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Inspired by the physics of rare-earth nickelates, we study the photoemission (PES) and resonant inelastic x-ray
scattering (RIXS) spectra of a correlated electron system with two types of insulating sublattices. Sublattice
A is characterized by a hybridization gap and a low-spin state, while sublattice B features a Mott gap and a
local magnetic moment. We show how the coupling of these two qualitatively different insulating states affects
the dynamics of photoinduced charge carriers and how the nonequilibrium states manifest themselves in the
PES and RIXS signals. In particular, we find that charge carriers created on the B sublattice migrate to the A
sublattice, where they contribute to the creation of in-gap states in the PES signal and to characteristic peaks in the
nonequilibrium RIXS spectrum. While the contributions from the two sublattices cannot be easily distinguished
in the local photoemission spectrum, the weights of the RIXS signals in the two-dimensional wi,-wou Space
provide information on the local state evolution on both sublattices.
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I. INTRODUCTION

The rare-earth nickelates RNiO3, with R = Sm, Eu, Y, or
Lu, exhibit a low-temperature paramagnetic insulating phase
with bond disproportionation [1,2], which has been the subject
of numerous theoretical investigations [3-6]. Park et al. [4]
proposed the picture of a site-selective Mott phase, where the
Ni d electrons on one sublattice are in a paramagnetic Mott-
insulating state and feature a large local moment, whereas the
d electrons on the other sublattice form singlet states with
the holes on the surrounding oxygens. Since the bond dis-
proportionation and site selectivity are absent in the metallic
high-temperature equilibrium phase, an interesting question
concerns the mechanism that leads to this symmetry-broken
low-temperature state without magnetic order or charge order
on the Ni sites. The authors of Refs. [7,8] proposed that
an electronic instability can trigger this phase transition if
U — 3J (with U the Hubbard interaction for the Ni e, states
and J the Hund coupling) is small compared to the energy
difference between the inequivalent nickel sites, or even neg-
ative.

Here, we will focus on the bond-disproportionated phase
and ask what kind of nonequilibrium states can be induced
in such a system with coexisting high-spin and low-spin
configurations. In particular, we investigate purely electronic
excitation processes (photodoping), assuming that the lattice
remains frozen. We consider a minimal model of a site-
selective insulator, and we use the nonequilibrium extension
of dynamical mean-field theory (DMFT) [9,10] to inves-
tigate the time-resolved photoemission spectroscopy (PES)
and resonant inelastic x-ray scattering (RIXS) signals of the
photodoped insulating phase. We will show that the coexis-
tence of Kondo-insulating and Mott-insulating states on two
sublattices results in a nontrivial recombination dynamics of
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the photocarriers, which can be tracked by time-resolved PES
and RIXS measurements.

The paper is organized as follows. Section II introduces
the model, Sec. III presents the equilibrium and nonequilib-
rium PES and RIXS spectra, while Sec. IV contains a short
discussion and conclusions.

II. MODEL AND METHOD

The model considered in this study is illustrated in Fig. 1.
It features two sublattices A and B, with sublattice A sites
consisting of dimers with intradimer hopping #;, whereas the
sites on sublattice B host single orbitals. All the orbitals are on
average half-filled and interacting with an intraorbital interac-
tion U, i.e., the local Hamiltonians are Ha joc = U (na 114, +
nLﬁan) — 14 Za(dl,adlaf’ +Hc) —(u+ %)(HA + ny) and
Hgloc = Ung ng,, — (u + 5)np, with d] , denoting the cre-
ation operator for an electron with spin o in orbital «, 7 , =
d;dda,(, the spin density in orbital o, ny = ng 4 +ng, | the
total density in orbital ¢, and p (= 0) the chemical potential.
The hopping #,,p between the sublattice sites only connects
to one of the dimer orbitals (index A), so that the other
orbital (index L) acts, for large enough U, like the spin of
a Kondo-lattice model. In the following discussion, we will
refer to the sites connected by #op as the “backbone” and
to the dangling sites connected to the backbone by #; as the
“ligands” [11]. In the context of the rare-earth nickelates, the
A sublattice backbone sites correspond to the Ni d atoms with
the short Ni-O bond length (low spin), and the B sublattice
sites correspond to those with the long Ni-O bond length (high
spin). Indeed, for large enough #; and U, we expect that the
dominant local state on sublattice A is a singlet state, while
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FIG. 1. Illustration of the model. The sites on sublattice A consist
of dimers with hopping strength 7,, and the sites on sublattice B
consist of single orbitals. All orbitals are half-filled with an inter-
action U, and #,, is the hopping between A and B sublattice sites.
For large enough 7, and U, the dimers will be predominantly in a
spin O singlet state, while the B sublattice sites will feature a spin—%
moment. Nonequilibrium states are induced by an electric field pulse
E(¢) directed along the #,,, bonds.

on sublattice B it will be a spin—% state; see the right unit cell
in Fig. 1.

