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Laser-assisted photoemission from adsorbate-covered metal surfaces:
Time-resolved core-hole relaxation dynamics from sideband profiles
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[llumination of an adsorbate-covered metal surface with an xuv and a delayed ir laser pulse can result in
sidebands in the photoelectron (PE) spectra. We present a theoretical model for the delay-dependent PE spectra
and show how the relaxation dynamics of xuv-induced core-level holes in adsorbate atoms can be deduced
from the temporal shift between sideband peaks in the spectra of secondary adsorbate (Auger) electrons and
conduction-band PEs from the substrate. Furthermore, in comparison with gaseous targets, we find a charac-
teristic sideband-intensity enhancement in the laser-assisted photoemission from the substrate core-level bands.
This sideband enhancement effect can be tested in experiments with tunable xuv wavelength. Our calculated
PE spectra support time-resolved experiments for Xe-covered Pt(111) surfaces, promoting the direct analysis in

the time domain of surface dynamical processes.
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I. INTRODUCTION

During the past ten years, the development of intense ul-
trashort ir laser pulses was complemented by the generation
of xuv pulses from higher harmonics of the primary ir pulses
[1]. The synchronized combination of xuv and ir pulses in
pump-probe experiments was first applied to resolve in time
the relaxation of excited atoms [2] and subsequently to the
time-dependent investigation with a resolution of =100 as
=10"1% s of electronic processes in atoms [3,4], molecules
[5], and on surfaces [6—10]. The ability to follow the electron
transfer and relaxation dynamics on solid surfaces in time
advances both, basic research on fast electronic and plas-
monic [8] interactions and applications in surface chemistry,
photovoltaic energy conversion, and future nanoscopic de-
vices with tunable electronic properties.

Depending on the length 7y of the xuv pump pulse rela-
tive to the carrier period T of the ir probe pulse, dynamical
information in photoelectron (PE) spectra is encoded either
in the pump-probe-delay-dependent streaking [2,7,11,12] of
the emitted PE energies or in the sideband structure of the PE
spectrum [2,9]. For 74<T, the energy of the xuv-emitted
PEs electrons oscillates with period 7; as a function of the
pump-probe delay 7. By measuring the relative temporal
shift of the streaking oscillation in the 7-dependent PE spec-
tra between electrons emitted by a short xuv pulse from 4f
core levels (CLs) and the conduction band (CB) of a W(100)
surface, Cavalieri er al. [7] recently obtained a delay of
~100 as between the detection of core level and CB PEs, in
agreement with quantum-mechanical calculations [12].

In contrast, for 7y=T;, PEs are continuously released
during 7, such that the T;-periodic streaking pattern is re-
placed by a satellite structure in the PE spectra [11,13]. This
structure consists of a main photoemission peak at the nomi-
nal kinetic energy of the PE and a series of sideband peaks
that are displaced by integer multiples (n) of the ir photon
energy from the main peak. Sideband peaks occur on either
side of the main peak and quickly decrease in amplitude as n
increases. The change in the sideband intensities with 7 en-
codes temporal information. Miaja-Avila er al. [9] recently
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measured such sideband spectra on a Xe-covered Pt(111)
surface and extracted temporal information by analyzing
their PE spectra within a heuristic model. By comparing the
first (n=1) sideband intensities of xuv-emitted PEs from the
CB of the Pt substrate and of Auger electrons (AEs) emitted
from the Xe adsorbates in response to their xuv-induced
inner-shell ionization, the authors deduced the lifetime 7,
=7.1 fs for the 4d-' adsorbate core hole, in fair agreement
with 6.3 fs derived from the spectral width in a previous
energy-domain measurement [ 14].

