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Phonon-induced decay of a quantum-well hole: One monolayer Na on Gll11)
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The phonon-induced decay of an overlayer quantum-well hole is investigated theoretically and considered
for one monolayer of Na on Qul11). The electron-phonon coupling matrix element is determined by a
first-principlesdeformation potential and model potential wave functions. The main contribution to the lifetime
broadening can be attributed to the electron-phonon coupling in the overlayer and interface region. Peak width
and temperature dependence are consistent with photoemission data.

The characterization of nanoscale confined systems wittboldmanr’ pointed out that the temperature dependence is
guantum size effects is currently of great interest. This is du@ot consistent with a Debye-Waller effect and McDougall,
to the rapid development of experimental techniques for tracBalasubramanian, and Jen&bsuggested that the linear tem-
ing quantum effects in, e.g., electric conductance and surfageerature dependence of the width in the temperature range
reactivity as well as the obvious interest from the microelec-30 K<T=<625 K is consistent with an electron-phonon
tronic industry. Quantization of electric conductance hascoupling mechanism. The argument is based on the theoret-
been observed in narrow constrictions, with diameters of g4 high-temperature result for the width72 (K)kgT,

conduction-electron wavelengtrand in semiconductor de- nich s the phonon-induced lifetime broadening of a state

vices containing a two-dimensional electron gasRecent ith 0 ol he Fermi i bulk
experiments have demonstrated the possibility of controllind\’I a?s gnergye( ) close to the Fermi energy in bu

chemical reactions by manipulating the size of adsorbed ulMetals:>~" The mass enhancement factor0.14, deduced
trathin metal island&® The dynamics of these phenomena from the experiment using the above formulgld agrees reason-
involve elastic and inelastic electron scattering, which deter@bly well with bulk calculations by Khaet al”™" and cyclo-
mine the relaxation time in conductivity and lifetimes of key tron masses deduced by LEEThe interpretation in terms of
electronic excitations promoting specific chemical reactionselectron-phonon interaction is reasonable. However, a more
The finite lifetime is due to electron-electron and electron-detailed theoretical investigation is required for the analysis
phonon interactions. The electron-electron interaction hasf the experimental data. In comparison with bulk states, the
been shown to play an important role in the decay of surfaceurface state is two-dimensior(@D) -like, which introduces
image state$.Ultrathin layers adsorbed on metal surfacesphase-space restrictions. Furthermore, the phonon-assisted
form well-defined model systems appropriate for studies oklectron scattering into the hole will only take place from
relaxation dynamics of quantum stafeésThe quantum-well electron states with an appreciable amplitude in the surface
states, formed in the overlayer due to a local band gap in theggion in order to yield a significant contribution to the
metal substrate, have been monitored and analyzeélectron-phonon matrix element.
accuratel§ with angular-resolved photoemission electron Recently, a line-shape analysis of the photoemission spec-
spectroscopyARPES 1011 tra has been presented for the system of one monolayer of Na

Information about quantum-well dynamics can be ob-adsorbed on Gd11).® The near Lorentzian shape of the
tained from line-shape analysis of photoemission spectrauantum-well peak indicates a lifetime broadening, and fur-
The peak width yields lifetime information of the photoin- thermore, the width increased linearly with temperature in
duced excitation. A recent interferometric time-resolved twothe range 130 KT=<295 K. According to electron-gas
photon photoemission technique is promising for a directheory?* the broadening due to electron-electron scattering
determination of excitation lifetime$:*®* The technique has (=1 meV) is much smaller than the experimentally ob-
been applied to determine the lifetime of the hole formedserved width =50 meV (Ref. 8], which suggests that the
when removing an electron from the @d1) sp-surface lifetime broadening has a substantial contribution due to the
state!? The results clearly indicate that the lifetime broaden-electron-phonon coupling.
ing accounts for the observed peak width in ARPESVe With this background, we estimate the lifetime broaden-
expect that in the case of a surface state, as well as for dng due to the electron-phonon coupling and then compare
overlayer quantum-well state, the finite lifetime of the emit-with experiments for the system 1-ML Na on @a&1). The
ted electron reduces the peak intensity due to a limited egenormalization of the one-electron state due to the creation
cape depth? and no broadening is introduced due to theof the hole can be expressed in terms of the self-energy. We
uncertainty of the normal momentutiThis means that the focus on the imaginary part of the self-energy, which is half
intrinsic linewidth represents the lifetime broadening of thethe full width at half maximum{FWHM), A, of the lifetime
hole state. broadening.

