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Phonon-induced decay of a quantum-well hole: One monolayer Na on Cu„111…

B. Hellsing, J. Carlsson, L. Wallde´n, and S.-Å. Lindgren
Department of Physics, Chalmers University of Technology and Go¨teborg University, S-412 96 Go¨teborg, Sweden

~Received 14 September 1999!

The phonon-induced decay of an overlayer quantum-well hole is investigated theoretically and considered
for one monolayer of Na on Cu~111!. 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.
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The characterization of nanoscale confined systems
quantum size effects is currently of great interest. This is
to the rapid development of experimental techniques for tr
ing quantum effects in, e.g., electric conductance and sur
reactivity as well as the obvious interest from the microel
tronic industry. Quantization of electric conductance h
been observed in narrow constrictions, with diameters o
conduction-electron wavelength,1 and in semiconductor de
vices containing a two-dimensional electron gas.2–4 Recent
experiments have demonstrated the possibility of control
chemical reactions by manipulating the size of adsorbed
trathin metal islands.5,6 The dynamics of these phenome
involve elastic and inelastic electron scattering, which de
mine the relaxation time in conductivity and lifetimes of ke
electronic excitations promoting specific chemical reactio
The finite lifetime is due to electron-electron and electro
phonon interactions. The electron-electron interaction
been shown to play an important role in the decay of surf
image states.7 Ultrathin layers adsorbed on metal surfac
form well-defined model systems appropriate for studies
relaxation dynamics of quantum states.8,9 The quantum-well
states, formed in the overlayer due to a local band gap in
metal substrate, have been monitored and analy
accurately8 with angular-resolved photoemission electr
spectroscopy~ARPES!.10,11

Information about quantum-well dynamics can be o
tained from line-shape analysis of photoemission spec
The peak width yields lifetime information of the photoin
duced excitation. A recent interferometric time-resolved tw
photon photoemission technique is promising for a dir
determination of excitation lifetimes.12,13 The technique has
been applied to determine the lifetime of the hole form
when removing an electron from the Cu~111! sp-surface
state.12 The results clearly indicate that the lifetime broade
ing accounts for the observed peak width in ARPES.14 We
expect that in the case of a surface state, as well as fo
overlayer quantum-well state, the finite lifetime of the em
ted electron reduces the peak intensity due to a limited
cape depth,15 and no broadening is introduced due to t
uncertainty of the normal momentum.16 This means that the
intrinsic linewidth represents the lifetime broadening of t
hole state.

Photoemission studies of the Cu~111! sp-derived surface
state have been presented, focusing on the temperatur
pendence of the peak width.17,14 Matzdorf, Meister, and
PRB 610163-1829/2000/61~3!/2343~6!/$15.00
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Goldmann17 pointed out that the temperature dependence
not consistent with a Debye-Waller effect and McDouga
Balasubramanian, and Jensen14 suggested that the linear tem
perature dependence of the width in the temperature ra
30 K<T<625 K is consistent with an electron-phono
coupling mechanism. The argument is based on the theo

ical high-temperature result for the width 2pl(kW )kBT,
which is the phonon-induced lifetime broadening of a st

with an energye(kW ) close to the Fermi energy in bul
metals.18,19 The mass enhancement factorl50.14, deduced
from the experiment using the above formula, agrees rea
ably well with bulk calculations by Khanet al.20 and cyclo-
tron masses deduced by Lee.18 The interpretation in terms o
electron-phonon interaction is reasonable. However, a m
detailed theoretical investigation is required for the analy
of the experimental data. In comparison with bulk states,
surface state is two-dimensional~2D! -like, which introduces
phase-space restrictions. Furthermore, the phonon-ass
electron scattering into the hole will only take place fro
electron states with an appreciable amplitude in the surf
region in order to yield a significant contribution to th
electron-phonon matrix element.

