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Effects of hole scattering on two-photon photoemission from metal surfaces
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By the nonequilibrium Green function method, we investigate the effects of the inelastic scattering of
photoexcited holes at metal surfaces on the two-photon photoemission~2PPE! spectra. The 2PPE spectra of a
metal surface we study show two peaks attributed to an occupied localized state (2v peak! and an unoccupied
localized state (1v peak!. Energy transfer between the surface and the bulk due to the hole scattering accounts
for the occurrence of the 1v peak, while it is usually considered that this peak occurs due to dephasing in
macroscopic theories. As well as the 1v peak, the peak height and width of the 2v peak, which is usually
considered to occur due to a direct two-photon excitation process, are affected by the hole scattering. By
comparing with a macroscopic theory based on the density matrix method, we discuss the relation of the
macroscopic energy relaxation time and the dephasing time with intrinsic lifetimes of the electrons and holes
in detail.

DOI: 10.1103/PhysRevB.68.205421 PACS number~s!: 79.60.2i, 78.68.1m, 71.10.2w
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I. INTRODUCTION

Two-photon photoemission~2PPE! spectroscopy is one o
the successful experimental methods of investigating e
tronic structures of metal surfaces. The experimental res
i.e., 2PPE spectra, can provide information on photoindu
electron dynamics at the surfaces both in the energy and
domains. When the photon energy is close to the resona
between occupied and unoccupied states at the surface,
Shockley states, image states, or atomic/molecular orbita
adsorbates, it is known that the 2PPE spectra can ex
peaks atE012\v (2v peak! and E11\v (1v peak!,1–5

whereE0 andE1 are the energy levels of the occupied a
unoccupied states, respectively, and\v is the photon energy
It is usually considered that the 2v peak is due to direc
two-photon excitation from the occupied state to a fre
electron state above the vacuum level via a virtual interm
diate state, and the 1v peak is due to one-photon excitatio
from the unoccupied state populated by scattering of o
photoexcited electrons.1,2,6–8

In the usual experiments,2,6 density matrix methods base
on the Liouville–von Neumann equations~or optical Bloch
equations!, typically within the three-level model or its
modified ones, are used for analysis of the 2PPE spectr
introducing macroscopic relaxation and dephasing times
is usually considered that the relaxation is due to inela
scattering and the dephasing is due to~quasi-! elastic scatter-
ing. It is known that the dephasing is necessary for the
currence of the 1v peak.2,6,8 It will be explained from a
macroscopic point of view that the elastic scattering cau
transition from photoinduced virtual polarizations to oth
real polarizations at the surface.

In order to understand the microscopic mechanisms of
relaxation and dephasing at the surfaces, it is necessa
investigate the electron dynamics by methods based on
many-body theories, e.g., the nonequilibrium Green funct
method.9,10 We have investigated the effects of Coulomb
teractions between electrons on the temporal evolution of
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electron densities11 and the time-resolved 2PPE spectr7

measured by applying the pump-probe technique. Howe
the relation between the macroscopic and the microsco
theories on the 2PPE from metal surfaces is not unders
thoroughly.

In a recent work on the pump-probe cross-correlat
traces~photoelectron intensities as functions of the pum
probe delay time! in the time-resolved 2PPE spectra,12 we
demonstrated in the time domain that inelastic scattering
the hole in the occupied state is concerned with the dep
ing. In this paper, we investigate the relation of the ho
scattering with the dephasing in the energy domain. We
culate the spectra by the nonequilibrium Green funct
method based on the Liouville equations where Coulo
interactions between electrons in the bulk and surface
taken into account. Absorption of the first photon of whi
the energy is detuned from the resonance between the o
pied and unoccupied states causes a virtual electron ex
tion from the occupied state to the unoccupied state. Su
quently, inelastic scattering of the hole in the occupied st
causes an energy transfer between the bulk and the sur
so that the state of the electron system can change to a
state in which an electron is in the unoccupied state
secondary electrons and holes are in the bulk. Then the
ond photon excites the electron to a free-electron state
hence the 1v peak is formed. Based on the numerical resu
of the 2PPE spectra, we discuss how the photon energy
pendence of the heights and widths of the peaks is relate
the intrinsic lifetimes of the occupied and the unoccup
states.

