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A theoretical framework for pump-probe photoemission is presented. The approach is based on a general
formulation using the Keldysh formalism for the lesser Green’s function to describe the real-time evolution of
the electronic degrees of freedom in the initial state after a strong pump pulse that drives the system out of
equilibrium. The final state is represented by a time-reversed low-energy electron-diffraction state. Our one-step
description is related as close as possible to Pendry’s original formulation of the photoemission process. The
formalism allows for a quantitative calculation of time-dependent photocurrent for simple metals where a picture
of effectively independent electrons is assumed to be reliable. The theory is worked out for valence- and
core-electron excitations. It comprises the study of different relativistic effects as a function of the pump-probe

delay.
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I. INTRODUCTION

Angle-resolved photoemission has developed over several
decades into a technique of choice for determining the elec-
tronic structure of new crystalline materials and represents a
mature tool in materials physics [1]. Particularly, time-resolved
photoemission spectroscopy (TR-PES) has been advanced on
the experimental side in recent years. To study the nonequi-
librium dynamics of electronic degrees of freedom on a
femtosecond time scale, different pump-probe photoemission
experiments have been employed [2—-16]. Here, we present
a general theoretical framework which can be applied to
simple metals where a treatment of the electron dynamics
in a picture of essentially independent particles may be
adequate. The formalism also accounts for relativistic effects;
for example, it captures the simultaneous appearance of spin-
orbit coupling and magnetic exchange splitting. In principle,
it can be applied to different pump-probe photoemission
setups involving valence bands as well as core levels. To
keep the complexity at a reasonable level, we focus on a
valence-pump—core-probe situation in the present study. We
sketch the computation of the atomic contribution of the initial
state to the time-dependent photocurrent and point out the ne-
cessity to implement a full time-dependent multiple-scattering
technique for other contributions to the time-dependent
photocurrent.

The most successful theoretical framework available to deal
with photoemission from solid surfaces is the one-step model
as originally implemented by Pendry and coworkers [17-19].
The main idea is to describe the excitation process, the
transport of the photoelectron to the crystal surface, and the
escape into the vacuum [20] as a single quantum-mechanically
coherent process including all multiple-scattering events [21].
Nowadays, it allows for photocurrent calculations ranging
from a few eV to more than 10 keV [22-25] at finite
temperatures and from arbitrarily ordered [26] and disordered
systems [27] and may also include effects of strong electron
correlations [28-30]. However, a general and quantitative
one-step formulation of time-resolved phenomena in angle-
integrated or angle-resolved photoemission is still missing.
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Only a few theoretical approaches to TR-PES have been
published within the last few years. Initial descriptions of
TR-PES in terms of Keldysh Green’s function techniques [31]
were published by Freericks et al. [32-34] and Eckstein and
M. Kollar [35], followed by work from other groups [36,37].
Moreover, the first realistic description of two-photon photoe-
mission has been worked out [38], as well as a many-body
formulation of core-level photoemission [39].

One of the major problems, as discussed in the literature,
mainly in the context of strongly correlated systems, consists
of the calculation of the lesser component of the Keldysh
Green’s function for a realistic system while avoiding an
equal-time approximation or similar severe simplifications.
As this function has two independent time arguments, the
numerical effort can be tremendous, even for simple model
systems. There is, however, another class of complications
that is relevant to the theoretical description of real materials:
In order to obtain the photocurrent as a function of the
pump-probe delay, one has to calculate the lesser Green’s
function for a semi-infinite stack of atomic layers and for
a realistic electronic potential, which is typically available
from band-structure formalisms such as the Korringa-Kohn-
Rostoker (KKR) method [40]. Furthermore, equally important,
final-state multiple-scattering and matrix-element effects have
to be taken into account, as well as the presence of the surface
itself.

