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Photoinduced spin-charge dynamics in strongly correlated electron systems is studied based on an extended

double-exchange model.

Solving a time-dependent Schrédinger equation with the Lanczos method, we trace

the process of photoinduced melting of an antiferromagnetic charge order and analyze the excitation-density

dependence on that.

In the case of low density photoexcitation, both charge and spin orders are melted by

photocarrier doping. This is interpreted with a conventional double-exchange mechanism. In the case of high
density photoexcitation, however, the charge order is melted. The antiferromagnetic spin order is transiently
weakened but after turnoff of the photoirradiation it recovers. This phenomenon strikingly differs from the weak

photoexcitation case.

PACS: 71.30.+h, 71.10.—w, 78.47.J—, 78.20.Bh

1. Introduction

Optical tuning of physical properties such as an electric
conductivity, a magnetism, and an electric polarization,
is one of the most challenging themes in modern physics.
Many efforts to a new material synthesis, a development
of measurement technique, and a progress of theoreti-
cal method, have been devoted to achievement of such
purpose. Strongly correlated electron systems where the
cooperation and/or the competition among several de-
grees of freedom (charge, spin, and orbital etc.) play a
crucial role for several physical properties are the ideal
stages for such researching. Quantum dynamics induced
by photoirradiation has been vigorously investigated.

One of the widely known examples are perovskite-type
manganese oxides Rj_,A,;MnO3 [R = La,Pr,Nd (rare-
-earth ions); A = Ca,Sr (alkaline earth ions)]. The 3d
orbitals of Mn ions split into the ey orbitals and the toq
orbitals because of the crystalline field by surrounding
oxygen ions. The ey electrons move about in the crys-
tal, whereas the ¢y, electrons behave as localized spins.
The electron configuration in Mn ion is expressed as
(eg)'™%(t2g)®. Around z = 0.5, the system exhibits a
charge-ordered insulating state associated with a long-
-range antiferromagnetic order of ¢, spins, and is in the
vicinity of the phase boundary with a metallic state ac-
companied by a long-range ferromagnetic order [1]. The
former and latter states are called as the antiferromag-
netic charge-ordered (AFCO) state and the ferromag-
netic metallic (FM) state, respectively.

In such a situation where the two states highly compete
with each other, the photoinduced phase transition from
the AFCO state to the FM state has been observed in
the optical reflectivity and the optical Kerr rotation mea-
surements |2, 3]. Since the to4 localized spins are strongly

coupled with the itinerant e; electrons which interact
with the photon directly, melting of the charge order is
associated with change in magnetic structure. Recently,
Ichikawa et al. [4] have succeeded in the observation of
a new type photoinduced charge-orbital ordered state in
Ndg.55r9.5sMnOg3 with a picosecond time-resolved X-ray
diffraction measurement. This state transiently emerges
only by photoexcitation, and is a hidden insulating state
distinct from a thermally induced state.

Thus, the photoinduced dynamics in correlated elec-
tron systems coupled with localized spins is more inter-
esting. In order to understand such phenomena theo-
retically, we have investigated the changes in electronic
structures with photoinduced AFCO to FM phase tran-
sition and the formation mechanisms of ferromagnetic
spin-ordered domains in previous works [5-7]. In this
paper, treating an extended double-exchange model, we
carry out the research for an excitation-density depen-
dence on the photoinduced melting of charge and spin
orders and find a novel photoirradiation effect on the
AFCO state.

2. Model and method

Employing the extended double-exchange model and
assuming strong Hund’s coupling limit, we treat the
strongly spin-charge coupled system described by the ef-
fective spinless Hamiltonian [8] where conduction elec-
trons are treated as spinless fermions. This is given by

H = Z [(ti7i+1C;'rCi+1 + HC) + VniniJrl
%

+JS; - Sz‘+1] ,
with

(2.1)

(355)
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where c;r creates a spinless fermion at the site ¢ and a
fermion number operator is defined as n; = cjci. A lo-
calized spin at the site i is denoted as S; with an am-
plitude of S = 1/2, and {6;,¢;} are the angles of the
spin in a polar representation. The itinerant electrons
and the localized spins are regarded as the e electrons
and the ¢y, spins, respectively. We introduce the trans-
fer integral ¢; ; 11, the intersite Coulomb repulsion V', and
the antiferromagnetic superexchange interaction J. The
magnitude of transfer integral between the site ¢ and site
i+ 1 is given by

