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We studied the linear and nonlinear optical responses in the one-dimengi@ailott insulators of the
halogen(X)-bridged nickel compoundghe NiX-chain compounds [Ni(chxn),X]Y, [X,Y=CI; X,Y=Br; X
=Cl, Y=NOj3: (chxn=cyclohexanediamirfjeand the copper oxidéCuO) chain compoundsf,CuO; (A=Sr
and Ca. The excitation profiles of the photoconductivity as well as the photoluminescence efficiency mea-
surements show that charge-transféil) excited states in the Michain compounds form excitonic bound
states, while the excitonic effect is relatively small in@GuO; and negligible in CsCuG;. The relatively large
excitonic effect in the NX-chain compounds is attributable to the strong 1D confinement of the electronic
states. The temperature dependence okthepectra reveals that the spectral widths: of the CT bands are
dominated mainly by the electron—lattice interaction, which is smaller in tixeddain compounds than in the
CuO-chain ones. Th§<3)(—w; 0,0,w) spectra of the 1D Mott insulators were obtained by the electroreflectance
spectroscopy. The maximum values ofimy®(-w;0,0,w)] in the 1D Mott insulators
(~1075-10"8 esy were considerably larger than those in other 1D semiconductors such as 1D band insulators
of silicon polymers, and 1D Peierls insulators ®fconjugated polymers and halogen-bridged Pt compounds
(~108-10 esy. To elucidate the enhancement|bhy®(-w;0,0,w)| 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 ¥®. Such a feature in the 1D Mott insulators is independent of the magnitude of the excitonic effect,
although the excitonic effect sharpens #{¢' spectrum and enhances the maximum valul/Gt|. 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 hené®. dthese 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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[. INTRODUCTION of the dipole moment between them are essential features of
the 1D Mott insulators. In such a calculation, however, the
Nonlinear optical materials with large third-order nonlin- system size is restricted to be several sites, so that it is dif-
ear susceptibilities'® are indispensable for realization of ficult to compare the theoretical spectra directly with the ex-
all-optical switching, modulating and computing devices.perimental ones. To make possible the direct comparison be-
For the development of new materials with larg@, one of  tween the theory and the experiment, a more simplified
the most important strategies is to explore quasi-onemodel called "holon-doublon model,” which takes account
dimensional compounds, since the quantum confinement qff only the charge degree of freedom, has been propg<&d.
electron-hole motion on 1D space can enhance third-order Thys, the extensive studies about the optical nonlinearity
optical nonlinearity. So far two types of 1D systems havejn the 1D Mott insulators have been performed. However, the
been extensively studied, i.e., the band insulators of silicomature of the nonlinear optical spectra and the mechanism for
polymers}™ and the Peierls insulators ofr-conjugated the enhancement of® in the 1D Mott insulators have not
polymer§*? and 1D  halogen-bridged  platinum peen fully clarified yet. For the comprehensive understand-
compounds®**Very recently, it has been reported from the ing of the linear and nonlinear optical responses of the 1D
electroreflectance(ER)*® and third harmonic generation \ott insulators, the important points to be solved are as fol-
(THG) spectroscopy that x'¥ is anomalously enhanced in |ows; (1) whether the CT excited states associated with non-
the 1D Mott insulatorgMis) of the haloger(X)-bridged Ni |inear optical response are composed of excitonic bound
compounds(the NiX-chain compoundsand the CuO-chain  states or continuum statg®) what determines the widths of
ones(Sr,CuO; and CaCuG;). They are insulators because of |inear and nonlinear optical specti@) what is the physical
the large electron-electron Coulomb repulsion endyggn  origin for the difference of the linear/nonlinear optical re-
the metal sites. More exactly, they belong to charge-transfesponses between the 1D Mott insulators and the 1D band or
(CT) type insulators in which a CT transition from halogen peijerls insulators.
(or oxygen to nickel (or coppey corresponds to the gap  |n this paper, we will report systematic investigations of
transition. Linear and nonlinear optical response is, therethe linear and nonlinear optical response on thX-bliain
fore, dominated by this CT transition in these materials. compounds[Ni(chxn),X]Y, [X,Y=Cl; X,Y=Br; X=Cl, Y
The ER study on single crystal samples of th&iNand ~ =NO,: (chxn)=cyclohexanediamifje and the CuO-chain
CuO-chain compounds has revealed {f&(-w;0,0,0) de-  compoundsh,CuO; (A=Sr and Ca After we detail the ex-
fined via the relation, P(w)=3ex¥(-®;0,0,0)  perimental procedures in Sec. II, we review the crystal and
X{E(0)}*E(w), reaches 16¢-10"° esu'® Here, P(w) shows  electronic structures of the 1D Mott insulators in Sec. III. In
nonlinear polarizationi=(0) the static electric fieldE(w) the  Sec. IV, we describe the results of the linear optical spectra
electric field of light, andey the permittivity of vacuum. (the imaginary part of the dielectric constan), the excita-
The observed y®(-w;0,0,0) values (108-10°%esy tion profiles of the photoconductivity, and the luminescence
are considerably larger than those of the 1D bandpectra. From the results, we will deduce the effects of exci-
and Pejerls insulatof$:18-20 |n addition, the THG tonic Coulomb interaction and electron-lattice interaction on
study has been performed on the single -crystallinghe linear optical spectra. After that, we will report the non-
thin films of the CuO-chain compounds. The linear optical spectriy®(-w;0,0,w)] of the 1D Mott insu-
results have revealed tha{®(-3w;w,w,w) defined as lators obtained by the ER measurements in Sec. V. In Sec.
P(w)=1/4€x®(-3w; w,»,w){E(w)}3, is also fairly large VI, on the basis of the obtained linear and nonlinear optical
(1071-10° esu. spectra, we will elucidate the essential difference of the pho-
In the previous ER studyy®(-w;0,0,0) spectra are toexcited states between the 1D Mott insulators and the other
analyzed by a three-level model composed of a ground statD semiconductors, and clarify the key factors of physical
and a pair of odd and even excited stdeEhe analysis of parameters, which enhangé® in the 1D Mott insulators.
the results has suggested that the odd and even CT states dfe¢e¢ summary of this paper is given in Sec. Il
nearly degenerate and that the enhancemet®fs due to
a large transition dipole moment between them. The three- Il. EXPERIMENTAL DETAILS
level model reveals important facts, but will be too simple to
describe actual photoexcited states of the 1D Mott insulators. Single crystals of the three NKichain com-
Degeneracy of the odd and even CT states has been al§ounds, [Ni(chxn),Br]Br,,  [Ni(chxn),CI]Cl,,  and
suggested from the peak positions of two-photon absorptiofNi(chxn),CIJ(NO;),,  were  grown by  electro-
(TPAY2 and THG” spectra obtained for the CuO-chain com- crystallization method according to the literatéfe?®
pounds. The TPA and THG spectra are, however, fairlyin the following, [Ni(chxn),Br]Br,, [Ni(chxn),ClI]Cl,, and
broad, so that it is difficult to deduce the detailed energy Ni(chxn),CI]J(NO;), are shown as Ni—Br—Br, Ni—CI-Cl,
level structures of the photoexcited states directly from theand Ni—CI-NQ, respectively. Single crystals of the
experimental data. CuO-chain compounds, s£2u0; and CaCuO; were grown
Theoretical studies on the linear and nonlinear optical reby the traveling-solvent floating-zon@ SF2) method and
sponse of the 1D Mott insulators have also been performethe flux method, respectively.
using the one-barid and two-banéf-?® extended Hubbard In the polarized reflectance measurements, we used a spe-
model. The strict calculation has demonstrated that the desially designed spectrometer with a 25-cm-grating mono-
generacy of the odd and even CT states and the enhancemehtromator (JASCO M25-GT and an optical microscope.
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This spectrometer has a 150-W tungsten-halogen lamp andrately along thé axis. Purely 1D electronic state is formed
250-W xenon lamp as light sources, and Si and Ge photdby the overlap of the, orbitals of X and thed,2 orbitals of
diodes and a photomultiplier as detectors. Suitable lighNi [Fig. 1(c)]. Four N atoms of amino groups in twicghxn)
sources and detectors were selected depending on the meaelecules coordinate a fiion in a plane normal to the
sured energy range. chain axisb and produce a strong ligand field. ANiion is
For the photoconductivityPC) measuremertt, the elec- therefore in a low-spin statéd’: spin quantum numbe®
trodes made of carbon paste were put onto the two sides &f1/2) and one unpaired electron exists in fthe orbital as
the single crystals. Light from a 150-W xenon lamp or ashown in Fig. 1e). Because of large electron-electron Cou-
150-W tungsten-halogen lamp was monochromized througlomb repulsion energy of 5—7 eV(Ref. 28 on the Ni ions,
a 10-cm-grating monochromator. The light was polarized bythe Mott-Hubbard gap is opened in the Nil dand. The
a Glan-Taylor prism and focused on the surface of theyccupied Cl® band or Br 4 band locates between the
sample. In the measurements, polarization of the incideny; 3d upper Hubbard(UH) band and the lower Hubbard
light E was parallelll) to the chain axi®. The photocurrent (| i) one as schematically illustrated in FiggL The lowest
modulated by chopping the incident light with frequency gnical transition corresponds to the CT transition from the
f(~200 H2 was detected by a lock-in amplifier. The spectralhéuOgenp valence band to the NidBBUH band as shown by
intensity of the lamps were corrected using a thermopile. Th arrow.
Ejhickrr:es? %f the zampllehis ml;lch I]:':lrger than the abzorptri]on The two NiCl-chain compound$Ni(chxn),CIICl, (Ref.
epths of the incident lights. Therefore, we can consider t . 26 -
all the incident photons were absorbed in the samples. Tr?ég) and [Ni(chxn,ClJ(NOy),* have sz|£n|lar crystal and
excitation profiles of the photoconductivity were normalizedem‘CtronIC structure aEN|_(chxn)zBr]Br2. Th_e Iatt|_ce pa-
to the incident photon number by taking account of the refa@meters of the three Ni .compounds are listed in Table |.
flection loss of the incident light. To avoid thermal effect by Changing halogen ions from Br to CI decreases the lattice
light irradiations, the samples were cooled to the lowest temconstant along the chairib axis), since the ion radius of Br
peratures at which the photocurrent was detectable. We si& larger than that of Cl. When counter iolsare changed
the temperatures at 150 K for Ni—-Cl-N@nd SgCuOy and ~ from Cl to NG; in the NiCl-chain compounds, the lattice
50 K for Ni—CI-ClI, Ni-Br—Br, and CgCuQ;. In addition,  constants in théc plane increases. Such changes of the lat-
we have confirmed that the chopping frequerayf the in-  tice parameters can be explained as follows. In thé-&hain
cident light is high enouglif ~200 H2 that the contribution compounds, the neighboring (§hxn), moieties on the same
of thermally excited carriers is negligible compared to thechain are linked by the four NH¥—HN intrachain hydrogen
photo-generated ones. Linearity of the photocurrent againgH)-bonds. The network of the H bonds extends over the
the intensity of the incident light and the applied voltagechains, forming a 2D structure parallel to the plane. In-
(170-1000 V/cm was also carefully checked for each crease of lattice constants for the=NO; compound is at-
sample. tributable to the increase in the size ¥fand also to the
For the measurements of the luminescence spectra, Wecrease in the strength of the H boR®$2The change of
used a Raman sCORRENISHAW system 1000Bequipped  the Jattice constant along the chain alsjghat is, the change
with He—Ne(1.96 eV} and Ar-ion laser(2.41 eV for exci-  f the Ni-X distance(dy;_x) by the choice of is expected to

tation light sources. In the measurements, polarization of thg, ,ifv the degree obd hvbridizationt.... intersite Coulomb
incident light is parallell)) to the chain axi®. The obtained ulzon ene?gw aﬁd/o¥ CT energ;&)(.jéo

luminescence data were corrected for the spectral response o Figure Xb) shows the crystal structure of the CuO-chain

the detection system, which was evaluated using a standa 33 S
lamp. We also compared the relative efficiency of Iumines—%mpound’ SICUO;,** which is another prototype of 1D