In this paper, we discuss sideband structures in the PE and
Auger-electron spectra from adsorbate-covered metal sur-
faces within a quantum-mechanical model for direct photo-
emission from the substrate and core-hole creation and decay
in the adsorbate (Fig. 1). By illuminating the adsorbate-
covered surface with overlapping synchronized xuv and ir
pulses, electrons are photoemitted by absorption of a single
xuv photon from localized core levels and delocalized states
of the substrate. In all numerical applications, we assume
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FIG. 1. (Color online) Sketch of the emission of substrate (core
level and CB) and adsorbate (core level and Auger) electrons by an
xuv pulse. Photoreleased electrons are exposed to a weak-delayed ir
pulse. The xuv pulse length is on the order of or longer than the ir
carrier period, leading to sidebands in the PE spectra.
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grazingly incident laser pulses that are linearly polarized per-
pendicular to the surface and electron emission normal to the
surface. Core-hole states created by xuv-inner-shell ioniza-
tion decay by the delayed emission of Auger electrons [15].
Within this model, we reproduce sideband structures that
were previously deduced from measured PE spectra from a
Xe-covered Pt(111)surface in a proof-of-principle experi-
ment [9]. Compared to photoemission from gaseous atoms,
our model predicts that sideband intensities in the photo-
emission from substrate core levels are enhanced due to in-
terfering PEs from different layers in the substrate, indicating
that the sideband intensity encodes information on the trans-
port of PEs in the solid. Unless stated otherwise, we use
atomic units with 7, electron mass, elementary charge, and
Bohr radius being equal to 1.

II. MODEL
A. Direct photoemission

In our model, absorption of a single xuv photon emits an
electron from an initial Bloch state ‘I’kl_(r,t)=\I’k[_(r)e_"8kf’
(with crystal momentum k; and energy Sk,-) to an ir field-
dressed final continuum state W«(r,#). The photoemission
transition amplitude in the dipole-length gauge for the per-
turbative interaction with the xuv electric field Ey(7) is

1+
Ty (D=~ f AV e D Ex(i + D, (r), (1)

where 7 is the time delay between the ir and xuv pulses. The
nonperturbative interaction of the released PE with the ir
field E;(¢) is taken into account in strong-field approximation
[11,12,16] by representing the final state WAr,s) as a
damped Volkov wave function

Wy (r.1) = ‘I’Xf(r,t)[(@(Z) +e"0(-2)], ()

where ©O(z) is the unit step function, and \Pl‘ff(r,t) is the
usual Volkov wave function

WY (i) = el Oy (3)

(27T)3/2
with kinetic momentum Kk, energy skfzkj%/ 2, Volkov phase
1(” 5

¢kf= 5 dn[2ky- Ag(t)) + A7(1)], (4)
t
and vector potential
A= f diEg(1). (5)
t

The damping factor ¢** in the final state (2) accounts for the
finite mean-free path A=1/2« of PEs inside the solid
[17,18].

The photoemission probability is
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P(ky; T)=fdki|ka,ki(T)|2

where 7,=1—7 and p=k+A(z,) is the canonical momentum
in the ir field, and dy_, is the dipole matrix element (DME)

2
J thx(t)dki’pei(ekf_ski)l_id)kf(td) > (6)

dk,-,p = (2m)"?

f dre?O2) + 0= )W (). (7)

The integral over k; in Eq. (6) is limited by the Fermi surface
for CB electrons and to the first Brillouin zone (|k;|<kg
=m/a, a is the interlayer distance in the direction normal to
the surface) for the CL electrons.

The initial state Wy is composed of (i) incident and re-
flected Bloch waves, \If;l_ and \If;i, that describe the motion of
an electron inside the solid toward and away from the surface
with crystal momenta k; = (k;y, *k; ), and (ii) a transmitted
part that represents the exponential decay of the initial-state’s
probability density into the vacuum (z>0) whose contribu-
tion to the transition probability is negligible.

For the delocalized initial CB state, we use the jellium
approximation in which the potential of the semi-infinite
metal is modeled by [19]

U(r)=—-Uy0(-2), (8)

with Uy=ep+ W, the Fermi energy &, and work function W.
The initial CB wave function can then be written as [11,20]

—igy t

i

e
\I’EI_B(I', t) = (277_)3/

with &, =ki/2-Uy, ~ R=(k;.~iy)/(ki;+iy), and 7y

:\r’ZUO—kiz. We have neglected the transmitted part. The
corresponding DME is

JCB = 1 { o(p — ki) op — kiR

ki (277)3 [pz - ki,z + iK]z [pz + ki,z + iK]z
Substituting Eq. (10) into Eq. (6) and using [8(p,—k; )]
=Ad8(p;—k, )/ (2m)?, where A is the area of the metal surface