0i,i+1

2 )
where 0; ;11 is the relative angle between S; and S;1.
Since the value of |t; ;11|/t takes its maximum (mini-
mum) at 0; ;41 = 0 (7), the ferromagnetic (antiferromag-
netic) spin order favors the metallic (insulating) states
in the conduction electron system. Thus the double-
-exchange interaction provided by the cooperation of the
Hund coupling and the electron hopping, is expressed by
the above relation. In the numerical calculations, the en-
ergy and time are scaled by t and t~1, respectively. We
set V/t = 1.40 and J/t = 1.24 to reproduce the AFCO
ground state, and the spin angles are determined so as
to minimize the ground-state energy.

Interaction between photon and electron is introduced
in the Peierls phase in the transfer term as t; ;41 —
tiit1 e~ i/ AMdAr  The vector potential at time 7 is
assumed to be a damped oscillator form as A(7) =

|ti,i+1| =t cos (23)

Ay e~ % (7=70)% cog wo(T — 79) where o and 7 are respec-

tively a damping factor and a center of the wave packet.

An intensity of the light is tuned by Ag, and wy is the

photon energy. The time evolution of the electronic

wave function is obtained by solving the time-dependent

Schrodinger equation given by
d|¥ (7))

iT =H|¥(7)).

Here we employ the exact-diagonalization method in fi-
nite size cluster based on the Lanczos method [9]. The
time evolution of the localized spins is calculated by the
classical equation of motion as follows:

(2.4)

d oL 0L

dr 89251 - 8(]5Z B O’ (25)

d oL 0L

dr 96; 06, 0 (26)
with

L= SZCOS 0;; — (H). (2.7)

Here £ denotes a Lagrangian of the system [10] and

(...) means the expectation value with respect to | ¥ (7)).
Equations (2.5) and (2.6) are numerically solved within
the fourth order Runge-Kutta method. For simplicity,
we adopt the one-dimensional cluster. We have checked
that the qualitatively similar results are obtained in the
two-dimensional clusters. A system size in the cluster is
taken to be N = 15 and a number of conduction electrons
is Nele = (IV 4 1)/2 which corresponds to a half filling
in the open-boundary condition. The pumping energy is
tuned at wy = 1.1t with 79 = 50t~! and o = 0.1¢, which
is equivalent to the main-peak energy of the optical ab-
sorption spectrum.

3. Result and discussion

In Fig. 1, we show the excitation-density dependence
on the time evolution of the charge and spin structures.
An absorbed-photon density npn, a charge correlation
function K, and a spin correlation function Kg are de-
fined as

H _EG.S.
nph(T) = < >Nw0 ) (31)
1
KN<T) = Nb ] Z(nmzurﬁ, (32)
1
KS(T) = m Z SZ . Si+17 (33)

respectively. Here ESS and Nygnq denote the AFCO
ground-state energy and a total number of the nearest-
-neighbor bonds, respectively. The absorbed-photon den-
sity monotonically increases with the light intensity Ag
as shown in Fig. 1la. As shown in Fig. 1b, the charge cor-
relation functions increase by the photoirradiation. The
charge-order melts monotonically by increasing the num-
ber of the doped photocarriers. Meanwhile the photon-
-density dependence on the spin dynamics strikingly dif-
fers from that on the charge dynamics (Fig. 1c). In the
case of low density photoexcitation, Ao = 0.04 and 0.08,
the AF spin orders are collapsed after photoirradiation
as well as the charge orders. In the case of high density
photoexcitation, Ay = 0.25 and 0.35, however, the AF
spin orders are transiently weakened but after turnoff of
the photoirradiation they recover. Unlike the charge or-
der, the AF spin order tends to be hardened against the
light intensity. We also carried out the same analyses for
N =15 (= 5 x 3) ladder and N = 25 chain systems,
and confirmed qualitatively the same behaviors as the
present system. The above features do not depend on
the lattice-geometry and the cluster size.