II. THEORY

We introduce a system of which the Hamiltonian is d
scribed asH01V, where the unperturbed Hamiltonian
given by

H05(
m

Emcm
† cm , ~1!
©2003 The American Physical Society21-1
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and the Coulomb interactions between electrons are give

V5
1

2 (
k,l,m,n

Vkl/mncl
†ck

†cmcn . ~2!

Here k, l, m, and n are indices denoting electronic stat
um& in all of the bulk, surface, and vacuum~the spin index is
omitted for simplicity!, and E, c†, and c stand for the en-
ergy, creation operator and annihilation operator, resp
tively. We assume that the first photon excites an electro
an occupied stateu0& at the surface to an unoccupied sta
u1& at the surface and subsequently the second photon ex
the electron to a free-electron stateu2& above the vacuum
level due to the interactions of an electron with light:

W~ t !5W21~ t !c2
†c11W10~ t !c1

†c01H.c. ~3!

The photoelectron intensity is investigated by solving
Liouville equation for the density matrix in the Schro¨dinger
representation:

i\
]r~ t !

]t
5@H01V1W~ t !,r~ t !#. ~4!

By expanding with respect toV1W(t), the photoelectron
densityr22(t) can be written to be a sum of multiple inte
grals of many-body correlation functions.13 Then, by using
the diagrammatic technique, we obtain

r22~ tob!52 i\ È2`

dt18 È2`

dt28E
2`

`

dt2E
2`

`

dt1

3u~ tob2t28!u~ t282t18!u~ tob2t2!u~ t22t1!

3W01~ t18!W12~ t28!W21~ t2!W10~ t1!

3G22
11~ tob2t2!G11

11~ t22t1!G00
12~ tob2t1 ,t182tob!

3G11
22~ t182t28!G22

22~ t282tob!, ~5!

where tob is the observation time of the photoelectron a
u(t) is a step function.

Here G11 and G22 are causal and anticausal Gre
functions,9 respectively, approximately given at the absolu
zero of temperature by

Gmm
11~ t2t8!52@Gmm

22~ t82t !#*

.~ i\!21$u~Em2EF!u~ t2t8!e(2 iEm2Gm)(t2t8)/\

2u~EF2Em!u~ t82t !e(iEm2Gm)(t82t)/\%, ~6!

whereGm is a linewidth~inverse lifetime! of a stateum& and
EF is the Fermi level.G12 is an interbranch Green functio
that strides over the forward and backward branches~corre-
sponding to the ket and bra vectors in the Schro¨dinger rep-
resentation, respectively! in the Keldysh contour.9,10 This
function describes the dynamical change of the second
particle ~electrons and holes in the bulk! densities and the
phase correlation between the ket and bra vectors. In
usual nonequilibrium Green function method, thetob depen-
dence is neglected andG00

12 is assumed to be a function o
20542
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t12t18 . As shown in the Appendix, this assumption leads t
formula of r22 equivalent to those obtained by the dens
matrix method. However this assumption is shown to be
appropriate by analyzing the formula of the function
detail,10

G00
12~ tob2t,t82tob!

52 (
n50

`

(
n850

` S 1

i\ D n1n811 È2`

dt18 . . . È2`

dtn8
8

3E
2`

`

dtn . . . E
2`

`

dt1u~ tob2tn8
8 ! . . . u~ t282t18!

3u~ tob2tn! . . . u~ t22t1!(
l 51

n

(
l 851

n8

u~ t l 112t !

3u~ t2t l !u~ t l 811
8 2t8!u~ t82t l 8

8 !^v~ t18! . . .

