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The c-axis and ab-plane optical reflectance of an electrochemically oxidized single crystal of La2Cu04+&

(T,-40 K; 8-0.12) have been measured over a wide frequency range (30—40 000 cm ') and at temperatures

between 10 and 300 K. The ab-plane optical conductivity shows metallic behavior at low frequency with weak

phonon features whereas the c-axis spectrum is typical of an insulator, showing only phonons. Estimates of the

carrier density and the oxygen concentration suggest that each excess oxygen contributes just over one mobile

hole. The ab-plane midinfrared conductivity obtained when the wave vector q of the light is perpendicular to

the Cu02 planes in the sample exhibits structure that is absent when q is parallel to the basal planes. The

ab-plane conductivity shows a strong departure from Drude metallic response; fits to midinfrared models with

frequency-dependent damping require also an additional bound-carrier contribution. A superconducting con-

densate is evident in the low-frequency ab-plane data; the oscillator strength of this condensate contains about

18% of the doping induced or 80% of the free carrier spectral weight in the normal state. Finally, an anomalous

temperature dependence is found in the visible/ultraviolet region of the spectrum.

I. INTRODUCTION

Optical absorption studies of the stoichiometric com-
pound La2Cu04 have revealed it to be a charge transfer in-

sulator having marked anisotropy in both phonon and elec-
tronic features as the polarization of the light is oriented
parallel and perpendicular to the Cu02 planes. ' Most opti-
cal investigations of superconducting materials derived from
this parent compound have been for the Sr-doped
La2 Sr Cu04. ' ' The strong anisotropy that is present
between the in-plane and out-of-plane optical properties of
Sr-doped samples became evident as soon as the first polar-
ized studies of single-crystal samples were performed. ' ' In
one of the early reports, the reflectance of insulating

La2Cu04 and of 8% Sr-doped samples was compared for
polarizations parallel and perpendicular to the Cu02 planes.
The c-axis reflectance in both cases is virtually the same,
suggesting that doping does not affect the c-axis optical
properties of the system. (In this paper, we call the axis per-
pendicular to the Cu02 planes the c axis and use a tetragonal
classification for the phonon modes. ) The spectra are typical
of an insulating material, with phonon structure due to
infrared-active modes (A2„synnnetry). In contrast, the re-
flectance parallel to the ab planes shows substantial changes
with doping. The undoped sample has a reflectance that is
dominated by infrared-allowed phonons (E„symmetry) and
constant low-frequency reflectance, indicative of insulating
behavior for electric field parallel to the Cu02 planes. The
doped sample shows a reflectance rising as cu—+0, with the
phonon structure greatly reduced due to screening by the free
carriers. This reflectance implies a metallic conductivity in
the Cu02 planes of this doped material, although the sample

studied was not superconducting. It became clear from this

study that the anisotropy between the ab-plane and the
c-axis optical conductivity of the doped sample would make
it very difficult to interpret the results that were first ob-
served in unaligned samples. " '

A systematic study of the c-axis and ab-plane optical
properties as a function of Sr doping in La2 Sr Cu04 was
done by Uchida et al. These results confirmed the previous
observation that the c-axis spectrum, dominated by two ma-

jor optical phonons, is almost unchanged between the insu-

lating and the doped phases. Only in the overdoped, nonsu-

perconducting samples were there qualitative changes in the
reflectance. In this case, the spectrum appeared to have a
free-carrier component, although the highest-frequency pho-
non was not completely screened. This observation is con-
sistent with a quasimetallic behavior in the c-axis resistivity
as a function of temperature at this concentration. In this
context, the overdoped samples are regarded as anisotropic
three-dimensional metals.

The temperature dependence of the c-axis optical proper-
ties of La2 Sr Cu04 has been investigated by Tamasaku
et al. Above T, , the far-infrared reflectance is rather fea-
tureless, approaching a constant value at low frequencies for
the lowest doping, and showing a slight negative slope for
higher doping. The latter behavior is indicative of some free-
carrier behavior. Below T, , a sharp edge develops in the
reflectance, signaling the onset of superconductivity. This
edge does not scale with T, and it is not due to a supercon-
ducting gap excitation, but rather to a plasma-edge-like fea-
ture of the superconducting-state carriers.

The ab-plane response shows marked change with

doping. At low doping levels, there is evidence of a midin-
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frared component to the real part of the optical conductivity,
o., (cu), in addition to the free-carrier response at low frequen-
cies. In lightly Sr-doped samples (x=0.02), the maximum of
this midinfrared mode is around 0.5 eV (4000 cm ), while
for a doping level of x =0.1 the maximum appears at 0.14 eV
(1100 cm '). The presence of these optical excitations has
also been established in studies of lightly oxygen-doped
La2Cu04+ ~ single crystals. '

The temperature dependence of the a b-plane optical
properties of a La2 Sr,Cu04 film (x=0.17) was investi-

gated by Gao et al. ' Analysis of the data within the frame-
work of a two-component picture indicates the normal-state
free-carrier component of the conductivity has a scattering
rate that is linear in temperature and an oscillator strength
that is nearly temperature independent. By contrast, the rnid-
infrared conductivity shows a much weaker temperature de-
pendence. In the superconducting state, 85% of the free-
carrier oscillator strength condenses into the superfluid
condensate: a 6 function at ~=0.

In contrast to the case of cation doped La2 Sr Cu04,
relatively few optical studies of anion-doped compounds
such as La2Cu04+& have been made. The T-8'phase diagram
of the latter system' ' is significantly different from the T-x
phase diagram of the Sr-doped material. ' The 6=0 end-
member is an antiferromagnetic insulator with a Neel tem-
perature T~=325 K. With increasing 6; TN decreases, reach-
ing 250 K at 8'=0.012. Between this composition and
8=0.06, both antiferromagnetism (with a 250 K Tz) and
superconductivity with T,=34 K are observed. This behavior
is on account of phase separation associated with a miscibil-
ity gap in the low-temperature phase diagram for
0.01~8'~0.06.' ' Spin-glass behavior, such as occurs at
low doping levels in La2 Sr Cu04, is not found in the oxy-
gen rich samples. '

In samples with oxygen contents just at the oxygen-rich
miscibility-gap boundary, a single phase, with T,=34 K is
found. ' These superconducting samples do not exhibit phase
separation or changes in the average unit cell symmetry be-
low room temperature. As 6 increases further to 8'=0.12,
another phase (or phases) with T,=40 45 K is found-.' '

The excess oxygen atoms in the oxygen-rich phase(s) are
located between adjacent La layers, coordinated by four La
atoms; ' ' these positions are the same as those of the out-
of-plane oxygen atoms in the so-called T' structure of
Nd2Cu04. The single-phase compositions with 8&0.06 are
known to have an orthorhombic cell, but the space-
group symmetry of this cell is controversial. Jorgensen and
coworkers ' assert that the space group is Fmmm whereas
Chaillout et al. ' believe that it is Cmca as in undoped
La2Cu04 below the 530 K tetragonal to orthorhombic trans-
formation. This difference in space group assignment has led
to differing views of how the apical oxygen positions are
distorted by the excess oxygen atoms. An additional compli-
cation is that both neutron diffraction and transmission
electron microscopy ' " measurements exhibit superstruc-
ture rejections, presumably associated with ordering of the
excess oxygen atoms. The details of the temperature and
cornpositional dependence of this ordering, its effects on T, ,

and its influence on other physical properties are unclear at
present.

The number of holes, p, doped into the Cu02 plane in

La2Cu04+p by each excess oxygen atom is presently an open
issue. Some previous work on this problem' ' ' indicates
that for the 6=0.06 phase with T,=34 K, each excess oxy-
gen contributes about one hole, (p/8-1) whereas for the
phase(s) with T, =40 45—K, p/8-1. 5. In contrast, other
investigators believe that p/6=2 for all 8'.

In this paper, we report the optical properties of an
oxygen-doped La2Cu04+z single crystal (8-0.12). In prin-
ciple, optical studies can shed light on all three of the above
issues, i.e., the nature of the detailed structure, the tempera-
ture dependence of the superlattice ordering, and the doped
hole concentration p. We studied the optical properties of our
oxygen-doped sample by measuring the reflectance of light
polarized along the c axis and the ab plane. As in the un-

doped material, the spectrum along the c direction is mainly
dominated by optical phonons and no evidence of metallic
component is found in the optical conductivity. The mode at
500 cm ', assigned to the stretching motion of the apical
oxygens, is split into two modes in the oxygen-doped
sample, implying that the motion of these oxygen atoms is
strongly affected by the insertion of extra oxygen.