[21], we find the photoemission probability per unit area
from the CB, including a factor of 2 for the spin orientations,

PPk 2 ko
A T m?t

5 eiki,u“”u(eikf,zz + Re_iki’zz) > )

] (10)

dk;

fdlei(sk/—sk[.;)t_i¢k/'(td)EX(l)
0

2
(11)

y 1 R
+
[p.—ki.+ixl*  [p.+k;.+ix]®
For photoemission from localized core states, we con-
struct a zero-bandwidth tight-binding initial wave function
by superimposing atomic CLs ¢, with binding energy &, that
are centered at the lattice points {R;} of the substrate,

Wi (r,0) =, e Rig (r - R))e (12)
J

and obtain the DME
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d;ffp=i5(PH ku) {l//c(P)Apk (0}, (13)

where #,.(p) is the Fourier transform of .(r). The structure
factor A, ¢ (K)=4, ; (k)= A7, (x), with

1

1— ei[pz(t)ikl-,zﬂ'/(]a ’ (14)

A;,k. (k)=

LT

includes interlayer interference effects in terms of a coherent
sum over contributions to the photocurrent from substrate
layers located within a distance =\ from the surface [17,18].

We note that for A(p_,k;,,«)=1, Eq. (13) gives the DME
for isolated atoms. This is equivalent to taking the limit A
=1/(2k)—0 so that only CL electrons from the top layer of
atoms contribute the photoemission spectrum. We also note
that by replacing g(p)— 1 and in the limit (p. ¥k Ja<l,
we obtain Eq. (10) for photoemission from the CB. Further-
more, we point out that A(p_,k; ., k) depends on the ir field
through p,=ks+A,(t) and on «.

We model i,(r) in terms of a hydrogenic ground-state
wave function,

3/2

(r)= -z 15
l//c(r) \/ET e ( )

where Z is the effective nuclear charge which is adjusted to
give the correct experimental binding energy &, [18]. The
Fourier transformation of ,.(r) is

~ W2z 1
= . 16
WC(P) T [ZZ + p2]2 ( )

This implies
cL 2\“’525/25([)” — kH) a gi[pz_ki,z+i’<]a
dk,-,p - (Z2 + p2)2 [1 _ gi[pz_ki.z+i’<]"]2
4ip Ay s ()
@y |

The transition probability per unit area from CLs is obtained
by inserting Eq. (17) into Eq. (6),

CL( . 5 [k
P (ky_‘, 7) _ 47> ("B d.. dtei(SkI.—Sc)f—itﬁkf(’d)EX(t)
A ’774 0 ”

w

ilp+k; Hicla
- } (17)

- [1- ei[l’z*'ki,z”"]“]z

a e[[Pz(fd)—k,v‘zHK]a
% [22 +p§(,d)]2 [1 _ ei[pz(td)—ki,z+ik]a]2
ei[l’z(l‘d)+ki,z+ik]a
- [1 _ ei[17z(ld)+ki’z+ik]a]2
4ip, (td)Ap (1), (k) ‘ 2
[z +Pz(fd)]3

(18)

B. Photoemission followed by Auger relaxation

The coherent description of core-hole creation by the xuv-
inner-shell ionization in isolated atoms and their subsequent
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relaxation by the emission of AEs was previously found to
yield broader Auger spectra [15] than the incoherent addition
of sequential inner-shell ionization and Auger decay [2]. The
coherent quantum-mechanical modeling of these two pro-
cesses, xuv photoemission of the adsorbate and its subse-
quent Auger relaxation, involves three bound and two con-
tinuum single-particle states, given by the core-hole level
V¥, two excited adsorbate levels W, and W, and the con-
tinuum states of the emitted PE and AE, ¥ and ‘I'q, respec-
tively. The bound single-particle states W;, i=h, a, and b are
eigenstates of the atomic Hamiltonian H,, with binding en-
ergies g;. Neglecting Coulomb interactions, the continuum
states W, with momenta s=Kk, q, are approximated in strong-
field approximation as Volkov states with energies &.

