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Large Third-Order Optical Nonlinearity of Cu-O Chains Investigated
by Third-Harmonic Generation Spectroscopy
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Spectra of the third-order nonlinear susceptibility y® have been investigated for one-dimensional
Mott insulators, Sr,CuO3; and Ca,CuOs, by applying the third-harmonic generation (THG) spectroscopy
on their single-crystalline thin films. The three-photon resonance to the lowest charge-transfer (CT)
state with odd parity strongly enhances y®, which is of the order of 10~° esu. The two-photon resonant
structure unravels the even-CT state, located close to the odd-CT state. Two types of y® spectra obtained
from THG and the electroreflectance measurements are explained based on the concept of spin-charge

separation.
DOI: 10.1103/PhysRevLett.87.177401

Semiconductors with one-dimensional (1D) electronic
structure have been of particular importance in nonlinear
optics, since the motion of electrons in a confined space
can give rise to large optical nonlinearity [1,2]. Numerous
studies about the third-order nonlinear optical susceptibil-
ity x*® have been devoted to conjugated polymers [3—7].
Recently, it has been reported that y® is anomalously en-
hanced in another type of 1D material, that is, 1D Mott
insulators of copper oxide, Sr,CuO; [8,9], and halogen-
bridged Ni**-chain compounds [8]. In these materials, the
Mott-Hubbard gap is opened in the d band of copper (or
nickel) due to the large on-site Coulomb interaction U on
the metal sites. Charge transfer (CT) transitions from oxy-
gen (or halogen) to copper (or nickel) correspond to the op-
tical gap of 1-2 eV in these compounds. In the study [8],
P (—;0,0, ) reach 1078 to 1073 esu, which is defined
via the relation, P(w) = 3€0x?(—;0,0, w)E(0)2E(w),
and deduced from the electroreflectance (ER) measure-
ments. Here, P(w) shows nonlinear polarization, E(0)
shows the static electric field, E(w) shows the electric field
of light, and €p shows the permittivity of vacuum. The
analysis of )((3)(— 0,0, w) spectra based on a three-level
model has suggested that odd- and even-CT states are
nearly degenerate and that the enhancement of y© is due
to a large transition dipole moment between these two
CT states. In fact, the even-CT state has been unam-
bigously demonstrated in Sr,CuO3 [9] by measurements
of the two-photon absorption resonance corresponding to
Im,\/(3)(—w1; —w), w3, ).

The most useful method for the quantitative evaluation
of x® by purely optical processes (without static electric
field) is third-harmonic generation (THG) spectroscopy.
In this method, both one-photon allowed states with odd
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parity and one-photon forbidden states with even parity can
be detected via multiphoton resonant processes.

In this Letter, we report |y®(—3w;w,w, w)| spectra
of the oriented thin films of Sr,CuO3; and Ca,CuQO; inves-
tigated by the THG spectroscopy. |x®(—3w; 0, »,0)| is
defined by P(Bw) = ieo/\/(3)(—3w;w,w, w)E(w)>. The
Ix®(-3w; w,», w)| spectra show clearly the structures
due to the three-photon resonance to odd-CT state and
the two-photon resonance to even-CT state. Spectral
shapes of |y®(—3w;w,®, )| and Iny®(—w;0,0, w)
are explained by using the concept of holon and doublon,
which are positively and negatively charged spinless
carriers created as optical excited species in spin-charge
separation. By comparing the nonlinear optical spec-
tra of the two 1D cuprates with the calculated spectra
based on the holon-doublon model, we show a crossover
behavior from the excitonic bound states of holon and
doublon to the unbound continuum excited states with an
increase of the nearest-neighbor hopping ¢ along the Cu-O
chain.