The ab-plane response shows metallic reflectance in the
far infrared and a plasma edge around co-7500 cm
Kramers-Kronig analysis of the ab-plane reflectance reveals
the unusual non-Drude behavior in the midinfrared conduc-
tivity that is typical of the copper-oxide superconductors. In
addition, for frequencies in the near infrared and above, a
rather unusual temperature dependence is observed in the
optical reflectance of the sample. There is a sharpening of the
plasma edge at 7500 cm ', as expected, but there is also a
gradual decrease in reflectance as the temperature of the
sample is lowered. This result suggests a temperature depen-
dence to some high-frequency interband transition. A similar
temperature dependence has been reported in Sr-doped and
lightly oxygen-doped samples. ' '

The far-infrared conductivity is consistent with the dc
conductivity, increasing as temperature is lowered. The
width of the zero-frequency peak also narrows at lower tem-
peratures. Below T, , most of the oscillator strength associ-
ated with this low-frequency response goes into the zero-
frequency 6-function conductivity of the superconductor.
Although the condensate contribution is evident in our mea-
surements, there is no feature that can be identified as the
superconducting gap in our data.

Finally, a comparison of the ab-plane reflectance mea-
sured from two faces of the sample, one where the wave
vector q of the light is parallel to c and one where it is
perpendicular to c, reveals some interesting features. In the
first case, the ab-plane response displays some structure in
the infrared region that is not present when the reflectance is
measured with qJ c. A comparison of the sum rule in the two
cases reveals that the differences in the spectra are not due to
different oxygen compositions in the two surfaces of the
sample. As was first pointed out by Reedyk et al. , the dif-
ferences are most likely due to electron-phonon interactions
that are enhanced when the wave vector of the incident light
is parallel to the c axis.

II. EXPERIMENT

Our sample was prepared by electrochemical insertion of
oxygen into La2Cu04. Normally, oxygen addition in this ma-
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FIG. 1. Sketch of the sample showing the faces that were used
to measure the reflectance of the La2Cu04+~ single crystal.

terial is obtained by annealing the sample at high tempera-
tures (-500 'C) in an oxygen-rich environment. As men-
tioned above, there are a few drawbacks in producing
La2Cu04+z samples using this method. In the first place,
there is the requirement for extremely high oxygen partial
pressures (-25 kbar) in order to produce fully superconduct-
ing samples (M0.06). Secondly, at lower oxygen concentra-
tions, the material tends to phase separate into oxygen-rich
and oxygen-poor regions, a result of a miscibility gap' with
boundaries 0.01~6'~0.06 below 200 K. Difficulties in pro-
ducing uniformly oxidized samples could be one of the rea-
sons why reports of optical measurements of oxygen-doped
samples have been limited to lightly-doped, nonsupercon-
ducting samples. ' '"

Recent developments in electrochemical techniques have
made possible the synthesis of uniformly oxidized samples
with relatively high oxygen content (8-0.12) and transition
temperatures near 40 K. ' The process of synthesizing our
crystal of La2Cu04+ z began with a single crystal of
La2Cu04, prepared using a self-flux method. The oxidation
of this crystal was carried out using an electrochemical cell
with the La2Cu04 sample as the working electrode. ' A
platinum wire was attached to one side of the crystal using
silver paint and the contact was fully covered with silicone
rubber. The configuration of the electrochemical cell was
La2Cu04/1N NaOH/Pt. The cell was charged by applying an
anodic current of 10 pA to the La2Cu04 crystal for a period
of two months. The exact oxygen content of the sample after
the oxidation was completed is not known. Calculations
based on the weight change could not be used because small
pieces of the crystal were lost during handling. Meissner
effect data indicate an onset of superconductivity at around
40 K. A comparison of this with the onset of other samples
of known oxygen concentration suggests that the excess oxy-
gen content is around 8'-0.12. This crystal was denoted
"Crystal B" in Ref. 27, and further characterization can be
found there. The resistivity of this sample was not measured,
but that of a similar sample was found to be "metallic" in
nature. The c-axis resistivity was =300 mA-cm and nearly T
independent. The ab-plane resistivity was relatively large,
2.5 mA-cm at 300 K, decreasing to 1 mA-cm at 50 K.

The frequency-dependent reflectance was measured at
near-normal incidence. The reflectance was measured from
two faces of the crystal. One of the faces (the face labeled I
in Fig. 1) contained both the c-axis and either the a- or
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FIG. 2. Reflectance of the La2Cu04+& single crystal (face I) for
light polarized along the ab plane and the c axis (T=300 K).

III. ROC3M- TEMPERATURE SPECTRA

Figure 2 shows the room-temperature reflectance for light
polarized parallel and perpendicular to the c axis of the
sample. This spectrum was taken on face I of the crystal. The
results show a dramatic anisotropy for the in-plane and out-
of-plane optical properties, as has been reported in Sr-doped
superconducting samples. ' ' '

The c-axis reflectance has the character of an insulator at
low frequencies. This reflectance is dominated by optical

b-axis direction. (On account of twinning, we were unable to
distinguish between these two directions. ) Face I allowed us
to use linearly polarized light to probe the optical response of
the c axis [001] as well as the ab-plane response. The far-
infrared and midinfrared spectral regions (50—3000 cm )
were measured at several temperatures above and below the
superconducting transition temperature, while higher fre-
quencies were only measured at 300 K. The second face that
was measured, face II in Fig. 1, provided another measure of
the ab-plane response. In this case, the optical reflectance
was measured in a frequency range that extended from the
far-infrared to the near-ultraviolet spectral regions (80—
38 000 cm ). Temperature dependent measurements, above
and below T, , were also carried out in the same range of
frequencies.

A Perkin-Elmer 16U grating spectrometer was used in the
near-infrared to ultraviolet regions. The far-infrared and mid-
infrared regions were covered using a Bruker IFS 113v Fou-
rier transform spectrometer. The temperature of the sample
was varied by using a flow cryostat with a calibrated Si-
diode thermometer mounted nearby. Determination of the ab-
solute value of the reflectance was done by coating the
sample with a 2000 A film of Al after measuring the un-

coated sample. The spectra of the uncoated sample were then
divided by the obtained spectrum of the coated sample and
corrected for the known reflectance of Al. The accuracy in
the absolute reflectance is estimated to be ~1%.



15 488 M. A. QUIJADA et al . 52

2500

Photon Energy (eV)
0.1

1.0 s

1.0-

0.8 -.

2000—

I

1500
O

1000
b

500

0

LB2cuo4+
T=300 K

~ & & I » g I

0.8—

La2Cu04~
c axis

10 K I

eo K
100 K
250 K

O.B—

8 og —.

0.2—

0.0
0

BO K
35 K
10 K
Fit

I I

2OO SOO

100 1000
Frequency

1OOO0

(cm ')
0.0

0 200 400 600 800
Frequency (ctn )

1000 1200

FIGG. 3. Room-temperature optical conductivity a (tc) for two

l

wo

po arizatsons obtained from a Kramers-Kronig analysis of the room-

temperature reflectance.

FIG. 4. Temperature dependence of the c-axis reflectance of the

La2Cu04+& single crystal. Inset: Low-frquency reflectance, with fit

described in the text.

phonons in the far infrared. For higher frequencies, the spec-
trum is almost featureless, showing only a broad electronic
feature whose maximum is around co-4500 cm '. The spec-
trum is very similar to the c-axis spectrum of the undoped
material. However, there is a weak structure that appears just
below the peak of the phonon mode at 512 cm '. This struc-

ture, which is not present in the stoichiometric material, ' is
resolved as an additional phonon mode as the temperature of
the sample is lowered.

The reflectance for polarization of the electric field paral-
lel to the Cu02 plane is also shown in Fig. 2. There is a
marked contrast for polarization of the light parallel and per-
pendicular to Cu02 planes. The ab-plane spectrum exhibits
metallic behavior at low frequencies. Weak phonon modes,
which are not completely screened by the free carriers in the

Cu02 planes, are also visible in the far infrared. At higher
frequencies, we observe a plasma edge, with a minimum at

—1~-7500 cm . This energy is not much different than the
one observed in Sr-doped superconducting samples. ' For
frequencies above the plasmon minimum, we see the usual
charge transfer (CT) peak at to-11 500 cm ', followed by
higher energy interband transitions.

The real part of the conductivity, tr, (to), obtained from a
Kramers-Kronig analysis of the reflectance, is shown in

Fig. 3. The usual requirement of the Kramers-Kronig inte-

grals to extend the reflectance at the low- and high-frequenc— requency
ends was done in the following way. At low frequencies, the
ab-plane extension was done by modeling the reflectance
using a Drude-Lorentz model and using the fitted results to
extend the reflectance below the lowest frequency measured
in the experiment. The c-axis reflectance was taken as con-
stant below the lowest measured frequency. The high-
frequency extrapolations were done by merging the data,
which only extend up to 38000 cm ' (4.7 eV) with th

36results of Tajima et al. , which extend up to 40 eV. For the
ab-plane data we used the results for Sr-doped samples in
Ref. 36. The range beyond 40 eV was extended with a power

—4aw R-co, which is the free-electron behavior limit. More
details are given in Sec. V C.

