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We have measured third-order nonlinear susceptibili}?)j spectra of the two-dimensioné2D) cuprates
La,Cu0, and Ng,CuQ, by third-harmonic generation. THg(®| spectra exhibit broad peaks with maximum
values of 0.6 10 % esu in LaCuQ, and 2<10 % esu in NgCuQ,. These peaks are attributable to three-
photon resonance to the charge tran$@&F) excited state. Thg(®) phase spectrum of N€uQ, has revealed
that the two-photon resonance to the even CT state are hidden on the high-energy sidg®f peak. The
difference iny(® values between the 2D and 1D cuprates is discussed by considering differences in spin-
charge coupling and in charge configurations between the 2D and 1D cases.
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Nonlinear optical materials with large third-order nonlin- istic of the 1D MIs and do not necessarily hold for the 2D
ear susceptibilities(® are indispensable in the creation of Mis.>® For an overall understanding of the nonlinear optical
all-optical switching, modulating, and computing devices.response in correlated electron systems, it is necessary
Recently, electroreflectancéER) and the third-harmonic to investigate y(®) spectra of the 2D Mls. So far,
generation THG) spectroscopy results have shown th&?  y®)(—3w;w,w,w) spectra of the 2D Mott insulators have
is anomalously enhanced in the one-dimensiqa&) Mott  been reported for L&uO, and SyCuO,Cl, by Schizgen
insulators(MIs) of CuO chains (SICuQ; and CaCuQ;) and et al.” and Schumacheet al®, respectively. Spectral shapes
NiX chains [halogen¥)-bridged Nf* compound§™? In  of x®)(—3w;w,w,0) in the two reports are conspicuously
these materials, the Mott-Hubbard gap opens irdthand of  different. The THG spectrum of L&uQ, consists of several
copper(or nicke), due to large on-site Coulomb interactions peaks, which have been attributed to quantum interference
U at metal sites and the occupipdand of oxyger(or halo-  from three-photon resonance to the CT states ®itrsym-
gen located between the upper and lower Hubbard bands dhetry and two-photon resonance to the CT states With
the metal. Optical response is therefore dominated by chargzg. and B;q symmetries. The THG spectrum of
transfer(CT) transitions from oxygettor halogen to copper ~ SRCUQ,Cly, however, exhibits only a single broad peak.
(or nicke) with an energy of 1-2 eV. Schumacheet al. have asserted that this resonant structure is

The ER study on single-crystal samples of CuO an¥ Ni m_alnly due to the three-photon resonance _of the CT states
chains revealed thay®)(—w;0,0), defined by P(w) with E, symmetry. They also suggest that m_terference be-
=3¢ (3)(—w'0 0)E(0)%E(w) reaches 10 to tv_veen two intermediate states with even parity,/a)y ex-

>eX e ’ : o d state and th8,, ground state, influences the spectral
1075 esu, whereP(w) represents nonlinear polarization, cite 19 9 ' P

(3) )
E(0) s the static electric fielcE(w) is the electric field of S1aP€ Of'. In the former study, absolute values of’

laht. and e- is the permittivity of free space. Analvsis of were not determined, Wh_ereas in.the latter study, absolute
?3)(’ 0 8 ) spee:tra basyed on a gimp.le thrz/ee IeVelvalues ofy® were determined, while the measured spectral
X - w,V,Vw ) -

range was limited. Thus, lack of experimental information

model, has suggested that the odd and even CT states iikes complete interpretation of third-order nonlinear opti-
nearly degenerate and that the enhancemegt®fis due to cal response of the 2D cuprates difficult.

a large transition dipole moment between the two states. De- e report  quantitative analysis of  full
generacy of the odd and even CT states has also been dem3)(—3w:w,w,w)| spectra of the 2D MIs LaZuQ, and

onstrated by two-photon absorption measurements ofd,CuQ,, by the THG in single crystalline thin-film
Sr,Cu0;.>*The THG studies of single crystalline CuO chain samples. Because resonant structures of the obtajffdd
thin films have shown that®)(—3w;w,», ), defined as  spectra are quite broad, it is difficult to deduce electronic
P(30w)=14eox®(—30w;w,0,0)E(w)?, is also very large configurations of the 2D Mis directly from spectral
(10"°to 10 ° esu) and that the shapes of spectra of suclenvelopes alone. Therefore, phasep)( spectra of
films are well explained by assuming the presence of nearly®)(—3w;w,w,0)=|x®|expi¢), which directly reflect
degenerate odd and even CT stétes. energy-level structures, were measured. Dimensionality de-