- X ) . - Mott insulators. 1D CuO-chains are composed of GuO
cence by normalizing the integrated luminescence |nten5|t¥] drilateral struct th shari toneth
by the incident photon number. uadrilateral structures with sharing corner oxXgens ogether

In the ER measurement&two electrodes spaced about along thep axis, in which a CP 1on 1s d|va!er(S—1/2) anq
0.5 mm out were put onto a surface of single crystalline®n€ unpaired electron exists in tdg > orbital as shown in
=1 kHz). The typical amplitude of the applied voltage is is formed by the overlap of thp,, p, orbitals of O and the
1 kV. Both the applied electric fieltF) and the polarization ~yz-y2 orbitals of Cu.
of light were set parallel to the 1D chains. The electric-field- The CuO-chain compounds are also categorized to CT
induced chang@\R) of the reflectivity(R) was picked out as insulators and the CT transition from the @ Zalence band
the 2 component of the reflection light with a lock-in am- to the Cu 3 UH band corresponds to the optical gap.
plifier. Ca,Cu0; is isostructural to SCu0;.34 As listed in Table |,

In all the ER measurements, samples were immersed ithe lattice constants of GauO; are smaller than those of
liquid nitrogen and kept at 77 K. In the low-temperature S,CuQ; due to the smaller ion radius of €ahan Sf*. The
measurements of reflectance, photoconductivity, and lumi€uQ, quadrilateral structure of GEuG; is slightly distorted:
nescence, we used a conduction-type cryostat. The Cu-O bond lengthsl,_o parallel to the chain-axis

b [dcy_dl)] in CaCuO;is 1.89 A, much smaller than that in
lll. CRYSTAL AND ELECTRONIC STRUCTURES OF THE SK,CUO; (1.96 A), while the values ofie,_o perpendicular
NiX CHAIN AND CuG-CHAIN COMPOUNDS to b [de,—o(L)] are almost equal to each other in both com-

The crystal structure dfNi(chxn),Br]Br; is presented in  pounds(1.96 A for CgCu0;, 1.96 A for SECu0;).3334Such

Fig. 1(a).* Ni®* ions andX=Br ions are arranged alter- a difference of the Cu—O bond lengtl,_4l) will also in-

085101-3



ONO et al. PHYSICAL REVIEW B 70, 085101(2004)

o ? ¢
®:Cu
®0
® ° o @:Sr
[
a

‘Lc FIG. 1. Crystal and electronic structures of

6 the halogen-bridged nickel compoung@hke NiX
chaing and the copper oxide chain compounds

(a) (b) (the CuO chains (a), (b) Crystal structure of
: g ‘(0) [Nih(chxn)_zB_Irl]Brz @ aggl SgCuOgb_(b?, Ec), (d
P 0 () ) schematic illustration ofl andp orbitals forming
i i *.— ><\ ﬁ) .’, the 1D electronic state for the Xichains(c) and
dzf b, : d * (0) the CuO chaingd). (e), (f), electron configuration
(Ni)  (Cl or Br) o of the d orbitals for the NX chains(e) and the
(c) (d) (Cu) . i .
CuO chains(f). (g), schematic electronic struc-
d2 2 d2 2 ture of the NK chains and the CuO chaind. is
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the Coulomb repulsion energy on the metal sites.
d CT represents the charge-transfer transition from
d2 i e filled p band of X(O) to empty UHd band of
_H_ Ni(Cu).
:k&&dzx’a;z
:# zx? yz
(e) (f) AH—"ZZ
Ni 3¢ [LH] Cl3porBrdép Ni 3d [UH]
(9) (Cu 3d) (0 2p) (Cu 3d)
duce a significant change gfy, V, and/orA. contribution of small Curie component. The evaluated ex-

Here, we will briefly mention the magnetic properties of change interactiod is as large as 3600 KRef. 30 and
the 1D Mott insulators. The spin susceptibilitys, in 2700 K35 Our recent ESR and SQUID measurements on the
Ni—Br—Br has been previously reported from the ESRNi compounds suggest that=2800 K in Ni—Br-Br, J
measurement¥:3% According to them xgy, is only slightly ~ =2200 K in Ni—Cl-Cl andJ=2100 K in Ni—-CI-NGQ.3¢ In
dependent on temperature. Its temperature dependence die CuO-chains, the temperature dependencegf, has
be reproduced by the sum of the Bonner-Fisher curve, applbeen reported on SCuO;. The value ofl is evaluated to be
cable to a 1D antiferromagnetic spiB=1/2) chain, and a 2200 K27 Such largeJ values of the 1D Mott insulators

TABLE |. The lattice parameters of the Xi chain and CuO-chain compounds,
[Ni(chxn),CIJ(NO3),[Ni—Cl—(NOs),] (Ref. 29, [Ni(chxn),CI]Cl,(Ni—CI-Cl) (Ref. 25,
[Ni(chxn),Br]Br,(Ni—Br—Br) (Ref. 24, SL,CuO; (Ref. 33, and CaCuO; (Ref. 34. The 1D chain is along
the b axis. J values of the NX chains(Ref. 3§ and SgCuO; (Ref. 37 are evaluated from the temperature
dependence of the magnetic susceptibility.

Ni—CI-NO, Ni—Cl-ClI Ni—Br—Br SpCUO;, CaCu0;
a(A) 22.990 23.975 23.587 12.68 12.23
b (A) (chain 4.982 4.894 5.161 3.91 3.77
c(A) 8.001 6.913 7.121 3.48 3.25
J (K) 2100+500 2200+500 2800+300 2200+200 —
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g 00— ' ' s O CaCu0;) at 77 K. The electric fieldE) of lights
EJ ke is parallel(ll) to the chain axi. (b) imaginary
0.4 E part of dielectric constant, obtained from the
' e i polarized R spectra shown ina) by using the
g 10F Kramers-Kronig transformation.
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suggest the largpd hybridization along the 1D chain. Dif- lation U>A>t,q J is proportional tot;‘)d/(A+Vo)2[1/U
ference in thel values among the 1D Mott insulators will be +2/(2A+Up)],39 whereU, andV, stand for the on-site Cou-

discussed in Sec. IV. lomb repulsion on thé& or O site, and Coulomb repulsion
between Ni site anX one or between Cu site and O one.
IV. LINEAR OPTICAL RESPONSE IN THE Ni X CHAIN This expression od can be a crude measure for the degree of
AND CuO-CHAIN COMPOUNDS effective pd hybridization approximated b;%d/A, although

such a perturbation treatment is insufficient for quantitative
evaluation of the physical parameters. Ladge-2800 K) of

The polarizedR spectra along the 1D chain at 77 K are Ni-Br—Br as compared with that of Ni—CI-Cl and
presented for the five 1D Mott insulators in Figag Figure  Ni—CI-NQ; is attributable to the smaller value &f. The
2(b) shows the spectra of the imaginary part of the dielectridifference of J between Ni—CI-Cl (J~2200 K) and
constant(e,), which were obtained from th® spectra by  Ni—CI-NO, (J~2100 K) can be explained by the increase
using the Kramers-Kroni¢kK) transformation. Sharp peaks of t,, in the former compound. Thus, the observed material
observed at around 1-2 eV in tlag spectra are due to the dependencies of and Ect are consistent with each other.
CT transition fromX to Ni (Ref. 28 or from O to Cu2® The In the two CuO-chain compoundE.r of CaCuQ; is
peak energyEcy) and the spectral widtll'c) are strongly  larger than that of SCuQ;. In Ca,CuQ;, de,_dl) is smaller
dependent on materials. In this subsection, we will detail theand the Madelung site potential is larger as compared with
dependence oEcr on the three NX—chain compounds and Sr,CuQ,. It leads to the largerA in CaCuQ; than in
two CuO chains. SrL,CuG;. In the 2D cuprates, systematic studies have clari-

First, let us discuss the material dependenceEgf fied thatEcr (or A) increases with decrease of Cu—O bond
among the three Mi-chain compoundsEcy is mainly deter-  |ength?° The effect of the increase ifgq (or bandwidth on
mined byA andt,q. The obtained values dcr in the com-  E.; will be discussed in Sec. VI B.
pound withX=Br is by 0.5—-0.6 eV smaller than that in the
compounds withX=CI. This is primarily due to the differ-
ence inA, which comes from the energy difference between

A. Material dependence of CT gap energy

B. Excitation profiles of photoconductivity

the CI 3p orbital and the Br # orbital. By changingy from In the 1D electronic systems, the excitonic effect is some-
Cl to NO; in the NiCl-chain compound€r increases by times anomalously enhanc&d*3 For example, in a band
about 0.15 eV. This is attributable to the increaselgfc;,  insulator of polysilan&®>*and a Peierls insulator of polydi-

as mentioned in Sec. I(see Table)l As the Ni-X distance  acethylengPDA),%1045-48.6%he binding energy of the low-
increases,A will decrease owing to the decrease of theest energy exciton is evaluated a4 and~0.5 eV, respec-
Madelung site potential, which results in the decreade@f  tively. To understand the linear and nonlinear optical
On the other hand, the decrease gfwith increase ofdy;_x ~ responses in the 1D Mott insulators of theXN\thain and
will lead to the decrease @f andd bandwidths, which gives CuO-chain compounds, the information about excitonic ef-
rise to the increase d&c1. The observed blueshift of the CT fect is essentially important.

