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The search for hidden orders in photoexcited lattice systems is an active research field driven by experi-
mental reports of light-induced or light-stabilized phases. In this study, we investigate hidden electronic orders
in strongly correlated two-orbital Hubbard models with orbital-dependent bandwidths. In equilibrium, the

half-filled systems are antiferromagnetically ordered. Using nonequilibrium dynamical mean field theory we
demonstrate the appearance of nonthermal ferromagnetic order in the photodoped state, if the two bandwidths
are sufficiently different, and its coexistence with spin-singlet n superconductivity in the high photodoping
region. Spin-triplet n-superconducting order appears instead if the two bandwidths are comparable. The rich
nonequilibrium phasediagram uncovered in this work shows that Mott insulating multiorbital systems provide
an interesting platform for the realization of nonthermal electronic orders.
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Introduction. The exploration of metastable or hidden
phases, which cannot be accessed under equilibrium condi-
tions, is an exciting research direction in condensed matter
physics [1-6]. Due to the interplay between different active
degrees of freedom [7], strongly correlated electron systems
are particularly interesting candidates for the realization of
such hidden phases [3,8-11]. Among them, Mott insulators
have been shown to host different types of hidden phases
[12-17] when excited by a laser pulse. Recent theoretical
studies of photodoped Mott insulators identified nonthermal
staggered superconducting (SC) orders in single-band and
two-band Hubbard models [8,9,16-19], and chiral super-
conducting orders in geometrically frustrated systems [14].
Two-orbital Hubbard models have also been shown to ex-
hibit nonthermal excitonic order [12] and Kugel-Khomoskii
spin-orbital order [15]. Because of the long lifetime of charge
excitations in large-gap Mott insulators [20-23], a partial
thermalization of charge carriers may occur in each Hub-
bard band, and these photodoped metastable states can be
susceptible to new types of ordering instabilities. Due to
the rapid advancement in laser technology, it becomes pos-
sible to induce and detect such metastable states [24,25],
which also provides interesting perspectives for technological
applications.

Several experimental and theoretical studies considered
magnetic orders in photoexcited systems [10,24-34]. The
phenomena range from ultrafast demagnetization [35,36] to
magnetic switching and the appearance of nonthermal mag-
netic orders [15,26]. The double exchange model plays a
prominent role in studies of photoinduced magnetic phases.
In the context of perovskite manganites, a series of numerical
investigations based on exact diagonalization and density ma-
trix renormalization group calculations reported nonthermal
magnetic phases [31-33,37-39]. However, these studies of
closed systems lack a systematic control over the density and
effective temperature of the photocarriers. While the non-
thermal melting of Kugel-Khomskii spin-orbital order in a
photodoped system has been investigated with nonequilibrium
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dynamical mean field theory (DMFT) [15], the emergence of
magnetic order is difficult to study in real-time simulations,
due to heating effects and intrinsically slow dynamics.

Here we use the nonequilibrium steady state (NESS) ap-
proach [40], which provides a high level of control over
the effective temperature and density of photocarriers, to
study the two-orbital Hubbard model with orbital-dependent
bandwidths. In large-gap Mott systems, this formalism is ex-
pected to give a qualitatively correct description of metastable
photodoped states [41]. The interplay between more localized
and more itinerant electrons leads to nontrivial couplings be-
tween the spin, orbital, and charge degrees of freedom and
results in a multitude of hidden electronic orders.

Model and method. We consider the basic model for the
investigation of multiorbital and Hund coupling effects, the
two-orbital Hubbard model:

H = — Z Z‘SOPC;QO_CJ',QJ
(ij),0 a=1,2
+U Z Z NiatNia) — M Z Z (Riar +Niay)
i a=1,2 i a=1,2
+ (U =20 nisonios + (U =31) Y nitohig,
i,o i,o

(H
where czw (ci.a0 ) 1s the creation (annihilation) operator at site

i, ¢ and o denote the orbital and spin indices, respectively, témp
is the orbital dependent nearest neighbor hopping amplitude
between sites i and j, U is the intraorbital Hubbard repul-
sion, J the Hund coupling, and p the chemical potential. In
general, we assume different hopping parameters for the two
orbitals and hence different bandwidths. We are interested in
the strongly correlated regime of the half filled model, where
both bands are Mott insulating, see the upper panel of Fig. 1.

