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The shift and broadening of the vibrational frequency of the adsorbate on a metal surface are 
calculated on the basis of two different models. The first model is an anharmonic one which 
includes multiphonon processes to all order in first-order perturbation theory. We show that 
anharmonic damping due to multiphonon processes is substantial for CO adsorbed on a Ni(100) 
surface and small for H adsorbed on a W(100) surface. At room temperature multiphonon 
processes with n > 2 are very important even in cases when the frequency of vibration of the 
adsorbate lies below twice the maximum phonon frequency of the substrate (n is the order of the 
process). For the C-Ni  stretching mode of top-bonded CO on Ni(100) our results are in accord 
with the experimental data. The second model is an electronic one which includes the electron-hole 
pair loss mechanism. We show that the observed shift and broadening of the C-O  stretching 
vibration mode for a CO molecule adsorbed on Cu(100) and for a H atom adsorbed on a W(100) 
surface can be explained on the basis of this model. Variation of the shift and broadening of the 
CO stretching mode with the distance from a CO molecule to N i ( l l l )  surface are calculated. 

1. Introduction 

M o l e c u l a r  v i b r a t i o n s  a t  s u r f a c e s  f o r m  a n  i n c r e a s i n g l y  a c t i v e  a r e a  o f  r e s e a r c h  

[1]. F r o m  s u c h  s t u d i e s  o n e  c a n  o b t a i n  i n f o r m a t i o n  a b o u t  a d s o r b e d  spec ies ,  

a d s o r p t i o n  si tes,  e l e c t r o n i c  r e a r r a n g e m e n t s ,  n a t u r e  o f  c h e m i s o r p t i o n  b o n d  a n d  

p o s s i b l e  r e a c t i o n  p a t h .  T h e  p r i m e  e x p e r i m e n t a l  t oo l s  a re  i n f r a r e d  r e f l e c t i o n  

a d s o r p t i o n  s p e c t r o s c o p i e s  ( I R S )  a n d  h i g h  r e s o l u t i o n  e l e c t r o n  e n e r g y  loss  spec -  

t r o s c o p y  ( E E L S ) .  A m o n g  t h e  m o s t  i n t e r e s t i n g  p h e n o m e n a  a s s o c i a t e d  w i t h  t h e  