In the conductivity spectra of Fig. 3 the phonon modes
and the electronic features are more easily seen. The results
presented here indicate that oxygen doping in the lanthanum

cuprate mostly affects the electronic excitations related to the
copper-oxide planes in the system. Similar conclusions re-

garding the quasi-two-dimensional nature of the electronic
properties in the copper-oxide superconductors have also
been drawn from measurements of YBa Cu 0 andu3 7 $ an

Bi2Sr2CaCu208 materials.

IV. c-AXIS SPECTRA

A. Temperature dependence of the c-axis reflectance

Figure 4 displays the c-axis reflectance in the infrared
region at four temperatures. As the sample is cooled, the
phonon lines become sharper, as expected. The structure that
appears in the room-temperature spectrum just below 512
cm ' is more clearly resolved as a phonon mode at 492
cm '. As mentioned before, this is not present in the c-axis
spectrum of either undoped or Sr-doped samples. '

At low frequencies, we notice that all spectra above T,
approach a constant value for the reflectance. The absence of
low-frequency dispersion in R(cu) suggests that e, (cu) =e,(0),
and that there is minimal response from free carriers. From
the low-frequency value of R=0.46, we obtain e&(0)=27.
This value is in excellent agreement with the "high fre-
quency" (10 Hz) results of Chen et al. ' for La2Cu04, as
well as the c-axis dielectric constant from infrared reflec-
tance reported by CoHins et al. The "optical" dielectric con-
stant can be estimated from the midinfrared reflectance of
R=0.10 to be e] pt 3.7. The difference between these two
numbers illustrates the large lattice polarizibility of
La2Cu04.

In contrast to the insulating behavior in the normal state,
the data at the lowest temperature show a downward trend
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towards low frequencies that is not present above T, . This
trend is most likely correlated with the appearance of a mini-
mum below 30 cm ' in the superconducting-state reAec-
tance, as was observed in the c-axis spectrum of
La2 Sr Cu04 by Tamasaku et al. In that study, the mini-
mum is a plasmon brought on by the formation of a super-
Auid condensate. A formula that accounts for the contribution
of this condensate to the dielectric function in the low-
frequency region is

e(t0) = —,".
0+) + e, (0),

co( co+ l0

1000,
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where ~, represents the oscillator strength of the supercon-
ducting condensate, iO+ is the scattering rate that tends to
zero as the the quasiparticle lifetime becomes infinite in the
superconducting state, and e, (0) the dielectric constant from
the optical phonons and interband transitions. Equation (1)
represents the contribution of a condensate that gives a
8-function peak in cr, (cu) at to=0. Doping studies suggest
that the refIectance edge associated with this condensate
moves toward lower frequencies as the doping level in the
sample is decreased, as expected. The inset to Fig. 4 shows a
fit to our low-temperature data using a dielectric function
model that includes Eq. (1) along with Lorentzian terms for
the phonons. (See the following section for details of the fit. )
In order to fit this edge in our data, we used a condensate
oscillator strength of ~,-85 cm '. A comparison of this
value with the results presented by Tamasaku et al. for Sr-
doped samples puts the effective carrier doping in our
sample at p-0. 11. [Note that co„, is the unscreened plasma
frequency; the reflectance minimum occurs near the screened
plasma frequency co„,/vs&(0)=20 cm '.] On account of
the sample size, the lowest frequency measured in the
present experiment was around 33 cm ', so that the plasma
edge was not observed.

B.Assignment of the c-axis phonons

Let us turn our attention to a quantitative analysis of the
phonon modes shown in Fig. 4. In order to perform a
Kramers-Kronig analysis, the normal-state reAectance at the
low-frequency end was kept constant, as is customary for
insulators. Below T, the positive slope of R(cu) at low fre-
quencies required us to use Eq. (1) as a low-frequency ex-
tension.

The results of the Kramers-Kronig analysis are shown in
Figs. 5 and 6. The top panel of Fig. 5 shows the real part of
the optical conductivity, o&(co), while the bottom panel
shows the energy loss function, —Im(1/e). Figure 6 shows
the real part of the dielectric function e&. This analysis re-
veals that the c-axis conductivity is dominated by a total of
four infrared-active modes centered at 230, 340, 492, and
512 cm '. A comparison of these frequencies with other op-
tical studies' ' of the c-axis spectrum in undoped and Sr-
doped samples of La2Cu04 indicates good agreement with
the first two phonon modes. However, in those studies only
one mode is observed at -501 cm '. Group theoretical
analyses ' indicate that modes of ionic displacements
(q=O) along the c axis in the nearly tetragonal structure of
La2Cu04+& will have the A2„symmetry. In particular, calcu-
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FIG. 5. c-axis optical conductivity (upper panel) and loss func-
tion (bottom panel) at several temperatures. The peaks in these
quantities give the TO and LO phonon frequencies, respectively.
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FIG. 6. Real part of the c-axis dielectric function (e&) at several
temperatures.

lations of the eigenfrequencies by Mostoller et al. ,
" using a

shell model in the undoped unit cell, give modes with A2„
symmetry at 242, 361, and 491 cm '. The eigenvector for
the latter mode at 491 cm involves in-phase vibrations of
the apical oxygens along c with respect to the four oxygen
atoms in the plane. Based on this, the present data suggest
that the splitting into two modes at 492 and 512 cm ' is most
likely associated with the incorporation of additional oxygen
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FIG. 7. Temperature dependence of the phonon parameters ob-

tained from Lorentz-model fits to the reflectance: the linewidth y
(upper panel) and the oscillator strength cu„(bottom panel).

atoms into the structure. These additional oxygens, located
between adjacent La layers, ' ' evidently lead to two differ-
ent force constants between the apical oxygens and the Cu02
layers.

A quantitative analysis of the intensity and linewidth for
each phonon mode as a function of temperature can be done

by modeling the reflectance using a dielectric function con-
sisting of four Lorentz oscillators plus a core dielectric con-
stant e to account for contributions at higher frequencies:

4 2

( )=X
j= ] CO. T CO l GO+j

where each term in the sum corresponds to an optical phonon
with copj cUjT and y being the intensity, center frequency,
and damping of each mode, respectively. The top panel of
Fig. 7 shows the temperature dependence of y, for the jth
phonon mode, obtained from a fit to the refIectance at each
temperature using Eq. (2). The bottom panel shows the cor-
responding oscillator strength (co„). The results shown in

Fig. 7 indicate that most of the temperature dependence in
the reflectance is the result of a reduction in y (decrease in
the damping) as the temperature of the sample is decreased.
There is some saturation in y below 60 K. No anomaly is
observed in the superconducting state data. Neither the pho-
non intensities nor the center frequencies show any signifi-
cant temperature variation in the measured range; only the
mode at 340 cm ' exhibits some slight hardening as the

2 = 2 2 (3)

Use of this expression to determine the TO-LO splitting in

the present case leads to very poor agreement between the
LO frequencies obtained from the peak maxima of the loss
function and Eq. (3). The main reason for this is that Eq. (3)
is only valid for single or independent oscillators.

We therefore performed a least-square fit to the refIec-
tance data in Fig. 4 using the following factorized expression
for e(cu). This formula has proven to be appropriate for polar
materials such as strontium titanate

e(ru)=e P
2 2

co L
—co + l yjl co

2 2
CO T

—
CO + l yj TCO

The fitting procedure was started by first determining the TO
frequencies from the peak maxima of o., (co) and using Eq.
(2). Once all the TO frequencies were determined and fixed,
the reflectance data were fitted using a program that mini-
mized g-(R —Rs,) by adjusting the other parameters in Eq.
(4). The parameters yielding the best fit to the room-
temperature data are displayed in Table I. Although we find

good agreement between the LO frequencies obtained from
the peak positions of the loss function shown in Fig. 5 and
from Eq. (4), assignment of the TO-LO pairs is somewhat

C. Oscillator strength and effective charge
of the c-axis phonons

The intensities (co„,) in each phonon line are related to the
effective charge that is carried by each ion. In addition, these
intensities are also related to the splitting between the trans-
verse optical (TO) and longitudinal optical (LO) phonon fre-
quencies. Since the TO frequencies involve transverse vibra-
tions of the atoms, they are obtained directly from the peak
position in the absorption, i.e., the real part of the optical
conductivity rr, (tu) On th. e other hand, the LO frequencies
involve long-range changes in the dipole moment along the
direction of phonon propagation in the crystal. Information
about the center frequencies of these LO oscillations can be
obtained, in principle, from the peak positions in the loss
function —Im(1/e). An equation which is useful in determin-

ing the TO-LO splitting in lattice vibrations is the so-called
Lyddane-Sachs-Teller relation. The formula is
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ambiguous. Normally, the TO and LO frequencies should be
next to each other with the former having the lower value. In
the present case, since the TO mode at 230 cm ' carries
most of the spectral weight, the corresponding LO mode is at
a much higher frequency than the next TO mode. Hence the
ambiguity mentioned above could be attributed to this strong
overlapping of the phonon frequencies. This result further
invalidates the assumption of independent oscillators implicit
in Eq. (3).