For the case of equilibrium photoemission, those problems
have been addressed and successfully solved in the past:
The first and most simple version of an independent-electron
approximation for the photocurrent was given by Berglund
and Spicer [20], namely, with the so-called three-step model
of photoemission in which the process is divided into three
independent steps (excitation, transport, and escape into the
vacuum; see above). To overcome obvious deficiencies of
the three-step model, a multiple-scattering or “dynamic”
approach was suggested, first for the final state [41,42] and
later on for both initial and final states [19] in order to
treat self-energy corrections on equal footing. With Pendry’s
one-step approach [18] to angle-resolved photoemission a
numerically tractable scheme was introduced which rests on
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the one-particle Green’s function in the local-density approx-
imation (LDA) of band-structure theory [43]. Photoemission
is described as a single coherent quantum process. Explicit
effects of strong Coulomb correlations are still disregarded.
Furthermore, the use of the sudden approximation for the final
state allows us to adopt an independent-particle description of
the photoelectron in the framework of low-energy electron-
diffraction theory [17].

Our long-term goal is to provide a numerical tool which
helps to analyze time-resolved pump-probe photoemission
data from real systems and which thus makes direct contact
with the experiments. In the present paper, as a first step,
we demonstrate that a one-step formulation is also possible
in the time-dependent or nonequilibrium case. Using the
Keldysh formalism [31], the lesser Green’s function provides
the description of the time evolution of the electronic structure
on a femtosecond time scale following a strong pump pulse.
In general, this requires the solution of an integral equation
involving the S matrix that corresponds to multiple (all-
order) scattering at the time-dependent perturbation given
by the light-matter-interaction term describing the pump.
The problem can be rewritten as a Dyson equation for
the nonequilibrium double-time retarded Green’s function
starting from the equilibrium retarded (and advanced) Green’s
functions which are available from standard KKR theory [40]
and which are homogeneous in time. However, even if
one works on an LDA level and neglects explicit Coulomb
correlations in the many-body system and describes the
electrons as effectively independent, this is a very demanding
task.

Within the sudden approximation, the descriptions of the
initial state and of the final state can be separated from
each other [32]. Final-state multiple-scattering effects, dipole
selection rules, and, generally, all effects of the transition-
matrix elements as well as multiple scattering from the surface
potential are fully included by describing the final state of
the photoelectron as a time-reversed low-energy electron-
diffraction (LEED) state. To simplify the solution of the
Dyson-type integral equation for the lesser Green’s function,
we adopt an “atomic approximation”; that is, we compute the
atomic contribution of only the initial state. This should be rea-
sonable for the case of a pump-probe experiment in which the
time-dependent electronic structure in a valence band is probed
with an x-ray pulse addressing a core state. For this valence-
pump—core-probe photoemission [4,44,45] a fully relativistic
four-component formalism is necessary. Our approach should
thus also make contact with pump-probe photoemission from
high-Z materials and allows us to study, e.g., dichroic effects in
TR-PES.

This paper is organized as follows: The next section presents
the general theory of time-resolved photoemission theory. The
relation to the conventional (equilibrium) one-step theory and
other aspects are discussed in Sec. III. Section IV is devoted to
the lesser Green’s function which describes the time evolution
of the system’s initial state after a strong pump pulse. Different
types of pump-probe experiments are discussed in Sec. V,
while the explicit formulation of time-resolved photoemission
within the one-step approach is worked out in Sec. VI for an
x-ray probe addressing a core state. Section VII provides a
short summary.
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II. GENERAL THEORY OF TIME-DEPENDENT
PHOTOEMISSION SPECTROSCOPY

We consider the electronic properties of a system specified
by a Hamiltonian H and assume that the system’s state is
a thermal state characterized by the inverse temperature B
and the chemical potential p in the distant past t — —oo.
The grand-canonical density operator is given by p(—o00) =
Z 'exp[—B(H — uN)], where N is the total particle number
and Z = trexp[—B(H — uN)] is the partition function. Let
|W,,) be the eigenstates of H and E, be the corresponding
eigenenergies. We have

p(=00) = pul Wi} (Wl (1

with
1

P = ge_ﬂ(Em_ﬂNm) , )

where N, is the total particle number in state |\V,,).

We consider a situation where the system is subjected to
a strong light pulse, described by a light-matter-interaction
Hamiltonian V(¢), which drives the system state p(z) out of
equilibrium. Typically, this pump pulse has a finite duration
and is followed by electronic relaxation processes on a
femtosecond time scale before slower relaxation mechanisms
involving lattice degrees of freedom become relevant. The time
evolution of the mixed state

P() =D pul WD) (¥ (1)] 3)

must be described nonperturbatively and is formally obtained
from the time propagation of each state of the grand ensemble,

(Wi (1)) = Uior(1, — 00)| W), “

by means of the unitary time-evolution operator

Ui (t,1") = T exp (—i / Htot(t)dr> , 5)

where 7 denotes chronological time ordering and H,(¢) =
H+ V().

