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We present a model of the attosecond resonant dynamics of valence electron photoemission and MMM

Auger electron emission in copper dichloride. At �h � 1=!IR (where �h is the core-hole relaxation time

and !IR is the energy of the infrared probe field), high-order Fano sideband resonances on both sides of

the original (zeroth-order) resonance are found in the energy domain on the time scale of �h. This is

confirmed by a coherent � rotation of the relative phase between the photoelectron and Auger electron at

each resonance, due to the subfemtosecond quantum correlation. We also find a core-hole clock, the

asymmetry factor q of the first-order Fano sideband resonance, which can directly trace the core-hole

relaxation in the time domain.
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An extreme ultraviolet (XUV) light source with atto-
second (as) (1 as ¼ 10�18 s) pulse duration allows new
time-domain insight at the time scale of 10–100 as well as
into the electron dynamics occurring within atoms, mole-
cules, and solids [1–5]. Photoemission may accompany the
inner-shell vacancy, which rapidly relaxes owing to its
excess internal energy in &1 fs (1 fs ¼ 10�15 s) with a
concomitant emission of another electron, the Auger elec-
tron emission [1,6,7]. A sequence of events, originally
relating to the electron Coulomb correlation, is usually
beyond the reach of femtosecond optical measurement.
This provides motivation for the attosecond time-domain
exploration of a solid with strongly correlated electrons [8].

One of the most dramatic phenomena of quantum inter-
ference in solid state physics may be asymmetric Fano
resonance [9]. This occurs when two quantum mechani-
cally coupled excitation paths to a quasidiscrete configu-
ration and to a continuum manifold interfere with each
other. Resonant photoemission, first discovered in atomic
He, Ne, and Ar [10] and out of solid systems in nickel
metal [11], gives the Fano resonance leading to a resonant
enhancement of a particular final state. It stems from
interference between the direct photoemission of a valence
electron and the autoionization of a photoexcited quasidis-
crete configuration (i.e., the Auger process).

The ground state of CuCl2 is written as 3d
9 [see the inset

of Fig. 1(a)] with a filled ligand shell L; i.e., 3d9 and L refer
to Cu2þ and Cl� for CuCl2, respectively. Photoemission of
the valence band of CuCl2 shows the presence of the 3d8

satellite as well as the main lines of 3d9L�1 or 3d10L�2

[where L�1ð2Þ denotes a ligand with one (two) hole(s)]
[12,13]. The 3d8 satellite incorporates the strong
Coulomb correlation in the final state and the breakdown
of a single-particle model, for which we note 3d9 þ
!XUV ! 3d8 þ e� ["k ¼ !XUV � E3d8 ; "k is the kinetic
energy of e� (a continuum electron),!XUV is the energy of

the XUV pump field, and E3d8 is the energy of the 3d8

satellite]. Meanwhile, the excitation 3p ! 3d in Cu2þ
is followed by the Auger decay and autoionization,
3p63d9 þ!XUV ! 3p53d10 ! 3p63d8 þ e� ("k ¼ "p �
E3d8 ; "p is the energy of the Cu 3p hole), i.e., a super

Coster-Kronig process, which corresponds to the MMM
Auger emission. At !XUV ¼ "p, the same final state

jkij3d8i with the same kinetic energy "k ¼ "p � E3d8 is

reached by the two emission processes. The two processes
then overlap coherently and provide Fano resonance lead-
ing to a resonant enhancement in the 3d8 satellite [13,14].
This is the original stationary version of the resonant
photoemission of CuCl2.
In this Letter, we investigate the time-resolved resonant

dynamics of valence electron photoemission and MMM

Auger electron emission in CuCl2 in the subfemtosecond

time span. For slow core-hole relaxation [i.e., �h � 1=!IR

(�h: core-hole relaxation time and !IR: energy of infrared

(IR) probe field)], we find high-order Fano sideband reso-

nances around the well-known original (zeroth-order) reso-

nance in the energy domain up to the time of a few �h’s. This
is confirmed by a coherent � rotation of the relative phase

between the photoelectron and Auger electron as the energy

traverses each resonance, which is a clear manifestation of

the subfemtosecond quantum correlation between two-hole

states of the system. Incidentally, the (zeroth-order) Fano

main resonance in attosecond autoionization of atomic Ar

andHewas recently demonstrated [15,16], but the high-order

Fano sideband resonancewasnot indicated because the phase

investigation for high-order sideband resonances was lack-

ing. In contrast, new importance is explored in the high-order

Fano sideband resonance. We find that the asymmetry factor

q of the first-order Fano sideband resonance can directly trace
the core-hole relaxation dynamics. This is the first findingof a

true core-hole clock that works in the time domain.
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A strongly correlated electron system including d elec-
trons (or holes) can often be simplified by employing the
molecular orbital approach owing to the localized nature
of the electrons [14]. The ground state j0i of CuCl2, the
3d9 configuration with a single hole, is obtained from

