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Time-resolved photoemission experiments can reveal fascinating quantum dynamics of correlated electrons.
However, the thermalization of the electronic system is typically so fast that very short probe pulses are
necessary to resolve the time evolution of the quantum state, and this leads to poor energy resolution due to the
energy-time uncertainty relation. Although the photoemission intensity can be calculated from the nonequilib-
rium electronic Green’s functions, the converse procedure is therefore difficult. We analyze a hypothetical
time-resolved photoemission experiment on a correlated electronic system, described by the Falicov-Kimball
model in dynamical mean-field theory, which relaxes between metallic and insulating phases. We find that the
real-time Green’s function which describes the transient behavior during the buildup of the metallic state
cannot be determined directly from the photoemission signal. On the other hand, the characteristic collapse-
and-revival oscillations of an excited Mott insulator can be observed as oscillating weight in the center of the

Mott gap in the time-dependent photoemission spectrum.
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I. INTRODUCTION

Pump-probe experiments with femtosecond time reso-
lution can record various nonequilibrium processes in solids
directly in the time domain, including those induced by the
Coulomb interaction between electrons or the scattering of
electrons on defects and phonons. In these experiments ex-
citation of the sample and characterization of the excited
state are accomplished by two distinct laser pulses (pump
and probe) which hit the sample with controlled time delay,
and either optical or photoemission spectroscopy may be
used as probe technique. The pump-probe setup has been
used to investigate the dynamics of molecules,'
semiconductors,? and metals? for more than two decades.
More recently, such time-resolved experiments were also
performed on several strongly correlated materials close to a
phase transition, where many degrees of freedom contribute
to the dynamics on very different time scales.*™

In such nonequilibrium solid-state experiments it is a ma-
jor challenge to distinguish the electronic dynamics from
other degrees of freedom. This is crucial in particular for the
Mott metal-insulator transition,'® which is driven by the
Coulomb interaction between electrons moving in a crystal
lattice. An entirely new perspective on this phenomenon
would open up if one could observe the transition as it hap-
pens in real time and, e.g., monitor the formation of well-
defined quasiparticles as the system goes from an insulating
to a metallic state. In fact, in several Mott and charge-
transfer insulators the transition to a metallic state can be
induced by a laser pump pulse.*>7# So far these experiments
have focused on the relaxation back to the insulating state,
which involves coupling to degrees of freedom other than the
valence-band electrons and is much slower than the buildup
of the metallic state after the pump pulse. In the simplest
case the observed relaxation is described by the two-
temperature model,'! i.e., as the cooling of a hot electron gas
which is coupled to the colder lattice.”!> The true dynamics
of the electronic system has so far been observed only in
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simple metals by looking at the thermalization of pump-
excited electron distributions due to electron-electron
scattering.>!® In strongly correlated materials, thermalization
is apparently much faster. Sufficient time resolution is now
becoming available due to recent advances in femtosecond
laser techniques,'®!> which have already allowed the inves-
tigation of some solid-state systems even on the attosecond
time scale.'®

In equilibrium, electronic properties of correlated materi-
als can be obtained directly from conventional photoemis-
sion spectroscopy with continuous light beams.!”!® By con-
trast, time-resolved measurements are likely to be restricted
by the frequency-time uncertainty of the probe pulse. The
energy € of occupied states in the solid from which photo-
electrons are released is determined from the kinetic energy
of the photoelectrons, the work function of the solid, and the
photon energy E,=fiw; when the measurement pulse has fi-
nite duration &, the latter is determined only up to an uncer-
tainty OE,=7/4dt. In a strongly correlated electron system
we would expect that typical relaxation times are directly
related to the energy scales that appear in the spectrum, such
as the bandwidth or the Mott gap. In this case all information
on the initial energy € is lost for pulses which are short
enough to resolve the electronic dynamics. The equilibrium
interpretation of conventional photoemission data in terms of
the electronic spectrum of the solid thus becomes meaning-
less in this limit.

A full theory for time-resolved photoemission spectros-
copy (TRPES), which covers both the nonequilibrium effects
of the electronic state and also the consequences of the fre-
quency uncertainty of the pulse, was presented recently by
Freericks et al.'® Their approach extends existing theories of
conventional photoemission spectroscopy to the case where
the sample is not in equilibrium and measurement pulses
have a finite time duration. The photoemission intensity as a
function of the probe pulse delay time is related to electronic
one-particle real-time Green’s functions of the sample,"”
which fully incorporate the nonequilibrium many-body dy-
namics after the pump pulse. This is in contrast to earlier
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Green’s function approaches,”® which treat pump and probe
on the same (perturbative) level. The relation to real-time
Green’s functions allows to make direct contact to recent
progress in nonequilibrium many-body theory, such as the
extension of dynamical mean-field theory?! (DMFT) to
nonequilibrium.?>2 DMFT, which is exact in the limit of
infinite dimensions,?” can provide insights into the real-time
evolution of strongly correlated systems in a nonperturbative
way.

The new one-particle description of TRPES given in Ref.
19 leads to the question whether real-time Green’s functions
can be recovered fully from the time-dependent photoemis-
sion intensity or whether parts of the electronic time evolu-
tion are not accessible by TRPES at all. Freericks and
co-workers'>!? discussed the case when electronic equilib-
rium states are probed by pulses of finite time duration. This
analysis covers experiments (e.g., those of Ref. 7) in which
changes of external parameters such as the electronic tem-
perature determine the dynamics of the electronic state, but
the probe pulses are not short enough to resolve the thermal-
ization of the electronic system in response to the pump
pulse. For this case the electronic state is characterized by its
frequency-dependent spectrum and the photoemission inten-
sity is given by this spectrum, broadened in accordance with
the frequency-time uncertainty.!” Such a broadening can
hamper the determination of the electronic spectrum from
photoemission data; for the experiment of Ref. 7, however, it
plays a minor role.'?

