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We present results of a theoretical investigation of the phonon-mediated decay of metal surface states. The
calculated energy- and temperature-dependent lifetime broadening of a hole as well as the electron-phonon
coupling parameter for the surface-state band da@0), Ag(111), Cu(111) and Au11l) are given. A detailed
analysis of the Eliashberg spectral function shows that the intraband scattering is of minor importance for these
systems. The surface Rayleigh phonon mode is shown to be crucial for the surface-state decay on the noble
metal surfaces, in particular for energies close to the Fermi level where the Rayleigh mode is responsible for
the major part of the phonon induced lifetime broadening.
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[. INTRODUCTION addition, we point out the nonphysical divergence appearing
for intraband scattering when considering the Bloch pertur-
During the last few years many experimental and theoretbation picture and show that a proper strategy is to make use
ical work have been focused on dynamical processes at met@f the Frdilich description. This section is closed by giving
surfacegsee, for instance, Refs. 191The present investi- results from a detailed analysis of the electron-phorep)(
gation of the phonon-mediated decay of electronic surfac€oupling contribution to the lifetime broadening and the
states is also framed in this context. Surface states areoupling parameten for surface hole states of AI00),
formed on single-crystal surfaces due to the presence of A4g(111), and Cu111).
band gap. The surface-state electron is trapped between the
crystal potential barrier and the vacuum potentiaage po- Il. THEORY
tentia), being mostly linked to the crystal potential in con- ) i
trast to the image potenti&h*3Detailed investigations of the "€ many-body theory of the electron-phonon interaction
inherent interactions, electron-electroa-é) and electron- developed during last 50 years is well documented in a num-
phonon €-p), responsible for the finite lifetime of excited P€r Of bOoks and reviewsee, for instance, Refs. 32-3td
electrons(holes in surface states, are crucial for the under_desqnbes this interaction mostly in bulk matenals. In this
standing of quasiparticle dynamics on metal surfaces. RecefiECtion we present a comprehensive formulation based on
measurements performed by scanning tunneling microsco he perturbation theory focusing mostly in the fund_amental
(STM),314-20 high resolution angular-resolved photoemis- ifferences between surface and bulk. Later on this theory
sion spectroscopfPES experiment£l-28and time-resolved Will be used in thee-p coupling calculations.
two-photon photoemission spectroscof§R-2PPH (Refs. As usual in any perturbation theory, it is necessary to
29 and 30 allow a detailed comparison with theoretical d€fine the “manageable” unperturbed part of the interacting
calculationg*?31 |n this paper we study the decay of a systems, and then the interaction as a “small” perturbation
surface hole state due to tleep scattering, taking into ac- PEtween, in our case, the electrons and phonons. Different
count in principle all the phonon modes and electron wavéhoices of unperturbed Hamiltonians obviously lead to dif-
functions of the system. The surface-localized nature of thd€7€nt descriptions. Within the Born-Oppenheimer approxi-
surface state itself and some phonon modes give rise to 'ation(Adiabatic approximation™ the electron and phonon
particular mixture of dimensionalities in the character of theSYSI€MS are separated, as the valence electrons are assumed
interaction. A surface hole state might decay via intraband® @djust instantaneously to the ionic positions. In order to
transition to the surface state itsétivo-dimensional(2D)  take into account the nonadiabatic effects related tcetpe
charactef or into bulk stateg3D character coupling, the full electron Hamiltonian is written as the sum
In Sec. Il we apply the Fiidich perturbation treatment to of an u_nperturped _Hamlltonlan plus a p(_arturbatlon. In gen-
the surface-state decay problem and present some gene%pl.,'tms I:Iam|lton|an depends on the instantaneous ionic
arguments to show why the conventional Bloch perturbatiorpositions[R,],
treatment fails. The choice of unperturbed electron and pho- Lo oL oo
non systems and the approximations included in the calcula- He(r,[R,]) = Hg(r,[Ra]) THe p(r.[R.]). (1)
tions will be presented in Sec. lll. Finally, in Sec. IV we first _ o .
investigate the role of electronic screening, comparing the Different descriptions relate to different ways to decom-
results obtained when considering simple Thomas-Fermi angose the right-hand side of EL). It is clear that the most
random-phase-approximatioiiRPA) dielectric response. In adequate definition dfl, andH? is the one that takes better
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into account the nearly adiabatic motion of electrons follow-and the perturbation is the difference between &).and
ing the slow ionic motion. This point will be of crucial im- Eq. (5):

portance for the understanding of the decay of the surface
hole state via transitions within the surface band itGatfa-
band scattering)

However, the most common procedure is to choose the . - .
unperturbed electron HamiltoniarHf) as the one corre- = [e U R—e U Ry (r—RY)
sponding to the rigid lattice in its equilibrium structure. This “
procedure is known in the literature as the Bloch description - I
of the electron-phonon interactidh.The treatment intro- =2 [e UV R-1]p Jr—(RO+U)].
duced by Fralich and applied in this work considers the “
unperturbed electron system “moving” adiabatically with (6)
the ions®* The applicability of this procedure is justified in
Sec. IV.

He pr(r,R)=HI-H2,

Note in Eq.(5) that the one-electron potential is displaced
through the vectot with respect to the Bloch description
[OZO, Eq. (39)]. As the surface state is localized within a

few layers close to the surface, we defideas the mean
isplacement of these layers. We define

A. Perturbation treatment

The ideas on which the Hntich description is based on
are quite old. For example it has been used in the work b
Mitra*® where the electron-phonon matrix element was ana-
lyzed in the context of the tight-binding approximation. -

The total electronic Hamiltonian, Eql), can be written N
as U= 2, us/R,, )

- v?2 - -
=——+ - ~
He(r\Ra) 2 ; vs(r=Ra) whereN, is the number of layerésurface and beloywhere
the surface-state wave function has an appreciable amplitude.

_ V_2+2 e Ua%R. p (F—R%) @) For a “high-energy” phonon mode propagating perpendicu-
2 = s a’ lar to the surface, this mean value becomes negligible due to
where the rapid oscillations of trle polarization vectors from layer to
layer, but approaching thg—~0 andw— 0 limit, the motions
u,=R,—R?, (3)  of ions are almost in phase atilis no longer negligible.
v, is the screened pseudopotential, In the Bloch descriptionlﬁ=0) the unperturbed Hamil-

tonian and electron wave functions refer to the rigid lattice
- s e, - and are independent of the considered phonon mode. In the
”s(r):f drie =(r,r')-v(r’), (4) " Frohlich description the effect of the rigid translations of the
R .. crystal is contained in the unperturbed Hamiltonian and thus
v(r) is the bare pseudo potential, asd*(r,r’) is the in-  takes into account that a rigid motion of the lattiée the

verse of the static dielectric function. In general, electron*ﬁo andw—0 limit) does not involve a perturbation of the
self-consistent Hamiltonians can be represented in the for lectronic system

of Eq. (1) only for periodic systems. For systems with atoms In the work by S. Andersson and co-work&?€ this fact

moved from its equilibrium positions this decomposition is-s taken into account in a simple and original \;vay. The au-

not valid. However, such a decomposition is still conserve hors considered the problem of the long-raregp interac-

for metals with atoms out of the equilibrium positions if the tion applying a simple one-dimensional model where only

interaction betweessp electrons and ions is supposed 0 be g 5tie motions of the surface layers are taken into account.

