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Two-Photon Resonant Third-Harmonic Generation in La;CuQOy4
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Combining linear absorption and nonlinear third harmonic generation (THG) experiments, we inves-
tigate details of the electronic structure of the highly correlated electronic system in La,CuQOs. We
demonstrate strong THG mainly due to the charge transfer excitation from O (2p,,) to Cu (3d,2—,2). The
THG spectrum shows pronounced features due to three-photon and two-photon resonance enhancement
as well as quantum interference effects. We obtain excellent agreement with a THG spectrum calculated
in terms of the excitonic cluster model and can identify both odd and even symmetry excitation modes.
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Recently, there has been considerable interest in highly
correlated electronic systems. A prominent example for
such a system is La,CuO4 which is also a parent crystal
of high temperature superconductors [1]. It is an antifer-
romagnetic insulator at and below room temperature. This
arises from the strong correlation of 34 electrons and the
large overlap between Cu (3d;2—,2) and O (2p,;) orbitals
[2]. These characteristics of the perovskite-type structure
also result in large oscillator strength of the charge transfer
(CT) excitations occurring in the visible region. Not only
transport phenomenona such as high-7, superconductiv-
ity, but also the optical response can be described by the
two-dimensional CuQO, network.

Knowledge of the electronic structure of La,CuQOy is
critical to the understanding of highly correlated electronic
systems. Spectroscopic methods are among the most pow-
erful tools to gain information which in turn enables the
development of proper models for the electronic struc-
tures of copper oxides. The linear absorption spectrum of
La;CuOy4 shows broadband structures above a CT gap of
about 2 eV [3,4]. Although the structure of the absorption
spectrum can be qualitatively explained by an excitonic
cluster model [5], information is limited because only CT
excitations with odd E, representation of Dy, symmetry
contribute to this spectrum, and broadening effects smear
out the spectral features. Even symmetry CT excitation
modes, which are expected to be close to the CT gap, are
much more difficult to observe in conventional optical ex-
periments since they are not dipole allowed. Large-shift
Raman scattering, where the incident photon energy is
much larger than the energy of the CT excitations, is one
possible technique to find these modes and look at their
symmetry properties [6]. Indeed, it has been found that
one of the CT excitation modes is located at 14 000 cm ™!
(1.74 eV), just below the CT gap [7]. However, intense
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photoluminescence prevents the Raman measurement for
higher energy modes.

Nonlinear optical spectroscopy such as third-harmonic
generation (THG) should provide key information to solve
the above problem. This crystal has inversion symmetry
both above and below Néel temperature so that second-
harmonic generation is forbidden and THG is the lowest-
order nonlinear optical response. The THG process is
expected to be enhanced by not only three-photon reso-
nance with dipole-allowed modes but also by two-photon
resonance with dipole-forbidden modes. This type of reso-
nance enhancement was already observed in polysilane [8].

In this Letter we show strong THG in thin films of
La;CuQq that is enhanced by two-photon and three-photon
resonant excitation of even and odd symmetry CT modes,
respectively. In contrast to the linear absorption, the THG
spectrum consists of sharp structures even at room tem-
perature that are provoked by quantum interference effects
between different modes of CT excitations in La,CuQy.
Taking the linear absorption into account, the THG features
are clearly assigned in excellent agreement with respect to
both odd and even symmetry CT modes obtained by our
excitonic cluster model. Our results emphasize the advan-
tages gained by combining nonlinear THG spectroscopy
with conventional linear absorption measurements.