By contrast, in this paper we investigate TRPES with ul-
trashort pulses that do resolve the thermalization of the elec-
trons after the pump pulse. We consider systems with a
purely Hamiltonian time evolution involving only electronic
degrees of freedom. The electronic state is then no longer
characterized only by a frequency-dependent spectrum, but
rather by real-time Green’s functions depending on two time
variables. We will show from the general theory of Ref. 19
that in this case the full time dependence on both time vari-
ables cannot be recovered from the time-dependent photo-
emission intensity no matter how the pulse length of the
probe pulse is chosen. While time-resolved photoemission
data can be predicted from calculated nonequilibrium
Green’s functions,'® the converse procedure is thus impos-
sible due to the frequency-time uncertainty relation. We note
that an analogous limitation is absent in time-resolved opti-
cal spectroscopy, where a two-time optical conductivity
o(t,t’) can be measured precisely by making the probe
pulses sufficiently short. In nonequilibrium DMFT, o(z,t') is
directly related to momentum-averaged real-time Green’s
functions under certain conditions.?

Below we employ the Falicov-Kimball model,”® which
describes localized and mobile electrons on a lattice interact-
ing via a local Hubbard interaction, to study the relation
between nonequilibrium Green’s functions and time-resolved
photoemission data in detail. We consider an idealized setup
in which the system is suddenly driven out of a metallic or
insulating equilibrium state and subsequently relaxes to a
new phase due to the Hamiltonian dynamics of the electrons.
This model situation was recently solved with nonequilib-
rium DMFT.?* We then study hypothetical time-resolved
photoemission experiments during this relaxation process
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and find that some aspects of the formation of the metallic
state are indeed obscured in the photoemission spectrum due
to the frequency-time uncertainty. On the other hand, the
relaxation of an excited Mott insulator leads to characteristic
collapse-and-revival oscillations,? which result in oscillating
midgap weight in the time-resolved photoemission spectrum.
The above-mentioned uncertainty limitations notwithstand-
ing, TRPES with ultrashort pulses is well suited to charac-
terize nonequilibrium states of correlated electron systems.
However, it will often be necessary to analyze in detail how
the time evolution of the Green’s function translates into the
photoemission signal.

The outline of the paper is as follows. In Sec. II we briefly
outline the microscopic formulation of TRPES derived in
Ref. 19 and further discuss the role of the frequency-time
uncertainty in this theory. We then introduce the Falicov-
Kimball model (Sec. IIT) and discuss hypothetical time-
resolved photoemission measurements on systems that relax
to a metallic state (Sec. IV) and to an insulating state (Sec.
V). The discussion in Sec. VI concludes the presentation.

II. TIME-RESOLVED PHOTOEMISSION
SPECTROSCOPY

In photoemission experiments with both temporal and an-
gular resolutions the sample is probed with a finite pulse of
definite wave vector® ¢. The detector collects the photoelec-

trons which are emitted in a certain direction 126 and it is
sensitive to their kinetic energy E =ﬁ2k§/2m, but not to their

arrival time (kezleeke is the photoelectron momentum). The
time-resolved photoemission signal is thus proportional to
the total number of electrons per solid angle dQ,;e and energy
interval dE,
I(Ie E t )_ dN(’;e’E;q’tg) (1)
o @y = dQ,;edE ’

that are emitted in response to a pulse that hits the sample at
time tp.'9 This definition includes only photoelectrons ex-
cited by the probe pulse and omits direct photoemission due
to the pump pulse.

In Ref. 19 an expression for the photoemission signal (1)
was derived, wusing only the so-called sudden
approximation,3! which neglects the interaction of photoelec-
trons with the remaining sample. The photoemission signal is
then only related to matrix elements M(k,q;k,) which
couple Bloch states with quasimomentum k in the solid and
one-electron scattering states with asymptotic momentum k,
via absorption of a photon with momentum ¢ and to the
real-time one-particle Green’s function

G (t:t) =i Tl pocy ()i (1)]. ()

The latter incorporates the full nonequilibrium dynamics of
the sample: ¢ (t)=U(t,tmin)fc,(j)U(t,tmin) are annihilation
(creation) operators for electrons in the solid with momen-
tum k, whose propagation in time, with U(¢,f,,)=T,
Xexp[—if ;mdeH(T)/ fi], includes all external fields except
for the probe. The initial state at some early time f.;, is
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usually given by the thermal ensemble at temperature 7,
po < exp[—H(tyin)/ T]. The presence of the surface and the
dependence of photoemission spectra on matrix elements can
substantially complicate the comparison of theoretical and
experimental data for specific materials. In order to reveal
general aspects of TRPES we thus resort to further approxi-
mations that are commonly made in this context: (i) we as-
sume that photoemission measures the bulk properties of the
sample which are contained in the momentum-diagonal
Green’s function Gy (f,t')=Gp(t,t') of the infinite and
translationally invariant system, and (ii) we take matrix ele-
ments to be constant but satisfying momentum conservation
in the plane, M(q.k;k,)=M Ok +q,,- The time-resolved pho-
toemission spectrum (1) is then given by'”

Ik E3q.t,) & 2 8 vq ke, Tkol E= cq = P3t,),  (3)
ko

ell

Ik(,(w;tp)z—if dtf dr'S(1)S(t")

X NG (t 41,1 +1,), (4)

where S(7) is the (real) pulse envelope function (centered at
7=0) and ® is the work function of the solid. Note that Egs.
(3) and (4) become exact for perfectly layered (two-
dimensional) structures when k denotes the two-dimensional
momentum of the sample. In the following we will discuss
the momentum- and frequency-dependent expression (4). For
simplicity we will refer to Eq. (4) as the photoemission in-
tensity; observations made for this function presumably per-
sist after summation over some parts of the Brillouin zone
[Eq. 3)].

Equation (4) simplifies when the system is in equilibrium.
In this case Green’s functions depend on the time difference
only, and the Fourier transform is given by3?

8io(@) = f dre''Gp,(1,0) = 2miA g (0)f(w), (5

where A, (w) is the equilibrium spectral function®” and
flw)=1/(e”T+1) is the Fermi function for temperature T.
The photoemission intensity then reduces to

Ikg(w)=Jdw’|§(w+w’)|2Aka(w')f(w’), (6)

which is a convolution of the well-known expression
Tio(w) A (w)f(w) for the intrinsic photocurrent in con-
tinuous beam experiments'”!® with the Fourier transform

S(w)=JdiS(t)e"" of the pulse envelope. Due to the
frequency-time uncertainty of the pulse, the frequency-
dependent spectrum is thus smoothened on a scale dw
> 1/ 6t when the pulse has a finite length of, as discussed in
Refs. 12 and 19.