As mentioned above, the oscillator strength co~ of each
mode can be used to estimate the effective charge on each
ion. An expression that is based on a rigid-ion model of
lattice dynamics has been applied successfully to other sys-
tems with ionic character. The formula is

1.0

0.9—

O.B—0
cf
D

0.7—
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J
~~ V I, ml,

where V is the volume of the unit cell and the sum on the
right-hand side is over all ions with mass m& and effective
charge Zz. Since the crystal must obey charge neutrality,
XkZk=o. In general, Eq. (5) cannot be solved unless the
number of unknown parameters ZI, is less than or equal to 2.
In the case of La2Cu04+&, since oxygen is much lighter than
the other atoms, the right-hand side of Eq. (5) will be domi-
nated, in the first approximation, by the term related to the
oxygen atoms. Thus by neglecting all but the oxygen contri-
butions, the result of solving Eq. (5) will yield the effective
charge of oxygen averaged over all sites. Such a procedure
gives an effective charge for oxygen of Zo-1.28. Similar
analyses' carried out on insulating La2Cu04 samples yield
an effective charge for oxygen of Zo 1.1. The slightly
higher value obtained here is most likely due to the insertion
of additional oxygen in the structure. These results differ
from the nominal effective charge of two expected for the
oxygen in the structure and they indicate the high degree of
covalency of the bonds in the structure.

The effects of doping on the 500 cm ' oxygen stretching
mode are much stronger than would be expected from the
amount of excess oxygen that is in the sample. The mode is
split into two modes of approximately equal strength
whereas there is only about 3% excess oxygen (or about 6/o
excess out-of-plane oxygen). The large effects of this rela-
tively small amount of additional oxygen on this mode sug-
gests that the incorporated oxygen introduces a long range
distortion of the apical oxygen atom positions, consistent
with the observation of superstructure reflections in the elec-
tron and neutron diffraction patterns.

V. ab-PLANE SPECTRA

A. Electronic absorption

Figure 8 shows the temperature dependence of the ab-
plane infrared refiectance measured on face II of the crystal.
In the far infrared, we observe an increase in the reflectance
with decreasing temperature that is in accord with the in-
crease in the ab-plane dc conductivity that is observed in the
sample. Evidence of the orthorhombic distortion in the
crystal lattice is also clear at low temperatures where weak
splittings of the phonon modes at 140 and 680 cm ' are
observed. ' In addition, the weak modes at -182 and -296
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cm ' are more easily resolved at low temperatures. That
these infrared-active modes are visible in the spectrum indi-
cates they are incompletely screened by the electronic back-
ground.

The inset to Fig. 8 shows the near-infrared and visible
reflectance at three selected temperatures. We observe a
marked temperature dependence of the reflectance in this
range. There is a modest sharpening and steepening of the
plasma edge at 7500 cm ' as the temperature of the sample
is reduced. At the same time, the reflectance is reduced
(sample becomes less reflecting) for frequencies in the vis-
ible and above. A similar temperature dependence has been
observed in the ab-plane reflectance of La2 Sr Cu04 thin
films' and lightly oxygen-doped LazCu04+ & single
crystals. ' In contrast to the results for Sr-doped films, where
a rather abrupt change is observed in the reflectance at 250 K
and no change below this temperature, ' the temperature de-
pendence here is more gradual.

There are two things that can be said about this tempera-
ture dependence. In the first place, the fact that there is a
broad decrease of the reflectance at lower temperatures im-

plies there should be a temperature dependence to some in-
terband transition at some higher frequency. Secondly, this
temperature dependence could be related to oxygen ordering
or other structural effects. In La2 Sr Cu04, a tetragonal to
orthorhombic transition occurs below room temperature (in
samples with the highest T,). That transition is known to be
produced by a small staggered tilt of the apical oxygens in
the Cu06 octahedron. There are two effects associated with
this. One of them is a doubling of the basal plane unit cell
area in the orthorhombic phase. The second is a redistribu-
tion of the electronic density of states near the Fermi
surface. According to the measurements of Gao et al. ,

' the
change in high-frequency reAectance occurs essentially at
this transition. We speculate that in La2Cu04+&, which al-
ready is orthorhombic at room temperature, there is oxygen
ordering or growth in the local orthorhombic order occurring

FIG. 8. The ab-plane reflectance (face II) of the La~Cu04+z
single crystal at temperatures between 10 and 300 K. Inset: The
near-infrared and visible ab-plane reflectance at three temperatures.
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over the broad range between 100 and 300 K, where the
high-frequency reflectance is temperature dependent.

B.Assignment of the ab-plane phonons

0.0
0.25

Photan Energy (eV)
0.5 1.0 1.5 2.0

In view of the fact that the crystal structure of La2Cu04 is
almost tetragonal, with only a weak orthorhombic distortion
occurring below 530 K, all phonon lines can be classified
under the D 4h point group symmetry. Therefore, the irreduc-
ible representation of the vibrations that involve in-plane
atomic displacements will correspond to the E, symmetry.
Hence, we expect four infrared-active modes in the in-plane
spectrum, Previous studies of the ab-plane phonon modes of
La2Cu04 have identified three E„symmetry infrared-active
modes, at -140, -360, and -690 cm in the infrared
spectrum. '

In our oxygen-doped sample, we observe a total of six
phonon features, at 80, 140, 230, 355, 484, and 680 cm
The greater number of phonon lines in the present sample
implies that the assumption of tetragonal symmetry is good
only as a first approximation. Nevertheless, the close corre-
spondence of three resonant frequencies in our sample with
those of La2Cu04 allows us to conclude that they indeed
correspond to the E, symmetry. The low-frequency mode at
140 cm ' corresponds to bending vibrations of the out-of-
plane atoms (apex oxygens) against the CuOz planes. The
remaining two modes, at 355 and 680 cm ', are related to
bending and stretching vibrations respectively of the in-plane
Cu-0 bonds.

This leaves us with the assignment of the three remaining
modes. Raman measurements consistently show Raman-
active modes at 230 and 445 cm ' in the undoped
material ' ' as well as in samples with excess oxygen.
Moreover, a mode at -90 cm ' has been seen in Sr-doped
samples using inelastic neutron scattering and Raman
measurements. Based on a tetragonal structure for the unit
cell, group theoretical calculations ' indicate that the mode
at 230 cm is doubly degenerate, with even vibrations hav-
ing E and A i symmetries. On the other hand, the mode at
-445 cm ' has the A ig irreducible representation. The mode
at -90 cm ' is regarded as belonging to the E
symmetry. ' Hence, if a correlation is made between the
additional infrared modes in this oxygen-doped sample and
the Raman-active modes in undoped samples, it can be ar-
gued that doping in the material lowers the crystal symmetry
making even (gerade) vibrations in the unit cell become in-
frared active.

There are a number of explanations for an observation of
Raman modes in the infrared spectrum. First, if the proposal
of Cmca space-group symmetry ' is correct, then the absence
of a center of inversion would make these zone-center modes
IR allowed as well as Raman allowed. However, if this ex-
planation were adapted, one would also have to understand
why these modes are absent in La2Cu04. Second, disorder,
brought on by partial occupancy of the sites where the excess
oxygen atoms reside, could also activate Raman modes.
However, if there is partial (or total) oxygen ordering as
temperature is reduced, as discussed in the Introduction, then
the strength of these disorder-induced vibrations would de-
crease, an expectation contradicted by our data. A third ex-
planation could be that the A, mode couples to electronic
excited states of E, symmetry making the former infrared
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FIG. 9. The partial sum rule spectrum, N, t&(o&), for the ab plane
at temperatures between 10 and 300 K. The data are per formula
unit in La2Cu04+&. Inset: Partial sum rule over a wide frequency
range, illustrating transfer of oscillator strength from low to high
frequencies.

allowed modes. Similar observations have been made by
Shimada et al. where modes at -87, -230, and -460 cm
have been observed to grow with Sr doping in
La2 Sr Cu04 samples. A final explanation —but only for
the mode at 484 cm '—would assign it as a Fano resonance
associated with interactions of the electronic background
with the c-axis LO phonon modes in the sample. This effect
is discussed in Sec. VII, below.

m* V„i&
N, rt(ar) =

2 o., (co')dco',
4vre Ng g p

(6)

where m* is the electron effective mass, V„&& is the unit cell
volume, N& is the number of La2Cu04+z formula units per
unit cell, and o, (err) is the optical conductivity. It represents
the effective number of free electrons participating in optical
transitions at frequencies less than co. Measurements on
La2 Sr Cu04 suggest that, in optimally doped samples,
N, &&(0r) is nearly equal to the doping level p at frequencies
just below the charge-transfer band onset. '

The result of evaluation of Eq. (6) in our sample is shown
in Fig. 9. At each temperature, N, r&(ctr) at first rises steeply,
begins to level off near 1 eV, and then rises again above the
onset of the charge-transfer band. From the behavior below 1

eV, we would estimate that p=0. 15 in our sample if the
average effective mass is the free-electron value.

