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Optical reAectivity spectra are studied for single crystals of the prototypical high-T, system

La2 „Sr„Cu04 over a wide compositional range O~x ~0.34, which covers insulating, supercon-
ducting, and normal metallic phases. The measurements are made at room temperature over an en-

ergy range from 0.004 to 35 eV for the polarization parallel to the Cu02 planes. They are also ex-
tended to the perpendicular polarization to study anisotropy and to discriminate the contribution
from the Cu02 plane. The present study focuses on the x dependence of the optical spectrum,
which makes it possible to sort out the features of the excitations in the CuO& plane and thus to
characterize the electronic structure of the CuO& plane in the respective phase. Upon doping into
the parent insulator La~CuO4 with a charge-transfer energy gap of about 2 eV the spectral weight is

rapidly transferred from the charge-transfer excitation to low-energy excitations below 1.5 eV. The
low-energy spectrum is apparently composed of two contributions; a Drude-type one peaked at
co=0 and a broad continuum centered in the midinfrared range. The high-T, superconductivity is
realized as doping proceeds and when the transfer of the spectrum weight is saturated. The result-

ing spectrum in the high-T, regime is suggestive of a strongly itinerant character of the state in the
moderately doped Cu02 plane while appreciable weight remains in the charge-transfer energy re-

gion. The spectrum exhibits a second drastic change for heavy doping (x -0.25) corresponding to
the superconductor-to-normal-metal transition and becomes close to that of a Fermi liquid. The re-
sults are universal for all the known cuprate superconductors including the electron-doped corn-

pounds, and they reconcile the dc transport properties with the high-energy spectroscopic results.

I. INTRODUCTION

A two-dimensional sheet of corner-linked Cu04
squares (CuOz plane) is a common structural element of
the known high-temperature superconductors. The
parent compounds such as La2Cu04, YBa2Cu306, and
Nd2CuO& are charge-transfer (CT) insulators with an en-

ergy gap between occupied O 2p and the lowest unoccu-
pied Cu 3d (upper Hubbard) bands. ' The optical
rellectivity (absorption) spectra of these insulating com-
pounds show a pronounced peak at 1.5 —2.0 eV, corre-
sponding to the optical transitions across the CT gap.
Carrier doping into the Cu02 plane is expected to change
its electronic structure so as to favor high-temperature
superconductivity. The accumulated experimental data
on the normal-state properties seem "anomalous, " in
many aspects suggesting the unconventional metallic
state realized in the doped Cu02 plane. The highlights of
such anomalous properties would be the apparently
convicting results of the Hall effect and photoemission

spectra. The Hall effect suggests a small Fermi surface,
corresponding to the dopant concentration x, i.e., x holes
per Cu, while the result of the angle-resolved photoemis-
sion indicates the existence of a large Fermi surface cor-
responding to ( 1+x) holes or ( I —x) electrons.

The optical measurement is expected to bridge the dc
transport property and the high-energy spectroscopy.
Important contributions were made from Thomas et al.
and Collins et ai. on the YBa2Cu306+„system. They
revealed that the optical conductivity in the low-energy
region A~(1 eV is not of the usual Drude type, but
seems to be composed of at least two components, a
Drude-like narrow (with a width of ktt T) band centered
at co=0 and a broadband centered in the midinfrared
(mid-IR) region. However, the experiments were restrict-
ed to the narrow compositional range, and a quantitative
conclusion on the systematic change of the electronic
structure is diS.cult to be drawn owing to the presence of
CuO chains which give a substantial contribution to the
optical conductivity in the low-energy region. ' '" More-
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over, the charge distribution between CuO chains and
Cu02 planes gives rise to a complicated relationship be-
tween the composition x and the actual hole concentra-
tion in the CuOz plane. '

The present optical study is on a series of single crys-
tals of La& „Sr„Cu04 grown by a Aux-growth method to
clarify the carrier doping eftect on the electronic struc-
ture of the parent CT insulator La2Cu04. The advan-
tages of studying La2 „Sr Cu04 are twofold: (i) The La
system has the simplest crystal structure with a single
Cu02 plane in the structural unit, and the contribution to
the optical spectrum below 3 eV is mostly from the Cu02
plane. ' ' (ii) The dopant concentration is equal to the
Sr composition x and can be varied over a wide range
O~x ~0.34 without appreciable loss of oxygen content.
This compositional range covers the three fundamental
phases, the antiferromagnetic insulator, high-T, super-
conductor, and nonsuperconducting metal with increas-
ing x. Such successive phase changes are universal in all
copper oxide superconductors.

We focus here on the x dependence of the optical spec-
trum and demonstrate that the spectrum exhibits drastic
changes at x -0 and -0.25 over a wide energy range up
to 3 eV associated with the changes of the electronic
structure of the Cu02 plane. It will be shown that the
doping into the insulating CuOz plane shifts the spectral
weight from high-energy charge-transfer excitation to
low-energy excitations, giving rise to an unusual metallic
state. The high-T, regime turns out to be realized when
the transfer of the spectral weight is saturated, but appre-
ciable weight persists in the charge-transfer energy range.
The second change at x -0.25 coincides with the
superconductor-to-"normal"-metal transition, and the
spectrum of the heavily doped CuOz plane turns out to be
close to that of a Fermi liquid.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