In the NESS simulations [40], the system is weakly cou-
pled to cold Fermion baths at each site. These baths induce
charge carriers (triply and singly occupied sites) into our
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FIG. 1. Schematic diagram showing the photoexcitation in a two-
orbital Mott insulator with different bandwidths. After the applied
laser pulse, the wider band is photodoped more strongly than the
narrower band. #;” and 7;°" are the hopping parameters for orbital 1
and 2, respectively. The bottom panels show the dominant hopping
processes at holon/triplon density 0.25, which stabilize the FM state.

half-filled system, thus creating an effective photoexcited
state. The Fermion baths are aligned with the lower and
the upper Hubbard bands. The effective temperature of the
photodoped carriers can be extracted by fitting a Fermi distri-
bution function to the ratio of the occupied density of states
and total density of states in the energy range of the Hubbard
bands [16,17]. By choosing the chemical potential of the
Fermion baths p;, we can control the density of photocarri-
ers, while changing the temperature of the Fermion baths 7;,
allows to control their effective temperature. We can thus map
out the nonequilibrium phase diagram of the photoexcited sys-
tem as a function of photodoping concentration and effective
temperature.

The DMFT simulations of the NESS are implemented for
an infinitely connected Bethe lattice using the noncrossing
approximation (NCA) as impurity solver [42,43]. The DMFT
self-consistency equation in the Nambu-Keldysh formalism
takes the form

A, 1) =15yGlt. )y + Y _ Dylt.1"). )
b

Here A is the hybridization function, which has two contri-
butions. The first term represents the lattice self-consistency
for the Bethe lattice, with o = W/2, where W is the half-
bandwidth. The second term comes from the Fermionic baths
and is defined in frequency space by Dy(w) = g (@) =
IVW? — (0 — wp)?, where T' = g*/W? is a dimensionless
coupling constant, wj, indicates the center of the energy spec-
trum, and W, indicates the half-bandwidth of the bath b. In
Eq. (5) we use the spinor basis ¢ = (ch(T C;T cry c2y) to
study spin-singlet SC order and ¢ = (ciT Cop CI | ¢2y) for

spin-triplet SC order. The choice of the spinor ¥ and the y
matrix allows us to study different magnetic and SC phases,
see the Supplemental Material [44]. Because of the steady
state assumption, the hybridization functions and Green’s
functions depend only on the time difference ¢t — ¢'.

In all our calculations we use four fermion baths with
wp, = xU/2,£3U/2 and W, = 3.0 and I" = 0.028 for effi-
cient photodoping, and we use the interaction parameters
U =20 and J = 1. The hopping parameter for orbital 1
is kept fixed at tlh(’p =1, while t;(’P for orbital 2 is varied
from 0.1 to 1.0. We measure the photo-doping concentra-
tion by the triplon density, which we define as (nj4ni n; +
njnpqny — 4n1Tn1¢n2¢n2¢), with Ny = Ny + Ny the occupa-
tion of orbital «. In addition, we define the magnetic orders
via the local magnetization m; = Za Njgt — Niay, and two
types of SC order—spin-singlet orbital-triplet order p;,, =
%Za(CiT,aTCZai + H.c.), and spin-triplet orbital-singlet SC
order pi gy =+, (¢}, ¢l 5, +H.e.). In a staggered SC state
(n order) or staggered antiferromagnetic state (AFM order)
these order parameters have opposite signs on the two sublat-
tices A and B,

A/B
Tiopsy) = 81'/ Pioy(sy)> 3)
M; srm = 5?/3"11‘, 4)

with §*® = 1 (=1) for i on the A (B) sublattice.

In order to study different phases we apply small seed
fields which couple to the order parameters of interest. In a
symmetry-broken state the order parameter grows to a high
value and becomes almost independent of the value of the seed
field. In the DMFT calculations, we switch off the seed field
after some iterations, so that the symmetry-broken phase can
be unambiguously identified by a nonzero order parameter.
We cannot simultaneously realize n;,, and n;  SC orders,
since they correspond to different ¥/ and y, while FM and
1; oy Order can be simultaneously stabilized.

