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The Auger decay is a relevant recombination channel during the first few femtoseconds of molecular targets
impinged by attosecond XUV or soft x-ray pulses. Including this mechanism in time-dependent simulations
of charge-migration processes is a difficult task, and Auger scatterings are often ignored altogether. In this
work we present an advance of the current state-of-the-art by putting forward a real-time approach based
on nonequilibrium Green’s functions suitable for first-principles calculations of molecules with tens of active
electrons. To demonstrate the accuracy of the method we report comparisons against accurate grid simulations
of one-dimensional systems. We also predict a highly asymmetric profile of the Auger wave packet, with a long
tail exhibiting ripples temporally spaced by the inverse of the Auger energy.
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The subfemtosecond dynamics of the hole density created
by anionizing attosecond XUV or soft x-ray pulse precedes any
nuclear rearrangement and dictates the relaxation pathways
of the underlying molecular structure [1,2]. This ultrafast
charge oscillation, also referred to as ultrafast charge migration
(UCM), is driven exclusively by electronic correlations up to
a few femtoseconds [3—7]. At these time scales the Auger
scattering is the only possible energy-dissipation mechanism
and, in addition to shake-up and polarization effects [8], a
relevant recombination channel.

Recent advances in pump-probe spectroscopy have made it
possible to follow the Auger decay in atomic targets [2,9-12].
Accurate measurements have been performed and successfully
interpreted in terms of transitions between excited cationic
states. The theory behind these experiments shows that the
Auger electron is a “courier” of the complex dynamics occur-
ring in the parent cation [13—15]. Unfortunately, ab initio anal-
ysis relying on many-electron eigenfunctions and eigenvalues
are possible for single atoms but soon become prohibitive for
larger systems. In fact, first-principles approaches that include
Auger scatterings in the UCM dynamics of molecules have not
yet been developed.

Time-dependent density functional theory [16-18]
(TDDFT) is the method of choice for large-scale simulations.
However, the vast majority of TDDFT calculations are
performed using an adiabatic exchange-correlation (xc)
potential, i.e., a functional of the instantaneous density. As
shown in Ref. [19], adiabatic approximations are unable
to capture the Auger effect [20]. Learning how to include
memory effects in the xc functional is a major line of research
to which the present work could provide new insights.

In this Rapid Communication we present a first-principles
real-time nonequilibrium Green’s function [21,22] (NEGF)
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approach which incorporates Auger scatterings in the UCM
dynamics of molecules hit by attosecond pulses. In analogy
with the NEGF formulation of quantum transport where the
dynamics of electrons in the junction is simulated without
dealing explicitly with the electrons in the leads [23-25], we
close the NEGF equations on the molecule and deal only
partially with the degrees of freedom of the Auger electrons.
The computational effort changes slightly with respect to
previous NEGF implementations [26-28], thereby making it
possible to simulate the UCM of molecules with tens of active
electrons.

We demonstrate that the approach well captures qualita-
tive and quantitative aspects of the Auger physics through
comparisons against real-time simulations of one-dimensional
(1D) atoms on a grid. The Auger wave packet can, in prin-
ciple, be reconstructed from NEGF through a postprocess-
ing procedure. For three-dimensional (3D) molecules such
procedure is numerically (too) demanding but for the con-
sidered 1D atom the calculation is doable and the agree-
ment with the full-grid results is again satisfactory. Inter-
estingly, we highlight a universal feature of the asymmet-
ric Auger wave packet, namely, a long tail with superim-
posed ripples temporally spaced by the inverse of the Auger
energy.

Method. We consider a finite system (an atom or molecule)
with single-particle Hartree-Fock (HF) basis ¢;(r) for bound
electrons and ¢, (r) for electrons in the continuum (for sim-
plicity we work with spin-degenerate systems). Let ¢;5 (Cpi5)
be the annihilation operator for an electron on ¢; (¢,) with
spin o. In the absence of external fields the total Hamiltonian

He = I:Ibound + ﬁAuger + I:Icont (D
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FIG. 1. (a) Schematic illustration of intramolecular (left) and
Auger (right) scattering. (b) Correlation self-energy in the 2B ap-
proximation (top) and ionization self-energy (bottom).

is the sum of the bound- elec}ro?s Hamiltonian Hyounga =
Zz] h;;é mc“7 + 5 Z,]mn VijmnCiy € jorCmo'Cno» the Auger in-
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free-continuum part Iflconl => o euéjwé,w. Here h;; are the
one-electron integrals, €, are the continuum single-particle
energies, and v;j, (vl n u) are the four-index Coulomb inte-
grals responsible for 1ntramolecular (Auger) scatterings [see
Fig. 1(a)].