After some time delay At following the pump, the nonequi-
librium state is probed by a second pulse that is described by
an interaction term VV(¢). We assume that the probe pulse
is nonzero for times ¢ > ty and ¢t < ;. As we are interested
in only the electronic system properties, it is reasonable to
express WW(¢) in terms of only electronic degrees of freedom.
Conceptually, the electronic structure can be subdivided into
the states of primary interest, namely, occupied states and
states in a certain energy window around the Fermi energy (or
around ) on the one hand and high-energy scattering states
on the other. To address the former, we introduce c¢,, which
annihilates an electron in the one-particle basis state |¢,),
while the latter are addressed by an annihilator a; with a label
k for the one-particle scattering state that is occupied by the
photoelectron. Therewith,

W) = sw(t) Y (Myaafca + He), (©6)
k,a

where syy(¢) describes the time profile of the probe pulse
(and is nonzero only for fy <t <) and My, are the
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transition-matrix elements for processes lifting a (low-energy)
electron in state |, ) to a high-energy state k = (k,o’) charac-
terized by a wave vector k and a spin projection o = 1, .

The probability P(t) to detect a photoelectron with
quantum numbers k at time ¢ is given by the expectation value,
in the system state p(t), of the projector I1(k) onto the subspace
of all many-electron “final” states of the form

If) = al|®,) . )

Therewith, we have adopted the sudden approximation and
assumed that the Coulomb interaction of the (high-energy)
photoelectron with the low-energy part of the system can be
neglected. |®,) is an arbitrary many-electron state from an
orthonormal basis set of the rest system (excluding the high-
energy scattering states). We have

k) =Y 1)1 =Y af|®n) (Pula ®)

and

Py(1) = (T1(k)) pry = tr[ p(@)TT(K)]. ©
With Egs. (3) and (8), the time-dependent photoemission
spectrum is obtained as

Pt) =Y pul{@ular | W, (0) (10)

The next task is to find the time dependence of states |W,, (¢))
in the presence of the additional probe pulse W(¢), i.e., for
times ¢ > ty. We have

[Win (1)) = Un(t, — 00)| W),

(11
where
t
U(t,1") =T exp (—i / [Ho(T) + W(r)]dt) . (12)
o
We assume that the probe pulse is sufficiently weak and treat

the time evolution perturbatively. To this end, let us introduce
the corresponding S matrix:

Sw(t,10) = Uo(to, DU (1, 10). (13)
Taking the time derivative, we immediately get
.d
158w(t,to) = Usot (10, YW (U (2, 10). (14)

Integration then yields

t
Swi(t,to) =1 —i/ dt Ui (1, IOWEU ( ,10).  (15)

fo

Taking into account only the term first order in W(t), we
can replace U(t',1y) by U(t',to) on the right-hand side.
Therewith, using Eqs. (11) and (13), we find

[V, (1)) ~ Upy(t, — 00)
X (1 — i/ dt' Ut (—o0, t YW Uit (t, — oo))

X (W) (16)
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Inserting this into Eq. (10) and recalling that W(¢) = 0 for
t <ty yield
(I) |Clk/ /
fo

Pk(t) = Z pm
X utot(t»t/)w(t/)z/{tot(t/a

m,n
2

— 00)[ W) a7

Here, we have also made use of the fact that the one-particle
high-energy scattering states are, to a very good approxima-
tion, unoccupied in |W,,) = |W,,(—00)), i.e., that a;|¥,,) =~ 0.
Making, once more, use of the sudden approximation, we have

alhor(t,') = Uit 1 Yage O, (18)

where e(k) is the dispersion of the scattering state. Further-
more,

akw(t/)utot(t/v — 00)| W)
= sw(t) Y Miyc,Uia(t', — 00)[ W), (19)
Y
Therewith, we arrive at
t
PO = 3 (@] [ dr Ut 26 st
m,n fo
2
XY MyycyUa(t', — 00)|W,) (20)
Y

