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Excitonic effect on the optical response in the one-dimensional two-band Hubbard model
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Motivated by the gigantic nonlinear optical response in the halogen-bridged Ni-compounds, the underlying
electronic states of the compounds are examined in the one-dimensional two-band Hubbard model, by studying
the current-current correlation function and the charge density in the ground state. The dynamical density
matrix renormalization group method is employed. We find that the low-energy peak of the correlation function
consists of a single Lorentzian component for a parameter range appropriate to the compounds. This is due to
an excitonic state induced by the intersite Coulomb repulsion between holes on the metal and halogen ions.
This is consistent with the optical absorption spectra of the compounds. We suggest that the localization of
holes on the metal ions in the ground state brings about the formation of the excitonic state.
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One-dimensional Mott insulators such as cuprates anduggests that the excitonic state occurs. In fact, the optical
halogen-bridged Ni-compounds exhibit gigantic nonlinearabsorption spectrum can be decomposed into a single
optical responses, which have potential as optoelectronicorentzian component and a long tail structdre.
devicest™ It has been shown that this massive response Motivated by the optical properties of the Ni-compounds,
arises because the photoexcited states across the Mott g@@ numerically calculate the current-current correlation
with even and odd parities are degenerate. This leads to th@nction in the two-band Hubbard model. A numerical
enhancement of the dipole matrix element of the third-ordegjmyjation technique applied here is the DDMRG
nonlinear susceptibility. In the Mott insulators, both the pathodf-11.15-17Wjith changingA/t and V/t systematically,
gg?r‘;naeﬁrgﬁy and the optical gap reflect strong electrofe fing that the low-energy peak of the correlation function

L . . consists of a single Lorentzian component for a parameter

The single-band Hubbard model with nearest-nelghboFange appropriatgto the compounds.pThis is due tg the exci-

Coulomb repulsion at half-filling is a minimal model for the ; : : : :
study of the optical response and photoexcited states in oné%?'ctizftse g‘g?g%‘? ttI?Xa ca:ri CgSr?(lsztem ‘;V('jtgittigﬁ ?gttlrfglc%t;re-
dimensional Mott insulators. The photoexcited states and op= b » pounas.

ation function, the charge density in the ground state also

tical response of the model have been examined by emplo . . - :
ing the dynamical density matrix renormalization groupprowdes: useful information to understand the formation of

(DDMRG) method®1 The model and the method are suit- the excitonic state. Then, we calculate the charge density by
able for the clarification of the general electronic properties!Sing the DMRG method, and suggest that the localization of
of the insulators. However, the real compounds such as th@oles on metal ions in the ground state brings about the
cuprates and the halogen-bridged Ni-compounds are the iformation of the excitonic state.

sulators of charge transfer type, where both half-filled The two-band Hubbard model on one-dimensional chain
d-orbitals and emptyp-orbitals for holes exist in one- is given by

dimensional networks of the transition metal and ligand ions.

Therefore, the two-band Hubbard model is relevant for the H=S an + D ti,i+1(CiT,gCi+l,a+ H.c)
insulators. : i
For the understanding of the optical response of the Ni-
compounds with huge third-order nonlinear susceptibility, +, Uinmni,ﬁvz NiNi11, (GD)]
i i