Disregarding configuration interactions in the initial and
final states, we define the three relevant channels for the
adsorbate core ionization followed by Auger-relaxation pro-
cess by antisymmetrized products of single-particle states for
the ground state |¥,,,¥,,¥,), the CL photoemission channel
|‘lfk,‘1'a,\lfb>, and the final channel after relaxation of the
adsorbate |W,,W,,W,). Following [15], we expand the ad-
sorbate state

(1) = W), ¥, ¥y) + f dkby ()|, ¥, V)

+ J dkdqck,q(t)|q’k,‘l’h,‘l’q> (19)

in these three channels, assuming sufficiently weak xuv (and
ir) pulse intensities such that depletion of the initial channel
is irrelevant. We determine the coefficients b(k,?) and
c(k,q,?) by solving the time-dependent Schrédinger equa-
tion for [®(7)) with the Hamiltonian

H() = EHa,(l)+ EV(r -1)+Vg(r,),  (20)

t:#j
where
Vi(r,1) = 2 [E (1) + Ex(t + 7)] -, (21)
and V(r;~r;) is the Coulomb potential between electrons i

and j. Neglecting all Coulomb-pair interactions between
single-particle ~states, except for the interaction V,
=( |V whlﬂq) between ¥, and ¥, that drives the Auger
decay, and using W,(r,1)= :,//(r)e et j=h, a, b, k, and q, we
obtain the coupled equations

lt?tbk(t) = Ex(t + T) . dlf‘z(t)ei(sk*—sh)t_i(ﬁk(t)

+ f quq(,)ck’q(t)ei(WA—Sq)’+i¢q(’), (22)

id14(t) = Vabrl(t)e™ Mamea =100, (23)

where dh p(n 18 the DME between the core-hole state and
final Volkov state p(t)=k+A, (1), q(t)=q+A,(¢), and W,
=¢g,+&,—¢y,. The first and second terms on the right-hand
side of Eq. (22) describe the core-hole creation by the xuv
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pulse and Auger relaxation, respectively. Integrating Eq. (23)
and substituting

t
c(q,k,t) —_ l-f dtrVg([)b(k’tr)e—i(WA—sq)z’_id)q(t’)’ (24)

into Eq. (22), we find

db(k,1)
ar dt

e i(egtep)t—ig(1)

=E()-dj;

t
f dq Ve " ca D0 f dr' Vgb(k,1')

X i (Wameq)t'=idy(") (25)

The last term of this equation is nonlocal in time due to the
interaction between PE and AE. By approximating

t
J d' Vi bk, 1) e Vasa)! =idgs)
t
~ Ve bk, e D | qp emiWameg!’
q(r)

, . . 1
=V bk, t)e i Waegi-iog) — — (26
0Pk i(eq— Wy—in) (26)

i.e., by neglecting the “memory” of b(k,z'), integration of
Eq. (25) yields the closed form

b(k,l) —_ lf dtre—r(z—t )2 z(sk+sh)l —igy(t' )E(f + 7_) dh -

(27)
In this expression, we have neglected the energy shift
Vaol
A=—p f dq—3 (28)
Sq - WA

of the PEs. For the remainder of this work, we will treat the
core-hole decay rate

I'= 27Tf d‘I|Vq‘(t)|25(8q - WA) (29)

as an adjustable parameter. Inserting Eq. (27) into Eq. (24),
we obtain the amplitude for the coherent emission of PEs
and AEs

c(k,q,1) = f dt' Ve Wamegt =i f d"e 1=

Xe+l(8h+£k)1 "~y (1" )E (l‘” + 7_) dh (30)

p)
which leads to the probability PPF*AE(k,q;7)=|cy o(t
—)|? for the emission of PEs and AEs from the adsorbate
with momenta k and q,

+0o0 t
PPE+AE(k q 7= f dt " ei(sq—WA)t—i¢q(t) J dr' eF/Z(z’_t)
b 9 q

2

Xelente =R (¢ 4+ 1) - d5h | . (31)

.p(1)
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III. RESULTS

We assume ir and soft xuv laser electric field pulses

EL(X)(t) = EL(X)O(I)COS(COL(X)I) . (32)

with Gaussian envelopes
_ 2
Epx)0(t) = Epx0e 2 In20170)°, (33)