C. Oscillator strength sum rule

Considerable information about the electronic structure
can be obtained from a partial sum rule on the optical con-
ductivity. This quantity is defined by
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FIG. 10. The loss function, —1m[1/e(co)], for the ab plane at
temperatures between 10 and 300 K.
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There is some variation in N, ff with temperature. The
variation is largest between 300 and 200 K and again through
the superconducting transition. The high-temperature behav-
ior is associated with the changes in near-infrared/visible re-
Aectance seen in Fig. 8 whereas the low-temperature reduc-
tion is associated with the appearance of the superconducting
condensate. We discuss the former now and will discuss the
latter in Sec. VIII.

As mentioned above, we used in our Kramers-Kronig
analysis the published results for Sr-doped samples by
Tajima et al. , which extend up to 40 eV, and a power law,
R-co, above this energy. It is important in such extensions
not to introduce a step in the reflectance where the literature
data connect to the experimental reflectance. Such a step
would yield false structure in the optical constants. Because
there is a temperature dependence in the reflectance all the
way up to 38 000 cm ', the scaling factor used in appending
the room-temperature data from Tajima et al. to our low-
temperature results was reduced in the range 10—15 eV and
then joined smoothly to the unchanged data above 15 eV.
This procedure made the partial sum rule function, N, «(co),
temperature independent above 15 eV. The results for N,«(co)
in the high-frequency range are shown in the inset to Fig. 9.
They suggest that what occurs in this system as the tempera-
ture is reduced is the transfer of some spectral weight from
the range where we measured to higher frequencies. This
implies a temperature dependence to some interband elec-
tronic transition at frequencies higher than 38 000 cm '. It
should be pointed out that doing this extrapolation procedure
did not make a significant effect on the results of the
Kramers-Kronig analysis below 10 000 cm ' (1.2 eV).

D. Loss function

A second illustration of the high-frequency temperature
dependence is shown in Fig. 10. Here, the imaginary part of
—1/e is plotted vs frequency at several temperatures. In or-
dinary metals, the peak position of this function gives the

FIG. 11. The far- and midinfrared optical conductivity, tTI(t0),
for the ab plane at temperatures between 10 and 300 K.

frequency for plasma excitations of the charge carriers. The
width of this peak is related to the lifetime of these excita-
tions. As will be discussed later, the anomalous behavior of
the optical conductivity in the high-T, materials does not
allow us to make such an assignment here. A direct conse-
quence of the anomalous absorption in the midinfrared elec-
tronic background is the broad width (-0.4 eV) that is ob-
served in the present results and in nearly all copper-oxide
superconductors. ' ' The intensity of this peak is larger at
low temperatures while the position does not change much as
the temperature of the sample is reduced. We also observe a
peak at 11 500 cm (1.43 eV), which is associated with the
charge transfer band in the doped samples. This feature be-
comes more resolved and shifts slightly towards lower ener-
gies at lower temperatures.

Estimates for the screened plasma frequency Cop

=tv„/~e, can also be deduced from the position of this

peak. In the present sample co„=6300 cm '. This frequency
is nearly the same as in Sr-doped samples. ' In simple met-
als, the plasma frequency is related to the carrier density p
through to„= $4vrpe /m*. However, the cuprates are not
simple metals, and a number of experiments have shown that
the peak in the loss function (or the plasma minimum in the
reIIectance) is a very weak function of carrier density. '

Estimates of carrier density should be made from N,«( )cu
instead of co .

E. ab-plane optical conductivity

The results for the temperature dependence of the ab-
plane infrared conductivity o., (co) are shown in Fig. 11.
These results were obtained from face II of the crystal. As
mentioned before, any structure that may be present in the
rellectance is more easily resolved in the spectrum of o.I(cu).
We observe that, as the temperature of the sample is lowered,
the phonon modes become sharper. There are also minima or



15 494 M. A. QUIJADA et al. 52

"notchlike" structures in the frequency range 450—500 cm '

whose possible origin will be discussed later. Moreover, the
far-infrared conductivity has a strong temperature depen-
dence, with an increased low-frequency conductivity as the
sample is cooled, in accord with the dc transport properties.

The conductivity has a rather weak temperature depen-
dence at midinfrared frequencies. The midinfrared conduc-
tivity is reduced when cooling the sample from room tem-
perature to 200 K but there is no appreciable change below
this temperature. This behavior is connected with the tem-
perature dependence of the reflectance in the near infrared
and visible that is observed in the inset of Fig. 8. As men-
tioned earlier, a possible explanation could be the growth of
local orthorhombic distortions or increased oxygen ordering
as temperature is reduced. Similar results at the tetragonal to
orthorhombic transition of La2, sr, Cu04 (which occurs in
the temperature range 250—300 K) have been reported. ' In
Ref. 10 no further temperature dependence was found above
300 K. A similar experiment was not done in the present
sample on account of concern for oxygen loss at tempera-
tures above 300 K.

The conductivity at all temperatures shows a local maxi-
mum around 700 cm '. This maximum becomes more
clearly separated from the temperature-dependent part at low
frequencies as the temperature is lowered and the latter fea-
ture narrows. Above this maximum and up to the onset of the
charge-transfer band, the conductivity decreases smoothly.

VI. ANALYSIS OF THE OPTICAL CONDUCTIVITY

A. Dielectric function models

The normal-state cr, (co) in Fig. 11 has a frequency depen-
dence that decays much more slowly than the co expected
for a material having a simple free-carrier response. This
non-Drude behavior, which is universal in the optical con-
ductivity of the copper-oxide superconductors, has been the
subject of considerable discussion and controversy. ' The
issue is important because the optical conductivity is a direct
probe of the electronic structure of the material. The analysis
of the optical conductivity has been carried out following
several different approaches. In one of those approaches,
called the two-component model, the unusual behavior of
o., (co) is ascribed to the combination of a free-carrier (Drude)
absorption peaked at ~=0 and a broad, bound-carrier ab-
sorption centered at higher frequencies. ' ' In this pic-
ture, the free carriers provide the temperature dependence of
the dc resistivity above T, and condense to form the super-
fiuid belo~ T, . In contrast the "midinfrared" or bound car-
riers have a broad frequency response and exhibit very little
temperature dependence. There is considerable motivation
for this approach: various theories based on Hubbard models,
the t-J model, and polarons and bipolarons all predict con-
siderable spectral weight in finite frequency excitons of one
sort or another.

A second approach is to interpret the anomalous response
in crt(co) as the result of a single component of strongly in-
teracting quasiparticles. In this picture, the charge carriers
have a frequency- and temperature-dependent self-energy re-
sulting from interactions with some spectrum of excitations.
In ordinary metals, this interaction is with the phonons, and
leads to Holstein structure in the optical conductivity.

Although the Holstein effect has been suggested for the non-
Drude part of the optical conductivity of the cuprates, the
energy scale for the phonons is too low and the coupling too
weak to account for the observed spectrum. ' Thus attention
has focussed on non-Fermi-liquid behavior, with strong in-
teractions to a broad s ectrum of charge-density and spin-
density excitations. Models that provide a phenomeno-
logical justification for this one-component approach include
the "marginal Fermi liquid" (MFL) theory of Varma
et al. ,

' the "nested Fermi liquid" (NFL) theory of Virosz-
tek and Ruvalds, ' and the "Luttinger liquid" picture of
Anderson and co-workers. '

A third approach is to consider the infrared conductivity
as governed by some other physics. Examples of this include
the proposal that the conductivity is a paraconductivity in-
volving phase separation, advocated by Emery and
Kivelson, and the nearly antiferromagnetic Fermi liquid
picture of Monthoux and Pines.

These approaches are discussed in this section. There is
one difficulty in comparing the theories with our data. As
seen in Fig. 11, there is a resolved peak at -700 cm in
a., (cu) at all temperatures, suggesting the presence of two or
more components to the conductivity. %'e have therefore per-
formed the analysis of o., (co) based on a decomposition of
the conductivity into two parts, a low-frequency part, which
is either Drude or non-Drude, depending on the model em-
ployed, and a higher-frequency midinfrared contribution. De-
tails of these analyses are presented in the following sections.

2 N 2
pj

4

GO. CO
—l CO+j

+ ~- (7)

The first term in Eq. (7) represents the Drude component,
described by a plasma frequency co„~ and scattering rate 1I7..
The second term is a sum of midinfrared and interband os-
cillators with coj copj and y being the resonant frequency,
oscillator strength, and the width of the jth Lorentz oscilla-
tor, respectively. The last term, e, is the high-frequency
limit of e(cd), and includes interband transitions at frequen-
cies higher than we measure.