Photoemission studies of the @d1) sp-derived surface The self-energy of a hole state introduced when an elec-
state have been presented, focusing on the temperature desn is removed,N—N—1, is derived similarly to the
pendence of the peak widthl* Matzdorf, Meister, and complementary case when an extra electron is addied,
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—N+1.2° To meet the experimental conditions, we consider
the case of an ejected quantum-well electron with no parallel
momentum. The contribution td; due to the interaction

between the electrons and the phonons within the overlaye

of frequencyQaH and polarizatione is determined to the

lowest order by the expression

A1=2772Iz |90,/ [T (En )+ ne(Qq)] :
nk|

X 8(eg—Engi +h02G) +[1+na(Q) ~ f(En )]

X 8(€o—Eng, — AL}, (@)

L
where ng({1g) and f(E, ;) are the phonon and electron
BV )7 _ . . . .
occupation numbers, ang is the renormalized hole energy ~ FIG. 1. Model potentiaV (thick solid ling and wave functions

at thel point. The summation is over all one-electron Statesabsolute squared in the direction of the surface normal for a slab
) with thickness of 14 Cu layers and a full monolayer of Na atoms.

with band indexn and momentume pilrallel to the surface. ;-0 s located half a Cu interlayer distante04 A) outside the
Momentum conservation requireég+k =0. The electron- outermost copper layet, the quantum-well wave function, angh
phonon coupling constal%,g” is given by the expressidh  the wave function of the lowest-energy resonance states. The reso-
nance states are the bound states in the energy lBagE<E,.
The eigenenergies at tHé point are indicated to the left by hori-
h I zontal bars; one quantum-well statég and three resonance states
k= \ oMNO- NQQ<q)o,o|f'VF3Ve|q)n,lZH>o’ (20 ¢ ,e,,e5 The overlayer thicknessl=3.07 A (Ref. 25 and Na
9 overlayer energy stefs=5.4 eV (Ref. 25. The Cu band gap in
the (111) direction is given byE,=E,—E;=5 eV, whereE, and
whereN is the number of overlayer iond)] is the effective E, are the upper and lower band-gap edges at theint of the Cu
mass of the adsorbate ion, aRds the nuclear displacement Brillouin zone, respectively.
of a single adsorbate ion from the equilibrium position. The
lower index “0” to the right of the ket vector denotes evalu- the quantum-well wave function. Comparing the results of
ation at the equilibrium positionV, is the effective one- €experiments and our calculations below indicate that our ex-
electron potential, and)nvi;H and®,, are the initial and final ~Pectation seems correct. .
one-electron states, respectively. Band index0 denotes The two types of electron states that have an appreciable

the band of the hole state. The first term in the curly bracketé‘mpIItude in the overlayer region are written as

in Eq. (1) corresponds to phonon emission and the second to

phonon absorption. To obtain the net scattering rate of elec- Do (2,X) = i (z)e”z\l'i E.: = ent h2K22m*

trons into the hole state, we have, in the square brackets of ~ °X'“’ v S0k o I ’

Eq. (1), taken into account the process when an electron is ®)

scattered out of the hole state either by absorbing a phonon

(in the first term or by emitting a phonor{in the second 1

term). P i(z,X)=—=
The phonon and electron states are modeled as follows. | Vo

According to helium-atom scatteringdAS) experiments on

the system 1-ML Na on Q00),?? the phonon dispersion is n=12,...N_, (4)

flat, referring to the phonon energy versus parallel momen- h Do th . I stat .
tum q. Furthermore, the observed vibrational modes arg'"eT€ Doy are the quantum-well states, amtin i, n

consistent with “organ pipe” type of modes normal to the =12, - - - Ni, are the states located in the energy range
surface?? The large HAS intensities recorded are interpretedEs=E=<E, which are denoted resonance statee Fig. 1

by Benedeket al. as an indication that the overlayer vibra- m* andm are the electron masses parallel to the surface_ for
tional displacements are normal to the surface, e.g., the péhe quzintum-well state and the resonance states, respectively,
larization is in thez direction??> Assuming the conditions are z and x denote the coordinate normal and parallel to the
similar for 1 ML of Na on Cii111), the flat dispersion sug- surface,N, is the number of resonance states, which is de-
gests that an Einstein model for the overlayer vibrationatermined by the thicknesks of the copper slab, an@ de-
mode polarized normal to the surface is reasonable. The emotes the surface area of the Na overlaygrand ¢, are
ergy of the single mode is denotéd),. In principle, the obtained by matching the analytical solutions of the Sehro
copper bulk phonons contribute since the overlayer vibradinger equation for the one-dimensional model potential
tional energy is right in in the bulk phonon band. However,which is shown for the case=13.5 A in Fig. 1.