there are key electronic structure parameters in the two-band

Hubbard modet:*>-14 One of them is the charge transfer

energy A, which is related to the optical gap. In the Ni- where the operatom{a creates a hole with spin at sitei,
compoundsA is estimated to be comparable with tdep  n;=n; ;+n; | is the number operator, the level energyand
hopping energyt by the angle-resolved photoemission the on-site Coulomb interactidd; are defined by;=A and
spectroscopy? and the physical picture based on the pertur-U;=U, for odd i (halogen ion, and =0 and U;=Ujy for
bation expansion with respect tdéA may be violated. An- eveni (metal ion, respectivelylt; ;.,|=t and the sign of; ;.;
other parameter is the intetsite Coulomb repuldidretween is taken from the electronic states of the Ni-compouhdée
holes on the metal and halogen ions, which causes an exditroduce the intersite Coulomb interactidbetween holes
tonic state. The presence of the excitonic states in the Nien metal and neighboring halogen sites. For the charge trans-
compounds has been confirmed through the optical absorper type insulatorsA <Uy. The number of holes is equal to
tion and photoconductivity measurements. Since the that of metal sites. For a moment, the on-site Coulomb inter-
optical gapw, observed in the absorption spectrum is smalleraction at halogen sites),,, is neglected to make the roles of
than the threshold energy of the photoconductivity, the exciV clear, althoughJ, may be finite in the real compounds. In
tation by wg is not sufficient for photocarrier generation. This this paperUy is fixed to beUy/t=8.
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We calculate the current-current correlation function de- . ,A./t=|1 — , IA{t=I2 — _An=3
fined by 100L@ i© 1@ ]
1 . : i i i<
== —ImO|j———7—]"|0), 2 - I I i
xolw) == im “w"'Eo‘H*'WJ 0 @ 0 I I 1°
wherej=iZ; ,t i+1(¢] Cir1 ,—h.C) is the current operatoj0) O/N =

is the ground state with enerdsp, andy is a small number. 100
We also calculate the charge density in the ground state _
N(i)=(0[n;|0). 50F

Numerical simulations to obtaig,(w) andN(i) are sepa- st
rately carried out by the DMRG method under open bound-;% O—
ary condition. The superblock is constructed by 129 sites, 100'_(")

SiA

B

YA

i.e., 64 unit cells plus one halogen site. It should be noted |

that both ends of a one-dimensional chain are halogen sites 5ot \

since this configuration keeps the inversion symmetry of the | fy ]
system after the sweep procedure is converged. For any pe (et t==i2% :
rameter set, the result for 129 site system was compared witt looi_(d) ]
that for smaller clusters, so that a boundary effect inducing : :§
localization of electrons at chain edges can be identified. ¢ 1%
Additional impurity potentials on the two halogen ends are [ \ ]
included by changingi with H-(V/4)(n,+n,) to reduce the N Wt N

boundary effect. As will be mentioned below, the effect pro- 0 2 4

duces a small hump structure at aroundA for V/t=2 in

X, even for the 129 site system. For calculatipgw), the FIG. 1. x,(w) as a function ofA/t and V/t. The on-site Cou-

DDMRG method for the fixed broadening factor lomb repulsion is fixed to b&ly/t=8 andU,/t=0. Dashed lines
y/t=0.2 is applied.*'” To define the density matrix for denote single Lorentzian components.
mixed states in the DDMRG method, we take three target

. . .T i . i
states, i.e., the ground staf@®), a photoexcited statg'|0), ,/t=1.5 can be assigned to the excitation process from the

and the correction vectdiw+Eq—H+iy)™j'0). For calcu- singlet bound states to the upper Hubbard band, which we
lating N(i), the standard DMRG method is appli€dFor  cail’ the procesgA). The shoulder at around/t=3 is as-
both x,(w) andN(i), the DMRG bases are truncated up 0 signed to the process from the unbound states to the upper
m=300. Hubbard band, which we call the proce@®). The energy

In Fig. 1, x,(w) is plotted for various values ak/t and  (jfferences between the two structures can be scaled by the
V/t. A Lorentzian is also plotted in the figure fat/t=2. It binding energy of the singlet bound statd=4tq(1/A)
is defined byL,(w)=7’x,(wo)/[(w=w)*+7’] with wy de-  +(1/(Uy-A))].
noting the excitation energy which provides the maximum wjth increasingV, the spectral intensity due to the pro-
X,(w). We focus on whether the full width of half maximum cess(A) increases, while the intensity due to the prod@s
for a low-energy peak ofy,(w) is equal to that for the rapidly decreases. Fat/t=2, a main peak due to the pro-
Lorentzian. As seen in Fig. 1, the width of the spectrum forcess(A) is located atwy~A+V-t. The full width at half
A/t=1 is qualitatively different from that foA/t=2. (The  maximum for the main peak is almost the same as that for
spectrum forA/t=3, which corresponds to a parameter for the single Lorentzian. Therefore, we find that the excitonic
the cuprates, is similar to that fdr/t=2) state occurs foM/t=2. Here we mention how the peak at