Fairly homogeneous large single crystals (typical di-
mensions 8 X 5 X 0.5 mm ) have been synthesized for vari-
ous concentrations of Sr in Pt crucibles by adjusting the
starting composition of CuO Aux, melting temperature,
cooling rate, etc. La&03, SrC03, and CuO powders were
mixed and heated up to 1350'C. They were cooled slowly
(5 —10degr C/h) down to 1200 C and then quenched to
room temperature. The starting compositions of these
powders were optimized, as indicated in the triangular di-
agram shown in Fig. 1. The crystals taken out of the Aux
were post-annealed in Aowing oxygen at 900'C for 25 h
and then at 500'C for 50 h. The crystals with x ~0. 10
were annealed by applying high oxygen pressure of —80
bars for 10—20 h in order to fill possible oxygen vacan-
cies. The highest T, for the optimum composition
x=0.15 is 25 K, about 10 K lower than the best qualified
polycrystal. ' ' Additional or longer-time annealing did
not improve the T, value appreciably. Thus the lower T,
originates not only from oxygen vacancies, but also from
other factors, such as contamination from the Pt cruci-
ble. Nevertheless, sample homogeneity is satisfactory in
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view of systematic variations of the c-axis lattice con-
stant, the resistivity in the normal state, and the optical
spectrum presented here. The electron-probed micro-
scopic analysis with a probing spot of 5 pm in diameter
also gives support for homogeneity, the deviation of x
from the nominal x being less than 6x=0.01 for each
crystal. The crystals with x =0 and 0.02 are
semiconducting —the antiferromagnetic order was ob-
served in the magnetic susceptibility below 280 K for
x =0 after being heat treated at 900'C for 10 h under a
reducing atmosphere (10 atm oxygen partial pressure).
The x=0.06 is marginal, some crystals in the same batch
exhibiting superconductivity, but the crystal used for op-
tical measurement is semiconducting at low tempera-
tures. Bulk superconductivity is observed for x=0.10,
0.15, and 0.20 with onset T, =18, 27, and 22 K, respec-
tively. The magnetic measurement at 4.2 K recorded a
large Meissner signal (30—100% for a field of 10 G). The
superconducting transition width 6T, was 2 K for
x=0.15 and 0.20 and AT, —5 K for x=0.10. The sam-
ples with x=0.27 and 0.34 do not show superconductivi-
ty, but are metallic with much reduced resistivity
p ~ 2 X 10 0 cm at 300 K (see Fig. 2).

B. Optical measurements

The refiectivity spectrum ( —15' incident) was mea-
sured on the a &surface (parallel -to the CuOz planes) in
the energy range 4 meV —35 eV using a Fourier-type in-
terferometer (4 meV —1.2 eV), a grating monochromator
(0.5 —4.0 eV), and a Seya-Namioka-type grating for syn-
chrotron orbital radiation (2—35 eV) at the Institute for
Solid State Physics, University of Tokyo. The reQectivity
was calibrated with a Au or Al mirror reference in the
energy region below 3 eV. The accuracy of the
reAectivity is 0.02 —0.05 and no calibration due to sample
size was necessary because the dimension of sample sur-

FIG. 1. Triangular diagram for the compositions of the start-
ing materials La2O3, SrCO3, and CuO to grow single crystals of
La& Sr„Cu04. The optimum compositions for each x are indi-
cated by solid circles.
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FIG. 4. Comparison of the imaginary part of the dielectric
function Ime(co) between the band calculational result of Mazin
et al. (Ref. 17) for La2Cu04 and the present experimental results
obtained from a Krarners-Kronig transformation of the
reflectivity. The experimental data for a heavily doped crystal,
x=0.34 (dotted curve), shows a remarkable change below 5 eV,
while no appreciable change is expected in the calculational re-
sult for Sr-substituted La2Cu04.

dominated by optical phonons as will be shown later.
The presence or otherwise of this edge is an indication of
the metallic state along Cu02 planes or a semiconducting
one across the planes, respectively. By contrast, higher-
energy spectral features are very similar except for a few
weak structures, which should be ascribed to the optical
transitions at different wave vectors in the same bands.
As expected from the anisotropic crystal structure, a
quasi-two-dimensional character of the electronic state
manifests itself in the low-energy excitations which are
taking place in the Cu02 plane.

PHOTON ENERGY (eV)

FIG. 5. ReAectivity spectra (Etc) for three representative
compositions (a) x =0, (b) 0.15, and (c) 0.34 of La2 Sr Cu04
single crystals.

Cu02 planes. It is commonly observed in the spectra for
other insulating layered cuprates such as Nd2Cu04,
YBa2Cu306, CaCu02 etc. In a previous paper we re-
ported that the corresponding peak is located at an ener-
gy between 1.5 and 2.0 eV for all the materials investigat-
ed so far. A difference was ascribed to the difference in
the oxygen coordination number surrounding Cu. In
fact, the peak energy is higher for compound with more
apical oxygens: 2.0 eV for T-phase La2Cu4, 1.7 eV for
T*-phase LaDyCuO„, and 1.5 eV for T'-phase Nd2Cu04.

C. Doping effect

1. Rejlectivity spectrum

B. Spectrum of undoped La2CuO4

The reAectivity spectrum (Elc ) of the parent com-
pound LazCuO& is shown again in Fig. 5(a). While the
spectrum above 3 eV is almost the same as that for doped
compound, it is drastically different in the low-energy re-
gion. The spectrum of the as-grown crystal exhibits a
trace of the 1-eV edge, which arises from a slight amount
of holes provided by excess oxygens in the crystal. How-
ever, after annealing at 650 C under a reducing atmo-
sphere, the edge disappears and the spectrum is charac-
terized by a peak at 2 eV as well as by three optical-
phonon bands below 0.1 eV. The spectrum is almost Aat
and featureless between these energies.

The 2-eV peak is assigned to O 2p~Cu 3d (upper
Hubbard band) CT excitation within the Cu02 plane
from the experimental fact that it sets up an optical ener-

gy gap of insulating La2CuO4 and it is not seen in the
spectrum for the light polarized perpendicular to the

Substitution of Sr for La makes no significant change
in the spectrum above 4 eV as demonstrated in Figs. 5(b)
and 5(c) for the representative compositions x=0.15 and
0.34. By contrast, the spectrum in the lower-energy re-
gion exhibits drastic changes with doping. The
reAectivity spectra are shown in Fig. 6 for various Sr
compositions. With small amount of Sr substitution, the
reAectivity of the CT peak is severely reduced; instead, a
reAectivity edge suddenly appears at -0.8 eV. As doping
proceeds, the reAectivity edge becomes sharpened and the
reAectivity below the edge rapidly increases. As a conse-
quence, three optical-phonon bands still seen in the spec-
trum of x=0.06 are screened out for x ~0.10. It is
noteworthy that the position of the edge does not shift
appreciably with doping. The shift becomes appreciable
only for heavy doping x )0.25. However, the edge
moves to lower energy which is in the direction opposite
to what one expects from the increased hole concentra-
tion.
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FIG. 6. ReAectivity spectra below 4 eV for various composi-
tions of La2 „Sr Cu04 single crystals measured at room tem-
perature (RT) with polarization parallel to the Cu02 planes.
Both reAectivity and photon energy are shown in logarithmic
scales.

