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Exciton-assisted low-energy magnetic excitations
in a photoexcited Mott insulator on a square lattice

Kenji Tsutsui® '™, Kazuya Shinjo?, Shigetoshi Sota® & Takami Tohyama@® 4>

The photoexcitation of a Mott insulator on a square lattice weakens the intensity of both
single- and two-magnon excitations as observed in time-resolved resonant-inelastic X-ray
scattering and time-resolved Raman scattering, respectively. However, the spectral changes
in the low-energy regions below the magnons have not yet been clearly understood. To
uncover the nature of the photoinduced low-energy magnetic excitations of the Mott insu-
lator, we numerically investigate the transient magnetic dynamics in a photoexcited half-filled
Hubbard model on a square lattice. After turning off a pump pulse tuned for an absorption
edge, new magnetic signals clearly emerge well below the magnon energy in both single- and
two-magnon excitations. We find that low-energy excitations are predominantly created via
excitonic states at the absorption edge. These exciton-assisted magnetic excitations may
provide a possible explanation for the low-energy spectral weight in a recent time-resolved
two-magnon Raman scattering experiment on insulating YBa,Cu3Og.
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induces drastic changes in the electronic states, including a

photoinduced insulator-to-metal transition!-3. The sup-
pression of absorption spectral weights across the Mott-gap and
the emergence of low-energy charge excitations inside the Mott-
gap in optical conductivity are indications of a photoinduced
insulator-to-metal transition. In addition to the charge channel,
the spin channel can also produce characteristic changes. Spin
dynamics in the insulating antiferromagnets TbMnOs* and
KNiF;°> have been observed in the optical pump, terahertz-probe
spectroscopy, and femtosecond stimulated Raman scattering
experiments, respectively. In antiferromagnetic Mott insulators, a
decrease in spectral weights in single-magnon dispersion owing to
photoirradiation has been observed in time-resolved resonant-
inelastic X-ray scattering (trRIXS) from Sr,IrO,° and Sr3Ir,O;7,
where RIXS can detect spin-flip excitations when incident X-rays
are tuned to the L edge in transition metals®. A decrease in two-
magnon weights has been observed in time-resolved two-magnon
Raman scattering (trTMR) from an antiferromagnetic Mott
insulator YBa,Cu30g,°. These decreases are naturally understood
as a result of the emergence of photoexcited electronic states,
which reduces the antiferromagnetic spin correlation as proposed
theoretically!0:11.

An emerging question is whether low-energy magnetic exci-
tations below the magnon energy arise in the spin channel. In
fact, trTMR experiments have reported an increase in low-energy
spectral weights below the two-magnon energy of ~1000 to
1500 cm™! for photoirradiated YBa,Cu3Og,°. A possible inter-
pretation of the weight increase would be a shift of weight from
the two-magnon peak due to the broadening of the peak. Because
photoirradiation of Mott insulators drastically changes the elec-
tronic states as seen in the charge channel, it is natural to expect
that the spin channel will also induce low-energy excitations
below magnon energies.

In this communication, we theoretically propose photoinduced
low-energy magnetic excitations below the single- and two-
magnon energies in a photoexcited Mott insulator on a square
lattice. Using a numerically exact-diagonalization (ED) technique
and the time-dependent density-matrix renormalization group
(tDMRG) for a photoexcited half-filled Hubbard model on a
square lattice, we find that low-energy magnetic excitations are
induced by a pump pulse, whose intensity is maximized when the
frequency of the pulse is tuned to the absorption edge. By ana-
lyzing the low-energy magnetic excitation using point-group
symmetry for the square lattice, we demonstrate that the photo-
induced low-energy signals are predominantly created via pho-
toexcited states with the E presentation of the C,, point group,
which are excitonic states at the absorption edge!2. The proposed
exciton-assisted photoinduced magnetic excitations provide one
of the possible origins of the low-energy weight in the trTMR
spectrum. This theoretical prediction will be confirmed as the
pumping frequency is varied in the trTMR experiment.