A self-consistent approach to separate the Drude-like
from the midinfrared contributions has been described by

B. Two-component picture

The two-component picture is a simple phenomenological
scheme for dividing the doping-induced optical conductivity
into a free-carrier part and a bound-carrier part. The free
carriers are assumed to account for the dc conductivity and
far-infrared, T-dependent part of the spectrum while the mid-
infrared part accounts for the non-Drude part. For the dielec-
tric function, e(co), we use a sum of Drude and Lorentz
terms. The Drude model is a reasonable one for the response
of free carriers with frequency-independent scattering. How-
ever, the Lorentz model is the dielectric function for a har-
monic oscillator and the bound-carrier response probably dif-
fers considerably from that of a harmonic oscillator.
Nevertheless, we use it because it gives a simple closed-form
expression for e(co) and represents reasonably the oscillator
strength of the midinfrared absorption. We do not take too
seriously the central frequency of the linewidths of the oscil-
lators used in the model. The dielectric function is
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Romero et al. The basic assumption in this method is that
in the superconducting state and for T(&T, , all the free-
carrier part has collapsed into a delta function at ~=0. In
first approximation the total conductivity at the lowest tem-
perature would have a negligible free-carrier contribution
and will therefore correspond to the midinfrared or bound-
carrier component o.,M, R of the total conductivity o., (co). We
obtain our first estimate of the free-carrier part in the normal
state by subtracting o.,M,R from the experimental o., (co) at
T)T, . This first iteration produces free-carrier conductivity
(o,D~'~) at individual temperatures above T, . If this conduc-
tivity has a Drude line shape, a linear fit to the curve ob-
tained by plotting 1/o.&z

' vs co will yield a slope and
intercept that can be used to get initial values for co„D and
1/~. Once values for co„D and 1/~ are obtained, they can be
used to calculate a Drude conductivity from

2
1 CO D

7'

47r I+co 7

Then, a new midinfrared conductivity o.
&M,R is generated at

each temperature by subtracting o.", D from the total o, (ru) at.
each temperature above T, . A self-consistent check of the
co ~ and 1/~ obtained at each temperature is done by first
computing an average midinfrared conductivity (o &M,R) from
the o.

&M&R obtained as explained above, and using this aver-
age as the starting midinfrared term in a second iteration. We
found the method converges after a few (3 or 4) iterations.

The midinfrared conductivity is shown in Fig. 12. This
shows the conductivity with the conductivity from the ab-
plane phonons and the free carriers subtracted. The midinfra-
red part shows some interesting features. The overall oscil-
lator strength of the midinfrared conductivity appears to
decrease as the temperature of the sample is decreased from
room temperature down to 200 K. A less noticeable change is

FIG. 12. The ab-plane midinfrared conductivity at several tem-
peratures, obtained by subtracting the Drude contribution and the
phonons from o&(co).

seen below this temperature. This temperature dependence is
connected to the decrease that is seen in the near-infrared
reflectance shown in the inset of Fig. 8. As discussed already,
it appears that some spectral weight is being transferred to
higher frequencies, affecting o., (co) in the midinfrared. In
contrast the oscillator strength of the Drude part, responsible
for the dc conductivity in the two-component model, does
not change with temperature. We also observe a bumplike
structure, which at 300 K appears at around 1000 cm ', and
which diminishes in intensity with a reduction in tempera-
ture. Then, at about 200 K, a second and sharper feature
appears at a lower energy, -750 cm, growing in intensity
as the temperature of the sample is further reduced. Similar
midinfraredlike modes in the optical conductivity of both
lightly doped' ' and superconducting samples have been
reported in the literature. ' ' ' ' The present results under-
score the generality of these features in the optical properties
of the copper-oxide-based materials.

The Drude component in this analysis carries about 22%%uo

of the total doping-induced spectral weight. There are two
constraints that this component should satisfy if the two-
component picture is to be a reasonable approach to optical
properties. First, the spectral weight of the Drude component
should be (approximately) independent of the temperature,
as expected for metallic charge carriers. (In principle, one
can allow for thermal expansion and for changes in elec-
tronic structure brought on by effects as oxygen ordering or
antiferromagnetism. ) Second, the temperature dependence of
the scattering rate should imply relatively weak coupling to
the excitations responsible for the scattering so that Holstein
structure is absent from the free-carrier conductivity. (A
third constraint, that 1/7. be linear in temperature, is implied
already by the constancy of co and the good agreement be-
tween optical conductivity and dc conductivity temperature
dependence. )

The two-component analysis is in accord with these ex-
pectations. The Drude plasma frequency has a magnitude of
co„~-5660~100 cm ' for all temperatures between 30 and
300 K. The scattering rate of the free-carrier or Drude con-
tribution has a linear temperature dependence, shown in Fig.
13, as expected from the dc resistivity. The linear 1/~ is of
course one of the hallmarks of the cuprate superconductors.
In ordinary metals, 1/7. linear in temperature is the high-
temperature limit of scattering from some excitations like the
phonons. In that case, 1/~=2~AT+1/~&, where X is the
strength of the electron-phonon coupling constant. If we use
this formula for our data, the straight line fit, shown in the
figure, yields a value for the coupling constant X=0.25. This
is indeed a weak coupling value and agrees with what has
been found by similar analyses in other materials. ' '

We were not able to measure the dc resistivity of the
actual sample studied by far-infrared measurements. When
the far-infrared results are compared to the dc resistivity
measurements of a similar sample, there is a disagreement
in magnitude but agreement in the temperature dependence.
The dc and far-infrared conductivities differ by about a factor
of 4; at 300 K pd, =2.5 mA cm whereas ~&R=0.6 mA cm.
Both dc and far infrared show a quasilinear decrease in re-
sistivity with decreasing temperature, with a nonzero inter-
cept in a linear extrapolation to T=O. We do not know if the
discrepancy is one of differing samples or systematic mea-
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where X is a dimensionless coupling constant and T is the
temperature. Hence, for nz(T, it is seen that —ImX is linear
in temperature, which is consistent with fact that the resis-
tivity has a linear temperature dependence in nearly all
copper-oxide superconductors. As ~ increases, reaching a
magnitude of order of T or higher, a new spectrum of exci-
tations arises. This causes —ImX to grow linearly with fre-
quency up to a cutoff frequency co, .

The dielectric function can be written as
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FIG. 13. The scattering rate of the Drude contribution from a
two-component fit to the optical conductivity shown in Fig, 11.
(Notice the linear temperature dependence. )

surernent errors. Typically, the agreement between dc and
far-infrared measures of resistivity is rather good. ' '

The left panel of Fig. 14 illustrates the two-component fit.
The optical conductivity at 50 and 200 K, with the phonons
subtracted, is plotted along with the best fit from this model.
The dashed lines show the individual components of the fit
to the 50 K data. The Drude part (long dashes) dominates
below 400 cm ', above this frequency a broad midinfrared
oscillator dominates. A narrow oscillator accounts for the
sharp feature at 750 cm '. The low-frequency wings of a
third oscillator, that is centered at 3800 cm ', may also be
seen.

C. Generalized drude approach

In models such as the MFL or NFL, the imaginary part of
the quasiparticle self-energy is written as

where the factors of 2 arise because quasiparticle excitations
come in pairs, e is a constant that includes contributions
from interband transitions, and co is the bare plasma fre-
quency for the charge carriers, defined by co„=4~ne lm„
with n the carrier density and mb the band mass of the car-
riers. The quantity X(c&z) represents the quasiparticle self-
energy. The real part of $ is related to the effective mass m*
of the interacting carriers by m*(z&z)/mb =1—2 Re X(cu/2)/
~ whereas the imaginary part is related to the quasiparticle
lifetime through I/v (tu) = —2mb Im X(c&z/2)/m*(z&z).

A number of authors have analyzed optical data for
La2 Sr Cu04 using such a one-component approach, ob-
taining either —Im P or (nearly the same thing) I/w to be
almost linear in frequency. ' ' However, in other cases, no
such linear dependence can be found. ' Our data fall into
this second category. In fact, because there is a rather well-
defined peak at -700 cm in the optical conductivity of
Fig. 11, it is not appropriate to invert the dielectric function
to obtain the scattering rate or self-energy, as has been done
for YBazCus07 ~ (Refs. 75, 90) and BizSrzCaCuzOs. In-
stead, it seems necessary to allow for a second component in
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addition to the generalized Drude one. Thus we have per-
formed a least-squares fit to a model given by

2 X 2

co[co—2X( co/2) ] J = i co

The first term in Eq. (11) is the MFL or NFL component; the
second term is a sum of oscillators to represent some addi-
tional midinfrared band; e describes the charge-transfer and
higher-frequency interband transitions.