2. Optical conductivity

1.5,

0.34
I

LaP-xSrxCU04,

We can learn from the optical conductivity more about
what is happening on doping. Figure 7 clearly demon-
strates that the conductivity rapidly decreases in the en-

ergy region above 1.5 eV, while it increases below 1.5 eV.
In the former region the CT excitation dominates and the
latter involves a free-carrier contribution. However, it

cannot be concluded that the free-carrier contribution ex-
tends up to 1.5 eV and occupies the entire region below
1.5 eV. Apparently, o (co) has two components for lightly
doped compounds, a narrow band peaked at co=0 and a
broadband centered in the midinfrared region. Even for
moderately and heavily doped compounds, 0(co) decays
much more slowly than the Drude-type m dependence.
The, infrared conductivity with two or more components
was previously reported for the YBa2Cu306+„system. '

In the cr(co) spectra for x )0.10, two weak features are
apparent at 1.5 and 3.0 eV. The 3.0-eV feature is prob-
ably intrinsic, which would be overlapped with more
dominant CT excitation for small x, but become apparent
owing to the suppressed CT excitation for large x. Its
origin is not obvious, but perhaps corresponds to the in-
terband excitation to La Sd l4f or Cu 4s l4p derived con-
duction bands. The presence of the 1.5-eV peak was re-
ported by Suzuki in his work on thin films of
Laz Sr Cu04. ' In the thin-film spectrum the 1.5-eV
absorption peak develops with x, and so he speculated
that it might be related to the change of the electronic
structure, i.e., the appearance of impurity states within
the CT energy gap. The present result on bulk single
crystals, however, shows that the 1.5-eV feature is rela-
tively weak and becomes apparent only for x )0.10. Pos-
sibly, the 1.5-eV feature is exaggerated or magnified in
the thin-film spectrum, either reAection or transmission,
since the material is rather transparent in the energy re-
gion above the reAectivity edge so that weak absorption is
intensified as a result of multiple reAection. Since the
corresponding feature is not seen in the spectra for other
cuprate systems, we suppose that the 1.5-eV absorption is
extrinsic in origin as a result, possibly, of an undetectable
amount of oxygen vacancies inevitably present at high Sr
compositions. If it were not, the 1.5 eV would be an
isosbestic point in a strict sense at which 0(co) is invari-
ant against x. A beautiful isosbestic behavior is actually
observed in electron-doped Nd2 Ce Cu04 as repro-
duced in Fig. 8. The presence of the isosbestic point in-

1.6
)

I

Qc P8

3
Y 0.5i

0.43

( eV )

2 3
ho) (eV )

FIG. 7. Optical conductivity o.(co) obtained from the
Kramers-Kronig transformation of the Elc reAectivity spectra
for various compositions x.

FIG. 8. Optical conductivity spectra (Elc ) of electron-doped
Nd2 „Ce„Cu04 ~ single crystals with the a-b plane. The spec-
tra show an isosbestic point at 1.1 eV, where o.(m) becomes
equal for any dopant concentration. The data labeled with
(x =0, y&0) is for a reduced Nd2Cu04 which contains a smaller
number of electrons, not specified, supplied by oxygen vacan-
cies.
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dicates that the low-energy conductivity is induced by the
shift of the spectral weight from the high-energy part.

The transfer of the spectral weight persists up to
x=0.20, and as a result, the high-energy part, the CT ex-
citation, is severely depressed. In the low-energy region
the narrow-band component develops and the peak of the
broadband one shifts to lower energy with increasing x.
Accordingly, the separation into these two components
becomes nontrivial. When x exceeds 0.25 and the com-
pound becomes nonsuperconducting, o (co) decreases over
a wide energy range, suggesting another radical change of
the electronic state in the heavily doped region. Even in
this computational region, the conductivity in the
lowest-energy part continues to increase, in agreement
with the continuous decrease in the dc resistivity.

3. Energy loss fun-ction

0.6

8
0.2

0--
0.5

10

x=0.02

Lap „Sr„Cu04
x=0.34

1.0
Fitn (ev)

1.5

Returning to the reflectivity spectra, the appearance of
a reflectivity edge implies the presence of a peak in the
loss function Im[ —I/e(ro)]. The loss function can also
be obtained by the KK transformation on the reflectivity
data. The result below 1.5 eV is shown in Fig. 9(a) for
several compositions. The value of Im( —I /e) for
La2CuO4 is vanishingly small below 1 eV except in the
optical-phonon region, which is omitted from the figure.
A weak tail starting from 1 eV is a precursor of the CT
excitation, which makes a peak in Im( —I/e) at -3 eV.
With slight doping a featureless continuum appears in the
mid-IR region. This reminds us of the anomalous contin-
uum observed in the same energy range in the electronic
Raman-scattering spectrum. The Raman spectra mea-
sured by Sugai et al. on the same set of crystals are
shown in Fig. 9(c) together with the 1m[1/e(co)] spectra.
The Raman response function is directly related to
Im(1/e(co)] spectra. The Raman response function is
directly related to Im( —I/e) in the small momentum-
transfer limit

As doping proceeds, a broad peak emerges at -0.8 eV.
For superconducting compositions x=0.10 and 0.20, the
peak is still so broad that it is comparable to the peak en-
ergy. It should be noted that such a peak is not seen in
the Raman spectrum of the superconducting compound
where the electronic contribution maintains a featureless
continuum and its intensity decreases with x. The
Im( —1/e) spectrum qualitatively changes for heavy dop-
ing, exhibiting a rather well-defined peak typical of a
plasmon peak in a usual metal. The electronic Raman
continuum still remains, but is greatly suppressed as com-
pared with smaller compositions.

