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We studied the linear and nonlinear optical responses in the one-dimensional(1D) Mott insulators of the
halogensXd-bridged nickel compounds(the NiX-chain compounds), fNischxnd2XgY2 [X,Y=Cl; X,Y=Br; X
=Cl, Y=NO3: (chxn)5cyclohexanediamine] and the copper oxidesCuOd chain compounds,A2CuO3 (A=Sr
and Ca). The excitation profiles of the photoconductivity as well as the photoluminescence efficiency mea-
surements show that charge-transfer(CT) excited states in the NiX-chain compounds form excitonic bound
states, while the excitonic effect is relatively small in Sr2CuO3 and negligible in Ca2CuO3. The relatively large
excitonic effect in the NiX-chain compounds is attributable to the strong 1D confinement of the electronic
states. The temperature dependence of the«2 spectra reveals that the spectral widthsGCT of the CT bands are
dominated mainly by the electron–lattice interaction, which is smaller in the NiX-chain compounds than in the
CuO-chain ones. Thexs3ds−v ;0 ,0 ,vd spectra of the 1D Mott insulators were obtained by the electroreflectance
spectroscopy. The maximum values ofuImxs3ds−v ;0 ,0 ,vdu in the 1D Mott insulators
s,10−5–10−8 esud were considerably larger than those in other 1D semiconductors such as 1D band insulators
of silicon polymers, and 1D Peierls insulators ofp-conjugated polymers and halogen-bridged Pt compounds
s,10−8–10−10 esud. To elucidate the enhancement ofuImxs3ds−v ;0 ,0 ,vdu in the 1D Mott insulators, we have
compared the nature of the photoexcited states of the 1D Mott insulators with those of the 1D band and Peierls
insulators. In the 1D Mott insulators, the odd and even CT excited states are nearly degenerate. This degen-
eracy induces the large transition dipole moment between these two states and then leads to the enhancement
of xs3d. Such a feature in the 1D Mott insulators is independent of the magnitude of the excitonic effect,
although the excitonic effect sharpens thexs3d spectrum and enhances the maximum value ofuxs3du. In the 1D
band and Peierls insulators, on the other hand, the splitting between the lowest excited state with odd parity and
the second-lowest one with even parity is as large as the exciton binding energy. It leads to the diminution of
the transition dipole moment between these two excited states and hence ofxs3d. These differences of the
photoexcited states between the 1D Mott insulators and others have been explained in terms of the 1D extended
Peierls–Hubbard model.
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I. INTRODUCTION

Nonlinear optical materials with large third-order nonlin-
ear susceptibilitiesxs3d are indispensable for realization of
all-optical switching, modulating and computing devices.
For the development of new materials with largexs3d, one of
the most important strategies is to explore quasi-one-
dimensional compounds, since the quantum confinement of
electron-hole motion on 1D space can enhance third-order
optical nonlinearity. So far two types of 1D systems have
been extensively studied, i.e., the band insulators of silicon
polymers,1–5 and the Peierls insulators ofp-conjugated
polymers6–12 and 1D halogen-bridged platinum
compounds.13–15Very recently, it has been reported from the
electroreflectance(ER)16 and third harmonic generation
(THG) spectroscopy17 that xs3d is anomalously enhanced in
the 1D Mott insulators(MIs) of the halogensXd-bridged Ni
compounds(the NiX-chain compounds) and the CuO-chain
ones(Sr2CuO3 and Ca2CuO3). They are insulators because of
the large electron-electron Coulomb repulsion energyU on
the metal sites. More exactly, they belong to charge-transfer
(CT) type insulators in which a CT transition from halogen
(or oxygen) to nickel (or copper) corresponds to the gap
transition. Linear and nonlinear optical response is, there-
fore, dominated by this CT transition in these materials.

The ER study on single crystal samples of the NiX- and
CuO-chain compounds has revealed thatxs3ds−v ;0 ,0 ,vd de-
fined via the relation, Psvd=3e0xs3ds−v ;0 ,0 ,vd
3hEs0dj2Esvd, reaches 10−8–10−5 esu.16 Here, Psvd shows
nonlinear polarization,Es0d the static electric field,Esvd the
electric field of light, ande0 the permittivity of vacuum.
The observed xs3ds−v ;0 ,0 ,vd values (10−8–10−5 esu)
are considerably larger than those of the 1D band
and Peierls insulators.13,18–20 In addition, the THG
study has been performed on the single crystalline
thin films of the CuO-chain compounds.17 The
results have revealed thatxs3ds−3v ;v ,v ,vd defined as
Psvd=1/4e0xs3ds−3v ;v ,v ,vdhEsvdj3, is also fairly large
(10−10–10−9 esu).

In the previous ER study,xs3ds−v ;0 ,0 ,vd spectra are
analyzed by a three-level model composed of a ground state
and a pair of odd and even excited states.16 The analysis of
the results has suggested that the odd and even CT states are
nearly degenerate and that the enhancement ofxs3d is due to
a large transition dipole moment between them. The three-
level model reveals important facts, but will be too simple to
describe actual photoexcited states of the 1D Mott insulators.
Degeneracy of the odd and even CT states has been also
suggested from the peak positions of two-photon absorption
(TPA)21 and THG17 spectra obtained for the CuO-chain com-
pounds. The TPA and THG spectra are, however, fairly
broad, so that it is difficult to deduce the detailed energy
level structures of the photoexcited states directly from the
experimental data.

Theoretical studies on the linear and nonlinear optical re-
sponse of the 1D Mott insulators have also been performed
using the one-band22 and two-band21,23 extended Hubbard
model. The strict calculation has demonstrated that the de-
generacy of the odd and even CT states and the enhancement

of the dipole moment between them are essential features of
the 1D Mott insulators. In such a calculation, however, the
system size is restricted to be several sites, so that it is dif-
ficult to compare the theoretical spectra directly with the ex-
perimental ones. To make possible the direct comparison be-
tween the theory and the experiment, a more simplified
model called ”holon-doublon model,” which takes account
of only the charge degree of freedom, has been proposed.17,22

Thus, the extensive studies about the optical nonlinearity
in the 1D Mott insulators have been performed. However, the
nature of the nonlinear optical spectra and the mechanism for
the enhancement ofxs3d in the 1D Mott insulators have not
been fully clarified yet. For the comprehensive understand-
ing of the linear and nonlinear optical responses of the 1D
Mott insulators, the important points to be solved are as fol-
lows; (1) whether the CT excited states associated with non-
linear optical response are composed of excitonic bound
states or continuum states;(2) what determines the widths of
linear and nonlinear optical spectra;(3) what is the physical
origin for the difference of the linear/nonlinear optical re-
sponses between the 1D Mott insulators and the 1D band or
Peierls insulators.

In this paper, we will report systematic investigations of
the linear and nonlinear optical response on the NiX-chain
compoundsfNischxnd2XgY2 [X,Y=Cl; X,Y=Br; X=Cl, Y
=NO3: (chxn)5cyclohexanediamine] and the CuO-chain
compoundsA2CuO3 (A=Sr and Ca). After we detail the ex-
perimental procedures in Sec. II, we review the crystal and
electronic structures of the 1D Mott insulators in Sec. III. In
Sec. IV, we describe the results of the linear optical spectra
(the imaginary part of the dielectric constant«2), the excita-
tion profiles of the photoconductivity, and the luminescence
spectra. From the results, we will deduce the effects of exci-
tonic Coulomb interaction and electron-lattice interaction on
the linear optical spectra. After that, we will report the non-
linear optical spectrafxs3ds−v ;0 ,0 ,vdg of the 1D Mott insu-
lators obtained by the ER measurements in Sec. V. In Sec.
VI, on the basis of the obtained linear and nonlinear optical
spectra, we will elucidate the essential difference of the pho-
toexcited states between the 1D Mott insulators and the other
1D semiconductors, and clarify the key factors of physical
parameters, which enhancexs3d in the 1D Mott insulators.
The summary of this paper is given in Sec. III.

II. EXPERIMENTAL DETAILS

Single crystals of the three NiX-chain com-
pounds, fNischxnd2BrgBr2, fNischxnd2ClgCl2, and
fNischxnd2ClgsNO3d2, were grown by electro-
crystallization method according to the literature.24–26

In the following, fNischxnd2BrgBr2, fNischxnd2ClgCl2, and
fNischxnd2ClgsNO3d2 are shown as Ni–Br–Br, Ni–Cl–Cl,
and Ni–Cl–NO3, respectively. Single crystals of the
CuO-chain compounds, Sr2CuO3 and Ca2CuO3 were grown
by the traveling-solvent floating-zone(TSFZ) method and
the flux method, respectively.

In the polarized reflectance measurements, we used a spe-
cially designed spectrometer with a 25-cm-grating mono-
chromator (JASCO M25-GT) and an optical microscope.
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This spectrometer has a 150-W tungsten-halogen lamp and a
250-W xenon lamp as light sources, and Si and Ge photo-
diodes and a photomultiplier as detectors. Suitable light
sources and detectors were selected depending on the mea-
sured energy range.

For the photoconductivity(PC) measurement,27 the elec-
trodes made of carbon paste were put onto the two sides of
the single crystals. Light from a 150-W xenon lamp or a
150-W tungsten-halogen lamp was monochromized through
a 10-cm-grating monochromator. The light was polarized by
a Glan-Taylor prism and focused on the surface of the
sample. In the measurements, polarization of the incident
light E was parallelsid to the chain axisb. The photocurrent
modulated by chopping the incident light with frequency
fs,200 Hzd was detected by a lock-in amplifier. The spectral
intensity of the lamps were corrected using a thermopile. The
thickness of the sample is much larger than the absorption
depths of the incident lights. Therefore, we can consider that
all the incident photons were absorbed in the samples. The
excitation profiles of the photoconductivity were normalized
to the incident photon number by taking account of the re-
flection loss of the incident light. To avoid thermal effect by
light irradiations, the samples were cooled to the lowest tem-
peratures at which the photocurrent was detectable. We set
the temperatures at 150 K for Ni–Cl–NO3 and Sr2CuO3 and
50 K for Ni–Cl–Cl, Ni–Br–Br, and Ca2CuO3. In addition,
we have confirmed that the chopping frequencyf of the in-
cident light is high enoughsf ,200 Hzd that the contribution
of thermally excited carriers is negligible compared to the
photo-generated ones. Linearity of the photocurrent against
the intensity of the incident light and the applied voltage
s170–1000 V/cmd was also carefully checked for each
sample.

For the measurements of the luminescence spectra, we
used a Raman scope(RENISHAW system 1000B) equipped
with He–Nes1.96 eVd and Ar-ion lasers2.41 eVd for exci-
tation light sources. In the measurements, polarization of the
incident light is parallelsid to the chain axisb. The obtained
luminescence data were corrected for the spectral response of
the detection system, which was evaluated using a standard
lamp. We also compared the relative efficiency of lumines-
cence by normalizing the integrated luminescence intensity
by the incident photon number.