Recently, a line-shape analysis of the photoemission sp
tra has been presented for the system of one monolayer o
adsorbed on Cu~111!.8 The near Lorentzian shape of th
quantum-well peak indicates a lifetime broadening, and f
thermore, the width increased linearly with temperature
the range 130 K<T<295 K. According to electron-gas
theory,21 the broadening due to electron-electron scatter
('1 meV) is much smaller than the experimentally o
served width@'50 meV ~Ref. 8!#, which suggests that the
lifetime broadening has a substantial contribution due to
electron-phonon coupling.

With this background, we estimate the lifetime broade
ing due to the electron-phonon coupling and then comp
with experiments for the system 1-ML Na on Cu~111!. The
renormalization of the one-electron state due to the crea
of the hole can be expressed in terms of the self-energy.
focus on the imaginary part of the self-energy, which is h
the full width at half maximum~FWHM!, D1, of the lifetime
broadening.

The self-energy of a hole state introduced when an e
tron is removed,N→N21, is derived similarly to the
complementary case when an extra electron is addedN
2343 ©2000 The American Physical Society
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→N11.19 To meet the experimental conditions, we consid
the case of an ejected quantum-well electron with no para
momentum. The contribution toD1 due to the interaction
between the electrons and the phonons within the overla
of frequencyVqW i

and polarizationeW is determined to the
lowest order by the expression

D152p(
n,kW i

ugn,kW i
u2$@ f ~En,kW i

!1nB~VqW i
!#

3d~e02En,kW i
1\VqW i

!1@11nB~VqW i
!2 f ~En,kW i

!#

3d~e02En,kW i
2\VqW i

!%, ~1!

where nB(VqW i
) and f (En,kW i

) are the phonon and electro

occupation numbers, ande0 is the renormalized hole energ
at theḠ point. The summation is over all one-electron sta
with band indexn and momentumkW i parallel to the surface
Momentum conservation requiresqW i1kW i50. The electron-
phonon coupling constantgn,kW i

is given by the expression19

gn,kW i
5A \

2MNVqW i

^F0,0ueW•¹W RW VeuFn,kW i
&0 , ~2!

whereN is the number of overlayer ions,M is the effective
mass of the adsorbate ion, andRW is the nuclear displacemen
of a single adsorbate ion from the equilibrium position. T
lower index ‘‘0’’ to the right of the ket vector denotes eval
ation at the equilibrium position.Ve is the effective one-
electron potential, andFn,kW i

andF0,0 are the initial and final

one-electron states, respectively. Band indexn50 denotes
the band of the hole state. The first term in the curly brack
in Eq. ~1! corresponds to phonon emission and the secon
phonon absorption. To obtain the net scattering rate of e
trons into the hole state, we have, in the square bracket
Eq. ~1!, taken into account the process when an electro
scattered out of the hole state either by absorbing a pho
~in the first term! or by emitting a phonon~in the second
term!.

The phonon and electron states are modeled as follo
According to helium-atom scattering~HAS! experiments on
the system 1-ML Na on Cu~100!,22 the phonon dispersion i
flat, referring to the phonon energy versus parallel mom
tum qW i . Furthermore, the observed vibrational modes
consistent with ‘‘organ pipe’’ type of modes normal to th
surface.22 The large HAS intensities recorded are interpre
by Benedeket al. as an indication that the overlayer vibr
tional displacements are normal to the surface, e.g., the
larization is in thez direction.22 Assuming the conditions ar
similar for 1 ML of Na on Cu~111!, the flat dispersion sug
gests that an Einstein model for the overlayer vibratio
mode polarized normal to the surface is reasonable. The
ergy of the single mode is denoted\V0. In principle, the
copper bulk phonons contribute since the overlayer vib
tional energy is right in in the bulk phonon band. Howev
our aim is to study the contribution from the overlayer vibr
tions, which should be significant due to the localization
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the quantum-well wave function. Comparing the results
experiments and our calculations below indicate that our
pectation seems correct.

