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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 photoemi{&R&H spectra. The 2PPE spectra of a
metal surface we study show two peaks attributed to an occupied localized stape=éR and an unoccupied
localized state (& peak. Energy transfer between the surface and the bulk due to the hole scattering accounts
for the occurrence of thedl peak, while it is usually considered that this peak occurs due to dephasing in
macroscopic theories. As well as the Jpeak, the peak height and width of the Jeak, 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.
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. INTRODUCTION electron densitiéd and the time-resolved 2PPE spettra
measured by applying the pump-probe technigque. However,

Two-photon photoemissiof2PPH spectroscopy is one of the relation between the macroscopic and the microscopic
the successful experimental methods of investigating eledheories on the 2PPE from metal surfaces is not understood
tronic structures of metal surfaces. The experimental resultdhoroughly. _
i.e., 2PPE spectra, can provide information on photoinduced !N @ recent work on the pump-probe cross-correlation
electron dynamics at the surfaces both in the energy and timf&aces (photoelectron intensities as functions of th{(;apump-
domains. When the photon energy is close to the resonand¥oPe delay timgin the time-resolved 2PPE spectrawe
between occupied and unoccupied states at the surface, e. emonstrated in the time domain that inelastic scattering of
Shockley states, image states, or atomic/molecular orbitals i€ hole in the occupied state is concerned with the dephas-
adsorbates, it is known that the 2PPE spectra can exhibifd- In this paper, we investigate the relation of the hole
peaks atE,+ 2w (20 peak andE,+%w (Lo peak, scattering with the dephasing in the energy domain. We cal-
whereE, and E; are the energy levels of the occupied angculate the spectra by the nonequilibrium Green function

unoccupied states, respectively, dnd is the photon energy. method_ based on the Liouville .equations where Coulomb
It is usually considered that the«2peak is due to direct interactions between electrons in the bulk and surface are

two-photon excitation from the occupied state to a freetaken into account. Absorption of the first photon of which

electron state above the vacuum level via a virtual intermelN€ €Nergy is detuned from the resonance between the occu-

diate state, and thesd peak is due to one-photon excitation pied and unoccupied states causes a virtual electron excita-
' jon from the occupied state to the unoccupied state. Subse-

from the unoccupied state populated by scattering of othel . . . ) ;
photoexcited electroris6-8 quently, inelastic scattering of the hole in the occupied state

In the usual experiment® density matrix methods based causes an energy transfer between the bulk and the surface,
on the Liouville—von Neum’ann equatiofisr optical Bloch so that the state of the electron system can change to a real
equations typically within the three-level model or its state in which an electron is in the unoccupied state and

modified ones, are used for analysis of the 2PPE spectra condary eIectrons and holes are in the bulk. Then the sec-
introducing macroscopic relaxation and dephasing times. | nd photon excites the electron to a free-electron state and

is usually considered that the relaxation is due to inelasti@€Nce the & peak is formed. Based on the numerical results
scattering and the dephasing is dugdoasi) elastic scatter- ©f the 2PPE spectra, we discuss how the photon energy de-

ing. It is known that the dephasing is necessary for the ocPendence of the heights and widths of the peaks is related to
currence of the & peak?®® It will be explained from a the intrinsic lifetimes of the occupied and the unoccupied

macroscopic point of view that the elastic scattering causeStates.
transition from photoinduced virtual polarizations to other
real polarizations at the surface.

In order to understand the microscopic mechanisms of the We introduce a system of which the Hamiltonian is de-
relaxation and dephasing at the surfaces, it is necessary tgribed asHy+V, where the unperturbed Hamiltonian is
investigate the electron dynamics by methods based on thgiven by
many-body theories, e.g., the nonequilibrium Green function
method”'°We have investigated the effects of Coulomb in- Ho=S E.clc 1)
teractions between electrons on the temporal evolution of the 0 R

Il. THEORY
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and the Coulomb interactions between electrons are given by —t; . As shown in the Appendix, this assumption leads to a
1 formula of p,, equivalent to those obtained by the density
v=z > VKA/,WCICTC c ) matrix method. However this assumption is shown to be in-