Photoinduced hidden orders. We first study the nonequi-
librium phase diagram as a function of photodoping (triplon
density) and the hopping parameter of the narrow band (t;1 Py,
see Fig. 2. To probe the ferromagnetic (FM) and spin-singlet
n-SC states, we add the seed terms Hseed = Bsced Y_; Mi +
Priced Zi(czmc:u + cZzTcZu + H.c.) to our Hamiltonian (1),
where Bgeeq and Pieeq are, respectively, small magnetic and
superconducting seed fields. Due to the partial thermalization
of the electrons in each Hubbard band, the photodoped state
can be represented by an equilibrium state with a fixed number
of multiplets (triplons, doublons, and singlons), described by
the effective low energy model [17,46]

Heff = Hhop(PinPjn—l ) + Hs/u(PinPjn) + Hn(PinPjn—Z)v (5)

where P, is the projection operator at site i on states with
particle number n. The first term in Eq. (5) is the hopping
term — 30", 10c] . Cjao Which acts on sites which
differ in particle number by one. The second term is the spin-
orbit.al term 231272 U ZW(% + 25;.5;)(4 + 27;.7;) and acts
on sites with the same particle numbers, where s; and 7; are
spin and orbital pseudospin operators at site i. Hund coupling
J >0 (J <0) favors spin (orbital) order. The last term is
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FIG. 2. (a) Nonequilibrium phase diagram of the photodoped
half-filled two-orbital Hubbard model with different bandwidths
(U =20,J =1) as a function of the triplon density and hopping pa-
rameter t;(’p of the narrow band (t:“’p = 1). AFM order (an extension
of the equilibrium phase) appears for small triplon density, whereas
a FM state is stabilized for intermediate photodoping and low t;"p.
For higher photodoping, a spin-singlet n-SC order is stabilized for
smaller values of t;“’p and spin-triplet n-SC appears for very strong
photodoping when 7, ~ 7/°. (b) FM order parameter as a function
of Hund coupling J at triplon density 0.27 for ;" = 0.3. The van-
ishing magnetization at small J shows the role of Hund coupling in
stabilizing the FM state. (¢) Magnetization and n;, order in band 1
and band 2 for 1/ = 0.3. The magnetization is dominated by band 2,
while the -SC order is hosted by band 1. The effective temperature

in all calculations is kept at Beg ~ 55.

the n-pseudospin term given by —4(10")2/U 3 iy, +
n., n}Lv) with v an index for the six different SC orders (three
spin-singlet orbital-triplet and three spin-triplet orbital-singlet
orders, see the Supplemental Material [44]). This term acts on
sites which differ in particle number by two [17].

Near zero photodoping, there are negligible charge exci-
tations and the system is governed by the H;,, term, which
stabilizes the antiferromagnetic (AFM) phase with a transition
temperature (7,) of the order of (z2°°)2/U. As the photo-
doping is increased, the diffusing charge carriers melt the
AFM phase, which results in a nonthermal PM metal. As the
bandwidth of the narrower band (t;()p) is decreased, the T,
also decreases, since we are on the strongly correlated side
of the AFM dome. This shifts the boundary between the AFM
and PM phases toward lower photodoping. At intermediate
photodoping, the hopping term Hp,, starts to dominate, be-
cause of the substantial density of singly occupied (singlon),
doubly occupied (doublon), and triply occupied (triplon) sites.
If we decrease t;()p in this regime to localize the electrons
in the narrower band, a nonthermal FM state is stabilized

by the interplay of Hund coupling and kinetic energy. A
positive Hund coupling J favors high-spin doublon states.
On the other hand, the hopping processes in the wide band
from doublon to singlon and from triplon to doublon sites,
illustrated in the bottom panel of Fig. 1, stabilize the FM state
since this state allows to gain kinetic energy while keeping
the local spin arrangement unchanged. Any other hopping
processes would create a configuration with higher energy.
Thus, a nonthermal FM phase appears at lower t; P values and
near triplon/singlon density 0.25 for J > 0. In the absence
of Hund coupling, all the local doublon states are degenerate
in energy and the hopping term is not expected to favor the
FM state. Indeed, by decreasing the Hund coupling, the FM
magnetization disappears below a critical value of J, as shown
in Fig. 2(b).