The system is perturbed either by the sudden removal of
a bound electron or by an external laser field. In the dipole
approximation the laser-system interaction reads

HE() = AE ) + HE, (1), )

where AF (1) = E(7) - > i di cmc jo describes intramolec-
[

ular transitions, whereas Hig‘n(t) =E()- Ziﬂ(dilté}géltg +

H.c.) is responsible for ionization. The vector d;; (d;,) is the
matrix element of the dipole operator between states ¢; and
@;j (¢,). In Egs. (1) and (2) we are discarding the off-diagonal
elements h;,, h,,, and d,, as well as all Coulomb integrals
with two or more indices in the continuum. We anticipate that
this simplification only marginally affects the results presented
below.

The electron dynamics is simulated using NEGF. With-
out Auger scatterings the equation of motion for the one-
particle density matrix o;;(t) = (éj{,(t)é,-a(t)) (with indices
in the bound sector) has been derived elsewhere [26] and
reads p = —i[hurlp],p]l — Zlp] — IT[,O]. Here the HF Hamil-
tonian hyp(t) = h + Vup(t) + E(t) - d is a functional of p
through the HF potential Vi ;j(t) = Y., Oum () Wimnj, With
Wimnj = 2Vimnj — Vimjn. Dynamical correlation and ionization
processes are described by the generalized collision integral

I(t) = / di[27(,0)G=(f,t) — T~(¢,HG™(,1)], ()
0

where £5 = £ + Elﬁn is the sum of the lesser or greater cor-
relation (X.) and ionization (Xjo, ) self-energies. Both are time-
nonlocal functionals of p through the generalized Kadanoff-
Baym ansatz [29] (GKBA) [see Supplemental Material (SM)
for details [30]]. Figure 1(b) illustrates the diagrammatic
representation of . in the second-Born (2B) approximation
and Xjo,. The computational cost of these NEGF calculations
scales like N2N}. . where N, is the number of time steps,
Npound 1S the number of HF bound states, and the power 3 <
p < 5 depends on how sparse v;j,, is. Real-time simulations
of, e.g., organic or biologically relevant molecules can easily
be carried out up to 30—40 fs [28].

The inclusion of Auger scattering processes leads to a
coupling between the density matrix p(¢) and the occupations
fu@) = (ELU (t)Cus(t)) of the continuum states. For these
quantities we have derived (see SM) the following coupled
system of NEGF equations of motion:

p = —ilhuelpl,p] — Zlp, f1—T'p, f1,
fu==Tulo.f1= T3lp. 1. )

The generalized collision integral Z[p, f] is defined as in
Eq. (3) but Z[p] — Z[p] + Zaugerlp, f1. The Auger self-
energy is calculated from the second-order (in v#) diagrams,
in accordance with Refs. [31,32], and reads

S D= > G .D)

mnpq p
[G>(t t_)G< @, t)( Vigmp 3an + Ugumwr/?upj)
+G> (, t_)G<(t t)vmpm r?quj]’ ®)

where we neglected the off-diagonal elements of the continuum

Green’s function, i.e., GE‘, = (SWGE. As we shall demon-
strate, this approximation is remarkably accurate. Through
the GKBA, X uger 18 a time-nonlocal functional of p and f},.
Finally, the collision integral 7, reads

Ju(t)Z/ dilK; (.0 f; O+ K, @t.Df; D],  (6)
where the kernel

< . A A
s —
Ko,@0) =i E Vyrpm Whgsv

mn pq sr
x Go (.G, (t.DGS(EDe D (7)

is a time-nonlocal functional of p only. Equations (4), to-
gether with the definitions that follow it, constitute the first
(methodological) result of this Rapid Communication. The
implementation of Egs. (4) does not alter the quadratic scaling
with N,. The scaling with the number of basis functions
changes from N,found to maX[Nbound’NboundNC(’m] where N on
is the number of continuum states and 2 < q < 4. Therefore,
the proposed equations can be used to simulate a large class of
molecules of current interest.