Photoirradiation of Mott insulators on a square lattice

Results
Model. To describe Mott insulating states on a square lattice, we
consider a single-band Hubbard model at half-filling, given by

Hy = —thop ’_%:U CZUCH&U + U%: Miati |, (1)

where CIU is the creation operator of an electron with spin o at site

i and number operator n, , = czaci‘g, i+ & represents the four
nearest-neighbor sites around site i. #,,p, and U are the nearest-
neighbor hopping and on-site Coulomb interactions, respectively.
We take Ultyop =10, which guarantees antiferromagnetic Mott

insulating ground state at half-filling. Note that t,,, ~ 0.35 eV for
cuprates.
We incorporate an external electric field via the Peierls

substitution in the hopping term, CIUCi 5 —> EAOR
leading to a time-dependent Hamiltonian H(f). Here, R; is the
vector from i to i+ § and A(f) at time ¢ is the vector potential,
given by A() = Aoe*(‘*fo)z/(”ﬁ) cos[w,(t —ty)], ~where a
Gaussian-like envelope centered at t =t, has temporal width ¢,
and central frequency w,. We apply an external electric field
along the x direction without other specifications, that is,
Ay = (Ap, 0), and set A;=0.5, t, =0, and t; = 0.5. Hereafter we
use fhop = 1 as the energy unit and 1/t as the time unit.

For calculating the time-resolved spin excitation in trRIXS
during pumping, a real-time representation of the cross-section
was used in refs. 1314 for a Hubbard model on a square lattice. In
contrast, we focus on time-resolved spin excitations after
pumping. In this case, it is convenient to use the time-
dependent wave function |y(t)) as the initial state of the
dynamical spin susceptibility for a time period after turning off
the pump pulse, ¢>t.; when the Hamiltonian is time-
independent. Applying this procedure, we obtain the time-
resolved dynamical susceptibility with momentum q and
frequency w for a g-dependent physical quantity Oq as!®

0 (q,uw;t)

= IRe [Xdse ([0, O_Jlw) )
1 1
- _;Immz,nw— (e, — &) +in
< [(y(0)]m) (m|Ogm) (n] O_ (1)) S

— (Y(OIO_ylm) (m| O m) (nl ()],

where the operators Oq(s) = eiHUSOqe_iHOS, Hy|lm) =¢,|m), nis a
small positive number, and |y(t)) = e~ o(!~%ar) |y (¢ ). Note that
replacing |1//(t)) with the ground state |0) = |1//(—oo)) in Eq. (2)
formally gives the equilibrium dynamical susceptibility O(q, w). For
an L-site periodic lattice, we choose Oy = S = L7V2Y e aRigE for
the time-resolved dynamical spin susceptibility S(q, w; f) and Oy =
2(cosk, — cosk,)Sy,q - S_i with =0 for the trTMR suscept-
ibility M(ew; t) with B, representation, where S is the z component
of spin operator §; at site i. The first term in Eq. (3), denoted hereafter
as O,(q, w; t), corresponds to the time-resolved dynamical correla-
tion function and is related to the second term, O,(q,w;t), as
OZ(q7 w3 t) = _01(_(17 —w; t)’ where O(q7 w; t) = Ol(q7 w3 t)+
0,(q,w;t) = 0;(q, w;t) — O;(—q, —w;t). The integration of
S,(q, w; ) with respect to w (—oo <w <o) yields the time-resolved
static spin structure factor S(q;t) = (w(t)‘SfISi q|1//(t)). The time-
dependent wave function |1//(t)) is determined by the procedure
described in the Methods section.

Low-energy excitation below a single magnon. We first present
the results of S(q, w; t), which can describe the photoinduced low-
energy magnetic excitations below the single-magnon dispersion
energy. For a 4 x 4 lattice, we select q = (7, 0) and (0, 7), where
the energy of a single magnon is maximized. Figure la, b show
the pumping frequency w, dependence of S(q, w; t) at q = (7, 0)
and (0, ), respectively, for t = 4. The peak at w = 0.8 represents a
single-magnon excitation at a given q. At a high pumping fre-
quency wy, = 20 > U, the peak intensity is larger and smaller than
that before pumping (dotted lines) in Fig. 1a, b, respectively. This
q-dependent intensity at a given t is a consequence of the anti-
phase oscillation of time-dependent spin structure factors in a
photoexcited Mott insulator on a square lattice proposed by the
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Fig. 1 Pumping frequency dependence of time-resolved dynamical spin correlation function after pumping. A half-filled Hubbard model on square