our aim is to study the contribution from the overlayer vibra- V has three parts:(i) the copper part, V=V,
tions, which should be significant due to the localization of -2V, cos@2 for —L<z=<0; (ii) the Na overlayerV=Eg

B

bo(2)€K1%, En i, = enth2kf/2m,
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FIG. 3. The 2D overlayer Brillouin zone. The small inner circle,
FIG. 2. Free-electron-like bands in the direction parallel to thewith radius y2m* Q4 /%, corresponds to the line of integration for
surface. The bands that represent the states shown in Fig. 1 atee intraband scattering. The shaded area shows the region of inte-
drawn with an effective electron mass of @5for the quantum-  gration for the interband scattering. The minimum and maximum
well state and with the free-electron masg for the resonance radii, denotedk; andks, are given byk = 2m(eq—%Qy—E))/%
states(1,2,3. In the inset a blow-up is shown to illustrate three of andks=v2m(ey+%Q,—Eg)/%. The values of the parameters,
the seven possible phonon-assisted transitions that can take plags; E,, andEg are given in Figs. 1 and 2.
0—hole represents the intraband scattering including phonon emis-
sion while 3—hole and 2-hole represent interband scattering in-
cluding phonon emission and absorption, respectively. The electron-phonon coupling includes intraband and in-
terband scattering, referring to the free-electron-like sub-
bands parallel to the surfac¢these transitions are illustrated
for 0<z=d; and(iii) the image potential for>d. 2V5and  in the inset of Fig. 2 In the case of intraband scattering,
g are the band-gap energy and the shortest reciprocal-lattigsnly phonon emission is possible, while interband transitions
vector in the(111) direction, respectively. For the potential include both phonon absorption and emission. The intraband
in the Na overlayer and the position of the image plage  and interband scattering involviespace integrations over
we use the values given by Lindgren and Waﬁﬂ% Es  the inner circle and the shaded area in Fig. 3, respectively.
=5.4 eVv,d=3.07 A, andz,=2.46 A_ (see Fig. 1L For  gquations(1)—(4) yield the following result
states appearing in the local band gap in{th#&1) direction,
2Vy=Eyg=E,—E =5 eV, the nearly free-electrofNFE)
model for copper yields an exponentially damped oscillatory Ag
form of ¢ into the copper crystét (see Fig. 1 E, andE,
denote the energy of the upper and lower band-gap edge at N,
. L . . m
the L point of the copper Brillouin zone, respectively. One + e Ty — E |G,M |2
single quantum-well state appears as a solution, when a total M i=1

phase shift for a round trip in the overlayer of an mtegerThe first and second term in the square brackets refer to

Elfongﬁesrtgtmegsir?tﬁserigu'rgfﬁcrTZfa{e;fnodnaaTgeafstztﬁtgeminei””aba”d and interband scattering, respectively. The tem-
pp y Serature dependence is given by the functions

within the NFE approximation.
We would like to make two remarks at this point. First, & TY = ( €n+ 7.00n) + Nea( Q 6

the model potential presented in Fig. 1 is given for specific FHAM=f(eo o)+ Ne({Xo) ©

values of the overlayer parameteg andd. These values are and

determined in order to reproduce the experimentally deter-

*

_ m
K'mra(T)V|GoMo|2

T 2n00,

. (5

mined energy of the quantum-well stdte1 eV belowEg). nter) Qo) 1 €0~ Er—1ildg

A recent first-principles calculatio® also shows that the ¢mH(T) = cot 2kgT +§ tan 2kgT

shape of the quantum-well wave functiah is very well

described by the wave function deduced from the model po- —tanl‘( €~ EF+ﬁQo” @
tential in Fig. 1. These facts strengthen our confidence in 2kgT