Assessment of NEGF approach. To demonstrate the re-
liability of the coupled NEGF Eqgs. (4) we consider a 1D
atom with soft Coulomb interactions. On the grid points x,, =
na with |n| < Ngia/2, the single-particle Hamiltonian reads
h(Xp,Xm) = Opm[2k 4+ Vo(xy)] — 8jn—m|, 15, Where the nuclear
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FIG. 2. Variation of the TD occupations (per spin) n.(t) [core,
increasing blue (dark-gray) and orange (light-gray) curves] and n,(¢)
[valence, decreasing green (light-gray) and red (dark-gray) curves]
calculated using NEGF@grid and coupled NEGF Egs. (4) for the
sudden creation of a core hole (top) and the action of a laser pulse
(bottom). The inset shows a magnification of n.(¢) and n, () after the
end of the pulse. Vertical axes have been scaled up by a factor 10,

potential V,(x) = Uen/v/x2 +a? for |x| < R and V,(x) =0
otherwise. Electrons interact only in a box of length 2R cen-
tered around zero through v(x,x") = ZUe/v/(x — x')? + a?.
The coupling to an external laser pulse is accounted for by
adding 8, x, E(t) to h(x,,Xp)-

We take Ngig =400 and (henceforth all quantities are
expressed in atomic units) a = 0.5, k =2, Z =4, U, = 2,
Uee = Uen/2, and R = 10a. With four electrons the HF spec-
trum has Ny = 5 bound states (per spin) and Neont = Ngria —
Ngys continuum states. The occupied levels have energy €, =
—4.33 (core) and €, = —1.65 (valence). The HF states are
used to construct the Hamiltonian in Eqgs. (1) and (2). The
results obtained by solving the coupled NEGF Egs. (4) (where
pis a Ngys X Ngys matrix and f is a Noy-dimensional vector)
are benchmarked against NEGF calculations on the full grid
(NEGF @grid). NEGF@grid simulations are performed by
solving the original equation [26] p = —i[hyr[p],] — Z[p] —
IT[,O] where all quantities are Ngig X Ngig matrices in the
X, basis and 7 is given by Eq. (3) with ¥ = X, (see SM
for details). By construction, NEGF @grid simulations include
the off-diagonal elements h;,,h,, ,d,, and all Coulomb
integrals with two or more indices in the continuum. Notice
that NEGF @grid scales cubically with N o and it is therefore
not exportable to large systems.

In Fig. 2 we show the time-dependent (TD) occupation (per
spin) of the core, n., and valence, n,, levels. In the top panel
we suddenly remove 4% of charge from the core, hence p.. —
Pec — ny, With n, = 0.04, and let the system evolve without
external fields. In the bottom panel the equilibrium system is
driven by the external pulse

E(t) = Eysin® (?) sin(§2r) (8)

with central frequency Q2 = 6.2, active from ¢ = 0 until t =
T = 20. The frequency is large enough for the energy of the

0.8 NEGF@Qgrid

0.8L coupled NEGF

0'8.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
€, (au.)

FIG. 3. Time-dependent occupations f,(t) of the continuum
states versus their energy €, after the sudden creation of a core
hole. The results are obtained from the solution of the NEGF@grid
equation (top) and coupled NEGF Eqgs. (4) (bottom). In both cases the
maximum OcCurs at €, = €y Vertical axes have been scaled up by
a factor 102,

photoelectron not to overlap with the energy of the Auger
electron. The intensity has been chosen to have the same
amount of expelled charge as in the case of the sudden
removal: Ey = 2.0 for NEGF@grid and Ey = 1.5 for the
coupled NEGF Egs. (4)—the difference in the value of E
is due to the neglect of the dipole elements d,,,, in Eq. (2).
The results perfectly agree in the top panel, whereas only a
minor discrepancy is observed in the bottom panel. In both
type of simulations the Auger decay slightly depends on
how the core hole is created. In fact, the laser pulse is also
responsible for expelling charge from the valence level, thereby
hindering the refilling of the core. The core-hole lifetime
agrees well with the inverse linewidth function I'(€ayger) =
2w Zu |vc,“,,)|25(eAuger —€,) 1072 in all cases. It is worth
emphasizing that no time-local approximation of X zyger would
yield the behavior n.(t) = 1 — nye . We performed TD HF
simulations both in the grid basis and by solving Egs. (4)
with 7, = X = Xaueer =0, and found that n.(f) remains
essentially constant (not shown). This is consistent with similar
findings obtained in TDDFT using adiabatic xc potentials [19].

After the sudden creation of a core hole the electronic
density populates the continuum states ¢,,. In Fig. 3 we show
the corresponding time-dependent occupations f,(f) versus
their energy €,,. Again simulations have been performed using
NEGF @grid (top panel) and the coupled NEGF Egs. (4) (bot-
tom panel). As time passes the total expelled charge increases
and f},(7) gets peaked at the Auger energy €auger = 2€, — € =
1. The final profile of the peak has a width I' = I'(€auger)s
independently of how the core hole is created (suddenly or
due to a laser pulse). On the contrary, the photoelectron
peak attains a width ~2x /7T immediately after the end of
the pulse (see animation continuum_occupations.mp4 in the
SM). We also observe that the exact energy of the Auger
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electron e{ie = 2€, — €. — Vyyyy is Ot Within reach of the
second-order approximation in Eq. (5): the shift v,,,, (due
to the valence-valence repulsion) would require a 7 -matrix
treatment [33,34]. However, such shift has only a minor impact
on the internal dynamics of 3D systems like, e.g., organic
molecules, since the repulsion between two valence holes is
typically less than 1 eV.