In the ER measurements,16 two electrodes spaced about
0.5 mm out were put onto a surface of single crystalline
samples and alternating electric voltage(frequency f
=1 kHz). The typical amplitude of the applied voltage is
1 kV. Both the applied electric fieldsFd and the polarization
of light were set parallel to the 1D chains. The electric-field-
induced changesDRd of the reflectivitysRd was picked out as
the 2f component of the reflection light with a lock-in am-
plifier.

In all the ER measurements, samples were immersed in
liquid nitrogen and kept at 77 K. In the low-temperature
measurements of reflectance, photoconductivity, and lumi-
nescence, we used a conduction-type cryostat.

III. CRYSTAL AND ELECTRONIC STRUCTURES OF THE
NiX CHAIN AND CuO–CHAIN COMPOUNDS

The crystal structure offNischxnd2BrgBr2 is presented in
Fig. 1(a).24 Ni3+ ions andX=Br− ions are arranged alter-

nately along theb axis. Purely 1D electronic state is formed
by the overlap of thepz orbitals ofX and thedz2 orbitals of
Ni [Fig. 1(c)]. Four N atoms of amino groups in two(chxn)
molecules coordinate a Ni3+ ion in a plane normal to the
chain axisb and produce a strong ligand field. A Ni3+ ion is
therefore in a low-spin state(d7: spin quantum numberS
=1/2) and one unpaired electron exists in thedz2 orbital as
shown in Fig. 1(e). Because of large electron-electron Cou-
lomb repulsion energyU of 5–7 eV(Ref. 28) on the Ni ions,
the Mott-Hubbard gap is opened in the Ni 3d band. The
occupied Cl 3p band or Br 4p band locates between the
Ni 3d upper Hubbard(UH) band and the lower Hubbard
(LH) one as schematically illustrated in Fig. 1(g). The lowest
optical transition corresponds to the CT transition from the
halogenp valence band to the Ni 3d UH band as shown by
the arrow.

The two NiCl-chain compounds,fNischxnd2ClgCl2 (Ref.
29) and fNischxnd2ClgsNO3d2,

26 have similar crystal and
electronic structure asfNischxnd2BrgBr2.

24 The lattice pa-
rameters of the three Ni compounds are listed in Table I.
Changing halogen ionsX from Br to Cl decreases the lattice
constant along the chains(b axis), since the ion radius of Br
is larger than that of Cl. When counter ionsY are changed
from Cl to NO3 in the NiCl-chain compounds, the lattice
constants in thebc plane increases. Such changes of the lat-
tice parameters can be explained as follows. In the NiX-chain
compounds, the neighboring Nischxnd2 moieties on the same
chain are linked by the four NH–Y–HN intrachain hydrogen
(H)-bonds. The network of the H bonds extends over the
chains, forming a 2D structure parallel to thebc plane. In-
crease of lattice constants for theY=NO3 compound is at-
tributable to the increase in the size ofY and also to the
decrease in the strength of the H bonds.30–32 The change of
the lattice constant along the chain axisb, that is, the change
of the Ni-X distancesdNi−Xd by the choice ofY is expected to
modify the degree ofpd hybridizationtpd, intersite Coulomb
repulsion energyV, and/or CT energyD.30

Figure 1(b) shows the crystal structure of the CuO-chain
compound, Sr2CuO3,

33 which is another prototype of 1D
Mott insulators. 1D CuO-chains are composed of CuO4
quadrilateral structures with sharing corner oxygens together
along theb axis, in which a Cu ion is divalentsS=1/2d and
one unpaired electron exists in thedx2−y2 orbital as shown in
Figs. 1(d) and 1(f). In the CuO chain, the 1D electronic state
is formed by the overlap of thepx, py orbitals of O and the
dx2−y2 orbitals of Cu.

The CuO-chain compounds are also categorized to CT
insulators and the CT transition from the O 2p valence band
to the Cu 3d UH band corresponds to the optical gap.
Ca2CuO3 is isostructural to Sr2CuO3.

34 As listed in Table I,
the lattice constants of Ca2CuO3 are smaller than those of
Sr2CuO3 due to the smaller ion radius of Ca2+ than Sr2+. The
CuO4 quadrilateral structure of Ca2CuO3 is slightly distorted:
The Cu–O bond lengthsdCu−O parallel to the chain-axis
b fdCu–Osidg in Ca2CuO3 is 1.89 Å, much smaller than that in
Sr2CuO3 s1.96 Åd, while the values ofdCu−O perpendicular
to b fdCu−Os'dg are almost equal to each other in both com-
pounds(1.96 Å for Ca2CuO3, 1.96 Å for Sr2CuO3).33,34Such
a difference of the Cu–O bond lengthdCu–Osid will also in-
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duce a significant change oftpd, V, and/orD.
Here, we will briefly mention the magnetic properties of

the 1D Mott insulators. The spin susceptibilityxspin in
Ni–Br–Br has been previously reported from the ESR
measurements.30,35 According to them,xspin is only slightly
dependent on temperature. Its temperature dependence can
be reproduced by the sum of the Bonner-Fisher curve, appli-
cable to a 1D antiferromagnetic spinsS=1/2d chain, and a

contribution of small Curie component. The evaluated ex-
change interactionJ is as large as 3600 K(Ref. 30) and
2700 K.35 Our recent ESR and SQUID measurements on the
Ni compounds suggest thatJ=2800 K in Ni–Br–Br, J
=2200 K in Ni–Cl–Cl andJ=2100 K in Ni–Cl–NO3.

36 In
the CuO-chains, the temperature dependence ofxspin has
been reported on Sr2CuO3. The value ofJ is evaluated to be
2200 K.37 Such largeJ values of the 1D Mott insulators

FIG. 1. Crystal and electronic structures of
the halogen-bridged nickel compounds(the NiX
chains) and the copper oxide chain compounds
(the CuO chains). (a), (b) Crystal structure of
fNischxnd2BrgBr2 (a) and Sr2CuO3 (b), (c), (d)
schematic illustration ofd andp orbitals forming
the 1D electronic state for the NiX-chains(c) and
the CuO chains(d). (e), (f), electron configuration
of the d orbitals for the NiX chains(e) and the
CuO chains(f). (g), schematic electronic struc-
ture of the NiX chains and the CuO chains.U is
the Coulomb repulsion energy on the metal sites.
CT represents the charge-transfer transition from
filled p band of XsOd to empty UH d band of
NisCud.

TABLE I. The lattice parameters of the NiX chain and CuO-chain compounds,
fNischxnd2ClgsNO3d2fNi–Cl–sNO3d2g (Ref. 29), fNischxnd2ClgCl2sNi–Cl–Cld (Ref. 25),
fNischxnd2BrgBr2sNi–Br–Brd (Ref. 24), Sr2CuO3 (Ref. 33), and Ca2CuO3 (Ref. 34). The 1D chain is along
the b axis. J values of the NiX chains(Ref. 36) and Sr2CuO3 (Ref. 37) are evaluated from the temperature
dependence of the magnetic susceptibility.

Ni–Cl–NO3 Ni–Cl–Cl Ni–Br–Br Sr2CuO3 Ca2CuO3

a sÅd 22.990 23.975 23.587 12.68 12.23

b sÅd (chain) 4.982 4.894 5.161 3.91 3.77

c sÅd 8.001 6.913 7.121 3.48 3.25

J sKd 2100±500 2200±500 2800±300 2200±200 —
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suggest the largepd hybridization along the 1D chain. Dif-
ference in theJ values among the 1D Mott insulators will be
discussed in Sec. IV.

IV. LINEAR OPTICAL RESPONSE IN THE Ni X CHAIN
AND CuO–CHAIN COMPOUNDS

A. Material dependence of CT gap energy

The polarizedR spectra along the 1D chain at 77 K are
presented for the five 1D Mott insulators in Fig. 2(a). Figure
2(b) shows the spectra of the imaginary part of the dielectric
constants«2d, which were obtained from theR spectra by
using the Kramers-Kronig(KK ) transformation. Sharp peaks
observed at around 1–2 eV in the«2 spectra are due to the
CT transition fromX to Ni (Ref. 28) or from O to Cu.38 The
peak energysECTd and the spectral widthsGCTd are strongly
dependent on materials. In this subsection, we will detail the
dependence ofECT on the three NiX–chain compounds and
two CuO chains.

First, let us discuss the material dependence ofECT
among the three NiX–chain compounds.ECT is mainly deter-
mined byD and tpd. The obtained values ofECT in the com-
pound withX=Br is by 0.5–0.6 eV smaller than that in the
compounds withX=Cl. This is primarily due to the differ-
ence inD, which comes from the energy difference between
the Cl 3p orbital and the Br 4p orbital. By changingY from
Cl to NO3 in the NiCl–chain compounds,ECT increases by
about 0.15 eV. This is attributable to the increase ofdNi−Cl,
as mentioned in Sec. III(see Table I). As the Ni–X distance
increases,D will decrease owing to the decrease of the
Madelung site potential, which results in the decrease ofECT.
On the other hand, the decrease oftpd with increase ofdNi−X
will lead to the decrease ofp andd bandwidths, which gives
rise to the increase ofECT. The observed blueshift of the CT
bands by changingY from Cl to NO3 as observed in Fig. 2(b)
demonstrates that the latter effect, i.e., the change oftpd
dominates the dependence ofECT on dNi–X.

The values of the exchange interactionJ also give infor-
mation about physical parameters. When we assume the re-

lation U.D@ tpd, J is proportional to tpd
4 / sD+V0d2f1/U

+2/s2D+Updg,39 whereUp andV0 stand for the on-site Cou-
lomb repulsion on theX or O site, and Coulomb repulsion
between Ni site andX one or between Cu site and O one.
This expression ofJ can be a crude measure for the degree of
effective pd hybridization approximated bytpd

2 /D, although
such a perturbation treatment is insufficient for quantitative
evaluation of the physical parameters. LargeJ s,2800 Kd of
Ni–Br–Br as compared with that of Ni–Cl–Cl and
Ni–Cl–NO3 is attributable to the smaller value ofD. The
difference of J between Ni–Cl–Cl sJ,2200 Kd and
Ni–Cl–NO3 sJ,2100 Kd can be explained by the increase
of tpd in the former compound. Thus, the observed material
dependencies ofJ andECT are consistent with each other.

In the two CuO–chain compounds,ECT of Ca2CuO3 is
larger than that of Sr2CuO3. In Ca2CuO3, dCu–Osid is smaller
and the Madelung site potential is larger as compared with
Sr2CuO3. It leads to the largerD in Ca2CuO3 than in
Sr2CuO3. In the 2D cuprates, systematic studies have clari-
fied thatECT (or D) increases with decrease of Cu–O bond
length.40 The effect of the increase intpd (or bandwidth) on
ECT will be discussed in Sec. VI B.

B. Excitation profiles of photoconductivity

In the 1D electronic systems, the excitonic effect is some-
times anomalously enhanced.41–43 For example, in a band
insulator of polysilane2–5,44and a Peierls insulator of polydi-
acethylene(PDA),6,10,45–48,64the binding energy of the low-
est energy exciton is evaluated as,1 and,0.5 eV, respec-
tively. To understand the linear and nonlinear optical
responses in the 1D Mott insulators of the NiX chain and
CuO–chain compounds, the information about excitonic ef-
fect is essentially important.