When the photodoping is increased further, more charge
excitations are created and for 1/ = 3 = 1, in the high
doping limit (triplon density 20.46) spin-triplet orbital-singlet
n-SC order (7;,) develops [17]. As shown in Fig. 2(a), this

order disappears when 71 is decreased. For small 71°, the
charge excitations are mostly concentrated in the wider band,
while the narrower band remains close to half-filled (e.g., for
t}mp =1, t;mp = 0.3, triplon density ~0.28 and Beg ~ 55, the
double occupancies in the wider band and the narrower band
are 0.25 and 0.03, respectively). At sufficiently low effective
temperature, the doublons and singlons in the wide band con-
dense to give rise to spin-singlet orbital-triplet n,, order. Since
the dominant contribution to the 7,, order comes from the

wider band (cIchI] 1), we have an orbital selective 7,, order
[see Fig. 2(c)].

Interestingly, in the photodoping region with triplon den-
sity between 0.3 and 0.4, both the first and last term in Eq. (5)
contribute and we find a coexistence of FM and n-SC order.
At first sight, this is surprising, since magnetic order is usually
detrimental to singlet pairing. Here, such a coexistence is
possible because the two photoinduced order parameters are
supported by different orbitals—the wider band hosts the SC
order, while the FM order is dominated by the spin-aligned
localized electrons in the narrower band, as shown in Fig. 2(c).

Next, we fix ti“)p =1, t;mp = 0.4 and investigate the phase
diagram in the space of triplon density and inverse effective
temperature Beg, see Fig. 3. At low T (high Beg ~ 50), we
have AFM order at low photodoping. Around triplon density
0.25 the FM phase appears, while at large photodoping, we
find the 7,,-SC phase, which partly coexists with the FM
phase. With increasing temperature (decreasing Bes) the or-
dered regions shrink and they disappear at similar 7, values.
The highest effective T, for the nonthermal FM order is around
triplon density ~0.29, which is consistent with the optimal
doping deduced from the phase diagram in Fig. 2(a). The n,,
phase shows a similar temperature dependence as in the one
band Hubbard model [16], consistent with our observation
that the 7,,-SC state is essentially decoupled from the narrow
band and has single-band characteristics.

We see from Fig. 3 that both the nonthermal FM and n-SC
orders appear at B > 30. While this is a high temperature
for realistic parameters, it is difficult to realize these effective
temperatures in real-time simulations of a photoexcited mul-
tiorbital system, and presumably also in experiments, even
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FIG. 3. NESS phase diagram of the two-orbital Hubbard model
with U =20, J =1, ;” =1, and £ = 0.4 in the space of B
and triplon density. The AFM phase appears in the undoped and
weakly photodoped region, while the  SC state is stabilized in the
high photodoping region. At intermediate photodoping we have the
FM state. In these simulations, 7, is varied to achieve different Seg.
The inset of the figure shows the FM susceptibility xgy, estimated
from the real-time calculations, as a function of doping. The optimal
doping condition for FM order is consistent in both calculations.

using the entropy cooling technique [47]. However, near the
optimal photodoping density, we still expect to find an en-
hanced FM susceptibility at the accessible higher T

Real-time simulations. To investigate the dynamics and
measure the magnetic susceptibilities, we employ the entropy
cooling technique [47,48] to minimize the heating effect in
nonequilibrium photodoped Mott insulators. In this setup, we
start with a half-filled Mott insulating state and add two addi-
tional narrow noninteracting Fermion baths (one completely
full and one completely empty) as shown in Fig. 4(a). These
baths are coupled to the Mott insulating system by a hopping
term vg. To facilitate an efficient photodoping, while keeping
the effective temperature of the system low, the hopping term
is modulated in time as vy () = Ag fen(?) sin(2(¢)¢), where
Ap =1 denotes the amplitude of the hopping, f.,(¢) is an
envelope function determining the switch-on and switch-off
times of the hopping, and €2(¢) is a time-dependent (chirped)
frequency. In our calculations for the U = 20, J = 1 model,
we chose fu,(t) = exp(—((t —1.)/20)?%) as a Gaussian with
t. = 12, and 0 = 2.8. Q(¢) is increased linearly from an initial
value Qip; = 27.0 to a final value Qg, = 29.8. The hopping
modulation pulse is shown in Fig. 4(c) (yellow curve). In this
setup, the DMFT self-consistency condition becomes

At 1)) =1ty G, 1)y + Y vat) Granat. 1), (6)

where 1(¢) = 1o is kept fixed, G(z, t') is the Green’s function
of the system, and Gpam.«(#,1") is the Green’s function of the
noninteracting bath with flavor « (full,empty).