Auger wave-packet reconstruction. We now use the cou-
pled NEGF Egs. (4) to study the 1D atom on larger boxes
(hence one- and two-electron integrals are calculated from
HF states that spread over a large number of grid points).
The output has been postprocessed to reconstruct the den-
sity of the Auger wave packet according to nauger(x,t) =
>0 950 fun (@ (x), where f,, (1) = (2], (1)2,0(1)) is the
off-diagonal density matrix in the continuum sector. The latter
is obtained by integrating the NEGF equation of motion (see
SM for the derivation)

fuv = =iy — &) fuv = Tl f1= TE 00 1, (9)

where 7, is given by the right-hand side of Eq. (6) after the
replacement Kfu(t,f)ff(f) — K,%(t,t_)fvz(t_).

InFig. 4 we display the Auger wave packet for Ny g = 1600
grid points. In the top panel the core hole is suddenly created
(see also animation Auger_wavepacket.mp4 in the SM),
whereas in the middle panel the atom is driven by the
ionizing laser of Eq. (8). The first observation is that the
wave front depends on the perturbation (sudden creation
or laser), being steeper the shorter it takes to create the
hole. The wave packet moves rightward at the expected
speed v = 0€/dp >~ 2, /K€ayger = 2.2 and its length is
approximately v/ I" far away from the nucleus. Interestingly,
the tail of the wave packet exhibits spatial ripples that
tend to accumulate nearby the origin. The amplitude of
the ripples depends on the perturbation (sudden creation or
laser), whereas their spacing is an intrinsic feature. In the
bottom panel of Fig. 4 we show the period 7, of the ripples,
i.e., the elapsing time between two consecutive maxima of
Nauger(X0,1), at the interface xo = 30a, versus the number
of periods. We present results for three different values of
range and strengths of the Coulomb force (R,Ucn,Uee) =
(10a,2,1), (100a,2.6,2.08), and (10a,2.7,2.025)  yielding
Auger energies €auger = 1.02, 1.76, and 2.66, respectively. In
all cases we find that 7, attains a finite limit given by

T, = 27'[/6Auger . (10)

The occurrence of ripples and the intrinsic period 7, is
not an artifact of the self-energy approximation. These
features as well as the overall shape of the Auger wave
packet are indeed confirmed by Configuration Interaction (CI)
calculations. Starting at time ¢t = 0 with the photoexcited
state |®y) = ¢&/.¢} ¢],]0) and evolving with the Hamilto-
nian in Eq. (1) one finds nayger(x,t) = |¢Auger(x,t)|2 with

@Auger(xst) = ZM au(t)(pu(x) and
el €n—€nuger+il/1 _

€4 — €anger +i0/2°

—iE,t

(1)

ay, (t) ~ — Vepvv€

The CI Auger wave packet is in excellent agreement with
NEGF (see the SM). In the SM we further show that the ripples
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FIG. 4. Snapshots of the density of the Auger wave packet after
the sudden creation of a core hole (top) and the action of a laser
pulse (middle). The bottom panel shows the period of the ripples at
an interface versus the number of periods for three different values
of range and strengths of the Coulomb force (see main text) yielding
Auger energies €puger = 1.02 [red (dark-gray)], 1.76 [yellow (gray)],
and 2.66 [green (light-gray)].

occur even in two or three dimensions and, therefore, they are
a fingerprint of the Auger electron.

To summarize, we have included Auger decays in a first-
principles NEGF approach to simulate the UCM dynamics
of molecules driven by attosecond pulses. The computational
effort is comparable to that of previous NEGF implementations
[26-28], thereby allowing for studying systems with tens of
active electrons up to tens of femtoseconds. Benchmarks in
1D atoms demonstrate that both qualitative and quantitative
aspects are well captured. We also predict a highly asymmetric
profile of the Auger wave packet with a spatial extension of
the order v/ I" and superimposed ripples with temporal period
T, =27 /€puger-

Although the fundamental equations have been derived for
finite systems, the proposed NEGF approach can be extended
to deal with periodic systems too. In this context the equation
of motion for the single-particle density matrix opens the
possibility to develop current-density functional theories that
include dissipation and thermalization.
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