THG experiments were performed at room tempera-
ture on 180 nm thin films of undoped La,CuOQy in a typi-
cal setup, where the fundamental beam hits the sample
through a transparent substrate under normal incidence and
the third-harmonic signal is detected from the sample side.
The films were grown on LaSrAlOy substrates by molecu-
lar beam epitaxy and annealed in a reducing atmosphere
to realize the oxygen stoichiometry [9]. Our single crys-
tal films are of excellent optical quality and the orientation
of the crystals has been determined by x-ray diffraction.
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The ¢ axis of the crystal is perpendicular to the film
plane. For THG measurements, tunable 130 fs pulses are
generated by an amplified Ti:sapphire laser system that
pumps an optical parametric amplifier at 1 kHz repetition
rate. The fundamental photon energy /iw is varied be-
tween 0.62 and 1.07 eV (5000-8630 cm™'). After pass-
ing through a spectrometer, the third-harmonic signal in the
1.86-3.21 eV (15000-25900 cm™ ') range is detected by
a cooled CCD camera. The third-harmonic signal is then
spectrally integrated and the data are carefully corrected for
spectral sensitivity of the detection system and reabsorp-
tion effects due to linear absorption at the third-harmonic
wavelength. Using a thin film of only 180 nm provides
the advantage that we do not have to worry about phase
matching during the THG process. As a result THG effi-
ciencies can be directly compared over the whole spectral
range. THG in the substrate on its own is several orders of
magnitude smaller and can be neglected.

Figure 1(a) illustrates the linear absorption spectrum of
our sample, while Fig. 1(b) shows the measured third-
harmonic intensity as a function of fundamental photon
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FIG. 1. (a) Absorption spectrum of single crystal La,CuO4
(E || @). (b) Third harmonic intensity vs fundamental photon
energy at 0.3 J/cm? incident flux. The dashed line is to guide
the eye. Inset: intensity dependence of the third-harmonic signal
generated at 2.16 eV on the incident pulse energy at 0.72 eV.
The straight line corresponds to a cubic power dependence.
(c) Calculated THG spectrum using Eq. (5) with an assignment
of the modes responsible for resonant THG enhancement.

energy. Special care has been taken to provide a constant
pulse energy of 3 wJ for the incident pulses over the whole
tuning range that corresponds to an excitation flux of about
0.3 J/cm? after focusing to 107> cm?. The variation of
incident pulse energies over the whole spectral range is
within =10%. The inset of Fig. 1(b) shows how the gener-
ated third-harmonic intensity depends on the incident pulse
energy at the pronounced peak for a fundamental photon
energy of 0.72 eV. We clearly observe a cubic power de-
pendence of the THG signal on the incident pulse energy
over several decades. The energy conversion efficiency is
measured to be about 10~# for 3 wJ incident pulse energy,
resulting in a strong third-harmonic signal, clearly visible
with the naked eye, and an excellent signal-to-noise ra-
tio for detection. Note the contrast between the sharp
structures in the THG spectrum and the broad features in
linear absorption. Within the investigated spectral range
the THG signal exhibits a series of pronounced features at
0.65, 0.72, 0.79, 0.84, 0.92, and about 1 eV. Within the
experimental error of less than =5% no difference in the
THG for light polarized parallel to the a or b crystal axis
is observed. For light polarized at 45° with respect to a
and b axes the THG signal also does not change for the
most part of the spectrum. Only at fundamental energies
below 0.75 eV do we observe about 15% decrease in THG
intensity.

We compare our data with CT excitation modes cal-
culated by our excitonic cluster model [5]. The optical
response is described by a three-band Hubbard Hamilto-
nian of the two-dimensional CuO; plane: the O 2p, band
(pios p;r(,) with its central energy E, + U, and singly and