Reformulating this result by expanding the modulus square
and using ), |®,)(P,| = 1, we have

t t
Pk(t)z/ / dt'dt” sy (t sy (t")e O

XY My My P (W Usor(— 00,8 Ve Uhor(1' ")

af,m

x celhion(t”, — 00)|Wy). 2y

This can be written in a compact form by switching to the
Heisenberg picture, i.e., ¢y (t) = Usor(—00,1)ceUsor(t, — 00):

Put) =) MisMye / dr'sy(t') / dt"syy(t")e R
ap

X (ch(tealt").

The one-particle correlation function is the lesser component
of the Keldysh Green’s function. It is given by an equilibrium
expectation value but is time inhomogeneous as the Heisenberg
time dependence is governed by the full and explicitly time-
dependent Hamiltonian H () = H + V().

(22)

III. DISCUSSION

Equation (22) was first derived by Freericks et al. [32] in
a similar way. It nicely defines the main tasks of a theory
of time-dependent pump-probe photoemission: The problem
consists of computing the lesser Green’s function which
describes the temporal evolution of the electronic degrees of
freedom after the pump pulse. As this is assumed to drive the
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system strongly out of equilibrium, a linear-response approach
or, generally, a perturbative calculation must be disregarded,
and ideally, Dyson’s equation with respect to V(¢) should be
solved without approximation. Within a picture of effectively
noninteracting electrons, this is equivalent to a time-dependent
multiple-scattering approach where all scattering events, at
all times and in the entire lattice, are summed up. This is a
formidable task.

The second problem consists of the realistic computation of
the transition-matrix elements in Eq. (22). For those we have
to consider the light-matter-interaction term W(¢) in Eq. (6).
We apply the dipole approximation which is well justified for
sufficiently large wavelengths, i.e., for photon energies below
about 10 keV. In the real-space representation and using a
relativistic four-component notation, which is needed for later
purposes, we have

W)= W) = —sw(t)e - Aoy, (23)

where Ay )y denotes the spatially constant amplitude of the
electromagnetic vector potential. The three components o of
the vector o are defined as the tensor product o = 07 ® oy
for k = 1,2,3, where oy denote the Pauli spin matrices.

While the lesser Green’s function in Eq. (22) describes time-
dependent multiple scattering from the pump pulse V(¢) in the
“initial” state, the matrix elements also include the ‘“final”
state of the photoemission process. This is a one-particle
scattering state that is characterized by k = (k,o) and that
has the correct asymptotic behavior, i.e., is a simple plane
wave “at the detector” far away from the system. Here, we
will make use of the standard layer-KKR formalism [46] to
represent this state as a time-reversed LEED state [17].

The real-space representation of the pump pulse V(¢) has the
same form as the probe. In both cases the excitation is mediated
by a light pulse where the corresponding electromagnetic field
can essentially be described by a monochromatic plane wave.
The time profile of the pump pulse sy(¢) can be different
from that of the probe sy, (#). We assume that the dipole
approximation is well justified for both the pump and the
probe. The strength of the two pulses can be largely different.
This fact is encoded in the absolute magnitude of the vector
potential.

The conventional, i.e., equilibrium, expression of the
photocurrent is easily rederived from Eq. (22) by assuming
V() = 0. This immediately implies a time-homogeneous
lesser Green’s function. We also set sy, () = 1 and consider
the limits #) — —oo and ¢ — oo. After a change of variables
dt'dt" = dtydtyy, withte =t — t" and t,, = (¢' +1”)/2,0ne
finds for the transition probability per unit time

Py
t—1

=Y MM, f dtre e (ch (1)ea (0)). (24)
ap

o0
—00

Wi =

Using the spectral sum rule

oo

(ch(t)ca(0)) = / do f(@)Agp(@)e’™ (25)

o]
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where f(w) = 1/[exp(Bw) + 1]is the Fermi function, we have

wye =27 Y My Mya f (@) Agp(©), (26)
ap

with w = e(k) and the single-electron spectral density Aqg(w).
This is the well-known golden-rule formula for the equilibrium
photocurrent [18].