2 iy DR appropriate by analyzing the formula of the function in

o _ _ detail;°
Here k, N\, u, and v are indices denoting electronic states

|,u>_in all of the bulk, surface, ar;d vacuufthe spin indexis  GJ =~ (to,—t,t’ —toy)

omitted for simplicity, andE, ¢', andc stand for the en- © nen+1

ergy, creation operator and annihilation operator, respec- _ _ 1 T T
. . ) =3 > |- dt! ... dt’,
tively. We assume that the first photon excites an electron in A=0 y=g \ift

an occupied statg) at the surface to an unoccupied state % %

|1) at the surface and subsequently the second photon excites X dt, ... f dt; 6(top—t,,) ... O(t5—t])
the electron to a free-electron std®) above the vacuum - -

o o

’

level due to the interactions of an electron with light: non
X O(top—tn) -+ B(t=t) 2, 2 6t 1)
W(t)=Wyy(t)cies +Wig(t)cico+ H.c. €) 1=y
. o . _ X O(t—t)ot], , ,—t) ot —t/)(v(ty) ...
The photoelectron intensity is investigated by solving the o ,
Liouville equation for the density matrix in the Schinger Xco(t') - v(ty)o(ty) ... Co(t) .. v(ty)), 0
representation: wheret,,; andt/,,, in the summations are replaced with
~ap(t) tob- cg(t), Co(t), andu(t) are the interaction representations
ih — = =[Ho+V+W(1),p(1)]. (4)  ofcf, co, andV. The statistical average at a temperafliie
defined by

By expanding with respect t¥+W(t), the photoelectron
density p,,(t) can be written to be a sum of multiple inte-  {...)=TrlexpQ(—Hq/kgT) ... 1/ Trexp(—Ho/kgT)],
grals of many-body correlation functioh$Then, by using 8
the diagrammatic technique, we obtain wherekg is the Boltzmann constant.
o 700 " " The Green function given by Eq7) describes the scat-
P22(tob):_iﬁf dtif dtéf dtzJ dt, tering of the photoexcited hole if®) by Coulomb interac-
- * — - tions between electrons. Thg, dependence oB3, shows
v " -~ _ that the hole scattering which occurs befagg can affect
X 0ltop™ ) B(to~ 1) O(tap—12) Bto~ 1) paAton) by changing the quantum phase of the system. This
X Wos(t1) Wio(t5) Was(to) Wag(ts) Green function satisfies the equation of motion in the same
way as the usual Keldysh Green functidmefined by as-
X G35 (tort2)G1y (ta—11)Ggg (top—t1,ti—ton)  suming sufficiently large,, at which the system is in the
metastable stat€.Since the final state of 2PPE from a metal

X Gy (171)Gap (2~ L), ®) surface is not an eigenstate because of the hole scattering, it
wheret,, is the observation time of the photoelectron andiS Nécessary to consider thg, dependence of the Green
A(t) is a step function. function.

Here G** and G~~ are causal and anticausal Green N the following, we give W,,(t)=[W,,(1)]"
functions? respectively, approximately given at the absolute=W.,€Xp(~iwt) within the rotating wave approximation in

zero of temperature by order to obtain the energy spectra for continuous ligH;~
can be rewritten as a function of two energies attributed to
G, (t=t")==[G,, (t'—t)]* the time evolution in the forward and backward branches by

_ ) Fourier transform,
=(ift) Y O(E,— Ep) O(t—t' )T Eu T t)A

_ ) G*'[E,E']
_ 0(E|:— EM) ﬁ(t’—t)e('E#_FM)(t —t)/h}’ (6)
wherel’,, is a linewidth(inverse lifetime of a statelu) and = fm drfw dr'exd —i(Er+E'7)/A]G" (7,7),
Er is the Fermi levelG™ ™ is an interbranch Green function e S
that strides over the forward and backward brandleesre- ©)

sponding to the ket and bra vectors in the Sdht%(gr rep-  whereas the causal and anti-causal Green functions are trans-
resentation, respectivelyin the Keldysh contout®® This  formed by

function describes the dynamical change of the secondary

particle (electrons and holes in the bulklensities and the i * _ e

phase correlation between the ket and bra vectors. In the G _[E]:wadTexli_'ET/ﬁ)G"(T)- (10
usual nonequilibrium Green function method, thgdepen-