Sr,Cu03 and Ca,CuO; share the common crystal struc-
ture shown in Fig. 1(a). 1D Cu-O chains are composed
of CuOy4 quadrilateral structures sharing corner oxygens
along the b axis. The lattice constants of CayCuQO3 are
smaller than those of SrpCuOs as listed in Fig. 1(c). The
thin films for THG measurements were fabricated by
a graphoepitaxial laser ablation technique [10]. In this
method, we obtained the oriented films on the anisotropic
substrate, LaSrAlO4, by using the lattice matching be-
tween the 1D cuprates and the substrates. The thickness
of the film is 800 A for Sr,CuO3 and 385 A for Ca,CuOs.
For protection, we coated the cuprate layer with 1000 A
of LaAlOj3. Bulk single crystals of Sr,CuO; and Ca;CuO;
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Sr2Cu03 (Ca2Cu03)

c 3.4957A (3.2573A)
a 12.684A (12.234A)
b 3.9064A (3.7769A)

(c)

Cap layer LaAlO3
SroCuO3 (CapCuO3)

LaSrAIO4

LaSrAlO4

a 3.755A
c 12.62A
b 3.755A

FIG. 1. Crystal structure of Sr,CuOs; (Ca,CuQO;) (a) and

LaSrAlOy (b). For simplicity, Sr(Ca) and La atoms are omitted.
The layer structure of the sample is illustrated in (c).

for ER measurements were grown by the traveling-solvent
floating-zone method and the flux method, respectively.

In the THG measurements, we used light pulses with
6 nsec duration obtained from the combination of a
QO-switched Nd:YAG laser and a tunable optical para-
metric oscillator system. To evaluate the absolute value
of |y®(—3w;w,w,w)|, we compared the TH intensity
from the thin films with that from SiO,, both of which
were measured by the Maker-fringe method [11]. The
x® spectrum of SiO, is calculated by applying Miller’s
rule [12,13] to the reported value at 1.907 um [14].
Im,\/(3)(—w;0, 0, w) are obtained from the ER measure-
ments. The detail of the ER experiment was described
elsewhere [8].

In Figs. 2(a) and 2(b), we show the polarized absorption
spectra of the thin films. In the spectra with the electric
field of light E || chain, the peak structures are observed at
about 1.75 eV in Sr,CuO;3 and 2.10 eV in CayCuOj3. They
are assigned to the CT gap transition from the filled oxygen
2p band to the copper 3 d upper Hubbard band. On the
other hand, there are no distinct structures in the absorption
spectra with £ L chain. Such a strong anisotropy ensures
the 1D alignment of Cu-O chains.

Ix®(-3w; w, ®,w)| spectra of the thin films for
E || chain are shown in Figs. 2(c) and 2(d). In Sr,CuO3, a
sharp peak A at w4 = 0.61 eV and a hump structure B at
wp = 0.87 eV are observed. The |y®(—3w;w, w, )|
value at w, reaches 1 X 107° esu. This is compara-
ble to the maximum value of |y®(—3w;w,w,w)| in
polydiacetylene, which is one of the representatives of
third-order nonlinear optical materials [15]. The two
structures A and B in the |y®(—3w; w, w, ®)| spectrum
of Sr,CuO;3 should be related to multiphoton resonant
processes. In THG, there can be three types of resonances,
that is, one-, two-, and three-photon resonances, to spe-
cific energy levels. We can exclude the contributions of
the one-photon resonance process, since w4 and wp are
much lower than the absorption edge. w4 is one-third
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FIG. 2. Polarized absorption spectra (a),(b) with light polar-
ization (E)|| and L chain and |y®(—3w;®, w,w)| spectra
(¢),(d) with E || chain in thin film samples of 1D cuprates. In-
set: the three-photon resonance to the odd-CT state and the
two-photon resonance to the even-CT state are illustrated. The
Imy I(—w;0,0, ®) spectra measured at 77 K with E and ap-
plied electric field (F) || chain are shown in (e) and (f).

of the absorption peak energies, so that the peak A can
be assigned to the three-photon resonant structure to the
lowest CT state with odd parity. As for the structure
B, it is necessary to take into account the possibility of
two-photon resonance as well as three-photon resonance.
To clarify which process is dominant, we will refer to the
results of Imy®(—w;0,0, ).