We plot spatial charge and spin configurations before
and after pumping in Fig. 1d—f. The snapshots at 7t = 85
(immediately after turnoff of the photoirradiation) with
Ay = 0.08 (Fig. le) and Ag = 0.35 (Fig. 1f) are shown as
the weak photoexcitation case and the strong photoexci-
tation case, respectively. In Fig. le, the AF spin corre-
lations are partially weakened in comparison with those
at 7t = 0 (Fig. 1d), and an amplitude of the double-
-periodic charge density wave is also suppressed. The
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Fig. 1. Time variations of (a) absorbed-photon densi-
ties, (b) charge correlation functions, and (c) spin cor-
relation functions under photoirradiation. The shaded
regions indicate the period of photoirradiation. Spatial
charge and spin configurations at (d) 7¢ = 0, (e) 7¢t = 85
with Ag = 0.08, and (f) 7t = 85 with Ag = 0.35.
Charge density on i-th site and spin correlation between
i- and 7 + 1-th sites are defined as D(i) = (n;) and
Ks(i,i+1) =8;-S;11/5%, respectively.

observed changes in the spin structure are interpreted
as the photogeneration of the ferromagnetic domains.
This state corresponds to the island state which is ad-
jacent to the AFCO state in a ground-state phase dia-
gram [6]. After strong photoexcitation, entirely-different
spatial structures are seen in Fig. 1f. The spin structure
almost keeps the initial AF spin order (rather the AF
spin order is slightly strengthened) despite the complete
melting of charge order.

In Fig. 2, we show the optical absorption spectra be-
fore and after pumping. These are defined as

1 1
oW = - T T

with the current operator J = i Zi(ti’i+1030i+1 —c.c.).
At 7t = 0, the spectrum has the insulating gap originat-
ing from the ground-state charge order. After weak pho-
toexcitation, the low-energy oscillator strength grows up
as shown in Fig. 2a. This increase of the spectra implies
that the system becomes more conductive. In Fig. 2b,
the spectral weight entirely decreases after strong pho-
toexcitation. It reflects the fact that the strong AF spin
order encumbers the motion of conducting electrons as
represented by Eq. (2.3). Thus, the system does not ex-
hibit a metallic behavior even in the charge-disordered
state. This state is identified as an antiferromagnetic
charge-disordered (AFCD) state.

J), (3.4)
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Fig. 2. Optical absorption spectra before (7t = 0) and
after (7t = 85) pumping with n = 0.1¢. The intensities
of the pump light are chosen to be (a) Ag = 0.08 and
(b) Ao = 0.35.

The microscopic electronic structures after weak and
strong photoexcitation are summarized. In the former
case, both charge and spin orders are melted. This melt-
ing demonstrates the photoinduced AFCO to FM transi-
tion. It is interpreted that the motion of photodoped car-
riers brings about the magnetic structure change through
the double-exchange interaction. In the latter case,
only charge order is melted, and the initial AFCO state
changes into the AFCD state that never emerges as a
static state. This fact indicates the existence of a hidden
state which can be formed only by the high photodoping.
We further revealed that the distributions of photodoped
carriers in the band are qualitatively different between
the weak and strong photoexcitation cases. In the weak
photoexcitation, the holes are photodoped around top of
the electron band, that is, the electrons in highest occu-
pied levels are pumped up by the photoirradiation. On
the other hand, in the strong photoexcitation, the elec-
trons around bottom of the band are pumped up. In such
the highly photoexcited state, the band narrowing is ex-
pected, in highly contrast to the weak photoexcitation
case. It brings down the kinetic energy in the electron
system and stabilizes the AF spin order. This is a possi-
ble scenario of the emergence of the AFCD state by the
strong photoexcitation. Further calculations, such as the
real-time tracking of the band structures and so on, are
required in future work to elucidate the mechanism of
these photoinduced dynamics completely.

4. Summary

We have investigated the photoinduced spin-charge dy-
namics in strongly correlated electron systems described
by the double-exchange model. The photoirradiation ef-
fects on the AFCO state depend strongly on the photon
density, that is, the weak photoexcitation triggers the
transition into the FM state, whereas the strong pho-
toexcitation induces the transition into the AFCD state.
Especially the latter case indicates that the hidden state
may appear by the high-density photoexcitation. We
suggest that the “excitation density” is a key to search
for a hidden state.
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