weak?™ In the present work we describe this interaction by, this way, they avoided the phonon modes associated with

using a local Ashcrof pseupodotentfigcreened by Thomas- rigid transléltions of the crystal

Fermi anq RPA diellectric fF‘”C“O” in the calculations Qf the ™1, the case of a surface holé state scattering to a bulk band

deformation potential¢gradient of the screened potential giate interband scattering this limit is never reached and
The exponential factor in Eq2) translates the screened descriptions, Bloch's and Hrtich's, give similar re-

pseudopotential through the vectog from the equilibrium  sults. From the results presented in Sec. IV, itis clear that the
positionR° to the instantaneous positiét), and corresponds  intraband scattering is of minor importance compared with
to an infinite order Taylor expansion around the equilibriuminterband scattering. As we have argued in previous
ionic positions. Splitting Eq(2) according to the Fiidich ~ works3** a reasonable approximation for a surface hole
description we have that the unperturbed electronic Hamilstate with a small momentuikj<10~ ! (a.u)] is to treat the
tonian is interband scattering in the Bloch description and neglect the
72 intraband contribution. However, in this work we will show
0 /(7B TV — —U0-V%, (7RO this explicitly by treating the intraband scattering properly
Her(nIR.D)= 2 +§a: e u(r=Ra), applying the Fralich perturbation picture.
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B. Lifetime broadening and N\ parameter with

In this section we give some equations which form the
basis for the calculations in subsequent secti@dmpendix A
contains more detajlsWe will express the information re- O_(w,€)=ng(w)+f(e)
lated toe-p interaction in terms of the spectral Eliashberg —eEs '
functions defined for phonon emission and absorption protn the literature, considering theep coupling, the interest is
cesses. The Eliashberg function is proportional to the probgsually focused on superconductivity of bulk materials. In
ability to transfer an energy at T=0. The Eliashberg func- this case Eq(12) is averaged over all initial states on the
tions corresponding to emissiqiE) and absorption(A) of Fermi surface. In contrast, in this work we are concerned

O, (w,€)=ng(w)+1—f(e), (13)

phonons are written as with the scattering of a specific surface hole state with a
given initial energy and momentum.
2rE. _ 253 ifloe . . A signature of the electron-phonon interaction is the linear
“« Fi'ki(w) fd q% ng’VI Ol€i &~ €rk-a~ 04.) temperature dependence at high temperatures, which is a
consequence of th€ dependence of the phonon occupation
X 60— wg,,), (8  numbers,
2FA (w)= | 029 |0 128(ei ¢ — €k —at wg KeT
@ Fig (@)= | da [gq,|°d(ei g~ etk gt @g) Ng(w)———, (T—). (14)
Xo(w—wq,). 9) In this limit, Eq. (12) can be written
The e-p coupling function in Eqs(8) and(9) (from Ap- T(eg)=2mN(€ ¢ )kgT, (15)

pendix A is given by the matrix element
where, according to Eq12) the so-callede-p coupling A

i f 1 parameter is given by
9% .~ VoMa: 0. Qof dz¢i(2)G4(2) $4(2), (10
v azF:EJZ_(w)"' CYZF?:IZ(LU)

where )\(e”;_)=f " do. (16
' 0

w

G4(2)= > E-Q,V(Rayz)eid'a Foo[Vus(r—R,)], (11)  As previously pointed out, the Eliashberg function is closely
Ra,z related to the scattering probability transferring a given en-
where F,, symbolizes the 2D Fourier transformation, the €79y @ We also resolved this probability with respect to the
indexi andf refer to the initial hole statésurface staeand ~ Modulus of the momentum transi@r We thus define a spec-
. . ) - tral function revealing which parts of the phase spaceQ)
final hole state, respectivelyg , and o, are the phonon

energy and polarization vector, respectively, is the area contribute mostly to the scattering of a given state,

corresponding to each atomic position, anthe vector that . - f
translates one layer to the same parallel configuration as the « Fi,Ei(w,Q)Zf d sz |9.§,>\
upper(lower) layer. The phonon mode involved in the scat- v

tering event and denoted byhas parallel momentum]l The X 8(w—wg,) 5(|(j| -Q). (17)

first Dirac delta function in Eq948) and(9) ensures energy

conservation in the scattering and the second one in these In Sec. IV we analyze our calculations in terms of this
equations registers all the scattering events with energfunction for the case of surface hole decay (180 and
transferw, summed over all possible phonon modewith Cu(11)).

momentum&. The hole decay rate—lifetime broadening

I'—is the integral over all scattering events that conserve [ll. CALCULATION DETAILS

energy and momentum. The electr@ and phonon ifg) . . .

occupation numbers introduce the temperature dependence, N this section we describe the unperturbed electron and
A derivation of the expression fdr based on the-p self- phonon states chosen for the ca!culanons OfQ*FB matrix
energy is given in Refs. 41 and 42 and in Appendix A weelements which determine the Eliashberg function.

present another derivation, which yields the same result,

based on a Master type of equation for the electron state A. Electron states

occupancy” The result is

25( €k~ €k —q)

We define the unperturbed electron system as the solu-
. tions of the one-particle Schidinger equation applying a
T(e K-):Zﬂf a?FE ()0, (0.6 f — ) model potential proposed by Chulkov and co-workRéré*
o 0 i o (see Fig. 1 This model potentiaM(z), is constant in the
plane parallel to the surface and varies only in the direction

2EA - =
Ta Fivki(w)of(w’e"kﬁw) (12 perpendicular. The potential is tuned to reproduce atlthe
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' ' ' ' ' ' where the so-called force-constant matiy, ; relates the
Cu(111) Surface. force actjng on the ion in positioR, when an ion in the
positionR; moves in a given direction. In a slab geometry
we have solutions of the formi(R,)=U(R,,,q)e'd Re,

Whereﬁ is the phonon parallel momentum. An eigenvalue
problem is thus obtained for the Fourier coefficients

o U(Ry, 101

_wzﬁ(ﬁz,aia)zé Ba,ﬁ(a)a(ﬁz,ﬁlc—i)! (22)

P . where

-i. Y . -I N - . | | Baﬁﬁ(a)zz efi(i'liaDa’Bei(ifilB. (23)
z (a.un) «p
If one solves for the dynamical matr in a slab geometry

as in the work by Blaclet al*® two surfaces are present. The
drawback of this procedure is that the description of the pho-

point the correct surface projected band gap as well as thg®n modes with a small momentugr (27)/L=q., where
surface and first image state energies for the systems studigd.iS the slab thickness, are not properly described. In the

The unperturbed wave functions and energies are writteg@lculation of the intraband scattering contribution, this
small momentum limit is always reached. To get an idea of