In Figs. 2(e) and 3(c), we show the Im,\/(3)(—w; 0,0, )
spectrum of Sr,CuQs. In the spectrum, there is an oscillat-
ing structure at about 1.7 eV (=2wp). It is to be noted, by
contrast, that there is no structure at about 2.6 eV (=3wp).
Thus, there exists no excited state contributing to the non-
linear optical process in the energy region at about 3wg.
These results strongly suggest that the structure B observed
in the | y®(—3w; w, , )| spectrum should be attributed
not to the three-photon resonance to some odd-parity states
(3ws), but to the two-photon resonance to the even-parity
state (2wp) hidden near the one-photon allowed CT peak
(3wa ~ Wpeak). The two- and three-photon resonance pro-
cesses in THG are illustrated in the inset of Fig. 2.

In CayCuO3, spectral shapes of |y (—3w; w, w, )|
[Fig. 2(d)] and Imy®(—w;0,0, w) [Figs. 2(f) and 3(d)]
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FIG. 3. €, (upper panels) and Im Y (—w;0,0, ®) (lower pan-

els) spectra at 77 K in the single-crystal samples of Sr,CuOs3
(a),(c) and Ca,CuO; (b),(d).

are similar to those observed in Sr,CuOj;. In analogy to
the case of Sr,CuOs, the structure A at w4 = 0.70 eV and
the B at wp = 0.90 eV are attributable to the three-photon
resonance to the odd-CT state and the two-photon reso-
nance to the even-CT state, respectively. Comparing the
energy positions in more detail, however, some differences
can be discerned between the two 1D cuprates. First,
the energy of the minimum wg;, in Im,\/(3)(—a);0, 0, w),
which characterizes the energy position of the oscillat-
ing structure, is almost equal to @peax in SroCuOj3, but
slightly smaller than @, in Ca;CuOs. Second, 2wp is
almost equal to 3w, in Sr,CuOs, but smaller than 3w, in
Ca,CuOs. The energy positions of 2w /3 are indicated by
the arrows in Figs. 2(c) and 2(d). These differences are at-
tributable to the difference in the Cu-O bond length along
the 1D chains.

It is well established that the CT transitions in insulating
cuprates can be described by a half-filled Hubbard model
with a single band by mapping a bound state with mainly
oxygen 2p character (the Zhang-Rice state) onto the lower
Hubbard band [16]. Therefore, to unravel the physics be-
hind the different behaviors in ¥ between the two com-
pounds, we use the half-filled 1D Hubbard chain with large
on-site Coulomb interaction U, nearest-neighbor Coulomb
interaction V, and nearest-neighbor hopping matrix ele-
ment ¢, which can capture the essence of the low-lying
optical excitations in the cuprates. In the strong coupling
limit U/t > 1, two types of carriers are created in the
excitation process across the Mott gap: one is an unoc-
cupied site with positive charge and the other is a doubly
occupied site with negative charge. Because of the na-
ture of the spin-charge separation inherent in 1D systems
[16], they have only charge degrees of freedom and are
called holon and doublon, respectively. These two carriers
attract each other by —V, and thus we have an effective
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two-particle model with the charge degrees of freedom and
no spin degree [17]. We call it the holon-doublon model
[18]. The two particles in the model cannot occupy the
same site because of the large on-site Coulomb interac-
tion. This is in contrast with a standard exciton model of
1D semiconductors which allows the occupation of a par-
ticle and a hole at the same site. The prohibition of the
double occupancy necessarily induces a node of the enve-
lope wave function at the origin of relative coordinates, and
the odd- and even-parity states are always degenerate un-
der the presence of the node [18]. In the calculation of the
nonlinear susceptibilities, the initial state before photoex-
citation is regarded as a vacuum state without holon and
doublon. The dipole moment between the vacuum state
and the odd-parity eigenstate of the holon-doublon model
is calculated through the current process creating a holon
and doublon pair on the adjacent sites. All of the eigen-
states of the model are obtained by numerically diagonal-
izing the Hamiltonian for a given chain. The calculation
based on this model makes possible the direct comparison
of the spectral shape between the experimental and calcu-
lated results.