In a more realistic model for nickelates, the high-spin state
would be § =1 and we should consider two e, orbitals per
backbone site. Also, instead of the dangling sites, there would
be O ligands between the Ni sites, and these ligand atoms
would be less correlated and more than half-filled. However,
we are interested here in a minimal toy model that allows us
to capture the interplay between high-spin and low-spin sub-
systems in equilibrium and nonequilibrium states. Our model
is also related to the physics of the layered transition-metal
dichalcogenide 17'-TaS,, which depending on the stacking ar-
rangement contains combinations of band-insulating bilayers
and Mott-insulating monolayers [12—-14]. In this context, the
A sites represent bilayers and the B sites represent mono-
layers, and it is natural to choose the same interaction and
half-filling for all the sites.

While the illustration in Fig. 1 is for a one-dimensional
system, in the simulations we will treat an infinitely con-
nected Bethe lattice with an appropriately renormalized fop
[15]. Within DMFT, the problem then maps to two coupled
impurity models, one for each sublattice, and in the absence
of an electric field one obtains the following self-consistency
conditions relating the impurity (or local backbone) Green’s
functions G and the impurity hybridization function A [9]:
Aap.o(t, ) = tlfopGB/A,g(t, t"), where Gap represents the
backbone Green’s function on sublattice A/B, and A is the
hybridization function of the corresponding impurity prob-
lem. We use t,op as the unit of energy and /i/ty, as the unit
of time, with i = 1.

To study the nonequilibrium properties of photodoped
states, we excite the system with a laser pulse described by
the time-dependent electric field E(z) acting along the fpop
bonds [16], using the procedure detailed in Ref. [17]. Within
this “Bethe lattice plus field” approach, the hopping term
acquires a time-dependent Peierls phase, v(t) = fhope™?®),
where the sign in the exponent depends on whether the
hopping is “parallel” or “antiparallel” to the field. Here,
¢(t) = eaA(t), e is the electric charge, a is the lattice spac-
ing, and the vector potential A(r) is related to the electric
field E(tr) by E(t) = —9,A(t). The DMFT self-consistency
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FIG. 2. Equilibrium spectral functions for the backbone orbitals
on the A sublattice (top panel) and the B sublattice (bottom panel) at
the indicated temperatures 7. The parameters are U = 5 and 1, = 2.

condition becomes Aap ,(f,1") = %[v(t)GB,A,a(t, w*(t) +
v*(t)Gp/a.o (t, 1 )v(t")]. We solve the nonequilibrium impurity
models using the noncrossing approximation (NCA) [18,19].

II1. RESULTS

A. Photoemission spectrum
1. Equilibrium system

We first analyze the equilibrium spectral functions of the
model. Here and in the following, we set U = 5 and #; = 2.
Figure 2 plots Ay (w) = —nlImGg (w) for different tempera-
tures T. The top (bottom) panel shows the results for the
backbone site of the « = A (B) sublattice. At the lowest
temperature (7 = 0.2), both spectra exhibit a gap size of
about 2.5 [20], but the structures of the upper and lower bands
differ significantly. The A sublattice spectrum features two
sharp peaks at w ~ £2.6 and smaller peaks at w &~ +6.9,
reminiscent of the spectral function of the isolated dimer [14],
as discussed below. The B sublattice spectrum shows upper
and lower Hubbard bands centered at w ~ % = #£2.5, which
at low temperature exhibit a dip at the position of the peaks
in the A-site spectrum, indicating that the intersite hopping
Ihop produces a level-splitting at low T'. As the temperature is
increased, the sharp peaks in the A-site spectrum are broad-
ened and the splitting of the Hubbard bands disappears. The
A-site spectrum starts to develop a metallic peak inside the
gap, while the Mott gap in the B-site spectrum is only slightly
filled in.
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FIG. 3. Exact diagonalization spectra for the backbone orbitals
on the A sublattice (top panel) and the B sublattice (bottom panel) at
the indicated temperatures 7. The parameters are U = 5 and #; = 2.
The upper subpanel plots the atomic solution (o, = 0) and the lower
subpanel the solution of a three-orbital model consisting of the two
atomic systems connected by a hopping term #,o, = 1.

The basic features of these spectra can be captured by
the atomic solutions (f,o, = 0) and the exact diagonaliza-
tion (ED) result for a three-orbital cluster consisting of the
dimer coupled by hopping #,,, = 1 to a single site. The re-
sults for 7 = 0.2 (black lines) and T = 2 (pink lines) are
shown in Fig. 3. We see that already the isolated dimer
spectrum reproduces the main peaks of the low-T spectrum
and the appearance of the in-gap states on the A sites at
high 7. These features are associated with initial states in
the N = 2 charge sector. The peaks at w &~ £2.7 are exci-
tations from the N =2 ground state |2, s) = 0.61(| 1, |) —
[4, 1)) +0.34(] 1, 0) + |0, 1])) to the ground states (bond-
ing states) of the N = 1 and 3 sectors, |1, b) = [(|0 0) +

|0,0)) and |3, b) = [(|cr M) — 14, 0)), while the peaks

at +6.7 are excitations from |2,s) to the excited (anti-
bonding) states of these sectors, |1, a) = f(|a, 0) — 0, 0))

and |3,a) = f(|0’ M)+ 111, 0)) (note the minus sign of
the hopping term in Hpjoc). The in-gap peaks at 0.5 are
associated with transitions from the thermally excited half-
filled spin-triplet states |2,¢) = {| 1, 1), |}, {), \/%(l RS
[4, 1))} to the ground states of the N = 1, 3 sectors (|1, b),
|3, b)), while the peaks at +4.5 are transitions from |2, f) to
excited N = 1, 3 antibonding states of the N = 1, 3 sectors
(|1, a), |3, a)). Because the energy splitting between |2, s)
and |2, 1) is AE = 2.2, the latter two features appear only at
correspondingly high temperatures.

