case of a three-dimensional bulk crystal the one-phonon transition has been studied by truncating the interac-
tion potential between the incident particle and the atoms in the crystal to the first order of the displacement vectors.
We consider similar truncation in our atom-surface case. The term u [r—Rg;—r1;,—u(R)] in Eq. (24) can be expanded
in a series of u(Rg). If the temperature is not too high we need only to keep up to the first-order term of u/(Rg). This
is equivalent to expanding the exponentials in the Fourier series Eq. (25) and keeping only up to the first-order term of
u/(Rg). Using the V truncated at the first order of u/(R) the potential matrix element V,,(f,,'(z) becomes the same as in
Eq. (26) except that the factor {n|exp[ 3o, (—aa E,S +a*a_q)]In’) is replaced by

ik(; 172

. N # , iQRg , —iQRg
—ikg (nlu(Rg)|n")=— TN g‘; 20.(Q) [(nlag,ln')el(Qle G+(n|a5’s|n Yel*(Q)e 1. 42
The matrix element {nlag |n’) can be nonzero only if n and n’ satisfy ng o —n g, o = —8oqd, for a particular mode

(Q,s). Similarly (nlaa,s |n") can be nonzero only if ng « —ngy . =8qqd, for a particular (Q,s). In either case this is
the only nonzero term in the sum over (Q,s). Setting n =n 1 n'=n;, and G=G £» We see that the potential matrix ele-

G . . o .
ment ¥, (z) can be nonzero only if |n) and |n; ) satisfy the one-phonon transition Eq. (20). If there were no higher-
order terms of u(R ) other than the first, then there could be no multiphonon processes. However, the reverse is not

. . . s G .
true. Higher-order terms of u/(R) can yield one-phonon processes. We can see this by writing V,,f{ . (z) with the trun-

cated V in the form

itk,z kg ;)

G _ N ,
V,! (Z)—‘L—Bl’zkzukcfe (—i)

npyn;

_
2N, (Q)

and comparing it with the “complete” potential matrix
element given by Eq. (29), where the same #;, ns,and Gy,
for one-phonon transitions are substituted. The only
difference between these two potential matrix elements is
that the last product in Eq. (29) is absent. This product
represents higher-order interactions of u/(Rg) in V for
one-phonon transitions. The approximation made in Sec.
IID on the sum over j in Eq. (27) does contain informa-
tion from u/(Rg) of orders higher than the first. From
this factor we also see that if ¥ contains u(Rg) only up
to the first order, there would be no Debye-Waller factor
in Eq. (31). The Debye-Waller factor results from an ap-
proximation of higher-order interactions of one-phonon
processes.

III. CALCULATIONS AND RESULTS

A. Surface lattice vibration of the crystal

To obtain the dispersion relation and the polarization
vectors we approximate the semi-infinite crystal by a slab
of 80 layers. Since the computer time required to diago-
nalize the dynamical matrix increases rapidly with the
number of layers and a large number of dynamical ma-
trices needs to be diagonalized in the Debye-Waller
coefficients given by Eq. (38), an 80-layer slab is a reason-
able choice. For the Cu(111) surface, we choose a simple
model of nearest-neighbor interaction between crystal
atoms and neglect surface relaxation and reconstruction.
We further assume that the pair potential is minimum

172 €*(Q)(nq,+1)'"? (emission)
‘ Gf.

€/(Q)(n;q,)"” (annihilation) , “3

when the distance between the two atoms is equal to the
nearest-neighbor separation. Due to the existence of the
surface, the force constant between the atoms on the two
surfaces of the slab is not the same as that in the bulk.
For the intralayer surface force constant k; we adopt the
value obtained by Mohamed et al.,* k,=0.85k, where
ky=2.49X10* dyn/cm is the bulk force constant. The
phonon wave vectors under consideration vary from the
T point along the { 110) direction in the two-dimensional
first Brillouin zone. The surface and the direction are il-
lustrated in Fig. 2.