using wave functions determined by the model potential ] ) o
when calculating the electron-phonon matrix elements in EqIN EQ- (5), 7{lq is the energy of the overlayer Einstein vi-
(2). Second, we want to point out that in the actual calculaPrational modﬁ,z anan, is the surface density of Na atoms
tion of A;, according to Eq(1), the thickness of the copper (”aZO-OSG_A ). The electron-phonon matrix element
slab has to be extended further in comparison with the on&orresponding to intraband and interband scattering at a
given in Fig. 1 in order for the expression in Efl) to  Single Na atom site is given bWlo=(|dVe/dR,| ) and
converge. M, =(4| Vel IR, pr)o, respectively.G,= nanWSe'kH‘de
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IVl IR, and the vibrational energg(),. To obtain a rea-
sonable estimate of the electron-phonon coupling, we use a
deformation potential ofab initio quality. This is needed
since both the length scale and the strength of the dynamic
screening is in general nonsymmetric with respect to the ad-
sorbate layer due to the inhomogeneous electron density at
the surface. We evaluate the deformation potential and the
vibrational energy from dirst-principles density-functional
theory (DFT) calculatior?®? using the generalized gradient
approximation for the exchange-correlation functicfiap-
plying a plane-wave basis and ultrasoft pseudopoteftials
for both Na and Cu. TheAcapo code was used in the
calculation®*3!

The deformation potential is calculated &¥/./JR,
~ [ Vorr (R, = 6Q) = Vper (R, = 0)]/ 6Q =(6Ve/ 6Q) prr-
Vper(R,=0) andVper(R,= 6Q) are thez-dependent self-

FIG. 4. 3D plot of the calculated width, [Eq. (5)] vs tempera- consistent effective one—e_lectron potential, averaged palraI.IeI
ture and binding energy in units of the vibrational eney, to the surface over t.he unit cell, when the Na mon.olayer isin
=#0y=21 meV. the relaxed equilibrium ground state and when it has been

rigidly displaced5Q=0.1 A in the normal direction away
from the copper substrate, respectively. The copper substrate

=27rnak;2fg”§30(§)d§ are dimensionless shape factors ion positions are kept fixed \(vhen the Na overlaygr is. di;—

. . . i placed. For this system this rigid substrate approximation is
W'th &n=KnRws, whereRys=1.83 A is the Wigner-Seitz reasonable, which will be discussed further below. We apply
radius of the Na atom anko=v2m{)o/#A, and for I=n  he glectron wave functions derived from the model potential
=N_, we havek,=\2m(eo—€n)/h as e~ e,>nldo (S€€  (Fig. 1) evaluating the matrix elements Mg

IS
3
e e ey

SSoTS
IS,

Fig. 1). _ o = (Y| (6Ve/ 8Q)prrl )0 and M= (i](8Ve/ 5Q)prr| én)o
In the calculations we model the semi-infinite copper bulkfor the intraband and interband scattering, respectively.
by taking the limitL—c, which makes the sum in E¢5) For a rigid substrate lattice, a vibrational energf,
formally converge. In practice it is sufficient to hate  — 21 mev is obtained from the curvature of the total energy
~120 A, which yields eight resonance states. with respect to the Na layer displacement. An upper limit for
From Egs.(6) and (7), we easily obtain the linear tem-  the substrate lattice-dynamic influence has been estimated by
perature coefficient at high temperatur&g>7.()), letting the copper substrate ions fully relax their positions

Av= T ) after the Na layer has been displaced a typical vibrational
1=rh amplitude and held rigidly in their displaced positions. This
where resulted in a slightly softer total energy parabola correspond-
ing to a small down shift of the vibrational energy of 3 meV
kg [ m*|GoMg 2 (from 21 to 18 meV.?® An upper limit of 3 meV for the
YT on\ M | RO, - gown shift of the vibrational energy suggests that the copper
ions of the Cy111) surface are more or less rigid considering
Analyzing Eqs(5)—(9), we find that the fingerprint of the the ground and first excited state of this vibrational mode,
electron-phonon mechanism for hole decay is the charactewhich in turn implies that the effective adsorbate misss
istic behavior in the temperature rangesRgT<7%{), and  approximately given by the free sodium-atom mass.
hole energy range 9Eg— ep<2%(),. Referring to experiment, the calculated vibrational energy
In the 3D plot in Fig. 4, the quantitative temperature andis reasonable. For Na on (ii)) the vibrational energy has
binding-energy dependence af; is shown. If the hole is Only been measured in the coverage range 0-0.35 ML and
within Q) of the Fermi levelA;—0 asT—0. The lack of ~ found to be almost constant21 meV 32 Experimental data
electrons above the Fermi level prevents both intraband andre available for 1-ML Na on G@00), and in this case the
interband scattering, including phonon emission. Furthervibrational energy igi (=18 meV?
more, interband scattering due to phonon absorption is sup- The experimentally observed width is considered to
pressed as no phonons are presentat). On the other have contributions from inhomogeneous broadeniggand
hand, if the hole energy is more th&if), below the Fermi homogeneous broadenidy,. If the inhomogeneous energy
level, a nonzero value is obtaine, —y2Qy/2ksg(2yima  Proadening is represented by a Lorentzian distribution, the
+ ¥inte) @ST—0 as in this case both intraband and interbandconvolution of the Lorentzian describing the phonon-induced
scattering which involve phonon emission can take placdifetime broadening yields
even afT =0. Yiua and yiner represent the two contributions
to y from left to right in Eq.(9). A=Ay+A;. (10
The contribution to the experimental width due to the fi-
nite hole lifetime, introduced by the electron-phonon cou- From the calculations, we find approximately equal con-
pling, is determined byA, in Eq. (5). Important quantities tribution from interband and intraband scattering. We have
for a theoretical estimate @, are the deformation potential one adjustable parameter, the inhomogeneous broadening