TABLE I. Upper rows: Induced magnetization on the backbone
orbitals of the A and B sublattices, divided by the uniform applied
field i for h = 0.001, as well as the double occupations in these
orbitals at the indicated temperatures 7. Lowest three rows: mag-
netization divided by field and double occupations measured in the
system with initial 7 = 0.2 after an electric field pulse with Ey = 2.5
and Q = 5.

T mA/h mB/h dA dB
0.1 —1.12 11.3 0.126 0.0166
0.2 —-0.515 5.19 0.126 0.0167
0.5 —0.0766 1.89 0.126 0.0249
1 0.283 0.831 0.128 0.0588
2 0.274 0.367 0.145 0.119
noneq.

t =10 0.483 3.70 0.155 0.0742
t =20 0.714 343 0.142 0.0659
t =30 0.817 324 0.136 0.0617

On the B site, the atomic spectrum shows little temperature
dependence in the range considered, since the gap between the
N =1and N = 0, 2 charge sectors is larger than 7 and there
are no excited states in the N = 1 sector. The ED spectrum,
however, changes substantially once we consider the coupling
to the neighboring dimer in the three-orbital calculation. The
hopping #q, splits the peaks representing the Hubbard bands
into bonding and antibonding bands, very similar to what is
observed in the B-site DMFT spectra in Fig. 2. On the A
site, the coupling induced by #,,, does not eliminate the main
peaks (which in this case are associated with bonding states),
but results in the appearance of two smaller side-peaks, again
in good qualitative agreement with the DMFT spectra. The
in-gap states which appear at high temperature in the A-site
spectra are not much affected by the intersite hopping.

To demonstrate the difference in the magnetic suscep-
tibility on the two sublattices, we apply a small uniform
magnetic field 2~ = 0.001 to all the orbitals and measure the
induced magnetization m, = ny 4+ — 1y, on the backbone site
of sublattice . The results are listed in Table I and show
the existence of magnetic moments on sublattice B (strong
increase in the uniform susceptibility at low 7'), while the
moments are suppressed by the dominant singlet state on
sublattice A, consistent with the sketch in Fig. 1 and the ab
initio results for rare-earth nickelates in Ref. [4]. (The sign
change of the magnetization on the A sites at low T is a
consequence of the antiferromagnetic exchange with the B
sites.) The double occupations dy, = (g 1+n4,,) listed in the
last two columns of the table confirm the picture of A sites in a
correlated Kondo-insulator state with a significant probability
of double occupations in the backbone orbital, and essentially
singly occupied Mott-insulating B sites.

2. Photodoped system

Next, we excite the system at 7 =0.2 with a few-
cycle electric field pulse (pump) of the form E(¢) =
Eof(t —tou)sin (Q(t — t,y)), with peak amplitude Ep=
2.5 and frequency Q =U =35, centered at f,, =6 (see
Sec. II). The pulse envelope has a Gaussian form,
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FIG. 4. Nonequilibrium spectral functions (red), occupation functions (green), and distribution functions (blue) measured at r = 10 for the
model with U =5, t; = 2, and an excitation pulse with Ey = 2.5 and 2 =5 centered at #,, = 6. The thin blue (thin black) lines show the
distribution functions measured at t = 14 (¢t = 18). In the top row, we plot the results of our two-sublattice model, with the data for sublattice
A in the left panel and the data for sublattice B in the right panel. For comparison, in the bottom row, we also show analogous data for a model

consisting only of A-type sites (left) or B-type sites (right).

f@) =exp(—t?/2). In the top panels of Fig. 4, we
plot the nonequilibrium spectral functions A,(w,?) =
—1Im ftt dt'e®“DGR(t',t) and the nonequilibrium oc-
cupations A (w,t) = %Im fttm“‘ dt'e =Gz (t,t") for the
backbone orbitals on the A (left panel) and B (right panel)
sublattice, together with the nonequilibrium distribution func-
tion A~(w, t)/A(w, t). In the latter case, the thick blue line
shows the result for + = 10, the thin blue line for r = 14, and
the thin black line for = 18. At short times after the pulse,
the population of the in-gap states appearing in the A- and
B-sublattice spectra is inverted, while the population of the
higher-energy structures and Hubbard bands corresponds to
a relatively well-defined positive effective temperature T,
which changes slowly with time and which is very similar on
the two sublattices.