IV. INITIAL-STATE GREEN’S FUNCTION

The time-dependent correlation function in Eq. (22) can
be considered to be a component of the one-particle Keldysh
Green’s function G,y (z,7). Some of its basic properties will
be discussed here for the case of effectively noninteracting
electrons; that is, we will not account for time-dependent
correlations in the sense of many-particle interactions. Gen-
erally, the Green’s function is defined for arguments z,z’ on
the Keldysh-Matsubara [31] contour C in the complex time
plane as

iGaw(2.2) = (Tea(2)el(2)). 27

where 7 denotes the contour ordering and the expectation
value refers to the “free” system H, while z results from time
evolution with the “total” Hamiltonian H () = H + V(1),

with
H= Z TO;aut’C:;Ca’ (28)

ao’

and

V() = Vaw(t)cica. (29)

The Green’s function can be obtained from Dyson’s equation,
G(z,7) = Go(z,2) + f dz"Go(z,z")V(Z")G(I".2), (30)

c
where bold symbols refer to matrices in the orbital indices «,o’.

Gower (z,2") denotes the free Green'’s function for V(z) = 0 and
is easily expressed in terms of the hopping matrix T as [47]

. o 0.(z,7)
G : / — iTy(z—7")
iGo(z,2) = e |:1 +exp[—B(Ty — )]
B 0.(7,2) ] 31
expl(To — )] + 1

where ®.(z,z’) is the contour step function. For our purposes it
is sufficient to consider the lesser component of G(z,z’) which
is obtained for z on the upper branch and 7z’ on the lower
branch of the Keldysh contour; that is, z is “earlier” than z’
on the contour and thus iG 3, (¢,¢') = — (cl,(t’)ca (t)). This can
formally be written as

1

s N =i frdtTo+V() L
iG=(t,t)y=—-Te /o s e

> ,j‘—ei f’O dT[T0+V(‘E)]’ (32)

where 7 is the antichronological time ordering.
We are seeking for a more suitable representation which
also allows us to set up a time-dependent multiple-scattering
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approach. To this end we define the S matrix Sy related to
(all-order) perturbation theory in the pump pulse:

Sy(t,t") = Uylto, U (t,tHU(t . 1p). (33)

Here, Uy(t,t") = exp[—iTo(t — t')] is the matrix represen-
tation of the free time-evolution operator, and U(¢t,t") =
T exp[—i ftl dt(To+ V(r))] is the representation of the in-
teracting time-evolution operator. The equation of motion for
Sy(t,t') is easily derived. We have

i%SV(t,t’) =V, (5)Sy(z,1), (34)

where the double time dependence appears due to the use
of the interaction picture, V,(t) = U(ty,)V(t)U(t,t). The
corresponding integral equation reads

t
Syt,th)=1 —i/ dt"v @Sy ). (35)
v

For t > ty, the time-evolution matrices can also be ex-
pressed in terms of the retarded and advanced Green’s func-
tions, icg(;,t’) =i0@t —t")Uy(t,t") and i G (t,1') = iO( —
HU(t,1), i.e.,

V() = G (to, ) V()G (2, 10). (36)

Therewith, we have (for 7,t' > 1)
t
Sy =1-1 [ dr GV @GS EmSHEs). G7)
v
and with Eq. (32) and the definition of the S matrix, we get

1
< N — _ R -
lG (t,t) - G() (t’tO)SV(t’t())eﬁ(To—ll-) + 1

X Sy(to,1)G{ (to,1"). (38)
With Eq. (32) we can write

iG=<(t,r') = —GR(1,19) G (1,1). (39)

eBTo—1) 4+ 1
The retarded Green’s function GR(z,7") can be obtained from
the following integral equation:

t
GMt.) = Gt + [ dr GloV OGS T, @)
v
which is derived from Egs. (33) and (37). The advanced
Green’s function is given by G*(r,r') = [GR(t',1)]T. This
completes the formal calculation of the lesser Green’s function.

V. DISCUSSION OF DIFFERENT PUMP-PROBE
SPECTROSCOPIES

The integral equation for GR(z,1’) poses a time-dependent
multiple-scattering problem for a three-dimensional solid or,
more realistically, for a semi-infinite system bounded by a
surface. In combination with Eq. (22), it provides us with a
quantitative description of different pump-probe experiments.
Clearly, the solution appears to be a demanding task.