bands by changiny from Cl to NO; as observed in Fig.(B) To evaluate the magnitude of the excitonic effect, a mea-
demonstrates that the latter effect, i.e., the change,pf surement of photoconductivity excitation spectrum is one of
dominates the dependenceBf; on dyi_x. the most useful method€:>°In Fig. 3, the excitation profiles

The values of the exchange interactidalso give infor-  of photoconductivity along the chains with light polarized
mation about physical parameters. When we assume the rparallel to the chains are presented by the open circles. The
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value above 1.7 eV. These results indicate that there is a
finite excitonic effect in Ni—Br—Br, although it is smaller
110 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. Sidc€]) in
the NiCl chains are largefsmallep than that in the NiBr
chain, the effectivepd hybridization, in other words, thp
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 SL,CuO;, Ey, is smaller by about 0.15 eV thadfy. The
photoconductivity aEct is about half of the saturation value
above 2.1 eV. Therefore, the excitonic effect o, Qr0;
seems to be weaker, though not negligible, than that of
Ni—Br—Br. In CgCuG;, 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 €¥E,,) and saturates at
about 1.95 eV beloviEcr. These results strongly suggest that
excitonic effect is almost negligible in @auO;. Prominent
difference of the excitonic effect between LaO; and
Sr,CuG; is attributable to the largepy along the 1D chain in
CaCuQ;, which results in the delocalization of the photoex-

FIG. 3. Excitation profiles of photoconductivity along the chain cited states. o .
axis b with the electric field of the excitation lighE.l b (the open The results clearly show that the excitonic effect in the

circles. Solid curves are, spectra foiEllb. Photoconductivite,) ~ NiX—chain compounds is relatively larger than that in the
are measured at 150 K60 K) for Ni~CI-NO; and SpCuOs, and ~ CUO chains. Ni—CI-Cl and §€u0; have the samg&cr and
at 50 K (77 K) for Ni—CI-CI, Ni—Br—Br and CaCuQ;. The rise  J values, so that their effectived hybridization should be
of the excitation profile of photoconductivity around the band-edgealmost the same. However, the excitonic effect is much
is fitted by the straight lines and the threshold of photoconductivitylarger in Ni—Cl—Cl than in SICuQ;. Such a difference can
is indicated by the grey triangles. The peak energy ofsthepectra  be attributed to the difference in the chain structures. In the
is denoted by the solid triangles. NiX—chains, the electronic state is composed ofdh®rbit-

als of Ni and thep, orbitals of X, so that the electronic state
photoconductivity signal with light polarized perpendicular is strongly confined in 1D space. The Coulomb interaction
to the chain is found to be negligibly small in both theXNi between photoexcited electron and hole is purely one-
chain and CuO-chain compounds, reflecting the purely 1Q@limensional in character, resulting in the strong excitonic
nature of the electronic states. The threshold photon energgffect. In the CuO—chain compounds, 1D confinement of the
E;, at which the photocurrent starts to increase is indicateelectronic states is relatively weak due to the quadrilateral
by the grey triangles in Fig. 3. To compakg, with the peak  configuration of oxygen atomge., thed,2_,2 orbital charac-
energy of the CT ban@E.t), we also plotted the, spectra ter in the UH banyl Therefore, the Coulomb interaction be-
measured at the temperatures equal or close to the measutereen an electron and a hole will be less one dimensional
ment temperatures of the respective photoconductivity spe@nd the excitonic effect will decrease as compared with the
tra in Fig. 3. NiX chains.

In Ni-CI-NGO; and Ni—CI-CIl,Ey, is located at about 2.0
and 1.86 eV, which are larger th&iz of 1.95 and 1.80 eV
(indicated by the filled trianglgsrespectively. Excitation of
the CT transition peak &y is not sufficient for photocar- In this subsection, we will discuss the shapesofpectra
rier generations. This suggests that the observed CT excitgsblarized along the 1D chains and their temperature depen-
state is an excitonic bound state. On the other hand, idence. First, we will compare the spectral widihs; of the
Ni—Br—Br, Ey, (~1.25 eV is slightly smaller thanEcr  CT band[the full width at half maximum{FWHM)] in thee,
(~1.3 eV). In this compound, the absorption edge evaluatedspectra at 77 K. As shown in Fig. Pt increases in order
from the polarized absorption measurement is located aaf Ni—Br—Br, Ni—CI-NG;, Ni—CI-Cl, SpCuQ;, and
about 0.8 eV. In the region from 0.9 to 1.3 eV, the efficiencyCaCuQ;. (The difference between Ni—CI-Cl and
of the photoconductivity is very low, although most of the Ni—CI-NO; is small only by 0.005 eV.In 1D electronic
excitation photons are absorbed in the sample. Moreover, thgystems, excitonic effect concentrates a large magnitude of
photoconductivity aEt is less than 20% of the saturation oscillator strength on the lowest excitonic state, resulting in a

Ni-CI-NO, £, //b
150K Ellb

Photoconductivity (arb.units)
Imaginary part of dielectric constant &,

12 s & 20k 24
Photon energy (eV)

C. Temperature dependence ok, spectra
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FIG. 4. Temperature dependence of éhespectra in Ni—Br—Br, 500", o |
Ni—CI-ClI, and SyCu0; for Ellb. . . Eopl=3500rln (43meV)

' 4170
sharp absorption spectrum, as demonstrated by experimental 0 80 100 150 200 250 300
and theoretical studies on 1D band insulatdfsand Temperature (K)
1D Peierls insulator&6452 |n the four compounds,
Ni—CI-NQO;, Ni—CI-Cl, SpCuQ;, and CaCu0;, the in-
crease ofl'¢ in this order seems to reflect the decrease o
the excitonic effect. Among the Michain compounds, ¢t

FIG. 5. Temperature dependence of the full width at half maxi-
fmum (FWHM) I'ct for the e, spectra of the CT ban@he solid
circles and the peak energy of the CT bakgr (the open circles
for Ni—CI-Cl, Ni-Br—Br, and SYCuQ;. The solid lines are tem-

Inltf,1\“_ch|_tf(1:l or NI_.tC(lj_N%ﬂzs Iargir than f_lfn 't\“._Brl_?r’  Perature dependence bt and Ecr calculated by assuming the
aithoug € magnitude ot the excitonic etrect IS relative ycoupling of the optical phonon with photoexcited states. The energy

Ie_lrge_r in the two NiCl—chain Compounds. Therefo_re, the EX0f the optical phonorkgp obtained by the fitting procedure is pre-
citonic effect alone cannot fully explain the material depen-goiad in each panel.
dence ofl"¢t.

To clarify the origin of the spectral width, we measured dependence of o suggests thal'cr does not include the
the polarizedR spectra at various temperatures and obtained™-linear component as a main contribution. In the 1D Mott
temperature dependence @f, spectra. The results of insulators studied here, there are spin degrees of freedom and
Ni—CI-Cl, Ni-Br—Br, and SYCuGQ; are presented in Fig. 4. the spin excitation has Cloizeau—Pearson-type dispersion
In Figs. Ka)-5(c), we plottedl’1 by the filled circles as a with the energy scale aof. Contribution of exciton-magnon
function of temperature. In common to the three compoundsinteraction to the spectral width will be scaled by the mag-
I'cr is independent of temperature at low temperatures anditude of J. As mentioned in Sec. lll, the value of is
then gradually increases with temperature. ~2800 K in Ni—-Br—Br, and~2200 K in Ni-CI-CI and

In the previous subsection, we have shown that there is 8r,Cu0;. When we compard' - between Ni—Br—Br and
finite excitonic effect in these three materials. It is, thereforeNi—CI-CI, I'cy in Ni—Br—Br is much smaller than that in
natural that the width of the, spectrum and its temperature Ni—CI-Cl. Therefore, the contribution of the exciton-
dependence is characteristic to excitonic bound states. Theneagnon interaction t&' -1 should not be dominant. The most
are three possible factors that affect the temperatureplausible origin for the broadening of the spectra is the
dependence of the spectral width; acoustic phonons, opticaxciton-optical phonon interaction. Its contribution to the
phonons, and magnons. The broadening due to acoustgpectral width can be generalized as the following forifiula
phonons is generally proportional to temperatlirdhe ex- including the Bose-Einstein  occupation function,
istence of the plateau at low temperatures in the temperaturgEqp/ kgT) =[exp(Eqp/ kg T) —1]7%:
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TABLE II. Parameters evaluated from the analysis of the tem-which corresponds to the Peierls gap. The optical properties
perature dependence sf spectra for Ni—CI-Cl, Ni-Br—Br, and of the PX—chain compounds will be discussed in detail in
Sr,CuG;. Definitions of the parameters are described in the text. Secs. V and VI to compare the optical response of the 1D
Peierls insulator with that of the 1D Mott insulators. The

Ni—CI-ClI Ni—Br—Br SpCuG; frequency of the P& mode interacting with excitons has
been evaluated from the time-resolved luminescence studies
Eop (MeV) 33 1 43 to be 260 crit for the PtCl chain and 118 cthfor the PtBr
Er (eV) 1.82 131 177 chain® These frequencies are very close to Eg for the
EL; (MeV) 32.4 255 125 Ni—Cl—-CI (260 cm?) and Ni—Br—Br (90 cmt) evaluated
T, (meV) 75 6.9 500 in this study. This fact supports the contribution of theXNi
T, (meV) 330 45 380 stretching LO phonon mode to the spectral broadenings and

shifts of the CT bands.

In Sr,CuO;, Eqp is evaluated to be 350 crh In the 1D
cuprates, phonon modes associated with the O atoms has
Per(T) =T+ Ty X n(EoplkeT), 1) been previously studied in the FIR reflectiviiand Raman

whereT, andT'; represent the contributions of temperatureSCattering measuremerits From the analysis of the FIR

independent and dependent part of the broadening attributé'q?)e_cii\’ity spectra t('m ISEuOg, tﬂe frgquency IOf tthg tLob
to exciton-optical phonon interaction, respectivélyy is the (TO: transverse opticpiphonon has been evaluated to be

—1 —1 —1
energy of the optical phonon. By using this formula, we can232(181) o, 452(343 cnit,  591(550 cm, and

—1 . N
reproduce the obtained temperature dependencE-¢fas 577(569 cmi - (Ref. 5. The value ofEqp (~350 cm) is

s P . lose to the frequency of the second mode, which is attrib-
shown by the ‘Q.’Ol'd lines in Fig. 5. The obtained parameter ted to the bending mode associated with the Cu atoms and
are presented in Table II.