To evaluate the magnitude of the excitonic effect, a mea-
surement of photoconductivity excitation spectrum is one of
the most useful methods.49,50In Fig. 3, the excitation profiles
of photoconductivity along the chains with light polarized
parallel to the chains are presented by the open circles. The

FIG. 2. (a) Polarized R spectra of three
NiX-chains (Ni–Br–Br, Ni–Cl–Cl and Ni-Cl
-NO3) and two CuO chains(Sr2CuO3 and
Ca2CuO3) at 77 K. The electric fieldsEd of lights
is parallel sid to the chain axisb. (b) imaginary
part of dielectric constant«2 obtained from the
polarized R spectra shown in(a) by using the
Kramers-Kronig transformation.
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photoconductivity signal with light polarized perpendicular
to the chain is found to be negligibly small in both the NiX
chain and CuO–chain compounds, reflecting the purely 1D
nature of the electronic states. The threshold photon energy
Eth at which the photocurrent starts to increase is indicated
by the grey triangles in Fig. 3. To compareEth with the peak
energy of the CT bandsECTd, we also plotted the«2 spectra
measured at the temperatures equal or close to the measure-
ment temperatures of the respective photoconductivity spec-
tra in Fig. 3.

In Ni–Cl–NO3 and Ni–Cl–Cl,Eth is located at about 2.0
and 1.86 eV, which are larger thanECT of 1.95 and 1.80 eV
(indicated by the filled triangles), respectively. Excitation of
the CT transition peak atECT is not sufficient for photocar-
rier generations. This suggests that the observed CT excited
state is an excitonic bound state. On the other hand, in
Ni–Br–Br, Eth s,1.25 eVd is slightly smaller thanECT

s,1.3 eVd. In this compound, the absorption edge evaluated
from the polarized absorption measurement is located at
about 0.8 eV. In the region from 0.9 to 1.3 eV, the efficiency
of the photoconductivity is very low, although most of the
excitation photons are absorbed in the sample. Moreover, the
photoconductivity atECT is less than 20% of the saturation

value above 1.7 eV. These results indicate that there is a
finite excitonic effect in Ni–Br–Br, although it is smaller
than that in the two NiCl–chain compounds.

The reason for the difference of the excitonic effects be-
tween the two NiCl–chain compounds and the NiBr chain
one can be qualitatively explained as follows. SinceD sJd in
the NiCl chains are larger(smaller) than that in the NiBr
chain, the effectivepd hybridization, in other words, thep
andd bandwidths are smaller in the NiCl chains than in the
NiBr chain. Such a decrease of the bandwidth would sup-
press the delocalization of the photoexcited states and lead to
the enhancement of the excitonic effect in the NiCl–chain
compounds.

In Sr2CuO3, Eth is smaller by about 0.15 eV thanECT. The
photoconductivity atECT is about half of the saturation value
above 2.1 eV. Therefore, the excitonic effect of Sr2CuO3
seems to be weaker, though not negligible, than that of
Ni–Br–Br. In Ca2CuO3, the excitation profile of photocon-
ductivity is considerably different from those of the other 1D
Mott insulators. The photoconductivity sharply increases
from the absorption edge at 1.75 eVs=Ethd and saturates at
about 1.95 eV belowECT. These results strongly suggest that
excitonic effect is almost negligible in Ca2CuO3. Prominent
difference of the excitonic effect between Ca2CuO3 and
Sr2CuO3 is attributable to the largertpd along the 1D chain in
Ca2CuO3, which results in the delocalization of the photoex-
cited states.

The results clearly show that the excitonic effect in the
NiX–chain compounds is relatively larger than that in the
CuO chains. Ni–Cl–Cl and Sr2CuO3 have the sameECT and
J values, so that their effectivepd hybridization should be
almost the same. However, the excitonic effect is much
larger in Ni–Cl–Cl than in Sr2CuO3. Such a difference can
be attributed to the difference in the chain structures. In the
NiX–chains, the electronic state is composed of thedz2 orbit-
als of Ni and thepz orbitals ofX, so that the electronic state
is strongly confined in 1D space. The Coulomb interaction
between photoexcited electron and hole is purely one-
dimensional in character, resulting in the strong excitonic
effect. In the CuO–chain compounds, 1D confinement of the
electronic states is relatively weak due to the quadrilateral
configuration of oxygen atoms(i.e., thedx2−y2 orbital charac-
ter in the UH band). Therefore, the Coulomb interaction be-
tween an electron and a hole will be less one dimensional
and the excitonic effect will decrease as compared with the
NiX chains.

C. Temperature dependence of«2 spectra

In this subsection, we will discuss the shapes of«2 spectra
polarized along the 1D chains and their temperature depen-
dence. First, we will compare the spectral widthsGCT of the
CT band[the full width at half maximum(FWHM)] in the«2
spectra at 77 K. As shown in Fig. 2,GCT increases in order
of Ni–Br–Br, Ni–Cl–NO3, Ni–Cl–Cl, Sr2CuO3, and
Ca2CuO3. (The difference between Ni–Cl–Cl and
Ni–Cl–NO3 is small only by 0.005 eV.) In 1D electronic
systems, excitonic effect concentrates a large magnitude of
oscillator strength on the lowest excitonic state, resulting in a

FIG. 3. Excitation profiles of photoconductivity along the chain
axis b with the electric field of the excitation lightEexib (the open
circles). Solid curves are«2 spectra forEib. Photoconductivity(«2)
are measured at 150 K(160 K) for Ni–Cl–NO3 and Sr2CuO3, and
at 50 K s77 Kd for Ni–Cl–Cl, Ni–Br–Br and Ca2CuO3. The rise
of the excitation profile of photoconductivity around the band-edge
is fitted by the straight lines and the threshold of photoconductivity
is indicated by the grey triangles. The peak energy of the«2 spectra
is denoted by the solid triangles.
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sharp absorption spectrum, as demonstrated by experimental
and theoretical studies on 1D band insulators4,43 and
1D Peierls insulators.48,64,52 In the four compounds,
Ni–Cl–NO3, Ni–Cl–Cl, Sr2CuO3, and Ca2CuO3, the in-
crease ofGCT in this order seems to reflect the decrease of
the excitonic effect. Among the NiX-chain compounds,GCT
in Ni–Cl–Cl or Ni–Cl–NO3 is larger than in Ni–Br–Br,
although the magnitude of the excitonic effect is relatively
larger in the two NiCl–chain compounds. Therefore, the ex-
citonic effect alone cannot fully explain the material depen-
dence ofGCT.

To clarify the origin of the spectral width, we measured
the polarizedR spectra at various temperatures and obtained
temperature dependence of«2 spectra. The results of
Ni–Cl–Cl, Ni–Br–Br, and Sr2CuO3 are presented in Fig. 4.
In Figs. 5(a)–5(c), we plottedGCT by the filled circles as a
function of temperature. In common to the three compounds,
GCT is independent of temperature at low temperatures and
then gradually increases with temperature.

In the previous subsection, we have shown that there is a
finite excitonic effect in these three materials. It is, therefore,
natural that the width of the«2 spectrum and its temperature
dependence is characteristic to excitonic bound states. There
are three possible factors that affect the temperature-
dependence of the spectral width; acoustic phonons, optical
phonons, and magnons. The broadening due to acoustic
phonons is generally proportional to temperatureT. The ex-
istence of the plateau at low temperatures in the temperature

dependence ofGCT suggests thatGCT does not include the
T-linear component as a main contribution. In the 1D Mott
insulators studied here, there are spin degrees of freedom and
the spin excitation has Cloizeau–Pearson-type dispersion
with the energy scale ofJ. Contribution of exciton-magnon
interaction to the spectral width will be scaled by the mag-
nitude of J. As mentioned in Sec. III, the value ofJ is
,2800 K in Ni–Br–Br, and,2200 K in Ni–Cl–Cl and
Sr2CuO3. When we compareGCT between Ni–Br–Br and
Ni–Cl–Cl, GCT in Ni–Br–Br is much smaller than that in
Ni–Cl–Cl. Therefore, the contribution of the exciton-
magnon interaction toGCT should not be dominant. The most
plausible origin for the broadening of the spectra is the
exciton-optical phonon interaction. Its contribution to the
spectral width can be generalized as the following formula53

including the Bose-Einstein occupation function,
nsEOP/kBTd=fexpsEOP/kBTd−1g−1:

FIG. 4. Temperature dependence of the«2 spectra in Ni–Br–Br,
Ni–Cl–Cl, and Sr2CuO3 for Eib.

FIG. 5. Temperature dependence of the full width at half maxi-
mum (FWHM) GCT for the «2 spectra of the CT band(the solid
circles) and the peak energy of the CT bandECT (the open circles)
for Ni–Cl–Cl, Ni–Br–Br, and Sr2CuO3. The solid lines are tem-
perature dependence ofGCT and ECT calculated by assuming the
coupling of the optical phonon with photoexcited states. The energy
of the optical phononEOP obtained by the fitting procedure is pre-
sented in each panel.
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GCTsTd = G0 + G1 3 nsEOP/kBTd, s1d

whereG0 and G1 represent the contributions of temperature
independent and dependent part of the broadening attributed
to exciton-optical phonon interaction, respectively.EOP is the
energy of the optical phonon. By using this formula, we can
reproduce the obtained temperature dependence ofGCT as
shown by the solid lines in Fig. 5. The obtained parameters
are presented in Table II.

As seen in Fig. 4, the«2 spectra of Ni–Br–Br show the
low-energy shifts as well as the broadening with increase of
temperature. In Ni–Cl–Cl and Sr2CuO3, the similar low-
energy shifts are also observed. In Figs. 5(a)–5(c), tempera-
ture dependence ofECT is also plotted by the open circles for
the three compounds. Assuming the exciton-optical phonon
interaction discussed above, the temperature dependence of
the exciton peak energyECT is expressed in the generalized
form as follows.53

ECTsTd = ECT
0 − ECT

1 3 nsEOP/kBTd. s2d

This formula also reproduces the temperature dependence of
ECT with the parameter values listed in Table II, as shown by
the solid lines in Figs. 5(a)–5(c). The temperature dependen-
cies of bothGCT and ECT are well explained with the same
values ofEOP. We can therefore conclude that the spectral
widths of the CT bands in these compounds are dominated
by optical phonons.

In the NiX–chain compounds, it is most likely that the CT
exciton interacts with the longitudinal optical(LO) phonon
of Ni–X stretching mode along the 1D chains. The frequency
of this mode has not been known due to absence of the
far–infrared(FIR) measurements and inelastic neutron scat-
tering measurements.(No information can be obtained from
Raman measurements, since the symmetric Ni–X mode is
Raman inactive.) In the following, we refer to the results of
the halogen–bridged Pt compounds(the PtX–chain com-
pounds).