Because of the conservation of total spin in our Hamilto-
nian, it is not possible to simulate the switching to a purely
FM state within this framework. Thus, in order to study the
photoinduced FM state, we implemented a four-impurity cal-
culation, which mimics the bilayer system shown in Fig. 4(b).

(a) Entropy cooling technique (b) Layer dependent FM state
Narrow Fermion Narrow Fermion layerl impl imp2
Bath (full) Bath (empty) t t 1 1 t
layer2  imp3 imp4
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FIG. 4. (a) Illustration of the entropy cooling technique, where
electrons are injected into the upper Hubbard bands from a fully oc-
cupied narrow Fermion bath and electrons are ejected from the lower
Hubbard bands to an empty Fermion bath. (b) Schematic diagram
of the four-impurity DMFT calculation mimicking the dynamics in
two bilayer systems—an AFM system (bottom) and an AFM stacked
FM system (top). (c) Magnetic susceptibility xpmapm in the FM
and AFM state (red curves) and time evolution of various local
observables—triplon density, double occupancy in orbital 1 (d;) and
orbital 2 (d,). The yellow curve shows the hopping pulse v, (7) (not
to scale) used to produce the photodoping.

Here, the impurity models 1 and 2 represent two neighboring
sites in layer 1, whereas the impurity models 3 and 4 represent
the corresponding sites in layer 2. In this setup, an AFM
state is identified by AFM spin alignments in all four pairs
of neighboring impurities, while a FM state is indicated by a
layer-dependent magnetization, e.g., with spin-up polarization
on impurities 1 and 2 and spin-down polarization on impuri-
ties 3 and 4 [see Fig. 4(b)].

In Fig. 4(c) we show the result of the real-time DMFT
calculation. As soon as the coupling to the narrow baths is
switched on, the system gets photodoped, as indicated by the
increasing triplon density during the pulse. As a result of the
different bandwidths, the double occupancy in orbital 1 (d;)
grows larger than in orbital 2 (d,), which is consistent with the
results of the NESS calculations. The magnetic susceptibility
is measured by dividing the magnetization (magnetic order
parameter) by the corresponding seed field as x = (m)/Bced-
In Fig. 4(c), we show the ypm and yapm estimates for FM
and AFM order. In the FM case, we choose Bgeq > 0 for
impurity 1 and 2, Bgeq < O for impurity 3 and 4, while in
the AFM case Bgeeq > 0 for impurity 1 and 4 and Bgeeq < 0
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for impurity 2 and 3. The FM susceptibility grows larger
than the AFM one and keeps increasing at the longest sim-
ulation times, indicating a dominant tendency toward FM
ordering. We can also control the photodoping concentration
through the final frequency g, of the chirped pulse and
extract ypy as a function of the triplon density, as shown in
the inset of Fig. 3. We find that xpy reaches a maximum
value near triplon density ~0.3, which agrees with the optimal
photodoping concentration for the FM phase in the NESS
simulations. We note that for bandwidths of the order of eV,
our unit of time is of the order of fs. The real-time simulations,
which represent the dynamics of a laser-excited system, thus
show that with optimized pulse shapes, a significant enhance-
ment of the FM susceptibility can be achieved on a sub-ps
timescale.

Conclusions. We demonstrated that the photodoped two-
band Hubbard model with orbital-dependent bandwidths hosts
nonthermal FM and staggered SC order, and even a co-
existence of both orders. Cold atom systems, in which a long
lifetime of “photocarriers” can be achieved [20,21], and for
which the implementation of multiorbital physics has recently
been proposed [49], are an interesting platform for experimen-
tal realizations. Manganites, which are often described by the

double exchange model, and NiO, with two Mott insulating
half-filled e, bands, an interaction to bandwidth ratio U/W =
5and J/U ~ 1/10 [50], are possible candidates for the obser-
vation of these nonthermal electronic orders in real materials.
While it is challenging to realize sufficiently cold photodoped
states for symmetry breaking, the use of entropy cooling
protocols [47,51] and optimized chirped pulses [48] should
allow to induce photodoped transient states with enhanced
susceptibilities for the nonthermal orders. In connection with
light-induced superconductivity and the transient Meissner
effect, novel techniques for measuring ultrafast changes in
magnetization and magnetic susceptibilities are being de-
veloped [52]. These techniques will enable experimental
tests of our predictions for light-induced ferromagnetism and
1 pairing.
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