lattices with on-site Coulomb interaction U =10 is considered. a Momentum q = (z, 0) and b q = (O, x) for a periodic 4 x 4 lattice obtained by the exact-
diagonalization (ED) at t = 4. ¢ Pumping frequency w, =20 and time t =4 for q = (2/7, 67/7) (red circles) and q = (67/7, n/7) (blue circles) ina 6 x6
lattice with open boundary conditions obtained by the time-dependent density-matrix renormalization group. The inset shows the time-resolved static spin
structure factor S(q; t). The antiphase oscillation agrees with a previous result obtained by ED'®. d t=7 and e t =10 at q = (z, 0) for the 4 x 4 lattice
calculated using ED. In (a, b, d, e), the dashed black lines represent the results before pumping, whereas the purple, red, black, blue, and green solid lines

represent the results at w, =4, 6, 10, 14, and 20, respectively.

present authors!® [see also the inset of Fig. 1c]. With decreasing
wp, the peak intensity decreases and reaches a minimum at
wp = 10, where the energy absorbed by pumping in the system is
the largest, leading to a weakening of the antiferromagnetic spin
correlation!®14. With a further decrease in w,, the peak intensity
increases.

At w, = 6, which corresponds to the absorption peak energy at
the Mott-gap edge!”, a hump structure is observed at w=0.2
below the peak energy for q = (7, 0). This can be attributed to a
photoinduced low-energy magnetic excitation. An interesting
observation is that, away from w, = 6, the hump structure loses
its weight. In particular, when w, satisfies the off-resonance
condition, w, =20, the hump structure almost disappears. This
behavior may not be dependent on system size. To confirm this,
we perform tDMRG calculations of S(q, w; t) for a 6 x 6 lattice
with open boundary conditions (see the Methods section), and
S(q, w; t=4) at q=(67/7, n/7) and q = (n/7, 61/7) for w, =20
are shown in Fig. 1c. The time-resolved static spin structure factor
S(q; t =4) shows a larger value at q = (71/7, 671/7) than at q = (67/
7, n/7), as shown in the inset of Fig. 1c. The magnon peak at
w=0.6 is more intense in intensity at q = (n/7, 671/7) than at
q=(67/7, n/7). However, we find no clear hump in the low-
energy region in either qs, which is the same as the results at
w, =20 for the 4 x4 periodic lattice. This indicates that the
effects of system size and boundary conditions are small.

Interestingly, there is no hump structure at q=(0, n) in
Fig. 1b, for w, = 6. Because the pump pulse is polarized along the
x direction, it is meaningful to determine the difference in low-
energy magnetic excitations between q = (7, 0) and (0, 7). This is
discussed further in the Discussions section.

The w, dependence of the low-energy hump structure for
q=(m, 0) remains unchanged at t=7 and ¢ =10, as shown in
Fig. 1d, e, respectively. This implies that the hump intensity does
not oscillate with time, in contrast to the peak intensity!®.
Therefore, it is possible to detect this hump in the trRIXS of
insulating cuprates and iridates on square lattices when a pump
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pulse tuned to a Mott-gap edge is applied along the x direction
and the momentum transfer is set to q = (7, 0).

To understand the origin of the hump structure at w, =6, we
decompose S(q, w; ) at q=(m, 0) and t=4 into several
contributions. This is a logical step because |1//(t)> for t >ty has
three components arising from irreducible representations, Aj,
B, and E, of the square lattice with the C,, point group:

[w(D) = |y, (D) + lyp (D) + |yg()). (4)

Note that the A; and B; representations correspond to s and
dy:_,» waves, respectively, as schematically presented in Fig. 2a.

The dominant contribution to the A; state in Eq. (4) is
numerically identified as the ground state, where spins predomi-
nately arrange antiferromagnetically. The left panel in Fig. 2a
schematically represents this spin arrangement. On the other
hand, the dominant contribution to the B, state originates from
the two-photon absorbed states, including the B;; Raman active
state, where neighboring two spins are flipped, and two-magnons
are excited as schematically shown in the middle panel of Fig. 2a.
The E representation corresponds to a p, wave, because the E
state agrees with optically allowed single-photon absorbed states
created by an electric field along the x direction. In this E state, a
holon-doublon pair shown in the right panel of Fig. 2a is created
and the pair forms an excitonic state in order to gain the magnetic
energy in the spin background!2. The spin arrangement of the E
state gives rise to the low-energy magnetic excitations, as
discussed in the Discussions section.