Here we study the case of an electronic system that is not
in equilibrium. The Green’s function Gy, (t,z+s) then con-
tains important information both in the absolute time 7 and in
the time difference s between addition and removal of an
electron. However, when the probe pulse extends only over a
finite length &, the product S(¢)S(¢') in Eq. (4) vanishes for
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all t—¢'> 8, and hence Gy, (t,t+s) enters Eq. (4) only for s
< &. It is therefore impossible to deduce Gy, (z,7+s) from
spectra that were recorded with pulses of length 6<<s. In
other words, the time resolution (in #) with which G, (t,t
+5) can be measured is limited by s. This also becomes clear
when attempting to invert the convolution of Gy, (t,¢') in Eq.
(4). Starting from the Fourier transform

Teolsity) = f dwe™ Ty (wit,). (7

and using, e.g., Gaussian pulses

2
S(n) = exp(— %), (®)

we obtain

~ s2
Tiol(s:t,) < exp| = E

- s s s
X | dtGy, tp+§+t,tp—§+t expl= 5 -
)

While the integral in Eq. (9) apparently measures Gy,(1,
+5/2,t,~s/2) with a time resolution of 4, it is practically
impossible to choose d<<s because then the result vanishes

compared to any noise added to fk,,(s;tp) due to the Gauss-
ian prefactor [whose form is due to Eq. (8) but the suppres-
sion of the signal for §<s is independent of the pulse shape].
We conclude that the nonequilibrium two-time Green’s func-
tion cannot be fully measured by means of TRPES, and one
must always carefully analyze how the time evolution of the
Green’s function translates into the photoemission signal for
a given theoretical model. This will be illustrated for the
Falicov-Kimball model below.

III. FALICOV-KIMBALL MODEL IN NONEQUILIBRIUM

In the remaining part of this paper we concentrate on one
specific model for electronic dynamics in a single band, the
Falicov-Kimball model.?® This lattice model describes itiner-
ant (|) and immobile (T) electrons which interact via the
local Coulomb repulsion U. The Hamiltonian is given by

H=2, VijCiTlel +UX ninj — > MoTligs (10)
i i i

where ¢!?) are annihilation (creation) operators for the two
species of fermions on lattice site i and n,-a=cf0c,~0 is the
corresponding density (o=, T). Hopping between sites i and
Jj (with amplitude V;;) is possible only for the mobile (|)
particles. The Falicov-Kimball model has been an important
benchmark for the development of DMFT in equilibrium be-
cause the effective single-site problem for the mobile par-
ticles is quadratic and can be solved exactly.® This model
currently plays a similar role for nonequilibrium DMFT,?*-26
in particular since no appropriate real-time impurity solver is
yet available for the Hubbard model.

In spite of its apparent simplicity the Falicov-Kimball
model has a rich equilibrium phase diagram containing me-
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tallic, insulating, and charge-ordered phases.>* In the follow-
ing we consider only the homogeneous phase at half-filling
for both particle species (n)=n;=1/2), which in equilibrium
undergoes a metal-insulator transition at a critical interaction
U=U, on the order of the bandwidth.33-3¢ This phase is stud-
ied in an idealized nonequilibrium situation by preparing the
system in thermal equilibrium for times <0 and changing
the interaction parameter U abruptly at t=0.2

In current pump-probe experiments the metal-insulator
transition is usually triggered by a change of the filling*>® or
the energy of the electronic system.” In this context the in-
teraction quench we consider here should be viewed as a
way to approximate the excited state after the pump by an
equilibrium state of a different Hamiltonian. For example,
the formation of the Mott-insulating state (Sec. V) may be
observable in experiment if the pump pulse increases the
energy of a correlated metal, which would undergo a transi-
tion to the insulator with increasing temperature. In this case
the excited state after the pump presumably has metallic
character and is best approximated by a thermal state at
smaller interaction. The interaction quench thus provides a
reasonably good model to study general aspects of time-
resolved spectroscopies.

Since the exact DMFT solution for the interaction quench
is available?® we can directly relate Green’s functions and
photoemisson signals. In particular, we will focus on two
specific phenomena, namely, (i) the formation of narrow qua-
siparticle resonances during the buildup of the metallic state
(Sec. IV) and (ii) coherent collective oscillations after an
excitation of the insulating phase (Sec. V). In the following
we analyze the time-resolved photoemission signal of the
mobile (]) electrons using Gaussian pulses (8) and omit the
time-independent contribution of the immobile (1) electrons.
As in Ref. 23 we assume a semielliptic density of states
p(€)=\4V?>—€*/(2mV?) with half-bandwidth 2V for the
single-particle energies €, which are the eigenvalues of the
hopping matrix V;;. This semielliptic density of states allows
to solve the DMFT equations analytically.?? It corresponds to
nearest-neighbor hopping on the Bethe lattice?! or long-
range hopping on the hypercubic lattice.’” The equilibrium
properties for this case’® are qualitatively similar to the hy-
percubic lattice with nearest-neighbor hopping,** which has a
Gaussian density of states. Exact expressions for the real-
time Green’s functions G,f(t,t’) of the mobile electrons are
given in the Appendix (from now on we suppress the index |
of the mobile electrons). We take V=1 as the unit of energy
so that the full bandwidth is 4 and the critical interaction is
given by U.=2V=2.3 We will also set i=1, setting the unit
of time as #/V. For example, for V=1 eV we have #/V
=0.66 fs.

IV. PUMPING THE INSULATOR
INTO A METALLIC STATE

In this section we investigate the formation of a metallic
state in real time, similar to pump-induced insulator-to-metal
transitions on ultrashort time scales.*>”® In the Falicov-
Kimball model, such a process takes place after a quench
from an insulating state to the metallic parameter regime,
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FIG. 1. (Color online) The momentum-dependent Green’s func-
tion g, (w) [Eq. (11)] in the initial (a) and final (b) states for the
quench from U=3 to U=0.5 (n,=n,=1/2; temperature 7=0). Due
to the local self-energy in DMFT, Gk<(t, t") depends on k only via €,
in the homogeneous phase. (c) Density n;(7) for momentum k with
€=—1 [thick (red) curve in (a) and (b)]. The horizontal line is at
(). (d) Green’s function Gj (¢+s,1) for the same €. Differences
between the Green’s functions for r=0 and 7= are best visible
around s=0; their decay is almost identical.

which we consider now. We prepare the initial state at U
=3 and temperature 7=0 and change the interaction abruptly
to U=0.5 at time #=0. Subsequently the system relaxes to a
new stationary state, in which Green’s functions depend on
time difference only.?® In the following we first discuss the
real-time Green’s functions for this process and then the cor-
responding time-resolved photoemission signal.