Here, we should mention that in a photodoped state, we
may expect additional A-site spectral features associated with
excitations from the N = 1 and 3 charge sectors to the neigh-
boring N £ 1 sectors. In the case of the dimer (atomic limit
for the A sites) one finds that the lowest-energy excitations
associated with these transitions are at energy w = %0.5,
which is the same as the peaks associated with excited N = 2
states. Hence, singly and triply occupied A sites can man-
ifest themselves in the form of population-inverted in-gap
states. Similarly, the presence of doublons and holes on the B
sites can be associated with a partial population of the upper
(lower) Hubbard band with doublons (holes). This is indeed

what is seen in the occupations (green curves) and distribution
functions (“negative temperature distribution” in the gap re-
gion). The evolution of the distribution function shows that the
population inversion disappears relatively quickly. This can be
related to a relaxation of photoexcited doublon and hole carri-
ers via the in-gap region, which allows for a thermalization of
the system towards a global temperature which is much faster
than in a large gap Mott insulator (see below).

For comparison, we also show in the bottom row
of Fig. 4 the results for the same pulse applied to a
lattice composed only of A-type sites (left panel) or
B-type sites (right panel). These calculations corre-
spond to the self-consistency condition App (1) =
TG am.o (b, 1 0" () + 0* ()G am,o (1, 0], The
nonequilibrium distribution function for the A-type lattice
is similar to that of the original model, while the result for
the B-type lattice looks qualitatively different. In particular,
the latter distribution function does not show any population
inversion in the gap region, where the density of states
remains low. We also notice the very broad distribution
function in the energy region of the Hubbard bands, which
indicates a high effective temperature for the doublons
and holons. This is consistent with previous results for the
photodoped paramagnetic single-band Hubbard model, which
showed a broad energy distribution and long lifetime of the
charge carriers, and an absence of photoinduced metallic
in-gap peaks [21,22].
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FIG. 5. Evolution of the double occupation on the backbone site
of the A and B sublattices during and after the pump excitation with
amplitude Ey = 2.5 (red curves) and Ey = 5 (blue curves). The black
(gray) lines show the results for systems with only A-type sites (only
B-type sites) and excitation strength £y, = 5. The corresponding ar-
rows highlight the effect of the coupling between the sublattices on
the doublon population after the pulse.

We can conclude from this comparison that the energy
distribution in the original model is primarily controlled by
the A-sublattice sites, where the appearance of photoinduced
in-gap states enables a relaxation of the photocarriers into the
gap region and a fast recombination.

The time-dependent doublon population on the A and B
sites is plotted by the red curves in Fig. 5 for the pulse with
Ey = 2.5. One can see a significant enhancement during the
pulse, especially on the B sites, followed by a decrease in
the doublon population on both sublattices. This shows that
in the system with coupled A and B sublattices, the doublons
and holons on the Mott-insulating B sublattice hop to the
Kondo-insulating A sublattice, where they can recombine. To
show this more clearly, we also plot the results for a stronger
pump pulse (Ey = 5, blue lines), together with the evolution
of the double occupation in systems with only A or only B
sites (black and gray lines). From the comparison of the two
it becomes clear that doublons are transferred from the B
sites to the A sites, which results in a reduction of the doublon
population on the B sites (compared to the B-site only model)
and an enhancement of the doublon population on the A sites.
Without the ability to move to (and recombine on) the A sites,
the doublon and holon population on the B sites would relax
much more slowly, consistent with previous DMFT simula-
tions of comparable single-orbital Mott systems [21].

The evolution of the magnetization induced by a small
constant magnetic field # = 0.001 is shown for the original
model and Ey = 2.5 in the lowest three rows of Table I.
The data indicate a reduction (increase) in the uniform
magnetic susceptibility on the B (A) sites due to the pho-
tocarrier injection and a relatively slow approach to a hot
thermalized state. Even in the photoexcited state, with about
6—7 % doublons and holons on the Mott-insulating sites,
our “bond-disproportionated” system exhibits a substantially
larger magnetic moment on the B sublattice.

B. RIXS spectrum
1. Equilibrium system

As a second probe of the equilibrium and photodoped
state, we consider resonant inelastic x-ray scattering (RIXS)
[23,24]. This photon-in, photon-out technique excites elec-
trons from a core level to an empty valence state with the
incoming photon with energy wy,, and it measures the radi-
ation emitted with frequency w,,; when the core hole is filled
by the decay of a valence electron. Since the RIXS process
involves initially unoccupied valence states, it provides com-
plementary information to PES. We will start by calculating
the equilibrium RIXS spectra for the A and B sites, and in
the following subsections we discuss the modifications in the
RIXS spectra induced by the previously considered photodop-
ing pulse. Similar time-resolved RIXS measurements have
recently been realized experimentally [25-27].