doubly occupied Cu 3d,2_ > bands (d. d;,) with E, and
E; + U as central energies, respectively. This system has
the D4, symmetry and is described by
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U and U, are the on-site Coulomb repulsions at the Cu
and O sites, respectively, and V is the nearest neighbor
Cu-O interatomic Coulomb repulsion. The first and sec-
ond terms of H., in Eq. (2) cause hybridization , between
the nearest neighbor Cu and O orbitals and hybridization ¢,
between the two nearest neighbor oxygen orbitals, respec-
tively. The electronic ground state |g) of this Hamiltonian
has one electron (3d,>—,2) per Cu?* ion and fully occu-
pied 2p electron states in its surrounding O%>~ ions and is
chosen the Néel state in accordance with the experimental
observation [5,10,11].
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A radiation field can induce CT excitations through
the transition dipole moment which is linearly pro-
portional to . For example, the CT excitation
$A(1,0) = dL(O, 0)pit(1,0)|g) represents the forma-
tion of a bound CT exciton with the “electron” (3d z_yz)2
constituting (3d)'° at the A-sublattice Cu (0,0) and the
“hole” (2p)> with spin up at O (1,0). Reflecting the Dy,
symmetry of the CuO, plane, we obtain four equivalent
CT excitations: ¢AB)(1,0), ¢yAB)(0,1), yAB)(-1,0),
and AP (0, —1) around the A-(B-)sublattice Cu ions,
corresponding to the four diagrams in Fig. 2(a). Equa-
tions (1) and (2) show that the four dipole-allowed states
around the A sublattice are mixed with each other by
the second-order process in transfer 7y between nearest
neighbor Cu and O, i.e., 1, = 13 /(U — U, —E, —V)
and by transfer ¢, between nearest neighbor O’s. When
we diagonalize the energy matrix, we have the eigenfunc-
tions and eigenenergies with the A,, By, and the Ej (EY)
representation of the Dy, symmetry. The diagonal energy
is evaluated to the fourth order in #y while the off-diagonal
matrix elements of H., are calculated to the second order
in ty and the first order in #,. This is a type of degen-
erate perturbational treatment in #y(t,)/(U — U, — E,)
or to(tp)/(E, + Up), and the convergence has been
confirmed when we include the cluster size until the
fourth nearest neighbor [10]. Only states with odd E,
symmetry can contribute to absorption and two-magnon
Raman scattering [5]. Even symmetry A;, and By, states
are observable in two-photon absorption spectra and
large-shift Raman scattering.

So far, the optical responses have been analyzed group
theoretically by a tetragonal structure Dy, to use the ad-
vantage of higher symmetry. However, La,CuQO,4 changes
to an orthorhombic structure with D,; symmetry below
511 K [12]. We account for the lower-symmetry crys-
talline field by perturbational method. The CT excitation
of the lowest By, state is nearly degenerate with the exci-
tation from d, to d,2—,2 orbitals within the single Cu ion
that has A, symmetry in Dy, representation. These two
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FIG. 2. Diagrams illustrating CT excitations around the A-
sublattice Cu ions in the CuO, plane in Dy, representation (a)

¢4(1,0), (0, 1), ¢*(—1,0), and (0, = 1) and (b) ¢3)(1,0),
lﬁé‘)‘z)(O, 1), lﬁ{‘,zyo)(_ 1,0), and w;‘(‘),,z)(o, —1) that are CT excita-
tions accompanied by two-magnon excitations.
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states merge into By, in Dy, representation. Therefore,
we make the following linear combinations in Dy, rep-
resentation, which are hybridized by the lower-symmetry
crystalline field X:

W, = cosOW(Bj,) + sindW(Ay,),
V. = —sinfW(Bj,) + cosOW(Az),
where tanf = X /{E; — E(Asg)} and
E+ = (1/2){E(B1g) + E(A3)}

= JU/D{EB,) — EUs)P? + X2.

By using the material parameters for the stoichio-
metric La,CuOy4 crystal with Dy, symmetry (E, =
3eV, U, =35¢eV, U=10eVV, V =05¢eV, 1=
0.82 eV, and t, = 0.4 eV), we obtain the odd modes
E(E,) = 1.96, 2.12, and 2.80 eV, and the even modes
E(Big) = 1.71 eV and E(A;,) = 2.33 eV [5,10]. How-
ever, the absorption spectrum [Fig. 1(a)] indicates a trace
of doped carriers due to weak deviation from the stoi-
chiometry. We also suspect strain induced by the thin film
formation [13]. These two effects result in small shifts
of transition energies. We choose E|(E,) = 1.96 eV,
Ey(E,) = 2.19eV, E;(E,) =275¢eV, X =0.04¢V,
E(Big) = 1.635 eV, E(Ay) = 1.625 ¢V, and E(A;p) =
2.13 eV. The second E, state [E»(E,)] consists mainly of
the dipole-allowed state of Fig. 2(a), while the first and
third E, states [E|(E,) and E3(E,)] are hybridized with
CT excitations accompanied by two-magnon excitations,
as illustrated in Fig. 2(b), as well as unbound electron and
hole excitations.