Since the dispersion relations are intimately related to
the differential reflection coefficient of the phonon transi-
tion, we examine their behavior obtained from our model.
Figure 3 shows the lowest three_ dispersion curves for
Cu(111) from Q=0.05 to 0.60 A~ ! along the (110)
direction. The lowest two dispersion curves are so close
that they are nearly degenerate except near the origin.
The corresponding polarization vectors €}(Q) and €5(Q)
correspond to the antisymmetric and symmetric plate
modes, respectively, in the continuum slab dynamics.*
The third lowest dispersion curve lies some distance away
above the first two and does not mix with them. If the
number of layers is increased, it is found that the splitting
of the lowest two dispersion curves decreases. For a
semi-infinite crystal, the lowest dispersion curve is ex-
pected to be doubly degenerate for all Q. For a slab of 80
layers, since the lowest two dispersion curves are nearly
degenerate, their contributions to the differential
reflection coefficients can be treated as additive.
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FIG. 2. Top: the fcc unit cell, the (111) surface and the
(110) direction. The triangle indicates the (111) surface. Mid-
dle: the coordinates on the surface. Bottom: the two-
dimensional first Brillouin zone.
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FIG. 3. The lowest three dispersion curves. The circles are
calculated points.
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Surface modes are characterized by the fact that the vi-
bration amplitudes are large near the surface and de-
crease rapidly as the depth is increased. Experimental
measurement mainly arises from the Rayleigh modes of
the top side of the surface and the eigenvectors of the
plate modes are to be mapped onto the Rayleigh modes
by a linear transformation for the calculation of the
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FIG. 4. (a) |€',(Q)| against the layer I. The calculated
values are connected by line segments to form curves. ;l"l_l_el
curves correspond to Q=0.05, 0.20, 0.35, 0.50, and 0.60 A
along the {(110) direction. |€,,(Q)| with larger Q decay faster
into the slab. (b) |€',,(Q)|? as a function of Q for the first five
I?Xelrs. Deeper layers correspond to smaller values at Q=0.60
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reflection coefficient. Since the lowest two modes are
nearly degenerate, we define

€L(Q)

%[eﬁ(Q)teé(Q)] : (44)

where on the right-hand side the polarization vectors are
normalized according to Eq. (2) and €5(Q) is multiplied
by a phase factor so that the phase of the complex num-
ber €,,(Q) is the same as the phase of €!,(Q). In our case
we found that for each / in the upper half slab €),(Q) and
€),(Q) then become parallel in the complex plane and in
the lower half slab antiparallel. The corresponding pho-
non frequencies are approximated by the averages of the
lowest two frequencies. €)(Q) are then regarded as de-
generate eigenvectors of the dynamical matrix with these
phonon frequencies as eigenvalues in the region of Q
where the splitting is negligible. For 0<0.2 A !, which
is within the range of splitting of the slab modes, this
mapping is considered to be an approximation. We will
refer to the phonon transition in the mapped modes by
simply specifying the values of Q. In Fig. 4(a) we plot
|€!, ,(Q)] against the layer index I. We see that |€',,(Q)|
decreases as the depth is increased. For larger Q the ex-
ponential decay is more obvious and faster. This is the
Rayleigh mode for the top surface. |’ ,(Q)] is the “mir-
ror image” of |€',,(Q)| about the center plane of the slab,
i.e., it is the Rayleigh mode attached to the other surface
and therefore is negligible for the first few layers of the
top surface.

Since the z component of the polarization vector con-
tributes differently from the x and y components to the
scattering reflection coefficient, we also plot in Fig. 4(b)
l€!,,(Q)|? as a function of Q for the first five layers. The
behavior of |€/,,(Q)|? on the surface is to be compared
with the linear behavior obtained from the continuum
model that treats the crystal as semi-infinite and is valid
in the long-wavelength limit. The derivation of |€’,,(Q)|?
from linearity is due to the finite thickness of the crystal
that we took. We tested a 200-layer slab and found that
l€!,,(Q)|? approaches linear form. We also note that the
orthonormality condition is always satisfied in our
discrete-lattice calculation while in the continuum model
it is not considered.