Recent theoretical studies suggest that such degeneracy péndence of nonlinear optical response in Mls is examined
CT states and enhancement of dipole moment are charactdsy comparing results with those of the 1D Mils.
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FIG. 1. Absorption spectra dia) La,CuQ, and (b) Nd,CuO,

thin films. | x®(— 3w; w, », )| spectra of LaCuQ, and NgCuO, FIG. 2. (a) Spectrum of the third-harmonic generation intensity
are shown ir(c) and(d), respectively, by filled circles. Open circles in La,CuQ, under constant incident power (03)) (filled tri-
in (d) show thex®(—3w;w,w,») phase spectrum of NEUO,. angles. Open triangles show the results of Stayen et al” (b)

Comparison ofy®® spectra obtained using femtosecond laser pulses
Thin films were deposited by laser molecular beam epi{open cicles and nanosecond laser pulgélied circles.

taxy, with LaCuQ, deposited onto LaSrAIg001) substrate
and N@CuO, deposited ont¢LaAlO3] 5+ [SKLAITaOs]o;  tions from oxygen to Cd* | x®)(—3w;w,w, )| spectra are
substrate. Fofy®)] measurement, 1550-A thick L&uO,  shown by filled circles in the Figs.(d) and (d). Peaks are
and 1200-A thick NgCuQ, were used, while for phase spec- observed at 0.78 eV in L&EuUO, and 0.55 eV in NdCuQy.
trum measurement 150—2000-A thick )@UO, films were  Because these energies are equal to the one third of the CT
used. In THG experiments, 6 ns light pulses produced Qy a transition energy, the peaks can be attributed to three-photon
switched Nd:YAG laser and tunable optical parametric oscil+esonance to the CT excited state. Absolute values around the
lator were used. To determine the absolute value/Gt, resonant peaks are XA0 °esu for LagCuQ, and 2
Maker’s fringe patterns were measured and the THG intenx 10 1° esu for NgCuQ,.
sity of the thin films was compared with that of a Si@f- The measureg® spectrum of LaCuQ, only exhibits a
erence samplé.The SiQ x‘® spectrum was calculated by single broad peak, in contrast with the results previously re-
applying Miller's rule®!! to the reportedy'® value of ported by Schizgen et al, which exhibited pronounced
1.907 um.** To avoid experimental errors due to the THG of peaks at 0.65, 0.72, 0.79, 0.84, 0.92, and 1 eV, as shown in
ambient air from being included in results, all measurement§ig. 2(a) by open triangles. Since sample preparation and
were performed in a vacuumy(® values of the samples linear absorption spectra were essentially the same, differ-

were calculated using Eql): ences iny®® measurement methods are thought to have been
responsible fory® spectral differences. In particular, THG
@)1 @) 2 I \F aid¢/2 intensity was measured by Sdhgen using femtosecond la-
x=1xr |;d_f 1, 1—exp— a;d;/2)’ @D ser pulses, a reference sample was not used, and incident

power was kept constant at/3J during THG intensity mea-

wherel . is the coherence length of SiQd; is film thickness  surement. To isolate the source of differences in the results,
of the samplel is the THG intensity of the sample, ahdis  we performed experiments following the procedures used by
the THG intensity of the SiQreference. Note that the ab- Schizgenet al.
sorption (o;) of the third-harmoni¢TH) light within the thin The THG spectra were measured using 130 fs laser pulses
films has been taken into accoupt®) phase¢ is measured from a Ti-sappire (Ti-S) regenerative amplifierSpectra
from interference between the TH light from the sample andPhysics, Hurricaneand optical parametric amplifi€OPA)
from the substrate. Therefore, proper film thickness is neede@uantronics, TOPAS Incident light was normal to the
to be chosen, depending on the incident light wavelength, ssample, with intensity fixed at 0.,3J. Figure 2a) shows the
that the THG intensity from the film would be comparable toobtained THG spectrum as filled triangles, exhibiting a sharp
that from the substrate. Details of the experimental techniqudip at around 0.77 eV, which can also be seen in the [Behu
have been reported previoush. gen et al. spectrum(open triangles The overall spectral