Typically, the pump pulse V(¢) excites electrons from
occupied to unoccupied valence states below the vacuum level,
while the probe pulse W(t), after some defined time delay,
excites valence electrons from the explicitly time-dependent
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and nonequilibrium state into high-energy scattering states
such that they can escape into the vacuum. For those valence-
pump-valence-probe experiments, the numerical evaluation of
the theory is most demanding.

A simplification of the formalism is possible, however, for
the important case of two-photon photoemission experiments
(2PPE) [29,48-50]. Namely, from the theoretical perspective,
a 2PPE experiment actually is just a pump-probe-type exper-
iment in which the intensity of the pump pulse is comparable
to the intensity of the probe. This means that Eq. (40) can
be treated perturbatively to a good approximation, and the
series obtained by iteration can be cut by neglecting terms
of the order O(Vz), for example. This leaves us with an
expression for the Green’s functions GX(¢,1’) that is amenable
to a straightforward numerical calculation since it is given
in terms of only GOR(t,t/) = Gg(t — 1), i.e., in terms of the
equilibrium retarded Green’s function which is homogeneous
in the time arguments. This quantity is defined as the Fourier
transform of the following quantity, which is available from
standard layer-dependent KKR techniques [51]:

G E) = —4ik Yy Wl )Wl (r0)
jnA
4ik .
- — WA (m)(tjnn)

Q
JnAAN

X (Adkf?XA/ — (SAA’tjnA’>

X (taa) " WL, 0 (). (41)

Here, we have switched to the real-space representation.
W* and W represent the single-site solutions for the nth
cell in the jth layer in a semi-infinite slab geometry, and
T is the KKR scattering path operator for the jth layer.
t denotes the single-scattering matrix for the nth cell in
the jth layer, and €2 is the area of the layer unit cell.
Besides valence-pump-valence-probe and 2PPE experiments,
a valence-pump—core-probe setup is frequently used [4,44,45].
Here, the pump pulse excites valence-band electrons with a
photon energy of a few eV to unoccupied valence states. After
a controlled time delay, the response of a core level is probed in
a second step with a corresponding x-ray probe pulse. The first
part of this pump-probe experiment is described by GX(z,1’),
which must be obtained from the integral equation (40)
and accounts for the time evolution of the nonequilibrium
electronic structure after an intense pump pulse. In contrast
to 2PPE, this time evolution usually cannot be captured in
a linear-response formalism; that is, a perturbative approach
expanding in V is not applicable here. There is, however, a
simplification for the case of a probe pulse addressing core
electrons, namely, restricting oneself to a single-scattering
center in the solution of Eq. (40) for the retarded Green’s
functions GR(t,1y). For the case of an x-ray probe addressing
a core state, the propagator refers only to this core state, as
is obvious from the central equation (22). Within the one-step
model, this results in an “atomic contribution” of the initial
state to the full time-dependent photocurrent, while a full
summation over all multiple-scattering events is included in the
formalism for the final state. This shall be worked out in detail

035119-5



BRAUN, RAUSCH, POTTHOFF, MINAR, AND EBERT

in the following section. In the case of almost-dispersion-free
core states, this should be an excellent starting point. Clearly,
the ultimate test case for the atomic approximation will
be the direct comparison with corresponding experimental
data [4,44,45,52,53].

VI. ONE-STEP MODEL OF CORE-LEVEL PUMP-PROBE
SPECTROSCOPY

To formulate a one-step theory of valence-pump—core-
probe photoemission, a fully relativistic formalism for the
final state is necessary. We therefore rewrite Eq. (22) in the
real-space and a four-component spinor representation:

Pu(t) = / dr’ / &r flawa) / dr’ f dt" e ="

x G=<(r',t' . r" YW fu(r”). (42)

Here, G=(r',t',r"”,t”) is a 4 x 4 Green’s function matrix. f
represents a single-particle-like final state of the photoelectron
in the form of a time-reversed LEED state and is a four-
component spinor. The 4 x 4 matrix W () is given by Eq. (23).
The lesser Green’s function is obtained from Eq. (39) in
real-space representation,