v i b r a t i o n a l  s t a t e s  o f  c h e m i s o r b e d  m o l e c u l e s  is t h e  c h a n g e  in  v i b r a t i o n a l  f re-  
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quencies and lifetime of a molecule upon adsorption. There are various 
mechanisms which give rise to the shift and broadening of the vibrational state 
of chemisorbed molecule on metal surface: 
(a) lnhomogeneous shift and broadening. This shift and broadening must be 
due to the interaction between the adsorbed molecules either directly through 
the dipole fields of the vibrating molecules or by an indirect interaction 
mediated by the metal. The best studied (theoretically and experimentally) 
inhomogeneous systems are isotopic mixtures and incomplete monolayers 
where the dipole-dipole interaction gives rise to asymmetric, broadened ad- 
sorption peaks, which usually shifted towards higher frequencies [2]. 
(b) Vibrational phase relaxation. This mechanism is due to fluctuations of the 
vibrational frequency due to anharmonic coupling to surrounding modes. Pure 
dephasing processes generally dominate condensed phase homogeneous line- 
widths, particularly at high temperatures, but at surface the problem is not so 
clear [3]. 
(c) Vibrational shift and broadening. This mechanism is associated with the 
hybridization of the vibrational modes of chemisorbed molecule and the 
phonon modes of the metal. The effectiveness of this mechanism depends not 
only on the anharmonicity of the potential well but also on the magnitude of 
to0/to c, where to o is the frequency of the adsorbate vibrational mode, toe is the 
highest phonon frequency of the metal. For H on W(100) to0/toc -- 4, for the 
C - O  stretching vibration of CO on Cu(100) to0/toc--9. Thus one should 
expect damping, due to emission of phonons, to be rather unimportant for this 
vibrational modes. However, for the C - N i  stretching vibration of CO on the 
Ni(100) surface too/toe --- 2 so that damping due to emission of phonons could 
be expected to be an important damping mechanism. The anharmonic lifetime 
broadening was calculated by Braun and Pashitskii [4] for the case of zero 
substrate temperature and by Ariyasu et al. [5] who reported calculations of 
two-phonon contribution to the anharmonic linewidth. In a recent paper 
Persson [3d] claims that for the N i - C O  stretching vibration for CO on Ni(100) 
three-phonon processes are negligible and only two-phonon processes play an 
important role. However, Persson used the Debye model which does not 
describes properly the properties of the phonon density of states of an atom in 
a clean nickel surface. 
(d) Shift and broadening due to emission of 8lectron-hole pairs. If an adparticle 
is dipole active, the electromagnetic field of the vibration dipole penetrates into 
the metal and results in creation of electron-hole pairs. This damping mecha- 
nism the so-called Landau damping was considered in a number of works [6]. 
However, as it was shown by Persson and Persson [7], if an admolecule is close 
to the surface the more effective mechanism of electron-hole creation is 
associated with fluctuation of the electron level position of the admolecule 
during vibration (Anderson damping mechanism). If there is an adsorbate 
induced resonance state close to the Fermi energy c F, then as the molecule is 
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vibrating, this resonance state will move up and down in energy around ¢ F" 
The periodic filling and emptying of the resonance state l a) during the 
vibration of the adsorbate molecule will lead to non-adiabatic processes. 
Within the frame of the level fluctuation model (LFM) the shift and broad- 
ening of adsorbate vibrational modes were qualitatively considered by 
Mal'shukov [8a] and Ueba [8b]. Persson and Persson [7] calculated the lifetime 
broadening for the C - O  stretching vibration of CO on Cu(100) and found an 
excellent agreement with the experimental findings. There is a transition from 
the quasi-adiabatic limit A >> to o to the strong non-adiabatic limit A << too 
when the admolecule is moved from the surface. (A is the half width of the 
electron resonance state of the adsorbate.) Formulas for lifetime broadening 
and shift describing this transition were derived by Volokitin [9]. 

The article proceeds as follows. In section 2 the lifetime broadening due to 
anharmonicity of the interaction potential is considered. We obtain an expres- 
sion for the damping rate which includes all the important multiphonon terms 
to the first-order perturbation theory. Explicit results for magnitude and 
temperature variation of vibrational lifetime broadening are given for H on 
W(100) and for top-bonded CO on Ni(100). 

In section 3, a generalization of the LFM is considered. We take into 
account the fluctuations of the position of the electron level of adsorbate 
during vibration as well as its halfwidth A. 

2. Phonon mechanism of lifetime broadening 

In describing the anharmonic damping of the localized vibrational mode of 
the adsorbate it is convenient to use a zero-order Hamiltonian which ade- 
quately describes the motion of the adsorbed particle under the influence of 
the average potential of the substrate. The thermal fluctuations of the interac- 
tion potential around the average value induce transitions between the states of 
the oscillator. The total Hamiltonian, 

H =  H,+ Hp + H i , (1) 

is the sum of the lattice Hamiltonian He, particle Hamiltonian Hp, and 
interaction Hamiltonian H i [10] 

+ Ht- ~ hto~bx bx, 
X 

Hp =p2/2# + (V(Q, z ) ) ,  

H i = V(Q, z ) -  (V(Q, z) ) .  

(2) 

(3) 
(4) 

where X labels to phonons, ~o x is the phonon frequency, b~ and b x are the 
corresponding creation and annihilation operators, p is the momentum of the 
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adsorbed particle, # is the reduced mass of the lattice a tom-  adsorbed particle 
pair, the thermal average of the lattice-particle interaction over an equilibrium 
phonon distributign is given by 

(V(Q,  z))  = Spe[peV(Q, z) ] ,  

pc= exp( - f lHe) / z , ,  

z e= Spe [ exp( - flHe ) ] . 