Absorption spectra of L&CuQ, and NgCuQ, thin films  shapes are quite similar. Next, the THG intensity of the
are presented in Figs(d and (b), respectively. Absorption sample was compared with that of the reference ¢pily
peaks are located at around 2.22 eV ipCa0, and 1.60 eV means of Maker’s fringes. The® spectrum, calculated us-
in Nd,CuQ,. These peaks are attributable to the CT transiing Eq. (1), is shown in Fig. 2), by open circles. Thg(®
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spectrum resulting from nanosecond laser pulses is shown One-photon forbidden IX>

for comparison by filled circles. The twg® spectra are <AL
almost identical in terms of both magnitude and spectral 7 W y Y

shape. Thus, it is clear that sharp features in the THG spec- One-photon

trum reported by Schrgenet al. are experimental artifacts. allowed 1A>

The dip observed at 0.775¢¥ig. 2(a)] corresponds to the <GlrlAa> <GldA>
degenerating point of the Ti-S-laser-based OPA, where signal Ground state

and idler beam photon energies match. At this point, electric- : / 1G> \

field amplitude usually decreases due to elongation of the GoA—G—A—G GoA—>X—A—G
pulse width, thus suppressing THG intensity. The presented process I process II
results verify that such an experimental problem can be

avoided by using a reference sample. FIG. 3. Two types of third-order nonlinear optical processes.

We now turn our attention to the physical mechanisms of’rocess | consists of the ground ste® and a one-photon allowed
the nonlinear optical response in 2D cuprates. For this, it iS2€ ﬁ)' :n proces_,ts) Il, an adkfimonal one-photon forbidden excited
useful to analyze, phenomenologically, th&") spectrum, State(X) also contributes to the process.
assuming a discrete energy-level model. Generally, the THGnd a one-photon forbidden state, respectively. Process | in-
processes that resonate with the optical gap can be classifigdives only two of the statesz and X, while process II
into either one of the two categories shown in FigG3.A,  involves all three state§, A, andX. In both processes, the
and X denote the ground state, a one-photon allowed statenain term describing THG resonance is given by &y.*°

Net (GIX[A)AIXIm)(m[X|A)(A[X|G)
eoh® (0a—3w—iya)(wn=20—iyn) (wa—w—iya)’

(2)

