
PHYSICAL REVIEW B VOLUME 47, NUMBER 2 1 JANUARY 1993-II

Infrared properties of epitaxial La2 „SrCuo4 thin films in the normal and superconducting states
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The Cu02-plane optical reflectance of superconducting La2 Sr„Cu04thin films (T, =31 K) has been
measured over a wide frequency and temperature range. The optical conductivity in the normal state is
well described by a temperature-dependent weak-coupling (X=0.25) free-carrier term plus an over-

damped, weakly temperature-dependent, midinfrared component. The free-carrier plasma frequency is

nearly constant, co~a =6300 cm, whereas the relaxation rate varies linearly with temperature above T, .
In the superconducting state, according to our two-component approach, most of the Drude oscillator
strength condenses to a 6(co) function. A two-fluid analysis gives a rapid drop in the quasiparticle damp-

0

ing rate below T, . A reasonable estimate (-2750 A) for the ab-plane London penetration depth is ob-
tained from the superfluid density. We observe that the midinfrared strength increases below T„sug-
gesting that some (-15%%uo) of the free carriers do not condense into superconducting pairs and may have

a strong interaction with pair-breaking excitations. Two absorption edges around 80 cm (3.7 k~T, )

and 400 cm (18 kz T, ) are seen but neither is assigned to the superconducting gap. Comparisons with

a one-component picture described by a frequency-dependent scattering rate and effective mass are made
and discussed. The far-infrared ab-plane phonons show systematic changes with temperature, which are
associated with the structural transition near 250 K.

I. INTRODUCTION

Since the discovery of high-temperature superconduc-
tors (HTSC), ' tremendous efforts have occurred in the
studies of these cuprate oxides. Most optical studies have
concentrated on the 90-K transition temperature
YBa2Cu307 & (YBCO) system, which contains both
Cu02 planes and CuO chains. (For reviews, see Refs.
3—6). It has been observed, however, that the quasi-one-
dimensional CuO chains in YBCO have a substantial
contribution to the optical conductivity, ' which has
complicated the analysis of this material. In contrast, the
La2 „Sr„Cu04(LSCO) system, which contains only sin-

gle Cu02 layers, has been studied in most cases in sin-
tered polycrystalline samples. ' Because the LSCO
materials are strongly anisotropic, it is difficult to deter-
mine the intrinsic nature of the Cu02 layers from mea-
surements of polycrystalline samples. A few optical mea-
surements, mostly restricted to room temperature, on
LSCO single crystals or thin films have been made,
but we are not aware of a systematic temperature-
dependent optical study on the oriented samples of this
material.

It is widely believed that the electron-phonon interac-
tion plays a minor role in the superconductivity for
YBCO materials. However, a significant isotope shift
(a=0.2) due to partial substitute of ' 0 for '60 in
La& 85Sro &5Cu04 has been observed and interpreted as
evidence for strong electron-phonon coupling. ' This
implies that phonons may still play an important role, if
not a key role, in the pairing mechanism. On the other

hand, the observed linear behavior of the dc resistivity
for LSCO up to 1100 K implies a weak electron-phonon
coupling for the free carriers.

A lot of effort has been made in recent years to study
the non-Drude response in the midinfrared (MIR) region
and to discover the superconducting energy gap. It has
been observed that the MIR absorption is absent in the
undoped parent compounds such as La&Cu04 and
YBazCu306. For La& „Sr„Cu04,Uchida et al. ' have
reported that the MIR absorption band develops with in-
creasing dopant concentration and then exhibits a satura-
tion in the higher compositional range 0. 1+x ~0.25.
Similar effects are observed in doping of n-type
Pr2 Ce Cu04 by Cooper et al. As a consequence of
the redistribution of the 0 2p and Cu 3d orbitals upon
doping, spectral weight is rapidly transferred from the
in-plane 0 2p~Cu 3d charge-transfer (CT) excitations
above 2 eV to the free-carrier absorption (Drude band)
and the low-energy excitations (MIR band) below 1.5 eV.
Therefore, both the Drude and MIR absorptions in
HTSC appear to be related to the introduction of holes
on the Cu02 layers (or CuO chains) by doping. For
LSCO, the CT gap becomes weaker or fills in and the
phonons are obscured as holes are added upon substitut-
ing Sr + for La +. In contrast to these changes, the plas-
ma minimum in the reflectance is pinned at 0.9 eV and
insensitive to the dopant concentration. ' ' '