3c0
†~ t8! . . . v~ tn8

8 !v~ tn! . . . c0~ t ! . . . v~ t1!&, ~7!

where tn11 and tn811
8 in the summations are replaced wi

tob. c0
†(t), c0(t), andv(t) are the interaction representation

of c0
† , c0, andV. The statistical average at a temperatureT is

defined by

^ . . . &5Tr@exp~2H0 /kBT! . . . #/Tr@exp~2H0 /kBT!#,
~8!

wherekB is the Boltzmann constant.
The Green function given by Eq.~7! describes the scat

tering of the photoexcited hole inu0& by Coulomb interac-
tions between electrons. Thetob dependence ofG00

12 shows
that the hole scattering which occurs beforetob can affect
r22(tob) by changing the quantum phase of the system. T
Green function satisfies the equation of motion in the sa
way as the usual Keldysh Green functions9 defined by as-
suming sufficiently largetob at which the system is in the
metastable state.10 Since the final state of 2PPE from a met
surface is not an eigenstate because of the hole scatterin
is necessary to consider thetob dependence of the Gree
function.

In the following, we give Wmn(t)5@Wnm(t)#*
5Wmnexp(2ivt) within the rotating wave approximation in
order to obtain the energy spectra for continuous light.G00

12

can be rewritten as a function of two energies attributed
the time evolution in the forward and backward branches
Fourier transform,

G12@E,E8#

5E
2`

`

dtE
2`

`

dt8exp@2 i~Et1E8t8!/\#G12~t,t8!,

~9!

whereas the causal and anti-causal Green functions are t
formed by

G16@E#5E
2`

`

dt exp~2 iEt/\!G66~t!. ~10!

Then the photoelectron density is obtained as
1-2
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r22@E2#5
1

i\~2p!2
uW21W10u2E

C1

de0E
C2

de08

3G22
11@22\v2e02 i01#

3G11
11@2\v2e02 i01#G00

12@e0 ,e08#

3G11
22@2\v2e081 i01#
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3G22
22@22\v2e081 i01#, ~11!

where 01 is an infinitesimal positive value.C1 andC2 de-
note the sufficiently large integration paths in the upp
~positive imaginary part! and the lower~negative! sides of
the complex number plane, respectively, including a pa
2`→`. This equation is rewritten by consideringG00

12

within the typical second order diagrams10 as
r22@E2#5uW21W10u2@~E22E022\v!21~G21G0!2#21@~E12E02\v!21~G11G0!2#21

3H 11 (
a

unocc

(
b

occ

(
g

occ

@Vbg/qaVaq/gb2Vbg/qaVaq/bg#

3
1

~E21Ea2Eb2Eg22\v!21~G21Ga1Gb1Gg!2

1

~E11Ea2Eb2Eg2\v!21~G11Ga1Gb1Gg!2

3u~E222\v2 iG2!1~E12\v2 iG1!1~2E02 iG0!1@Ea2Eb2Eg2 i~Ga1Gb1Gg!#u2J , ~12!
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where the summations are taken over the states of secon
electrons and holes in the bulk. The linewidths of the b
states andu0& are given by the causal Green functions d
fined by Eq.~6!. The first term in the brace accounts for th
2v peak due to a process where first an electron inu0& is
photoexcited tou1& virtually and subsequently photoexcite
to u2&. The second term accounts for both the 1v and 2v
peaks due to processes where, after the virtual electron
toexcitation fromu0& to u1&, the hole inu0& is scattered in-
elastically by bulk electrons and subsequently the electro
u1& is photoexcited tou2&.

When the scattering probability of the hole inu0& is neg-
ligible, i.e.,G0 andVbg/qaVaq/gb2Vbg/qaVaq/bg in Eq. ~12!
are small, the photoexcited hole remains inu0& in the final
state. In this case, the second term in the brace of Eq.~12!
vanishes and hencer22 exhibits only the 2v peak@the same
results can be obtained by the density matrix method
shown in Eq.~A6!#. Meanwhile, when the scattering prob
ability is large, one electron and two holes can be excited
the bulk in the final state as a result of the scattering. In
case, the second term becomes effective and hencer22 ex-
hibits both the 1v and 2v peaks because of the energy tran
fer between the surface and the bulk due to the scatter
From a macroscopic point of view, this scattering proc
accounts for the transition from a virtual polarization b
tween the electron inu1& and the hole inu0& to real polar-
izations between the electron inu1& and the bulk charges
~positive in total! consisting of the secondary electrons a
holes.