U i(X,2) = br(2) €KX (18 typical values ofq. we have for C(d11) and N,=30 that
' g.~0.05(a.u).
and A method suitable to meet the smallproblem has been
proposed by Trullinget’ The method is based on an expan-
—, (19) sion of the phonon states in terms of Gottlieb polynomials.
2m These polynomials have the property of decaying into the
where bulk, thus allowing an improved representation of the surface
for small momentum. The definition of the Gottlieb polyno-
1 @2 mials ig'"*®
5 gz @ TV@ (D)= €ndn(2). (20)

FIG. 1. Squared surface-state wave functisalid line) and the
model potentialdotted ling for the CY111) surface.

n

. Xn(m,y)=e Ynmiz2y) (1—e’)p( n)( ) (24
In Eqg. (19) the electron coordinateis separated into parallel p=0 P/ P
arjd perpegdicular components with respect to the surfacg,q they satisfy the orthogonality relation
(x,2), andk andm are the parallel momentum and mass of
the electron. In order to take into account partially the sur- -
face corrugation effect we use a realistic effective nrass mE:O Xp(M,Y) Xq(M, )= 6p,q- (25
in Eqg. (19). The electron unperturbed Hamiltonian of Eq.
(20) corresponds to the Bloch description of the electron-  The y parameter controls the spatial decay of the polyno-
phonon interaction. To consider the Rlich description, the  mials into the bulk. In the Gottlieb polynomial representation
unperturbed wave functions follow the moving ions, and onethe dynamical matrix and the eigenvalue problem are written
must replacas°(r) by ¢°(r—U) for each ionic motion pat- _
tern when calculating the-p matrix elements. - N — .

T(mmqw)z%lxmm,wDaﬁ(q)xn(ﬁ,w (26)

B. Phonon states

The unperturbed phonon modes are obtained from a
single force constant model, where the force constant is fitted
to reproduce the elastic constants and the maximum bulk _
phonon frequency. This simple model leads to a dispersiowhereN is the size of the matrix. In practice, one must find
relation in reasonable agreement with what is obtained froma proper setting of the parametersandN.*8 The larger the
He scattering(HAS) experiments on noble metdlll  { yalue, the largery can be chosen corresponding to a
surface$® The equation of motion of an ion in positiddis  slower decay into the butfé

Independently of the method used to calculate surface
_wzﬁ(ﬁa)zz Daﬁﬁ(ﬁﬁ)a (21) phonon moc_jeséslab or Gottlieb _polynomial method for in-
3 ’ stance, solving the corresponding eigenvalue problem, we

—wzv*vm<6>=§ T(M,n,q,7)Wa(q), (27)
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IV. CALCULATION RESULTS AND DISCUSSION

In this section we analyze the dependence of obtained
results on the electronic screening. Furthermore, we perform
a detailed analysis of the different perturbation pictures,
Bloch and Frdlich, for the case of the intraband scattering.
Finally we present the calculation results based on the theory
discussed in the preceding section. We resolve the different
contributions to the Eliashberg function, lifetime broadening,
and the electron-phonon coupling parametefor the sur-
face state of AI100), Ag(111), Cu(111), and Au11]1). While
Au(111), Ag(111), and Cul11l) present a surface hole state
Cu(111) well localized within a few layers at the surface, th¢&10)
surface state decays very slowly into the bulk as this surface
state located in a relatively narrow energy gap lies very close
to the bottom of the band gap. Schematic drawings of band

FIG. 2. Phonon dispersion of the Q1) surface, presented in structure, with the surface state band, of the three metals
the principal directions of the surface Brillouin zone. The polariza-surfaces can be seen in Figs. 8, 12, and 14. Due to the deep
tion of the surface Rayleigh mod®) and a longitudinal surface penetration of the ALLOO) surface state into the bulk, tieep
mode () are indicated by arrows. The phonon dispersion ofcoupling is similar to what is found in bulk Al. In general we
Ag(11Y) is qualitatively similar. find for the three systems that the interband contribution
dominates and the intraband contribution is small10%).

© [meV]

obtain the polarization vectoréa,v(RZ) which are complex
in general and thus the ionic motion must follow an elliptic

. A. Screening
orbit,

- ool The screening of the bare ion potential is crucial for a
u~Ree' e ,(R)] realistic calculation of the electron-phonon matrix element.
- . - The ionic motion creates an additional charge distribution
=cog wt]R €g,,(R,) ] —sinwt]Im[ € ,(R;)]. (with respect to the unperturbed situaticand the electron
(29 gas screens almost instantaneously this “change” in the po-
tential.
Most of the results presented in this paper are calculated
using the simple static Thomas-Fermi dielectric function. In

other and one of them is perpendicular to the surfdies s section we show that this approach gives similar results
the other is parallel to the surfacé\Ve thus have a parabolic ,q e ones obtained from a more elaborate RPA treatment.

orbit With, the main axes as the real and imaginary part of t,h%he main advantage of the Thomas-Fermi theory is that it
polarization vector. In general the so called surface Rayleigh;ows one to work with analytic formulas. However, this

is polarized mainly in the direction perpendicular to the sur-55504ch does not take into account the surface effects. The

face and the longitudinal surface mode mainly in the diréCya tron-phonon interaction is reasonably local around ionic

tion of the momentum. The calculated phonon dispersion,qitions and thus we find that the errors introduced are
f;gtse?;?/e?;ven in Figs. 2 and 3, for Q1) and A(100,  gma)l. The static RPA dielectric function is defined as

When the crystal has “axial inversion symmetA?”
Re[gd,V(Rz)] and In{ga,,,(Rz)] are perpendicular to each

EF;%A(r_r,)Zé(r_r,)'i_f drive(r'—ry) xrpar1,r"),

(29
wherev. is the bare Coulomb potential,
XRPA(r,I"):XO(r,r')+f d"lf drox°(r.ry)
Xve(ri=ra)xrpall2,r’), (30
and wherex®(r,r’) is the static density-density response
function of a noninteracting electron gas,

O(Er—¢€)— 9(EF_fj)

r X M r Or,r')=2 -
X ) % € — € +1n
FIG. 3. Phonon dispersion of the (ADO surface presented in . e
the principal directions of the surface Brillouin zone. X () () hy(r ") g (r"). (31
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2 . | . T . . T . . 3 ——T — T
=0.7 (a.u 5 I — RPA |
q=0.7 (a.u) : ] ,L Cu(111) . | =" Thomas Fermi
L5 - E)
y .
—_ N :
< E
5/ . Z, S
T, — Thomas-Fermi, = T
05 . - i
P2
1 g
1 > 1 L
-2 0 2 4
. z-R__(a.u
‘-,2() -15 -10 -5 0 5 10 z0 ( )

z(a.u o . .
(a.0) FIG. 5. Derivative, with respect to thecoordinate, of the 2D

FIG. 4. Comparison between RP&olid line) and Thomas- Fourier transform of the screened Ashcroft pseudopotential. Apply-
Fermi (dashed ling dielectric functions in the Qd1l) surface. ing the RPA dielectric functiortsolid line) and Thomas-Fermi di-