Although there is fairly good agreement among various
groups for the optical conductivity of the high-T, copper
oxides, the interpretation of these results still remains
controversial. In no case can the normal-state infrared
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conductivity be described by a simple Drude model. In
many studies, ' this non-Drude conductivity has
been described by a two-component approach: a narrow,
strongly temperature-dependent Drude absorption cen-
tered at the origin and a broad, nearly temperature-
independent midinfrared band. The Drude absorption is
due to the free carriers which are responsible for the dc
transport and which condense into a superQuid below T,
whereas the MIR absorption is due to the bound carriers
which have a semiconductorlike gap. An alternative is a
single-component approach: all of the infrared absorp-
tion is due to one type of carrier, with a strong frequency
dependence in the scattering rate and efFective mass.
This approach also leads to a broad range of optically
inactive excitations in the midinfrared region, and has
been described in the framework of the "marginal Fermi
liquid" (MFL) and "nested Fermi liquid" (NFL).3

In this paper, we present the in-plane spectra of
refiectance %(co, T) and conductivity o(co, T) of a high-
quality La2 Sr„Cu04 film over a wide frequency range
of 30—40000 cm ' (4 meV —5 eV) and for temperatures
between 5 and 350 K. We make an extensive optical
study on the infrared dynamics of the film. In Sec. II, the
sample preparation and the characteristic transport prop-
erties are discussed. We also describe in detail the optical
measurement technique and discuss the uncertainties in
the Kramers-Kronig (KK) analysis. Section III presents
the spectra of reflectance and other optical functions de-
rived from the KK analysis. Details of the infrared pho-
nons and optical conductivity o (co) in the normal and su-
perconducting states are discussed. Comparisons of the
normal-state data to both two- and one-compound
descriptions of the optical dielectric function are also
made in Sec. III. Finally, the conclusions are summa-
rized in Sec. IV.
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FIG. 1. X-ray-diffraction pattern for a La& Sr„Cu04 thin
film grown at the same time as the one used this work. The film
was grown on a SrTi03 substrate, and the growth orientation
can be seen in this figure.

the (100) face of a SrTiO3 substrate, has dimensions of 10
mm X 10 mm X 820 nm. Figure 1 shows an x-ray-
diffraction pattern for a film grown at the same time as
the film used for infrared measurements, showing that it
is highly ab-plane oriented. In addition to its c-axis tex-
ture, the film is epitaxial. That is, the [100] and [010]
directions, which lie in the plane of the film, are parallel
to the [100] and [010] directions in the substrate. The
ab-plane dc resistivity, shown in Fig. 2, displays a sharp

II. KXPKRIMKNT

A. Sample characteristics

La2 Sr Cu04 films were prepared by off-axis dc mag-
netron sputtering. Details of sample preparation and dc
transport properties have been described previously.
Films were grown on SrTio3 or LaA103 substrates. Both
kinds of substrates have a perovskite structure which en-
ables a good lattice match with the films. Parameters of
the samples are summarized in Table I. Thinner films
(270 nm thickness) were transparent enough that some
features of the substrate could be seen in the reflectance
spectra. Consequently, the work described here will
focus on an especially thick film with thickness greater
than the electromagnetic penetration depth (d )5) to
avoid the substrate complications. This film, grown on
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3
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820