To measure the RIXS signal with nonequilibrium DMFT,
we add a “core” orbital with energy shift A, and interaction
strength U,, to each backbone site and simulate the excitation
of electrons from the core to the valence orbital via a probe
pulse field E(t) = Epcfor(t — tpe) sin (win (t — ) with small
amplitude E,. Here, 1, is the probe time and fi(¢) is a
Gaussian envelope function. The local Hamiltonians on the A

and B sites are thus extended to Holfllffcs =Hyjoc — Al +

Ugng(ng . —2), with cf, representing the creation operator
for the core states, n., = c];cg, and n. =n. 4 +nc . The
Hamiltonian describing the dipolar excitations between the
core and the backbone valence states (d,—ap operators) is
Hy = Epe(t) Y, (P}, + Pao) With Py = ¢, d, ., where we
assume that matrix elements are included in the definition of
the amplitude E,.. The DMFT simulation measures the cor-
relation functions Dy (¢, 1) = —i(T¢P,, (t)P;d,(t’)), from
which the RIXS signal can be calculated [28]. To mimic
the short core-hole lifetime, we couple a full, noninteracting
electron bath with a box-shaped density of states and hop-
ping strength #,, to the core orbital [hybridization function
Apan(t, 1) = tlzathGO,balh(tv t'), with GO,bath(ta t') the nonin-
teracting Green’s function corresponding to the box-shaped
density of states]. Details of the nonequilibrium DMFT-based
RIXS formalism can be found in Ref. [28]. The present setup
is analogous to the one used in a recent time-resolved RIXS
study of a two-orbital Hubbard model [29]. We choose A, =
27, Ueq =, Ep = 0.01, a Gaussian probe envelope fi,.(f) =
exp(—t%/4), a bath density of states covering the energy range
—30 < w < —10, and bath coupling strength fy, = 2.

The equilibrium RIXS signal of the Mott-insulating B
sublattice, shown in the right panel of Fig. 6, can be easily
interpreted. It exhibits mainly the elastic peak associated with
excitations of core electrons to the singly occupied backbone
orbital. The corresponding intermediate state excitation en-
ergy is win — A, =U/2 —2U,s = —11.5. The deexcitation
process primarily converts this doubly occupied backbone
orbital back into a singly occupied one (elastic scattering)
and thus the emitted radiation is expected to peak near the
same energy woy — A, = —11.5. At elevated temperatures,
one may additionally expect a very weak signal associated
with transitions to an empty backbone orbital, at energy wi, —
Ac = ooy — Ar = -U/2 — U,y = —9.5, while the doubly
occupied B site orbitals are not detectable. The measured
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FIG. 6. Equilibrium RIXS spectrum (in arbitrary units) measured on the A sublattice (left panel) and the B sublattice (right panel). Green
squares show the energies of the RIXS peaks in the ED spectra obtained for |i) the ground state with filling N = 2 + n, = 4 for the dimer (A

sites) and N = 1 + n, = 3 for the single orbital (B sites).

RIXS spectrum is consistent with these atomic-limit consider-
ations, although the peak signal is elongated along the elastic
line w;, = woue due to the short core-hole lifetime. The tilt
with respect to the diagonal indicates a fluorescent behavior
(W10ss = Win — Wout X Win), which originates from relaxation
processes of the intermediate states due to lattice effects and
the interplay between the core decay and the finite probe
pulse duration. Since the U, interaction leads to a strongly
bound exciton, the doublon produced by the core excitation
cannot easily hop to other sites, and hence we do not see
any pronounced loss features associated with the creation of
excitations on neighboring sites. Moreover, even in the case of
a smaller U,4, since doublons hopping to the A sublattice will
populate in-gap states, we should not expect a loss feature at
wioss = U but rather at lower wjog;.

On the A sites, the situation is a bit more complicated,
since there is a loss peak at wi, — woy =~ 2.2, which can be
associated with a singlet-triplet excitation. To interpret the
DMEFT result shown in the left panel of Fig. 6, it is useful
to calculate the RIXS spectrum for the atomic system using
the Kramers-Heisenberg formula [30,31]

- . 2
(f1€, o oo lm) (mld] a0 i)
IRIXS Wiy, @ o a0, a0~
NS (@i, wow) Y| D S CE 4T

f m,o

Xa(a)in'i‘Ei_wout_Ef), e

where [i) is the initial state (ground state) with energy E;, and
|m), |f) are the intermediate and final states with energies
E, and Ey, respectively. I' is a small broadening parameter
related to the core bath in our real-time formulation [28].
The green squares in Fig. 6 show the dominant peaks of the
equilibrium RIXS spectrum, obtained in the atomic limit with
the half-filled ground state as the initial state |i). In the case
of the B sublattice, where |i) = |o')4|1{ )., We obtain the ex-
pected peak at wiy, — A = Wour — A, = —11.5, while on the
A sublattice, where |i) = |2, s)4|1)c, one finds two peaks.
(We use the same notation for the valence states as introduced
in Sec. III A 1.) The elastic feature is at w;; — Ay = Wour —
A, = —9.8, corresponding to |f) = |i) (half-filled ground
state of the dimer plus filled core level), and the loss feature
is at wiy — A. = —9.8, wour — A = —12, corresponding to

Ify =12, t)alt1)c (three degenerate half-filled spin-triplet
states of the dimer plus filled core level). The peaks in the
DMFT RIXS signal are shifted with respect to the green
squares because of lattice effects and the coupling to the core
bath. The broadening along the diagonal is again controlled
by the short lifetime of the core hole.