Focusing on THG with nearly two-photon resonant ex-
citation of even symmetry states as intermediate states |7)
and THG with nearly three-photon resonant excitation of
E, symmetry states as intermediate states, the fourth-order
susceptibility tensor which describes THG is expressed as

3)

ey = 1 > (Papp)en(PyPsIng
“Py g0 Soy AEX(E,g — 2liw — iTy)
1 (glpalEw) (PpPy)ulEulpslg)
g0 &3 (E,w — 3hw — il )AENE, — hw)’

“)
Taking into account the lowest three £, modes and three
even modes [E—, E+, and E(A;,)], the THG intensity
I(3w), excluding an unimportant numerical factor, is given

by | Xaaaa|? With the same polarization @« = 8 =y = &8
for both incident and THG fields,

ai[A,]
18@) =5 = 250 — (AL
cosfa[B,] sinfa[B,]
. —2hw —ily  E- — 2he — il-
aj[E,] 2

B RgEj(Eu) - 3ho — il ©)

Here a[A,] and a[Bj,] are coefficients of the excited
configuration, with A;, and Bi, representations with the
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lowest energies illustrated in Fig. 2(a), while coefficients
a;j[E,] with the jth lowest energies are obtained by diag-
onalizing the CT effects for the dipole-allowed E, con-
figurations [5,10]. These values have been obtained in
Refs. [10,11] and used to draw Fig. 1(c).

Figure 1(c) shows the THG spectrum for La,CuQy cal-
culated using Eq. (5). The relaxation rates I" were ad-
justed to achieve the best agreement with the experiment.
The relative magnitude R between two-photon resonant-
enhanced THG and three-photon resonant-enhanced THG
was chosen to be unity, representing a good approximation
of the theoretical value. The excellent agreement with the
experiment [Fig. 1(b)] enables us to verify the validity of
our model and assign all features present in the experimen-
tal THG spectrum. The spectrum is dominated by (i) THG
at 0.65, 0.73, and 0.92 eV enhanced by three-photon reso-
nance with £, modes at 1.96, 2.19, and 2.75 eV and (ii)
THG at 0.79, 0.84, and 1.04 eV enhanced by two-photon
resonance with two hybridized B, and A, modes at 1.59
and 1.67 eV and with an A;, mode at about 2.13 eV.

Because of the pronounced features observed in the
THG spectrum, six eigenenergies of both odd and even
symmetry states have been clearly identified and assigned,
in contrast to the linear absorption where only dipole-
allowed E, modes contribute and the spectral features are
smeared out. The visibility of the relevant electronic exci-
tations is enhanced by quantum interference between dif-
ferent THG channels that provoke sharp features in the
THG spectrum. For example, the distinct dip around
how = 0.76 eV is a consequence of destructive interfer-
ence, mainly between third-harmonic signals enhanced by
three-photon resonance of the second lowest E, state and
by two-photon resonance of the E_ mode. The appear-
ance of these interference effects emphasizes the advantage
of nonlinear spectroscopic techniques such as THG over
linear and two-photon absorption spectra, where similar
interference effects are absent.

Combining the measured THG spectrum with the theo-
retical description provides valuable information on the
electronic structure in addition to the mode energies. For
example, based on the observed polarization dependence,
we can exclude a tetragonal structure for La,CuQOy4 be-
cause, in this case, group-theoretical analysis predicts a
large difference in two-photon resonance enhancement be-

tween 0° and 45° polarization relative to the crystalline a
axis [11]. The observations further suggest that twin struc-
tures might be induced by the tetragonal-to-orthorhombic
structure change and that domains of these twin struc-
tures are much smaller than the spot of the laser beam
(~30 pm).

In conclusion, we have demonstrated strong THG in
La;CuO4 and emphasized the merit of THG experiments
for the investigation of energy states and crystal sym-
metry of insulating transition-metal oxides. Since the
THG process is strongly enhanced by both two- and three-
photon resonances, we can unambiguously assign even and
odd parity modes by comparing one-photon absorption and
THG spectra. We find excellent agreement between experi-
mental data and calculations based on the excitonic cluster
model, verifying that this model provides an adequate de-
scription of the electronic structure in the region of the CT
gap. The application of this experimental method to other
undoped and doped transition-metal oxides will provide
further insight into the electronic structure of these impor-
tant materials.
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