dence is neglected ar@y, is assumed to be a function of Then the photoelectron density is obtained as
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1 X Gy, [—2hw—e,+i0, ], (11)
p2d Ez]= ﬁ|W21W10|2J’ dfof deg
if(2) C+ c- where Q. is an infinitesimal positive valueC andC_ de-
++ : note the sufficiently large integration paths in the upper
X Gz [~ 2R €10, ] (positive imaginaryypa)tgnd theglower(nzgative) sides oll?p
XGy [—hw—e—i0,]Ggy [€0,€0] the complex number plane, respectively, including a path
—o—c0, This equation is rewritten by consideringgy,
XGyy [~fhiwo—€+i0,] within the typical second order diagratisis

p2d E2]= |WoWig [(Ex— Eg—2fiw)?+ (T + )] [(Ey—Eg—fiw)?+ (I + )%+
unocc occ occ

X491+ 2 % 2 [VBy/anaq/yﬁ_VBy/anaq/By]
@ ¥

1 1
X
(Eg+E,—Ep—E,—2fiw)?+(Dp+ Ly + T+ )2 (Ey+E,—Eg—E,—fiw)?+ (i + T+ T+ )2

X|(Ep—2fiw—iT,)+(E;—hw—iTy) +(—Eq—ilo) +[E,—Eg—E,—i(T,+ T+ T )], (12)

where the summations are taken over the states of secondanfE.=4.12 eV, I';=14.3 meV (image statg'® and I',=0
electrons and holes in the bulk. The linewidths of the bulkare shown in Fig. 1. The lifetime of a bulk electron|ja) is
states and0) are given by the causal Green functions de-given to be 30 fs foflE,—Eg=1 eV within the Fermi
fined by Eq.(6). The first term in the brace accounts for the jiqid theory!” Here we assume a flat density of states for
2w peak due to a process where first an electrofOinis  the  pulk  electrons.  For simplicity, V,/qaVaqys
photoexcited td1) virtually and subsequently photoexcited “Vp,qaVaqs, in Eq. (12) is assumed to be a cég(;t;r?tyvalue

to |2). The second term accounts for bOth the find 2 which givesl'y=12.7 meV by calculation of the self-energy
peaks due to processes where, after the virtual electron pho-

. . . . within the second order with respect o
toexcitation from|0) to |1), the hole in]0) is scattered in- . The obtained results reproduce the two-peak structure in
elastically by bulk electrons and subsequently the electron ”t]h sperimental 2PPE dfor the finite detunina E
|1) is photoexcited td2). © expenmenta spectrfor the finite detuningh

When the scattering probability of the hole|®) is neg- :ﬁ“’_f(El_EO)io fex;:epﬁ for the sharp structure O”f the
ligible, i..,T'o andV s /40 aq/ v~ Vg yigaVaq/ sy iN EQ. (12) 2w peak(at 4.22 eV or. E=+ 100_ meV and at 4.02_ e\_/ or
are small, the photoexcited hole remains® in the final ~AE=—100 meV). This structure is due to the excitation of
state. In this case, the second term in the brace of(E). secondary electrons and holes with infinitesimal excitation
vanishes and henge, exhibits only the 2 peak[the same energies accompanied by the quasielastic hole transfer from
results can be obtained by the density matrix method ai’e surface to the bulk, i.e., a sort of the Fermi surface ef-
shown in Eq.(A6)]. Meanwhile, when the scattering prob- fects. There will be two reasons for the disagreement with
ability is large, one electron and two holes can be excited ith€ €xperiments concerning the sharp structure. One is the
the bulk in the final state as a result of the scattering. In thigxPerimental condition, i.e., the finite linewidths of the laser
case, the second term becomes effective and hppcex- pulses and the finite temperature of the samples. The other is
hibits both the I and 2w peaks because of the energy trans-the theoretical incompleteness that will be resolved by renor-
fer between the surface and the bulk due to the scatteringh@lization or similar techniques. Investigation on the physi-
From a macroscopic point of view, this scattering proces_§al validity of the occurrence of this structure will be an
accounts for the transition from a virtual polarization be-important future subject.
tween the electron inl) and the hole if0) to real polar- By taking notice of the photon energy dependence of the
izations between the electron |a) and the bulk charges SPectra, we compare the 2PPE spectra obtained by the mi-