Let us start withy,(w) for A/t=2 [see Figs. (e)-1(h)].  the absorption band edge develops into the excitonic one.
For V/t=0, the spectra are composed of two broad strucThe finite interactionV increases the optical gap, and thus
tures. One is a broad peak at arountt=1.5, and the other the localization of holes on metal sites is stabilized in the
is a shoulder at around/t=3. Two excitation processes ground state. After photoexcitation from such a ground state,
which bring the structures can be identified as follows. Sincehe singlet bound state is formed. At the same time, there
A is larger thart, it is expected that holes are predominantly exists a metal site where a hole is absent. By increasing
located on metal sites in the ground state. After the chargéhe metal site tends to be adjacent to the singlet bound state,
transfer excitation due to the light absorption, the holedeading to an excitonic state between them. It is noted that
transferred to halogen sites can be coupled with holes othe finite spectral intensity remains at higher energy region
neighboring metal sites, leading to a singlet bound state simiabove the exciton peak even if the intensity of the process
lar to the Zhang-Rice singlet state well known for two- (B) decreases. This intensity comes from a continuum due to
dimensional cupraté$. At the same time, the metal sites free carriers. The free carrier motion is supported from an
from which the holes are transferred become empty of holeanalytical method.It is also noted that a small hump struc-
i.e., doubly occupied by electrons. This state corresponds tture seen aroun@=2=A in Fig. 1(h) is due to the boundary
the upper Hubbard band in the picture of the single-particleeffect.
excitation. As a result, the broad peak structure at around In order to see the behavior of the excitonic peak for
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FIG. 2. V dependence of,(w) for A/t=2.

much larger value o¥, x,(w) is plotted in Fig. 2 for various
V with fixing A/t=2. x,(w) is enhanced by increasingfor
2=<V/t<3, while it tends to be suppressed with laryer
Next, we examiney,(w) for A/t=1[see Figs. (a)-1(d)].
For V/t<1, the intensity due to the procef&) increases
with increasingV/t. The intensity due to the procefB) is

almost kept. FoW/t=2, the main peak structure is observed

nearwy~ A+V-t. However, it is not clear whether the exci-

tonic state is formed or not, since the full width at half maxi-
mum for the main peak is larger than that for the single

Lorentzian. Even thoughlV is further increased, the fitting
does not works well. Furthermore, faf/t>3, x,(wg) de-
creases with increasing The change of,(w) is larger than
that for A/t=2 (not shown. An additional peak structure due
to the proces$B) is also observed neas/t=4 in Fig. 1(c)
and w/t=4.5 in Fig. Xd). The intensity of the additional
peak increases with increasinvg

tonic state seen as a low-energy peakygfw) depends on
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FIG. 4. Charge density from one halogen €id1) to the cen-

tral halogen sitdi=65) for V/t=2. (a) A/t=3, (b) A/t=2, and(c)

Alt=1.

we choosey smaller than 0.2 This indicates the presence of
the excitonic state. However, the width fart<1.25 is be-
yond 25w. The width increases with decreasing/'t for

A/t=<1.25. Even foV/t= 3, the width forA/t=<1.25 is still
beyond Pw (not shown.