B. The Debye-Waller coefficients

The sums in the expression of the Debye-Waller
coefficients given by Eq. (38) are to be taken over all
modes in the first Brillouin zone. It can be shown that in
the harmonic approximation for the surface the eigenval-
ue M ©0*(Q)=0 is threefold degenerate at T'. We believe
that in a real crystal where anharmonic terms exist,
®,(Q) does not decrease to zero at Q=0. Thus we ex-
clude the w,(Q)=0 points in order to approximate a real
crystal.

Through the boundary condition the number of the
unit cells NV determines the number of Q points in the first
Brillouin zone and the proximity of some of these points
to T. Numerically these may affect the values of the
Debye-Waller coefficients. We examine how to choose a
reasonable length for the large primitive cell and how to
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carry out the summations in order to evaluate the
Debye-Waller coefficients. For a microscopically large
crystal with perfect two-dimensional translational sym-
metry, a very large number of Q points must be summed
over. Since for small Q the value of »,(Q) may approach
zero and some o (Q) has the form o (Q)=cQ + - --
along a certain direction, we find the Debye-Waller
coefficients diverge as Q —0. Therefore if we replace the
summation over Q in Eq. (38) by integration, we need to
know where to truncate the integral near the origin. This
truncating range will be crucial; yet it is unknown. We
found that for 80 layers |€/,(Q)| of the lowest three
modes is not zero at the origin, and so the divergence is
certain to happen. On the other hand, we found numeri-
cally that the polarization vectors, when normalized by
Eq. (2), decrease as the number of layers is increased. If
this number is large, the polarization vectors may be
compatible with the phonon frequencies at small Q.
Then the contribution of terms near the origin in the sum
may not be important. In this respect, the Debye-Waller
coefficients may remain some finite values which are not
large even in the harmonic approximation, as long as we
remove those singular points. However, the decrease in
the value of the polarization vectors is too slow and the
large dimension of the dynamical matrix makes the nu-
merical calculation very difficult. Therefore we cannot
replace summation by integration in evaluating the
Debye-Waller coefficients.

A “‘perfect” real crystal is never periodic over an
infinite size. The “flat” area is a few hundred angstroms
in dimension. We assume a large square primitive cell on
the surface with cell length equal to 50 times the nearest-
neighbor distance (2.56 A). This choice avoids using the
unknown behavior of ®,(Q) near T'. The terms in the
sum in Eq. (38) are symmetrical about the origin. For the
cell length chosen above, a summation over about 1440 Q
points in half of the first Brillouin zone is calculated [i.e.,
the (3X80)X(3X80) dynamical matrix is diagonalized
about 1440 times]. The sum is also over all modes at
every Q. Then the result is multiplied by a factor of 2 us-
ing the symmetry of w,(Q) and €!(Q) about the origin.
Finally terms corresponding to Q=0 are added. Here we
used much more Q points than usual*® and expected to
obtain a better approximation. In all the sums the
0,(Q)=0 modes are excluded. The Debye-Waller
coefficients are symmetrical about the central plane of the
slab crystal, but no more than five layers are needed for
evaluating the differential reflection coefficient. The ab-
solute values of the Debye-Waller coefficients increase by
a factor of 3-4 as the temperature is raised from 60 to
300 K. This shows that the Debye-Waller factor is more
important at higher temperatures. However, we found
that in general these coefficients are all small
[Bi,(T),C5(T)=~10"%and 4(T),C} ;(T)~107%]. This
implies that the effect of the Debye-Waller factor on the
reflection coefficient is small in the temperature range
60-300 K considered here. The smallness of the
coefficient 4 ‘(T) is worth some attention. In Eq. (40) the
small AXT) gives the z component of the polarization
vector a heavy weight; this enhances the dominance of
€!,(Q) over other components.
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C. The interaction potentials

Based on the pair potential u (r)=u(r) between the
projectile and a crystal atom, the interaction potential be-
tween the projectiles and a rigid (static) crystal can be ex-
panded in a two-dimensional Fourier series,

v(r)=V(r,u(Rg)=0)=F u(Ir—Rg—r1,|)
G,!