(positive in tota) consisting of the secondary electrons angcroscopic theory based on the Green function method an'd the
holes. macroscopic theorythree-level model; see the Appengix

based on the density matrix method. As mentioned in the

IIl. RESULTS Appendix, the most remarkable difference between the

' Green function method and the density matrix method is

For example, the 2PPE energy spectra ofl@l) where  seen in the estimate of the interference effects accounting for
Eo— Ep=—0.445 eV,I',=12.7 meV(Shockley statg'* E;  the dephasing. When the processes accounting for the two
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FIG. 1. 2PPE energy spectra of @al) as functions ofE,
—Er—7%w (so that the b peak is fixed at 4.12 eMfor photon
energiesAE=%w—(E;—Ey)=-0.1, 0, and 0.1 eV.
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The results fod E= 100 and 20 meV are shown in Fig. 2.
Here, in the density matrix method, we give the inverse en-
ergy relaxation timey, asI'; and the inverse pure dephasing

time y asI'y. Then, as mentioned later, theland 2w peak
widths at the lowest limit of the photon energy for which the
lw peak structure is not collapsed by the Fermi cutoff and
the widths of the resonance curvébe lw and 2w peak
heights as functions df w) agree with those obtained by the
Green function method.

When the detuning is small, the two peaks fuse together
and hence the spectra exhibit one pesde Figs. &a-1) and
2(b-1)]. Since the frequencies of the transition probability
amplitudes of the processes accounting for the two peaks
coincide with each other, the original meanings of the 1
and 2w peaks are lost due to the interference between the
processes. However, in order to investigate the asymptotic
behavior of the two peaks, we tentatively decompose the
spectra into two Lorentzian components by assigning the 1
and 2w peak components to those at the higher and the lower

peaks are incoherent, the 2PPE spectra will reflect only thenergy positions for the negative detuning, respectively, and
density of states around the occupied and the unoccupieid reverse for the positive detuning. Then we see that the
states approximately expressed by Lorentzians. Then we fiidths of the both components become narrower than the
sums of two Lorentzians to the obtained spectra in thentrinsic linewidths (41°;=28.6 eV for the v and ',
method of least squares. Here, in the results by the Greer 25.4 eV for the 2) due to the interference effett.

function method, the component due to the Fermi surface When the detuning is larger than several times the line-

effect is ignored.

(a-1) AE=+20 meV

Green function method
Lorentzian fitting = ------
1o component e |
2¢ component —

Photoelectron intensity p- (arb. units)

4.1 4.2
Photoelectron energy FE»>-Er-Aw (eV)

(a-2) AE=+100 meV
Green function method ——
Lorentzian fitting  -----
lo component -
2o component _—

Photoelectron intensity pz (arb. units)

4.1 4.2 43
Photoelectron energy E,-Er-hAw (eV)

widths of the occupied and unoccupied states, the spectra

(b-1) AE=+20 meV

Density matrix method
Lorentzian fitting = +==-=
1o component e
20 component ——

............

4.1 4.2
Photoelectron energy E»-Er-hico (eV)

Photoelectron intensity p= (arb. units)

(b-2) AE=+100 meV
Density matrix method
Lorentzian fitting  -----
lo component =~ e

2m component

ty p=(arb. units)

Photoelectron intensi

4o N E—) 23
Photoelectron energy E»-Er-Hco (eV)

FIG. 2. Lorentzian fitting to the 2PPE spectra fdE= +20 and+100 meV obtained bya) the Green function method ar(t) the
density matrix method. The decomposed peak components are also shown.
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FIG. 3. Energy positions of thesl and 2w peaks as functions Photon energy AE=fico-(Ei-Eo) (meV)

of iw decomposed from the results g the Green function
method andb) the density matrix method. The peak positions in
the absence of the interference effects, B85 E; + A w for the 1w
peak andE,=E,+ 2% w for the 2w peak, are also shown.