The PtX–chain compounds have the crystal structure simi-
lar to the NiX–chain compounds. In the PtX–chain com-
pounds, however, the halogen ions deviate from the midpoint
between two neighboring Pt ions, and the Pt2+ and Pt4+ ar-
range alternately forming a commensurate charge-density-
wave (CDW) state.54 This originates from the strong site-
diagonal-type electron–lattice(e–l) interaction working
between Pt andX. The lowest optical excitation of the
PtX–chain compounds is the transition from Pt2+ to Pt4+,

which corresponds to the Peierls gap. The optical properties
of the PtX–chain compounds will be discussed in detail in
Secs. V and VI to compare the optical response of the 1D
Peierls insulator with that of the 1D Mott insulators. The
frequency of the Pt–X mode interacting with excitons has
been evaluated from the time-resolved luminescence studies
to be 260 cm−1 for the PtCl chain and 118 cm−1 for the PtBr
chain.55 These frequencies are very close to theEOP for the
Ni–Cl–Cl s260 cm−1d and Ni–Br–Br s90 cm−1d evaluated
in this study. This fact supports the contribution of the NiX
stretching LO phonon mode to the spectral broadenings and
shifts of the CT bands.

In Sr2CuO3, EOP is evaluated to be 350 cm−1. In the 1D
cuprates, phonon modes associated with the O atoms has
been previously studied in the FIR reflectivity,56 and Raman
scattering measurements.57 From the analysis of the FIR
reflectivity spectra on Sr2CuO3, the frequency of the LO
(TO: transverse optical) phonon has been evaluated to be
232 s181d cm−1, 452 s343d cm−1, 591 s550d cm−1, and
577 s569d cm−1 (Ref. 56). The value ofEOP s,350 cm−1d is
close to the frequency of the second mode, which is attrib-
uted to the bending mode associated with the Cu atoms and
the O atoms locating between the Cu and Sr atoms. This
bending mode might play a dominant role on the temperature
dependence ofGCT andECT.

In the cuprates, the breathing-type Cu–O stretching mode
is also expected to couple strongly with the CT excited states
similarly to the case of the NiX–chains. Inelastic neutron
scattering measurements of the 2D cuprate, La1.85Sr0.15CuO4,
have shown that charge excitations are strongly coupled with
the zone boundary phonon of the half-breathing type Cu–O
stretching mode whose activation energy is evaluated to be
about 560 cm−1 (Ref. 58). In Ca1.8Sr0.15CuO3, whose crystal
structure is the same as Sr2CuO3, it has been pointed out
from the Raman studies that the frequency of the breathing-
type Cu–O stretching mode is 690 cm−1 (Ref. 59). This
mode is located at the zone boundary and essentially Raman
forbidden, but is considered to be activated near the reso-
nance with the CT transitions. Since the frequency of the
Cu–O stretching mode is much higher than room tempera-
ture (RT), it does not affect the temperature dependence of
GCT below RT. Contribution of such a high-frequency mode
can be ascertained by comparing the value ofG0/G1. G0/G1
of Sr2CuO3 (1.33) is much larger than those of Ni–Cl–Cl
(0.23) and Ni–Br–Br (0.15). The relatively largeG0/G1 in
Sr2CuO3 is attributable to the coupling of the high-frequency
mode such as the breathing-type Cu–O stretching mode to
the CT excited state, which enhancesG0 through spontane-
ous emission processes of phonons. The absolute values of
G0 in Sr2CuO3 s500 meVd is much larger than that in
Ni–Cl–Cl s75 meVd and Ni–Br–Br s6.9 meVd, indicating
that thee–l interaction is more significant in Sr2CuO3 than in
the NiX chains.

In Ni–Br–Br, the very small spectral widthG0 s6.9 meVd
demonstrates the suppression of thee–l interaction. The dif-
ference ofG0 between the NiBr chain and NiCl–chain com-
pounds can be qualitatively explained by the difference in
the effectivepd hybridization characterized bytpd

2 /D. The
larger tpd

2 /D will suppress the effect of thee–l interaction in
Ni–Br–Br as compared with Ni–Cl–Cl.60

TABLE II. Parameters evaluated from the analysis of the tem-
perature dependence of«2 spectra for Ni–Cl–Cl, Ni–Br–Br, and
Sr2CuO3. Definitions of the parameters are described in the text.

Ni–Cl–Cl Ni–Br–Br Sr2CuO3

EOP smeVd 33 11 43

ECT
0 seVd 1.82 1.31 1.77

ECT
1 smeVd 32.4 25.5 125

G0 smeVd 75 6.9 500

G1 smeVd 330 45 380
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D. Luminescence spectra

Luminescence spectroscopy is also a good probe to inves-
tigate both excitonic effect ande–l interaction. Lumines-
cence spectra at 10 K of the four compounds, Ni-Cl-NO3,
Ni–Cl–Cl, Ni–Br–Br, and Sr2CuO3, are presented in Fig. 6
together with the«2 spectra at the same temperature. Lumi-
nescence of Ca2CuO3 is too weak to measure the spectrum.
Luminescence signal is highly polarized to the chain direc-
tion. In the two NiCl–chain compounds, the luminescence
spectra show excitation energy dependence. For the excita-
tion of 1.96 eV near the CT transition peak(spectrum la-
beled as A), we can clearly see many sharp Raman lines
overlapping on the luminescence band, which are enhanced
by a resonant effect. The Stokes shiftEs of the luminescence
band is very small, which is less than 0.05 eV in the two
NiCl chains in common. For the excitation of 2.41 eV, the
luminescence spectrum(labeled as B) shows a dip around
the CT absorption peak. This dip structure is attributable to
the reabsorption of the luminescence, since the absorption
depth at 2.41 eVs,1000 Åd is considerably larger than that
at the CT peak energys,180 Åd. In this case, the maximum
of the luminescence spectrum does not necessarily give the
exact peak energy of the luminescence. The real value ofEs
will be smaller than the low-energy shift of the observed
luminescence peak from the CT absorption peak.

In the NiBr–chain compound, the spectral shape of the
luminescence will be also affected by the reabsorption effect,
since the excitation energys1.96 eVd is considerably larger

than the peak energy of CT transition. Therefore,Es will be
smaller than the observed low-energy shift of the lumines-
cence s.0.05 eVd in the NiBr–chain. Judging from these
results, we conclude that the small Stokes shiftEs, which is
less than 0.05 eV, is a common feature in the NiX–chain
compounds.

In Sr2CuO3, the luminescence spectrum for the excitation
of 2.41 eV is also affected by the reabsorption. For the
1.96 eV-excitation near the absorption peak, a finite Stokes
shift of about 0.1 eV is clearly observed, that is in contrast
with the case of the NiCl–chain compounds. This result sug-
gests that thee–l (or exciton–phonon) interaction would play
an important role in Sr2CuO3, as compared with the
NiX–chain compounds, being consistent with the results of
the temperature dependence of«2 spectra discussed in the
preceding subsection.

From the integrated intensity of the luminescence and
the absorption photon number of the excitation light, we
have also evaluated the relative efficiencyf of the lumines-
cence to befsNi–Cl–NO3d:fsNi–Cl–Cld:fsNi–Br–Brd:f
sSr2CuO3d=60:30:20:1. This result is consistent with the
tendency in the magnitude of the excitonic effect for the four
compounds deduced from the excitation profiles of the
photoconductivity.

FIG. 7. (a) ER spectraDR/R in Ni–Cl–Cl at 77 K. Both the
electric fields of lightsEd and the applied electric fieldssFd are
parallel tob, (b) the applied-electric-filled dependence of the ER
signals. The solid and open circles show theDR/R values at two
energy positions As1.88 eVd and B s1.96 eVd, respectively. The
energy positions A and B are indicated by the arrows in(a). Solid
and dotted lines with the slope 2 show the quadratic field depen-
dence of the signals.

FIG. 6. Photoluminescence spectra of Ni–Cl–NO3, Ni–Cl–Cl,
Ni–Br–Br, and Sr2CuO3 (the solid lines) at 4 K. The spectra A and
B are obtained by the excitationssEexibd of 1.96 and 2.41 eV,
respectively. The dotted lines are the«2 spectra at 4 K.
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V. NONLINEAR OPTICAL RESPONSE IN THE Ni X CHAIN
AND CuO–CHAIN COMPOUNDS

To discuss third-order nonlinear optical response in a sys-
tematic way, it is necessary to evaluatexs3d spectra over a

wide energy region. One of the most useful methods for this
is electroabsorption(EA) or ER spectroscopy, which mea-
sures electric-field-induced change of
absorption coefficient and reflectivity, respectively. This type
of nonlinearity is called dc Kerr effect, which is expressed
as Imxs3ds−v ;0 ,0 ,vd. In this section, we report the
Imxs3ds−v ;0 ,0 ,vd spectra of the 1D Mott insulators de-
duced from the ER spectroscopy.

In Fig. 7(a), we show the ERDR/R spectra of Ni–Cl–Cl
at 77 K as a typical example. The electric-field dependencies
of the signal intensity at 1.88 eVsAd and 1.96 eVsBd are
presented in Fig. 7(b). The signal intensity shows a quadratic
dependence on the amplitude of the applied electric field. No
significant change of the spectral shape is observed by the
increment of the applied electric fieldF from 6 to 50 kV/cm.
Such a quadratic field dependence has also been ascertained
for the other 1D Mott insulators studied here. Therefore, we
can eliminate the possibility of the Franz–Keldysh effect as
an origin of the ER signals, which is responsible for the ER
signals observed around absorption edge for interband tran-
sition in conventional semiconductors.61,62

By applying the KK transformation on theDR/R
spectra, we obtainedD«2 spectra, which were converted
to Imxs3ds−v ;0 ,0 ,vd spectra using the relationD«2

=3 Imxs3ds−v ;0 ,0 ,vdF2, where F is the applied electric
field. In Fig. 8, we present Imxs3ds−v ;0 ,0 ,vd spectra(the
lower panel) together with«2 spectra(the upper panel) for
the three NiX–chains compounds and the two CuO chain.
Errors in the absolute values of Imxs3ds−v ;0 ,0 ,vd, which
come from uncertainties in the estimation of the magnitude
of the applied electric field, are evaluated to be less than 5%.

First, we will discuss the absolute values of Imxs3d

suImxs3dud. The maximum values of uImxs3du are
10−7–10−4 esu in the NiX–chain compounds and 10−8 esu in
the CuO chains. In Fig. 9, the maxuImxs3du values of the 1D
Mott insulators are plotted by the solid circles against the

FIG. 8. Imxs3ds−v ;0 ,0 ,vd spectra(the lower panel, the solid line) and«2 spectra(the upper panel, the solid line) at 77 K in Ni–Cl–NO3,
Ni–Cl–Cl, Ni–Br–Br, Sr2CuO3, and Ca2CuO3. The Imxs3ds−v ;0 ,0 ,vd spectra are obtained from theDR/R spectra forEib andF ib by
using the KK transformation. The dotted lines in the upper panel and the lower panel show the fitting curves by the Lorentzian-type dielectric
function and by the three-level model, respectively. The solid and open triangles denote the energy positions of the one-photon allowed state
with odd parity and the one-photon forbidden state with even parity, respectively, which were determined by the fitting procedures. The
arrows on the lower panels indicate the energy of the minimum,Edip, in the Imxs3ds−v ;0 ,0 ,vd spectra.