F(z.q), defined in Eq(36), calculated forg~q . electric function(dashed ling
i (r) are a set of unperturbed single-particle wave functions UeXrpA(2)
of energye; . We calculate these wave functions with the F(z,9)=——— (36)
model potential described in Sec. Ill. As this potential is UeXTF
constant in a plane parallel to the surface, we use the 2D
Fourier transform for all quantities entering E@9), that In Fig. 4 we plot this ratio fog=0.7 (a.u.) in the surface
leads to region of Cy111). This value of the momentum transfer is
close to the Fermi momentum. Note that in this figure that
1 , o , the RPA resultsolid line) oscillates around the value given
€rpA(2=2,9)=8(z~2 )+J dzv¢(2-2,,9) by the Thomas-Fermi theorglashed ling
, In the calculation of the-p coupling functiong, given by
X Xrpa(21,2',0), (32 Egs.(10) and(11), the 2D Fourier transform of the gradient

of the screened potential enters. The gradient of the screened

wherev(z' —z;,q) refers to the 2D Fourier transform of the potential reads

bare Coulomb potential. The 2D Fourier transform of the
Thomas-Fermi dielectric function is obtained by back Fou-
rier transforming the 3D dielectric function with respect to ﬁé Us(;_ ﬁa)hioz _V*r.vs(r*_ RO), (37)
q,. We then obtain « a “

q2 e_,/q2+q$F|Z_z/\ whereuv is the screened pseudopotential and the 2D Fourier
elz—2',q)=8(z—2")— = (33  transform of Eq(37):
r 2\ + Ure

In order to compare the RPA and Thomas-Fermi screenin!j_ZD[VUs(r il
it is reasonable to compare the produgt ygrpa With the d o
second term of the right-hand side of E§3). For this pur- =| —iq-v(q,Z—Ru ) +2- —v4(q,2— R, ,) | €9 Ra,
pose we define the following quantities: dz

(38)
UcXRPA(Z)Ef dz’f dzve(z' —21,9) XrpA(21,2",9) _
(34) Let us compare the RPA and Thomas-Fermi screened de-
formation potential. With the Ashcroft pseudopotentisée
for the RPA dielectric approach, and Appendix B as bare potential, we obtain the result shown in

Fig. 5, where we plot both result@pplying TF and RPA
PN Ay 5 screenings for the second term of Eq(38) for the last
ﬁ dZIqTFe @ ezl _ Arr (35) atomic layer of the C{111) surface. The difference is small
AT 2 0%+ 03¢ q2-+q? except the region beyond the surface where the RPA screen-
ing is slightly less strong. The reason for this is that the RPA
for the TF dielectric function. Thus we measure the relativescreening actually takes into account the reduced electron
difference dividing Eq(34) by Eqg. (35), density on the vacuum side of the surface layer.
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' ' ' ' ' whereuj , denotes the component of the ion displacement

02 - ]
Cu(111) vector parallel to the surface and , the perpendicular
- e component. Phonon modes in the limit>0 andw—0 cor-
respond to a nearly rigid translation of the crystal. This is

0.15~ —
R easy to understand as tlige—~0 limit brings us to a one-
2 dimensional problentdirection perpendicular to the surface
N"; o1l - and w—0 means physically an infinitely slowly moving

crystal in this direction with all ions moving nearly in phase.
In this limit we have

- /1
uL,DZN m.eli(wlc)'Rz'ay (q_>o’w_)o)’ (44)

wherec is a typical phonon velocity. We now consider the

final-state wave function in E¢42) given by ;. We expand
FIG. 6. Eliashberg function for the surface state of ) in Eq. (40) around the equilibrium ion positions,

the T point. Ashcroft pseudopotential screened by the RPA dielec-

tric function (solid line) and the Thomas-Fermi dielectric function

(dashed ling QZDvng dz

0.05—

.. d
2 ¢?(Z)(—iu,a'Q+UL,ad—z)

Finally, the Eliashberg function is calculated for the

Cu(111) surface state at thé& point, making use of the

Thomas-Fermi and RPA dielectric functions. The result is
shown in Fig. 6. The agreement between both types of Taking into account Eq44) and the fact that in the limit
screening is reasonable and justifies the subsequent use @0, only intraband scattering can take plate-{), a par-

. (45)

Xv4(0,2—Ry,4) i(2)

the Thomas-Fermi dielectric function. tial integration yields in the limig—0, o—0
- . . d >
B. Bloch and Frohlich perturbation picture gZD,BZE U . dZ(d—Z[¢i*(Z)¢i(Z)]vs(q.2— R, |

In this subsection we analyze qualitatively the snwll
problem appearing when calculating the intraband scattering (46)
considering the Bloch description. With the notation of Eq.If we now consider that the surface state has an spatial ex-
(2), the unperturbed and perturbing Hamiltonians in thetend Az, we can make use of the following approximation

Bloch description would respectively be for the squared amplitude of the wave function:
0 - o Vz 2 - B0 z z
He,B(r![Ra]):__+ US(r_Ra)’ (39) ZNe;rz — i Zwe;rz —
2 |¢i(2)] Az 0(—2), az|¢'(z)| N 0(—2).

(47)
Furthermore, we have the Thomas-Fermi screened potential
in the limit g—0 (see Appendix B
Let us consider the initial and final states in the scattering

He pa(r.[R])=> [e %R~ 1]uy(r—R%). (40)

e UTF |27 Ryl

process, v5(0, 2= R, ) <————. (48)
. Arr
= ) —ix-k
vi=di(z)e ' (41) Analyzing the contribution from the first layer, and multiply-
R () ing by the factor Az)/a, (the number of layers withikz,
b= di(2)e v, (42 a, being the distance between layersne easily obtains
where F=(>Z,z). We further suppose thag; is localized in 1 1
the surface region with an spatial extefid. Then we write U208~ : (49)
the e-p coupling function in the Bloch description, VM- A e, 2
QoRZ T dF
920,6=(¥i|He—p.gl 'ﬁi)”f dz% ¢7(2) This result tells us that the more confined the surface state

is and the smaller the phonon energy, the stronger is the
(—iU) QU o 2) - . interaction in the Bloch description. Finally we get the esti-
X[ e @2 = 1104(9,27 Ry ) 4i(2), mated lifetime broadening from E@A20) in the limit w
(43 —0,
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FIG. 7. The top panel shows the interband contribution to the 03-_ i?r(?(l)é;vel' (b2) _
Eliashberg function for the surface state of(Cll) at the Fermi ’
level in the Bloch descriptioridashed ling and in the Frblich 3 T i
description(solid line). In the bottom panel we show the intraband &5 02~ m
contribution in the Bloch descriptiofdashed lingand in the Fra- 5 F 1
lich description(solid line). 0.1 A A
L !\ . 4
) k T \_,rJ .|.-?i~1¢'- """ I’"---;t'. 1
R E A B 10 20 30 40
F(Gi’ki)’“fo [azFi,lzi(w)—’_azFi,lZi(w)]'wa' (50) ® (meV)