FIG. 4. Heights of the & and 2w peaks as functions ot w
decomposed from the results fg) the Green function method and
(b) the density matrix method. The error bars for the Lorentzian

exhibit two peaks both in the results by the Green functionflttlng are also shown.

r2nethod and the density matrix methfxee Figs. @-2 and the excitation from|0) to |1) by the first photon[(E;

(b-2)]. The_ symptom of the sharp_enlng of the spectra at t_he_ Ey—fiw)?+ (I, +T¢)?]~ L. When we ignore the region of
resonance is manifested in the rmddle of the energy regIOPAET<lO meV V\llherg the fitting errors are large, the reso-
t_)etween the peaks{(4.17 eV). This accounts for the attrac- ance curves for the both two peaks can be ’fitte d by a
tion between the two peaks. The qualitative features of th rentzian of which the full widths at half maximum is 40
spectra are similar between the Green function method an eV. The narrowing of the curves from B{+T,)

| . i . , . 0

:Eg ii npselgkrcv?gtﬁ Qse tdhiggfjst]:evzljel\gtagr V\tlr?isszﬁf:r:rlnf(f:eer?snggr:-: 54.0 meV is due to the interference effect that accounts for
cerned with the details of the process accounting for the 1 g;ioigzigcemem of the photoelectron intensity around the
peak. In this paper, we do not discuss the difference of th : . .

ratio between the & and 2w peak heights which can largely The dependence of the full widths at half maximum of the

S . ' w and 2w peaks on the photon energy is shown in Fig. 5.
gzp?fzd) on the approximation employed in the calculation o he widths in the vicinity of the resonance photon energy,

Here we investigate the photon energy dependence of the 15meV, are smaller than the electron linewidtil',2

peak positions of the & and 2w peaks(see Fig. 3. In the t—Ztﬁ.Glrr:e\; and h0|eﬁ“n$\;vk']dtth]2°_25£3 fme:;. This is d.ue ¢
absence of the interference effects, thednd 2w peaks will 0 the Interterence efiect that accounts for the narrowing o
be located aE;+#Aw andEy+ 2% w, respectively. The ob- the peak structure. . . .
. Lo 0 ' b Y ; For the large detuning, the«x2peak width converges into
tained peak positions shift from these values by the attraction 9 9 a P . 9
between the peaks due to the interference as seen from Fig, value(25.5 meVv at| AE| =400 meV). This value corre-
2. When the detuning is smaller than the linewidths of theSPonds to 2 in the Green function method andy2n the
occupied and unoccupied states, both thednd 20 com-  density matrix method. Thus we see a relatipr,I"y. While
ponents shift with the gradient of 1.5 because of the couplinghe 1w peak width in the density matrix method converges
between the two components. into 2I'4, the 1w peak width in the Green function method
The resonance curvépeak heights as functions éfw) show an asymmetric behavior with respect to the resonance
for the two peaks are shown in Fig. 4. Both the and 2w photon energy. This reflects the detail of the scattering pro-
resonance curves mainly reflect the transition probability ofcesses accounting for the dephasing. Approximately, the 1
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60 - ated with cascade and Auger processes that electron transfer
(a) Green function method to |1) occurs by scattering of electrons or holes photoexcited
outside of the partial system consisting df) and |0).’
These processes will compete with the hole scattering pro-
cesses considered in the present work, and can be repre-
sented by extended formulas p§, including vertices strid-

ing over the forward and backward branches of the Keldysh
contour'® The height of the & peak due to the cascade and
Auger processes will be less dependentfan aroundE;

— Eq than the peak due to the hole scattering processes in the
present work. Therefore, these processes may be distin-

Peak width (meV)

—
(=3

0
-400 -200 0 200 400 guished by measuring théw dependence of the peak
Photon energy AE=#hw-(E1-Ee) (meV) heights and width$>* however, it will be an issue in the
60 future to accumulate sufficient amount of high-resolution ex-
. (b) Density matrix method perimental spectra to compare with the theories.
> lo —eo—
8 40 260 wmtneae IV. CONCLUSIONS
£ By investigating the 2PPE energy spectra of Tll), we
B 30 i, R et showed that inelastic scattering of a photoexcited hole in an
2 0 occupied state at metal surfaces accounts for dephasing. The
o~ density matrix method qualitatively reproduces the results by
10 the nonequilibrium Green function method when we assume
that the energy relaxation time is equal to the electron life-
% ™ . o 00 time in the unoccupied state and the dephasing time is equal