(5) 
(6) 
(7) 

fl = ( k B T ) -  1, T is the lattice temperature and k a is Boltzmann's constant. We 
confine ourselves to a model in which the adsorbed particle moves in a 
direction perpendicular to the surface, binds to a lattice atom and interacts 
with it through a Morse potential. One can easily consider a bridge binding 
and include the interaction with more lattice atoms. The Morse interaction 
between the adsorbed particle and the surface atom is 

V(Q,  z ) = D { e x p [ - 2 a ( z -  Q o -  u -  ro) ] - 2  e x p [ - a ( z -  Q o -  u -  ro) ] }. 

(8 )  

Here z is the position of the adsorbed particle and Q = Qo + u is the position 
of the surface atom (Qo is the equilibrium position and u is the displacement 
away from it). The thermal average (V(Q, z)) is given by [10]. 

(V(Q,  z))  = D ' ( e x p [ - 2 a ( z -  Q o - r g ) ]  - 2  e x p [ - a ( z -  Q o - r g ) ]  }, (9) 

D ' =  D e x p [ -  a2(u2)], (10) 

rg -- r o = ( 3 a / 2 ) ( u 2 ) .  (11) 

Note that the average potential can be written as a Morse potential with 
new values D'  and r~ for parameters D and r o. The bound state eigenvalues 
for the Morse oscillator are given by [10] 

1 2 e . =  - 

where n is an integer confined to the interval 0 ~< n ~< k - ½, k = (21zD')l/2/ha. 
For D >> h~0o, where h~0 o = E 1 - E0, the parameter a may be calculated from 
formula a 2 = #o~2/2D '. When the Morse oscillator is in the first excited state 
]1) then in a semiclassical picture the interaction Hamiltonian H i can be 

written in the time-dependent form [6a] 

Vsc(t ) = Vol e-i~o' + Vlo ei'~o', (12) 

Vol = ( 0 1 H i l l )  = II10 

The lifetime ~- is determined by [6a] 

d c / d t =  Co/~', (13) 

where % = h~o 0 and dc /d t  is the time-averaged flow of energy into the 
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to interaction of the excited atom with the phonon system. substrate due 
Accordingly to the linear response theory [11]: 

d , / d t  = 2 60oa" (600), (14) 

where the imaginary part of the generalized susceptibility is given by [11] 

1 
e i'%' <Vol(t)V,o(O)) dr, (15) 

a"(600) = 2h[1 + n(60o)] - ~  

Vol(t ) = eiHet/h Vole -iH`'/h, 

n (60o) = [exp( h 60o/kBT) - 1] - '  

Comparing (14) and (13) we obtain 

f f  Col(t) 1 e i~°, dt,  (16) 
r = h [1 + .(600)]  

Col(t ) = (Vol(t)Vto(O)). 

The correlation function C,, ,( t)  was calculated by Efrima et al. [10]. Using the 
results of this work we obtain 

Col ( t )  = D'2{ B 2 [exp(4a2(u( t )u ) )  - 1] + 4A 2 [ exp (a2 (u ( t )u ) )  - 1] 

-4AB[exp (2a2(u ( l )u>)  - 1] ),  (17) 

A = ( 1 / 2 k ) ( 2 k -  3) 1/2 , B = A ( 2 k -  1 ) / k .  

Within the harmonic approximation the correlation function ( u ( t ) u )  is given 
by [10] 

h f~¢p(60) [ . , [ 60t)]d60, ( u ( t ) u ) = - ~ j  ° - - ~ - -  [ctgn( ~ - ~  ) cos(wt) - i sin( (18) 

where M is the mass of the lattice adatom, 0(60) is a local density of 
vibrational states for a surface atom of the substrate. 

Since ( u ( t ) u )  is exponentiated in eq. (17) the linewidth expression F 
includes multiphonon processes to all orders. The one-phonon, two-phonon, 
three-phonon . . . .  contributions to the linewidth can be recovered through a 
power series expansion of Coa(t) in (u ( t )u ) .  