FIG. 8. (a) Schematic drawing of the band structure of the
From Egs.(8), (9), and(49) we find Al(100) surface with the surface-state bagsolid line) and surface
projected bulk bandgshaded region (b) Eliashberg function re-
o 1 solved in terms of interband scatteriggplid ling), intraband scat-
(e i)~ f —do, (52 tering (dotted ling, and surface Rayleigh phonon induced scattering
o 0 w? (dashed ling In panelgb.1) and(b.2), the calculated result at thHe
point and at the Fermi level are shown, respectively.
which is diverging. We conclude that the Bloch description is

not appropriate in the smad limit, giving an unphysical o " 1 AZ -
divergent result. |u,—U|~ (et —1)|~ :

Rahman and Mill¥ found this problem in a related work. VM- o W C
Using a Green-function formalism, they treated the electron (53

Green function with a finite damping, giving rise to a nondi- The e-p coupling function is then
verging result. However, with this procedure one needs an
estimation of the dampingoroadeningin order to calculate

the lifetime (inverse of the broadeningwe find the Fralich 9op,F =(WilHe-p 1)
description to be a more physically transparent way to re- 1 1 Az -w(Az
move this spurious divergence. ~ . —
The analysis based on the "Blizh description is very VM- AZ2 EJrq%F C 13
similar to the preceding for the Bloch description, but now Az
we must replace]a by Ja— U. It is obvious that this differ- p” 1 1
ence is zero for a rigid translation of the crystal or tend to = \ﬁ _— (54)
zero for low-energy phonons. The relative phase difference M Gre, 2 3
between the polarization vectors in the area close to the Az dF
surface is
which gives an Eliashberg functio#’F(w)~ w in the limit
w—0. Thus, according to E450), the lifetime broadening
Az o - I' converges and a finite result is obtained.
Ap~———(q—0,0-0), (52 ges and a fi _
c From this qualitative analysis we have shown that the
Frohlich perturbation description is appropriate in order to
we thus have calculate the phonon induced intraband scattering. To illus-
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FIG. 9. Scattering probability with an energyand momentum %' 25
modulus losQ [defined in Eq.(17)], respectively, for the ALOO E 99
surface state in thE point at zero temperature. Note that the scat- e 15
tering probability is distributed mainly in the bulk phonon mode = 10
phase space aréaompare with Fig. B 5
trate this we show in Fig. 7 the calculated Eliashberg func- Oo 10 20 30 40 50 60
tion for the surface state of Cl11) in the Bloch and the (E-Ep)lmeV]
Frohlich picture for the interbanéop panel and intraband ST
contribution (bottom panel For the interband contribution 0.5~ Al(100) (C) —
both approaches completely agree, but for the intraband con- 04 [ . 7
tribution it is clearly shown how the Bloch description based L i
Eliashberg function diverges for smail. AO3- Tl T —
We conclude that the definition of the unperturbed wave oo - TN
function (solution of the rigid lattice in the Bloch descrip- L i
tion) is not appropriate for this kind of problem. The diver- 01z —
gence in the Bloch description is related to the dimensional- 0 T T T e S S gy ]
ity of the problem and it is absent in the bulk 3D case. To 0 500 1000 1500 2000 2500 3000
illustrate this fact, let us consider theep coupling matrix (E-EplmeV]

element in the Bloch pipture applying _3D plane V\{ave_s for FIG. 10. (a) The T=0 phonon induced lifetime broadening ver-
the electron wave functions. The matrix element is simplys,s pinding energy for the surface state of180). All binding
the 3D Fourier transform of the perturbation part of thegnergies between zero at the Fermi level and the maximum value in

Hamiltonian, thel point are shown. The contribution from the interband scatter-
ing (dashed-dotted lineintraband scatterin@lotted ling, Rayleigh

9ap 5~ (e K T|H e ik=a)ry . . . .
3D.B e-p,Blo phonon induced scatteringlashed ling and the total broadening
o (solid line). (b) A blowup of panel(a) close toEg. (c) The e-p
~2 [e'“ﬂ'q—l]vs(a), (55) coupling parameteh versus binding energy. The total quantity

(solid line) is resolved in contributions from the interband scattering
(solid line), intraband scatterin¢dotted ling, Rayleigh phonon in-

where v(q) IS the Fourier t_ransfqrm for the scr_een_ed duced scatterin¢gdashed ling and the interband scatterifidashed-
pseudopotential. In three dimensions only longitudinalyyiteq ling.

phonons contributes and in the long-wavelength lingt (

—0) we havew=cq. From Eq.(55 we obtain major part of our analysis is based on examining the different
contributions to the spectral Eliashberg function, such as

() intra- and interband scattering ones, and surface and bulk

Y3p,B7 V M. c2 (q—0.0—0). (56) phonons contributions. To compare with experiment we also

show the temperature and hole binding energy dependence of
This gives a similar result as for the matrix element obtainedhe lifetime broadening and the binding energy dependence
for 2D states in Frblich descriptiofEq. (54)], and thus the  of the A\ parameter. We have previously presented a minor
divergence disappears also in this case. part of these results for the surface-states of Glill) and
Ag(111).3! Now we also include some calculation results for
C. Surface states on A100), Ag(111), Cu(111), and Au(11) Au(11]1) and an analysis of thE surface state on A100),
In this subsection we present the calculation results fogwhich is qualitatively different, having a surface state band
the lifetime broadening and-p coupling parametex. The  deeper in energy, located closer to the lower band gap edge.
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FIG. 11. The temperature dependence of the lifetime broadening 0.05 — =
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In Fig. 8 we show the different contributions to the 0.5~ Fermi level. : -
Eliashberg function for the ALOO surface hole state. The 2 r 1
contribution from the surface Rayleigh phonon mode is Lo .
small (dashed ling both at thel’ point and at the Fermi 2 i 1
level. This result is consistent with the fact that the surface- 0.051~ / N
state band is located near the lower band edge of the surface i 59~ i
; p . N e M . I ;
projected band gap and thus has a “bulklike” character. 5 10 15 20
From Fig. 8 it is also clear that the interband scattering gives o (meV)

by far the most important contribution to the Eliashberg

. . I . . N FIG. 12. h ti i f th truct f th
function. The intraband contribution is negligible in the G (8) Schematic drawing of the band structure of the

. L . . ) Ag(11)) surface with the surface-state basalid line) and surface
pomt but its |mportance is slightly increased upon approachl—omjected bulk bandsshaded region (b) Eliashberg function re-
ing the Fermi leveEe. , B solved in terms of interband scatterifsplid line), intraband scat-

In Fig. 9 we show the scattering probability for the tering(dotted ling, and surface Rayleigh phonon induced scattering
Al(100 surface-state hole in thé point, losing an energy  (dashed ling In panelsb.1) and(b.2), the calculated result at tHe
and momentum modulu® [see Eq(17)] in a phonon stimu-  point and at the Fermi level are shown, respectively.
lated emission process. Most of the weight is concentrated
near the maximum phonon energy,, however, the scatter- pinding energy increases from the maximum phonon energy

o e e onstassa oy © 1 masimum g enrgyn tepon. Tis decrease
9 9. 5 y is due to the relatively deep surface-state bndcompari-

the surface Rayleigh phonon mode is very small and that thgon with Cu111) and Ag111) discussed later dnWhen
bulk phonon modes are more important.