N
2 m <t

=

GyMp
700
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70 - - present work not a saturated high-temperature value. An ad-
ditional 30% increase is expected if measurements were pos-
sible at still higher temperatures.
60 ] v crucially depends on the phase-space integration and
the electron-phonon coupling matrix elements. It is well
known that the electron-phonon coupling differs in the inho-
mogeneous electron gas at the surface compared with, say, a
homogeneous density corresponding to the average surface
electron density. At the surface the charge-transfer mecha-
nism is expected to completely dominate the potential scat-
40 1 tering mechanism, which dominates in the btik.

To summarize, we present a simple model aimed to focus
on the important parameters that determine the lifetime

50

A [meV]

30 - s broadening of quantum-well states due to the electron-
10 20 30 phonon coupling in metallic adlayers on metals. Simple for-
kT [meV] mulas for the lifetime broadening and the linear temperature

coefficienty are obtained. The low-temperature behavior of
the lifetime broadening is predicted and gives qualitatively
different results depending on the hole binding energy versus
vibrational energy. In the context of electron-phonon cou-
pling at surfaces, this theoretical analysis illustrates how the
electron-phonon matrix elements in the surface region more

Ao, essentially determined by the quality of the sample, thahan compensate for the limited phase space.
amount of impurities and defects. A least-squares fit to the [N the calculations of the electron-phonon coupling matrix
three experimentally observed widtteee Fig. 5yieldsA,  elements(f[sV|i), afirst principles deformation potential
=6 meV for a rigid substrate latticdi{lo=21 meV). The oV is used in combination with model wave functions. The
calculated zero-temperature lifetime contribution to themodel potential is calibrated to give the correct energy and
width is 29 meV. In Fig. 5 we show the best fit of the pa- wave function shape of the quantum-well stdfieal state
rameterA , to match the experimental data. It is striking how |f)) in comparison with experimeht and a DFT
well our relatively simple model calculation reproduces thecalculation;® respectively. We are thus confident in describ-
experimental observations. ing the resonance statésitial states|i)) deduced from the
The high-temperature linear coefficiep{Eq. (9)] is cal- model potential. A fully self-consistent DFT calculation
culated to be 0.16 meV/K. Now, in order to obtain someS€ems to us a difficult computational problem, illustrated by
understanding of the strength of the electron-phonon couthe present calculation, which requires a copper slab of thick-
pling, we compare with copper bulk resultsis related to a ness of about 100 A'in order to converge. In comparison
“mass enhancement factorX by the relationy=_2mkg\. v_wth ARPES data, we show that the main contribution to the
With N values reported for the neck orbit of bulk copper lifetime broadening of the quantum-well state of the system
perpendicular t4111), A =0.16(Ref. 20 andA=0.23¥we ~ 1-ML Na on.Ct(.lll) can be attributed to the electron-
obtainy=0.09 meV/K andy=0.12 meV/K, respectively. Phonon coupling in the overlayer and interface region.
These values are smaller than what we calculate for the \ye want to thank V.P. Zhdanov and P. Apell for valu-

quantum-well stat€0.16 meV/K, which seems surprising as aple comments on the manuscript and L. Bengtsson for help
the k space of integration is considerably reduced in comwith the bACAPO computer code. This work has been sup-
parison with the copper bulk Fermi-surface area. We want torted by the Swedish Science Research Council. Economi-
point out that the gamma valug=0.12 meV/K deduced cal support from Carl Tryggers Foundation is also acknowl-
from experiment in a previous stullis in the light of the edged.

FIG. 5. The FWHM width vs the thermal energyT. The solid
line represents the temperature dependenca-ef\,+A;, when
A, is obtained from Eq(5) with the calculated vibrational energy
nQy=21 meV.Ay;=6 meV is determined by a least-squares fit to
the three experimental pointRef. 8 (diamonds.
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