The evaluation of the linewidth requires knowledge of the local density of 
vibrational states p(60). For a Debye model p(60) is equal to 

0(60) = 60D (19)  

O, 60 > 60c" 
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For this model in limiting cases we obtain the following analytical expres- 
sions 

( ' 1 21rD '2 2 k - 3  t ~ ~ ~ ( - 1 )  '+' 2 , + s - 2  
r -  T - - J j = ' 7 " m , .  *=O ,=O 

t ~ S  J t Wo t w o !  

1 1 
× (2 j  + 2 s -  1 -  1)! ( j -  #)!s!l!' (20) 

if T = 0, and 

F= m 
= ]2 2~rD '2 1 ( 2 k - 3 ]  £ ~ ( _ l ) S  2J+2s_ 2 

hw0 [1 + n(w0) ] ~ 4k z ]j=j,,,°,=o 

[3D(Wol3ksT]J+2S(jwc-Wo)J+2"-I 1 (21) 

× We] D' j \ Wo ( j + 2 s - 1 ) ! s ! ( j + s ) ! '  

0 #gO 2"4,0 cm -, 

Fig. 1. Spectral density &~(w) for vertical motion of a atom in the clean (111) surface (ref. [12]). 

if ksT >> hw c. Integer Jma, is determined by the condition (Jmi, -- 1)We < W0 < 
Jn~,%, Jm~n is equal tO a minimum number of substrate phonons which must be 
created in order to induce the transition 11) ~ 10). The Debye model is useful 
for a qualitative analysis. For example, for the perpendicular vibration of 
hydrogen on the W(100) surface w 0 = 3.7% = 0.13 eV, D = 3 eV [4]. Using this 
value it is easy to see that the anharmonic lifetime broadening for the vibration 
of H on W(100) is very large even at high temperature. For example, at 
T =  103 K lifetime broadening ~-= h/F= 10 -7 s. For a quantitative calcu- 
lation it is necessarily to use a more realistic model for p(w). The spectral 
density &z(w) for vertical motion of a Ni atom in the clean (111) surface was 
calculated by Black [12] using a continued fraction approach. This function is 
shown in fig. 1. We propose that for the (100) surface the spectral density 
&z(w) has the same form. Using this spectral density we calculated the 



A.L Volokitin et al. / Adsorbate vibrational modes 37 

/ 
/ 

Era;' / 
f ,° 

j °."" 2w 
to0 / .... 

J .." J .'" 
f ..." 

J .o° 

f ° . "  
J.." 

J.. '  
/..~"" 

j..J.-'* 
50 ~..4.-'" 

................ : .............. , ............... ., .............. ; ......... _..~., .... 
0 200 ~o  T, 

Fig. 2. Temperature variation of  the linewidth for the N i -CO vibration for CO/Ni(100). (1) 
Spectral density #~z(~) from ref. [12] was used in the calculation. (2) Debye model was used. The 
dotted curve is contribution from two-phonon processes only. 

linewidth of the perpendicular vibration of the stretching vibration for CO top 
bonded to a Ni atom on the Ni(100) surface. For this case to o = 480 c m -  1 and 
D ---- 1 .0  X 10  4 c m - 1  [5a] .  At room temperature the calculated linewidth of the 
C - N i  vibrational mode for CO adsorbed on Ni(100) is 13.3 cm -1, a value 
pleasingly close to the 15 cm -1 linewidth reported by Chiang et al. [13]. Fig. 2 
shows the temperature dependence of the linewidth and also the contribution 
to the linewidth from two-phonon processes only. In the case which we 
considered the vibration frequency of the adsorbate lies below twice the 
maximum phonon frequency of the substrate (toc = 300 cm-1),  when the 
transition I1) --' 10) requires two phonons as minimum. As a rule for each 
additional phonon needed the relaxation rate is reduced by a factor of -- 1.5-2 
orders [14]. Thus one might expect that the multiphonon processes with n > 2 
(n is the order of the phonon process) would be negligible. However, this is not 
so for the N i - C O  vibration for CO/Ni(100).  The Ni(100) surface spectral 
density P~z(to) has a sharp maximum at to -- top -- 150 cm -1. Thus the phonon 
states with to - top give the main contribution to the calculated linewidth. For 
this states to0/top ~ 3 and thus three-phonon processes are also important. For 
comparison in fig. 2 we show the temperature dependence of the linewidth 
calculated for a Debye model. For a Debye model the difference between the 
two-phonon and multiphonon linewidth is small. Therefore the conclusion 
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made by Persson [3d], about the negligible role of three-phonon processes is an 
artifact. The two-phonon contribution to the anharmonic linewidth was calcu- 
lated by Ariyasu et al. [5] who found a good agreement with the observed 
linewidth for the Ni -CO vibration for CO/Ni(100). However, formula (2.11) 
in their paper [5b] contains a wrong factor four. Note also that the formula for 
the linewidth obtained by Persson [3d] is wrong by lacking a factor [1 + 