The two types of electron states that have an appreci
amplitude in the overlayer region are written as

F0,kW i
~z,xW !5

1

AV
c~z!eikW i•xW, E0,kW i

5e01\2ki
2/2m* ,

~3!

Fn,kW i
~z,xW !5

1

AV
fn~z!eikW i•xW, En,kW i

5en1\2ki
2/2m,

n51,2, . . . ,NL , ~4!

where F0,kW i
are the quantum-well states, andFn,kW i

, n

51,2, . . . ,NL , are the states located in the energy ran
Es<E<El , which are denoted resonance states~see Fig. 1!.
m* andm are the electron masses parallel to the surface
the quantum-well state and the resonance states, respect
z and xW denote the coordinate normal and parallel to t
surface,NL is the number of resonance states, which is
termined by the thicknessL of the copper slab, andV de-
notes the surface area of the Na overlayer.c and fn are
obtained by matching the analytical solutions of the Sch¨-
dinger equation for the one-dimensional model potentialV,
which is shown for the caseL513.5 Å in Fig. 1.

V has three parts: ~i! the copper part, V5V0
22Vg cos(gz) for 2L<z<0; ~ii ! the Na overlayer,V5Es

FIG. 1. Model potentialV ~thick solid line! and wave functions
absolute squared in the direction of the surface normal for a
with thickness of 14 Cu layers and a full monolayer of Na atom
z50 is located half a Cu interlayer distance~1.04 Å! outside the
outermost copper layer,c the quantum-well wave function, andf1

the wave function of the lowest-energy resonance states. The r
nance states are the bound states in the energy rangeEs<E<El .
The eigenenergies at theG point are indicated to the left by hori
zontal bars; one quantum-well statee0 and three resonance state
e1 ,e2 ,e3. The overlayer thickness,d53.07 Å ~Ref. 25! and Na
overlayer energy stepEs55.4 eV ~Ref. 25!. The Cu band gap in
the ^111& direction is given byEg5Eu2El55 eV, whereEu and
El are the upper and lower band-gap edges at theL point of the Cu
Brillouin zone, respectively.
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for 0,z<d; and~iii ! the image potential forz.d. 2Vg and
g are the band-gap energy and the shortest reciprocal-la
vector in the^111& direction, respectively. For the potenti
in the Na overlayer and the position of the image planezim ,
we use the values given by Lindgren and Wallde´n,23 Es
55.4 eV, d53.07 Å , andzim52.46 Å ~see Fig. 1!. For
states appearing in the local band gap in the^111& direction,
2Vg[Eg5Eu2El55 eV, the nearly free-electron~NFE!
model for copper yields an exponentially damped oscillat
form of c into the copper crystal24 ~see Fig. 1!. Eu and El
denote the energy of the upper and lower band-gap edg
the L point of the copper Brillouin zone, respectively. On
single quantum-well state appears as a solution, when a
phase shift for a round trip in the overlayer of an integ
number times 2p is required.23 The resonance statesfn are
Block states in the copper crystal and are also determ
within the NFE approximation.

We would like to make two remarks at this point. Firs
the model potential presented in Fig. 1 is given for spec
values of the overlayer parameterEs andd. These values are
determined in order to reproduce the experimentally de
mined energy of the quantum-well state~0.1 eV belowEF).
A recent first-principles calculation25 also shows that the
shape of the quantum-well wave functionc is very well
described by the wave function deduced from the model
tential in Fig. 1. These facts strengthen our confidence
using wave functions determined by the model poten
when calculating the electron-phonon matrix elements in
~2!. Second, we want to point out that in the actual calcu
tion of D1, according to Eq.~1!, the thickness of the coppe
slab has to be extended further in comparison with the
given in Fig. 1 in order for the expression in Eq.~1! to
converge.