H ð� ¼ �1Þ ¼ "d1d
y
1d1 þ "L1

ly1 l1 þ t1ðdy1 l1 þ ly1d1Þ:
j0i ¼ cos�jd1i � sin�jl1i with tan2� ¼ 2t1=ð"L1

� "d1Þ,
where "d1 and "L1

are energy levels of the Cu 3d hole

(dy1 or d1 is the 3d hole operator), and the ligand hole (ly1 or
l1 is the ligand hole operator). To describe the valence
electron photoemission, we propose H 0 modeling CuCl2
with two holes,

H 0 ¼"d1d
y
1d1þ"d2d

y
2d2þ"L1

ly1 l1þ"L2
ly2 l2

þ t1ðdy1 l1þ ly1d1Þþ t2ðdy2 l2þ ly2d2ÞþUnd1nd2 ; (1)

where the index ‘‘2’’ indicates the symmetry of the second
hole (created by the photoemission) [17], and U is the
Coulomb repulsion between twoCu 3d holes. For necessary
parameters, we take "d1 ¼ "d2 ¼ 0, "L1

¼ "L2
¼ 2:72 eV,

t1 ¼ t2 ¼ 2 eV for all valence states, and U ¼ 9:5 eV.
Small energy differences between 3d holes at d1 and d2
orbitals, or between ligand holes at l1 and l2 orbitals, are
neglected for the sake of simplicity. Diagonalizing H 0

with a basis set fjd1ijd2i; jd1ijl2i; jl1ijd2i; jl1ijl2ig, four
final states after photoemission are obtained. Among those,
the two energetically lowest states have a configuration of
3d9L�1, and the other two have a configuration of 3d10L�2

and 3d8. In fact, j3d8i is the highest excited state owing to a
large Coulomb repulsion U. Its binding energy E3d8 is
obtained as 10.75 eV from the adopted parameters, which
agrees well with experimental results [13].

H 1ð�Þ comprises the photoexcitations due to the XUV
pulse, the Auger interaction, and the probing of the con-
tinuum electron by the IR pulse,

H 1ð�Þ ¼
X
k

�d2kðcykdy2 þ d2ckÞAXUVð�Þ

þ "pp
ypþ�d1pðpyd1 þ dy1pÞAXUVð�Þ

þM
X
k

ðcykpdy1dy2 þ d2d1p
yckÞ

þX
k

½"k � k �AIRð�� �IR-XUVÞ�cykck; (2)

where cyk or ck is the operator of the continuum electron
with kinetic energy "k ¼ k2=2, and py or p is the operator
of the Cu 3p hole with an energy level of "p (¼72 eV).

M parametrizes the Auger matrix element given by
the Coulomb potential. AXUVð�Þ is the photoexciting
XUV pulse given by AXUVð�Þ¼AXUVexp½�0:036�2��
cosð!XUV�ÞêXUV, andAIRð�Þ is the probing IR pulse given
by AIRð�Þ ¼ AIR exp½�4:37 � 10�5�2� cosð!IR�ÞêIR.
AXUV and AIR are field strengths of the two pulses. ��XUV
and ��IR are the half widths at half maximumof the XUVand
IR pulses; i.e., ��XUV ¼ 4:4 a:u: ¼ 105 as and ��IR ¼
125:9 a:u: ¼ 3 fs. �IR-XUV is a controllable relative delay

of the IR pulse from the XUV pulse. �d2k or �d1p would

be hkj�jd2i or hpj�jd1i of the dipole operator � (¼ r �
êXUV). Noting that the k dependence of �d2k is usually

weak, we take �d2k just as a constant.

Under the total Hamiltonian of H ð�Þ [¼ H 0 þ
H 1ð�Þ], by solving the time-dependent Schrödinger equa-
tion with AXUV ! 0, we can treat the relevant electron (or
hole) dynamics in an exact fashion. The quantummechani-
cal wave function j�ð�Þi that describes the total system at
time � is

j�ð�Þi ¼ Cd1ð�Þjd1i þ Cl1ð�Þjl1i þ Cpð�Þjpi
þX

k

½Cd1d2
k ð�Þjkijd1ijd2i þ Cd1l2

k ð�Þjkijd1ijl2i

þ Cl1d2
k ð�Þjkijl1ijd2i þ Cl1l2

k ð�Þjkijl1ijl2i�: (3)