III. RESULTS

For example, the 2PPE energy spectra of Cu~111! where
E02EF520.445 eV,G0512.7 meV~Shockley state!,14 E1
ary
k
-

o-

in

s

in
is

-
g.
s
-

2EF54.12 eV, G1514.3 meV ~image state!,15 and G250
are shown in Fig. 1. The lifetime of a bulk electron inum& is
given to be 30 fs foruEm2EFu51 eV16 within the Fermi
liquid theory.17 Here we assume a flat density of states
the bulk electrons. For simplicity, Vbg/qaVaq/gb

2Vbg/qaVaq/bg in Eq. ~12! is assumed to be a constant val
which givesG0512.7 meV by calculation of the self-energ
within the second order with respect toV.

The obtained results reproduce the two-peak structur
the experimental 2PPE spectra1,2 for the finite detuningDE
5\v2(E12E0)Þ0 except for the sharp structure on th
2v peak~at 4.22 eV forDE51100 meV and at 4.02 eV for
DE52100 meV). This structure is due to the excitation
secondary electrons and holes with infinitesimal excitat
energies accompanied by the quasielastic hole transfer f
the surface to the bulk, i.e., a sort of the Fermi surface
fects. There will be two reasons for the disagreement w
the experiments concerning the sharp structure. One is
experimental condition, i.e., the finite linewidths of the las
pulses and the finite temperature of the samples. The oth
the theoretical incompleteness that will be resolved by ren
malization or similar techniques. Investigation on the phy
cal validity of the occurrence of this structure will be a
important future subject.

By taking notice of the photon energy dependence of
spectra, we compare the 2PPE spectra obtained by the
croscopic theory based on the Green function method and
macroscopic theory~three-level model; see the Appendix!
based on the density matrix method. As mentioned in
Appendix, the most remarkable difference between
Green function method and the density matrix method
seen in the estimate of the interference effects accounting
the dephasing. When the processes accounting for the
1-3
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peaks are incoherent, the 2PPE spectra will reflect only
density of states around the occupied and the unoccu
states approximately expressed by Lorentzians. Then w
sums of two Lorentzians to the obtained spectra in
method of least squares. Here, in the results by the G
function method, the component due to the Fermi surf
effect is ignored.

FIG. 1. 2PPE energy spectra of Cu~111! as functions ofE2

2EF2\v ~so that the 1v peak is fixed at 4.12 eV! for photon
energiesDE5\v2(E12E0)520.1, 0, and 0.1 eV.
20542
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The results forDE5100 and 20 meV are shown in Fig. 2
Here, in the density matrix method, we give the inverse
ergy relaxation timeg1 asG1 and the inverse pure dephasin

time ḡ asG0. Then, as mentioned later, the 1v and 2v peak
widths at the lowest limit of the photon energy for which th
1v peak structure is not collapsed by the Fermi cutoff a
the widths of the resonance curves~the 1v and 2v peak
heights as functions of\v) agree with those obtained by th
Green function method.

When the detuning is small, the two peaks fuse toget
and hence the spectra exhibit one peak@see Figs. 2~a-1! and
2~b-1!#. Since the frequencies of the transition probabil
amplitudes of the processes accounting for the two pe
coincide with each other, the original meanings of the 1v
and 2v peaks are lost due to the interference between
processes. However, in order to investigate the asympt
behavior of the two peaks, we tentatively decompose
spectra into two Lorentzian components by assigning thev
and 2v peak components to those at the higher and the lo
energy positions for the negative detuning, respectively,
in reverse for the positive detuning. Then we see that
widths of the both components become narrower than
intrinsic linewidths (2G1528.6 eV for the 1v and 2G0
525.4 eV for the 2v) due to the interference effect.5

When the detuning is larger than several times the li
widths of the occupied and unoccupied states, the spe
FIG. 2. Lorentzian fitting to the 2PPE spectra forDE5120 and1100 meV obtained by~a! the Green function method and~b! the
density matrix method. The decomposed peak components are also shown.
1-4
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EFFECTS OF HOLE SCATTERING ON TWO-PHOTON . . . PHYSICAL REVIEW B68, 205421 ~2003!
exhibit two peaks both in the results by the Green funct
method and the density matrix method@see Figs. 2~a-2! and
2~b-2!#. The symptom of the sharpening of the spectra at
resonance is manifested in the middle of the energy reg
between the peaks (;4.17 eV). This accounts for the attra
tion between the two peaks. The qualitative features of
spectra are similar between the Green function method
the density matrix method; however, we see a difference
the 1v peak width. As discussed later, this difference is co
cerned with the details of the process accounting for thev
peak. In this paper, we do not discuss the difference of
ratio between the 1v and 2v peak heights which can largel
depend on the approximation employed in the calculation
Eq. ~12!.