= S vglz)e'CR . (45)
G

The Fourier components vg(z) can be expressed in terms
of u(r) as

1 —iGR 2
UG(Z)_Efu.c. [GZ’,Iu(Ir—RG,—r,I) e d’R
:ége_‘“'“'uc(z—r,z) : (46)

!

where S is the area of the unit cell. The ug(z) can be
changed to a one-dimensional integral

ug(z)=2 [ “dR u[(R*+2*)'*}Jo(GR)R 47)

where Jy(x) is the zeroth-order Bessel function of the
first kind. In our numerical calculation we choose to use
the pair interaction potential obtained by Eichenauer
et al.®

D. The kinematic conditions

We describe the relations among the energies and mo-
menta for calculating the reflection coefficient. We con-
sider only the G,=0 case when no diffraction takes
place. In addition, we choose k;, <0 and kj, >0. The in-
cident energy E; is fixed so is the sum of the incident an-
gle 6; and the outgoing angle 6. The phonon wave vec-
tor Q and the direction of K; are input variables. From
Egs. (22a) and (22b) the final energy of the projectile E /P is
obtained to calculate K;, which in turn is used to calcu-
late all components of the momenta of the projectile k; ,.
IfE fP =0 or if there is no solution for K;, no phonon tran-
sition inkthe mode Q corresponding to scattered final
states e /' |n ) occurs because the conservation laws
and/or the scattering conditions cannot be satisfied. This
procedure is used for both phonon emission and annihila-
tion processes.

We choose the incident energy EF at 9.15 meV and
0, +06, fixed at 90° to be consistent with the experimental
conditions.** The phonon wave vector Q of the transi-
tion is in the opposite direction to K; corresponding to
in-plane scattering. Since the phonon wave vectors are
input, we can select the modes of the transition. To
stimulate phonon transition with Q varying from 0.05 to
0.60 A ! along the (1T0) direction, the incident angle 6,
increases from about 46° to 58° for phonon annihilation
process and decreases from 43° to 17° for phonon emis-
sion process. The corresponding energy range of Ef
varies from 4.34 to 2.55 meV for phonon annihilation and
from 4.83 to 8.37 meV for phonon emission. The corre-
sponding values for Ef, vary from 5.17 to 11.8 meV and
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from 4.00 to 0.163 meV, respectively. The outgoing pro-
jectile has higher E }; if it annihilates a phonon rather
than emits one. Here E f; is not necessarily always larger
than the incident energy Ef even in the phonon annihila-
tion case, since the phonon energy can be transferred to
the projectile in the horizontal direction and contributes
to the momentum in that direction.