to the hole lifetime in the occupied state. Then we can con-
firm that the 20 peak width corresponds to the hole line-
FIG. 5. Full widths at half maximum of thed and 2w peaks as ~ Width when the detuning is large.
functions ofiw decomposed from the results ltg) the Green The lw peak width, which corresponds to the energy re-
function method andb) the density matrix method. The increase of laxation timey; in the density matrix method, shows a re-
the 1w peak width atAE~—400 meV in the Green function markable dependence on the photon energy in the Green
method is due to the misfit to the broken peak structure near théunction method. In a previous study on the time-resolved
Fermi cutoff. 2PPE spectra for femtosecond laser pulses, we showed that
the energy relaxation time; corresponds to a lifetime of the
peak width for |[AE[>100 meV is given by P;  polarization consisting of the electron and the hole, hg.,

Photon energy AE=hw-(E-Es) (meV)

+2I'o(AE), where I'g(AE)=a|AE+ (Eg— Eo)|2 corre- =I'1+T,. On the other hand, in the present study on the
sponds to the available phase space of the hole scattering @tergy-resolved spectra for continuous light, we showed
|0) given with a proportional coefficient (confirmed from =T";+To(AE), where the available phase spadg,RAE)

a graph in a range wider than Figl. 5 for the hole scattering as a function of the detunifg is not

In the usual analysis of th@ime-resolvedl 2PPE spectra, exactly the intrinsic hole linewidth 2, itself. The reasons
the relaxation time is assumed to be the electron lifetimefor the difference between these results will be related with
i.e., y1=I";. This assumption is correct at the lowest limit of the limitation of the macroscopic model and the mathemati-
the photon energy for which theedil peak structure is not cal problem in treatment of the dephasing terms in the den-
collapsed by the Fermi cutoff. When the detuning is largesity matrix method as explained in the Appendix.
the lw peak collapses due to the large scattering probability
and hence the width becomes large and the intensity be-
comes weak13% of the 2v peak atAE= +400 meV).

The inelastic scattering of the hole does not affect the One of the author§M.S. acknowledges the support by
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a narrowing of the pump-probe correlation traces similar taScientific Researcli1164037% programs, and by the New
the narrowing due to the pure dephasing in the density maEnergy and Industrial Technology Development Organiza-
trix method*® The results in previous studies and in thetion (NEDO), through their Materials and Nanotechnology
present study, confirm the expectation that the inelastic holprogram, and by the Japan Science and Technology Corpo-
scattering can account for dephasing. ration (JST), through their Research and Development Ap-

Usually, the physical mechanism of the occurrence of theplying Advanced Computational Science and Technology
1w peak is explained by the step-by-step procésassoci-  program.
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APPENDIX: MACROSCOPIC THEORY =pog", p1o=po1*, andp,, in order. Then we derive a for-
BY THE DENSITY MATRIX METHOD mula of the photoelectron density equivalent to EB)

H H +— _ r__ H
In this appendix, we derive the formula of the 2PPE specyvhererl is replaced withy, and Goo (top=t,t" ~ton) IS

tra by the density matrix method which is usually used for ar{eplaced with

analysis of the experimental data. We introduce the unper- -

turbed HamiltoniarH, in Eq. (1) and the interactions of an 530’(t—t’)= —(ih) " rO(Ep— Eo)e*iEo(t*t’)/ﬁfyltft’\/ﬁ_
electron with lightwWin Eqg. (3) in the same way as in Sec. I, (A2)
whereas we introduce phenomenological inverse relaxation

times and dephasing times instead of the Coulomb interacrhen the Fourier transform of this Green function becomes a

tions between electrong in Eq. (2). o _ function of one energy in the same way as in E#0)
The Liouville-von Neumann equations in the Schro whereasG{, was a function of two energies.

dinger representation for describing the 2PPE from an open By substituting the inverse transform of E(LO) for

two-level system consisting of an occupied st@te and an o __ - . .
unoccupied statgl) at the surface are given by G (7), G (7), andG " (7), Eq.(5) is rewritten as

. 0p (1) . _ i zf f f
e — E,|=Reg ——|W,,W de de de
i 5= =[Ho+ W(8),p(1) ]y~ 1700l 1) p2d E] (277)5| 21Wig ¢ dea ] der ] deo