We use the experimental pulse lengths (full width at half
maximum) 7;=35.5 fs (7y=5.5 fs) and central frequencies
w;=1.6 eV/h (0xy=91 eV/h) [9]. Using an ir peak inten-
sity ;=7 10'© W/cm? of about 1/2 of the experimental
peak intensity, we approximately take into account the effect
of variable peak intensities inside the experimental focal vol-
ume. We model adsorbate core-hole decay in terms of an
adjustable (Auger) rate I'. The vector potential of the ir field
is calculated in the slowly varying envelope approximation

E; (1)
wr,

AL(t) =- Sln( Lt) (34)

For weak ir fields, we obtain a Gaussian profile for the PE
sideband spectra from CB,

PE PE(T) —(E E, —nwL)z/Z a'PE)z
D o
with the intensity
1) = ITE(0)e 0271 (36)

and the nominal kinetic energy E.=wy— U, of the PEs from
the Fermi surface. The spectral and temporal widths are

1 7
a,sz—\/zlnz(H"—;‘) (37)
Tx T,

L

and

PE ~ (1+n72> z (38)
\!

For photoemission followed by the Auger relaxation, side-
bands appear in the coherent spectrum PPZ+4E(q k;7) (Fig.
2). The PE spectrum

PPE(k;7) = J dqPPEE(k,q;7) (39)

is similar to that of the direct PEs from atoms.
Next, we direct our attention to the sideband structure of
the AE spectrum

PE(q;7) = f dkPPEHAE(K, q; 7). (40)
For weak ir fields and 7;,> 1/I", we obtain a Lorentzian pro-
file for the AE sideband spectra
(7 a‘ﬁE/Z
(E =Wy +nw)*+ (aE12)%

PEE; D) = (41)

with an intensity
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FIG. 2. (Color online) Sidebands in the spectrum of coherently
emitted of PEs and AEs for no delay between xuv and ir pulse (7
=0) and £,=-75 eV, g,=g,=—15 eV, and '=0.14 fs~!. Laser and
Xuv parameters are given in the text.

IﬁE(T) _ 1/25(0)6—4 In2(r— AT)z/(TQE)Z’ (42)
a{jEzl“, 7f}E= TL/\@‘Z, and A7=1/T". This shows that, for long
ir pulses, the lifetime of the core hole can be directly ob-
tained according to 7,=A7. Details of the derivation of the
above results are given in Appendix A. In general, o/%, 7,
and A7 depend on both I' and 7;. The numerical results in
Fig. 3 for the first sideband peak in the AE spectrum illus-
trate the dependence of o/'* and thus of P4¥ on I" and ;.
The graphs on the left side of Fig. 4 show our numerical
results for PPPAB(E) in comparison with the experiment [9]
at 7=0. For direct photoemission from the Pt CB (top left
graph), the line profiles assumed in [9] have the same func-
tional (Gaussian) form (35) as predicted by our model, and
the calculated widths 07%=0.140 eV and 7,%=39 fs agree
with the experimental values 0.142 eV and 39 fs, respec-
tively. However, for the energy dependence in the Xe NOO
Auger spectra, the analysis in [9] assumed a Gaussian pro-
file, in contrast to Eq. (41). Nevertheless, by adjusting
'=0.14 fs~!, our calculated intensities Ifﬁ_l)(0)=0.099

25 18
a) T=0.14/fs | —1,=200fs b) © =50fs o014/t
20 7,=50fs 15 - I'=0.28/fs
-  ooots || = \-= T=0.50/fs
3 45 L 3 12
@ i gz °
w10 | W
" I 9 6
i
5 P A
/\ ?
— s — 0 -

FIG. 3. (Color online) Auger-electron spectrum near the first
sideband peak as a function of the ir pulse length 7; (a) and the
core-hole decay rate I' (b). The sideband spectral widths depend on
both 7; and T'.
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FIG. 4. (Color online) Theoretical and experimental [9] PE
spectra for laser-assisted photoemission from a Xe/Pt(111) surface.
Left: sideband intensities for no delay (7=0) between xuv and ir
pulses for xuv-emitted Pt CB electrons from the Fermi level (top)
and Xe AEs (bottom). Right: experimental (top) and calculated
(bottom) first sideband intensities If]E(T) and Iif( 7) for Pt CB elec-
trons and Xe AEs, revealing a temporal shift A7. Sideband intensi-
ties in the AE spectra are multiplied by a factor of 2.16.