FIG. 2. Free-electron-like bands in the direction parallel to
surface. The bands that represent the states shown in Fig. 1
drawn with an effective electron mass of 0.5me for the quantum-
well state and with the free-electron massme for the resonance
states~1,2,3!. In the inset a blow-up is shown to illustrate three
the seven possible phonon-assisted transitions that can take p
0→hole represents the intraband scattering including phonon e
sion while 3→hole and 2→hole represent interband scattering i
cluding phonon emission and absorption, respectively.
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The electron-phonon coupling includes intraband and
terband scattering, referring to the free-electron-like su
bands parallel to the surface~these transitions are illustrate
in the inset of Fig. 2!. In the case of intraband scattering
only phonon emission is possible, while interband transitio
include both phonon absorption and emission. The intrab
and interband scattering involvekW -space integrations ove
the inner circle and the shaded area in Fig. 3, respectiv
Equations~1!–~4! yield the following result

D15
1

2na\V0
F z intra~T!

m*

M
uG0M0u2

1z inter~T!
m

M (
n51

NL

uGnMnu2G . ~5!

The first and second term in the square brackets refe
intraband and interband scattering, respectively. The te
perature dependence is given by the functions

z intra~T!5 f ~e01\V0!1nB~V0! ~6!

and

z inter~T!5cothS \V0

2kBTD1
1

2 F tanhS e02EF2\V0

2kBT D
2tanhS e02EF1\V0

2kBT D G . ~7!

In Eq. ~5!, \V0 is the energy of the overlayer Einstein v
brational mode, andna is the surface density of Na atom
(na50.086 Å22). The electron-phonon matrix elemen
corresponding to intraband and interband scattering a
single Na atom site is given byM05^cu]Ve /]Rzuc&0 and
Mn5^cu]Ve /]Rzufn&0, respectively.Gn5na*VWS

eikW i•xWdxW

e
are

ce:
is-

FIG. 3. The 2D overlayer Brillouin zone. The small inner circl
with radiusA2m* V0 /\, corresponds to the line of integration fo
the intraband scattering. The shaded area shows the region of
gration for the interband scattering. The minimum and maximu
radii, denotedkl and ks , are given bykl5A2m(e02\V02El)/\
andks5A2m(e01\V02Es)/\. The values of the parametersm* ,
m, El , andEs are given in Figs. 1 and 2.
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52pnakn
22*0

jnjJ0(j)dj are dimensionless shape facto
with jn5knRWS, whereRWS51.83 Å is the Wigner-Seitz
radius of the Na atom andk05A2mV0 /\, and for 1<n
<NL , we havekn5A2m(e02en)/\ as e02en@\V0 ~see
Fig. 1!.

In the calculations we model the semi-infinite copper b
by taking the limitL→`, which makes the sum in Eq.~5!
formally converge. In practice it is sufficient to haveL
'120 Å , which yields eight resonance states.

From Eqs.~6! and ~7!, we easily obtain the linear tem
perature coefficient at high temperatures (kBT@\V0),

D15gT, ~8!

where

g5
kB

2na
S m*

M UG0M0

\V0
U2

12
m

M (
n51

NL UGnMn

\V0
U2D . ~9!

Analyzing Eqs.~5!–~9!, we find that the fingerprint of the
electron-phonon mechanism for hole decay is the charac
istic behavior in the temperature range 0<kBT<\V0 and
hole energy range 0<EF2e0<2\V0.

In the 3D plot in Fig. 4, the quantitative temperature a
binding-energy dependence ofD1 is shown. If the hole is
within \V0 of the Fermi level,D1→0 asT→0. The lack of
electrons above the Fermi level prevents both intraband
interband scattering, including phonon emission. Furth
more, interband scattering due to phonon absorption is s
pressed as no phonons are present atT50. On the other
hand, if the hole energy is more than\V0 below the Fermi
level, a nonzero value is obtainedD1→g\V0/2kB(2g intra
1g inter) asT→0 as in this case both intraband and interba
scattering which involve phonon emission can take pl
even atT50. g intra andg inter represent the two contribution
to g from left to right in Eq.~9!.