Dynamics start by turning on the XUV pulse from the initial
ground state j�ð�0Þi ¼ j0i with �0 � � ��XUV. �0 ¼
�15 a:u: is taken. Hereafter, !IR ¼ 1:65 eV and !XUV ¼
"p are also adopted, unless mentioned otherwise. Figure 1(a)

illustrates the time-dependent creation of continuum elec-

trons through @=@�
P

kCkð�Þ with Ckð�Þ ¼ jCd1d2
k ð�Þj2 þ

jCd1l2
k ð�Þj2 þ jCl1d2

k ð�Þj2 þ jCl1l2
k ð�Þj2 for photoemission or

Auger emission. It is found that the emission of the photo-
electron is fast following the temporal intensity profile of the
XUV pulse, while the Auger electron emission drastically
depends onM, which determines the core-hole relaxation. �h
is scaled byM�2 as in Fig. 1(b).
Electron spectrograms probed by the IR field, which

could in fact be obtained experimentally, are calculated
from S3d8ðk; �IR-XUVÞ ¼ jhkjh3d8j�ð�maxÞij2 for the final
state j3d8i. The value of �max that guarantees temporal
convergence strongly depends on M [18], as expected

τ

τ

(a)

(b)

(c)

FIG. 1 (color online). (a) Time derivatives of photoelectron
(black line) and Auger electron (depending on M) creation; i.e.,
ð@=@�ÞPkCkð�Þ. Inset: Energy levels of Cu2þ 3d electrons,
which relate to the local crystal field at the Cu site in a CuCl6
cluster of CuCl2. (b) The relation of �h with respect to M. �h /
M�2 is found. (c) Centers of energy of spectrograms of the
photoelectron for the 3d8 satellite (black dashed line) and Auger
electron with respect to a relative delay �IR-XUV. AIR ¼ 0:02 is
taken [21]. Units of M and AIR are a.u. (atomic unit).
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from Fig 1(a). Moreover, we take ð"kÞmax ¼ 340 eV and
Nk ¼ 2400, which can give sufficient convergence. In
Fig. 1(c), the electron emission timing might be compared,
butM ¼ 0:1 is found rather far from the streaking limit as
will be shown later.

Figures 2(a)–2(c) present SAUG
3d8

ðk; �IR-XUVÞ (the Auger

electron spectrogram) and SRES
3d8

ðk; �IR-XUVÞ [the total reso-
nant spectrogram of the photoelectron and Auger electron
(including interferences between the two)]. In particular,
for rather slow core-hole relaxation (e.g., M ¼ 0:1), the
Auger sidebands appear around the resonance energy in
SAUG
3d8

ðk; �IR-XUVÞ. Analytically, starting from the Volkov

equation under strong fields, SAUG
3d8

ðk; �IR-XUVÞ can be

shown to form high-order sidebands at "k ¼ n!IR þ "p �
E3d8 (n ¼ �1;�2; . . . ,) with bandwidth 1=�h besides the
zeroth-order (n ¼ 0) band [19], as seen in the upper panels
of Figs. 2(a) and 2(b). That is, 1=�h � !IR (i.e., slow core-
hole relaxation) will be a natural condition in which high-
order sidebands appear in a robust way. This was observed
in the laser-assisted Auger decay first in Ar [6] and later
in Kr [1]. Moreover, high-order sidebands produce reso-
nances with the broadband valence electron photoemis-
sion, as explicitly shown in Figs. 2(d)–2(f) [20].
Schematics of the resonance are depicted in Fig. 3(a).
Resonance also has characteristic dynamics. The first-
order (n ¼ 1) sideband resonance near 62.9 eV has a
sharp peak at �IR-XUV ¼ 1:34 fs [Fig. 2(d)] but a dip at
�IR-XUV ¼ 7:51 fs [Fig. 2(e)]. This will be illustrated in
more detail in Fig. 4.

According to a general solution of the Fano problem, the
transition amplitude h�EjT j0i (T : transition operator)
from the ground state j0i to the state j�Ei is h�EjT j0i ¼
ð1=V�

EÞh1EjT j0i sin�E � hEjT j0i cos�E [9]. j1i is the
quasidiscrete state, jEi is the continuum state with energy
E, and VE is the matrix element between j1i and jEi. j1Ei
and �E are then given by j1Ei ¼ j1i þ P

R
dE0V�

E0=ðE�
E0ÞjE0i and �E ¼ �tan�1½�jVEj2=ðE� ERESÞ�. ERES is
the resonance energy. The correspondence with our prob-
lem becomes obvious by taking j1i as the state of 3p53d10

and VE as the Auger matrix elementM. Therefore, the first
channel of h�EjT j0i will be the Auger emission, and the
second the photoemission.