(0.105) agree well with the corresponding experimental re-
sults 0.094 (0.102). The graphs on the right of Fig. 4 show
experimental (top right graph) and corresponding calculated
(bottom right graph) first sideband intensities as a function of
7. Our calculated temporal shift A7=7 fs between the Pt CB
and the Xe AEs agrees well with the experimental value of
6.2 fs. Interestingly, the observed A7=6.2 fs indeed is close
to 7,=1/T"=7.1 fs.

The Gaussian spectral and temporal sideband profiles (35)
and (36) for xuv-emitted PEs from delocalized Pt CB states
confirm the choice of the response function in [9]. However,
the Lorentzian profile (41) of the Auger sideband spectrum is
in better agreement with the experimental data than the
Gaussian form [22]. We find the best agreement with the
experimental AE spectrum [9] for a core-hole-decay rate I’
=0.14 fs7!. The dependence of the shift A7 and temporal
width 74 of the first sideband in the AE spectrum on I is
shown in Fig. 5.

Sideband intensities might be used to explore the trans-
port properties of core-level PEs inside the metal due to the

43.5 I I I 10

7 41.5 8 D>
(3o

g 39.5 &
— 95}
4 b

37.5 ' ' ' 2

0.1 02 03 04 05

Core-hole Decay Rate I' [1/fs]

FIG. 5. (Color online) Temporal width 7/}4& and shift A7 of the
first sideband intensity in adsorbate AE spectra as a function of the
decay rate I'. The symbols A and V indicate experimental values
[9] for 7, and AT.
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FIG. 6. (Color online) Sideband enhancement in the normalized
PE spectrum of the 5p;/, band in Pt. The main peak is centered at
E,=39.3 eV. Inset: first sideband intensity /-£(7).

dependence of the DME (13) on the structure factor A, which
coherently adds contributions to the net PE current from dif-
ferent layers. As shown in Fig. 6, A causes the redistribution
of emission probability between the main peak and sideband
peaks relative to photoemission from isolated atoms. This
redistribution in the photoemission spectrum depends on A,
i.e., on the electron transport inside the solid. We verified
numerically that for A <0.1, the profile of the sideband peaks
equals the corresponding atomic case. However, as A in-
creases, the main peak gets depleted while the sidebands
become enhanced. The derivation in Appendix B shows that
for A= a/2, the dominant nth sideband amplitude in Eq. (6)
for photoemission from CLs is approximately proportional to

ot S Jz<kELg(t))Jm(ELZ)(t)a). (43)

I,m;l+m=n L L

The Bessel expansion of the Volkov phase in ¢/ accounts
for the discrete sideband structure in isolated-atom spectra
(sum over [). In contrast, the sum over m in Eq. (43) origi-
nates in a Bessel expansion of the structure factor A. Note
that the argument of Bessel function J,, depends on the in-
terlayer spacing a. Both / and m combine to a given sideband
order n=[/+m. For n#0 and for the laser parameters and
electron momenta k considered in this work, all terms in Eq.
(43) have the same sign, such that the sidebands intensities
get constructively enhanced, while the main PE peak inten-
sity decreases. We emphasize that Eq. (43) explains the ori-
gin of the sideband-intensity redistribution, but not the de-
pendence of the sideband intensity on \ (see Appendix B for
details).

IV. CONCLUSION AND OUTLOOK

In conclusion, by comparing the profiles of sideband
peaks in xuv photoemission from localized atomic and delo-
calized metal CB levels with the spectrum of AEs emitted
during the decay of a core hole, we analyzed (i) the relative
delay of substrate PEs and adsorbate AEs in agreement with
a recent experiment [9] and (ii) the sidebands profiles in PE
and AE spectra in support of a previous analysis of measured
PE spectra [9]. In addition, we found an intensity redistribu-
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tion between the main and sideband peaks in core-level PE
spectra from metal surfaces that is related to the transport of
photoreleased electrons in the substrate. Since the transport
(in our model \) depends on the PE kinetic energy [19], and
thus on wy, we anticipate future tests of this predicted side-
band enhancement effect in experiments with tunable xuv
wavelength.