The lifetime broadening due to treep coupling will de- ~ Moving from the Fermi level to th& point the mean mo-
pend on where in the surface-state band the hole is creategientum transfer decreases and thus the weaker is the matrix
In particular the energy dependence of the broadening i§/eéMentEq. (38)]. ,
strong when the binding-energy is less than the maximum The surface Rayleigh phonon mode contributidashed
phonon frequency. The top panel of Fig. 10 gives the bindind!n€ in top and middie panel of Fig. 1@epresents only about
energy dependence of the lifetime broadening and the middi¢ 10% of the total broadeningsolid line) close to the
panel of Fig. 10 shows a blowup near the Fermi level. Thid~ermi level and decre_ases substantially moving to the maxi-
general binding-energy dependence is easy to understand.rifum binding energyI{ point). Up to a binding energy cor-
we consider the case wh@n=0, no phonon absorption oc- responding to the maximum phonon energy, the intraband
cur. The zero value df for zero binding energyhole at the contribution increases and saturates at abew0% of the
Fermi leve) is due to the fact that no electrons can scatteitotal.
into the hole. When the hole binding increases increase from The A parameter, given by the first reciprocal moment of
zero to the maximum phonon energy, gradually more andhe Eliashberg functiofsee Eq(16)], is shown in the lower
more phonons are energetically available, determined by theanel in Fig. 10. The decrease Xfwith increasing binding
integration of the Eliashberg function up to the actual bind-energy is explained by the same argument as abové for
ing energy. As the binding energy exceeds the maximun©Only about the 6% of the ALOO) wave function is located
phonon energyl’s_, more or less saturates. However, a de-on the vacuum side of the surface layer. This explains why
crease ofl’,_, is seen in the top panel of Fig. 10 when the the A values reported here are comparable to results from
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FIG. 14. (a) Schematic drawing of the band structure of the

FIG. 13. () The T=0 phonon induced lifetime broadening ver- Cu(111) surface with the surface-state baswlid line) and surface
sus binding energy for the surface state of(Zid). All binding  Projected bulk bandgshaded region (b) Eliashberg function re-
energies between zero at the Fermi level and the maximum value ipolved in terms of interband scatterifgplid line), intraband scat-
theT point is shown. The contribution from the interband scatteringt€fing (dotted ling, and surface Rayleigh phonon induced scattering
(dashed-dotted line intraband scatteringdotted ling, Rayleigh (dashed ling In panels(b.1) and(b.2), the calculated result at tHe
phonon induced scatteringlashed ling and the total broadening Point and at the Fermi level are shown, respectively.

(solid lin). (b) A blowup of panel(a) close toEr. (c) Thee-p  yha grface band structure for g 1) and Cy11d) is given
coupling parameteh versus binding energy. The total quantity in Figs. 12a) and 14a). In both cases, the surface-state band
(solid line) is resolved in contributions from the interband scattering;c |ocated well inside the surface pr’ojected band gap. Thus
(solid line), intraband scatteringlotted ling, Rayleigh phonon in- o 4y function of the surface state is more localized at the
duced scatteringdashed ling and the interband scatterifdashed- surface in comparison with the case of(200) discussed
dotted ling. above. We find that for all these surfaces the surface state is

) ) ocalized within the top~3-5 layers. This means that the
previous bulk calculations. In the work by S. Y. Savrasov an hysics of the electron-phonon coupling for (Agl)

D.Y. Savraso@l a value ofA=0.44 is reported for bulk Al cy111), and Au111) surface states should be sensitive to
which is comparable to oux~0.55 atEr. surface phonon modes.
The lifetime broadening as a function of temperature for A direct consequence of the small hole b|nd|ng energy of

the surface state of A100) in the I' point is shown in Fig. the surface states of Agll), Cu(11l), and Au11Y) is the

11. At zero temperature there are no phonons excited and thgeak energy dependence of the integrated quantitiasd
finite lifetime broadening is due to phonon emission scatterfor binding energies exceeding the maximum phonon fre-
ing processes. For temperatuted> w,,, wherew,, is the ~ duency. This is seen in Figs. 13 and 16. The increast of

maximum phonon frequency we see the linatependence with binding energy from zero to the maximL_jm phonon en-
with a slope determined by [see Eq(16)] ergy reflects as in the case of (A00), inclusion of more
' ' possible scattering events, corresponding to a gradually in-

creased upper limit of the integration of the Eliashberg func-
2. AG(LLL). Cu(111). and Au(111) tions [see Figs. 1), 12(c), 14(b), and 14c)].

Qualitatively, the results for Ag1l, Cu1ll), and It is interesting to note that the Rayleigh mode dominates
Au(11)) are similar. All the surface-state bands are shallowihe contribution to the low-energy part of the calculated
giving a maximum hole binding energyn the I' point) of  spectral Eliashberg functionu< w,,,/3). Within this small
60, 440, and 500 meV, respectively. A schematic picture obinding energy range the interaction with the Rayleigh mode
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FIG. 15. Scattering probability with an energy and momentum modulus lo$3 [defined in Eq.(17)], respectively, for the Qui1l)

surface state in thé point at zero temperature. Note that most of the scattering probability is concentrated around the surface Rayleigh

dispersion curve, decaying in strength as the scattering momentum is stoaligrare with Fig. 2 The case of Agl1)) is similar.

dominates. This is then reflected in the lifetime broadeiiing of the three noble metal surfaces is shown in Fig. 17. The
shown in Figs. 1@) and 1&b). We find that the Rayleigh slightly steeper slope for Gl11) reflects the largex param-
mode contribution to the level broadening in the rafge  eter. In a recent publicatiShwe have compared the tem-
(wge<wq/3) gives about 90% for the Ag1l) and Cy11l) perature dependence of the broadening to experimental high-
surface states. resolution PES data in Agll) and Cy111), for the hole in

The intraband contribution is very small for both@31)  theT point. Taken into account the-e scattering contribu-
and Cy111). In Figs. 12b), 12(c), 14(b), and 14c) the in-  tjon to the broadening we find that the agreement with ex-
traband contribution to the Eliashberg function is shownperiment is excellent for all noble metal surfaces studied.
(dotted ling.