4. Effective eiectron number

-10'

-20' 0.5 1.0

x=0.10

=0.34

(eV}

A

1.5

For a next step, in order to give a quantitative basis to
the conductivity data, we have estimated the e6'ective
electron number (per Cu atom) defined below as a form of
the spectral weight up to an energy %co:

2mo V
N,*tt(ro)=, f o (ro')dro',

m.e

where mo is taken as the free-electron mass and V is the

0.2 0.4 0.6 0.8 1.0
Energy Shift (eV)

FICx. 9. (a) Energy-loss function Im[ —I/e(col] and (b) the
real part of the dielectric function obtained from the Kramers-
Kronig transformation of the reAectivity data. The data below
1.5 eV are shown to focus on the co dependences near the
reAectivity edge (-0.8 eV). (c) The A &g

Raman spectra with
z(x, x)z polarization and incident laser wavelength A, ; =5145 A
for a-b surface single crystals measured by Sugai et al. (Ref. 20).
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cell volume containing one formula unit. N,*s(co) is pro-
portional to the number of electrons involved in the opti-
cal excitations up to A'co. N,"fr(co) calculated from the
conductivity data are shown in Fig. 10 for various Sr
compositions. For x =0 contributions from the optical
phonons are very small, so that N,*~ becomes appreciable
above 1 eV where the absorption band of the CT excita-
tion starts. For doped samples the initial steep rise of
N,'z is due to the narrow band peaked at co=0, and N,'~
attains substantial values in the mid-IR region. As has
been learned from the o(co) spectra, most contributions
come from the broadband absorption in the mid-IR re-
gion, which is also responsible for the reflectivity edge at
-0.8 eV. The substantial part of the low-energy excita-
tions ends up to this edge position (but practically ex-
tends up to 1.5 eV), so that N,*fr exhibits a plateau in the
interval between 0.8 and 1.5 eV. Above 1.5 eV the
remaining CT excitation and high-energy interband tran-
sitions contribute to N', ff.

We focus on the values of N,*z at two characteristic en-
ergies obvious in Fig. 10. One is 3.0 eV where N, ~ be-
comes almost independent of x for x ~0.2 This gives
quantitative evidence that the doping affects the electron-
ic excitations below 3 eV, which presumably represent
the spectral weight of the CT excitation for x =0 and
transfer spectral weight between 1.5 and 3.0 eV to the
low-energy excitations below 1.5 eV. Note that N,'& at
3.0 eV is 0.45 by a factor of 2 smaller than one electron
per Cu, which should be involved in the Cu-0 CT excita-
tion. The small value or reduced spectral weight might
be ascribed to the renormalization due to Coulomb in-
teractions; that is, one should replace mo by an effective
mass m*-2mo in Eq. (1). As a matter of fact, the spec-

Lap „Sr„Cu04

AF:::: NM

I

Lap „Sr„Cu04
~ '

4
4

/
/

/ *
' Neff

——x
/

/

/
/

/
/

/ 0
/

4

tral weight associated with the CT excitation is material
dependent —in terms of N,*& it is 0.50 for T*-phase
LaoyCu04 and 0.70 for T'-phase Nd2Cu04.

Obviously, 1.5 eV is another characteristic energy. As
seen in Fig. 7, o.(co) exhibits nearly isosbestic behavior at
1.5 eV, so that N,*fr (1.5 eV) can be regarded as the spec-
tral weight of low-energy excitations transferred from the
CT excitation by doping. The x dependence of N,*& (1.5
eV), shown in Fig. 11, reveals a remarkable and anoma-
lous doping effect. N, ff sets in with very slight doping
and increases with x at the rate much faster than what
one expects from the dopant concentration, i.e., N,z &&x.
It should be emphasized that N,*fr (1.5 eV) almost stops to
increase at x=0.10 and is nearly constant in the interval
between x=0.1 and 0.2, which, incidentally, coincides
with the compositional range of bulk high-T, supercon-
ductivity. Although the transfer of the spectra weight
from the CT excitation is saturated in this compositional
range, the increase of doping biases the spectral weight
more onto the lower-energy region.

Heavy doping (x )0.25) decreases N,*z over a wide en-

ergy range. The decrease in the value of N,*z (1.5 eV) is in
accordance with the low-energy shift of the reflectivity
edge. The value at 3.0 eV also decreases, which has been
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FIG. 10. Effective electron number per Cu atom defined as a
conductivity sum is plotted as a function of energy for various
compositions. For clarity the data for heavily doped samples,
x=0.27 and 0.34, are shown by dot-dashed and dashed curves,
respectively.

FIG. 11. Effective electron number at 1.5 eV (solid circles) as
a function of composition x. The dashed straight line indicates
a reference for X,z=x. The phase boundaries of the antiferro-
magnetic insulator (AF), superconductor (SC), and normal met-
al (NM) are shown above. The open diamond with an error bar
represents a free-carrier contribution ND, estimated from a
Drude fit to o.(co) in the lowest-energy part. ND seems to in-
crease proportionally with x for small x (the line is a guide for
the eyes). However, the definition of ND becomes ambiguous
with increasing x, as a(cu) exhibits a decrease slower than the
Drude-type 1/co over almost the entire energy range.
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an invariant for smaller compositions. As we have seen,
the CT excitation is further suppressed in the heavily
doped region, and therefore the result implies that the
CT spectral weight is distributed over a wider energy
range not restricted below 1.5 eV.

5. Anisotropy

As in the case of EJ.c spectrum, the E~~c spectrum for
x =0 is featureless below 4 eV except in the far-infrared
region ((0.06 eV) where three optical phonons with Az„
symmetry dominate. The spectrum is thus typical of an
insulator. Different from the Elc case, doping does not
change the E~~c spectrum substantially even in the low-
energy region. In Fig. 12 are shown the spectra for three
representative compositions in the far- and mid-IR re-
gions. It turns out that the optical phonons dominate
even for superconducting compositions, which is evi-
dence for a semiconducting character in the direction
perpendicular to the Cu02 planes, in contrast to the me-
tallic one parallel to them. Actually, observed the dc
resistivity along the c axis increases with lowering tem-
perature ' (see Fig. 2).