(u,v=0,1,2 exceptforu=r=0), (A1) Xf q ,f B
c €1 c €G3, [€2]1G1q [€1]Gqg [€0]

and poo(t)=1. Here the diagonal elements ¢f give the

inverse energy relaxation times by,,=2v, and y;; « G [e]Goel] 1 1

= _di i i i € €] . :

' 2v,. The off-diagonal elements give th_e inverse dephasing brimez L2 €1— €, +i0, €,— e, +i0
times by y12= ¥21= v1, Y01= Y10= 1t ¥, and ye2= y20

= y,+ 7y, wherey is an inverse pure dephasing time between 1 1

X

|1) and|0). In the following, from the point of view of the
Green function method, we derive the formulas of the pho-

e1tho—e€y—i0, | ethw—e;+i0,

toelectron density corresponding to those obtained by Ueba (e1—€1+i0,)—(ey+2hw—ey—i0,)

et al® For simplicity, we ignore the pure dephasing between - - - - .
|2) and|1),%56 so that we can obtain formulas of the pho- (e3thw—e—i0,)(e;+2hw—€r—i0)
toelectron density comparable with those obtained by the (A3)

Green function method. _ ) o )
We obtain the photoelectron density within the fourth or- The complexity of this equation is due to tfte-t’| depen-
der with respect toN by calculatingpoi=p10*, p11, po2  dence ofG*~. By using Eqs(6) and (A2), we obtain

|Wa1Wig|2 nty 1 N Yoty 1

E,|= — —
P T et (ot 72l 71 (Er—Eo—holPt (it 72 72 (Es—Eg-2h0)t (125 7)°

(y1ityY)(y2ty)—(E;—Ep—fw)(E;—Eq—2hiw)
[(Es—Eo—%0)2+ (y1+ ¥)?1[(Eza— Eo— 2k )2+ (y,+ )2

(A4)

Usually, v, is given to be infinitesimal since it is consid- This reproduces the qualitative feature of the experimental
ered that the photoelectrons emitted into the vacuum cann@PPE spectra exhibiting bothwland 2w peaks in the same
be scattered by other electrons in the metal. In this case, theay as the results by the Green function method. However,
second term in the brace of EGA4) becomes dominant: the absolute value gi,, becomes infinite for anfz, due to

the coefficient ¢,+ y)/y, whereas this problem has not
1 _ arisen in the case of the laser pulses with finite duration. On
(E;—E1—hw)?+ y? (Ep;—Eq—2hw)%+ 52 the other hand, whey—0 (before y,—0), Eq. (A4) is
(A5) rewritten as

p2d Ez]e
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1 not distinguished properly in the density matrix method. This
pod Ex]=| Wy W2 > means that the effects of the interference between scattering
(Ey—Eo—fiw)"+ 71 processes accounting for the dephasing are not estimated
properly by the density matrix method. Thus the unnatural
% ' (AB) properties are due to the mathematical forms of the dephas-
(E,—Ep—2hw)?+ y% ing terms which are usually introduced in the Liouville-von
which exhibits only the @ peak and the absolute value of Neumann equations. . . .
P2y is finite atE,#Eq+ 2% @ even wheny,—0. As well as the density matrix methods, in the usual non-

This unnatural property o, is concerned with the for- equilibrium Green function methods where the dependence
22 of the Green functions on the observation time is not

1

mula of G, in Eq. (A2) leading to the unsuccessful expres- . -
sion Eq.(?g3) in the Fourier domair(this problem would conS|de_red?'19and hence the fofm“'a ‘9350 IS assgm_ed to
have been overlooked in many theories on nonequilibriunpe equivalent to EqA2), one will obtalr_1 [ESUIIS SImIIARIo
systemgbut not due to the neglect of dephasing betwigdn Eqg. (A4). Thus, even though the.expenmental data seem to
and |1) nor due to the neglect of higher order terms with be reproduced fortunatel§,regarding the effects of dephas-

respect towW and y. By comparing Eq(A3) with Eq. (11) ing it will be necessary to reconsider the results of 2PPE
we see that the time evolutions in the bra and ket vectors argP€ctra obtained so far by the usual methods.
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