In Fig. 15 we show the spectral Eliashberg function de-

fined in Eq.(17) for the surface hole state in the point of

Cu(111). The intensity of the peaks is proportional to the \ve have presented an analysis of the phonon induced
probability for the hole to scatter at a given energy and Mozontribution to the lifetime broadening of surface band
mentum modulus. We can understand this figure by compakstates. The aim of this work is to understand the decay of
ing with the phonon dispersions of QLD in Fig. 2. Figure  syrface states through the electron-phonon interaction. We
15 clearly reveals the importance of the surface Rayleighyive the details of lifetime broadening due to the electron-
phonqn mode. The surface phqnon mode amplltude has ”}ﬁhonon coupling for the surface band on(200), Ag(111),
behavioru,~e~1%"R., whereR, is the layer distance from cy111), and Au111) and the role of surface phonons and
the surface. Surface phonon modes have an increased bulie electronic screening are clarified. We resolve the contri-
penetration the larger the wavelength(ssnall q) and thus  pution to " in terms of intraband and interband scattering
the relative interaCtiOI’l W|th the Surface state decreases f(Hnd we present a genera' approach hOW to avoid the unphysi_
small g. This is manifested in Fig. 15 as the contribution cg| divergence appearing when calculating the contribution
from the Rayleigh mode has an exponential like decay goingrom intraband scattering.

to the small momentum region of the Rayleigh mode. The wjith a correct treatment of the intraband scattering we
main part of the intraband scattering is mediated by the Suthave shown that for the systems we have studied the contri-
face Rayleigh mode, as both the hole and the this phonopytions to the lifetime broadening from interband scattering

V. SUMMARY AND CONCLUSIONS

mode are localizated in the surface area. ~dominate completely over the contributions from intraband
The N parameter dependence with binding energy isscattering.
shown in Figs. 1&) and 16c) for Ag(11]) and Cy111) Concerning the calculated lifetime broadenifigand the

surface states, respectively. In both cases intraband contrib@:p coupling parametex, these quantities are determined by
tion represent about the 10% of the tataValue. The reason  the e-p matrix elements. There are several components that
why the relative weight of the intraband contribution in getermine the magnitude of these matrix elements, the over-
Ag(111) and Cu11D) is larger for thex parameter, than for |ap petween initial electron state, phonon modes, screened
the broadening, is that the main contribution to the intraban@eformation potential, and final electron state. In addition the
scattering comes from the Rayleigh mode. Furthermorestrength of the deformation potential is of importance.
these scattering events involve small energy transferences First of all, the results for the surface states on(Hg),
(small w) and thus favor a large value[see Eq(16)]. Cu(111), and Au11l) are qualitatively the same since on
The temperature dependence of the lifetime broadening ahese systems the surface state band is shallow and far from
the surface states in tHépoint of the surface Brillouin zone the band-gap edges. The surface-state band ¢h08l is
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02 Culll) (b.2)—_ for the noble-metal surfaces it completely dominates for
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AT 7 energy -90% of the totgl and continues being important
R I ] even for energies bigger than the Debye energyt@% of
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R R R SR value of thee-p coupling parametek is determined by the
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E-EmeV] Finally we want to consider thelectron-electrorscatter-

FIG. 16.(a) The T=0 phonon induced lifetime broadening ver- ing contribution to the lifetime broadening in order to make
sus binding energy for the surface state of(Tld). All binding a comparison with experimental data and to understand the

energies between zero at the Fermi level and the maximum value ifelative importance of the here calculated, phonon induced

theroint is shown. The contribution from the interband scatteringconmbunon' In Table | we show the calculated phonon in-

(dashed-dotted line intraband scatteringdotted ling, Rayleigh duced broadening,, for noble-metal surfaces states, and in

phonon induced scatteriridashed ling and total broadeningb) A~ Order to compare with experimental data we also present the
blowup of panel@) close toEr . (c) Thee-p coupling parametex contribution from theelectron-electroninteractionl'e. TO

versus binding energy. The total quantisolid line) is resolved in ~ compare with experiments we add the two contributions and
contributions from the interband scatterigplid line), intraband ~ Obtain in these surfaces good agreement with very recent

scatteringdotted lind, Rayleigh phonon induced scatteritapshed  high quality photoemission resufts.
line), and the interband scatterifidashed-dotted line For Al(100 a valuel'ee= 131 meV has been calculated at

deeper in energy and appears very close to the lower ban%_-‘er point within the same scheme as in Ref.(dvalue of

gap edge, which results in a more extended wave functiont 7k.me\_/ thas beent (f;]/aluatcfed in Retf. 05.2‘ hhowtehver, \|N|thout
into the bulk. This means that the overlap with final bulk aking into account the surface screeninghus the calcu-

states increases. As a consequence, we found that(fDo@\l lated total k_Jroadenlng 0*7150 meV f_or A(100 shows an
the most important phonon modes are bulklike ones and ndtPparent discrepancy with the available room-temperature

localized in the surface layers. On the other hand, th hotoemlstsk:on data ItOf hbroadbemng t?tf '408_'45tg ﬁfggo b
screened deformation potential turns out to be substantiall owever, these results have been obtained in the S by

stronger in comparison with Ag, Au, and Cu. In the case of
Ag, Cu, and Au thébare pseudopotentials have the chaifje
= +1, while for Al, Z = +3. Even if there are more elec-
trons to screen the Al pseudopotential it turns out that thdéhe ' point. I'ey, is the experimental width ani the calculated
screened deformation potential is strong. This is the mairglectron-phonon coupling parameter.

reason whyl' is an order of magnitude larger for A0

than for noyé)le—metal surface stat%s. ’ Tep (MeV)  Tee(MeV)  Texpr(meV) A

TABLE I. Calculated electron-phononI’¢,) and electron-
electron ("¢ contributions to the broadening, when the hole is at

The role of the surface Rayleigh phonon mode is differenfag(111) 37 2.0% 6D 0.12
when comparing AlLOO to the noble-metal surfaces. In the cy117) 73 148 29b 0.16
case of A(100 the surface-state wave function extends fur-(111) 3.6 142 182 0.11

ther into the bulk and thus when calculating & matrix
elements, more of the bulk is sampled and the weight of bulkReference 14.
phonon modes becomes important. The result is that the RajReference 31.
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using significantly less clean samples and worse resolution For a phonon emission process, the initial and final states
compared to those achieved in 2000. The clear example afre written
much more accurate measurement of today is th€lTy

s—p, surface state. In 1983 Kevan obtained the broadening D=y L= 0)®|N§), (A5)
value of 55 meV atI'.>® Recent scanning tunneling
spectroscopy and photoemissidfi low-temperature mea- D=y i(F—O)®|N5+1> (A6)

surements gave a value ef20 meV, which is a factor of
2—3 smaller than the Kevan’s result. It seems very deSIrab|Where¢ and | N> represent, respect|ve|y’ the electronic and
to measure the AL0O) surface-state broadening with modern phonon wave functions. For a phonon absorption process we

photoemission resolution. should substltut¢Nq+ 1) by |N&_ 1).
The matrix elements corresponding to emission and ab-
ACKNOWLEDGMENTS sorption processes can be written as
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APPENDIX A: DERIVATIONS OF PHONON INDUCED - if
LIFETIME BROADENING (®i[Hep|P)a= VNe(wq,0)-[dg
1. Calculation of the matrix element 1
Lo _ X\ g %k, -i:6. (A)
If we expand Eq(6) aroundU + R, we obtain G

where () is the area considered parallel to the surfafe (
Hep (MR =2 (U~ 0)_€RUS[F_(§2+ U)]. =QoN;, where(), is the area corresponding to each atomic
' a (AD) position. The electronic part of the matrix element is
Al