Figure 2b shows the three contributions to S(q = (7, 0), w;
t =4), where the A}, B;, and E states in Eq. (4) couple to the final
states with A;, A}, and By, respectively, at q = (7, 0). We find that
the magnon peak consists mainly of the A; state in Eq. (4). This is
reasonable because of the presence of a significant ground-state
contribution in the A, state. However, we find that the E state has
the largest contribution at approximately w = 0.2.
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Fig. 2 Symmetry decomposition of the time-dependent wave function and
the time-resolved dynamical spin susceptibility. Momentum q = (x, 0)
and the time t = 4 at pumping frequency w, = 6 for a half-filled 4 x 4 periodic
Hubbard lattice with on-site Coulomb interaction U =10. a Schematic view of
the wave function in terms of (I) A;, (II) B,, and (lIl) E representations of the
Cy4y point group. The up and down arrows denote up and down spins,
respectively, located on the lattice sites. The white (black) circle in the right
panel represents a holon (doublon). Because the Ay, B;, and E representations
correspond to s, dXz_yz, and p, waves, respectively, those waves are visualized
as a wave-function form with signs in each panel. b Time-resolved dynamical
spin susceptibility S(q, w; t) and ¢ time-resolved dynamical correlation
function $(q, w; ). Note that S(q, w; t) = 5/(q, w; t) — $;(—q, —w; t). The black
solid lines depict the sum of each contribution (the blue, green, and red solid
lines depict the contributions of A;, E, and By of the Cy4, point group,
respectively).

S(q, w; t) has two contributions from two terms in Eq. (3). Let
the first term be denoted by S;(q, w; t) and the second term by
S>(q, w; t). It is crucial to identify which term dominates low-
energy excitations. Figure 2c shows S;(q, w; t) at q=(m, 0)
decomposed into the three irreducible representations. For w >0,
S(q, w; ) =81(q, w; t) — Si(—q, —w; t). This explains why the
spectral weight at w =0 is exactly zero in S(q, w; f). We find that
the E component in S;(q, w; f) has a large weight at w = 0.1. This
weight results in the w = 0.2 hump structure in S(q, w; ). Such a
large weight near w =0 in S;(q, w; t) indicates the presence of
very low-energy magnetic excitations from the single-photon
absorbed E state at the Mott-gap edge, as will be discussed in the
Discussions section.

Low-energy excitation below two magnons. Photoirradiation
may induce low-energy magnetic excitations below the two-
magnon energy. To confirm this, we perform ED calculations of
the trTMR susceptibility after turning off the pump pulse using a
4 x 4 periodic half-filled Hubbard lattice. Figure 3 shows the w,
dependence of M(w; t) for t = 4. The pump pulse suppresses the
intensity of a two-magnon peak at w =1, which has been
observed in the trTMR experiment for photoirradiated
YBa,Cu304,°. The peak-intensity variation with respect to wp is
similar to that for the single-magnon intensity, as shown in
Fig. 2b, c. The peak position for each wj, is almost the same as the
position before pumping, and the line shape of the peak near the
maximum height can be fitted by a single Lorentzian as in the
equilibrium case. These facts are consistent with the significant

15

o (1)

Fig. 3 Pumping frequency dependence of time-resolved two-magnon
Raman susceptibility after pumping. Time t =4 for a half-filed 4 x 4
Hubbard lattice with on-site Coulomb interaction U =10. The dashed black
line represents the results before pumping. The purple, red, black, blue, and
green solid lines represent the results at pumping frequency w, =4, 6, 10,
14, and 20, respectively.

contribution of the ground state in the A; component of the time-
dependent wave function when Ay,=0.5, as discussed in the
“Low-energy excitation below single magnon” subsection in the
Results. With increasing Ay, the A; contribution decreases and
the B; and E contributions increase, which leads to an anisotropic
line shape (see Supplementary Note). In the experiments, even for
an equilibrium case before pumping, an asymmetric line shape in
the two-magnon peak was reported and its origin was attributed
to electron-phonon interactions!®, which are not included in our
calculations.