As seen in Fig. 4, the, spectra of Ni—Br—Br show the the O atoms locating between the Cu and Sr atoms. This

: . S ending mode might play a dominant role on the temperature
low-energy shifts as well as the broadening with increase og J gntpay P

ependence of -t and Ecr.
temperature. In Ni—CI-Cl and guO;, the similar low- p el cr

! ‘ In the cuprates, the breathing-type Cu—0 stretching mode
energy shifts are also observed. In Fig)S5(C), tempera- s 150 expected to couple strongly with the CT excited states
ture dependence & is also plotted by the open circles for

! ) ) similarly to the case of the Ni-chains. Inelastic neutron
fthe thre_e compounds. Assuming the exciton-optical phono@.cattering measurements of the 2D cuprate g8, ;:CuO,,
interaction discussed above, the temperature dependence 0f, e shown that charge excitations are strongly coupled with
the exciton peal; energcr is expressed in the generalized 1o ;0ne boundary phonon of the half-breathing type Cu—O
form as follows> stretching mr?fe whose activation energy is evaluated to be
_0 _pEl about 560 cmr (Ref. 58. In Ca ¢Sty 15CU0;, whose crystal
Eer(T) = Ecr = Eer X n(EorkeT). @ siructure is the same as,8u0;, it has been pointed out
This formula also reproduces the temperature dependence &pm the Raman studies that the frequency of the breathing-
Ecr with the parameter values listed in Table 11, as shown bytype Cu—O stretching mode is 690 thy(Ref. 59. This
the solid lines in Figs. ®)—5(c). The temperature dependen- mode is located at the zone boundary and essentially Raman
cies of bothI'cr and Ecr are well explained with the same forbidden, but is considered to be activated near the reso-
values ofEqp. We can therefore conclude that the spectralnance with the CT transitions. Since the frequency of the
widths of the CT bands in these compounds are dominategu—O stretching mode is much higher than room tempera-
by optical phonons. ture (RT), it does not affect the temperature dependence of
In the NiX—chain compounds, it is most likely that the CT I'cr below RT. Contribution of such a high-frequency mode
exciton interacts with the longitudinal opticélO) phonon  can be ascertained by comparing the valud'@fl’y. I'y/T';
of Ni—X stretching mode along the 1D chains. The frequencyf S,CuO; (1.33) is much larger than those of Ni—CI-Cl
of this mode has not been known due to absence of th€0.23 and Ni—Br—Br(0.195. The relatively largel’y/T’; in
far—infrared(FIR) measurements and inelastic neutron scatS»CUG; is attributable to the coupling of the high-frequency
tering measurementgNo information can be obtained from mode such as the breathing-type Cu—O stretching mode to
Raman measurements, since the symmetricX\imode is  the CT excited state, which enhandgsthrough spontane-
Raman inactive.In the following, we refer to the results of OUs emission processes of phonons. The absolute values of
the halogen-bridged Pt compoun¢e PX-chain com- I in SLCuO; (500 meVj is much larger than that in
pounds. Ni—CI-CI (75 meV) and Ni—Br—Br (6.9 me\j, indicating
The PX—chain compounds have the crystal structure simithat thee-| interaction is more significant in uG; than in
lar to the NX—chain compounds. In the Xtchain com- the NiX chains.
pounds, however, the halogen ions deviate from the midpoint In Ni—Br—Br, the very small spectral width, (6.9 me\j
between two neighboring Pt ions, and thé*Rind Pt" ar-  demonstrates the suppression of ¢akinteraction. The dif-
range alternately forming a commensurate charge-densitfference ofl’y between the NiBr chain and NiCl-chain com-
wave (CDW) state>* This originates from the strong site- pounds can be qualitatively explained by the difference in
diagonal-type electron—latticge-l) interaction working the effectivepd hybridization characterized bt /A. The
between Pt andX. The lowest optical excitation of the Iargertgd/A will suppress the effect of the- interaction in
PtX—chain compounds is the transition from*Pto Pt*,  Ni—Br—Br as compared with Ni—CI—CP
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FIG. 6. Photoluminescence spectra of Ni—CI—\&i—CI—-Cl, (b) Electric field £ (kV/cm)
Ni—Br—Br, and SyCuQ; (the solid line$ at 4 K. The spectra A and
B are obtained by the excitatior(&,Ib) of 1.96 and 2.41 eV, FIG. 7. (a) ER spectraAR/R in Ni—CI-Cl at 77 K. Both the
respectively. The dotted lines are thgspectra at 4 K. electric fields of light(E) and the applied electric fieldd) are
parallel tob, (b) the applied-electric-filled dependence of the ER
D. Luminescence spectra signals. The solid and open circles show thie/R values at two

) ) ) energy positions A1.88 eV} and B(1.96 eV}, respectively. The
Luminescence spectroscopy is also a good probe to invegnergy positions A and B are indicated by the arrowsain Solid
tigate both excitonic effect ané interaction. Lumines- and dotted lines with the slope 2 show the quadratic field depen-
cence spectra at 10 K of the four compounds, Ni-CI3NO dence of the signals.

Ni—CI-Cl, Ni-Br—Br, and SJCuQ;, are presented in Fig. 6 N )
together with thes, spectra at the same temperature. Lumi-than the peak energy of CT transition. Therefdegwill be
nescence of GEUO; is too weak to measure the spectrum. smaller than the qbserved'low-engrgy shﬁ of the lumines-
Luminescence signal is highly polarized to the chain direc.cence(=0.05 eV in the NiBr—chain. Judging from these
tion. In the two NiCl-chain compounds, the luminescence€Sults, we conclude that the small Stokes shiftwhich is
spectra show excitation energy dependence. For the excitiSS thand0.05 eV, is a common feature in thex-hain
tion of 1.96 eV near the CT transition pea&gpectrum la- compoundas. . o
beled as A we can clearly see many sharp Raman lines In SrZCuQ3, the luminescence spectrum for the excitation
overlapping on the luminescence band, which are enhanc of 241 eV is also affected by the reabsorption. For the

b t effect. The Stok iftof the lumi .96 eV-excitation near the absorption peak, a finite Stokes
y-a resonant efiect. 1né Stokes s ftof the UMINESCENCE  ghigt of about 0.1 eV is clearly observed, that is in contrast
band is very small, which is less than 0.05 eV in the two

: o o with the case of the NiCl—-chain compounds. This result sug-
N|C] chains in common. For the excitation of 2.41 eV, the gests that the—! (or exciton—phononinteraction would play
luminescence spectruiitabeled as B shows a dip around 3, important role in SCuO, as compared with the

the CT absorption peak. This dip structure is attributable tQ\jX—chain compounds, being consistent with the results of
the reabsorptlon of the luminescence, since the absorpth_lhe temperature dependencegg‘fspectra discussed in the
depth at 2.41 e\(~1000 A) is considerably larger than that preceding subsection.

at the CT peak energy~180 A). In this case, the maximum From the integrated intensity of the luminescence and
of the luminescence spectrum does not necessarily give tHee absorption photon number of the excitation light, we
exact peak energy of the luminescence. The real valug of have also evaluated the relative efficiengyf the lumines-
will be smaller than the low-energy shift of the observedcence to bep(Ni—Cl—NOs):$(Ni—Cl-Cl):p(Ni—Br—Br): ¢
luminescence peak from the CT absorption peak. (Sr,Cu0;)=60:30:20:1. This result is consistent with the

In the NiBr—chain compound, the spectral shape of thgendency in the magnitude of the excitonic effect for the four
luminescence will be also affected by the reabsorption effeccompounds deduced from the excitation profiles of the
since the excitation energyl.96 e\) is considerably larger photoconductivity.
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FIG. 8. Imy®(-w;0,0,w) spectrathe lower panel, the solid lin@nde, spectrathe upper panel, the solid lipat 77 K in Ni—CI-NQ,
Ni—Cl—CI, Ni—Br—Br, SpCuQ;, and CaCuQ;. The Imy'®(-w;0,0,0) spectra are obtained from theR/R spectra forEllb and Flib 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 minintg, in the Imy®(-w;0,0,w) spectra.

V. NONLINEAR OPTICAL RESPONSE IN THE Ni X CHAIN wide energy region. One of the most useful methods for this
AND CuO-CHAIN COMPOUNDS is electroabsorptiofEA) or ER spectroscopy, which mea-
sures electric-field-induced change of
To discuss third-order nonlinear optical response in a sysabsorption coefficient and reflectivity, respectively. This type
tematic way, it is necessary to evaluat€ spectra over a of nonlinearity is called dc Kerr effect, which is expressed
as Imy®(-w;0,0,0). In this section, we report the
. : Imy®(-;0,0,0) spectra of the 1D Mott insulators de-
duced from the ER spectroscopy.
In Fig. 7(a), we show the ERAR/R spectra of Ni—CI-Cl
at 77 K as a typical example. The electric-field dependencies
Ni~CI-Cl of the signal intensity at 1.88 efA) and 1.96 eV(B) are
@ N-C-NO;, 7 presented in Fig.(b). The signal intensity shows a quadratic
® < cuo, dependence on the amplitude of the applied electric field. No
@) @O Ca.CuO significant change of the spectral shape is observed by the
FPETRAO. increment of the applied electric fiekifrom 6 to 50 kV/cm.
prvO @ Such a quadratic field dependence has also been ascertained
Pt-Br ooy O for the other 1D Mott insulators studied here. Therefore, we
pr-ct O can eliminate the possibility of the Franz—Keldysh effect as
PDHS an origin of the ER signals, which is responsible for the ER
é :',’ 4 signals observed around absorption edge for interband tran-
Optical gap energy (eV) sition in conventional semiconductdis®?
By applying the KK transformation on theAR/R
FIG. 9. Comparison of the maximum values of spectra, we obtaineds, spectra, which were converted
Imx¥(=©;0,0,0)| (Maximy¥(-»;0,0,)|). The filled circles o Imy®(-w;0,0,w) spectra using the relatione,
show the 1D Mott insulators. The open circles show other 1D-3 Imx(3)(—w;0,0,w)F2, where F is the applied electric
semiconductors known as good third-order nonlinear optical matefiald. In Fig. 8, we present Ipﬁ3)(—w;0,0,w) spectra(the
rials, - P-CI{Pten,][Pten,CL1(CIO), (en=ethylenediaming |, pane) together withe, spectra(the upper panglfor
(Ref. 13, Pt-Br:[Ptlen),][Pten,Br,](ClO,), (Ref. 13, Pt-l: Y . .
[Pien),][Pten,l,](CIO,), (Ref. 13, PA: polyacetylendRef. 18 the three NK—chains compounds and the two CuO chain.
2 22 AT ">~ Errors in the absolute values of }¥(-w;0,0,»), which

PDA: polydiacetylene(Ref. 63, PTV: polythienylvinylene(Ref. RN : . .
20), PPV: polyp-phenylenevinylene PDHS: polydihexylsilane. COMe from uncertainties in the estimation of the magnitude