The center panel of Fig. 14 illustrates the one-component
fit. The optical conductivity at 50 and 200 K, with the
phonons subtracted, is plotted along with the best fit from
this model. The dashed lines show the components of the fit
to the 50 K data. The MFL or NFL part (long dashes) domi-
nates below about 1000 cm '; above this frequency three
midinfrared oscillators dominate. A narrow oscillator ac-
counts for the sharp feature at 750 cm '. The oscillator at
1000 cm is considerably weaker than in the two-
component fit while the third oscillator, centered at 3800
cm ' (whose low-frequency wing may be seen in the figure)
is stronger than in the two-component fit. The introduction of
a frequency-dependent relaxation rate extends the tail of the
free-carrier component to higher frequencies. However, less
than half of the doping-induced oscillator strength is associ-
ated with the mobile carriers. Indeed, most of the oscillator
strength above 700 cm is associated with the bound-carrier
components.

The fit is more than acceptable. However, in order to ob-
tain a reasonable fit, we had to allow the coupling constant k
to be temperature dependent. At 50 K we get X=0.10 while
at 200 K X=0.20. A similar result was found for
La2 Sr Cu04 films by Gao et al. ' This temperature depen-
dence is not included in the usual models that lead to the
one-component picture.

D. Phase-separation model

Emery and Kivelson have discussed evidence that the
carriers in cuprates are susceptible to phase separation. This
tendency is driven by the lower energy of a tightly-bound
spin singlet but frustrated by the long-range Coulomb inter-
action. A result of their model is a characteristic frequency
and temperature dependence to the optical conductivity: '

(12)

The two terms in Eq. (12) represent respectively the motion
of free carriers and the direct response of local "dipolar"
modes. The latter arise from density fIuctuations caused by
the desire for phase separation. The other quantities are e and
e*, the charges of the mobile carriers and dipolar fluctua-
tions, respectively, A=(2ahji/7r) with a the lattice con-
stant and 6J~~ describing the coupling between the electron
gas and the dynamical scattering centers. ' The quantity
X2(co,T) is a susceptibility, given by

I
X2=c tanh(cu/2T)

with c the concentration of dipolar centers and I the Kondo
scale of the problem, here taken of order J=1000 K. At low
frequencies, the conductivity of Eq. (12) is dominated by the
first term and gives o.,(0)~1/T whereas at high frequencies
the second, or bound-carrier, part dominates and o., (ai) is T
independent.

The right panel of Fig. 14 illustrates a fit to this phase-
separation model. As in the previous case, a good fit could
not be obtained without also including additional midinfrared
oscillators. The optical conductivity at 50 and 200 K, with
the phonons subtracted, is plotted along with the best fit from
the model. The dashed lines show the components of the fit
to the 50 K data. In order to obtain a physically reasonable
fit, we constrained the oscillator strength of the conductivity
in Eq. (12) to be the same at all temperatures, equal to what
the fit found at the lowest temperature, and fixed the param-
eter I =500 cm . (Otherwise, the fit drove it to zero. ) The
conductivity from Eq. (12) dominates below about 500
cm ', above this frequency three midinfrared oscillators
dominate. A narrow oscillator accounts for the sharp feature
at 750 cm '. The oscillator at 1000 cm ' is somewhat
weaker than in the two-component fit while the third oscil-
lator, centered at 3800 cm ', is stronger. The introduction of
a frequency-dependent relaxation rate extends the tail of the
free-carrier component to higher frequencies. About 30% of
the doping-induced oscillator strength is associated with the
combined terms in Eq. (12).

This model can describe the optical conductivity only if
there are additional midinfrared contributions. In addition,
the value of I that gives an acceptable fit, 500 cm ', is lower
than one would like if I is to be of order J, which is typically
more like 1000 cm '. Finally, we note that the quantity A
had to be changed by about 20% between 50 and 200 K in
order to have a good fit.

E. Other approaches to the ab-plane optical conductivity

We have not calculated the conductivity within the nearly
antiferromagnetic Fermi liquid picture of Monthoux and
Pines. However, judging from the fits to YBa2Cu307 z in
Ref. 83, we expect that the results would be similar to the
other cases we have considered: the model can fit the data
below about 0.1 eV but does not describe the conductivity
above this frequency.

As mentioned above, there are a number of numerical
calculations of the optical conductivity which give a midin-
frared absorption due to finite frequency excitons of one sort
or another. Generally speaking, these provide spectral
weight in about the right energy range and of about the right
amount and so may be said to be in accord with our mea-
surements.

Another proposal for midinfrared absorption, put forward
by Bi and Eklund, attributes it to photon-assisted hopping
of small polarons. Bi and Eklund were able to fit room-
temperature data for La2 Sr Cu04, La2 Sr Ni04+z, and
other materials within such a model. We find that we cannot
reconcile our data with this model, because it predicts a
strong temperature dependence to the optical conductivity.
(For example, the model predicts that the spectral weight
will change by a factor of 2 between 200 and 300 K.) Our
data are—to first approximation —temperature independent.
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VII. COMPARISON OF ab-PLANE REFLECTANCE:
qllc AND qJ c

1.0 I I I I ~ I
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One recent issue in the study of the infrared properties of
the copper-oxide superconductors is the effect of the
electron-phonon interaction. Early on, evidence for the im-

portance of this interaction had been gathered mainly from
neutron time-of-Aight spectroscopy, where a softening of the
phonon density of states was observed when the doping level
in YBa2Cu306+ was changed from the insulating to the me-
tallic regime. There was also evidence for anomalies in
certain phonon branches associated with stretching modes of
Cu-0 bonds near the zone boundary. Such interactions
might be invoked to explain the linearity of the normal-state
resistivity as a function of temperature that is observed in
nearly all copper-oxide superconductors. This explanation
would imply that the charge carriers are scattered by some
sort of thermal excitations such as phonons. However, this
interpretation should be taken with some caution, because in
ordinary metals the T-linear resistivity is a high-temperature
phenomenon whereas in the high-T, materials this T-linear
behavior is observed even below the Debye temperature,
where a T or T behavior should be expected.

The type of electron-phonon interaction that is considered
to be relevant for the optical absorption is the one that occurs
in organic conductors. In these materials, as first pointed
out by Rice, linear coupling of charge carriers to totally
symmetric A modes gives structure in the conductivity
spectrum at infrared frequencies. The overlapping of these
phonon frequencies with the continuum of excitations gives
rise to minima or characteristic Fano line shape antireso-
nances in the conductivity spectrum. It has been
proposed ' that similar effects in the copper-oxide super-
conductors could give rise to the "kneelike" structures that
are seen at 140 and 440 cm ' in the ab-plane reAectance
spectrum of YBa2Cu307 z. ' These structures show up as42,64

an onset at lower energy and a "notch" at higher energy in
the spectrum of a.,(ca). Similar features have also been seen
in the conductivity spectra of Bi2Sr2CaCu208,
La2, Sr,CuO4, ' and Pb2Srz(Y/Ca)Cu30s.

A physical origin for this structure has been given by
Reedyk et al. , who proposed that the coupling in the
high-T, and isostructural materials is between the c-axis LO
phonons and the ab-plane bound (or "midinfrared") carri-
ers. This idea is based on the observation that the coupling
and, hence, the presence of structure in o, (co) is enhanced in
the so-called parallel geometry, i.e., when measurements of
the ab-plane optical reflectance are performed when the
wave vector of the incident light q is parallel to the c axis of
the sample and the electric field E is polarized within the ab
plane. The structure is weaker when the ab-plane optical
properties are measured on the ac (or bc) face of the
crystal. In this geometry, the wave vector of the light,
which lies either along the a or b axis, is perpendicular to the
c axis.

In order to illustrate the effect of electron-phonon cou-
pling in our sample, we display in Fig. 15 the ab-plane re-
Aectance when the wave vector of the light q is parallel and
perpendicular to the c axis in the sample. A comparison of
the two room-temperature spectra indeed finds some differ-
ences. When qllc, the far-infrared reflectance displays two
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FIG. 15. A comparison of the ab-plane reflectance measured
from face I (qJ c) and face II (qllc) of La~Cu04+ & at T=300 K.

VIII. SUPERCONDUCTING STATE

One motivation for infrared spectroscopy in the high-
temperature superconductors is the search for the supercon-
ducting energy gap; in consequence, this issue has been
rather controversial over the years. ' We discuss the mea-
surements in the superconducting state in this section. The
reason for the controversy can be explained by considering
Figs. 11 and 12. Figure 11 shows the optical conductivity at

shoulders each followed by minima at higher frequencies.
Such structures are reduced in the case when qJ c. A second
observation is that at higher frequencies both reflectance
spectra are nearly the same with only a slight shift of the
plasma edge minima. Also, the charge transfer band, located
around 12 000 cm ', appears to have equal strength in both
spectra. Because the strength of this band gives an indication
of the doping in the sample, this means that both surfaces of
the crystal have nearly equal doping.