G=(r,t,r',t) =i/dEF(E)/d3r”/d3r’”GR(r,t,r”,t0)

X \IIE(r”)lIIL(r'”)GA(r’”,to,r’,t’), (43)

where F(E) = 1/{exp[B(E — )] + 1} denotes the Fermi
distribution function and the spinors Wg define an orthonormal
basis set with ToWy = EWg. The occupied energy eigenstates
WV needed here can be obtained from relativistic KKR
theory [46]. KKR-theory also provides us with the retarded
(advanced) Green’s function GOR (GOA), constructed as a tensor
product of two four-spinors [54].

In the modern version of the KKR method [46], the
electronic structure of a system, including valence as well
as core states, is directly and efficiently represented in terms
of the retarded one-electron Green’s function. This appealing
feature is achieved by using multiple-scattering theory. The
same multiple-scattering KKR technique is used in the context
of photoemission theory to construct the final state as a time-
reversed LEED state. For these reasons, the KKR multiple-
scattering formalism provides the initial-state Green’s function
and the final-state scattering state in a consistent way and on
equal footing and is thus the method of choice.

As noted in the preceding section, we will focus on the
“atomic” contribution of the initial state to the total time-
dependent photoemission yield. For simplicity, we additionally
assume spherically symmetric single-cell potentials v(r) =
v(r). Therewith, an ansatz separating radial and angular
dependencies becomes convenient. For all types of Green’s
functions, G<, GR, and G*, we have

G=RAw L 1) =) gl Nt xa®x L @), (@4)
AN

where x4 (F) denote the relativistic spin-angular functions [55]
with the spin-orbit (x) and the magnetic (1) quantum num-
bers [55] combined as A = (k,u). Using this, the radial parts
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of the quantities in Eq. (43) are related by

gAA/(rt r l)—l/dEF(E) Z /dr// //2/dr///r///2

A A
R
X gAA’/(r’tvr 7t0)\IjE.A”(r”)

X WL (7")gh (" 1o, ). (45)
This equation is considerably simpler and very amenable to a
numerical approach based on the KKR formalism.

Likewise, the central Dyson equation for the retarded
Green’s function, Eq. (40), can be simplified. In the real-space
representation we have

t
GR(r,t,r',t")y = GR(r,t,r',t') — / dr"sy(t") f &’
p
x GOR(",I r// IH)OC AO,VGR("”J”"'/J/)
(46)

Here, as for the probe, we assume that the dipole approxima-
tion is valid:

V(r,t) = —syp(t)a - Ao y. 47

Ayp,y denotes the constant amplitude of the vector potential of
the pump field, and sy () is the time profile of the pump pulse.
Using the ansatz (44) to get the atomic contribution, we find
a coupled system of Volterra integral equations of the second
kind for the radial part of the retarded Green’s function:

t
gan (1 1) = gi At ) = Y D / dt"sy(t")
t/

ATA"
dv(r’")
.12 R " //
X /dr r gOAA’/(rata a ) d 7
x g, ("t ). (48)

We also made use of a representation of the dipole operator
[see Eq. (47)] in terms of the gradient of the cell potential
v(r). Again, the resulting system of equations is considerably
simplified and can be implemented numerically. At this point
the calculation of the atomic contribution is complete.

We finally combine the results for the initial state with the
layer-KKR multiple-scattering approach describing the final
state. This provides us with the time-dependent photoemission
yield in the following form:

Z A}n[\ DAA/MAA'A”AW(t)Dj\”A/” AjnA/” . (49)
AA'A"A" jn

P()=

Here, the radial matrix elements are defined as

t t
MAA’A”A”’(I) :/ dl// dt//SW(t/)SW(I//)efze(k)(ﬂft//)

/dr/r/zfdr// //2¢1{1‘( )dv(")

d a
x gine g, (50)

where v is the spherical single-cell potential. Furthermore, A
denote the spherical coefficients of the high-energy wave field:

Ajur = Z A (1= X) 3 o (51)
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The effect of multiple scattering within the jth layer can be
represented by a matrix X, and the bare coefficients A are
given by
N I_g 4 s—t N kDT,
A= amil (< 25) () N [l VT (e

gs

sy, Y T (g™ ™. (52)
r, is the distance vector from the origin to the position of the
nth atom in the layer unit cell. The plane-wave amplitudes
ut and u~ can be calculated recursively by standard (KKR)
multiple-scattering techniques [21,40]. D are the relativistic
angular dipole matrix elements [21]:

Dan =Y (=29)CADNR_ ) 00 Ch (53)

—41
s=%35

where C2 denote the Clebsch-Gordan coefficients and
D,I\L}fﬂ’,,v Wt represent tl}e nonrelativistic angular matrix el-
ements [18], which are given by

4 o
DELRr = ?AO Yl*m(AO) Clml’m’l(—m—m’) (54)

in terms of the Gaunt coefficients C.

In Eq. (49), the k£ dependence, i.e., the dependence on the
quantum numbers of the photoelectrons, enters Pi(¢) through
the wave field describing the final state [Egs. (51) and (52)] and
also through the time-dependent phase factor via e(k) absorbed
in the radial matrix elements [Eq. (50)]. The main experimental
control parameter, the time delay, enters the theory through the
time distance between the two pulses with profiles sy,(¢) (pump
pulse) and syy(f) (probe pulse) where the former appears in
the integral equation (48) for the initial-state retarded Green’s
function while the latter appears more explicitly in Eq. (50).

VII. SUMMARY

We have presented a theoretical framework for time-
resolved pump-probe photoemission involving only electronic
degrees of freedom. The theory addresses systems in which
explicit Coulomb correlations can be neglected safely and
which can be treated within a picture of effectively independent
electrons moving in a one-particle potential that is obtained
from standard band-structure calculations. The present ap-
proach aims at an ab initio description of photoemission from
real materials that may complement pure model studies for
strongly correlated systems carried out previously.

The key quantity to describe time-revolved photoemission
is the lesser Green’s function. We have shown that this is
theoretically and numerically accessible, even for real systems.
Within the Keldysh formalism and treating the time-dependent
pump pulse in all-order perturbation theory, we express the
lesser Green’s function in terms of the retarded and advanced
Green’s functions. The latter are obtained by solving a standard
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Dyson equation in which the perturbation is given by the pump
pulse. The main point of the present paper is to show how to
treat this in a real-space representation for realistic materials
as opposed to model systems.

Furthermore, the description of the transition induced by the
probe pulse as well as the final high-energy scattering state of
the photoelectrons has been done in a fully relativistic, four-
component formalism which resolves all quantum numbers
of the photoelectron. Thereby, the theory covers ultraviolet
as well as soft or hard x-ray photon energies and spans
the same regime as the conventional equilibrium theory of
angle-resolved photoemission. The central idea of our paper
is to straightforwardly extend the traditional and highly
successful one-step formulation. Formally, this gives access
to time-resolved intensity distributions and to magnetic linear
and circular dichroism, not only from real systems like simple
metals but also from complex ordered compounds.

In addition, our formalism allows in a very stringent way
for a quantitative description of two-photon photoemission
spectroscopy. Namely, in the case of a weak pump pulse
the retarded Green’s function is simply given in terms of
the Fourier transform of the retarded free Korringa-Kohn-
Rostoker Green’s function, which is available using standard
KKR techniques. Last but not least, the explicit calculation of
2PPE spectra may serve as a starting point for spectroscopical
investigations in the case of strong pump pulses, for which
the Dyson equation for the retarded Green’s function has to
be solved self-consistently. This is because the lesser Keldysh
Green’s function, after one iteration, is available as a function
of space and time coordinates, where the radial coordinates
are restricted to only a single cell potential, g=<(r,¢,r’,¢’). This
provides the starting point for a self-consistent solution of
the corresponding radial part of the Dyson equation, and all
time-dependent multiple-scattering effects in the initial state
are properly included in the calculation. Let us emphasize that
treating time-dependent multiple-scattering effects for a real
system, even on the level of noninteracting particles, represents
a highly nontrivial problem which we believe is solvable by
our approach.

In conclusion, we believe that our approach to time-resolved
photoemission is emerging as an important tool for studying
the electronic structures of simple metals and of complex
materials in a quantitative way.
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