The data of PDHS, PA, PTV, and PPV were obtained using unoriof the applied electric field, are evaluated to be less than 5%.
ented samples. For the other materials, single crystals of oriented First, we will d'SC‘JSS the absolute values of xfi
films were used. To compare these values quantitatively the resuémx®]).  The maximum values of [Imy®¥| are

for the unoriented samples with those for single crystals or oriented 0" '—107* esu in the NK—chain compounds and 0esu in
films, maX{imy®(-w;0,0,w)| values of unoriented samples are the CuO chains. In Fig. 9, the miamy®| values of the 1D
multiplied by 5. Mott insulators are plotted by the solid circles against the
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optical gap(lowest exciton energies. In the same figure, we (@) .
also plotted by the open circles the miaxy®| values of AEi E o |2> even-parity state
other 1D semiconductors such as the band insulators of pol- £ bl [ culd-marity: ke
ysilane, and the Peierls insulators ofr—conjugated !
polymerg820:83and the halogen-bridged Pt compourgtise <0lx 1>
PtX—chain compoundg?® which were also evaluated by the
ER or EA spectroscopy. These materials are well known as 0 —— [0> ground state
good nonlinear optical materials. As clearly seen, the 12 : T :
maximy®| values of the 1D Mott insulators are anoma- 1ok poTDS " 5°
lously large. In particular, the mimy®| of Ni—-Br—Br is at N PDHS O |
least three orders of magnitudes larger than that of other 1D . I
semiconductors. These results indicate that the 1D Mott in- s 0.61 PDA—\,OC“) o) T
sulators are prospective nonlinear optical materials. g 04 o Pt=BrO 8

In the [Imy®| spectra of the 1D Mott insulators, positive T2k O _
and negative components appear alternately with increase of o ° '.‘Ni—CI—NOS
energy in common. Such an oscillating structure has been “| ni-gr-ge  Ni-CI-CI
observed in thélmy'®| spectra of other 1D semiconductors -02F szC“OsC:CuO i
(polysilane?  m-conjugated polymetd1°475164 and  the 045 20 30 40
PtX-chain compounds'® In these materials, the observed os- (b) Optical gap energy (eV)
cillating structure has been successfully interpreted by as- T T T
suming the two discrete energy levels of excited states, that 251 i
is, the one-photon allowed exciton with odd parity, which is Ni-Brl
observed in the linear absorption e spectrum, and the Ni~CI-Cl
one-photon forbiddentwo-photon alloweyl exciton with 2T 2 ’
even parity?> As shown in Sec. VI, an excitonic bound state "3 _

. . - = Ni-CI-NO

dominatese, spectrum at the absorption edge in the two X 15 g 8
NiCl—chain compounds. In Ni—Br—Br, the lowest excited ril MY o
state is also strongly influenced by the excitonic effect. T ok b p Pt |
Therefore, it is reasonable to analylmay®| spectra of the Ca,Cu0; O pt-Br
three Ni compounds by using the three-level model com- 4 o Pt=Cl
posed of the ground state, the odd excited state, and the even 5 pDHOS O~ PDA i
excited state as shown in Fig. (&

In the analysis, we performed the parameter fitting on the 0 . L . L . L
e, spectrum by assuming the following Lorentzian—type di- © 4 U ol [15RA)
electric functiont®

N 1 1 FIG. 10. (a) The schematic illustration of the three-level model
gct(w) = 7<O|X|1><1|X|O>< o1-w—i7y + ot wtiy >' used for the analysis of the f?(-w;0,0,w) spectra.AE is the
1 1 1 1

energy splitting between the one-photon allowed excited $iate
with odd parity(E;) and the one-photon forbidden excited s
(3) ith odd parity(E;) and th hoton forbidd ited
where?: is the Planck constant arelis the electron charge with even parity(E,). <O|)t(|l> and|<1|x\2> are theddipole Toments
" between the ground staf@) and|1) and betweerl) and |2), re-
|0 and|1) show the ground state and the one-photon aIIOWe‘ipectively.(b) The energy splittingAE is plotted as a function of

excited SF"’_lte W'_th odd parity, respectively, a'wd 1) shows the optical gap energy for various 1D semiconductors. Abbrevia-
the transition dipole moment between them. and y; are  tjons and references for Pt, Pt—Br, and Pt—Cl are the same as
the energy and the damping factor for the stajey; corre-  those used in Fig. 9. As for the conjugated polymers. We referred to
sponds to half of’cr. The calculated curves are shown by the results of ER measurement for PDA in Ref. 19, EA measure-
the dotted lines in the upper panel of Fig. 8, which closelyment for polysilane§PDHS: polydihexylsilane, PDTDS: polyditet-
reproduce the observed CT bands in the threE—Nhain  radecylsilane, PDBS: polydibutylsilanén Ref. 5. The datum of
compounds. The obtained parameters are summarized RPV is derived from the two-photon absorption measurement in
Table 1. Ref. 68.(c) the relation between the transition dipole moments,
In the three-level model® is given from the perturba- (0[x/1) and(1|x|2), for various 1D materials. The filled circles and
tion theory. The main term dominating the spectral shape othe open circles show the 1D Mott insulators and other 1D semi-

X(S) is expressed as followss: conductors, respectively. Abbreviations and references for
) ) Pt—I,Pt—Br,Pt—Cl, and PDA are the samettasse we used in Fig.
X7 (= ©;0,0,0)main 9. The datum for PDHS is obtained in this waiRef. 69.
Ne' (0lx|1)(1[x[2)(2[x| 1)(1]x/0)

Begfi® (01— iy (- 0= iy (@ -0 -iy)’ even parity and1/x/2) the dipole moment betwedd) and
(4) |2). w, andy, are the energy and the damping factor for the

state|2), respectivelyN is the density of the metal atoms. To

where|2) shows the one-photon forbidden excited state withbe more exacty'® is composed of 12 independent terms
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TABLE Ill. Parameters evaluated from the analysis of the(fti-w;0,0,w) spectra at 77 K by the
three-level model in the N chain and CuO-chain compounds, andE, are the energy of the one-photon
allowed state with odd parity and the one-photon forbidden state with even gapdi) and(1|x|2) are the
transition dipole moments between the ground state and the odd excited state, and between the odd and even
excited states, respectively; and y, are the damping factors for the odd and even excited states, respec-
tively. |Rex®(-w; w,-w, w)| at the optical communication wavelength.55.m) was calculated by using
the parameters.

Ni-CI-NO; Ni—CI-Cl Ni—Br—Br SpCu0; CaCuO;

Ei(eV) 1.95 1.82 1.311 1.77 2.1
(0x|1) (A) 1.08 1.23 1.58 0.717 0.688
E, (eV) 2.04 1.87 1.321 1.75 1.9
Alx12) (A) 11.4 19.9 22.4 9.45 6.8
AE=(E,—E,) (eV) 0.09 0.05 0.010  —0.02 -0.2
1 (meV) 0.027 0.036 0.0073 0.078 0.11
¥, (MeV) 0.055 0.053 0.038 0.2 0.1

|Rex®(—w;w,-w,w)| (esy at 1.55um  6.3x10° 4.9x101° 15x10° 1.0x101° 7.5x10!

including Eq.(4) as the major terrf® By using the complete These values are much larger than those of the 1D Mott
expression of®, we performed a parameter fitting of §¥  insulators, which are less than 0.1 eV as deduced from the
spectrum. For the paramete(8|x|1), »; andy,;, we used the results of the photoconductivity excitation spectra presented
values obtained from the fitting procedures of tee in Fig. 3. As for the dipole moments of the 1D band and
spectré’ The calculated Ing®® spectra are presented by the Peierls insulators{1|x|2)/(0[x|1) is almost equal to 3 and
broken lines in the lower panels of Fig. 8, which reproduce(1|x2) is not so large as compared with those of the 1D Mott
well the experimental results for the Xichain compounds. insulators as seen in Fig. ).
The obtained parameters are summarized in Table III. In EqQ. (4) based on the three-level model, the important

From these analyses, we can find two important featurefactors dominating mamy'®| are the transition dipole mo-
of the photoexcited states in theXdichain compounds. The ments; Imy® is proportional to({0|x|1)(1[x|2))2. The dipole
first feature is associated with the energy splititgE =~ moment(1/x|2) in the 1D Mott insulators are considerably
=#(w,— ;)] between the odd and even excited states. In Figlarger than those in the band and Peierls insulators. It sug-
8, the energy positions of the odd and even excited states ag€sts that the largél|x|2) is the important origin for the
indicated by the solid and the open triangles, respectivelyehhancement o%® in the 1D Mott insulators. The other
AE is very small, which is 90 meV in Ni—CI-NQ50 meV  important factors determining the values of riiey'?| are
in Ni—CIl—Cl, and 10 meV in Ni—Br—Br. The second feature the damping factorgy, ;) and AE. Assuming the resonance
is that the dipole momentél|x|2) is very large. Note that condition (w=w4), one can easily see from the denominator
(1|x/2)/0|x|1) exceeds 10AE as a function of the optical ©°f EG: (423)that the decrease of, , and AE should enhance
gap (lowest exciton energy, and the dipole momenr(@x|1) maximy"?]. Actually, both y;, and AE in the NiX—chain

A, compounds are relatively small as compared with those of

and(1/x|2) are presented in Figs. @9 and 1qc). PDHS (,=0.14 andAE=0.89 eVf%® and the PX chains

In the 1D band insulators of polysilane, and the 1D(,,=0.22'eV andAE=0.54 eV forX=Cl, y,=0.23 eV and
Peierls insulators of 7—conjugated polymers and the AE=0.46 eV forX=Br, y;=0.15 eV andAE=0.24 eV for
PtX—chain compounds, the energy position of the even-parit)=1),13 and PDA(y;=0.027 eV andAE=0.51 e\},*° which
exciton has been determined from the results of TPAwould also be responsible for the enhancementnog®)| in
spectroscof as well as the ER or EA spectroscopy, by the NiX—chain compounds.
taking account of the three-level modef'® The energy We have also performed the similar analysis fosCIO,
splitting (AE) between the odd and even exciton states ofand CaCu0;, in which the excitonic effect is small and neg-
these 1D semiconductors is plotted in Fig(0The quan- ligible, respectively. As shown in the upper panel of Fig. 8,
titative evaluation of the transition dipole moment8|x|1)  there are some discrepancies at the high-energy side ef the
and (1/x/2), has been performed for polydihexylsilane peaks between the experimentalspectrum(the solid ling
(PDHS),%° the PX—chain compound8 and polydiacetylene and the calculated onghe broken ling based on Eq(4).
(PDA).2® The results are also presented in Fig(c}0to-  The calculated Ing'® spectra shown by the broken lines in
gether with the results of the 1D Mott insulators. the lower panel of Fig. 8 reproduce the characteristic oscil-