When w, = 6, we observe an enhancement in the low-energy
spectral weight, at approximately w = 0.4. This is similar to the
enhancement of the low-energy weight in S(q, w; t) shown in
Fig. 1a, although its energy in S(q, w; t) is nearly half of w =0.4.
This similarity suggests the same origin for these enhancements.
To identify the symmetry components that contribute to the
enhancement in trTMR, we decompose the spectral weight into
several components characterized by irreducible representations,
as in Fig. 2. These are shown in Fig. 4. Similar to S(q, w; f), the
low-energy part of M(w; t) originates from the E component, as
shown in Fig. 4a. From Fig. 4b, the E component corresponds to
the first term in Eq. (3), ie., M;(w; t). In other words, the low-
energy excitation at w=0.4 in M(w; t) is a consequence of
magnetic excitations from a single-photon absorbed state at the
Mott-gap edge.

To investigate the w, dependence of trTMR in more detail, we
analyze the low-energy spectral weight below w=0.7 in M(w;
t =4) shown in Fig. 3. The weight is evaluated by subtracting the
contribution of the two-magnon peak fitted by a single
Lorentzian. Figure 5 shows the low-energy weight and the two-
magnon peak height as functions of w,,. The peak height decreases
with increasing w, and exhibits a minimum at w,=10
corresponding to the center of the optical absorption spectrum
for U=10'. In contrast, the low-energy weight exhibits a
maximum at w, =6 corresponding to the Mott-gap edge. The
difference in wp, which shows the peak height minimum and low-
energy weight maximum, clearly demonstrates that the enhance-
ment of low-energy excitation is not due to spectral weight
transfer from the two-magnon peak. Based on this result, we can
predict different w, dependences between the low-energy weight
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Fig. 4 Symmetry decomposition of time-resolved two-magnon Raman
spectra. Time t =4 at pumping frequency w, = 6 for a half-filled 4 x 4
periodic Hubbard lattice with on-site Coulomb interaction U=10. a Time-
resolved two-magnon Raman susceptibility M(w; t) and b time-resolved
dynamical two-magnon Raman correlation function M(w; t). Note that
M(w; t) = Mi(w; t) — Mi(—w; t). The black solid lines depict the sum of each
contribution (the blue, green, and red solid lines depict the contributions of
Ay, E, and B, of the C,4, point group, respectively).
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Fig. 5 Pumping frequency dependence of time-resolved two-magnon
Raman susceptibility. Low-energy spectral weight below frequency

@ = 0.7 (open circles) and height of the two-magnon peak (open triangles)
obtained from time-resolved two-magnon Raman susceptibility M(w; t = 4)
shown in Fig. 3.

and peak height in the trTMR for Mott insulators such as
YBa2CU3O6V1.

Discussions

In the Results section, we have observed that low-energy magnetic
excitations are induced in both S$(q, w; t) and M(w; f) when the
pumping frequency w,, is tuned to the Mott-gap edge at w =67
We have also found that the state with the E representation in
‘l//(t)> contributes most significantly to these excitations, as
shown in Figs. 2, 4. To understand these facts, we should notice
that there is an excitonic peak at the Mott-gap edge in the optical
conductivity!217. The excitonic peak is the optically allowed state
with the E representation and originates not from long-range
Coulomb interactions but from magnetic effects gaining the
magnetic energy in the spin background. Therefore, it is rea-
sonable to assume that the low-energy magnetic excitations are
related to the excitonic state. We separately confirmed that the E
component of S;(q=(m, 0),w;t=4) in Fig. 2c¢ [M;(w;t=4) in
Fig. 3b] is almost equivalent to the equilibrium S(q = (7, 0), w)

| E cbmpdnentl - | }:4 |
q=(n/2,1t/2)
0.5 l//ﬁw
3 // (m,m)
g
%) (m,m/2) (n/2,7)
0.25
| S o
L 4 ‘ 4 , —4 (nio) (Oin)
BN
4+ N/Z,O) (0,m/2)
0 | | |
-2 -1 0 1 2 3
o (t)

Fig. 6 Momentum dependence of symmetry-decomposed E component of
time-resolved dynamical spin correlation function. Time t = 4 at pumping
frequency w, = 6 for a half-filled 4 x 4 periodic Hubbard lattice with on-site
Coulomb interaction U=10. The results at momentum q = (z, 0) are the
same as those in Fig. 2c. The inset shows a configuration with the largest
weight in an E-symmetry excitonic state at the Mott-gap edge that
contributes to |1//E(t)> in Eq. (4). The white (black) circle represents a holon
(doublon) surrounded by up and down spins that arrange
antiferromagnetically along the x direction but exhibit lower
antiferromagnetic correlation along the y direction.