FIG. 9. Comparison of the maximum values of
uImxs3ds−v ;0 ,0 ,vdu smaxuImxs3ds−v ;0 ,0 ,vdud. The filled circles
show the 1D Mott insulators. The open circles show other 1D
semiconductors known as good third-order nonlinear optical mate-
rials, Pt-Cl:fPtsend2gfPtsend2Cl2gsClO4d4 (en5ethylenediamine)
(Ref. 13), Pt-Br:fPtsend2gfPtsend2Br2gsClO4d4 (Ref. 13), Pt-I :
fPtsend2gfPtsend2I2gsClO4d4 (Ref. 13), PA: polyacetylene(Ref. 18),
PDA: polydiacetylene(Ref. 63), PTV: polythienylvinylene(Ref.
20), PPV: poly(p-phenylenevinylene), PDHS: polydihexylsilane.
The data of PDHS, PA, PTV, and PPV were obtained using unori-
ented samples. For the other materials, single crystals of oriented
films were used. To compare these values quantitatively the results
for the unoriented samples with those for single crystals or oriented
films, maxuImxs3ds−v ;0 ,0 ,vdu values of unoriented samples are
multiplied by 5.
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optical gap(lowest exciton) energies. In the same figure, we
also plotted by the open circles the maxuImxs3du values of
other 1D semiconductors such as the band insulators of pol-
ysilane, and the Peierls insulators ofp–conjugated
polymers18,20,63and the halogen-bridged Pt compounds(the
PtX–chain compounds),13 which were also evaluated by the
ER or EA spectroscopy. These materials are well known as
good nonlinear optical materials. As clearly seen, the
maxuImxs3du values of the 1D Mott insulators are anoma-
lously large. In particular, the maxuImxs3du of Ni–Br–Br is at
least three orders of magnitudes larger than that of other 1D
semiconductors. These results indicate that the 1D Mott in-
sulators are prospective nonlinear optical materials.

In the uImxs3du spectra of the 1D Mott insulators, positive
and negative components appear alternately with increase of
energy in common. Such an oscillating structure has been
observed in theuImxs3du spectra of other 1D semiconductors
(polysilane,5 p-conjugated polymers12,19,47,51,64 and the
PtX-chain compounds).13 In these materials, the observed os-
cillating structure has been successfully interpreted by as-
suming the two discrete energy levels of excited states, that
is, the one-photon allowed exciton with odd parity, which is
observed in the linear absorption or«2 spectrum, and the
one-photon forbidden(two-photon allowed) exciton with
even parity.65 As shown in Sec. VI, an excitonic bound state
dominates«2 spectrum at the absorption edge in the two
NiCl–chain compounds. In Ni–Br–Br, the lowest excited
state is also strongly influenced by the excitonic effect.
Therefore, it is reasonable to analyzeuImxs3du spectra of the
three Ni compounds by using the three-level model com-
posed of the ground state, the odd excited state, and the even
excited state as shown in Fig. 10(a).

In the analysis, we performed the parameter fitting on the
«2 spectrum by assuming the following Lorentzian–type di-
electric function:66

«CTsvd =
Ne2

"
k0uxu1lk1uxu0lS 1

v1 − v − ig1
+

1

v1 + v + ig1
D ,

s3d

where" is the Planck constant ande is the electron charge.
u0l andu1l show the ground state and the one-photon allowed
excited state with odd parity, respectively, andk0uxu1l shows
the transition dipole moment between them.v1 and g1 are
the energy and the damping factor for the stateu1l. g1 corre-
sponds to half ofGCT. The calculated curves are shown by
the dotted lines in the upper panel of Fig. 8, which closely
reproduce the observed CT bands in the three NiX–chain
compounds. The obtained parameters are summarized in
Table III.

In the three-level model,xs3d is given from the perturba-
tion theory. The main term dominating the spectral shape of
xs3d is expressed as follows:66

xs3ds− v;0,0,vdmain

=
Ne4

3«0"3

k0uxu1lk1uxu2lk2uxu1lk1uxu0l
sv1 − v − ig1dsv2 − v − ig2dsv1 − v − ig1d

,

s4d

whereu2l shows the one-photon forbidden excited state with

even parity andk1uxu2l the dipole moment betweenu1l and
u2l. v2 andg2 are the energy and the damping factor for the
stateu2l, respectively,N is the density of the metal atoms. To
be more exact,xs3d is composed of 12 independent terms

FIG. 10. (a) The schematic illustration of the three-level model
used for the analysis of the Imxs3ds−v ;0 ,0 ,vd spectra.DE is the
energy splitting between the one-photon allowed excited stateu1l
with odd paritysE1d and the one-photon forbidden excited stateu2l
with even paritysE2d. k0uxu1l and k1uxu2l are the dipole moments
between the ground stateu0l and u1l and betweenu1l and u2l, re-
spectively.(b) The energy splittingDE is plotted as a function of
the optical gap energy for various 1D semiconductors. Abbrevia-
tions and references for Pt–I ,Pt–Br, and Pt–Cl are the same as
those used in Fig. 9. As for the conjugated polymers. We referred to
the results of ER measurement for PDA in Ref. 19, EA measure-
ment for polysilanes(PDHS: polydihexylsilane, PDTDS: polyditet-
radecylsilane, PDBS: polydibutylsilane) in Ref. 5. The datum of
PPV is derived from the two-photon absorption measurement in
Ref. 68. (c) the relation between the transition dipole moments,
k0uxu1l and k1uxu2l, for various 1D materials. The filled circles and
the open circles show the 1D Mott insulators and other 1D semi-
conductors, respectively. Abbreviations and references for
Pt–I ,Pt–Br,Pt–Cl, and PDA are the same asthose we used in Fig.
9. The datum for PDHS is obtained in this work(Ref. 69).
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including Eq.(4) as the major term.66 By using the complete
expression ofxs3d, we performed a parameter fitting of Imxs3d

spectrum. For the parameters,k0uxu1l, v1 andg1, we used the
values obtained from the fitting procedures of the«2
spectra.67 The calculated Imxs3d spectra are presented by the
broken lines in the lower panels of Fig. 8, which reproduce
well the experimental results for the NiX–chain compounds.
The obtained parameters are summarized in Table III.

From these analyses, we can find two important features
of the photoexcited states in the NiX–chain compounds. The
first feature is associated with the energy splittingfDE
="sv2−v1dg between the odd and even excited states. In Fig.
8, the energy positions of the odd and even excited states are
indicated by the solid and the open triangles, respectively.
DE is very small, which is 90 meV in Ni–Cl–NO3, 50 meV
in Ni–Cl–Cl, and 10 meV in Ni–Br–Br. The second feature
is that the dipole momentsk1uxu2l is very large. Note that
k1uxu2l/k0uxu1l exceeds 10.DE as a function of the optical
gap(lowest exciton) energy, and the dipole momentsk0uxu1l
and k1uxu2l are presented in Figs. 10(b) and 10(c).

In the 1D band insulators of polysilane, and the 1D
Peierls insulators of p–conjugated polymers and the
PtX–chain compounds, the energy position of the even-parity
exciton has been determined from the results of TPA
spectroscopy68 as well as the ER or EA spectroscopy, by
taking account of the three-level model.5,13,19 The energy
splitting sDEd between the odd and even exciton states of
these 1D semiconductors is plotted in Fig. 10(b). The quan-
titative evaluation of the transition dipole moments,k0uxu1l
and k1uxu2l, has been performed for polydihexylsilane
(PDHS),69 the PtX–chain compounds70 and polydiacetylene
(PDA).19 The results are also presented in Fig. 10(c), to-
gether with the results of the 1D Mott insulators.

In these 1D band and Peierls insulators, the excited states
with even parity identified from the nonlinear spectroscopy
have been revealed to be excitonic bound states. Therefore,
DE gives a lower limit of the exciton binding energyEb.
Judging from the values ofDE shown in Fig. 10(b), Eb of
these materials are very large, which ranges from 0.2 to 1eV.

These values are much larger than those of the 1D Mott
insulators, which are less than 0.1 eV as deduced from the
results of the photoconductivity excitation spectra presented
in Fig. 3. As for the dipole moments of the 1D band and
Peierls insulators,k1uxu2l/k0uxu1l is almost equal to 3 and
k1uxu2l is not so large as compared with those of the 1D Mott
insulators as seen in Fig. 10(c).

In Eq. (4) based on the three-level model, the important
factors dominating maxuImxs3du are the transition dipole mo-
ments; Imxs3d is proportional tosk0uxu1lk1uxu2ld2. The dipole
momentk1uxu2l in the 1D Mott insulators are considerably
larger than those in the band and Peierls insulators. It sug-
gests that the largek1uxu2l is the important origin for the
enhancement ofxs3d in the 1D Mott insulators. The other
important factors determining the values of maxuImxs3du are
the damping factorssg1,2d andDE. Assuming the resonance
condition sv=v1d, one can easily see from the denominator
of Eq. (4) that the decrease ofg1,2 and DE should enhance
maxuImxs3du. Actually, both g1 and DE in the NiX–chain
compounds are relatively small as compared with those of
PDHS (g1=0.14 andDE=0.89 eV)69 and the PtX chains
(g1=0.22 eV andDE=0.54 eV forX=Cl, g1=0.23 eV and
DE=0.46 eV for X=Br, g1=0.15 eV andDE=0.24 eV for
X=I),13 and PDA(g1=0.027 eV andDE=0.51 eV),19 which
would also be responsible for the enhancement ofuImxs3du in
the NiX–chain compounds.

We have also performed the similar analysis for Sr2CuO3
and Ca2CuO3, in which the excitonic effect is small and neg-
ligible, respectively. As shown in the upper panel of Fig. 8,
there are some discrepancies at the high-energy side of the«2
peaks between the experimental«2 spectrum(the solid line)
and the calculated one(the broken line) based on Eq.(4).
The calculated Imxs3d spectra shown by the broken lines in
the lower panel of Fig. 8 reproduce the characteristic oscil-
lating structure of the experimental spectra, although there
are also slight deviations. The energy positions of the odd
and even states are also indicated in Fig. 8 by the solid and
open triangles, respectively, and the parameters are summa-
rized in Table III. The value ofk1uxu2l is 10 times as much as
k0uxu1l (similar to the case of the NiX–chain compounds).

TABLE III. Parameters evaluated from the analysis of the Imxs3ds−v ;0 ,0 ,vd spectra at 77 K by the
three-level model in the NiX chain and CuO-chain compounds.E1 andE2 are the energy of the one-photon
allowed state with odd parity and the one-photon forbidden state with even parity.k0uxu1l andk1uxu2l are the
transition dipole moments between the ground state and the odd excited state, and between the odd and even
excited states, respectively.g1 and g2 are the damping factors for the odd and even excited states, respec-
tively. uRexs3ds−v ;v ,−v ,vdu at the optical communication wavelengths1.55mmd was calculated by using
the parameters.