E. The differential reflection coefficient

In this section, we present and analyze the calculated
differential reflection coefficient based on the results of
the previous sections and on Egs. (23), (39), and (40). In
our calculation, the difference of the phonon frequencies
between the second and the third lowest modes is larger
than the value that can usually be resolved by the conser-
vation laws and so we do not include the differential
reflection coefficient correspnding to the third lowest
mode. The differential reflection coefficient with the pho-
non transition mode Q for both emission and annihilation
are calculated as a function of the phonon wave vectors
extending from T in the first Brillouin zone along the
(170) direction, as in the case of w,(Q). Figure 5 shows
the calculated differential reflection coefficient. We use
the convention that negative Q represents phonon annihi-
lation in the mode Q and positive Q phonon emission in
the same mode. The crystal temperature is chosen at 300
K. The unit of the differential reflection coefficient is ar-
bitrary in the sense that a constant prefactor is dropped
in the calculation. On a logarithmic scale, this allows an
arbitrary upward or downward translation of the curves
on the graph. In the figure the upper two branches corre-
spond to the surface modes associated with the polariza-
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FIG. 5. The differential reflection coefficient corresponding
to €,(Q) (the upper branches) and €'(Q) (the lower branches)
along the (110) direction.
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tion vectors €’,(Q) and the lower two correspond to
those associated with €_(Q). The lower branches are
small compared with the upper branches and can be
neglected. The curves in each branch show the
differential reflection coefficient containing the sum over /
in Eq. (40) down to the first, the second, ..., the fifth
layer. Thus they show different degree of perturbation
due to the corrugation and the thermal motion in the first
few layers. In the same figure the rigid potential vy(z)
used to calculate the wave functions includes all the lay-
ers. The shape of the differential reflection coefficient is
in good agreement with experiment.*3 We note that since
the transformation from €}(Q),e5(Q) to €',.(Q),e_(Q) is
unitary as seen in Eq. (44), the reflection coefficient
summed over s=1,2 is the same as that summed over the
two Rayleigh modes. Since the lowest two dispersion
curves are (nearly) degenerate, we can see from the con-
servation laws Eqgs. (22a) and (22b) that for two modes
with the same Q, the solutions of the momenta of the
projectile k; , are identical. We expect that from the
measurement of the initial and the final energies and mo-
menta of the projectile one cannot distinguish these two
modes. The measured quantity is the totality of the cor-
responding differential reflection coefficients. Therefore
we should add the differential reflection coefficient of the
two modes and treat them as a whole. However, since
€' (Q) is attached to the other surface, this summation
becomes unnecessary.

We study the multiplicative factor A4 in the T-matrix
element defined in Eq. (40). In Fig. 6(a) we [plot Aona
linear scale corresponding to the curves for €, (Q) in Fig.
5 against phonon wave vectors. We see that the interac-
tion on the surface is most important. This factor de-
creases when the vibrational motion of the atoms in the
second layer is added to that of the first. Vibrations of
deeper layers do not change this summation significantly
although they reduce it further. Overall the interference
from the vibration of more than one layer leads to a
reduction in 4. This can be interpreted by the fact that
the motion of the crystal atoms in deep layers in the in-
teraction with the projectile allows more degrees of free-
dom to respond to the pair potential and therefore weak-
ens the rigid interaction. For |Q| close to 0.60 A™! the
contribution from the second and deeper layers becomes
very small. Thus deeper layers contribute less and a pro-
jectile with parallel momentum transfer greater than
about 0.60 A ™! can barely affect the second layer.

We examine the shape of the curves in Fig. 5. For
comparison we also plot 4 on a logarithmic scale in Fig.
6(b). The differential reflection coefficient becomes large
when |Q| approaches the origin, since the phonon fre-
quency approaches zero while 4 approaches finite values.
As pointed out before, @,(Q) does not approach zero in a
real crystal. Also if there is a large number of layers, the
normalized polarization vectors for each layer may be
small so that |el, y’z(Q)l /w,(Q) remains finite. Thus the
peak at small |Q| should be narrowed. The two tails of
the reflection coefficient decrease faster than those of A.
This is attributed to the increasing w,(Q) in Eq. (39) and
indicates that it is more difficult to create or annihilate
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phonons with higher frequencies. From the Bose-
Einstein distribution, lower-frequency phonons are more
abundant and therefore increase the chance for transi-
tions of long-wavelength phonons.