Here we investigate the photon energy dependence o
peak positions of the 1v and 2v peaks~see Fig. 3!. In the
absence of the interference effects, the 1v and 2v peaks will
be located atE11\v and E012\v, respectively. The ob-
tained peak positions shift from these values by the attrac
between the peaks due to the interference as seen from
2. When the detuning is smaller than the linewidths of
occupied and unoccupied states, both the 1v and 2v com-
ponents shift with the gradient of 1.5 because of the coup
between the two components.

The resonance curves~peak heights as functions of\v)
for the two peaks are shown in Fig. 4. Both the 1v and 2v
resonance curves mainly reflect the transition probability

FIG. 3. Energy positions of the 1v and 2v peaks as functions
of \v decomposed from the results by~a! the Green function
method and~b! the density matrix method. The peak positions
the absence of the interference effects, i.e.,E25E11\v for the 1v
peak andE25E012\v for the 2v peak, are also shown.
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the excitation fromu0& to u1& by the first photon,}@(E1
2E02\v)21(G11G0)2#21. When we ignore the region o
uDEu,10 meV where the fitting errors are large, the res
nance curves for the both two peaks can be fitted b
Lorentzian of which the full widths at half maximum is 4
meV. The narrowing of the curves from 2(G11G0)
554.0 meV is due to the interference effect that accounts
the enhancement of the photoelectron intensity around
resonance.

The dependence of the full widths at half maximum of t
1v and 2v peaks on the photon energy is shown in Fig.
The widths in the vicinity of the resonance photon ener
;15 meV, are smaller than the electron linewidth 2G1
528.6 meV and hole linewidth 2G0525.3 meV. This is due
to the interference effect that accounts for the narrowing
the peak structure.

For the large detuning, the 2v peak width converges into
a value~25.5 meV atuDEu5400 meV). This value corre-
sponds to 2G0 in the Green function method and 2ḡ in the
density matrix method. Thus we see a relation,ḡ5G0. While
the 1v peak width in the density matrix method converg
into 2G1, the 1v peak width in the Green function metho
show an asymmetric behavior with respect to the resona
photon energy. This reflects the detail of the scattering p
cesses accounting for the dephasing. Approximately, thev

FIG. 4. Heights of the 1v and 2v peaks as functions of\v
decomposed from the results by~a! the Green function method an
~b! the density matrix method. The error bars for the Lorentz
fitting are also shown.
1-5
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peak width for uDEu.100 meV is given by 2G1

12Ḡ0(DE), where Ḡ0(DE)5auDE1(EF2E0)u2 corre-
sponds to the available phase space of the hole scatteri
u0& given with a proportional coefficienta ~confirmed from
a graph in a range wider than Fig. 5!.

In the usual analysis of the~time-resolved! 2PPE spectra
the relaxation time is assumed to be the electron lifetim
i.e.,g15G1. This assumption is correct at the lowest limit
the photon energy for which the 1v peak structure is no
collapsed by the Fermi cutoff. When the detuning is lar
the 1v peak collapses due to the large scattering probab
and hence the width becomes large and the intensity
comes weak~13% of the 2v peak atDE51400 meV).

The inelastic scattering of the hole does not affect
intrinsic lifetime of the electron inu1&, however, the hole
scattering can affect the electron densities and the pola
tions by changing the quantum phase of the system. In
time-resolved 2PPE spectra, the hole scattering account
a narrowing of the pump-probe correlation traces similar
the narrowing due to the pure dephasing in the density
trix method.12 The results in previous studies and in t
present study, confirm the expectation that the inelastic h
scattering can account for dephasing.