Only when x is in the normal metallic phase does the
E~~c spectrum appear to change qualitatively. Though
the highest-energy phonon (-70 meV) is not completely
screened, the spectrum is apparently affected by free-
carrier plasma, as evidenced from shallowed dips at -60
and —80 meV. This is in agreement with the metallic
temperature dependence of the resistivity along the c axis
for the samples with x )0.25. The heavily doped
La& Sr„Cu04 might thus be regarded as an anisotropic
three-dimensional metal as expected from the band calcu-
lational results. ' '

34

IV. DISCUSSIONS

A. Electronic structure of the undoped CuO2 plane

Figure 4 compares the observed conductivity spectrum
of La2Cu04 with the available result of the band calcula-
tion by Mazin et al. ' The agreement between them
turns out to be excellent in the energy region above 4 eV,
where the contribution from 0 2p ~La Sd/4f interband
transitions dominates. In the lower-energy region the
calculated spectrum is characterized by two excitations:
One is intraband contribution centered at co=0 within
the half-filled Cu 3d 2 2 —02p antibonding conduc-
tion band, and the other is the interband one between an-
tibonding Cu 3d &

—02p and Cu 3d 2 &
—02p bands

Z x —y
which exhibit a peak at 1.5 eV. However, the corre-
sponding absorptions cannot be seen in the spectrum of
real LazCu04. There should be no intraband contribu-
tion in insulating LazCu04, and instead of a d 2~d 2z x —y
interband transition, the 0 2p ~Cu 3d p p CT excita-

x —y
tion is observed peaked at 2.0 eV. This is further evi-
denced by the fact that, while the 0 2p hybridized
d 2~d & 2 transition is not appreciably affected by dop-

ing, the observed 2-eV peak is severely weakened by a
small amount of doping. In this regard Fig. 4 is a clear
demonstration that band theory cannot describe the low-
energy excitation within CuOz plane, whereas it nicely
mimics the higher-energy interband transition.

The present result, as well as the results on other insu-
lating cuprates, has shown that the undoped Cu02 plane
is a CT insulator with a fundamental optical energy gap
(b, —1.5 —2.0 eV) between 0 2p and Cu 3d bands as pic-
tured in Fig. 13(b). This conclusion is consistent with the
one drawn from the photoemission experiment. ' The
topmost Cu 3d state, d 2 2 orbital, is split into Hubbardx —y
bands owing to large on-site Coulmb repulsive energy,
and as a result, an occupied 0 2p band is located in be-
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FIG. 12. ReAectivity spectra of three representative composi-
tions for the incident light polarized parallel to the c axis.
Three optical-phonon bands below 0.1 eV dominate in the spec-
trum of La&Cu04. The reAectivity measured on the identical
surface with Elc polarization is shown in the inset.

FIG. 13. Schematic energy diagrams for doped and undoped
Cu02 planes. (a) Band picture for a half-filled (undoped) Cu02
plane (Fermi liquid). (b) Charge-transfer insulating state of the
undoped CuO2 plane with split Cu 3d bands due to on-site
Coulomb repulsive interaction U. The 0 2p band is separated
by a charge-transfer energy 6 from the upper Cu 3d band. (c)
and (d) show rigid CT energy bands doped with holes and elec-
trons, respectively. (e) An image of the doped Cu02 plane in-
ferred from the present study with (midgap) states reconstructed
from split 0 2p and Cu 3d orbitals in the CT insulating state.
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tween. In this energy scheme the optical CT excitation is
a transition from an occupied 0 2p band to an empty
upper Cu 3d Hubbard band.

We should here remark on the strength or spectral
weight of the CT excitation, as briefly described before.
The CT strength considerably differs among various
known cuprates —strongest for T'-phase Nd2Cu04 and
weakest for T-phase La2Cu04. We previously measured
the optical spectra of non-Cu oxides with K2NiF4 struc-
ture, La2Ni04, La2Cu04, and La~Fe04, which are all
thought to be CT insulators. ' It was found that their
spectra above 5 eV are essentially the same as that for
La2Cu04, providing convincing evidence for the 0
2@~La 5d/4f transitions. However, only very weak
features were observed below 4 eV. Thus the CT excita-
tion has very small spectral weight in these non-Cu ox-
ides. The primary reason for weak oscillator strength
might be either a larger CT energy gap 6 or smaller
transfer energy t between oxygen and transition-metal
elements. Roughly speaking, the CT strength is propor-
tional to t Ib, for b, ))t.

B. Doped CuO2 plane

The present work demonstrates that the doping into
the Cu02 plane shifts the spectral weight from the CT ex-
citation to low-energy excitations below 1.5 eV. This in-
dicates that the states 0 2p and Cu 3d, originally separat-
ed by a CT energy gap, are redistributed by doping on a
large energy scale, or in other words, a new state is recon-
structed from these two orbitals. Thus the doping has a
much more radical effect on the electronic structure of
the Cu02 plane than it does on usual semiconductors
where the valence band is occupied by holes or impurity
states are formed within the gap. Consequently, an ener-

gy diagram as depicted in Fig. 13(c), where doped holes
occupy the 0 2p valence band, does not give the entire
picture of the doped Cu02 plane.

We suppose that Fig. 13(c) is correct as far as the
lowest-energy excitation in the lightly doped compound
is concerned. The infrared conductivity for x &0.10 is
apparently composed of two separate contributions, one
showing a narrow peak at co=0 and a broadband extend-
ing over the mid-IR region. In order to estimate the
spectral weight of each contribution, the low-energy part
of o (co) is approximated with a Drude-type oscillator.
The spectral weight of this component, XD, in units of
electron number per Cu atom, is plotted in Fig. 11. The
difference between X,*tr (1.5 eV) and XD then gives a con-
tribution from the broadband in the mid-IR region. We
expect that thus estimated XD represents a fully itinerant
degree of freedom for doped holes in view of the fact that
it is well approximated by the Drude formula. XD shows
an increase roughly proportional to the dopant concen-
tration x for x &0.10, but XD is much smaller than the
value x. If the difference between XD and x is ascribed to
a large enhanced mass —8m~, this is in agreement with
the result of the Hall effect. The density of hole carriers
estimated from the Hall coefficient roughly coincides
with the dopant concentration for small x. '

Turning to the broadband contribution which occupies

the most part of low-energy spectral weight, it exhibits an
initial steep increase for very light doping. The increase
is associated with the suppression of the CT spectral
weight. This implies a redistribution of the states so that
they fill up the CT energy gap to produce the low-energy
excitations including the mid-IR one. Note that the
change induced by doping is not the narrowing of the CT
gap, but the reconstruction of the states on a large energy
scale by transferring the states from both conduction and
valence bands of the parent insulator, as schematically
shown in Fig. 13(e). We have seen a sudden onset of the
reAectivity edge at 0.8 eV on doping, which is indepen-
dent of the edge at —3 eV associated with the CT excita-
tion. This observation is reconciled with the reconstruc-
tion of new states and is suggestive of a large "Fermi sur-
face" being progressively built up in contrast to a small
Fermi surface presumed from the lowest-energy Drude-
type excitation.