Ni–Cl–NO3 Ni–Cl–Cl Ni–Br–Br Sr2CuO3 Ca2CuO3

E1seVd 1.95 1.82 1.311 1.77 2.1

k0uxu1l sÅd 1.08 1.23 1.58 0.717 0.688

E2 seVd 2.04 1.87 1.321 1.75 1.9

k1uxu2l sÅd 11.4 19.9 22.4 9.45 6.8

DE=sE2−E1d seVd 0.09 0.05 0.010 20.02 20.2

g1 smeVd 0.027 0.036 0.0073 0.078 0.11

g2 smeVd 0.055 0.053 0.038 0.2 0.1

uRexs3ds−v ;v ,−v ,vdu sesud at 1.55mm 6.3310−11 4.9310−10 1.5310−9 1.0310−10 7.5310−11
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DE and the dipole moments,k0uxu1l and k1uxu2l, are also
plotted in Figs. 10(b) and 10(c) for the two CuO–chain com-
pounds. The discrepancy between the experimental results
and calculated ones suggests that the three-level model as-
suming the two excited states are not sufficient to explain the
optical response. The contribution of the continuum or
multielectron-excited states should be taken into account for
the analysis of the Imxs3d spectra in the two CuO chains. As
for this problem, we will discuss in Sec. VI B.

VI. DISCUSSIONS

A. Comparison of linear and nonlinear optical response
between 1D Mott insulators and other 1D semiconductors

As reported in the previous sections, there are three im-
portant differences in the nature of photoexcited states and
the nonlinear optical response between the 1D Mott insula-
tors and other 1D semiconductors.

(1) The binding energyEb of the excitonic bound states
in the 1D Mott insulators is smaller than that in the 1D band
and Peierls insulators.

(2) The splitting DE between the odd and even excited
states is small in the 1D Mott insulators and large in the 1D
band and Peierls insulators.

(3) The transition dipole moment between the odd and
even excited statek1uxu2l is large in the 1D Mott insulators
but relatively small in the 1D band and Peierls insulators.
The largek1uxu2l is the most important origin for the en-
hancement ofxs3d in the 1D Mott insulators.

In this section, we will discuss the origins of these differ-
ences.

First, we will compare qualitatively the photoexcited
states of the 1D band insulators with those of the 1D Mott
insulators. To discuss the optical response of the 1D band
insulators, we use a simple molecular-orbital image71 illus-
trated in the upper part of Fig. 11(a). In this model, 1D elec-
tronic state is composed of the highest occupied molecular
orbitals and the lowest unoccupied ones. The intramolecular
excitation indicated by the open arrow corresponds to the
lowest excited statesu1ld with odd parity. The in-phase com-
bination of the intermolecular CT excitations indicated by
the broken arrows corresponds to the second-lowest excited
statesu2ld with even parity. Excited electron and holes oc-
cupy the same site in the lowest odd excited state, but on
different sites in the second lowest even excited state. The
lowest odd excited state forms an exciton with large binding
energy due to the large electron-hole Coulomb attractive in-
teraction, and then the energy splittingDE between the low-
est odd and second-lowest even excited states is considerably
enhanced. The envelopes of the exciton wave functions are
schematically illustrated in the lower part of Fig. 11(a).
There is a large difference of the spatial extension of the
wave functions between the odd and even excited states,
which is unfavorable for obtaining a large dipole moment
k1uxu2l. As a result,xs3d is not so large. The detailed theoret-
ical studies have indeed demonstrated that these features de-
duced from the simple physical image shown in Fig. 11(a)
can explain the linear and nonlinear optical responses of
polysilane.4

To discuss the linear and nonlinear optical responses of
the 1D Mott insulators, we consider a half-filled single-band
Hubbard model illustrated on the upper part of Fig. 11(b). It
has been well established that this model can describe the CT
excitations in the CuO chains by mapping a Zhang–Rice
state onto the LH band.39,72 For the recent angle-resolved
photoemission spectra of the NiBr–chain compound, the
analysis using the two-band model(or equivalently thed-p
chain model) has been successfully made.73 In the NiBr
chain, thed-p chain model should be more effective because
of the small value ofD. However, for simplicity, we adopt
the single-band Hubbard model to discuss the optical re-
sponses of the NiX chains. It will be sufficient to reveal their
fundamental features. In the previous studies, the single-band
Hubbard model has been applied to the NiX-chain com-
pounds and explains the characteristic behaviors of the lumi-
nescence associated with the CT excitations.60

In a simplified image, the odd and even excited states(u1l
andu2l) of these 1D Mott insulators correspond to the out-of
phase and in-phase combination of the two intersite excita-
tions uRl and uLl with opposite directions as shown on the
upper part of Fig. 11(b). In the case thatU is much larger
than the transfer energyt, the energy splittingDE between
the odd and even excited states will be small and the wave

FIG. 11. (a) A simple molecular-orbital image representing the
photoexcited states of a 1D band insulator. The highest occupied
molecular orbital and the lowest unoccupied one are drawn by the
bars in the upper panel. Electrons(spins) are shown by the up and
down solid arrows. The open and dotted arrows indicate the intra-
and intermolecular excited states, respectively. The intramolecular
excitation is the lowest one-photon allowed transition to the in-
tramolecular exciton state. The in-phase combination of the inter-
molecular excitations with the opposite directions corresponds to
the second lowest exciton state, which is optically forbidden. The
envelope functions of the lowest and second lowest exciton states
are schematically drawn with the solid and broken lines in the lower
figure, (b) a half-filled single-band Hubbard model representing the
photoexcited states of a 1D Mott insulator. The intersite transitions
to the right and the left are expressed asuRl and uLl, respectively.
The in-phase and out-of-phase combination ofuRl and uLl corre-
sponds to the even and odd excited states, respectively. The lower
panel shows the wave functions for these two excited states.
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functions of the two states are very similar to each other
except for their phases. The wave functions forU@ t are
schematically illustrated on the lower part of Fig. 11(b).74 In
this case, there is a large spatial overlap of the wave func-
tions between the odd and even excited states, which leads to
a large dipole momentk1uxu2l and then to a largexs3d.

The parameter values in the single-band extended Hub-
bard model for Sr2CuO3 have been evaluated to bet
=0.55 eV,U=4.2 eV, and the intersite Coulomb repulsion
energyV=1.3 eV from the analysis of electron energy loss
spectroscopy.75 For the NiX-chain compounds, they have
been evaluated to bet=0.3 eV,U=2.72 eV, andV=1 eV for
Ni–Br–Br from the analysis of the optical spectra and theJ
value.60 These parameter sets give largeU/t, which is 8–9.
These largeU/t values suggest that the simplified image in
Fig. 11(b) would stand in the 1D Mott insulators studied
here.

Next, let us compare the photoexcited states of the 1D
Peierls insulators with those of the 1D Mott insulators. As for
the excited states forp-conjugated polymers, a large number
of theoretical studies have been reported. Abeet al.10,52have
calculated the one-electron tight-binding Hamiltonian and
showed that, in the Peierls insulator, excitonic effect is fairly
large in the lowest odd-parity state and is rather small in the
lowest even-parity state, which leads to a large splittingDE
between these two states. Moreover, it is shown by Shuaiet
al.76 and Gallagheret al.77 that, even with the strong elec-
tronic correlationU, DE, andEb become large with the finite
bond alternation. These theoretical studies explain both large
Eb and largeDE in conjugated polymers.

To see directly the difference ofEb and DE between 1D
Peierls insulators and Mott insulators, it is appropriate to
compare those parameters between the PtX–chain compound
and the NiX–chain compound, since these two types of com-
pounds have the similar chain structure.

In the NiBr–chain compound,DE is evaluated to be
10 meV from the analysis of the ER spectrum(see Table III).
The result of the photoconductivity excitation spectrum in
Fig. 3 demonstrates a very smallEb, which will be
almost the same asDE. In the PtI–chain compound
fPtsend2gfPtsend2I2gsClO4d4, on the other hand,DE is
0.24 eV[see Fig. 10(b)] andEb is larger than 0.5 eV judging
from the result of the photoconductivity excitation spectrum
previously reported.78 Although these two compounds have
almost the same optical gaps=1.3–1.4 eVd, the difference in
DE andEb is fairly large.

To clarify the difference between the PtX and the NiX
chain, we adopt a simple model of the photoexcited states
based upon the Peierls–Hubbard model. The model for the
PtX chain is illustrated in Fig. 12(a). We assume that divalent
metal site and quadrivalent one are arranged alternately and
shown in Fig. 12(a-1). Photoexcited electron and hole, both
of which form trivalent sites, occupy only the originally
quadrivalent sites and divalent sites, respectively. The trans-
fer integral of an electron(a hole) between neighboring di-
valent (quadrivalent) metal sites(or equivalently the next
nearest neighbor sites) is defined astC. The Coulomb inter-
action s−Vd between an electron and a hole located on the
neighboring two Pt sites is taken into account. The Hamil-

tonian for the photoexcited electrons and holes is given as
follows:

HPI = tCo
l,s

sa2l+1,s
+ a2l−1,s + h.c.d + tCo

l,s
sb2l+1,s

+ b2l−1,s + h.c.d

− Vo
l,s

sn2l+1,s
a n2l,−s

b + n2l,−s
b n2l−1,s

a d, s5d

where a2l+1,s
+ and a2l+1,s are the creation and annihilation

operators for an electron at the odd numbers2l +1d sites,
respectively.s denotes the spin quantum number.s and −s
represent the spins with opposite directions.b2l,s

+ and b2l,s

FIG. 12. (a-1) Schematic image for an excitation of an electron-
hole pair in a 1D Peierls insulator. The excited electron and hole
occupy the originally quadrivalent(odd-number) and divalent
(even-number) sites, respectively.tC is the transfer energy between
the neighboring odd(or even) sites.(a-2) Schematic illustration of a
two-impurity model describing an electron-hole pair excitation in a
1D Peierls insulator.V is the electron-hole Coulomb attractive en-
ergy. Note that only the odd-number sites are drawn, because elec-
trons cannot hop to the even sites,(b-1) schematic image for an
excitation of an electron-hole pair in a 1D Mott insulator.t is the
transfer energy between the neighboring sites. An electron and a
hole cannot occupy the same site.(b-2) Schematic illustration of a
three-impurity model describing an electron-hole pair excitation in
a 1D Mott insulator.V is the electron-hole Coulomb attractive en-
ergy. V8 prohibits the occupation of an electron and a hole on the
same site.
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are the creation and annihilation operators for a hole at even
numbers2ld sites with spins. h.c. denotes hermite conju-
gate.nl,s

a andnl,s
b are number operators of electron and hole

with spin s, respectively. Here we consider only thek=0
subspace, wherek represents the center-of-mass momentum
of the hole and the electron. In this case, the Hamiltonian
[Eq. (5)] can be reduced to a simple two-impurity model,
which is shown in Fig. 12(a-2). The details of the transfor-
mation procedures are given in the Appendix.