2. Photodoped system

The top panels of Fig. 7 show the spectra after photoex-
citation with pump pulse amplitude Ey = 2.5, and t,, = 6,
measured at probe time 7, = 10. Apart from an overall re-
duction in the intensity of the RIXS signal, we notice the
appearance of additional peaks in the RIXS spectrum, and
a reduced tilt of the main features (less relaxation of the
electrons within the bands before the filling of the core hole).
On the B sites, the signal gets enhanced around wy, — A, =
Wout — A = —9.5 (see the light blue dot in the top right
panel), which is the expected energy for the holon peak. This
signal is weak, but in line with the increase in the long-lived
doublon and holon population by only about 4% (see the
red lines in Fig. 5 and the population of the upper Hubbard
band in Fig. 4). This small increase is due to the fact that the
energy absorption from the pump pulse in a system with A
and B sublattices is weaker than in the B-only system, and
because doublons and holons can hop to the A sites where
they recombine.

The A sites, which are not only excited by the pump
pulse but also absorb the photocarriers hopping in from the
B sublattice, show a more significant change in the RIXS
spectrum. For pump-pulse amplitude Ey = 2.5 (top left panel)
there appear additional peaks, which can be associated with
photodoped or excited initial states |i). In the figure we
indicate the peak positions [obtained for the isolated dimer-
plus-core systems from Eq. (1)], which can be associated with
the ground states of the different charge sectors. Choosing
[y =12, 8)al 14 )¢ as the ground state of the half-filled dimer
(N =2+ n, =4) yields the green squares, choosing [i) =
[1, b)4111 ). as the ground state of the hole-doped dimer (N =
1 4+ n. = 3) produces the light-blue circles, while the ground
state |i) = |3, b)4| 1] ). of the electron-doped dimer (N =
34 n,=15) yields the gray triangles. The corresponding
peaks in the DMFT RIXS spectra can be clearly identified,
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FIG. 7. Nonequilibrium RIXS spectrum measured at #,, = 10 on the A sites (left panels) and B sites (right panels) after the pump pulse
centered at f,, = 6. The top panels show the results for pump field amplitude E, = 2.5 and the bottom panels for Ey = 5. Green squares,
light-blue circles, and gray triangles show the energies of the RIXS peaks in the ED spectra obtained for |i) the ground state with filling N,
N — 1, and N + 1, respectively. Here, N = 2 + n. = 4 for the dimer (A sites) and N = 1 + n. = 3 for the single orbital (B sites). The red
crosses in the A site panels are obtained by choosing |i) as an excited triplet state in the N sector. In the top panels, we indicate the valence
states |i), associated with |7) in the colors of the corresponding vertical lines. The valence states | f), of the final configurations | f) are indicated

for the gain and loss features by the white labels.

although they are shifted in energy by lattice effects. Note that
in the case of the hole-doped dimer, two different intermediate
states in the RIXS process |i) — {|m), |my)} — |f) resultin
two different wi,-values for the poles. The final states for the
poles corresponding to gain or loss features are indicated in
the top panels of the figure by the white labels.

The additional weak features which are evident in the
RIXS spectra must be related to excited states |i) in the
different charge sectors. Particularly relevant are the triplet
states |2, t)4| 1)) of the half-filled (N =2 4 2 = 4) sector,
which yield two peaks: a dominant elastic peak at (wj, —
Ac, Wout — A¢) = (—12, —12) and a much weaker gain fea-
ture at (win — Ac, Wout — Ac) = (—12, —9.8) associated with
a return to the ground state (“anti-Stokes” process). These
energies, which are indicated by red crosses, suggest that
the strong signal appearing around (win — A, Wout — Ac) =
(—12, —12) is primarily due to the population of spin-triplet
states in the photoexcited system.

The bottom panels of Fig. 7 show analogous nonequilib-
rium RIXS spectra measured at 7,, = 10 after a stronger pump
pulse with Ey = 5 (see the blue lines in Fig. 5 for the doublon
production). The left panel shows the A-site spectra and the
right panel the B-site spectra. We notice the same photoin-
duced features as in the system excited by the Ey = 2.5 pulse,
but the additional peaks have now more weight, relative to

the main peaks, and are thus more clearly visible in the in-
tensity plots. In the case of the B-site spectrum, one starts to
recognize a weak loss feature near (wi, — A¢, Wout — A¢) =
(—9.5, —11.5), which appears to be strongly tilted (fluores-
cent line). This feature corresponds to the excitation of the
core electron to an empty B site, the hopping in of an electron
from a neighboring A site, and the filling of the core hole from
the resulting doubly occupied state. If the electron is hopping
in from a singlon site, then the atomic configurations on the
two sites are equivalent before and after the RIXS process, so
that the energy loss corresponds to a transfer of kinetic energy
to the system. If the electron hops in from a neighboring
doublon, there would be an additional gain of energy U, which
makes this process very unlikely. Hence, even in the presence
of a high density of doublons and holons, the system with
large U., will not exhibit a strong feature associated with
doublon-holon recombination processes.