A. Real-time Green’s functions

The difference between the initial and final states is evi-
dent from the momentum-diagonal Green’s function
Gy (t,t") of the mobile particles [Eq. (2)] and its Fourier
transform

g (w) = lim f dse' Gy (t+s,1) (11)
—F e

in the limit = ¥ o, respectively. While g, (w) has a broad

maximum [Fig. 1(a)], a sharp peak in g;.(w) indicates that

quasiparticle excitations have a long lifetime in the final state

[Fig. 1(b)]. Note that for a quench in the Falicov-Kimball
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model the final state always retains memory on the initial
configuration.?* This memory is contained in a nonuniversal
occupation function F(w) which replaces the Fermi function
flw) in Eq. (5), i.e., g5, (0)=2miA(w)F(w) (see Appendix).

The development of the metallic state with its sharp qua-
siparticlelike resonances can be observed from the full time
dependence of the momentum-diagonal Green’s function
G,f(t,t’). In particular, we characterize the transition by
means of (i) the total spectral weight, i.e., the momentum
occupation m(t)=—iGy (t,1), and (ii) the decay of Gy (t,t
+s) as a function of s>0. From the latter one can read off
the lifetime of a hole which is created at time ¢ in the non-
equilibrium state. The time evolution of these two quantities
is similar for all k; it is shown for one representative value of
k in Figs. 1(c) and 1(d) [namely, €,=—1, marked by the thick
red line in Figs. 1(a) and 1(b)]: (i) Relaxation of the momen-
tum occupation 1 (7) takes place on a time scale on the order
of the inverse bandwidth; after this very short time interval
the final value ny(e) is almost reached and a slower relax-
ation follows [Fig. 1(c)]. A similar behavior was observed
previously for the time dependence of the number of doubly
occupied sites.?? (ii) As a function of s, the Green’s function
Gy (t,t+s) decays slow compared to the inverse bandwidth
[Fig. 1(d)]. For r=%0, this is in accordance with the sharp
peak in g, (w). However, the fast decay is observed even for
holes that are created at r=0", when the system is still in the
insulating state, indicating that the lifetime of hole excita-
tions depends only weakly on the time of their creation. The
reason for this behavior is that in the Falicov-Kimball model
scattering occurs only between mobile and immobile par-
ticles and is thus determined by the Hamiltonian and the
(initial) configuration of the immobile particles. If scattering
occurred between two mobile electron species (e.g., as in the
Hubbard model), then we would expect the shape of the
quasiparticle resonances to depend on the quantum state of
the mobile particles as well and therefore would expect it to
change considerably during the relaxation process.

B. Photoemission spectrum

As discussed in the Introduction, it is a central question
whether the time-resolved photoemission spectrum Z(w;?,)
[Eq. (4)] contains the same information as the Green’s func-
tion Gk<(t,t’). For the present case, the answer is no. In Sec.
IV A we saw that holes decay at a rate I'<<V/#, which de-
pends only weakly on the time ¢ when the hole is created,
even for short times 0<<t<<#/V. To establish this behavior
from the photoemission intensity, however, one would have
to measure Gi(z,t+1/I") with time resolution better than
f/V, which is impossible according to the discussion at the
end of Sec. I

The effect of the frequency-time uncertainty can be seen
in detail in the redistribution of spectral weight in the pho-
toemission signal Z;(w;1,) as a function of the probe time 7,
(for ,=—1, Fig. 2). When the system is probed in a station-
ary state (1,= =), the intensity is given by 25 (w) folded
with the spectrum |S(w)[?=278 exp(-82w?) of the probe
pulse [cf. Eq. (6)]. This broadening completely washes out
the peak for short pulses [ §=0.66 in units of #/V, Fig. 2(c)].

PHYSICAL REVIEW B 78, 245113 (2008)

1 | i
ty =-00 —
= 075 t,=0 oo 1
T os th=2 s ]
3 ty=co
0.25 i
0 :
1 ty =m0 — 1
- 075 £=0 oo 1
g o5t Ffz """" 1
S o025t o )
0 ‘
1 T T T i
© 8=066 =eo —
~ o075 ’, Z0 e
£ 22 e
S o8 P
0.25 P
0
-5 4 -3 -2 -1 0 1
o [V/h]

FIG. 2. (Color online) Photoemission signal [Eq. (4)] (arb.
units) for the same situation as the Green’s functions in Fig. 1 (g
=-1) using Gaussian probe envelopes (8) with (a) §=10, (b) 6=2,
and (c) 6=0.66. The vertical dashed lines are explained in the text.
t, and & are in units of fi/V=1.

On the other hand, pulses much longer than the inverse band-
width do not resolve the fast relaxation which is essentially
complete for > 2, but rather show a time dependence even
for t=2 [6=10, Fig. 2(a)]. For intermediate pulse length
neither time nor frequency dependence is resolved [5=2,
Fig. 2(b)].

For a quantitative analysis we now consider the weight in
the central region of the peak in the photoemission spectrum

b
W!;(tp) = f dek(w;tp). (12)

In the present case we use a=—-2.39 and b=-2.17 as indi-
cated by the vertical dashed lines in Fig. 2; they enclose
twice the full width at half maximum of a Lorentzian fit to
the peak in Ay(w). We then define a time 7() at which the
relaxation of W(t,) is essentially complete

WS- Wi==2) _
Wolo) = Wo=oc) 7

(13)

with 7 close to one; we use 7=0.95. In Fig. 3(a) we see first
of all that (&) is proportional to the pulse length for large 6,
which is due to the fact that long pulses merely average the
spectrum of the final and initial states. Hence 7(5) does not
yield any information about intrinsic relaxation times for &
=2. On the other hand, for <2 the ratio W)/ W s(—)
approaches the value n()/n;(—) that one would obtain by
integrating over the whole spectrum instead of the peak re-
gion alone [Fig. 3(b)]; this is due to the insufficient energy
resolution. Therefore only the relaxation time of the whole
spectral width, i.e., of the momentum occupation ny(z), can
be determined reliably.
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FIG. 3. (Color online) (a) Relaxation time 7(8) [Eq. (13), 7
=0.95] for the spectral width in the central peak region of the pho-
toemission spectrum at ,=—1 (region between the vertical dashed
lines in Fig. 2), plotted against the pulse length 8. (b) Ratio
Ws(0)/ W s(—0). The horizontal dashed line is at ng()/n,(—=).