For the 1D Mott insulator, the presence of spin degrees of
freedom makes it difficult to discuss quantitative nature of
the photoexcited states. It has, however, been suggested that
in the strong coupling limitsU@ td, the spin degrees of free-
dom can be removed from the problem, because of the con-
cept of the spin-charge separation.79 Mizuno et al. have
shown that an effective two-particle model with only the
charge degrees of freedom is appropriate to deal with the
optical responses of the 1D Mott insulators.22 That model is
called the holon-doublon model,80 since the charge degrees
of freedom of excited hole(an unoccupied site) and electron
(a doubly occupied site) are called holon and doublon, re-
spectively. In this conjecture, two particles cannot occupy the
same site and, therefore, the odd and even excited states are
always degenerate.

On the basis of the holon-doublon model, we will discuss
the excitonic properties of the 1D Mott insulators. We con-
sider a simplified model shown in Fig. 12(b-1), keeping the
NiX chain in our minds. The Hamiltonian is given by

HMI = to
l

sal+1
+ al + h.c.d + to

l

sbl+1
+ bl + h.c.d

− Vo
l

snl+1
a nl

b + nl
bnl−1

a d + V8o
l

nl
anl

b, s6d

wheret and −V are the transfer integral between the nearest
neighbor sites and the Coulomb attractive interaction be-
tween the neighboring holon and doublon, respectively. In
the last term, we setV8 to be infinity. This leads to the fea-
ture that a holon and a doublon cannot occupy the same site.
When we consider only thek =0 subspace, this model boils
down to a simple three-impurity model shown in Fig.
12(b-2) (see the Appendix).

The two- or three-impurity problems can be solved
exactly,81 and the eigenvalues and wave functions can be
analytically obtained. The calculated binding energy of the
trapped statesEbd is plotted as a function ofV in Fig. 13. In
this figure, we set the absolute value oft as unity and all the
other parameters are normalized byt. Note thattC (the trans-
fer energy between the next nearest neighbor sites) in the
Peierls insulator should be much smaller thant (the transfer
energy between the nearest neighbor sites). When the site
energy difference between the divalent and quadrivalent sites
sdd is much larger thant, tC will be the order oft2/d. Here,
we selecttC=0.02 which corresponds tod,5.82

As seen in Fig. 13, two degenerate bound states with odd
and even parity are stabilized forV.2t in the 1D Mott in-
sulator. There is no bound state forV,2t. Such a change in
the stability of the excitonic bound state has been demon-
strated by more strict theoretical studies of the 1D Mott in-

sulators based upon the extended Hubbard model with large
U / t.17,75,80,83,84In the 1D Peierls insulator, on the other hand,
the lowest excited statesu1ld with odd parity is always a
bound state for a finiteV. The second-lowest excited state
su2ld with even parity is also a bound state forV.4tC. In this
case, there is a large splitting between the two bound states,
that is equal to 4tC. The binding energyEb of the lowest
excited state is much larger in the 1D Peierls insulator than
in the 1D Mott insulator.85

The theoretical expectations presented here explain the
difference ofDE and Eb between the NiBr and PtX chains.
Figure 14 shows the wave functions of the odd and even
excited states in the 1D Peierls insulator and the 1D Mott
insulator obtained from the simple models discussed above.
The spatial extensions of the wave functions for the odd and
even excited states are different from each other in the 1D
Peierls insulator, with the result that the dipole moment
k1uxu2l and hence the magnitude ofxs3d will be relatively
small as compared with the 1D Mott insulator. The compari-
son of Fig. 14(a) with Fig. 11(a) clearly shows that the nature
of the photoexcited states for the 1D Peierls insulator is simi-
lar to that for the 1D band insulator. This is the reason why
the linear and nonlinear optical responses of the PtX–chain
compounds are similar to those of polysilane.

The holon-doublon model seems to be an effective model
for the photoexcited state of the 1D Mott insulators, since it
can explain small binding energy of an exciton as well as
degeneracy of the odd and even excited states. Strictly speak-
ing, however, the condition ofU@ t does not perfectly fit the
1D Mott insulators studied here, sincet/U is finite sù0.1d
andJ is fairly large s,2000–3000 Kd. Such large values of
J suggest that the model including the spin degrees of free-
dom should explain more precisely the linear/nonlinear opti-
cal properties of the 1D Mott insulators, although the spin
degrees of freedom are difficult to be treated in a large size
of the system. In addition, it is also important to clarify
whether a 1D Mott–Hubbard insulator shows the same non-

FIG. 13. Binding energiesEb of an electron-hole pair as a func-
tion of V in a 1D Peierls insulatorstC=0.2d and a 1D Mott insulator
st=1d. The solid and open squares areEb for the lowest excited
state with odd paritysn=1d and the second lowest excited state with
even paritysn=2d in a 1D Peierls insulator. The solid circles de-
notesEb in a 1D Mott insulator, where the oddsn=1d and even
sn=2d excited states are degenerate.
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linear optical properties as the 1D CT insulators or not. Ma-
zumdaret al. have calculated the photoexcited states of CT
insulators using two-band model and indicated that the low-
est odd and even states would degenerate.21,23Further experi-
mental studies about the nonlinear optical properties of 1D
Mott–Hubbard insulators, such as organic CT compounds
will give important information on this problem.

B. Crossover from excitonic bound states to electron-hole
continuum states in the CuO–chain compounds

In this section, we discuss the nature of the photoexcited
states in the CuO–chain compounds. As we have reported in
Sec. V, the photoexcited states of the CuO chains are some-
what different from those of the NiX chains. From the results
of the photoconductivity excitation spectra and the lumines-
cence efficiency, it was argued that the excitonic effect is
finite but weak in Sr2CuO3 and negligible in Ca2CuO3. In the
CuO–chain compounds, such a weak excitonic effect is con-
sidered to be the reason why the three-level model cannot
fully reproduce the experimentalxs3d spectra evaluated by
the ER spectroscopy. Comparing thexs3d spectra of the two
CuO–chain compounds, we can discern an important differ-
ence in their spectral shapes; the energy of the minimumEdip
(denoted by the arrows in Fig. 8 and represented asvdip in
Ref. 17) in xs3d which characterizes the energy position of the
oscillating structure, is almost equal toECT in Sr2CuO3, but
smaller thanECT in Ca2CuO3. Such a low-energy shift ofEdip
is associated with the fact that the energy position of the
even excited state evaluated by the three-level model is con-
siderably lower thanECT. The difference between the two 1D
cuprates is also observed in thexs3ds−3v ;v ,v ,vd spectra
obtained from the THG spectroscopy.17

To clarify the observed dependence of thexs3d spectral
shape on the magnitudes of the excitonic effect, Tohyamaet
al. have calculated the linear and nonlinear optical spectra of
the 1D cuprates using the holon-doublon model as a function
of V/t.17 According to the calculated results, forV/t.2 the

oscillator strength of the linear absorption concentrates on a
bound state of holon and doublon, showing a sharp excitonic
peak in«2 spectra. WhenV/ t,2, the weight of the oscillator
strength is distributed over a wide energy region and the
peak of«2 spectrumsECTd shifts to the higher energy than
the absorption edge. Such a feature for largeU has been also
reported from the other theoretical studies.77,86 Tohyamaet
al. have also shown thatEdip in Imxs3ds−v ;0 ,0 ,vd spectrum
is almost equal toECT for V/ t.2, but is smaller thanECT for
V/ t,2. The low-energy shift ofEdip for V/ t,2 is attribut-
able to the fact that the photoexcited states are composed of
many pairs of the odd and even excited states and the weight
center for the transition dipole moment between odd- and
even-parity states stays around the band edge.

As mentioned in the previous subsection, the values of the
parameters in Sr2CuO3 have been evaluated to bet
=0.55 eV, V=1.3 eV, andU=4.2 eV.75 Accordingly, V/ t
=2.4. In Ca2CuO3, there have been no reliable evaluations
for the value ofV/ t. As mentioned in Sec. III, the Cu–O
bond length along the chain is smaller in Ca2CuO3 than in
Sr2CuO3, that leads to the largerV and t for Ca2CuO3. As
shown in previous papers,17 t is expected to be more sensi-
tive to the bond length thanV.87 Therefore,V/ t is smaller in
Ca2CuO3 than in Sr2CuO3. Judging from the fact that the
excitonic effect is negligible in Ca2CuO3, it is considered
that V/ t,2 for Ca2CuO3. By taking into account the differ-
ence ofV/ t between the two CuO–chain compounds, we can
see that the theoretical results explain the feature of the ex-
perimental spectra;Edip is almost equal toECT in Sr2CuO3,
but smaller thanECT in Ca2CuO3. In Ca2CuO3, the low-
energy shift of the even excited state deduced from the three-
level model analysis on the Imxs3ds−v ;0 ,0 ,vd spectrum is
an artifact coming from the application of the three-level
model to the continuous photoexcited states. The distribution
of k0uxu1l as a function of the energy of the odd excited state
u1l is different from that ofk1uxu2l. It is, therefore, natural to
consider that the odd and even excited states would be also
nearly degenerate even in Ca2CuO3.

FIG. 14. Electron distributions relative to a
hole ati =0 for the lowest excited state with odd
parity sn=1d and the second lowest excited state
with even paritysn=2d in a 1D Peierls insulator
(a) and a 1D Mott insulator(b). The parameters
used for the calculations aretC=0.2, andV=1 for
a 1D Peierls insulator, andt=1, andV=2.5 for a
1D Mott insulator.
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C. Strategy of exploration for good nonlinear optical materials

According to the results we have obtained in Sec. VI A,
1D Mott insulators are considered to be advantageous for
nonlinear optical materials when compared to 1D band or
Peierls insulators. For the applications of third-order nonlin-
ear optical materials as optical switching devices, it is most
important to realize largexs3ds−v ;v ,−v ,vd defined as
Psvd=3/4xs3ds−v ;v ,−v ,vdEsvdEs−vdEsvd in a transpar-
ent region(or equivalently an off-resonant region). Here, we
focus on Rexs3ds−v ;v ,−v ,vd at 0.8 eV s1.55mmd which
corresponds to a typical wavelength for optical communica-
tion.