The RIXS spectra for the A-only system and B-only system
(not shown) look similar to the RIXS spectra for the respec-
tive sites in the two-sublattice system. In the B-only system,
the main peak (singlon feature) is reduced compared to the
two-sublattice system, while the holon feature is enhanced.
This is because the production of a larger density of doublons
and holons (Fig. 5) depletes the singlon population, and the
photoinduced doublons and holons cannot hop to A sites. In
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The left panel is for the A sites and the right panel for the B sites. Here, the red shading corresponds to an increasing RIXS signal, and the
blue shading to a decreasing RIXS signal. Green squares, light-blue circles, and gray triangles show the energies of the RIXS peaks in the
ED spectra obtained for |i) the ground state with filling N, N — 1, and N + 1, respectively. Here, N = 2 4+ n. = 4 for the dimer (A sites) and
N =1+ n. = 3 for the single orbital (B sites). The red crosses in the A site panel are obtained by choosing |i) as an excited triplet state in the

N sector.

the A-only system, the RIXS spectrum is a bit less blurred
than for the two-sublattice system, consistent with the lower
density of photoinduced doublons in Fig. 5 (lower energy
absorption from the pump pulse, and no transfer of doublons
and holons from B sites).

3. Time evolution of the photodoped system

As was demonstrated in Ref. [29], the time evolution of
the nonequilibrium RIXS signal reveals information on the
evolution of the local state populations. Figure 8 shows the
difference between the RIXS spectra for pump field ampli-
tude Eg =5 measured at probe times #,, = 14 and 10. On
the B sites, the evolution of the RIXS spectrum indicates an
increase in the weight of the peak at wy, — A, = Wy — A =
—11.5, associated with singly occupied backbone orbitals
(green square), and a decrease in the weight of the peak
at win — A¢ = Wout — A = —9.8, which comes from empty
orbitals (light blue dot). This is consistent with the hopping
of holes and doublons from the B sites to the A sites, as
is evident also in Fig. 5 by comparing the evolution of the
doublons in the B-site-only system (gray line) to that in the
two-sublattice system (blue line). In contrast, the evolution
of the A-site spectrum reveals an increase in the peak as-
sociated with the triplet states |2, 1)4]| 1] ). of the half-filled
(N =2 4 2 = 4) sectors, both for the elastic and gain features
(see red crosses), while the signals associated with the doubly
occupied ground state (green squares) are losing weight. This
is consistent with an excited-state population which is still
growing on the A sites at + = 14 due to the absorption of
doublons and holes from the neighboring B sites. We note that
there is no evidence of a growing population of triply occupied
dimers (gray triangles), which indicates that the correspond-
ing increase is more than compensated by the decrease in the
half-filled populations with overlapping peak energies, or that
the triplon-singlon recombination is very fast.

IV. CONCLUSIONS

Motivated by the physics of rare-earth nickelates and
17-TaS,, where band-insulating or Kondo-insulating sub-

systems coexist with Mott-insulating subsystems, we have
studied the PES and RIXS signals of a model whose equi-
librium state is characterized by a bonding/antibonding gap
and spin-singlet state on the A sublattice and a Mott-insulating
state with local moment on the B sublattice. We have shown
that the coupling of the two different types of insulating
solutions by the hopping fp leads to a splitting of the Hub-
bard bands (B site) and the appearance of side peaks of the
bonding/antibonding peaks (A sites) in the PES signal at low
temperature. At high temperature, or in photodoped states,
in-gap peaks associated with spin-triplet states of the dimer
appear in the A-site spectrum, which becomes metallic, while
the B-site spectrum remains essentially gapped.

If an electric field pulse with frequency Q2 ~ U is ap-
plied to this system, doublon-holon pairs are generated on the
Mott-insulating B sublattice. Within a time of a few inverse
hoppings, a substantial fraction of these charge carriers moves
to the A sublattice, where they populate the in-gap states and
recombine. Together with the photocarriers produced on the
A sublattice, this intersublattice transfer of photocarriers con-
tributes to a transient population inversion in the low-energy
region. This results in a nonequilibrium distribution function
that is similar on both sublattices, but primarily controlled
by the dynamics of the excited-state population on the A
sublattice.

Our analysis shows that the qualitatively different nature
of the insulators on the two sublattices can be revealed by
very hot electronic temperatures or nonthermal electron pop-
ulations. From a site-averaged local PES signal, however, it is
difficult to extract the population dynamics on the individual
sublattices or the flow of charge carriers between the sublat-
tices. The RIXS spectrum can provide additional information,
in particular if the relevant peaks from the A and B sites
are well-separated in the wi,-woy plane, and if theoretical
modeling allows us to assign the peaks to the different sub-
lattices. For example, the equilibrium RIXS signal on the
B sublattice exhibits a dominant elastic feature associated
with excitations of core electrons to singly occupied states,
while the equilibrium spectrum of the A sublattice exhibits
a shifted elastic peak associated with half-filled initial and
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final states of the dimer, and a loss feature associated with the
creation of excited triplet states in the half-filled sector. In the
photodoped system, a characteristic feature originating from
the presence of holons appears on the B sites, and this peak is
well-separated from the equilibrium and photodoped signals
associated with the A sublattice. This feature allows us to
track the holon (and by symmetry doublon) population on the
Mott-insulating sublattice, which is controlled by the hopping
of these charge carriers to the neighboring A sublattice.