V. OSCILLATIONS OF AN EXCITED MOTT INSULATOR

In this section we investigate the relaxation dynamics of a
Mott insulator in which a metallic state has been created by
the pump pulse. In the Falicov-Kimball model this can be
simulated in the strongly interacting regime (U=10) by pre-
paring the system in a metallic state (U=1, temperature T
=0) at t=0. Again we first discuss the real-time Green’s
functions for this situation and then the time-resolved photo-
emission signal that corresponds to them.

A. Real-time Green’s functions

In the present case the momentum-dependent Green’s
function evolves from a well-defined quasiparticle band at ¢
=-oo, which is cut off by the Fermi function (Fig. 4(a)), to a
gapped spectrum at r= (Fig. 4(b)). Note that in the final-
state spectral weight remains in the upper band because the
system is strongly excited with respect to the insulating
ground state at U=10 and there is no coupling to an envi-
ronment to which this excess energy could be passed during
the relaxation process.

As in Sec. IV we consider a representative momentum
(€=1), chosen such that n;, is small in the metallic state and
increases after the quench [Fig. 4(c)]. Again this relaxation
takes place on a very short time scale (on the order of the
inverse bandwidth), but now n; passes through a series of
damped oscillations with period 27/ U before reaching its
final value. These oscillations are characteristic for the dy-
namics of a Mott insulator which is dominated by a
Hubbard-type density interaction UXn;n; . In fact, if the
Hamiltonian was given only by this interaction term, then the
time evolution operator exp(-itUZ;n;n;)) would itself be
27/ U periodic®® and hence oscillations would occur in all
nonlocal quantities. These so-called collapse-and-revival os-
cillations were observed and described in experiments with
ultracold atomic gases.,29 where the Hamiltonian of the sys-
tem can be designed in a controlled way. We will now dis-
cuss the fingerprint of these oscillations in the time-resolved
photoemission spectrum.
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FIG. 4. (Color online) The momentum-dependent Green’s func-
tion g,i_,(w) [Eq. (11)] (arb. units) in the (a) initial and (b) final
states for the quench from U=1 to U=10 (n,=n,=1/2; temperature
T=0). (c) Density ni(r) for momentum k with =1 [thick (red)
curve in (a) and (b)]. The vertical dashed lines are at multiples of
the fundamental oscillation period 27/ U. The horizontal line is
().

B. Photoemission spectrum

In Fig. 5 the angular-resolved photoemission spectrum
Ti(w:t,) is plotted for the same fixed momentum [g=1,
using Gaussian pulses (8)]. All features of the spectrum ex-
cept for its total weight, which is proportional to n(r), are
washed out for short pulses [ 5=0.2, Fig. 5(c)], whereas long
pulses show the formation of a gap, but cannot resolve the
oscillating nature of the state [ §=0.66, Fig. 5(a)]. For inter-
mediate pulses, however, both the 277/ U periodicity and the
gap become visible [ §=0.33, Fig. 5(b)].

Interestingly, the coherent oscillations are most pro-
nounced in the center of the gap [Fig. 5(b)]. This observation
can be understood from the atomic limit of the Hamiltonian
(10), i.e., for V;=0. In the strongly interacting regime U
>V the atomic limit gives a good description of the transient
behavior at short times r=<#%/V. For the interaction term
alone, Hy=UZn;n;| —2,,i.N;, the time evolution of anni-
hilation operators is given by e*Uic; e U=,
+(e7"=1)c;on;5]. For t,1' >0, the Green’s function then fol-
lows as

Gr(t.1) = i oAy, + Broe™ ¥ + By oo™V + Cp eV,
(14a)

with
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t, (V]

FIG. 5. (Color online) Quench from U=1 to U=10. Photoemis-
sion signal (arb. units) [Eq. (4)] for =1, and Gaussian probe en-
velopes (8) with (a) 6=0.66, (b) §=0.33, and (c) 6=0.2. Pulse
lengths & are in units of #/V=1.

App= 2 " RR)(1 - nj&)cj'o—cio(l —niz)o, (14b)

)

Bku’ = 2 eik(Ri_Rj)<nj5'C;‘-o-CiU>0’ (14C)

i

Cro=2 e R (50t cignizdos (144)

ij
and (), is the expectation value in the (arbitrary) state at ¢

=0 immediately after the pump. Inserting this expression
into Eq. (4) we find, for #,> 4,

Iko’(w;tp) x Ak¢r|§(w + MO’)|2 + Ck0|§(w + Mo — U)|2
+2 Re[S(0)S(w + py— U)Boe™V].  (15)

The first two terms are centered in the upper and lower Hub-
bard bands at w=-u, and w=U- w,, and do not change with
time. The third term, which oscillates with period 277/ U, has

its maximum where S(w+ ) and S(w+ w,—U) overlap. For
Gaussian pulses, this is precisely the center of the gap be-
cause S(w)S(w-"U) oc g (0= U2 (U,

This discussion shows that on short-time scales the ob-
served time-dependent spectrum in the Falicov-Kimball
model for large interactions resembled that of the atomic
limit. Note that the initial state at =0 determines only the
weight of the three components, but not the frequency of the
oscillations. The oscillating midgap weight is thus a univer-
sal property of the Mott insulator, which is largely indepen-
dent of the excitation process. Via this universal feature it
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may eventually become possible to observe collapse-and-
revival oscillations in TRPES experiments on correlated ma-
terials.

VI. CONCLUSION

In this paper we analyzed hypothetical time-resolved pho-
toemission experiments on correlated electron systems that
are not in equilibrium, building on the general theory of Ref.
19. We showed that the two-time Green’s function, which
characterizes the nonequilibrium state of the electrons, can-
not be fully measured with TRPES no matter how long or
short the probe pulses are chosen. For example, using DMFT
for the Falicov-Kimball model we found that in the buildup
of the metallic state the Green’s function of the transient
state cannot be determined from the photoemission signal.
On the other hand, if an excited Mott insulator is created by
the pump pulse, its characteristic collapse-and-revival oscil-
lations can nevertheless be inferred because they correspond
to oscillating weight in the center of the Mott gap in the
time-dependent photoemission spectrum.