In the following, we show that the broad spectrum for
A/t=1.25 is caused by delocalization of holes in the ground
state. Figure 4 shows the charge density in the ground state
for A/t=3, 2 and 1 withV/t=22° The differences of the
charge density between metal and halogen ionafae3, 2
and 1 are 0.83, 0.71, and 0.38, respectively. In contrast with
the difference forA/t=3 and 2, this is small foA/t=1. The
delocalization of holes foA/t=1 is related to the destruction

of the excitonic state: As seen in Fig. 3, the low-ener eak
As discussed in the previous two paragraphs, the exci g g9y p

of x(w) for V/t=2 consists of a single Lorentzian component
for A/t=1.5 while does not fo\/t<1.25. Therefore, the

the magnitude oA /t. Let us examine how the excitonic state |5 ger the charge localization is, the more stable the excitonic

is destroyed with decreasing/t. Since, in the DDMRG

state is. In other words, holes should be localized on metal

method, the spectral shape depends on the magnitude of thg,q i, the ground state, when the excitonic state is formed.

broadening factow, we remove the effect of the broadening

by using the Lorentz transformatidfhAfter the removal of
the effect,y,(w) is expressed by(w). In the actual numeri-
cal calculation, y(w) still has a finite broadening factor
Sw(<v). The factor is set to béw=1y/2.1° Figure 3 shows
the A dependence ofk(w) for V/t=2. The peak intensity
linearly decreases with decreasidgt. For A/t=1.5, the
full width at half maximum of the main peak is nearly twice
the broadening factor,». The width becomes narrower if

w/t

FIG. 3. A dependence of(w) for V/t=2.

Finally, x(w) is compared with the optical absorption
spectrum of the Ni-compounds. FArt=1.5 andV/t=2 in
Fig. 3, x(w) is consistent with the optical absorption spec-
trum observed experimentally(w) has a single Lorentzian
peak followed by a long tail structufeFor these parameter
values, the excitation energy, which corresponds to the
optical gap is estimated to he,=2.5~2.5 eV, if we take
t~1eV!? Compared with the observed optical gap
[1.3 eV-2.0eV, wg may be overestimated. However, we
have confirmed numerically that the finit¢, extends the
region where the excitonic state occurs. For the realldfjc
andA/t=1, wy becomes consistent with the observed optical
gap. Note that the optical absorption spectrum of the cu-
prates is consistent with the numerical result Adit=3 and
V/t=1 in Fig. 15 The calculated spectrum looks like a broad
one, since two structures coming from the proce¢8esand
(B) are close each other and the intensity from the process
(B) is relatively large.

In summary, we have investigated the current-current cor-
relation function and the charge density of one-dimensional
two-band Hubbard model by using the density matrix renor-
malization group approach. In the two-band Hubbard model,
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the intersite Coulomb interactiovi between holes on metal state, we suggested that the localization of holes on metal

and halogen ions is a primary factor to produce the excitorions in the ground state brings about the formation of the
effect on the correlation function. We found that the low- €Xcitonic state.

energy peak of the correlation function consists of a single This work was supported by NAREGI Nanoscience
Lorentzian component fOA/.IZLS andV/t=2in Fhe €as€  project and Grant-in-Aid for Scientific Research from the
that Ug/t=8 andUp=0. This means the formation of the \inistry of Education, Culture, Sports, Science, and
excitonic state. This is consistent with the optical absorptionrechnology of Japan, and CREST. A part of the numerical
spectrum observed in the Ni-compounds. By examining thealculations was performed in the supercomputing facilities
correlation function and the charge density in the groundn ISSP, University of Tokyo and IMR, Tohoku University.
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can be decomposed into a set of Lorentzian components. The
transformation is given by)(y(w)=fdw'7)((w’)/77[(w—w')2
+92], with y(w') denoting the intensity of the decomposed
Lorentian. In actual numerical calculation, the integral is limited
within a range wherg,(w) is finite. The energies andw’ are
discretized equidistantlyw; < w,< -+ <o, and wj;;—w;=dw

for any i). In this case, the equation is rewritten by
X,=XM,  where X, =(x,(01),x,(®2), ... Xy(@n), X
=(x(wy),x(w), ... ,x(wy)) and the(i,j)-component of the ma-
trix M is defined byM;;=(8w/m)y/[(w—w))*+»?]. X is ob-
tained by calculating<,M~* with M~ denoting the inverse ma-
trix of M. It is noted that the numerically obtaingdw;) still has

a finite broadening factofw.

However, the modulation is caused by the presence of the free
boundary.
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