The Debye-Waller coefficients are small for all the tem-
peratures so the Debye-Waller factor is expected to have
a small effect on the differential reflection coefficient. To
examine this, we exclude the factor 1/{exp[Bfiw,(Q)]
—1} from the differential reflection coefficient for the
phonon annihilation branch and 1/{exp[Bfw,(Q)]—1}
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FIG. 6. (a) The factor 4 in Eq. (40) corresponding to the
upper branches of the differential reflection coefficient in Fig. 5.
(b) The factor 4 on the logarithmic scale.
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=+ 1 for the phonon emission branch and plot the remain-
ing parts for temperatures between 60 and 300 K. The
results are shown in Fig. 7, where the sum over the first
five layers is used. We find that there is a 5%-10% in-
crease for different Q. Since the Debye-Waller
coefficients were obtained by making an approximation to
the higher-order terms of the crystal-atom displacements
in the interaction potential V (see the discussion in Sec.
II E), this increase shows roughly how the displacements
contribute to the interaction between the helium atom
and the crystal as the temperature is increased.

We examine the asymmetry of the differential
reflection coefficient on the two sides of the origin in Fig.
5. From Fig. 6(a) we see that A is larger for annihilation
at any |Q| than for emission at the same |Q|. For G,=0
we observe the fact that the product of factors involving
AK in 3, - -+ in Eq. (40) for phonon emission with wave
vector Q is equal to the negative complex conjugate of
that for phonon annihilation with the same Q. Thus the
difference in A between the two branches is solely due to
the wave functions. We note that these wave functions
are different due to the kinematic conditions. The term
“+1” in “(n,q ;) r+1” in Eq. (39) is due to the fact that
for the emission process the final phonon state has one
phonon more than the initial state in the transition mode.
This accounts for the emission of phonons at low temper-
ature. To see which of the above two competing factors
is stronger we plot in Fig. 8 (]Tnfo_niolz)T at 60, 140,

220, and 300 K., The sum over / is down to the fifth lay-
er. Both branches in the figure are lowered as the tem-
perature is decreased. This is mainly due to the Bose-
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Einstein distribution of the phonons. The shape of the
curves remains the same as the temperature is changed.
We see that the kinematic conditions are dominant at
high temperatures. The annihilation curve drops faster
than the emission one and this dominance is suppressed
because at low temperature there are not many phonons
to be annihilated. This has been experimentally observed
for the system He-Cu(100) with T=16 K and EF=22.6
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meV.% The finite values of { |Tnf0’n.0|2 ) r for the emission

branch at low temperature indicate that phonons can be
created at any temperature regardless of how many there
may be initially in thermal equilibrium.

There are other factors that affect the differential
reflection coefficient. The factor F=1/|]1— -+ | in Eq.
(23) is due to the conservation laws. If its denominator is
close to zero the differential reflection coefficient will be
peaked at the corresponding Q. Figure 9 shows that F
for phonon annihilation is always larger than that for
phonon emission at the same |Q|. The density of the final
states of the outgoing atom allows more states for larger
outgoing energies and therefore a larger chance for pho-
non annihilation. The factor 1/|k;,| decreases as Q goes
from the phonon annihilation branch to the phonon emis-
sion branch. Both factors also depend on the kinematic
conditions. So the conservation laws for a given incident
energy tend to annihilate phonons rather than to create
them under the kinematic conditions described in Sec.
III D. We note that the functions 4, F, the density of the
final states of the projectile, and k;, are independent of
the temperature. Overall the “+1” term in
“(n;qs ) +1” in Eq. (39) is the only factor that favors
phonon emission. In Fig. 10 we show the differential
reflection coefficient at 60, 140, 220, and 300 K. Compar-
ing with Fig. 8, we see that the phonon annihilation
branch is very much enhanced by F, the density of the
final states, and k;,. From Fig. 10 we can infer that if the
crystal is below ~100 K, i.e., the temperature of a
volume of helium gas with average kinetic energy equal
to the incident energy of the scattering, the phonon an-
nihilation branch would still be much higher than the
phonon emission branch.
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IV. SUMMARY

Based on the DWBA scheme within the T-matrix for-
mulation, we have computed He-Cu(111) one-phonon
transition reflection coefficient. This was derived from a
time-independent ab initio scattering theory in which the
interaction potential between the projectile and the crys-
tal atoms can be an arbitrarily input and the one-phonon
transition is treated more physically. With approxima-
tions the T-matrix elements for one-phonon transitions
are written in a form in which we introduced the inelastic
Debye-Waller coefficients to describe the thermal motion
of the surface. Also we have examined the effect of trun-
cating the atom-surface potential to first order of the dis-
placements of the crystal atoms. We conclude that the
Debye-Waller factor contains higher-order interactions.
The truncation can be used as an approximation to multi-
phonon scattering but does not represent the complete in-
teraction of one-phonon transitions.