-1. 

3. E lec tron ic  m e c h a n i s m  of  shif t  and l i f e t i m e  broaden ing  

The model Hamiltonian in the LFM is described by [4,7-9] 

H = H e + Hph + He_ph, (22) 

He = E %nao + E %nko + E ( VakC~oC, o + h.c.) + Unaona_o, (23) 
o k o  k a  

Hph = ht%B+B, (24) 

He_ph= Xo(b+ + b)F, (25) 

F =  E [¢'nao + V~k(C+oCko + h.c.)],  (26) 
ko 

X 0 = (h/2Mt%) 1/2, c" = d%/dq, V" k = dVak/d q, q is the displacement of the 
oscillator away from the equilibrium position, n a = C+oCao, n k = C~oCko, C+o 
(Cao) and C~o (Cko) are fermion creation (destruction) operators of electrons 
with spin o in the molecular state la) with energy % and metal state J k )  with 
energy %, V~k is the adparticle-metal coupling, U is the Coulomb interaction 
between electrons of opposite spins at the adparticle. Let us first consider the 
case when V~' k = 0 and U = 0. In this case we may omit the symbol o. The 
Fourier transformation of the phonon Green function 

foo () D ( ~ ) = - i  e"° 'D t dt ,  
- - o o  

D ( t ) = ( T ~ ( t )  ~(0)) ,  ¢p(t)=b+(t)+b(t)  

is given by [8,9] 

D(o~) = 2°~° (27) 
o~z _ o~0 2 _ 2 % ) , E H ( ~ )  ' 

where in the second-order pertubation theory on X = X0¢" the polarization 
operator/-/(o~) is given by 

f ,  v f o o  ( 1 1 } (28) n ( o , ) =  d ,  d " o a ( ' ) 0 a ( " )  o , - , ' + ,  ' 
- - O O  E F 

1 A 
pa( , )  = -  

( , _ , a ) 2  + a 2  " 
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In the case when the electron halfwidth A is independent of the energy the 
integral (28) may be evaluated analytically. The result has the form 

H ( w  - i8) = / - / ' (w)  + iH" (w) ,  (29) 

// '(~o) = a ( 2 a  
o~2 + 4A ~ -~ -  [ n . ( q  + ~,) - n~( ,~  - ~o)] 

1 [  O~('F) } (30) 
+~-~  In p,(c v+o~) p " ( ~ r _ w )  ' 

a {a [ d(,F) 
/-/"(~o) -- °~ z + 4A---------- S G In Pa('F + tO) P . ( 'F  -- tO) 

to) -n.(% + aJ)}, (31) q-na (~  a 

1 a[C--~V~ 
n~(,)---- g c t g -  [ -----~-- ). (32) 

The linewidth and shift of the vibrational mode are determined by 

Ao~ = X2/-/'(6%), (33) 

F = 2h2/-/"(a~0). (34) 