High-temperature superconductivity takes place in the
moderately doped CuOz plane (0.05 (x (0.25). In this
compositional range the transfer of the spectral weight
from the CT excitation exhibits a saturation, but it does
not mean that the CT spectral weight is fully transferred.
X ff ( ~ ) is still increasing over an energy range above 1 .5
eV, indicating that appreciable spectral weight remained
in the CT energy region. In this sense the high-T, regime
is a quasiequilibrium state before the CT excitation com-
pletely collapses. The characteristic spectral feature in
this regime is that the spectral intensity is biased on the
lower-energy part because of a developed Drude-type
component and the low-energy shift of the mid-IR peak.
As a consequence, it becomes difficult to estimate each
contribution separately, and the picture of a doped semi-
conductor such as in Fig. 13(c) is no more valid even
from the viewpoint focused on the lowest-energy excita-
tion. In fact, the values of the reciprocal Hall coefficient
are significantly larger than expected from the dopant
concentration, '' suggesting that more degrees of free-
dom than x holes take part in the dc transport. Thus a
picture like Fig. 13(e), representing a large Fermi surface,
becomes prevailing in the high-T, regime. Although a
Fermi liquid, like Fig. 13(a), would be a limiting case of
Fig. 13(e), the actual state seems quite unconventional.
The Drude formula, even in its generalized form, can
never fit the observed o (co) spectrum because the contri-
bution corresponding to the mid-IR component for light
doping remains as a shoulder or a long tail extending
over 1 eV. Also, a trace of the CT excitation remains in
the higher-energy region, as deduced from the co depen-
dence of %,*&. Considering that the CT excitation
represents a localized aspect of the electronic state,
whereas the low-energy excitations represent, more or
less, itinerancy, the electronic state in the high-T, regime
appears to preserve both itinerant and localized charac-
ter. Recent neutron-scattering experiments ' also sug-
gest the persistence of dynamical antiferromagnetic
correlation in this regime.

More evidence for an unconventional metallic state
would be its anisotropic spectrum shown in Figs. 3 and
12, which indicate that the low-lying excitations are
confined within the CuOz plane. The E~~c spectrum, as
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well as the temperature dependence of the electrical resis-
tivity (Fig. 2), clearly shows semiconducting character
across the CuO2 planes, while the band calculation pre-
dicts a metallic state in any direction. It is not allowed
in the conventional localization theory that the system is
metallic in one direction but nonmetallic in another.

We should further remark that essentially the same
spectral change has been reported for hole doping into
YBa,Cu, O, +, (Ref. 27) and Bi,Sr,Y, Ca Cu,O„"
though the measurement is restricted to narrower range
of dopant concentration. In addition, as shown in Fig. 12
for electron-doped Nd2 „Ce„Cu04, doping electrons into
the CuO2 plane is expected to convert the CT insulating
state into a state similar to that realized by hole doping.
Therefore, as far as the electronic structure of the doped
Cu02 plane is concerned, electron-hole symmetry seems
to hold as in the Hubbard model or in the picture of ex-
actly half-filled band.
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C. Heavily doped CuO2 plane

A drastic change of the optical spectrum occurring at
x -0.25 suggests a qualitatively different electron struc-
ture in the heavily doped CuOz plane which does not su-
perconduct. The CT excitation or energy gap seems al-
most collapsed, and the states near the Fermi energy,
probably both Cu 3d and 0 2p, appear to achieve full
itinerancy. Actually, the real part of the dielectric func-
tion crosses zero at co=co -0.7 eV, where the refiectivity
exhibits an edge and the loss function Im[ —I/e(ro) j
shows a well-defined peak at co, as shown previously in
Fig. 9. There are typical characteristics of usual metals.
In addition, the EI~c spectrum suggests metallic, though
poorly metallic, character along the c axis as expected
from the band calculation. The o(co) spectrum below 1

eV, however, does not fit the sample Drude formula be-
cause the observed o.(co) has a tail decaying slower than
the Drude type ~ dependence. Nevertheless one can
simulate o(co) with a generalized Drude formula by as-
suming reasonable co dependences of the scattering rate

'(co) and its KK transform m*(co), the eifective mass,
like the case of heavy-fermion superconductors. The
estimated ~ '(co) and m*(co) are shown in Fig. 14 for
four metallic compositions. Except for x=0.34, singular,
therefore physically insignificant co dependences have to
be assumed. These analyses suggest that the electronic
state of the heavily doped CuO2 plane might acquire the
nature of a Fermi liquid.

The above conclusion is reinforced by the results of
other experiments. We observe a very small or even
negative-sign Hall coefficient for heavily doped samples,
contrary to large and positive coefficients for lightly
doped ones. '' The negative sign is what one expects
from the band calculation, and the small magnitude is an
indication of a large Fermi surface and thus implies a
breakdown of the hole picture doped into a CT insulator.
In contrast to T-linear resistivity in the high-T, regime, a
quadratic temperature dependence shows up in the resis-
tivity of heavily doped samples. ' In nuclear quadrupole
relaxation (NQR) measurements, a Korringa-type tem-
perature dependence was found to dominate in the relax-

Lap „Sr„Cu04

A x=0.10
+ x=0.15

x=0.+0
~ x=0.34

20~~
+

+

+

10-
0

O I I I

0 0.1 0.2 0.3 0.4 0.5
h(u (8&)

ation rate of Cu nuclear spins. Furthermore, in
Raman-scattering spectra, the anomalous electronic Ra-
man continuum, as well as the contribution from spin
fluctuation, is greatly suppressed. All these properties
are suggestive of the electronic structure with the charac-
ter of a Fermi liquid. It should be noted that the change
to these properties from those in the high-T, regime
occurs almost discontinuously at x -0.25. As typically
envisaged in the x dependence of N,*fr, there seems to ex-
ist a discontinuity between the electronic structure of the
high-T, CuO2 plane and that of the heavily doped CuO2

FIG. 14. (a) Energy-dependent scattering rate h /~ in eV (left)
and in cm ' (right), and (b) eff'ective mass m */m derived from
the complex conductivity o'(cg) using an expression
&(co)= (ne /m )/[~ '(co) icbm *(c—o)/m ]. &leo) is obtained
from the Kramers-Kronig transformation of the reftectivity
data, and the value of n/m is set to be equal to X,z (1.5 eV) for
each X.
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plane. Thus speculation might be made that the electron-
ic state realized in the Cu02 plane in the high-T, regime
can never be reached by a continuous extrapolation from
a Fermi-liquid state.