We have calculated the lowest two dispersion curves
and the polarization vectors of Cu(111) in the long-
wavelength region (Q <0.60 A™!) along the (110} direc-
tion based on a model of an 80-layer slab with nearest-
neighbor interaction. The force constant on the surface
is taken to be 85% of that in the bulk.** We find the
lowest two dispersion curves are nearly degenerate. The
corresponding plate modes are mapped onto the Rayleigh
modes employing a linear (unitary) transformation given
by Eq. (44). These modes show an exponential decay be-
havior into the slab. The squared absolute value of the
normal component of these modes is roughly linear with
respect to the length of the phonon wave vector.

The Debye-Waller coefficients are calculated, assuming
the length of the “large primitive cell” to be 50 times the
nearest-neighbor distance. We have used discrete sum-
mation instead of continuous integration. We find the
values of these coefficients increase as the temperature is
raised. Their effects on the differential reflection
coefficient are small as the temperature of the surface is
changed.

The interaction potential between the projectile and
the surface is taken to be a sum of the pair interaction.
We have adopted the parameters of the He-Cu pair in-
teraction obtained by Eichenauer et al.** The incident
energy of the He atom is chosen at 9.15 meV and the sur-
face temperature at 300 K. The scattering is in-plane and
the sum of the incident and the observing angle is fixed at
90° for the purpose of comparison with experiments in
Ref. 43.

We have presented the calculated results of the
differential reflection coefficient of inelastic scattering of
helium atoms from copper (111) surface. The one-
phonon transition is in the Rayleigh modes. The shape of
the differential reflection coefficient is in good agreement
with experiment.*> We find that the interaction of the
projectile with the surface layer is most important. When
the thermal motion of crystal atoms down to more layers
is included in the interaction with the projectile, the
differential reflection coefficients reduce only slightly.
Further we find that the He atom with parallel momen-
tum transfer greater than about 0.60 A ! barely affects
the second layer. The peak in the differential reflection
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coefficient near Q=0 is due to the singularity of the pho-
non frequency and may be narrowed if the number of lay-
ers of the slab model is increased. The decreasing tails
are partly due to the increasing phonon frequencies.

We have examined the temperature dependence of the
differential reflection coefficient due to the Debye-Waller
coefficients. The contribution of Debye-Waller coeffi-
cients corresponds to an increase of up to 10% as T in-
creases from 60 to 300 K.

The asymmetry of the two branches of the sum over
layers for phonon emission and annihilation is solely due
to the wave functions in the normal process (G,=0).
The emission process is favored by the phonon states.
The kinematic conditions governing the wave functions
suppress the phonon emission process at high tempera-
tures. At low temperature, the phonon annihilation pro-
cess is reduced due to the lack of phonons while the pho-
non emission process is always possible. The kinematic
conditions, together with the density of the final states
and k;,, are independent of the temperature and favor
phonon annihilation. Due to the Bose-Einstein distribu-
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tion the differential reflection coefficient decreases if the
surface temperature is lowered.

Compared to experiments, there are other contribu-
tions to the differential reflection coefficient correspond-
ing to the lowest dispersion curve, e.g., the multiphonon
transition, closed-channel effect in phonon-mediated
selective adsorption and desorption, and transition in
higher modes involving the bulk band. These contribu-
tions may be small in general and would involve higher-
order approximations, which could be very complicated
for making theoretical estimates due to the large amount
of phonon channels involved. These problems are under
further investigation.
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