It would be interesting to perform similar investigations
for the Hubbard model. As discussed at the end of Sec. IV A,
the formation of the metallic state is expected to be very
different from the Falicov-Kimball model. It remains to be
seen whether these differences are visible in the TRPES sig-
nal. On the other hand, the collapse-and-revival oscillations
in the Mott phase resemble the behavior of the model in the
atomic limit and should be similar for the Hubbard model.

TRPES is in some sense complementary to time-resolved
optical spectroscopy, which measures the two-time optical
conductivity o(z,7’). Under certain conditions, the latter is
obtained in DMFT from a momentum-averaged product of
two Green’s functions that also enter the expression for the
photoemission spectrum.”> The dependence of o(¢,t') on
both ¢t and ¢’ can be measured precisely with sufficiently
short probe pulses, unaffected by any minimum uncertainty,
but unlike in photoemission spectroscopy there is no sensi-
tivity toward specific momenta k.

In conclusion, we showed that in spite of the frequency-
time uncertainty of the probe pulse, TRPES has the potential
to discover fascinating details of the electronic thermaliza-
tion process. Unlike for conventional photoemission on sys-
tems in equilibrium, however, the time-dependent photo-
emission signal does not yield the real-time Green’s function
directly, so that more detailed comparisons to theoretical pre-
dictions are needed.
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APPENDIX: CALCULATION OF DMFT
GREEN’S FUNCTIONS

1. Contour Green’s functions

In this appendix, which is a direct extension of the work
presented in Ref. 23, we give the detailed derivation of the
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real-time Green’s functions for the interaction quench in the
Falicov-Kimball model using DMFT for nonequilibrium.??

The retarded, advanced, and lesser Green’s functions are
defined by

Gio(tit) == iO(t =t ) Tt pofcra(t),co(t)}],  (Ala)

Gio(t,1") =10 = ) Trlpofero (1), cp, (1)}, (AlD)

Gro(t,1") =i Tt pocy o (1) ek (D)], (Alc)

respectively, where ¢;,(f) and p, are defined below Eq. (2).
DMFT for nonequilibrium is based on the Keldysh
formalism,*®3° which yields the contour-ordered Green’s
function Gk,,(t,t’):—i(chk,,(t)c,to(t’» with time arguments
on the contour C that run from ¢, to z,,, on the real axis,
then from 7, to #.,;,, and finally to #,;,—i8 on the imaginary
time axis (B is inverse temperature). Retarded, advanced, and
lesser Green’s functions (A1) are obtained from the real-time
components of the contour Green’s function

G, (1) =[Gyl (1,t) = Gia(,1')], (A2a)
Giolt.1") =[Gin(t.') = Gio(t.1)], (A2b)
Gro(t.t') = Giolt.1'), (A2¢)

where superscripts refer to the two time arguments: 1, 2, and
3 indicate whether a time argument is on the upper, lower, or
vertical part of the contour, respectively. These relations and
also the symmetries

Gro(t,1") = Gy, (1 ,1)", (A3a)

Gro(t,t') == G (t',D)* (A3b)

hold for all contour Green’s functions considered here. Fur-
thermore, the contour Green’s functions obey antiperiodic
boundary conditions in both contour arguments

Giolt.tmin) = = Gt tmin = iB), (Ada)

1 3 .
Grotmins?") = = Gigg(tmin = i3,1") (Adb)
for v=1,2,3.

For the lattice Hamiltonian (10), the interacting contour
Green’s function satisfies a Dyson equation®

[(Grs—Sko) * Grol(t,t') = E(11"),

where 3,,(¢,7') is the contour self-energy and G, (¢,t') is
the noninteracting Green’s function, whose inverse

Gek(t,1") = E(6,)idf + py) — €,(1)]

can be written as differential operator on the contour. Here
we assumed a homogeneous state, and €,,=2 jv;; explik(R j
—R))] are the single-particle band energies. We also intro-
duced the convolution (f*g)(¢,1")=[.dif(¢,0)g(z,t') of two
functions along the contour, the contour delta function
&(t,1') [defined by [.dif(7)&°(7,1)=£(r)], and the contour
derivative 8f .22 Taking into account the boundary conditions

(A5a)

(A5b)
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(A3), the integrodifferential Eq. (A4) has a unique solution
for Gy,(z,1').

2. DMFT equations

In DMFT the self-energy is assumed to be local in space
and hence independent of k for a homogeneous state. This
approximation is exact in the limit of infinite spatial
dimensions,”” both for equilibrium and for the Keldysh
self-energy.> The local self-energy 3.(t,#') and the local
Green’s function G,(1,1") =G (t,1')=2;G,(t,1") are then
calculated from an auxiliary problem in which the degrees of
freedom at a single lattice site i are coupled to some un-
known environment, which must be determined self-
consistently. For the Falicov-Kimball model, the auxiliary
problem is quadratic®>3? such that the equations of motion
can be solved explicitly.

The DMFT equations for the interaction quench in the
Falicov-Kimball model were derived in Ref. 23. In the fol-
lowing we state these equations without derivation and then
give details of the solution. In particular we calculate the
momentum-dependent Green’s function Gy(z,t")= Gy (z,1')
of the mobile (|) particles, which is needed for the photo-
emission intensity (4). From now on we consider only prop-
erties of the mobile particles and omit the index |.

The local Green’s function of the mobile particles is given
by the sum

G(t,t") =wyQ(t,1") + w R(1,t") (A6a)

of the local Green’s functions Q(z,t') and R(z,t’) at sites
with zero and one immobile (T) particle, respectively,
weighted with the average density w;=1-w, of immobile
particles. The functions Q(z,7') and R(z,t) obey the equa-
tions of motion

[idF + wlO(t,t") = (A * Q)(1,1') = &(1,1'),  (A6b)

[id + m— UDIR(1,1") = (A = R)(t,1") = &(1,1"),
(A6c)

and boundary conditions (A4). For a quench the interaction
is piecewise constant in time, U(t)=0O (1)U, +®O(-r)U_. The
effective-medium propagator A(z,¢’) must be determined
self-consistently. For a semielliptic density of states of the
mobile particles, which we adopt in the following, the self-
consistency cycle can be condensed into closed form??