The most peculiar feature of the Fano resonance should
be the sharp phase coherence between two channels due to
the interchannel correlation. It is known that the relative
phase �’ between two competing channels varies swiftly
by � as the energy traverses an interval 	V2

E (	M2 in our
case) around the resonance [18]. Figures 3(b) and 3(c)
show that such phase correlation is realized not only for
the zeroth-order (n ¼ 0) resonance but also for the high-
order (n > 0) sideband resonances in a dramatic fashion,
which is evident by a careful comparison of �’ and Auger
sideband energies given in Fig. 3(e). This is a clear mani-
festation of the subfemtosecond quantum correlation
between two-hole states of the system. Quantum phase

shifts of �’ by � (i.e., red Ð blue) around the high-order
sideband resonances confirm that these resonances are in
fact the Fano resonances too.
A peak-to-dip change of the first-order (n ¼ 1) Fano

sideband resonance near 62.9 eV with respect to �IR-XUV
is extensively investigated for both AIR ¼ 0:02 and 0.04 in
Figs. 4(a) and 4(b). A deeper understanding can be gained
using the Fano formula jh�EjT j0ij2 / ðE� ERES þ
q=�hÞ2=ððE� ERESÞ2 þ 1=�2hÞ, where the asymmetry fac-

tor q is given by the ratio of amplitudes of two competing
channels; i.e., q ¼ �hV

�
Eh1EjT j0i=hEjT j0i. Applying

the formula to the first-order (n ¼ 1) Fano sideband

α β γ

(a)

(b)

(c)

(d) (e) (f)

FIG. 2 (color online). Upper panels of (a)–(c): Spectrogram
of Auger emission SAUG

3d8
ðk; �IR-XUVÞ. Lower panels of

(a)–(c): Resonant spectrogram SRES
3d8

ðk; �IR-XUVÞ from a superpo-

sition of photoemission and Auger emission. (a) M ¼ 0:1 and
AIR ¼ 0:02, (b) M ¼ 0:1 and AIR ¼ 0:04, and (c) M ¼ 0:3 and
AIR ¼ 0:02 [21]. (d)–(f) Sliced spectra of SRES

3d8
ðk; �IR-XUVÞ at the

positions of �, �, and � of (a) and (b). Blue arrows indicate
high-order sideband resonances. A peak by a black bar in the
inset of (e) is an incoherent one.
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resonance yields q / h1n¼1
E jT j0i=hEn¼1jT j0i. Within

time-dependent perturbation theory, we further note

j1n¼1
E i / j1n¼0

E i �
Z

d�ei!IR�h1n¼0
E jH j1n¼1

E i;
/ j1n¼0

E i � e��IR-XUV=�hei!IR�IR-XUVAIRð!IRÞ;

taking h1n¼0
E jH j1n¼1

E i / e��=�hAIRð�� �IR-XUVÞ with an
assumption of ��IR < �h. Similarly, we also note

jEn¼1i / jEn¼0i � ei!IR�IR-XUVAIRð!IRÞ;
taking hEn¼0jH jEn¼1i / AIRð�� �IR-XUVÞ. Now q is

shown to be q 
 q0 � e��IR-XUV=�h with a cancellation of
the AIR dependence, where q0 is the asymmetry factor for
the zeroth-order (n ¼ 0) Fano resonance. In Fig. 4(c), as a
matter of fact, with little dependence on AIR, q shows the
relaxation behavior with respect to �IR-XUV with a charac-
teristic time of 	3:4 fs [cf. �h ¼ 3:49 fs at M ¼ 0:1 in
Fig. 1(b)]. That is, q directly traces the core-hole relaxation
dynamics in the time domain. Drescher et al. attempted to
trace the dynamics by measuring the Auger sideband area,

which would be 	R d�A2�
IR ð�� �IR-XUVÞe��=�h with �

determined from the fitting procedure [1]. However, q
does not incorporate any unclear fitting procedure. To our
best knowledge, q is the first finding of a true time-domain
core-hole clock. When there are channels of charge trans-
fer at the surface or interface, q may also play the role of a
subfemtosecond clock for charge transfer dynamics.
Finally, we claim that the present approach and deduced
conclusion can be generally applied to a localized system
such as an atomic or molecular system or a correlated
insulator.
To summarize, in a model of the attosecond pump-probe

measurement of resonant photoemission of copper dichlo-
ride, we investigated the subfemtosecond quantum corre-
lation of the two-hole states of the system. For slow
core-hole relaxation (i.e., �h � 1=!IR), we find that
high-order Fano sideband resonances evolve in the energy
domain on the time scale of �h. This is confirmed by a
coherent � shift of the relative phase between the photo-
electron and Auger electron at each resonance, which
originates from the quantum many-body correlation in
the subfemtosecond time span. Finally, we also find that
the asymmetry factor q of the first-order Fano sideband
resonance directly traces the core-hole relaxation in the
time domain without any additional fitting procedure. This
is the finding of a time-domain core-hole clock.
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