From the formulas (33) and (34) we obtain that in the quasi-adiabatic limit 
(A >> o~0) F--- A -2, A~o = A -1 if I% -- cFI << A. In opposite limit (A << o~0) 
F -- A, Ao~ = A 2. When the molecule moves from the surface, A monotonically 
decreases [15], thus we have a transition from the quasi-adiabatic limit A >> ~00 
to the strong non-adiabatic limit A << %. For small distances from the 
adsorbate to the surface F changes faster than At0, on the long distance the 
reverse is true. The dependence of the lifetime broadening F and frequency 
shift Ao~ on the distance d from the surface are given in fig. 3. The parameters 
were choosen to describe the C - O  stretching vibrational mode for CO ad- 
sorbed on the Ni ( l l l ) .  We take an exponential form for the 2rr* antibonding 
resonance for C O / N i ( l l l )  [4,15] 

A = A o e x p [ - 2 ~ t ( a -  do)],  (35) 

where ~/= (2me~k/h2) 1/2, ~ =  5.10 eV is the work function for nickel [16], 
a o -- 2.75 eV [17], to o -- 2056 cm -a [18], Ic'l  = 11 eV/.~ [19], %(do) -C  v = 3 
eV [18]. There is a dramatic increase in the damping rate and shift of 
vibrational frequency when the molecule moves away from the surface and an 
adsorbate resonance crosses the Fermi level. Such an enhancement of the 
damping rate was discussed earlier by Persson and Hellsing [20] using another 
approach. 
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t l  , , , 0 t 2 J d/do 
Fig. 3. (a) Linewidth /', (b) frequency shift z~o~, (c) electron level position c a for the C - O  
stretching vibration for CO adsorbed on the N i ( l l l )  as a function of the distance d from the 
surface (c v = 0). The solid curves %(d )  = constant. The dashed curves c=(d) = ca(do)+ a ( d / d  o 

- 1 ) ,  a = l  eV, 27do=1 .  

When  the admolecule  is r emoved  f rom the surface, splitting of the vibra-  
t ional spectra  m a y  occur. Let  us consider  the equat ion for the self-frequencies. 

`o2 _ `oo 2 _ 2`oo~2/-/,(`o) = 0. (36) 

I t  is convenient  to invest igate this equat ion graphically. For  this purpose  we 
rewrite it in a dimensionless  fo rm 

Y -Yo _ H'(y) (37) 
r t ' ( 0 )  ' 

where y = ( `o /A)  2, Yo = (`oo/A) 2, 

2 ,;Xo ) 
= - 2`oo ( x 0 , ' ) : r 1 ' ( 0 ) / a  2 = 2,o0 [ - - X -  P a ( ~ F )  • 

/ 

The  graphical  solut ion of  eq. (37) is shown in fig. 4. W h e n  the admolecule  is 
r emoved  f rom the surface, then a - ~  0, p ~ oo and the angle between the 
straight line and the horizontal  axis decreases. Therefore  at different distances 
for  the admolecule  f rom the surface there are possible si tuations where eq. (37) 
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Fig. 4. Graphical solution of the eq. (4): (1) % = oF; (2) % - c F =1; (3) c a - eF = 2.5. All energy 
are given in units of the electron halfwidth A. 

has  one, two or three solutions. At  A ~ 0 eq. (37) always has two solutions: 
one at  to--too and  the second at to---A, if c a - c  F = 0. The  line shape of a 
v ibra t ional  line in the presence of  e lec t ron-ho le  decay processes as measured  
by  a charge-coupled p robe  is given by  the imaginary  par t  of  a generalized 
susceptibil i ty funct ion [21]. 

et(to) = - g 2 D ( t o  + iS) ,  (38) 

where  gD has  been te rmed the dynamic  dipole of  the adsorbed  molecule.  The  
peaks  of  a( to)  are de termined by  the roots  of  eq. (37). The  f u n c t i o n / / " ( t o )  is 
p lo t ted  in fig. 5. The  funct ion / / " ( t o )  s t rongly depends  on to in the region 
to  ~,--"~- A 

In  the quasi -adiabat ic  limit A >> too the fo rmula  for the l ifetime broadening  
and  the shift are significantly simplified and have the fo rm 