A1) =V2G(1,t'), (A7)

where 2V is the half-bandwidth of the density of states.
Equations (A7) form a complete set of equations for the local
Green’s function. The local self-energy 3 of the mobile par-
ticles is then obtained from the Dyson equation of the local
problem, [(idf +u1)G(t,1') —[(A+3)=G](r,1')=&(1,1'). To-
gether with Eq. (A6), this is easily transformed into

wiUR(t,1") = (2 = G)(t,1'). (AB)

Finally the local self-energy X (¢,1) is inserted into the lattice
Dyson equation (A5),
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(idf + p— €)Gi(1,1") =[S Gl(t,t) = E(t,1'), (A9)

which yields the k-dependent Green’s functions. Note that
G, (1,1') depends on momentum only via the single-particle
energy €, because we assumed a homogeneous state.

3. Langreth rules

To solve the contour Egs. (A6b), (A6c), (A8), and (A9)
we first rewrite them in terms of their retarded and lesser
components using the identities (A2). In effect, this means
that contour derivatives C(t,t’)=(?tcA(t,t’) are replaced by
real-time derivatives®®

C'(t,t')=0,A"(1,1"), (A10a)

C<(t,t') =9 A=(1,1), (A10Db)

and convolutions C(t,t')=[A*B](t,') of two contour
Green’s functions A and B are expressed in terms of their
retarded, advanced, and lesser components according to the
Langreth rules®

t
C'(t,t') = f diA"(1,)B'(1,t'), (Alla)
t/

t t
C<(t,t’)=f de<(t,?)B“(?,t’)+j diA"(t,))B=(1,t").

(A11b)

The integral boundaries account for the fact that retarded
(advanced) Green’s functions A”@(z,#') vanish when #<¢’
(t>1'). Furthermore, we shifted 7,,;,,— —% in the second
equation, such that the convolution extends over the whole
axis but contributions from the vertical part at #,,;,—i7 can be
dropped. This step is discussed in further detail below.

The contour delta function on the right-hand side of Eqs.
(A6D), (A6¢), and (A9) vanishes when the lesser component
is taken, and it is replaced by the usual delta function &r
—t") for the retarded components. However, because any re-
tarded function A”(¢,¢") vanishes for t<<t', retarded equations
of motion are only considered for #>¢" and the initial value
at r=t' is determined by the weight of the delta function and
the derivative operator. In particular, we obtain

G (t,))=R"(t,n =Q"(t,t) =—1i (A12)

from Egs. (A6b), (A6c), and (A9). These conditions follow
also directly from the anticommutation relation of creation
and annihilation operators.

4. Stationary states

For the interaction quench we treat the equations of mo-
tion separately in the four regions where both ¢ and ¢’ do not
change sign; we introduce additional subscripts + and —
which indicate whether the time arguments are greater or less
than zero, respectively. Inserting Eqs. (Al1Oa) and (Alla)
into Eq. (A6) yields a closed set of equations for R"(7,1") and

Q'(t,1'),
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A(t,t") = V2w R'(t,t') + woQ'(1,t")],  (Al3a)

[it?f+M]Q’(t,t’)=f diN(1,DQ"(1.1"),  (A13Db)

[id,+u—-U@®) IR (1,t') = Jl diN"(t,))R'(£,1'),

(A13c)

which must be solved for t>1¢" using the initial condition
(A12). The self-consistency Eq. (A7) was used in Eq.
(A13a). Note that in Eq. (A13), Green’s functions with both
time arguments greater or less that zero, i.e., the (++) and
(==) components, do not mix with other components. Be-
cause U(¢) is constant for t>0 and ¢<<0, respectively, the
solutions of Eq. (A13) are thus translationally invariant in
time when both 7 and ¢’ have the same sign and we make the
ansatz

AL () =dl(i=1), (Al4a)

a.(z)= J ds ed’,(s) (A14b)
0

for all contour functions A=G, R, O, A, Gy, and X (with a

=g, 1, ¢, \, g and o, respectively). Using this ansatz in Eq.

(A13) we obtain a set of cubic equations

g5 (2)=woq - (2) + w17 4(2), (A15a)
7.2 =[z+pn-VZL]", (A15b)
Fl@=[z+p-Vgi)-U.]" (Al5c¢)

that can be solved analytically. These cubic equations are
well known from the DMFT solution of the Falicov-Kimball
model in equilibrium. This is of course expected when both
t and t' <0 because before the quench the system indeed is
in an equilibrium state. In a similar way, the retarded (++)
and (——) components of X and G, are obtained from Egs.
(A8) and (A9)

' (2) =w U7 (2)/g " (2), (A16)

i@ =lz+pu-g-.07" (A17)

Furthermore, advanced Green’s functions are directly related
to the retarded ones by symmetry (A3) so that we have

AL (@t )=a%(-1"), (Al18a)

0
ai(z) = f ds ¢™a’.(s) =a’. (7")". (A18b)

The lesser Green’s functions are translationally invariant
in time only for both ¢ and ' <0 [(——) component] when the
system is still in equilibrium. One then has*

do . .,
AS(1,1) = J ﬁe’“(’ 7 ~(w), (A19a)
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a>(0) = flo)ai(w) -a(v)],

where f(w)=1/(e”T+1) is the Fermi function and a*(w)
—a"(w)=-2i Im a’ (w) is proportional to the spectrum of the
equilibrium Green’s function. Mathematically this follows
from the solutions of the equations of motion on the full
contour, including the vertical part, and taking into account
the antiperiodic boundary conditions. For the quench we use
Eq. (A18) as initial condition for the lesser components; only
then can we then let #,;, — — and disregard the vertical part
in the Langreth rule (A11Db).

On the other hand, we show below that in the limit where
both 7 and ¢’ tend to « (but their difference is finite), the
lesser (++) components take a form very similar to Eq.
(A18)

(A19b)

do _.
lim A7 (t+5,0) = f 2—we"‘”5f(w), (A20a)
u

t—®

a (w) = F(o)[a@{(w)-a\(v)]. (A20D)

The function F(w) is common for all a=g, r, g, o, and g;.
One can in fact directly see from the equations of motion
(A6b), (A6c), (A8), and (A9) for the lesser component that if
the stationary limit (A20a) exists, then Green’s functions
@ 7 (w) must have this common factor F(w). To find this
factor, however, the equations of motion must be solved be-
cause it contains the entire information about the initial state.