In these 1D band and Peierls insulators, the excited statddting structure of the experimental spectra, although there
with even parity identified from the nonlinear spectroscopyare also slight deviations. The energy positions of the odd
have been revealed to be excitonic bound states. Thereforand even states are also indicated in Fig. 8 by the solid and
AE gives a lower limit of the exciton binding enerds,. open triangles, respectively, and the parameters are summa-
Judging from the values okE shown in Fig. 10b), E, of  rized in Table Ill. The value of1|x|2) is 10 times as much as
these materials are very large, which ranges from 0.2 to 1e\{0|x|1) (similar to the case of the Ni-chain compounds
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AE and the dipole momentg0|x|1) and (1|x|2), are also 1D Band Insulators 1D Mot Insulators
plotted in Figs. 1) and 1Qc) for the two CuO-chain com-

pounds. The discrepancy between the experimental result [1> [L> IR>
and calculated ones suggests that the three-level model a: 1 e

suming the two excited states are not sufficient to explain the T, ﬁ P R /
optical response. The contribution of the continuum or Al A i 4| | A |
multielectron-excited states should be taken into account for | |y [ v [ v Y | Y

the analysis of the Ind® spectra in the two CuO chains. As
for this problem, we will discuss in Sec. VI B.

v

VI. DISCUSSIONS

between 1D Mott insulators and other 1D semiconductors

A A
i
As reported in the previous sections, there are three im-
portant differences in the nature of photoexcited states anc
the nonlinear optical response between the 1D Mott insula‘® ©)
tors and other 1D semiconductors.
(1) The binding energyg, of the excitonic bound states

A. Comparison of linear and nonlinear optical response \

FIG. 11. (a) A simple molecular-orbital image representing the
. . ? . photoexcited states of a 1D band insulator. The highest occupied
in the 1D Mott insulators is smaller than that in the 1D bandmolecular orbital and the lowest unoccupied one are drawn by the

and Peierls in_su_lators. . bars in the upper panel. Electro(gping are shown by the up and
(2) The splitting AE between the odd and even excited 4oy solid arrows. The open and dotted arrows indicate the intra-

states is small in the 1D Mott insulators and large in the 1Dynq intermolecular excited states, respectively. The intramolecular
band and Peierls insulators. excitation is the lowest one-photon allowed transition to the in-
(3) The transition dipole moment between the odd andramolecular exciton state. The in-phase combination of the inter-
even excited statél|x|2) is large in the 1D Mott insulators molecular excitations with the opposite directions corresponds to
but relatively small in the 1D band and Peierls insulatorsthe second lowest exciton state, which is optically forbidden. The
The large(1|x|2) is the most important origin for the en- envelope functions of the lowest and second lowest exciton states
hancement 05((3) in the 1D Mott insulators. are schematically drawn with the solid and broken lines in the lower
In this section, we will discuss the origins of these differ- figure, (b) a half-filled single-band Hubbard model representing the
ences. photoexcited states of a 1D Mott insulator. The intersite transitions
First, we will compare qualitatively the photoexcited to the right and the left are expressed|Rs and |L), respectively.

states of the 1D band insulators with those of the 1D Mott'"€ in-phase and out-of-phase combination/Rf and |L) corre-
insulators. To discuss the optical response of the 1D banaoonds to the even and odd excited states, respectively. The lower
insulators. we use a simple molecular-orbital infagus- panel shows the wave functions for these two excited states.

trated in the upper part of Fig. (. In this model, 1D elec- To discuss the linear and nonlinear optical responses of
tronic state is composed of the highest occupied moleculahe 1D Mott insulators, we consider a half-filled single-band
orbitals and the lowest unoccupied ones. The intramoleculay pnpard model illustrated on the upper part of Fig(It
excitation indicated by the open arrow corresponds to thezs peen well established that this model can describe the CT
lowest excited statg1)) with odd parity. The in-phase com- aycitations in the CuO chains by mapping a Zhang-Rice
bination of the intermolecular CT excitations indicated bystate onto the LH ban®:2 For the recent angle-resolved
the broken arrows corresponds to the second-lowest excitgshotoemission spectra of the NiBr—chain compound, the
state(|2)) with even parity. Excited electron and holes oc- analysis using the two-band modelr equivalently thed-p
cupy the same site in the lowest odd excited state, but oghain model has been successfully matfeln the NiBr
different sites in the second lowest even excited state. Thehain, thed-p chain model should be more effective because
lowest odd excited state forms an exciton with large bindingof the small value ofA. However, for simplicity, we adopt
energy due to the large electron-hole Coulomb attractive inthe single-band Hubbard model to discuss the optical re-
teraction, and then the energy splittinge between the low-  sponses of the Michains. It will be sufficient to reveal their
est odd and second-lowest even excited states is consideraliiyndamental features. In the previous studies, the single-band
enhanced. The envelopes of the exciton wave functions andgubbard model has been applied to theXfhain com-
schematically illustrated in the lower part of Fig. (4L  pounds and explains the characteristic behaviors of the lumi-
There is a large difference of the spatial extension of thewescence associated with the CT excitatiths.

wave functions between the odd and even excited states, In a simplified image, the odd and even excited stdtds
which is unfavorable for obtaining a large dipole momentand|2)) of these 1D Mott insulators correspond to the out-of
(1x/2). As a resultx'® is not so large. The detailed theoret- phase and in-phase combination of the two intersite excita-
ical studies have indeed demonstrated that these features dmns |R) and |L) with opposite directions as shown on the
duced from the simple physical image shown in Fig@ll upper part of Fig. 1(b). In the case that is much larger
can explain the linear and nonlinear optical responses dahan the transfer enerdy the energy splitting\E between
polysilane? the odd and even excited states will be small and the wave
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functions of the two states are very similar to each other 1D Peierls Insulator
except for their phases. The wave functions et are  (a—1)
schematically illustrated on the lower part of Fig(174 In M4 M3 M MZH L MP M3 ME MY
this case, there is a large spatial overlap of the wave func- e T
tions between the odd and even excited states, which leads t - J— @ ° —
a large dipole momen(l|x|2) and then to a largg'®. _O_/n o _

The parameter values in the single-band extended Hub: 201 2 241 U2 i1 20+ 204i+1 2+i+2
bard model for $CuO; have been evaluated to be (i:0dd)

=0.55 eV,U=4.2 eV, and the intersite Coulomb repulsion 2t,

energyV=1.3 eV from the analysis of electron energy loss (a-2) A T—
spectroscopy? For the NX-chain compounds, they have VIH I—I

been evaluated to e0.3 eV,U=2.72 eV, and/=1 eV for
Ni—Br—Br from the analysis of the optical spectra and dhe
value®® These parameter sets give largé, which is 8-9.
These largdJ/t values suggest that the simplified image in

Fig. 11(b) would stand in the 1D Mott insulators studied 1D Mott Insulator
here. (b-1)

Next, let us compare the photoexcited states of the 1D M3t M M3 M3 ... M3* M2+ MS* M°S
Peierls insulators with those of the 1D Mott insulators. As for ¢ ¢
the excited states far-conjugated polymers, a large number an" Ty
of theoretical studies have been reported. Abal1%%?have - .. — @& — —
calculated the one-electron tight-binding Hamiltonian and L Bi-l ki il 2

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 splitthig) (b-2) v op
between these two states. Moreover, it is shown by Sauai N
al.’® and Gallagheet al’”” that, even with the strong elec- —_— —qr
tronic correlationJ, AE, andE, become large with the finite % IH H
bond alternation. These theoretical studies explain both large
E, and largeAE in conjugated polymers. 5 4 3 2 10 1 2 3 4 5
To see directly the difference &, and AE between 1D
Peierls insulators and Mott insulators, it is appropriate to FIG. 12.(a-1) Schematic image for an excitation of an electron-
compare those parameters between thé-€ttain compound hole pair in a 1D Peierls insulator. The excited electron and hole
and the NX—chain compound, since these two types of com-occupy the originally quadrivalentodd-numbey and divalent
pounds have the similar chain structure. (even-numbersites, respectivelytc is the transfer energy between
In the NiBr—chain compoundAE is evaluated to be the neighboring oddor even sites.(a-2 Schematic illustration of a
10 meV from the analysis of the ER spectrgsee Table II). two-impurity model describing an electron-hole pair excitation in a

The result of the photoconductivity excitation spectrum inlD Peierls insulatorV is the electron-hole Coulomb attractive en-
Fig. 3 demonstrates a very smalf,, which will be ergy. Note that only the odd-number sites are drawn, because elec-

almost the same as\E. In the Ptl—chain compound trons cannot hop to the even sitgb;1) schematic image for an

. excitation of an electron-hole pair in a 1D Mott insulatbis the
[Pten,][Ptenl,](ClO,), on the other handAE is transfer energy between the neighboring sites. An electron and a

0.24 eV([see Fig. 1()] andE, is Iarg_er_ than (_)'5 _eV judging hole cannot occupy the same site-2) Schematic illustration of a
from the result of the photoconductivity excitation SpectruMy,ee impurity model describing an electron-hole pair excitation in
previously reporteaglA“hOUQh these two compounds have 5 1p Mot insulator is the electron-hole Coulomb attractive en-
almost the same optical gap1.3—1.4 eV, the difference in  ergy. v prohibits the occupation of an electron and a hole on the
AE andE, is fairly large. same site.