F =  2¢rhto0 [ hpa(cF)]  2, (39) 

ato = -x2pa(cF) .  (40) 

Formulas  (39) and (40) were firstly derived by  Mal ' shukov  [8a]. Using the 
relat ion Sn = Xpa(CF) where Sn is the f luctuat ion in the n u m b e r  of  electrons in 
the orbi tal  l a)  dur ing one vibration,  formulas  (39) and  (40) m a y  be rewrit ten 
in the fo rm 

F = 2~rhtoo(Sn) 2, 

Ato -- - XSn, 

Fo r  CO on Cu(100) 

(41) 

(42) 

8 n = 0 . 0 3  [7], to0=0 .26  eV, Ical=ll eV/A [19], 
h o = ( h / 2 M t o o )  1/2 = 0.033 ,~. Tak ing  into account  the orbi tal  and  spin degen- 
eracy of the 2¢r* affini ty level of  CO, Persson and Persson obta ined  [7] 
rtn~ry = h / F  = 1.8 × 10-12 s, which is in fair  agreement  with the exper imenta l  
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2 

! 

Fig. 5. Imaginary  par t  of the polarization operator  FI"(w) as a funct ion of  w. Nota t ions  are the 
same as in fig. 4. 

findings q'exp-~" 3 X 10 -12 S [22]. From formula (42) we obtain Aw e = -  88 
cm-1.  The total shift 

Z~tOto t = AO~ e + At~ph "{- AtOim , 

where AtOim ~--- --2 cm -1 [6d] is the shift due to the image forces, AWph = 33 + 6 
cm -1 [23] is the shift due to coupling of the C - O  and C - C u  stretching 
vibration. Thus we obtain AWto t = - 57 + 6 c m -  1 which is remarkably close to 
the experimental shift At%,p = - 6 0  + 10 cm-1  [22]. 

Let us now consider the case when Vak ~ 0 and U 4~ 0. Using formula (15) 
with H¢_ph from (25) as a perturbation we obtain the following expression for 
the linewidth 

[J: 1 r =  Mw0[ 1 + n ( w 0 )  ] Re e'°'°t(F(t)F(O)) dt , (43) 

This formula may be compared with the expression for the friction coefficient 
[24] 

,l=,M-1Re[fo°°(F(t) F) dt], (44) 

F=F-(F) .  
Comparing eq. (43) and (44) one can deduce the relation 

lim lim F =  lim h~/. (45) 
~o ---~ 0 T--~O T---~ 0 
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Thus in a quasi-adiabatic limit and at T = 0 K, F and h~ are equal to each 
other. Using the results obtained for the friction coefficient [25] and relation 
(45) we obtain at T = 0 K. 

4 h 2 [  [ , 2 z] (I v'kl a, 
sin2a('v) (IVakl2)'v + ½ 1 8 ' ( , v ) ]  / , (46) 

where <lv ,12>,F IZ>,F) is the average of Iv',l = (Iva, I =) over k on the 
energy contour c = c v, 8(cv) is the phase shift at c = c v which even for the case 
U ~ 0 is given by [261 

8 ( , F )  = tg-1 [ A / ( , a  -- ,~ ) ] .  (47) 

Note that the role of the Coulomb interaction U between electron of 
opposite spin occupying the adatom valence level is negligible at T - - 0  K 
because of in this case expression (46) for the linewidth has the same form for 
interacting (U ~ 0) and independent (U = 0) electrons. 