X(3)(_3W;wrwrw)main=

whereN is the number of Cu sites per unit volume ang,,  tor. The phase changes fromto 27 at around 0.75 eV and
and ya m are the energy and damping factor of state A andsaturates at about 0.9 eV, indicating that two-photon reso-
another intermediate state(=X or G), respectively. Tran- nance occurs at around 0.75 eV. Namely, the one-photon
sition dipole moment G|x|A) can be calculated from the forbidden state with even parity is located around 1.5 eV,
linear absorption spectra{). Values of(G|x|A) obtained  which will also be attributable to the CT excited states, judg-
for La,CuQ, and NgCuQ, were 0.30 A and 0.46 A, re- ing from the energy position.
spectively. Using these values, resongfit of process | was By fitting discrete-level model calculations to experimen-
calculated to be 102 esu, two orders of magnitudes tal |x®| spectra, energies of the one-photon forbidden level
smaller than the experimental values. This suggests that trand transition dipole moments can be estimated. Values of
intermediate state contributing §¢% is not the ground state wx=1.80 eV (1.43 eV} and (A|x|X)=8.5 A (6.4 A) were
(process ), but the one-photon forbidden excited state ofobtained for LaCuQ, (Nd,CuQ,). The energy leve(1.43
process Il. eV) of X for Nd,CuQ, is consistent with phase spectrum
Direct evidence of the one-photon forbidden excited stateesults. This indicates that stateis the even CT state lo-
contributing tox(® can be obtained from the phase spectracated near the odd CT state. Furthermore, s{#de|X) was
of x®)(~3w;w,w,0). The energy denominator of E@Q)  found to be much larger thaiG|x|A), we can conclude that
describes three resonant processes, which occuiw at the large value of A|x|X) is responsible for the enhanced
=1/3w, (three-photon resonancew=1/2wy, (two-photon (3 This is a mechanism similar to the one observed in the
resonance and w=w, (one-photon resonanceAt each 1D Mist!
resonant energy the sign of the energy denominator changes The three-level model discussed above is a useful tool for
and thus the phase gf®) changes byr. In process |, the understanding overall spectral shapes. It is, however, reason-
phase spectrum starts at even in the lower-energy side, able to consider that photoexcited states of the 2D cuprates
and then changes from to 27 across the three-photon reso- do not have discrete-level structures, as suggested by the
nance. In process II, however, the phase changes fromn0 to previous studie$®!” For example, the excitation profile of
across the three-photon resonance and fomo 27 across  photoconductivity in LaCuQ, shows a threshold energy
the two-photon resonance. smaller than thee, peak energy® This indicates that the
The phase spectrum obtained for J&di0, is shown in  lowest CT transition is not associated with an excitonic
Fig. 1(d) by open circles. Phase gradually increases with enbound state but with electron-hole continuum. A theoretical
ergy from 0.6r at 0.6 eV to 2r at 0.9 eV. Since phase is model with the strong-coupling limit of a half-filled Hubbard
initially less thans and is still only 7 at the three-photon model, which is thought to work well for the 2D cuprates has
resonant peak, process | can be ruled out as a major contribpredicted continuum excited states around the CT gap
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T 1 ' ' ' A different theoretical approach, based on the two-band
= 0 (@) % (b) ] Hubbard model, also gives reasons §¢#) being smaller in
=00 L SrCu0; 1 Sl SuCu0s | the 2D systems than in the 1D systethisn these calcula-

s I 1 tions, largery® in the 1D systems is also attributed to larger
3t Ca,CuO; 3 CaZCuO3O 1 transition dipole moments between odd and even excited
3 | NdCuO S s ; states. The reasoning is that in the 1D system, the two CT
= HLu0y 3 Nd,CuO, . ; i i
2 ® - e excitations, which are parallel and antiparallel to the chain,
= . @v " are degenerate. The one-photon allowed odd excited states
w0 Lacuo,] =7 La,CuO, 2D |3 and one-photon forbidden even ones correspond to asymmet-
® 1 & - @ 1 ric and symmetric combinations of the two CT configura-
: | - :
g == & . . . tions, respectively. In the 2D systems, on the other hand, one
1.4 18 22 26 1.8 1.9 2 copper atom is surrounded by four equivalent oxygen atoms
CT gap energy [eV] Cu-O[A] and thus four CT configurations from oxygen to copper exist.

The one-photon allowed state is a combination of only two

FIG. 4. (8 x® of the 1D and 2D cuprates as a function of the of these four configurations, while the one-photon forbidden

CT gap energy(b) x*) as a function of Cu-O length. state is a combination of all four. As a result, transition di-
pole moments between the one-photon allowed CT excited

energy’ The nonlinear susceptibility and phase spectra werstate and one-photon forbidden state are reduced. This expla-
also calculated based on this model. The result shows thaation of the smallei® in 2D will be verified by the in-
the x©® spectrum is dominated by the process of threevestigation of the cross-polarized nonlinear optical measure-
photon resonance associated with the odd CT states and thaents in which all the transition dipole moments from the
the contribution of the two-photon resonance to the even CPne-photon allowed states to the one-photon forbidden states
state is not observed as peak structures. However, the phasan be observed.
of x® reaches 3/2 near the two-photon resonance energy, As for the CT gap-energy dependenced? values, seen
indicating the significant contribution of two-photon reso-in both 1D and 2D cuprates, there could be two possible
nance. These calculations are qualitatively consistent witlieasons. One is associated with magnitudes of the nonreso-
both experimental spectra and results drawn from the simpleant terms in the denominator of E). For instance, in
three-level model. smaller gap materials, the two-photon resonant and the one-