6.3 X6.3 0.15 27 1.5 LaA103
10X 10 0.17 31 1.5 SrTi03

TABLE I. La2 „Sr„Cu04thin-film characteristics.
FIG. 2. Resistivity in the ab plane, as a function of tempera-

ture, for the same La2 „Sr„Cu04film (x-0.17) as shown in
Fig. 1. The inset shows an expanded view of the region near T,
for the same sample and compares the resistive transition to the
inductive transition. The lines connecting points are guides to
the eye.
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superconducting transition near T, =31 K with a transi-
tion width AT, =1.5 K. The normal-state resistivity is
roughly linear in temperature with a nearly zero inter-
cept, i.e., of the form of p( T)=po+ a T (a —1.2
pQ cm/K). Deviations from this behavior are evident in
the plateau below —100 K. The inset in Fig. 2 shows
that the inductive transition, as measured by the change
of inductance of a coil placed against the film, is at ap-
proximately 2-K lower temperature than the resistive
transition and has about the same transition width. The
composition of the film is at an optimum value (x -0.17)
for the superconductivity. The resistivity is consistent
with the published reports of good quality LSCO crys-

1
20, 21

B. Infrared measurements and uncertainties

The reflectance measurements were performed using
two spectrometers with a variety of light sources, beam-
splitters, and detectors for different overlapping frequen-
cy ranges. The angle of incidence of the incident light
was about 11' from the surface normal, so that the elec-
tric field of the infrared radiation was dominantly parallel
to the ab plane. Reflectance spectra in the far- and
midinfrared range 30—4000 cm ' (4—500 meV) were
measured using a Bruker 113 v fast scanning Fourier
transform interferometer with a 4.2-K bolometer detector
(30—600 cm ') and a B-doped Si photoconductor
(450—4000 cm '). At higher frequencies of 1000—40000
cm ' (0.125—5 eV), the refiectance was measured with a
Perkin Elmer 16U grating monochromator. The
reflectance was calibrated with a reference mirror of

0
2000-A-thick aluminum evaporated on an optically pol-
ished glass substrate. The sample and Al mirror refer-
ence were mounted on a helium-cooled cold tip, along
with a silicon thermometer and a resistance heater, to al-
low the temperature to be varied from 5 to 350 K. The
sample and reference could be exchanged by rotating the
cryostat.

As the overall scale of the reflectance is very crucial to
the analysis of HTSC, we carefully tested the stability
and measured the absolute reAectance at each tempera-
ture. Thermal contraction of the sample holder and posi-
tion variation between the sample and reference were also
compensated for. In order to study the temperature
dependence of the midinfrared band and the plasma edge,
we measured the reflectance at each temperature up to
4000 cm ' (0.5 eV), and at selected temperatures up to
40000 cm ' (5 eV). The coincidence of spectra in each.
of the overlap frequency range was usually within 0.5/o.
As the film thickness (820 nm) was much greater than the
penetration-skin depth (-250 nm), features attributable
to the SrTi03 substrate effect were not detected. Because
the sample surface was extremely smooth and shiny,
specular reAection was assumed and there was no need to
coat the sample with a metal film to correct for diffuse
scattering losses. Also, the large sample area (1 X 1 cm )

enabled us to obtain a high signal-to-noise ratio, making
it unnecessary to smooth the data for analysis.

The experimental uncertainty in our reAectance mea-
surements is estimated to be +0.5/o. This error arises
mainly from the difficulty in establishing precise optical

alignment as the reference and the sample are inter-
changed, and partly from the slight temperature depen-
dence of the Al reflectance at low frequencies. This small
uncertainty in %(co), however, will cause a larger pro-
pagated error at low frequencies in the optical conduc-
tivity o(co) generated by the Kramers-Kronig transfor-
mation.

C. Kramers-Kronig analysis

After obtaining satisfactory results for a wide range of
refiectance spectra %(co), we have confidence in using the
Kramers-Kronig transform to determine the real part of
the optical conductivity o, (co), a more fundamental
quantity than %(co) for describing particle-hole excita-
tions of a material by the absorption of photons of energy
Ace. In principle, the KK integral requires a knowledge
of A(co) at all frequencies. Thus, reasonable and careful
extrapolations of the reflectance beyond the measured
range must be made.

I. High frequenc-y extrapolation

The high-frequency extrapolation usually has
significant influence on the results, primarily on the sum
rule derived from the optical conductivity. This effect
has been reduced by merging our data to the reflectance
spectra of Tajima et a/. ,

' which extend up to 37 eV
(300000 cm '). We find their spectra are in excellent
agreement (within +0.8% in absolute refiectance) with
our high-frequency data at room temperature.