Usually, the physical mechanism of the occurrence of
1v peak is explained by the step-by-step processes8 associ-

FIG. 5. Full widths at half maximum of the 1v and 2v peaks as
functions of \v decomposed from the results by~a! the Green
function method and~b! the density matrix method. The increase
the 1v peak width atDE;2400 meV in the Green function
method is due to the misfit to the broken peak structure near
Fermi cutoff.
20542
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ated with cascade and Auger processes that electron tra
to u1& occurs by scattering of electrons or holes photoexci
outside of the partial system consisting ofu1& and u0&.7

These processes will compete with the hole scattering p
cesses considered in the present work, and can be re
sented by extended formulas ofr22 including vertices strid-
ing over the forward and backward branches of the Keld
contour.18 The height of the 1v peak due to the cascade an
Auger processes will be less dependent on\v aroundE1
2E0 than the peak due to the hole scattering processes in
present work. Therefore, these processes may be di
guished by measuring the\v dependence of the pea
heights and widths,1,3,4 however, it will be an issue in the
future to accumulate sufficient amount of high-resolution e
perimental spectra to compare with the theories.

IV. CONCLUSIONS

By investigating the 2PPE energy spectra of Cu~111!, we
showed that inelastic scattering of a photoexcited hole in
occupied state at metal surfaces accounts for dephasing.
density matrix method qualitatively reproduces the results
the nonequilibrium Green function method when we assu
that the energy relaxation time is equal to the electron l
time in the unoccupied state and the dephasing time is e
to the hole lifetime in the occupied state. Then we can c
firm that the 2v peak width corresponds to the hole lin
width when the detuning is large.

The 1v peak width, which corresponds to the energy
laxation timeg1 in the density matrix method, shows a r
markable dependence on the photon energy in the G
function method. In a previous study on the time-resolv
2PPE spectra for femtosecond laser pulses, we showed
the energy relaxation timeg1 corresponds to a lifetime of the
polarization consisting of the electron and the hole, i.e.,g1
5G11G0. On the other hand, in the present study on
energy-resolved spectra for continuous light, we showedg1

5G11Ḡ0(DE), where the available phase space 2Ḡ0(DE)
for the hole scattering as a function of the detuningDE is not
exactly the intrinsic hole linewidth 2G0 itself. The reasons
for the difference between these results will be related w
the limitation of the macroscopic model and the mathem
cal problem in treatment of the dephasing terms in the d
sity matrix method as explained in the Appendix.
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APPENDIX: MACROSCOPIC THEORY
BY THE DENSITY MATRIX METHOD

In this appendix, we derive the formula of the 2PPE sp
tra by the density matrix method which is usually used for
analysis of the experimental data. We introduce the un
turbed HamiltonianH0 in Eq. ~1! and the interactions of an
electron with lightW in Eq. ~3! in the same way as in Sec. I
whereas we introduce phenomenological inverse relaxa
times and dephasing times instead of the Coulomb inte
tions between electronsV in Eq. ~2!.

The Liouville–von Neumann equations in the Schr¨-
dinger representation for describing the 2PPE from an o
two-level system consisting of an occupied stateu0& and an
unoccupied stateu1& at the surface are given by

i\
]rmn~ t !

]t
5@H01W~ t !,r~ t !#mn2 igmnrmn~ t !

~m,n50,1,2 except form5n50!, ~A1!

and r00(t).1. Here the diagonal elements ofg give the
inverse energy relaxation times byg2252g2 and g11
52g1. The off-diagonal elements give the inverse dephas
times by g125g215g1 , g015g105g11ḡ, and g025g20

5g21ḡ, whereḡ is an inverse pure dephasing time betwe
u1& and u0&. In the following, from the point of view of the
Green function method, we derive the formulas of the p
toelectron density corresponding to those obtained by U
et al.8 For simplicity, we ignore the pure dephasing betwe
u2& and u1&,2,5,6 so that we can obtain formulas of the ph
toelectron density comparable with those obtained by
Green function method.