As for p-conjugated polymers,uRexs3ds−v ;v ,−v ,vdu
around the absorption edges,2 eVd was directly measured
using degenerate four wave mixing.88 According to the study,
uRexs3ds−v ;v ,−v ,vdu for the off-resonant energy of 0.8 eV
is much smaller than 10−10 esu. Such a measurement ofxs3d

3s−v ;v ,−v ,vd has not been performed on the 1D Mott
insulators presented here. The values of
uRexs3ds−v ;v ,−v ,vdu, however, can be readily calculated
by using the parameters(E1="v1, E2="v2,g1,2, and
k0,2uxu1l) obtained from the fitting procedures on the«2 and
xs3ds−v ;0 ,0 ,vd spectra. For Ni–Br–Br, the calculated
Imxs3ds−v ;v ,−v ,vd and Rexs3ds−v ;v ,−v ,vd spectra at
77 K and RT are presented in Figs. 15(b) and 15(c), respec-
tively. To evaluate the spectra at RT, the half width at half
maximum of«2 at 298 K is used asg1. As for g2, there is no
experimental datum, so that we assume the relationg2
=5.2g1, which was obtained for the case at 77 K. The evalu-
ated values ofuRexs3ds−v ;v ,−v ,vdu at 1.55mm s0.8 eVd

for the three NiX–chain compounds, Sr2CuO3 and Ca2CuO3
are listed in Table III. They are larger than 10−10 esu except
for Ni-Cl-NO3 and Ca2CuO3. Similar calculations have
given the uRexs3ds−v ;v ,−v ,vdu values at 0.8 eV less than
10−12 esu for PDHS and less than 10−10 esu for the PtX-chain
compounds. It should be noted thatuRexs3ds−v ;v ,−v ,vdu in
Ni–Br–Br exceeds 10−9 esu, which is, the largest off-
resonant value among the 1D semiconductors. Judging from
these facts, it can be concluded that the 1D Mott insulators
have significantly large third-order optical nonlinearity over-
whelming the conventional nonlinear optical materials even
in the off-resonant condition.

Finally, we briefly discuss the strategy to explore good
nonlinear optical materials in this type of 1D Mott insulators.
As seen in Fig. 15,uImxs3ds−v ;v ,−v ,vdu has the maximum
at around the half ofv2, which is attributed to the two-
photon absorption(TPA) resonance to the even excited
state. The TPA is accompanied by the dispersion of
uRexs3ds−v ;v ,−v ,vdu at the same energy region.
uRexs3ds−v ;v ,−v ,vdu has finite values over the wide
energy region for v,v1. In the range for v2/2&v,
uRexs3ds−v ;v ,−v ,vdu increases when the spectral width de-
creases. Therefore, necessary conditions to realize large
uRexs3ds−v ;v ,−v ,vdu at 0.8 eV are considered to be a sharp
spectral width as well as large dipole momentsk0uxu1l and
k1uxu2l. To utilize Rexs3ds−v ;v ,−v ,vd for applications,
there should be no linear and nonlinear absorptions, so that
the optical gap energyECT is necessary to be larger than
0.8 eV and smaller than 1.6 eV. In the NiBr-chain com-
pound, these necessary conditions are satisfied and the larg-
est uRexs3ds−v ;v ,−v ,vdu will be observed.

To realize a sharp spectral shape, a finite excitonic effect
or a finite excitonic binding energy is necessary, which con-
centrates the oscillator strength on the lowest odd state. The
comparison of the spectral widths between the NiBr and
NiCl chain has shown that the spectrum becomes very sharp
even if the excitonic binding energy is very small as in the
case of the NiBr-chain. The spectrum is necessarily broad-
ened by thee-l interaction, which should be suppressed. In
the NiX–chain compounds, the large transfer energyt sup-
presses the effects of the site-diagonal-typee–l interaction,
which leads to a sharp spectral width. The CuO-chain com-
pounds will be disadvantageous, since the excitonic effect is
relatively small and thee–l interaction is fairly large.

The transition dipole moments increase with increase of
the transfer energyt and decrease of the optical gap. The
extremely largeV will not be good, since it diminishes the
dipole moment between the odd and even excited state. Tak-
ing account of the above discussions about the spectral
shape,V should be slightly larger than 2t. From these con-
siderations, we propose that the key factors to obtain a good
nonlinear optical material in the 1D Mott insulators are a
large transfer energy along the chain sufficient to enhance the
transition dipole moments and to suppress thee-l interaction,
an appropriate magnitude of optical gap and a small but fi-
nite excitonic effect sufficient to stabilize an excitonic bound
state.

VII. SUMMARY

We studied the linear and nonlinear optical responses in
the 1D Mott insulators of the halogen-bridged Ni compounds

FIG. 15. The calculated absorptionasvd (a), Imxs3ds−v ;v ,
−v ,vd (b) and Rexs3ds−v ;v ,−v ,vd (c) spectra for 77 K(the solid
lines) and room temperature(the dotted-dashed lines). As for the
parameter values of the damping factors at RT, the FWHM of«2 at
298 K is used asg1, andg2 is determined by assuming the relation
g2,5.2g1, which is obtained for 77 K.
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(the NiX–chain compounds) and the CuO–chain compounds.
From the excitation profiles of photoconductivity and the

photoluminescence efficiency measurements, we showed
that the CT excited states in the NiX chains form excitonic
bound states. As compared with the NiX–chain compounds,
the excitonic effect is small for Sr2CuO3 and negligible for
Ca2CuO3. The relatively large excitonic effect in the NiX
chains is attributable to the strong 1D confinement of the
electronic state. From the temperature dependence of the«2
spectra, we have revealed that the widthsGCT of the«2 spec-
tra of the 1D Mott insulators are dominated mainly by thee–
l interaction. The extremely smallGCT in the NiBr–chain
compound can be explained by the effective suppression of
thee–l interaction, which originates in the large electron itin-
erancy along the chain.

The xs3ds−v ;0 ,0 ,vd spectra of the 1D Mott insulators
were obtained by the ER spectroscopy. The maximum values
of uImxs3ds−v ;0 ,0 ,vdu in the 1D Mott insulators s
,10−5–10−8 esud were considerably larger than those of
other 1D semiconductors such as 1D band insulators of pol-
ysilane, and 1D Peierls insulators ofp-conjugated polymers
and the halogen-bridged Pt compounds
s,10−8–10−10 esud. To elucidate the enhancement of
uImxs3ds−v ;0 ,0 ,vdu in the 1D Mott insulators, we have com-
pared the nature of the photoexcited states of the 1D Mott
insulators with those of the 1D band and Peierls insulators.
In the 1D Mott insulators, the odd and even CT excited states
are nearly degenerate, which induces the large transition di-
pole moment between these two states and then leads to the
enhancement ofxs3d. Such a feature in the 1D Mott insulators
is independent of the magnitude of the excitonic effect, al-
though the excitonic effect sharpens thexs3d spectrum and
then enhances the maximum value ofuxs3du. In the 1D band
and Peierls insulators, on the other hand, both the exciton
binding energy and the splitting between the lowest excited
state with odd parity and the second-lowest one with even
parity are fairly large. It leads to the diminution of the tran-
sition dipole moment between these two excited states and
results in smallxs3d. These differences of the photoexcited
states between the 1D Mott insulators and others have been
explained in terms of the 1D extended Peierls–Hubbard
model. We have also proposed the strategy to explore good
nonlinear optical materials on the basis of the results of the
linear and nonlinear optical responses in the 1D Mott insu-
lators.
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APPENDIX: TRANSFORMATION OF THE PERTURBED
HAMILTONIAN FOR 1D PEIERLS INSULATORS

AND 1D MOTT INSULATORS INTO SIMPLE TWO- AND
THREE-IMPURITY MODELS

Here, we will show how to transform the perturbed
Hamiltonian for the 1D Peierls insulator and the 1D Mott

insulator into a simple two- and three-impurity model, re-
spectively. First, we focus on the 1D Peierls insulator. In Sec.
VI A, we have introduced the perturbed Hamiltonian for the
1D Peierls insulator as Eq.(5). A photoexcited state in this
system is expressed as the sum of an electron-hole pair,
whose electron and hole arei sites apart from each other. Its
wave function is given as follows:

ucPIl =
1
Î2

o
i,l,s

fsida2l+i,s
+ b2l,−s

+ u0l, sA1d

wherefsid stands for the wave function of the relative coor-
dinate andu0l is the ground state. Since an electron and a
hole can transfer only to odd number and even number sites,
respectively, it is restricted thati must be an odd number. We
put (5) and(A1) in HPIuCPIl, we obtain the first term and the
second term as follows:

1
Î2

tC o
i,l,l8,s,s8

fsidsa2l+1,s
+ a2l−1,s

+ a2l−1,s
+ a2l+1,sda2l8+i,s8

+ b2l8,−s8
+ u0l

=
1
Î2

tCo
l,i,s

fsidsa2l+i+2,s
+ b2l,−s

+ + a2l+i−2,s
+ b2l,−s

+ du0l

=
1
Î2

tCo
l,i,s

ffsi − 2d + fsi + 2dga2l+i,s
+ b2l,−s

+ u0l sA2d

1
Î2

tC o
i,l8,l,s,s8

fsidsb2l+2,s
+ b2l,s + b2l,s

+ b2l+2,sda2l8+i,s8
+ b2l8,−s8

+ u0l

=
1
Î2

tCo
l,i,s

sfsi − 2d + fsi + 2dda2l+i,s
+ b2l,−s

+ u0l. sA3d

Following the same scheme, the third term is given as fol-
lows.

1
Î2

V o
i,l,l8,s,s8

fsidsa2l+1,s
+ a2l+1,sb2l,−s

+ b2l,−s

+ b2l,−s
+ b2l,−sa2l−1,s

+ a2l−1,sda2l8+i,s8
+ b2l8,−s8

+ u0l

=
1
Î2

Vo
l,i,s

sd1,i + d−1,ida2l+i,s
+ b2l,−s

+ u0l. sA4d

As a result,HPIucPIl can be transformed to the following
formulas:

HPIucPIl = o
i,l,s

h2tCffsi − 2d + fsi + 2dg

− Vsd1,i + d−1,idj
1
Î2

a2l+i,s
+ b2l,−s

+ u0l. sA5d
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The effective Hamiltonian for electrons can be expressed as,

H̃PI = 2tCo
i

sui − 2lki u + ui + 2lki ud − Vsu1lk1u + u− 1lk− 1ud,

sA6d

whereuil stands for the state that an electron exists atith site.
It is equivalent to that of a system having two impurities
embedded in a periodic tight-binding model as shown in Fig.
12(a-2).

The Hamiltonian for the 1D Mott insulator is shown as
Eq. (6). Creation and annihilation operators,al

+, al, andbl
+, bl

in Eq. (6) indicates those of holon and doublon. In Eq.(6),
we setV8→`. The photoexcited state will be represented as

ucMIl = o
i,l

fsidal+i
+ bl

+u0l. sA7d

From Eqs.(6) and(A7), we obtain an effective Hamiltonian
presented below:

H̃MI = 2tMo
i

sui − 1lki u + ui + 1lki ud − Vsu1lk1u + u− 1lk− 1ud

+ V8u0lk0u. sA8d

This Hamiltonian is equal to the simple Hamiltonian of the
three-impurity model, where two impurities with the energy
of −V locate at the sitesi = ±1 and another impurity with the
energy ofV8 s→`d is located at the sitei =0, as shown in
Fig. 12(b-2). The discrete energy levels and the wave func-
tions of the trapped states are given as solutions of the ex-
actly solvable Green’s function.81
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