D. Origin of the mid-IR band

Concerning the origin of the broadband of cr(co) in the
mid-IR region, several speculations have been made
which include an incoherent motion of doped carriers
against the background of anitferromagnetic spin Auctua-
tion (r-J model), spin- and/or charge Iluctuation
with a gap (or pseudogap) spectrum, ' an optical transi-
tion involving midgap (or impurity) states created within
the CT gap, etc. The present results do not give con-
clusive evidence for either of these models but give con-
straints to them.

Midgap states are supposed to be formed just above the
top of the occupied 0 2p band like an acceptor impurity
band in a semiconductor. Then two optical transition
processes would give evidence for such states: One is the
transition from the midgap states to the empty Cu 3d
upper Hubbard band and the other from the 0 2p to the
midgap states. The former has been assigned to the 1.5-
eV absorption reported by Suzuki on La2 Sr Cu04 thin
films, ' and consequently the mid-IR absorption band has
been identified as the latter process. The present work,
however, does not favor this interpretation. The 1.5-eV
absorption is a minor effect as compared with the mid-IR
one, possibly extrinsic in origin, and is found to be quite
specific to the La2 Sr Cu04 system. Moreover, in this
model it appears difficult to explain the observed rapid
collapse of the CT excitation associated with rapid
growth of the mid-IR absorption band.

A viewpoint of the gap excitation associated with
spin(charge) fluctuation is related to the observation of a
spin-excitation gap in the inelastic-neutron scattering ex-
periment as well as to the spin-excitation continuum ob-
served up to —1 eV in the Raman-scattering spectrum.
Practically, this appears to be not the case. The present
result emphasizes that the spectral weight of the mid-IR
band is transferred from the CT excitation and eventually
forms a single intraband excitation band together with
the lowest-energy Drude-type absorption.

In this connection we should remark on a phenomeno-
logical argument, marginal Fermi liquid, made by Varma
et al. They identified the mid-IR absorption as the
same origin as the electronic Raman continuum, since
they considered that both were derived from the common
response function, the electrical polarizability P(O, co).
For high energies the Rarnan intensity is
I(co)——1m[1/e(co)] ——ImP(O, cg) and the optical con-
ductivity was assumed to be given by o (co)
=co 1m'(co)- —co lmP(O, co). The IR spectra presented
here together with the Raman spectra measured by Sugai
et al. on the same set of crystals provide a check at
least to the above argument, although we do not doubt
that the mid-IR band and the electronic Raman continu-
um have common origin in the unusual electronic struc-
ture of the CuOz plane. For small x we have seen that
the loss function obtained from the KK analysis is

featureless, but substantially large in the mid-IR region,
coincident with a large and featureless Raman back-
ground in the same energy region. So it is possible that
we are observing the same response from the electronic
structure in the IR and Raman spectrum. On the other
hand, for large x, including the high- T, regime
Im[ —I/e(co)] exhibits a pronounced peak at co-co,
while it is suppressed in the lower-energy region, very
different from the observed Raman spectrum, which still
shows a featureless continuum, though appreciably re-
duced. Such a spectral feature of Im( —I/e) arises from
the strong co dependence of the real part of e(co). Re@(co)
crosses zero near co and has a large negative value at
~ & ~~ [Im( —I/~) =~,/(e', +e', ), e, »d e, being the «al
and imaginary parts of e, respectively]. This is much like
the e&(co) of usual metal. Thus we are observing a
different response in the o(co) spectrum from that in the
Raman spectrum for the moderately or heavily doped
Cu02 plane. This is not surprising, considering that the
electronic structure of the doped Cu02 plane asymptoti-
cally approaches that of usual metal as x increases.

The optical conductivity has been calculated by several
groups based on the t-J model by investigating carrier dy-
namics in a two-dimensional Mott-Hubbard insula-
tor. The energy of a doped hole is shown to be
strongly renormalized because of the interactions with
fluctuations of the surrounding spin system. A conse-
quence of the interactions is a formation of coherent
quasiparticle states with narrow width (an order of ex-
change energy J), which might correspond to the ob-
served Drude-type absorption band. Above the coherent
band there exists an incoherent band of states with
strongly diffusive character due to scattering by spin Auc-
tuations extending up to the energy of an order of the
Cu-0 transfer energy t. The mid-IR broadband absorp-
tion may be associated with this incoherent band. The
calculated o (co) mimics the features of the observed spec-
trum of the doped Cu02 plane as well as x dependence of
the low-energy spectral weight to some extent. However,
the relevance to the CT excitation which as observed
here, transfers its spectral weight to the low-energy exci-
tations with doping is far from clear. The doping-
induced change of the electronic structure practically
takes place over an energy range —b, ; beyond that (-J)
the t-J model can be dealt with.

We have supposed a situation as illustrated in Fig
13(e), which might be relevant to the rnid-IR absorption,
by considering the fact that both Cu 3d and 02p states
are involved in it and that it will eventually become intra-
band absorption in a Cu 3d —O 2p hybridized band. This
diagram is not real, representing one aspect of the actual
electronic structure in that it ignores the excitations at
lower energies, e.g. , that responsible for the Drude-type
absorption, but it becomes more substantial as the dopant
concentration increases.

A similar picture has been drawn by the recent photo-
emission experiments of Namatame et al. and by Allen
et al. on both La2 Sr Cu04 and Nd2 Ce„Cu04.
They found that the Fermi level is located at the same
position in the CT gap for both hole and electron doping
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and were led to the same conclusion as the present work
that the states near the Fermi level are generated with
doping by a transfer from both conduction- and valence-
band states of the parent CT insulator. Allen et al. fur-
ther argue that the entire gap of the undoped compound
is filled with states on hole-electron doping and the gap-
filling states might obey a Luttinger-type theorem at the
Fermi energy. The present result does not fully agree
with this argument in that the observed reAectivity edge
near 0.8 eV may be regarded as a plasma edge resulting
from intraband excitation across a Fermi surface of such
a band of gap-filling states [as depicted in Fig. 13(e)], but
the number of states enclosed within this Fermi surface
would be appreciably smaller than that expected from the
Luttinger sum rule, as deduced from the result of N*,tr(co),
which indicates remnant spectral weight in the CT exci-
tation region.