We obtain the photoelectron density within the fourth o
der with respect toW by calculatingr015r10* , r11, r02
-
nn
, t

20542
-
n
r-

n
c-

n

g

n

-
a

n

e

-

5r20* , r125r21* , andr22 in order. Then we derive a for
mula of the photoelectron density equivalent to Eq.~5!
where G1 is replaced withg1 and G00

12(tob2t,t82tob) is
replaced with

Ḡ00
12~ t2t8!52~ i\!21u~EF2E0!e2 iE0(t2t8)/\2ḡut2t8u/\.

~A2!

Then the Fourier transform of this Green function become
function of one energy in the same way as in Eq.~10!
whereasG00

12 was a function of two energies.
By substituting the inverse transform of Eq.~10! for

G11(t), G22(t), andḠ12(t), Eq. ~5! is rewritten as

r22@E2#5ReF i

~2p!5
uW21W10u2E

C1

de2E
C1

de1E
C1

de0

3E
C2

de18E
C2

de28G22
11@e2#G11

11@e1#Ḡ00
12@e0#

3G11
22@e18#G22

22@e28#
1

e12e181 i01

1

e22e281 i01

3
1

e181\v2e02 i01
F 1

e21\v2e181 i01

1
~e12e181 i01!2~e2812\v2e02 i01!

~e281\v2e12 i01!~e2812\v2e02 i01!
G G .

~A3!

The complexity of this equation is due to theut2t8u depen-
dence ofḠ12. By using Eqs.~6! and ~A2!, we obtain
r22@E2#5
uW21W10u2

~E22E12\v!21~g21g1!2 H g11ḡ

g1

1

~E12E02\v!21~g11ḡ !2
1

g21ḡ

g2

1

~E22E022\v!21~g21ḡ !2

1
~g11ḡ !~g21ḡ !2~E12E02\v!~E22E022\v!

@~E12E02\v!21~g11ḡ !2#@~E22E022\v!21~g21ḡ !2#
J . ~A4!
ntal

ver,

t
On
Usually,g2 is given to be infinitesimal since it is consid
ered that the photoelectrons emitted into the vacuum ca
be scattered by other electrons in the metal. In this case
second term in the brace of Eq.~A4! becomes dominant:

r22@E2#}
1

~E22E12\v!21g1
2

1

~E22E022\v!21ḡ2
.

~A5!
ot
he

This reproduces the qualitative feature of the experime
2PPE spectra exhibiting both 1v and 2v peaks in the same
way as the results by the Green function method. Howe
the absolute value ofr22 becomes infinite for anyE2 due to
the coefficient (g21ḡ)/g2 whereas this problem has no
arisen in the case of the laser pulses with finite duration.
the other hand, whenḡ→0 ~before g2→0), Eq. ~A4! is
rewritten as
1-7
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r22@E2#5uW21W10u2
1

~E12E02\v!21g1
2

3
1

~E22E022\v!21g2
2

, ~A6!

which exhibits only the 2v peak and the absolute value
r22 is finite atE2ÞE012\v even wheng2→0.

This unnatural property ofr22 is concerned with the for-
mula ofḠ00

12 in Eq. ~A2! leading to the unsuccessful expre
sion Eq. ~A3! in the Fourier domain~this problem would
have been overlooked in many theories on nonequilibri
systems! but not due to the neglect of dephasing betweenu2&
and u1& nor due to the neglect of higher order terms w
respect toW and g. By comparing Eq.~A3! with Eq. ~11!,
we see that the time evolutions in the bra and ket vectors
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not distinguished properly in the density matrix method. T
means that the effects of the interference between scatte
processes accounting for the dephasing are not estim
properly by the density matrix method. Thus the unnatu
properties are due to the mathematical forms of the dep
ing terms which are usually introduced in the Liouville-vo
Neumann equations.

As well as the density matrix methods, in the usual no
equilibrium Green function methods where the depende
of the Green functions on the observation time is n
considered,18,19and hence the formula ofG00

12 is assumed to
be equivalent to Eq.~A2!, one will obtain results similar to
Eq. ~A4!. Thus, even though the experimental data seem
be reproduced fortunately,10 regarding the effects of dephas
ing it will be necessary to reconsider the results of 2P
spectra obtained so far by the usual methods.
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