[M(w)] obtained by considering the excitonic state as the initial
state. This is strong evidence that the photoinduced magnetic
excitations are assisted by the excitonic state.

The E component below the main peak of M)(w;t=4) in
Fig. 4b is wider than that of S;(q = (7, 0), w; t=4) in Fig. 2c. A
possible explanation of the wide distribution in M;(w; t) is that
two-magnon excitations are a combination of a pair of single
magnons with opposite momenta; that is, M;(w; t) is composed of
the sum of S;(q, w; t) with different momenta. To elucidate this
wide distribution of the E component in M;(w; t = 4) for w, =6,
we calculate the E component of S;(q, w;t=4) for all q. The q
dependence is shown in Fig. 6. The result for q = (7, 0) is shown
in Fig. 2c. We find that the q = (m, 0) and (7, ) excitations have
the lowest energy, and the other qs have higher excitation ener-
gies. Because many pairs of single magnons with higher energies,
such as a pair at q = (¢71/2, 0), contribute to M;(w; t), the dis-
tribution of the E component in M;(w; t=4) becomes wider.
Furthermore, Fig. 6 shows that the photoinduced magnetic
excitations in S(q = (7, 0), w; t = 4) are lower in energy than those
of M(w; t=4).

Finally, we comment on why the q = (7, 0) excitation has the
lowest energy in Fig. 6. This may be due to the magnetic con-
figuration in the excitonic state. In this state, a holon-doublon
pair is surrounded by localized spins in the background. The pair
is created along the x direction parallel to the applied electric
field, as shown in the inset of Fig. 6 (see also the right panel of
Fig. 2a), which shows the dominant configuration of the excitonic
state. We observe that the spins arrange antiferromagnetically
along the x direction, whereas they have a lower anti-
ferromagnetic correlation along the y direction. This leads to a
spin arrangement with momentum q = (7, 0) in the excitonic
state and gives rise to the low-energy magnetic excitations as in
the lowest-energy two-spinon excitation at g = 7 of a Heisenberg
chain. We emphasize that this anisotropic spin correlation is
characteristic of the excitonic state and is the origin of the pho-
toinduced low-energy magnetic excitations found in this paper.
This reasoning on anisotropic spin correlation is consistent with

COMMUNICATIONS PHYSICS| (2023)6:41| https://doi.org/10.1038/s42005-023-01158-4 | www.nature.com/commsphys 5


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01158-4

an independent numerical simulation of the spin and charge
correlation in the excitonic state!?, reporting an anisotropic
correlation between the x and y directions.

An increase of approximately 0.15 eV (1000 to 1500 cm™1) in
the low-energy spectral weight has been observed in recent
trTMR experiments for YBa,Cu3Og,,° when the material is driven
by a 1.5eV pump pulse. Thus, our finding that low-energy
magnetic excitations below the two-magnon peak emerge when
the Mott-gap edge region is driven by the pump pulse is con-
sistent with experimental observations. In the trTMR experiment,
the polarization of the pump photon was in the (1,1) direction,
which is different from the (1,0) direction in our case. We con-
firmed that even in the (1,1) direction, low-energy excitations
emerge in our calculations (see Supplementary Note). In real
cuprates, second-neighbor hopping #; cannot be neglected. We
also confirmed that the presence of t} (= —0.25) does not change
the emergence of low-energy magnetic excitations in trTMR
(see Supplementary Note). To confirm our observations, we
propose trTMR experiments that vary the pumping frequency
where the low-energy weight is expected to be the maximum for
the 1.5eV pump pulse.