To illustrate further the differences at low frequencies, we
show in the top part of Fig. 16 the optical conductivity o., (co)
obtained from a Kramers-Kronig analysis of the reflectance
in the two geometries indicated above. For more clarity, we
have subtracted the phonons that are present in both spectra.
This figure clearly shows that a., (c0) displays two minimalike
structures at 450 and 560 cm '. A remarkable coincidence
exists between these frequencies and the peak positions of
the c-axis LO phonon frequencies, as determined from the
peak maxima of the c-axis loss function —Im(I/e) for the
same sample. This function is also shown in the figure. An-
other observation is that there is a redistribution of spectral
weight from low to high frequencies in the spectrum when
qllc. The midpoint of such redistribution appears to coincide
with the peak position of the strongest c-axis LO phonon at
560 cm '. This redistribution conserves the sum rule for the
two propagation directions, as shown in the bottom part of
Fig. 16. These results clearly underscore the importance of
electron-phonon coupling in the optical properties of the
high-T, materials.
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several temperatures above and below T, . In the 10 K spec-
trum, the rise in o&(co) as cII~O which is seen in the normal
state spectra is absent. A number of features remain in the
spectrum and one may question whether any is related to the

gap. Note that the BCS gap for a T,=40 K superconductor
would be 100 cm ' whereas 8k&T, is 220 cm ', and that
there is structure in o.t(aI)(10 K) at these (and other) frequen-
cies. That this structure is probably not the gap can be seen
by inspecting Fig. 12, which shows the optical conductivity
with a Drude spectrum and the contribution of the ab-plane
optical phonons subtracted. In this presentation of the data, it
is difficult to see that there are any features in the 10 K
measurement that are not in the data above T, . The same
results have been found in YBa2Cu307 z by Kamaras et al.

To illustrate this more clearly, we show in Fig. 17 the
conductivity at 10 K and at 50 K. The amount of spectral
weight that goes into the delta function is evident from these
two curves. The third line in Fig. 17 is the midinfrared spec-
trum at 50 K, obtained by subtracting a Drude curve charac-
terized by a plasma frequency co„~=5700 cm ' and a width
I/v=84 cm ' (giving a dc conductivity of 6500 A ' cm ').
Aside from a somewhat higher level (which we attribute to a
residual normal Iluid at 10 K) the 10 and 50 K midinfrared
spectra are quite similar.

The superconducting-state conductivity has been recently
calculated within a d-wave pairing scenario by Hirschfeld.
Even at T=O the conductivity has a large low-frequency
value on account of the nodal structure in the gap function.
There is a deep minimum at -25&, where 60 is the maxi-
mum gap, and a maximum near -45o. This maximum at
-450 is a sort of Holstein sideband resulting from a com-
bined process of pair breaking and scattering from a spin
fluctuation. Our data are not inconsistent with the main fea-
ture of large low-frequency conductivity; however, the pre-
dicted structure does not emerge.

There is clearly a condensate in the superconducting state.
Its oscillator strength can be estimated in two ways. In the
partial sum rule plot of Fig. 9, the 10 K curve is systemati-
cally below the 100 K curve. This difference occurs because
the numerical integration of Eq. (6) has not included the
weight of the delta function in the superconducting conduc-
tivity. The number of effective electrons/formula unit making

up the condensate, N', zf is then N', ff=0.029, or about 18% of
the total doping-induced oscillator strength. Expressed as a
plasma frequency, aI„,=(4vrn, e Im)", this translates to

co„, =5000~100 cm
The equivalent functions et(aI), o2(co), and kL(cu) give a

second estimate of the oscillator strength of the



15 500 M. A. QUIJADA et at. 52

3000

2500—

2000—

U
I 1500—

1000—

Phot. on Energy (me V)
50 100

I I I
I

I I I I
I

I I

La2Cuo4+
50 K
10 K
50 K midinfrared

is about 80% of the free-carrier density estimated by the two

component fit. In La2 Sr Cu04 Gao et al. estimated that
about 85% of the free-carrier density went into the conden-
sate. These numbers are consistent with the basic clean-limit
argument, that with most of the spectral weight from the free
carriers in the condensate response, there is little left for
transitions across the gap.

"
The clean-limit argument depends on the presence of two

components to the optical conductivity in the frequency re-
gion where the gap exists. If there is only a single compo-
nent, as in the MFL or NFL, then the 10 K conductivity
spectrum must represent the excitations across the gap, at
least up until the point (-500 cm ') where other excitations
begin. A difficulty with this interpretation is that the spectral
weight associated with the gap transitions cannot be ac-
counted for within a realistic model for the materials. '

IX. CONCLUSIONS
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FIG. 17. The ab-plane optical conductivity of La2CuO&+~ at 10
and 50 K, along with the 50 K midinfrared conductivity.
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FIG. 18. The ab-plane penetration depth of La2Cu04+& deter-
mined by infrared means.

condensate. ' Figure 18 shows )iL(ai), defined as Xi(ai)
= pc/4~a. 2(ai) where c is light speed and o2(ia) the imagi-
nary part of the optical conductivity. That this function is
nearly constant is a consequence of the fact that
o.2(co)&)o., (ca) at low frequencies. The ab-plane penetration
depth is about 3100 A; expressed as a plasma frequency, this
translates to co„,=5100~200 cm '. This penetration depth is
larger (carrier density smaller) than the 2750 A estimated for
a La2 Sr,Cu04 film, ' and also larger than the 2500—3000I found by p,SR experiments. ' "

The two estimates of the superAuid oscillator strength
agree. Note that the superfIuid density from these arguments

In sum, results for polarized refIectance of superconduct-
ing LazCu04+z (T,=40 K) reveal an insulator for polariza-
tion of the light along the c axis, while the ab-plane re-
sponse has metallic properties. A total of four optic phonons,
one more than in insulating La2Cu04, are resolved in the
c-axis polarization. The additional mode is interpreted as a
splitting of the oxygen stretching mode brought on by the
insertion of excess oxygen in the crystal. Using a rigid-ion
model, we find an estimate of the average oxygen effective
charge in the structure to be 14' higher than in insulating
La2Cu04. This is close to the estimated 12% oxygen doping
in the sample as well as the estimated carrier concentration
P

We have made estimates of p from two measure-
ments: the total spectral weight below the charge transfer
gap, which yielded p =0.15, and the c-axis plasma frequency
in the superconducting state, which yielded @=0.11. Two
other measures of the carrier concentration are the free-
carrier (Drude) plasma frequency and the London penetra-
tion depth of the superconducting phase. These are both de-
pendent on plrn*, but since we do not know m~, all we can
do is compare these numbers to the results of Gao et al. ' for
a Lai s3Slo 17CuO& film and assume that (1) the Sr content
equals the carrier density, and (2) m* is not a strong function
of carrier density. Under these assumptions, the free-carrier
plasma frequency of 5660 cm ' when compared to the 6300
cm ' found for the Sr doped sample implies @=0.14 while
the penetration depths (3100 A here and 2750 A in the Sr-
doped sample) give p=0.13. Finally, comparison of our
room-temperature conductivity and N,«(ai) to the results for
a series of Sr-doped samples by Uchida et al. also suggests
p in the 0.13—0.14 range. Thus, because the oxygen content
in our sample is believed to be 8=0.12, our results support
the work' ' ' which indicates that each excess oxygen con-
tributes just over one hole, (p/6'- l.l).

We also find an anomalous temperature dependence in the
ab-plane reflectance for frequencies in the visible and above.
This result may indicate some restructuring of the electronic
interband transitions, possibly due to an increased order in
the positions of the excess oxygen atoms at lower tempera-
tures or to a larger orthorhombic distortion at lower tempera-
tures. This transition appears also to affect the oscillator
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strength of the midinfrared conductivity. At the same time, it
does not appear to affect the oscillator strength of the free-
carrier contribution in a two-component analysis of o., (co). In
this analysis, we find co D-5660~100 cm ' with a scatter-
ing rate that is linear in temperature.

In the superconducting state 80% of this free-carrier os-
cillator strength appears in the zero-frequency 6-function
conductivity of the condensate, giving a penetration depth of
3100 A. There is no signature of a superconducting gap in
our spectrum.

A comparison of the ab-plane optical conductivity ob-
tained from two different faces reveals qualitative differ-
ences. In the case when the wave vector of the light is par-
allel to the c axis, the midinfrared conductivity shows two
minima whose positions are correlated with the peaks in the
LO frequencies of the c-axis phonons. Such features are
nearly absent in the spectrum of tT, (co) measured when qJ c.
This, combined with the fact that the coupling constant ob-

tained from the slope of the linear temperature dependence
of 1I7.of the Drude-like carriers in a two-component analysis
of tT, (co) is rather small (k=0.25), suggests that the c-axis
LO phonons are more strongly coupled to the midinfrared
carriers than to the free carriers.
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