5. Double Fourier transforms

We now consider the cases with one or two positive time
arguments, i.e., after the quench. We introduce double Fou-
rier transforms

o 0
AL (z,m) = J dre™ f dr'eé™A”_(1,1'), (A2la)
0 —00

o 0
g‘_’+(77,z) =J dteiZ’J dt’ei”"Af+(t’,t) (A21b)
0 —00
for retarded and advanced components,

do . .~ s
f ﬁe"“”Af_(z,w)= J dte¥AT (t,t'), (A22a)
0

do . /-~ s
f —we_”‘”Ai(w,z): f dte¥A=,(t',1)  (A22b)
2 0

for the lesser components with mixed time arguments (which
holds for ¢’ <0), and

A (zy) = j die™ f dr'e™ AT (1) (A23)
0 0

for the lesser Green’s function with both time arguments af-
ter the quench. In this section we derive explicit expressions
for gfr_(z,w), gf_(z,w), and gir(z,a)); the remaining are
then obtained by symmetry (A2)
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A~i+( 7],2) = g:—(_ 7]*’_ Z*)*’ (A24a)

AS(0,2)=-A  (-7"- w)*. (A24b)

Using Langreth rules (A10) once again yields for convolu-
tions C=A*B,

C' (z-w)=A"_(z,- )b (w) +@"(2)B"_(z,— »),
(A25a)

Ci(z,- w) =A7 (z,— w)b"(w) +@"(2)B; (z.— w)

+ gi_(z,— )b~ (w), (A25b)
Cr(z ) =AL (. b= n) + @ (DB (z.m)

+ f %[Xf_(z,— w)B* (0,7)

+A" (z,- 0)B=,(w,7)]. (A25¢)

Furthermore, the derivative C =<9ZCA(t,t’) translates into

Ciz0)=7A- (.- w) —id ~(w), (A26b)

~ ~ do ~
Co(z,m)=7AL(z, n)—if ;TAi(w, 7)., (A26¢)

where one must use the continuity of the components at the
boundary t=0 and ¢'=0, e.g., A_(0,¢")=A"_(0,7").

Using Egs. (A25) and (A26) one can rewrite Eq. (A6) for
the various components and solve them using the self-
consistency Eq. (A7). For instance, we obtain the (+—) com-
ponent of the retarded Green’s functions as

R._(zp) =[N_(zn) +ilr,@r (=),  (A27)

0. _(z,m) =[N _(z,m) + il (2)q" (- ),

where Eq. (A15) was used once. Together with the self-
consistency (A7), this is a simple linear equation for
A’ _(z,7). In a similar way all components are determined
successively. Starting from the retarded (+—) and advanced
(—+) components, the results enter the lesser (+—) and lesser
(—+) components [cf. Egs. (A25¢) and (A26¢)], which in turn
enter the equations for the lesser (++) component [cf. Egs.
(A25c¢) and (A26¢)]. The procedure is repeated for Egs. (A6)
and (A8), and finally for the lattice Dyson equation (A9),
which yields the momentum-dependent Green’s function
Gi(t,1).

For completeness we state the final result for G, R, and
G;.. For this we introduce the abbreviations

(A28)

My=[1 -V (w\FiFp+ wodadp)]".  (A29a)

Ko =T oo/ 8 (A29b)
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Kop=1+wiwoU, U_k,kpM g, (A29c¢)

with superscripts x,y € {r,a} and subscripts «, B8 € {+,-}, we
use the convention that the variables of a function a, is (i) z
when x=r and a=+, (ii) —7 when x=a and a=+, and (iii) @

when a=-. In terms of these expressions the final result is
G _(z— w) =iV M —1), (A30a)
R, _(z,- w) = iF (7M., (A30b)
6[’;+_(Z’_ (1)) = lg Irc+§ I’;—K:-r—’ (A3OC)
and
G (z— w) = if(w) (M = M)V, (A31a)
R (z.- o) = if(0)F(F'M" -7 M), (A31b)

Gz~ o) =if(0)F [, (T K"~ KT). (A3lc)

The lesser (++) component can be written in the form

~ a‘-a’
AL (zm) = F(z, n)ﬁ +Fu(z,m)  (A32a)

for A=G, R, and Gy, where
M+ M -M - M

~da

z+n+ VAEi-8")

b}

Fem) = f (e
(A32b)

and

Folz.m) = Fz,p)/V?, (A32¢)

dw
Frlz,m) =T\7¢ J ;Tf(w)(Ffoi‘iMT_ MM,

(A32d)
~r ~a - do
FGk(Z’ n=§ k+8 k+{_ F(z,m) + f ;Tf(w)
X [wow UL R LR (R MM’ — R M7 M)

+ g KUK —K ;_K;’_Ki’_]} ) (A32e)
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6. Back transformation

To obtain the physical real-time Green’s functions, we
have to invert the double Fourier transformations (A23) us-
ing the final expressions (A29)-(A32). Here we give an ex-
plicit formula for the partially Fourier-transformed lesser
component

A~(w,f) = f dse'A<(t +s,1), (A33)

(A=G, R, and Gy). The singularity at 7+z=0 in Eq. (A32a)
determines Eq. (A33) in the limit r— oo,

a < (w) = imA=~(w,1) = Im F(0,- 0)[d (o) -a" ()],

1—oo

(A34)
which is of the form discussed above [cf. Eq. (A20)], with
F(w)=Im F(w,-w). The full result is given by

A<(w,f) = 2 @(it)[ﬁf(w) + e_i‘"’f d—rle_i’”Ai(w, 77)} ,
- 2

(A35a)
where
Ao =AL (0. + = (_l.(:’?);j)‘ (@) " (A350)
A(om) =2i ImF(w’ 77)[5?1(1r 7) -al(o)] Fy(o.)
w+7
+ f d—“”,—gi(,w” s (A35¢)
2mi w—i0— o'

and the components for A=G, R, and G, were given in Ap-
pendix 5. Note that the first term on the right-hand side of
Eq. (A35c¢) is regular at p=-w because both F(w, ) and
a{(-n)-a'(w) are then purely imaginary.
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