It may be shown [25] that the first (second) term in eq. (46) is negligible for 
vibrations normal (parallel) to the surface: 

t 2 
4h z ( I V ' k [ ) ' v  

Fol I = ~ sin28 , (48) 
(1 Yak I2)•F 

2h 2 - -,.2 
Fox = ~---~(/~ ) . (49) 

If the surface is flat, we have [25a] 

8 m e sin28, (50) 
Fll = 5--~ M cv 

where m e is the electron mass. The electron energy level c a varies with the 
distance d, accordingly [27] 

e 2 
_ o ( 5 1 )  

c a - c a  +q0 = - I +  4 ( d _  dim) , 

where d = d o + q is the distance to the surface, d o is the equilibrium position 
of the adatom and q is the displacement away from it, dim is the position of 
the image plane, ~ is the image potential, I is the ionization potential. For 
hydrogen chemisorption ¢p = 3.4 eV [28]. From eq. (51) we obtain I c ' l  = [qo'[ = 
4cpZ/e 2 = 3.4 eV/~,. For  the ls  level linewidth we take an exponential form 
(35), then A ' =  --2,/A, A = 2 eV [4] for hydrogen chemisorption on W(100). 
Thus taking cv = 5 eV from (48) and (49) we obtain F± = 2.6 meV and 
/'It = 0.2 meV. For vibration normal to the surface theoretical linewidth is close 
to the experimental one/'exp = 1.7 meV [29]. 



44 A.L Volokitin et a L /  Adsorbate vibrational modes 

For  too >> kBTK, where T K is the Kondo temperature, we do not expect a 
strong temperature dependence of F. For independent electrons from formula 
(43) for A >> too we obtain 

1 oo ~ Of 
= f [ = r o ( , ) [ f ( , ) - - f ( e  + to0)] d , - -  -f_ro(,)~i " d ,  

- ro( F) + , 26 ( Br) = ro ( ,F )  1 + 0 - 3 -  , (52) 

where f (e )  is the Fermi distribution function, F0(c) is given by (46) with c 
instead of e F. Thus as long as kBT<< A the temperature dependence of the 
linewidth associated with the electron-hole pairs loss mechanism is negligible. 

4. Conclusion 

In the present work we have calculated the iinewidth and shift of the 
vibrational modes of the adsorbate on the metal surface using two different 
model. The first model is an anharmonic one which includes multiphonon 
processes to all order in first-order perturbation theory. Using this model we 
show that the anharmonic damping can give an important  contribution to the 
linewidth of adsorbate vibrational mode if to o < 2to c. The second model is an 
electronic one which includes the electron-hole pairs loss mechanism. Using 
the Anderson-Newns  type model we show that the observed linewidth and 
shift of the C - O  stretching vibrational mode for a CO molecule adsorbed on 
the Cu(100) surface can be explained in terms of excitation of the electron-hole 
pairs in the metal due to oscillation of charge between the CO 2~r* orbital and 
the metal during vibration. For a hydrogen atom adsorbed on W(100) the 
estimated linewidth is also close to the experimental one. One may differentiate 
between damping provided by electron-hole excitations and anharmonicity 
through the temperature variation of the linewidth. When too >> kBT, the width 
due to damping into electron-hole pairs is nearly independent of T. The width 
due to multiphonon processes is strongly temperature dependent. At room 
temperature the multiphonon processes with n > 2 give a very important 
contribution even in the case when too < 2toe, where n is the order of the 
processes. 

Let us now give a short discussion of the lifetime for H on W(100). For this 
system the dynamical charge e* is equal to 0.04 [30]. Using the relation 

8n = e*~o/( d -  dim ) 
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Braun  et al. [4] made  an est imate 8n -- 0.01. Put t ing this value and  to o -- 0.13 
eV in to  formula  (41) we obta in  F = 0.1 eV which is about  10 times smaller 

than  the observed one (Fex p = 1.7 eV). The discrepancy between this est imate 
and  experiment  for H / W  the system is connected with the screening of the 
ada tom charge by  the conduc t ion  electrons. For  the C - O  stretching vibra t ion 
for adsorbed on Cu(100) the p rob lem of screening in the absence of electron 
overlap was solved by  Persson and  Ryberg [31]. It  was shown that if this 
screening is taken in to  account  one obta ins  a greater dynamica l  dipole m o m e n t  
and  thus greater 8n. For  a hydrogen chemisorpt ion the problem of screening is 
more  difficult because of large charge overlap of the hydrogen a tom with the 
metal.  We ob ta in  the right value for F if we put  in  eq. (38) 8n = 0.06. 
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