V. SUMMARY

An almost complete set of the optical spectra of
La2 Sr„Cu04 single crystals is presented in this paper
by studying the x dependence over a wide compositional
range 0 ~x ~0.34 and over a side energy range 0.004 eV
~E ~ 35 eV. The spectra are also shown for light polar-
ization perpendicular to CuOz planes (E~~c) for a few
representative compositions. Such a systematic study is
so far possible only for La2 Sr Cu04 because x or a
dopant concentration can be varied so as to cover all
three fundamental phases, AF insulator, high-T, super-
conductor, and normal metal, which are believed to ap-
pear in all layered copper oxides. Moreover, La2Cu04
has the simplest crystal structure with a single Cu02
plane in a structural unit, and the optical response from
the CuO2 plane is observed below 3 eV, separated from
the high-energy response from the LaO double layers.
Thus it is possible to obtain unambiguous spectra of opti-
cal excitations associated with the Cu02 plane and hence
to characterize optically the electronic structures of the
undoped and hole-doped Cu02 plane where the high-T,
superconductivity is realized in a11 the known cuprates.
The spectral features and thus characterized electronic
structure of the Cu02 plane are summarized for respec-
tive compositional region as follows.

A. Undoped CuO~ plane (x =0)

The spectrum is characterized by an excitonic absorp-
tion peak at 2 eV, which is assigned to 0 2p~Cu 3d
charge-transfer excitation. The undoped CuOz plane is
thus CT insulating with an optical gap of -2 eV.

B. Lightly doped CuO2 plane (0 & x (0.10)

On doping low-energy excitations extending over the
mid-IR region are evoked and they evolve by rapid
transfer of the spectral weight from the CT excitation re-
gion. This indicates a redistribution of the Cu 3d and 0
2p states on a large energy scale. The low-energy excita-
tions are clearly separated into a Drude-type peak at
co=0 and a broadband centered in the mid-IR region.

The mid-IR band is not a softened CT excitation, but is
associated with the states created in the gap or in-
coherent motion of carriers with respect to the back-
ground spin system. The mid-IR band occupies most of
the transferred spectral weight, hence giving rise to a
quite unusual optical spectrum.

The Drude-type narrow band represents the (coherent)
motion of doped hole carriers, as the spectral weight
seems to increase proportionally with the dopant concen-
tration x. This component is thus directly related to the
dc transport properties. In fact, the Hall coefficient
shows a decrease proportional to 1/x in the small x
range. Thomas et al. demonstrated, for YBa2Cu306+
that the width of the Drude-type peak is proportional to
the thermal energy k&T in coincidence with the T-linear
resistity in the normal state.

C. Moderately doped Cu02 plane (0.10 & x (0.25)

High-temperature superconductivity is observed in this
range of dopant concentration. The transfer of the spec-
tral weight becomes stationary against further increase of
x, and the separation of the low-energy excitations into
the two components in the o.(co) spectrum is ambiguous
as the Drude-type band rapidly grows and the mid-IR
band shifts its center to lower energies. The low-energy
excitations, as a whole, form a spectrum indicative of an
electronic state of much enhanced itinerant character
with spectral intensity biased more on the lower-energy
region. This is also inferred from the real part of the
dielectric function as well as the loss function
Im[ —I/e(co)]. The former crosses zero at co ( —0.8 eV,
corresponding to the refiectivity edge), and the latter
shows a pronounced, though too broad, peak at -co,
similar to the behavior that usual metals show at the plas-
ma edge. From this, together with much increased spec-
tral weight, one may conclude that not only 0 2p states
but also part of localized Cu 3d states contribute to the
itinerant motion of carriers; that is, more degrees of of
freedom than x holes take part in the dynamical charge
motion in the high- T, regime. The very small Hall
coefficient, much smaller than V/xe, gives support to this
conclusion.

Although the transfer of the spectral weight is saturat-
ed, a finite but appreciable weight remains in the CT en-
ergy region, so that the states near the Fermi energy do
not achieve fu11 itinerancy, some states being still local-
ized. This fact appears to be connected with the short-
range dynamical spin correlation observed in the NQR
(Ref. 29) and inelastic-neutron scattering experi-
ments. ' It is noteworthy that the E~~c (l Cu02 plane)
spectrum is typical of insulators or semiconductors, al-
most unchanged from that for an undoped compound.
Such a peculiar situation, metallic in one direction and
insulating in the other, is evidence that the low-energy
excitations are confined to the CuO2 plane.

D. Heavily doped CuO2 plane (0.25 & x)

The spectral weight of the CT excitation spreads over a
wide energy range, no longer confined below 1.5 eV. The
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low-energy excitations form a single band, which can be
described by a generalized Drude formula with a@-

dependent scattering time and eftective mass as in the
case of heavy-fermion superconductors. The spectrum
suggests that the electronic state of the heavily doped
CuOz plane acquire the nature of Fermi liquid. Very
small, even negative-sign Hall coefficients ' as well as a
Korringa-type relaxation of the Cu nuclear spins, sup-
port this conclusion. The notable fact is that the change
from the high-T, regime to this Fermi-liquid region takes
place almost discontinuously at x -0.25. This seems to
indicate that the electronic structure in the high-T, re-
gime is not continuously connected to the Fermi-liquid
state with an increase of dopant concentration.

The present results are universal for any hole-doped
cuprate superconductor, and even in the electron-doped
material very similar spectral change has been observed.
They have consistency with the dc transport properties,

in particular the Hall coefficient, as well as with high-
energy spectroscopic results such as photoemission, x-ray
absorption, and electron-energy-loss spectra. ' They
also sort out features relevant to the Raman, neutron,
and MQR experiments, and so the present optical study
contributes to drawing a unified picture of the electronic
structure of the normal-state high-T, cuprates and to
give constraints to the theoretical models.
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