We note that a factor of 0.5 is missing in the definition of
« in Ref. [12]. After correcting this factor, the adjusted value
A =5 reproduces the measured 110 as temporal shift [7]. This
value for the mean-free path, however, lies below the univer-
sal curve [19]. A possible reason for this discrepancy is that
in [12], we compare the centers of energy for the two limit-
ing cases of photoemission from completely localized CLs
and completely delocalized CB levels. While we believe
fully localized states are a good approximation for the 4f
state in tungsten, the fully delocalized plane-wave (jellium)
approximation does not take into account that 5d 6s CB
states in tungsten have some localized character. For a fixed
value of A=35, allowing for partial localization of the conduc-
tion states decreases the temporal shift between core and CB
levels. This decrease would be compensated by increasing A
to a value closer to the universal curve. More work is needed
toward a more accurate description of (i) the metal conduc-
tion band as well as (ii) the propagation of PEs inside the
solid [23].

ACKNOWLEDGMENTS

We thank Luis Miaja-Avila for providing the experimental
data. This work was supported by the NSF and the Division
of Chemical Sciences, Office of Basic Energy Sciences, Of-
fice of Energy Research, U.S. DOE.

APPENDIX A: DERIVATION OF Egs. (35)-(42)

We assume the xuv and ir pulses given by Eq. (32). To
simplify the notation, we define ay()=2In 2/ T§(L). For pho-
toemission from CB states inside a solid, the dependence of
the DME on the vector potential A;(f) [see Eq. (10)] can be
neglected. Expansion of the Volkov phase factor in Eq. (6),

e =S eimorty Tk B, (1) wl], (A1)

leads to the photoemission amplitude in the direction normal
to the surface

+00
. _ 2 . _ B
Tiﬂf(T) - ldlffkaX()E f die™ X" ¢k o nep wy)t
. ~ ).

kEpo(t—7
XJ,,{#} (A2)
@r
The spectrum without ir pulse is
PPE (k) = |4CB 2T ey - ex — wy) day]
(kp) = |dki,kaX0| i . (A3)

xuv
X

and the total transition intensity is
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2773/2
Loy = i Exol~—

\CVX

(A4)

xXuv

For weak ir fields, x is small, and we can approximate the
nth order Bessel function

n/ 2n
LO

Tiﬂf(T)

The profile of the nth sideband peak, divided by I°Z | i

xuU’
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T(x) = %(g) (A5)

in order to obtain

+00
Z —ayP-na (t- 7')2 i(e) —&p +nw;—wy)t
ldk kEXOE 72, 2"f dte”*x" 7L e" kR TOLT X
L —00

n/2 n
E
v . 2
ld E E e—naLTZe—[(skf— ek, + nwy - oy - 2nia; 1) /4(ax+naL)].
ik X0 2”/2 2 ax+nay

(A6)

In order to analyze the sideband profiles in the Auger-
decay spectrum, we neglect the ir streaking of the PEs, such

PPE(kf; 7= ]PE(O)e—4 In 2[72/(75E)2]e—[(8kf - ex, + nop, - wx)2/2(of:E)2]’ that
-
(A7) o . 8\277  k
d,o=d, =-1i . (A9)
with h,p hk T (Z2 + k2)3
) o Approximatin%/ the ;wo-.body matrix element VZ‘(:) in Eq. (31)
eklro 1 a as a constant V, and using
IH0) = —— . (A8)
2"(n!) "277 ay+nap , )
t—T) e v /401 iow(t—7) )’ (AlO)
and the spectral width o’P and temporal width 7‘P E given by
Egs. (37) and (38). we find for qllE,
|
V2 d E (t— 7 ei(a)—EC+sk+nwL+sq—WA)l 2
PPE+AE(8q’k;T) T [Eyo - d |2 f w —w2/4axz J dt] [q o )] : , (A11)
ay L w—E +g —il'/2
where E,=wy—|g,| is the central kinetic energy of the PEs. The Auger transition probability is then
C d +% E o(t—7 ei(w—E(+sk+nwL+£q—WA)t 2
PAE(Sq;T) _ f dkPPE+AE(8q’k;T) ~ _Wf dey f _we_w2/4aXE J dil, p Lo(2 ) ! ,
ax 2 W J e o w—FE.+g —il'/2
(A12)

where

2 3/2
_ 1024V?E3 Z°  E>

. Al
37 (Z* +2E,)° (A13)