On the A sites, the influx of charge carriers enhances the
nonequilibrium features of the RIXS spectrum, in particular
the signals associated with excited spin-triplet states of the
dimer. The corresponding elastic peak and gain feature are
separated in the wi,-wey plane from the peaks associated with
the B sublattice and thus can be used to extract information on
the time evolution of the spin-triplet states on the A sublattice.
From an analysis of the time-dependent changes in these peak
weights, it may be possible to reconstruct the dynamics of
the local state populations [29] and from there the transfer of
charge carriers between the sublattices.

The information on the elastic line, including the evolution
of excited-state populations, can in principle also be extracted
from simpler x-ray absorption spectroscopy measurements
[32]. The gain and loss features in the RIXS spectrum ad-
ditionally reveal the energies associated with excitation and
deexcitation processes within the valence manifold.

While the purpose of this study was to understand the
generic behavior of a model with coexisting Mott-insulating
and Kondo-insulating sublattices, and not to make material-
specific predictions, it is nevertheless interesting to connect
our results to experimental and ab initio data for rare-earth
nickelates and 17-TaS,. Detailed equilibrium RIXS spectra
for rare-earth nickelates have been reported in Ref. [33],
and corresponding ab initio simulations were performed in
Ref. [34]. First, we should note that if we use eV as the unit of
energy in our study, the local interaction U is comparable to
the interorbital interaction used in the ab initio study, and also
the U, value is comparable. It is thus meaningful to directly
compare our equilibrium RIXS spectra to the results for the
insulating structure in Refs. [33,34].

Keeping in mind the limitations of our model (no d-d
excitations on the B sites and larger gap than in the nickelates
on the A sublattice), the main features of our RIXS spectra
are remarkably consistent with the previous literature, and
also our interpretation in terms of the qualitatively different
types of insulators on sublattices A and B is consistent. Both
in our model and in the experiments or ab initio results, the
absorption on the A sublattice (short bond site) occurs at an
energy that is about 1.5 eV lower than on the B sublattice
(long bond site). Furthermore, the A-site spectrum shows
two dominant peaks, the elastic signal and a loss peak with
wyess ~ 2V related to spin excitations of the Ni-O complex,
while the B-site spectrum essentially shows one dominant
peak (the elastic signal, if one ignores d-d excitations related
to Hund’s J or small crystal fields). As mentioned before, the
fluorescent behavior of the A-site loss peak is also present in
our data—albeit weaker than in the experimental data—in the
form of a tilting of the peak.

Given this almost quantitative agreement with the exper-
iments and with realistic simulations, we expect that also

the nonequilibrium features show up in the real system in a
similar way as predicted by our toy model. For example, on
the A sublattice, we expect an elastic feature related to the
population of excited spin states on the Ni-O complex, and
a corresponding gain feature. There will also be additional
elastic and loss features related to charge excitations on the
A sites. To predict the corresponding energies, however, one
would need to analyze the energy levels of the multiorbital Ni
atom inside the oxygen cage.

Similarly, in the case of 17-TaS,, our simple model cap-
tures the qualitative behavior found in recent pump-probe
experiments [35,36] and realistic simulations of the photoin-
duced charge-carrier dynamics [37]. In particular, it describes
a coexistence of long-lived doublons/holons in the Hubbard
bands of the B sites (monolayers) with charge carriers pop-
ulating photoinduced in-gap states on the A sites (bilayers),
which is consistent with the most recent interpretation of the
existing photoemission results [37]. While we are not aware of
RIXS data for (photodoped) 17-TaS,, we expect that they will
share the qualitative features associated with the two types of
insulators that we revealed in this study.

The investigation of realistic materials of course requires
a proper ab initio derived model for the valence states and
a more accurate treatment of the core levels and transition
matrix elements. Such calculations are computationally more
expensive, but in principle doable, at least with approximate
solvers such as the NCA used in this work. They may be
helpful for guiding or interpreting future time-resolved PES
and RIXS studies of correlated insulators which feature a non-
trivial interplay between band-insulating/Kondo-insulating
and Mott-insulating behavior, or shed light on materials
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FIG. 9. A-site RIXS spectrum of the equilibrium (top) and
photodoped (bottom) system plotted in the space of wi, and wyyss.
The top panel corresponds to the left panel of Fig. 6 and the bottom
panel to the bottom left panel of Fig. 7.
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where the nature of the insulating state is not yet fully
understood.
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APPENDIX: RIXS SPECTRA AS A FUNCTION OF ®)s

Since RIXS spectra are often plotted in the space of wy,
and wjpss = Win — Wout, We provide in Fig. 9 the A-site results
for the equilibrium and photodoped system in this format.
We also indicate in the bottom panel the types of excitations
that correspond to the different loss (and gain) features. The
equilibrium result can be compared to the experimental and
theoretical spectra for the insulating rare-earth nickelate struc-
ture in Refs. [33,34].
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