The values of the parameters in the holon-doublon
model have been evaluated for Sro,CuOs3 from the analysis
of electron energy loss spectroscopy spectra (¢ = 0.55,
V = 1.3, and U = 4.2 in units of eV) [19]. As denoted
in Fig. 1, the Cu-O bond length along the chain is smaller
in CayCuO3 than in Srp,CuOs. This implies that both V
and ¢ are larger in Ca,CuQO3. However, ¢ is expected to be
more sensitive to the bond length than V [20]. Therefore,
to investigate the material dependence of the nonlinear
susceptibilities, the value of V in this paper is fixed to
be 1, and 7 is changed from 1/3 to 1 in the following
calculations. The value of U is determined so as to satisfy
U — 4t =12

Figure 4 shows calculated €5, Im ,\/(3)( —;0,0, w), and
Ix®(-3w; w,®, »)| for a 100-site chain with the damp-
ing factor of 0.15. In e, the energy distribution of the
square of the dipole moments from the ground states is also
shown by vertical bars. It is known that, when V /1 > 2,
an excitonic bound state splits off from the lower edge of a
continuum spectrum at @ = U — 4¢ [17]. In fact, a bound
state is formed at @ = 1.9 for t = 1/3 (V/t = 3) in €.
With increasing ¢, the energy of the peak in €3, wpeak,
indicated by dashed lines shifts to higher energy beyond
the lower edge of the continuum at w = 2, indicated by
the triangles. For r = 1/3, the energy of the dip, wgip, in
Im,\/(3)(—w;0, 0, ®) is almost equal to @peax in €. With
increasing f, wgqjp shifts to higher energy. However, in
contrast t0 @peak, @aip iS pinned near the edge at w = 2.
This is due to the presence of even-parity states degenerate
with odd-parity states near the edge. Therefore, the energy
difference between wgip, and wpeqk increases with the in-
crease of . This tendency explains the experimental fact
that wg;p is almost equal to wpeax in SroCuO3 but smaller
than wpeax in CayCuOs.
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FIG. 4. €, Imy®(—w;0,0, w), and |y®(—3w; w, w, w)| in
the holon-doublon model for a 100-site chain with ¢ = 1/3,
1/2,and 1. V = 1 for all the parameter sets. The value of U is
determined so as to satisfy U — 4t = 2, which gives the lower
edge of the continuum spectra denoted by the triangles. The
damping factor is set to be 0.15. In €5, the energy distribution of
the square of the dipole moments from the ground states is also
shown by vertical bars. In |y®(—3w; w, w, )|, the positions
of 2wp/3 are shown by the arrows, where wp is the energy of
the hump structure B.

In the calculated spectra of |y®(—3w;w,w,w)|, a
sharp peak due to three-photon resonance and a broad
hump structure due to two-photon resonance are clearly
observed, which are in accordance with the experiments.
wy for t = 1/3 is nearly equal to wpeak /3, while wy be-
comes lower than @ peqk /3 with increasing . This means
that the peak position of the three-photon resonance
structure does not necessarily coincide with the peak
position of €;. Moreover, for comparison with w,, the
positions of 2wp/3 are denoted by arrows. With increas-
ing t, the difference 3wy — 2wp increases. This behavior
is again consistent with the experimental result that 2wp is
slightly smaller than 3w, in Ca;CuO3, while 2wp ~ 3wy
in SrpCuOs. This fact strongly suggests that the character
of the excited state changes from the excitonic bound
states of holon and doublon in Sr,CuOj3 to the unbound
continuum excited states in Cap,CuQOs.

In summary, we have presented the third-order nonlinear
susceptibility |y (—3w; w, w, w)| spectra of Sr,CuO;
and Ca,CuOj; obtained from the THG spectroscopy. The
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observed two distinct structures have been attributed to
the three-photon resonance to the odd-CT state and the
two-photon resonance to the even-CT state. By using the
holon-doublon model, two types of ) spectra obtained
from THG and ER spectroscopy have been well repro-
duced, in spite of the fact that they correspond to the optical
responses in completely different frequency regions. This
ensures the validity of the present analysis. Moreover, the
difference of the spectral shape of y©® between Sr,CuOj3
and Ca,CuOs has been explained by taking account of the
change in the nearest-neighbor hopping 7. A crossover be-
havior from the excitonic bound states of holon and dou-
blon to the unbound continuum excited states is the physics
behind the difference between the two compounds.
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