It is worthwhile comparing the magnitudes gf*>) of the ~ photon resonant ternfshe second and the third brackets in
2D cuprates and the 1D ones §SuQ; and CaCuQ;).  the denominators of Eq2), respectively are smaller at the
Maximum values ofy(®) are plotted as a function of the CT three-photon resonant energy. The small nonresonant energy
gap energy in Fig. @). With increasing CT gap energy®  denominators enhance the maximum valueg@. This be-
decreases in both 1D and 2D systems. To examine the dpavior is generally seen in conventional semiconductors and
mensionality dependence f*), the CT gap-energy depen- conjugated polymers. Another possible origin of the CT-gap-
dence ofy® also needs to be considered. Figute)4nakes ~energy dependence oft®) is the change in magnitude of
a direct comparison between the 1D and 2D systems pogransition dipole moments, in the numerators of E2).
sible. When compared at the same gap eneytly,values of ~ Square of the transition dipole moments between the ground
2D systems are approximately one order of magnitudétate and the one-photon allowed state that dominates the
smaller than those of 1D systems. This can be explained bjagnitude of the oscillator strength obtained from linear op-
enhancement 013((3) in 1D systems due to spin-charge tical measurements is expected to be proportional to
separatiorf. In 1D strongly correlated electron systems, (Tpa/A)? (Ref. 14. Here, Tyq and A represent nearest-
charge and spin degrees of freedom are separated. As a meighbor transfer energy and the energy gap betweendCu 3
sult, optical excited states can be described as excitednd O 2 one-hole levels, respectively. It has been demon-
charged particles, having a doubly occupied state called atrated in the 2D cuprates that the oscillator strength in-
doublon and an empty state called a holon. The assumptiogreases with decrease of the CT gap enétdyamely, the
of strong correlation between electrons prohibits a holon angnagnitudes of the transition dipole moments between the
a doublon from occupying the same site. In this case, odg@round state and the one-photon allowed state are dominated
and even states are always degenerate. Electron wave furigainly by A. Because thg® is proportional to the square
tions of the pair of odd and even states have a node at thef the dipole moments, the small CT gap for the smhall
origin of relative coordinates and show the same profile exleads to the largg(®). Thus, the gap energy dependence of
cept for sign. This leads to an increase in transition dipole((s), observed experimentally, is attributable to the contribu-
moment. However, in 2D systems, optical and charge excitions of the resonant denominators and the transition dipole
tations do not separate from spin excitations. Consequentlypoments in Eq(2).
spatial overlap of electron wave functions between odd and Figure 4b) shows the Cu-O length dependence of ¢&
even states is reduced. As a result, transition dipole momentalues, which gives a useful information for us to design
and therefore nonlinear susceptibility, are decreased. Our egood nonlinear optical materials. Both in 1D and 2D cu-
perimental results reflect such differences in dimensionalitprates, they®) values increase with the increase of Cu-O
and capture spin-charge separation effects via nonlinear opength. This behavior can be easily understood by the fact
tical processes. that the x® values are dependent on the gap energy, as
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discussed above, and that the increase of Cu-O length leatidaximum values of¢®) are 0.6< 10" esu in LaCuQ, and

to the decrease of the gap energy through the decrease of tBx 10 1% esu in NgCuQ,, which are one order of magni-
difference A M) in Madelung potential energyl between tude smaller than those in 1D cuprates,GrO; and
Cu and O sited? Such a mechanism for the Cu-O length CaCuQ;,. These results are consistent with the results of

dependence of the gap energy reported for 2D cuprates wifecent theoretical studies in which coupling or decoupling of
stand for 1D cuprates. spin and charge degrees of freedom and differences in the
In conclusion, we have measured fuff® spectra of charge configurations of 1D and 2D cuprates are taken into

La,CuQ, and Ng,CuQ, by THG. |x®)| spectra were found account.

to exhibit broad peaks due to three-photon resonance of odd The authors thank Professors T. Tohyama and S.
CT states in both materials. Theg!® phase spectrum of Maekawa for enlighting discussions. This work was sup-
Nd,CuQ, reveals that two-photon resonance of the even CTported by a Grant-In-Aid from the Ministry of Education,
state is hidden on the high-energy side of th€ peak. Science, Sports and Culture of Japan.
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