In the harmonic approximation, the atomic displacement g& ) \/ - f dz¢i(2)G4(2)¢1(2), (A9)

pattern for a phonon mode and momentumﬁ is given by
where

i 1,
Ul(Ry)=\/——Tla: e "%Rae: (R,)* B .
R= N omapn o ar(Raz Gi2)= 2 Gyu(Rea) €9 Fop[ V=R,
a,Z

+ag,e R &g (R, )], (A2) (A0
In the integration of the electron coordinata change of
variabler —r’+U can be done. In this way, the only effect

of the mean displacemetﬁ in the calculation of the matrix
element appears in the amplitude of the atomic motions rela-

where wg and EavV(Ra,Z) refer to the energy and the polar-

ization vector in the lattice positiolﬁa which zcomponent is
(Rq,2). Ny is the number of atomic positions considered in
the atomic planes parallel to the surface within periodic

boundary conditions. tive to U [as in Eq.(A4)]. Thec is the vector translating all
Let us now define the atoms on one layer to the same parallel components as
the layer below. We have used the fact that
N
- - < €3.(Rg2) - .
75 u(Ra)) = €5.0(Ra.2) % B (A3) Se i(k—K1=Q) Ry | = N HE Si i =ir6  (ALD

z
Ra

whereg is the layer index anll, the number of layers in the and also
surface where the surface state has an appreciable amplitude.

The displacement in each atomic positjan,(R,)] with re-  Fop[Vus(r—R,)]

spect to the “mean” displacementjo can be written as

=| —i§-vy(0,2— Ry ,) + 2 —=vs(0,2— Ry ,) | €9 Re,

d
1 dz
Uo(Ry)=U=2 \[-———x[a; e "R 0q (R, )" (A12)
qv 2M deH '
R wherev is the 2D Fourier transform of the screened pseudo-
+ag,e "R gg (R, )] (A4)  potential,
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. .. . Equation(A18) is enough to calculate the lifetime broad-
J dr'e”*(r,r’)-v(r)|.  (A13)  ening due to the-p coupling at any temperature. However,
to get a more physical picture we introduce the Eliashberg
In Appendix B we give the analytic form of EqA13)  function and integrate over the energy exchangbetween
when considering the Ashcroft pseudopotential and thehe electrons and the phonons in the scattering events. Ac-

vs(4,2)=Fp

Thomas-Fermi dielectric function. cording to the explicit form of the Eliashberg functions given
in Egs.(8) and(9), we thus obtain the final expression for the
2. Eliashberg function and lifetime broadening lifetime broadening,

An electronic state denoted;(,i) (momentum and and "

band index can decay into another statk(f) by emitting F(ei,E.)IZW( j aZFiElZ_(w)O+(w,ei’|;,—a))

and absorbing phonons. We can write down the rate equation ' 0 o '

for the state occupancy applying first-order time-dependent

perturbation theory. +a?F ()0 (0,6 +o)|do. (A20)
We thus write(similarly as in Ref. 34 o '

<9f(€i,12i) In a real calculation, the phonon energies appearing in
a F_+F,, (Al14) Egs.(8) and(9) can be neglected as they are in general small
in comparison to the electron energies except for the case of

where F_ indicates ;,i)—(k;,f) kind of processes by near point intraband scattering, that is whek;| < /@
emission or absorption of phonons, For interband scattering # f in Egs.(8) and (9)], one can
safely make use of the elastic scattering approximation,

Fo=+2m 2 f(e&)[1—f(eri-9]lgg./4[N(wg,)+1]
f.a.v o€k —€rk—qrwg,)=0(€k—€k-g), (A21)
X O(eg —€r _g— w5 ,)N(wg ) O(€g — €k gt wg )} L .
(€~ €k @qn( ) o ko Tkt T b nevertheless, we calculate the emission and absorption
(A15) Eliashberg functions as in Eg&8) and (9) for the intraband

and whereF , indicates k¢ ,f)—(k;,i) kind of scattering, scattering.
APPENDIX B: 2D FOURIER TRANSFORMED THOMAS-
Fo=+2 ferk—)[1—f(ek)1l9q.1°
+ szalv (Ef*ki q)[ (6"ki)]|gq”’| FERMI SCREENED ASHCROFT PSEUDOPOTENTIAL
X{n(wg,,) 8 e — €k —5— @g.,) In this section we give some details for the pseudopoten-
, i €k, :

tial gradient and its Fourier transform. We have used the
+[n(wg,,) +1]8(e; — € g+ wg,)}.  (Al6)  Ashcroft empty core pseudopotentfatiefined as

q imd v refer to the*phclnon mode and polarization, and 0(r—R.) 0(X*+2—R.)
(i,ki) and (f,k;)=(f,kj—q) pairs refer to the initial and v(r)=—Zc-f=—Zc~W,
final electronic band and momentum parallel to the surface. (B1)

If we consider the change dKEi,lZi) in Eq. (A14) by an
amountAf(e ) from its equilibrium value and maintain \wherer=(x,z), 6(r) is the Heaviside functionZ. is the

f(er k) constant we can define the lifetime as follotfls: valence of the element, ariRl, is the “core radius” param-
eter fitted to experiment. The 3D Fourier transform of the
t(ex)  Af(ek) Ashcroft pseudopotential is
=—— (A17)
at 7(1,k;)
477,
From Egs.(A14) and(A17) one then obtains for the life- v(q)=— 9 cogqR]. (B2)

time broadening{ = 77 1)
The 3D Fourier transform of the screened pseudopotential

F(Gi,ﬁi)=2ﬁf dzaz gicj,fy 20, &( €k~ €K -G @) with the Thomas-Fermi screening is
f,.G

+0_8(€ f— € _at oz )], A18 _ 4wz

(65~ erk-at oq,)] (AL8) 0e(@)= € @) vA() =~ > .cogqR.]. (BI)
where 9"+ are
O, (w,e)=ng(w)+1—"f(e), We then perform the back Fourier transform in thdi-
rection, retaining the parallel transformation, required in the
O_(w,e)=ng(w)+f(e). (A19) presented formulation.
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vsa(0,2)=— %e* Va*tarelel costigreR, ] vsa(0,2)=— %e* Vo't arelel. costigreR,]
VO“+ 07 VA“+ 07k
JRZ=22 Jo( X)X i _
+27Z,0(R,—|z)) VR ¥ L2 __ sint(Re—|z])are]
0 T2 +27Z0(]2| - R) 0 :
¢ @UTF(Re= VX +2%) 4y (B4) (B5)

In the range of momentum transfers considered in this
work [|qH|~1 (a.u.)], a good approximation to this last ex-
pression is whereJy(gx)~1 has been used.
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