In particular, approximating J,(x) = 1 for a weak ir pulse,
we obtain for the main peak (n=0)

m C1 2
PAE(e) ~ \| e e (Al4
0 (Sq) ZQXF W(Sq WA)2 r2/4 ( )

which is a Lorentzian of width I'=a,. Since Eq. (A14) does
not include the depletion of the main peak caused by the ir
field, it is identical to the Auger-decay probability without ir
field. Without ir field, the total probability follows as

AE E [ m C
Lo = fdsqp'g (sq)= E{F

For the sideband contribution to the spectrum (n # 0), we
find after division by £

Xuv

(A15)
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WZ E 2n \/a_X F

P(g;m) =
n ( q ) 2”(n‘)2wi" \"naL+aX8naL
. 2
% W( AE+ l(r/,2_—2”aLT) ) 4 In 2w/,
2\Nna;
(A16)
where AE=W,—nw;—&4, and where
W(z)=e"" erfc( iz) (A17)

is the so-called Faddeeva function, which is related to the
complex error function erfc. For 7;,> 1/I", the magnitude of
the argument of the Faddeeva function becomes large. In the
limit |z| — o, the Faddeeva function becomes

1

W)~ =+ (A18)

Therefore, near sideband centers (AE~0), we obtain the
Lorentzian profile

2n [~
PPE(s, 1) ~ WiELo Vay o4 In2(r - Ari,)?
e 2”(11')2le \/naL + ay
1 )

7_7(WA - nwy — sq)2 + (aﬁE)2/4 , (A19)

with oﬁEzr, Ar=1/T', and 7,=7;/ Vn. The corresponding
intensity reads as

IAE T) — IﬁE(O)e—4 In2(7- AT/Tn)z, (AZO)
with
WnE2n —
150 = — (A21)

2”(n')2wL \ynaL + aX

APPENDIX B: DERIVATION OF Eq. (43)

To understand the enhancement of the sideband intensity
for photoemission from periodically distributed CLs relative
to an atomic gas, we note that for A=a/2, the last term in
the curly brackets and second term the straight brackets in

PHYSICAL REVIEW A 80, 032902 (2009)

Eq. (17) can be neglected. This is confirmed by our numeri-
cal tests and can also be seen analytically: the last term in the
curly brackets in Eq. (17), 4ip.A pok; (K)(Zz+p2) =3, becomes
negligible compared to the first term in curly brackets due
to its much larger denominator (Z?+p?)°. The second
term in the straight brackets in Eq. (17), elr=tkiztixla/[]
—ellPrkiz+inla]2 - can be neglected relative to the first term in
straight brackets since (i) k;,;=0 and (i) p,+k; =k,
+A; () +k; >0, which for the considered ir laser intensity,
leads to a rapidly oscillating exponential factor. We also veri-
fied that approximating 1/[1-el&AL0-kiztila2~1 does
not significantly change Eq. (18). With these approximations,
the probability per unit area for CL photoemission becomes

CL(} . 5
P (kf, 7) - 4z fBe_a/)\ f dt ei(skf—ap)t—iqbkf(td)
A T
2
XE ()— iAL(tga (B1)
2 )P

Expanding in terms of Bessel functions both, the phase

eALltaa — E eimort Jm( ELo(fd)a>

m wy,

(B2)

and the Volkov phase factor e~'%d in Eq. (B1), we find

i(e —£.)t
f dtae i - EX(tz)E i(l+m)wyty
V4 +p ()] 7

le< kELOZ(td) )‘]m( E;(t)a )

Wy Wy

PCL(kf, T) _ 4Z5kB

—al\
= e
A ot

(B3)

Combing /+m=n, we see that this equation includes the nth
sideband amplitudes for photoemission from substrate CLs
inside the solid (43).

Note that all numerical results in this work are based on
the full Eq. (18). We emphasize that Egs. (B3) and (43) show
the sideband enhancement, but not the dependence of this
enhancement on \. The actual amount of sideband enhance-
ment at a given N depends on the competition among all
terms in Eq. (18) and is shown in Fig. 6.
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