The contribution to the experimental width due to the
nite hole lifetime, introduced by the electron-phonon co
pling, is determined byD1 in Eq. ~5!. Important quantities
for a theoretical estimate ofD1 are the deformation potentia

FIG. 4. 3D plot of the calculated widthD1 @Eq. ~5!# vs tempera-
ture and binding energy in units of the vibrational energyEvib

5\V0521 meV.
r-
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r-
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]Ve /]Rz and the vibrational energy\V0. To obtain a rea-
sonable estimate of the electron-phonon coupling, we us
deformation potential ofab initio quality. This is needed
since both the length scale and the strength of the dyna
screening is in general nonsymmetric with respect to the
sorbate layer due to the inhomogeneous electron densi
the surface. We evaluate the deformation potential and
vibrational energy from afirst-principlesdensity-functional
theory ~DFT! calculation26,27 using the generalized gradien
approximation for the exchange-correlation functional,28 ap-
plying a plane-wave basis and ultrasoft pseudopotentia29

for both Na and Cu. TheDACAPO code was used in the
calculation.30,31

The deformation potential is calculated as]Ve /]Rz
' @ VDFT(Rz 5 dQ)2VDFT(Rz 5 0)# / dQ [(dVe /dQ)DFT.
VDFT(Rz50) and VDFT(Rz5dQ) are thez-dependent self-
consistent effective one-electron potential, averaged par
to the surface over the unit cell, when the Na monolayer is
the relaxed equilibrium ground state and when it has b
rigidly displaceddQ50.1 Å in the normal direction away
from the copper substrate, respectively. The copper subs
ion positions are kept fixed when the Na overlayer is d
placed. For this system this rigid substrate approximation
reasonable, which will be discussed further below. We ap
the electron wave functions derived from the model poten
~Fig. 1! evaluating the matrix elements M0
5^cu(dVe /dQ)DFTuc&0 and Mn5^cu(dVe /dQ)DFTufn&0
for the intraband and interband scattering, respectively.

For a rigid substrate lattice, a vibrational energy\V0
521 meV is obtained from the curvature of the total ener
with respect to the Na layer displacement. An upper limit
the substrate lattice-dynamic influence has been estimate
letting the copper substrate ions fully relax their positio
after the Na layer has been displaced a typical vibratio
amplitude and held rigidly in their displaced positions. Th
resulted in a slightly softer total energy parabola correspo
ing to a small down shift of the vibrational energy of 3 me
~from 21 to 18 meV!.25 An upper limit of 3 meV for the
down shift of the vibrational energy suggests that the cop
ions of the Cu~111! surface are more or less rigid considerin
the ground and first excited state of this vibrational mo
which in turn implies that the effective adsorbate massM is
approximately given by the free sodium-atom mass.

Referring to experiment, the calculated vibrational ene
is reasonable. For Na on Cu~111! the vibrational energy has
only been measured in the coverage range 0–0.35 ML
found to be almost constant;21 meV.32 Experimental data
are available for 1-ML Na on Cu~100!, and in this case the
vibrational energy is\V0518 meV.22

The experimentally observed widthD is considered to
have contributions from inhomogeneous broadeningD0 and
homogeneous broadeningD1. If the inhomogeneous energ
broadening is represented by a Lorentzian distribution,
convolution of the Lorentzian describing the phonon-induc
lifetime broadening yields

D5D01D1 . ~10!

From the calculations, we find approximately equal co
tribution from interband and intraband scattering. We ha
one adjustable parameter, the inhomogeneous broade
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PRB 61 2347PHONON-INDUCED DECAY OF A QUANTUM-WELL . . .
D0, essentially determined by the quality of the sample,
amount of impurities and defects. A least-squares fit to
three experimentally observed widths~see Fig. 5! yields D0
56 meV for a rigid substrate lattice (\V0521 meV). The
calculated zero-temperature lifetime contribution to t
width is 29 meV. In Fig. 5 we show the best fit of the p
rameterD0 to match the experimental data. It is striking ho
well our relatively simple model calculation reproduces t
experimental observations.