To clarify the difference between theXPtand the NK
chain, we adopt a simple model of the photoexcited stateg,,ia, for the photoexcited electrons and holes is given as
based upon the Peierls—Hubbard model. The model for thfollows:
PiX chain is illustrated in Fig. 1(@). We assume that divalent
metal site and quadrivalent one are arranged alternately angip, = tc>, (85,1 ,8-1, + h.C) +tc> (b5,1 ,boi-1,, + h.C)

shown in Fig. 12a-1). Photoexcited electron and hole, both Lo lo
of which form trivalent sites, occupy only the originally a b b .a
quadrivalent sites and divalent sites, respectively. The trans- =V (M1 -0 * M1 b1-1,0) (5)

l,o

fer integral of an electroifa hole between neighboring di-
valent (quadrivalent metal sites(or equivalently the next where a§|+1va and ay4;, are the creation and annihilation
nearest neighbor sitess defined adc. The Coulomb inter- operators for an electron at the odd numi¢2r+1) sites,
action (-V) between an electron and a hole located on thaespectively.s denotes the spin quantum numberand -o
neighboring two Pt sites is taken into account. The Hamil-represent the spins with opposite directioh§., and by,
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are the creation and annihilation operators for a hole at even ! ' - T
number(2l) sites with spino. h.c. denotes hermite conju- 1D Peierls 'y g
gate.n?andn]  are number operators of electron and hole 2f insulator
with spin o, respectively. Here we consider only the0 (;=02)
subspace, where represents the center-of-mass momentum
of the hole and the electron. In this case, the Hamiltonian

LJ

[Eg. (5)] can be reduced to a simple two-impurity model, & L .1D Mott Ky

L o ) 1 . s insulator g®
which is shown in Fig. 1@&-2). The details of the transfor- - e (t= 1) o
mation procedures are given in the Appendix. & -+ ..0'

For the 1D Mott insulator, the presence of spin degrees of -.4tc o " ..o' v=12
freedom makes it difficult to discuss quantitative nature of £ F'id Lo
the photoexcited states. It has, however, been suggested that 5 , 2 é "t
in the strong coupling limitU >t), the spin degrees of free- v
dom can be removed from the problem, because of the con-
cept of the spin-charge separatinMizuno et al. have FIG. 13. Binding energieE,, of an electron-hole pair as a func-

shown that an effective two-particle model with only the tion of Vin a 1D Peierls insulataltc=0.2 and a 1D Mott insulator
charge degrees of freedom is appropriate to deal with thé&=1). The solid and open squares dg for the lowest excited
optical responses of the 1D Mott insulatéfsThat model is  state with odd parity»=1) and the second lowest excited state with
called the holon-doublon mod®#,since the charge degrees €ven parity(v= 2) in a 1D Peierls insulator. The solid circles de-
of freedom of excited holéan unoccupied sijeand electron NOtesE, in a 1D Mott insulator, where the odd'=1) and even
(a doubly occupied sijeare called holon and doublon, re- (v=2) excited states are degenerate.
spectively. In this conjecture, two particles cannot occupy the
same site and, therefore, the odd and even excited states @,l@ators based upon the extended Hubbard model with large
always degenerate. t.17.7580.83.84n the 1D Peierls insulator, on the other hand,
On the basis of the holon-doublon model, we will dISCUSSthe lowest excited statg1)) with odd parity is always a
the excitonic properties of the 1D Mott insulators. We con-bound state for a finit&/. The second-lowest excited state

sider a simplified model shown in Fig. @21), keeping the  (|2)) with even parity is also a bound state %6 4tc. In this

NiX chain in our minds. The Hamiltonian is given by case, there is a large splitting between the two bound states,
that is equal to %. The binding energyg, of the lowest
Hy =t (a @4 +h.c) +t, (by,by + h.c) excited state is much larger in the 1D Peierls insulator than
| |

in the 1D Mott insulatof®

The theoretical expectations presented here explain the
difference of AE and E,, between the NiBr and Rtchains.
Figure 14 shows the wave functions of the odd and even
wheret and -V are the transfer integral between the nearesexcited states in the 1D Peierls insulator and the 1D Mott
neighbor sites and the Coulomb attractive interaction beinsulator obtained from the simple models discussed above.
tween the neighboring holon and doublon, respectively. InThe spatial extensions of the wave functions for the odd and
the last term, we set’ to be infinity. This leads to the fea- even excited states are different from each other in the 1D
ture that a holon and a doublon cannot occupy the same sit€eierls insulator, with the result that the dipole moment
When we consider only thike=0 subspace, this model boils (1/x|2) and hence the magnitude gf® will be relatively
down to a simple three-impurity model shown in Fig. small as compared with the 1D Mott insulator. The compari-
12(b-2) (see the Appendix son of Fig. 14a) with Fig. 11(a) clearly shows that the nature

The two- or three-impurity problems can be solvedof the photoexcited states for the 1D Peierls insulator is simi-
exactly8! and the eigenvalues and wave functions can bear to that for the 1D band insulator. This is the reason why
analytically obtained. The calculated binding energy of thethe linear and nonlinear optical responses of thé—Ehain
trapped staté€E,) is plotted as a function 0¥ in Fig. 13. In  compounds are similar to those of polysilane.
this figure, we set the absolute valuetafs unity and all the The holon-doublon model seems to be an effective model
other parameters are normalizedtbylote thatt: (the trans-  for the photoexcited state of the 1D Mott insulators, since it
fer energy between the next nearest neighbor )siteshe  can explain small binding energy of an exciton as well as
Peierls insulator should be much smaller thdthe transfer degeneracy of the odd and even excited states. Strictly speak-
energy between the nearest neighbor sit#¢hen the site ing, however, the condition df >t does not perfectly fit the
energy difference between the divalent and quadrivalent sitekD Mott insulators studied here, sin¢&) is finite (=0.2)
(8) is much larger thar, tc will be the order oft?/5. Here,  andJ is fairly large (~2000—-3000 K. Such large values of
we selectt-=0.02 which corresponds t6~ 582 J suggest that the model including the spin degrees of free-

As seen in Fig. 13, two degenerate bound states with oddom should explain more precisely the linear/nonlinear opti-
and even parity are stabilized fof> 2t in the 1D Mott in-  cal properties of the 1D Mott insulators, although the spin
sulator. There is no bound state 6, 2t. Such a change in  degrees of freedom are difficult to be treated in a large size
the stability of the excitonic bound state has been demonef the system. In addition, it is also important to clarify
strated by more strict theoretical studies of the 1D Mott in-whether a 1D Mott—Hubbard insulator shows the same non-

‘VE (Nfan + Py +V/ E niny, (6)
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1D Peierls insulator 1D Mott insulator
‘ one—photon one—photon
/[ forbidden Ah  forbidden
N A i |
,--.fl’Fl 1 |\| [riv ,,..;rlrlfll i | l\lrlrﬁ,

‘ ‘ |‘ || FIG. 14. Electron distributions relative to a
= = hole ati=0 for the lowest excited state with odd
? i’ parity (v=1) and the second lowest excited state
2 2 with even parity(v=2) in a 1D Peierls insulator
3] I ;

5 \  one-photon E one—photon (a) and a 1D Mott msulato(b_). The parelmeters
5 \“ allowed = \ . allowed used for_the c_alculatlons ate=0.2, andv=1 for
2 - \ 2 - N a 1D Peierls insulator, and-1, andV=2.5 for a
& v=1 \ s | v=1 | |‘| . §
= gl |'\ = ‘-J-_,l.'||| IJ} |||||,'.7.1= 1D Mott insulator.
A t,=02 t=1
V=1 V=25

-20 0 20 -20 0 20

(a) site number / {b) site number /

linear optical properties as the 1D CT insulators or not. Ma-oscillator strength of the linear absorption concentrates on a
zumdaret al. have calculated the photoexcited states of CTbound state of holon and doublon, showing a sharp excitonic
insulators using two-band model and indicated that the lowpeak ine, spectra. Whe/t<2, the weight of the oscillator
est odd and even states would degenetfet@Eurther experi-  strength is distributed over a wide energy region and the
mental studies about the nonlinear optical properties of 10Peak ofe, spectrum(Ecy) shifts to the higher energy than
Mott—Hubbard insulators, such as organic CT compound&he absorption edge. Such a feature for ldugeas been also
will give important information on this problem. reported from the other theoretical studié$€® Tohyamaet
al. have also shown thd;, in Imy'¥(-w;0,0,w) spectrum
is almost equal t&.1 for V/t>2, but is smaller thak for
V/t<2. The low-energy shift oEdi]D for V/t<2 is attribut-
able to the fact that the photoexcited states are composed of
In this section, we discuss the nature of the photoexcitednany pairs of the odd and even excited states and the weight
states in the CuO—chain compounds. As we have reported i¢enter for the transition dipole moment between odd- and
Sec. V, the photoexcited states of the CuO chains are som@ven-parity states stays around the band edge.
what different from those of the Xichains. From the results ~ As mentioned in the previous subsection, the values of the
of the photoconductivity excitation spectra and the luminesarameters in $€uO; have been evaluated to be
cence efficiency, it was argued that the excitonic effect is=0.55 eV, V=1.3 eV, andU=4.2 eV’> Accordingly, V/t
finite but weak in SyCuQ; and negligible in CgCuQ,. Inthe  =2.4. In C3CuG;, there have been no reliable evaluations
CuO—chain compounds, such a weak excitonic effect is corfor the value ofV/t. As mentioned in Sec. Ill, the Cu-O
sidered to be the reason why the three-level model canndtond length along the chain is smaller in,CaO; than in
fully reproduce the experimental® spectra evaluated by SRCuG;, that leads to the largev andt for CaCuG;. As
the ER spectroscopy. Comparing th€ spectra of the two Shown in previous papef$,t is expected to be more sensi-
CuO-chain compounds, we can discern an important differtive to the bond length thaxt.8” Therefore V/t is smaller in
ence in their spectral shapes; the energy of the minifiggn ~ C&Cu0; than in SgCu0;,. Judging from the fact that the
(denoted by the arrows in Fig. 8 and representedgsin  €xcitonic effect is negligible in G&EuG;, it is considered
Ref. 17 in x'® which characterizes the energy position of thethat V/t<2 for CgCu0;,. By taking into account the differ-
oscillating structure, is almost equal Bt in SL,CuQ;, but  ence ofV/t between the two CuO—chain compounds, we can
smaller tharEcr in CaCu0;. Such a low-energy shift diy, ~ S€€ that the theoretical results explain the feature of the ex-
is associated with the fact that the energy position of théerimental spectre, is almost equal tdEcy in SL,CuG;,
even excited state evaluated by the three-level model is cofput smaller thanEcr in CaCuG;. In CaCuG;, the low-
siderably lower thafE.7. The difference between the two 1D €energy shift of the even excited state deduced from the three-
cuprates is also observed in thé(-3w;w,»,») spectra  level model analysis on the Ig(-w;0,0,w) spectrum is
obtained from the THG spectroscoby. an artifact coming from the application of the three-level
To clarify the observed dependence of th@ spectral model to the continuous photoexcited states. The distribution
shape on the magnitudes of the excitonic effect, Tohyama Of (0[x/1) as a function of the energy of the odd excited state
al. have calculated the linear and nonlinear optical spectra dfl) is different from that of1|x|2). It is, therefore, natural to
the 1D cuprates using the holon-doublon model as a functiosonsider that the odd and even excited states would be also
of V/t.17 According to the calculated results, foft>2 the  nearly degenerate even in LaiO;.