In summary, we have theoretically propounded photoinduced
low-energy magnetic excitations below single- and two-magnon
energies in a driven Mott insulator on a square lattice. The intensity
of the low-energy magnetic excitations is maximized when the fre-
quency of the pulse is tuned to the absorption edge and optically
allowed states with the E presentation of the C,, point group are
excited. The optically allowed states are excitonic states with a pair of
holon and doublon, where the magnetic energy gains by forming a
directional spin correlation. Because the low-energy magnetic exci-
tations are associated with the directional spin correlation in the
excitonic states, we propose a concept of exciton-assisted magnetic
excitations. The proposed photoinduced low-energy magnetic exci-
tations agree with the previously reported increase in the low-energy
weight in the trTMR spectrum®. This theoretical prediction will be
confirmed if the pumping frequency is varied in the trTMR and
trRIXS experiments for insulating cuprates and iridates. For three-
dimensional antiferromagnetic Mott insulators, the same low-energy
magnetic excitations are expected if one can photoexcite the Mott-
gap edge, but its intensity will be small, since the directional spin
correlation in the excitonic states is supposed to be weak due to
smaller quantum spin fluctuations as compared with two-
dimensional Mott insulator. Calculating exciton-assisted magnetic
excitations in three-dimensional Mott insulators will be a theoretical
challenge in the future.

Methods

We use a square-lattice periodic Hubbard cluster with L = 4 x 4 to calculate the time-
resolved dynamical spin susceptibility and time-resolved two-magnon Raman sus-
ceptibility using the Lanczos-type exact-diagonalization method. The time-dependent
wave function is given by |y(t + At)) = e"'H(’)AO[J (1)) with time step At. Using
Taylor expansion’, we obtain |y(t + At)> = Zn:0|(pn(t)> with

|(pn(t)> = (—iH(t)At)”/n!|1//(t) . Each term is iteratively obtained by {(pnﬂ(t)) =
—iH(t)At/(n + 1)|p,(t)) starting from |¢,) = |y(#)). We use At=0.01 and the
summation with respect to 7 is truncated if the norm (¢, ()|¢, ()} is smaller than a
critical value such as 10~14. For time-dependent dynamical quantities, we use Eq. (3)
with # = 0.2, where we perform continuum-fraction expansions based on the Lanczos
method starting from two initial states ‘l[/(t)> and O,q|u/(t)>.

We also use an L = 6 x 6 lattice with open boundary conditions to calculate the
time-resolved dynamical spin susceptibility using tDMRG. Expanding the time-
evolution operator using the spherical Bessel function j,(x) of the first kind and the
Legendre polynomialP(x) up to M-th order as
e HWA ~ C(1) M (= 1)!(21 + 1)j,(8t/w,(£))P(H(1)), where the scaled Hamilto-
nian H(t) = wy(t)[H(t) — A{(t)] with scaling parameters wy(t) and A,(f) and where
C(t) is a normalization factor, we use two-target states, }w(t)) and |u/(t + Ap)), in
the DMRG procedure for a given t to construct a basis set that can express wave
functions in the time-dependent Hilbert space!2. Using the two-target time-
dependent DMRG procedure, we can calculate the time-dependent quantities in
Eq. (2) with high accuracy. We maintain 6000 density-matrix eigenstates in our
tDMRG and use M ~ 20. In calculating Eq. (2), we use a time increment of 0.02 and

truncate time s at ¢ + 55, and perform the integration as a discrete Fourier trans-
form with # = 0.1. Figure 1c shows the time-resolved dynamical spin susceptibility
at w,, = 20, where a non-resonant condition results in very small energy absorption
into the system because of w,>> U. Under such conditions, tDMRG with 6000
eigenstates provides reasonable convergence in the spin susceptibility. However, if
w, satisfies the resonance condition with energy absorption, the convergence
worsens.

In an L, x L, lattice with open boundary conditions, we define the momentum
q= (g qy) 38 Gu(y) = Ny (Lygyy + 1) (1x() = 1, 2, -+, Lyyy), and
82 =2(L, + D(L, + D] '3 sin(q,i,) sin(q, i,)S;-

Data availability
Data supporting the findings of this study are available from the corresponding author
upon reasonable request.

Code availability
The code that supports the findings of this study is not open source but is available from
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