The high-temperature linear coefficientg @Eq. ~9!# is cal-
culated to be 0.16 meV/K. Now, in order to obtain som
understanding of the strength of the electron-phonon c
pling, we compare with copper bulk results.g is related to a
‘‘mass enhancement factor’’l by the relationg52pkBl.
With l values reported for the neck orbit of bulk copp
perpendicular tô111&, l50.16~Ref. 20! andl50.23,18 we
obtaing50.09 meV/K andg50.12 meV/K, respectively.
These values are smaller than what we calculate for
quantum-well state~0.16 meV/K!, which seems surprising a
the kW space of integration is considerably reduced in co
parison with the copper bulk Fermi-surface area. We wan
point out that the gamma valueg50.12 meV/K deduced
from experiment in a previous study8 is in the light of the

FIG. 5. The FWHM width vs the thermal energykBT. The solid
line represents the temperature dependence ofD5D01D1, when
D1 is obtained from Eq.~5! with the calculated vibrational energ
\V0521 meV.D056 meV is determined by a least-squares fit
the three experimental points~Ref. 8! ~diamonds!.
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present work not a saturated high-temperature value. An
ditional 30% increase is expected if measurements were
sible at still higher temperatures.

g crucially depends on the phase-space integration
the electron-phonon coupling matrix elements. It is w
known that the electron-phonon coupling differs in the inh
mogeneous electron gas at the surface compared with, s
homogeneous density corresponding to the average su
electron density. At the surface the charge-transfer mec
nism is expected to completely dominate the potential s
tering mechanism, which dominates in the bulk.33

To summarize, we present a simple model aimed to fo
on the important parameters that determine the lifeti
broadening of quantum-well states due to the electr
phonon coupling in metallic adlayers on metals. Simple f
mulas for the lifetime broadening and the linear temperat
coefficientg are obtained. The low-temperature behavior
the lifetime broadening is predicted and gives qualitativ
different results depending on the hole binding energy ver
vibrational energy. In the context of electron-phonon co
pling at surfaces, this theoretical analysis illustrates how
electron-phonon matrix elements in the surface region m
than compensate for the limited phase space.

In the calculations of the electron-phonon coupling mat
elements^ f udVu i &, a first principles deformation potential
dV is used in combination with model wave functions. T
model potential is calibrated to give the correct energy a
wave function shape of the quantum-well state~final state
u f &) in comparison with experiment8 and a DFT
calculation,25 respectively. We are thus confident in descr
ing the resonance states~initial statesu i &) deduced from the
model potential. A fully self-consistent DFT calculatio
seems to us a difficult computational problem, illustrated
the present calculation, which requires a copper slab of th
ness of about 100 Å in order to converge. In comparis
with ARPES data, we show that the main contribution to t
lifetime broadening of the quantum-well state of the syst
1-ML Na on Cu~111! can be attributed to the electron
phonon coupling in the overlayer and interface region.

We want to thank V.P. Zhdanov and P. Apell for val
able comments on the manuscript and L. Bengtsson for h
with the DACAPO computer code. This work has been su
ported by the Swedish Science Research Council. Econo
cal support from Carl Tryggers Foundation is also ackno
edged.
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10S.-Å. Lindgren and L. Wallde´n, Phys. Rev. Lett.59, 3003~1987!.
11A. Carlsson, D. Claesson, S.-A˚ . Lindgren, and L. Wallde´n, Phys.

Rev. Lett.77, 346 ~1996!.



, S

e

and

. B

, D.

gy,

e-

2348 PRB 61HELLSING, CARLSSON, WALLDÉN, AND LINDGREN
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