B. Crossover from excitonic bound states to electron-hole
continuum states in the CuO—chain compounds
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for the three NK—chain compounds, uO; and CaCuC;

e 1t are listed in Table Ill. They are larger than 1®esu except

G for Ni-CI-NO3; and CaCuO,. Similar calculations have

=) given the|Rex®(-w; w,-w,w)| values at 0.8 eV less than
e 10712 esu for PDHS and less thant0esu for the PX-chain
compounds. It should be noted thRey'®(-w; 0, -, )| in

2l (b) Ni—Br—Br exceeds 10 esu, which is, the largest off-

resonant value among the 1D semiconductors. Judging from
1 . these facts, it can be concluded that the 1D Mott insulators
- 1 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
L Re y® v i X 8 '
A X k As seen in Fig. 15lmy®(-o; w,-o, )| has the maximum
: at around the half ofw,, which is attributed to the two-
photon absorption(TPA) resonance to the even excited
state. The TPA is accompanied by the dispersion of
R R 1 |IRey®(-w;w,-w,w)| at the same energy region.
0.4 08 12 |IRex®(-w;w,-w,w)| has finite values over the wide
Photon energy (eV) energy region foro<w;. In the range forw,/2=<w,
|IRex®¥(-w; w,-w,w)| increases when the spectral width de-
creases. Therefore, necessary conditions to realize large

lines) and room temperatur@he dotted-dashed lingsAs for the |Re)((3)(—w,'w,—w,w)| at0.8 ev arE:* considered to be a sharp

parameter values of the damping factors at RT, the FWHM,ait spectral Wldth, ‘_as well g)s large dipole mome(‘mbq 1 _and

298 K is used ag;, andy, is determined by assuming the relation (1]x|2). To utilize Rex (-o; “"_“’j"’) for appllpatlons,

y,~5.2y;, which is obtained for 77 K. there should be no linear and nonlinear absorptions, so that
the optical gap energ¥ct 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-

A,est|ReX(3)(—w;w,—w,w)| will be observed.

1N 0;0,~0,0) (1078 esu)

|
—_
T

FIG. 15. The calculated absorptiom(w) (a), Imy®(-w;w,
-w,w) (b) and Re¢®(-w; w,-w,w) (c) spectra for 77 Kthe solid

C. Strategy of exploration for good nonlinear optical materials

According to the results we have obtained in Sec. VI T i h | sh fini itonic eff
1D Mott insulators are considered to be advantageous for o realize a sharp spectral shape, a finite excitonic effect

: : : r a finite excitonic binding energy is necessary, which con-
nonlinear optical materials when compared to 1D band 0f:)entrates the oscillator strength on the lowest odd state. The

Peierls _msulators_. For the a_ppllcatl_ons_ of thlrc_i-ordgr _nonlln- omparison of the spectral widths between the NiBr and
ear optical materlz_ils as optu(:gl sw.|tch|ng dewce;, It IS MOSKi| chain has shown that the spectrum becomes very sharp
Important Eg) realize largex™(-w;0,~w, ) defined as oy on it the excitonic binding energy is very small as in the
Plw)=3/4)"(-w; w,~0, 0)E(0)E(-0)E(w) in a transpar-  case of the NiBr-chain. The spectrum is necessarily broad-
ent region(or equivalently an off-resonant regiprHere, we  ened by thee-l interaction, which should be suppressed. In
focus on Rg¥(-w;w,~w,w) at 0.8 eV(1.55um) which  the NiX—chain compounds, the large transfer energyip-
corresponds to a typical wavelength for optical communicapresses the effects of the site-diagonal-tgpé interaction,
tion. which leads to a sharp spectral width. The CuO-chain com-
As for m-conjugated polymers|Rex®(-w;w,-w, o) pounds will be disadvantageous, since the excitonic effect is
around the absorption edge2 eV) was directly measured relatively small and the-l interaction is fairly large.
using degenerate four wave mi)dﬁ@ACcording to the Study, The transition d|p0|e moments increase Wlth increase of
IRex®(-w; w,-w,w)| for the off-resonant energy of 0.8 ev the transfer energy and decrease of the optical gap. The

is much smaller than I esu. Such a measurementg? extremely largeV will not be good, since it diminishes the

(-0, ~0,0) has not been performed on the 10 Mot 9RO momentbetueen the odd and oven excied sate Tae
insulators presented here. The values of "9 P

IRey®(~w: ®,~w.w), h b dil lculated shape,V should be slightly larger thant2From these con-

& "o, 0,70, )|, NOWEVET, can be readlly calculated e ations, we propose that the key factors to obtain a good
by using the parametersE,=fw,, E;=fiw;, 712 and  nopjinear optical material in the 1D Mott insulators are a
(0,2)x|1)) obtained from the fitting procedures on theand large transfer energy along the chain sufficient to enhance the
x?¥(-w;0,0,w) spectra. For Ni-Br—Br, the calculated transition dipole moments and to suppressefénteraction,
IMx®(-w; w,-0,0) and Rg¥(-w;w0,-w,w) spectra at an appropriate magnitude of optical gap and a small but fi-
77 K and RT are presented in Figs.(fhpband 15c), respec- nite excitonic effect sufficient to stabilize an excitonic bound
tively. To evaluate the spectra at RT, the half width at halfstate.
maximum ofe, at 298 K is used ag,. As for v,, there is no
experimental datum, so that we assume the relatjgn

=5.2y,, which was obtained for the case at 77 K. The evalu- We studied the linear and nonlinear optical responses in
ated values ofRey®(-w;w,-w,w)| at 1.55um (0.8 eV)  the 1D Mott insulators of the halogen-bridged Ni compounds

VIl. SUMMARY
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(the NiX—chain compoundsand the CuO-chain compounds. insulator into a simple two- and three-impurity model, re-
From the excitation profiles of photoconductivity and the spectively. First, we focus on the 1D Peierls insulator. In Sec.
photoluminescence efficiency measurements, we showed| A, we have introduced the perturbed Hamiltonian for the
that the CT excited states in theXNchains form excitonic 1D Peierls insulator as E@5). A photoexcited state in this
bound states. As compared with theXNthain compounds, system is expressed as the sum of an electron-hole pair,

the excitonic effect is small for SEuO; and negligible for  \yhose electron and hole arsites apart from each other. Its
CaCu0;. The relatively large excitonic effect in the Xii  \ave function is given as follows:

chains is attributable to the strong 1D confinement of the
electronic state. From the temperature dependence af;the

spectra, we have revealed that the widtlg of the e, spec- 1 . .
tra of the 1D Mott insulators are dominated mainly by ¢he e = =2 B(i)ag. 05 -,]0), (A1)
| interaction. The extremely smallr in the NiBr—chain V2ilo

compound can be explained by the effective suppression of

thee- interaction, which originates in the large electron itin- where ¢(i) stands for the wave function of the relative coor-

erancy along the chain. dinate and|0) is the ground state. Since an electron and a
The x¥(-®;0,0,0) spectra of the 1D Mott insulators hole can transfer only to odd number and even number sites,

were obtained by the ER spectroscopy. The maximum valuegspectively, it is restricted thamust be an odd number. We

of |Imx¥(-w;0,0,w)| in the 1D Mott insulators (  put(5)and(Al) in Hp|Wp), we obtain the first term and the
~10°-108 esy were considerably larger than those of second term as follows:

other 1D semiconductors such as 1D band insulators of pol-

ysilane, and 1D Peierls insulators sfconjugated polymers 1 o

and the halogen-bridged Pt compoundsTEtc > )@ 10

(~108-10%%esy. To elucidate the enhancement of ‘= ill'e0d’

[Imx®(-w;0,0,w)| in the 1D Mott insulators, we have com- . . .

pared the nature of the photoexcited states of the 1D Mott +a2|—1,aa2|+1,0)a2I'+i,(r’b2l',—(r’|0>

insulators with those of the 1D band and Peierls insulators.

In the 1D Mott insulators, the odd and even CT excited states 1 o + + +

are nearly degenerate, which induces the large transition di- :TtCE D) (@at4i42,0D21, -0 + Btsi=2,0D21,-0)|0)

pole moment between these two states and then leads to the o

enhancement of®. Such a feature in the 1D Mott insulators

is independent of the magnitude of the excitonic effect, al- :7tc2 [H(i—2)+ (i + 2)]a§|+i oba o) (A2)
though the excitonic effect sharpens th€ spectrum and V2 Tl o

then enhances the maximum value|gf)|. In the 1D band

and Peierls insulators, on the other hand, both the exciton

binding.energy anq the splitting between the Iowest_ excited —=tc 2 ¢(i)(b§|+z,gbz|,a+ bgl,gbzmﬂ)a;,+i’0,b;|,1_0,|o>
state with odd parity and the second-lowest one with evenv2 7/, s

parity are fairly large. It leads to the diminution of the tran-

sition dipole moment between these two excited states and 1 ) ) . .
results in smally®. These differences of the photoexcited =th2 (p(i —2) + ¢(i + 2))ag,; by _,|0). (A3)
states between the 1D Mott insulators and others have been Ve Lo

explained in terms of the 1D extended Peierls—Hubbard

model. We have also proposed the strategy to explore gooollowing the same scheme, the third term is given as fol-
nonlinear optical materials on the basis of the results of théows.

linear and nonlinear optical responses in the 1D Mott insu-

lators. 1 .
TEV 2 ¢(|)(a5|+1,(ra2l+l,¢rb5|,—u‘bZI,-(r
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Ii,o

As a result,Hp | can be transformed to the following

APPENDIX: TRANSFORMATION OF THE PERTURBED formulas:
HAMILTONIAN FOR 1D PEIERLS INSULATORS _ _
AND 1D MOTT INSULATORS INTO SIMPLE TWO- AND Heil ) = 2 {2t (i — 2) + @i + 2)]
THREE-IMPURITY MODELS ilo
Here, we will show how to transform the perturbed 1. +
=S . . —V(8y;+ 6.1} —=ak, by _|0). (A5
Hamiltonian for the 1D Peierls insulator and the 1D Mott (41 l")}\fz 24.002,-5(0)- (AS)
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The effective Hamiltonian for electrons can be expressed as, ) = > H(i)a,br0) (A7)
+ '
il

O = C VGl N — V- From Eqgs.(6) and (A7), we obtain an effective Hamiltonian
Hp =2t 24| +|i+2 V(|| + |- 1¢-1
Pl CEi (|| ><|| || ><||) (| >< | | >< |), presented below:

(A) Fiwi = 2t 2 ([i = 1] + i + 2] = V(1242 + |- 1= 1)

whereli) stands for the state that an electron exisishasite. +V'|0X0]. (A8)

It is equivalent to that of a system having two impurities This Hamiltonian is equal to the simple Hamiltonian of the
embedded in a periodic tight-binding model as shown in Fig¢hree-impurity model, where two impurities with the energy
12(a-2). of -V locate at the siteks= +1 and another impurity with the

The Hamiltonian for the 1D Mott insulator is shown as energy ofV’ (—x) is located at the sité=0, as shown in
Eqg.(6). Creation and annihilation operatosg, a, andby’, b, Fig. 12b-2). The discrete energy levels and the wave func-
in Eq. (6) indicates those of holon and doublon. In E6), tions of the trapped states are given as solutions of the ex-
we setV’ — . The photoexcited state will be represented asactly solvable Green’s functidh.
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