After careful measurements, however, we observe a
significant decrease in the overall level of %(co) at fre-
quencies above the plasma edge (-7000 cm ') as the
temperature is lowered below 250 K. This decrease per-
sists up to 40000 cm, the upper limit of our experimen-
tal data, the reflectance at 250 K being about 80 fo of that
at room temperature in this frequency region. However,
as the temperature is further decreased below 250 K,
aside from the steepening of the plasma edge, there is
very little temperature dependence down to 5 K in this
high-frequency region as shown in Fig. 3. We have care-
fully repeated the measurements several times and found
this behavior reproducible in both the cooling and warm-
ing process. At the same time, we have observed no
change at all temperatures in the signal level reflected
from the Al reference which has been mounted near the
sample. In addition, the reflectance remains unchanged
as the sample is heated up from 300 to 350 K. These
tests have convinced us that the extraneous influence
such as thermal expansion-contraction of the sample
holder or condensation of water on the sample can be
ruled out. We therefore have readjusted the high-
frequency room-temperature reflectivity given by Tajima
et al. ' with a factor of 5 /o increase in the range 5 —8 eV,
but no change above this range, before appending it to
our data for temperatures below 250 K. After doing so,
we have assumed A(co) —co, a free-electron asymptotic
behavior, above 37 eV. These changes preserve the sum
rule at 20 eV.
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or a copper oxide superconduc-
ors, ' ' can be described in a two-component

and strongly T-dependent free carrier (Drude) absorption

(MIR) absorption centered at hi her fre
cor ing to t is picture, the cuprates are viewed as con-
sistin of two tg ypes of carriers: free carriers which track
the dc conductivity above T, and which condense to su

are responsible for the broad MIR excitation. The dielec-
tric function is made up of four parts:

~(~)= eD +eMrR+ epho o + e'

where e is ru e interbandD is t e ree carrier or normal Dr d
contri ution; e isco t ' t'; MIR s t"e bound-carrier contribution'

phQ+Qn e p onon contributions, a sum of harm
rs; an e„is the high-frequency contribution.

To decompose the total conductivit int
ponents, we can

uc ivi y into two com-

o (co 5K is
, we can assume that the conductivit t 5 K,ivi y a

1 o-'" .= o- co

, is a good first approximation of0 0.1MIR, name-

y, o,M,R - o, (co,5 K), for the Drude part is presumed to
have collapsed to a 5(co) function. Thus the D
ductivit a

'
y at higher temperatures can be initially estimat-

ed by subtracting o &(co, 5 K) from the

1 ~& » ~1D o 1 ~ 1MIR' Here the super-
scripts denote the number of iterations. Since

COpD 7
2

~1D 4~ 1+co'~2 ' (4)

we can determine coe co D and 1/w from a linear fit to 1/o'"
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2vs co . Once co D and 1/~ are determined from the slope
and the intercept of this straight line, we can again esti-
mate the midinfrared conductivity from the difference be-
tween a calculated Drude conductivity and the measured
conductivity, nam y o &MAR ~

&
~ ID wh re o &D

(2)

calculated according to Eq. (4). By averaging o.IM, R at
temperatures above T„we find the average

(2) X (1)(o,M&R) =cr &M,R [or cr, (to, 5 K)], but there are noticeable
differences. Therefore, we repeat the above procedure
with o. ,M&R replacing o.

&M&R, and find convergence after a(2) (I)

few iterations.

The free carrie-r component: ay & and rpD

Figure 8 illustrates the comparison between the free-
carrier contribution, o. ,

—(cr, M,R), and the calculated
Drude conductivity. This figure shows that the conduc-
tivity is in good agreement with the ordinary Drude be-
havior after the MIR component is subtracted. The
Drude plasma frequency, co D

=6300+100 cm ', ob-
tained from the above analysis, is essentially T indepen-
dent, whereas I/r is linear in T. Writing fi/r=2mkktt T,
we obtain a weak-coupling value for the coupling con-
stant, A, =0.25. This small value of k is consistent with
the observed absence of saturation up to 1100 K for the
dc resistivity. Taking the Fermi velocity in the basal
plane to be UF=2. 2X10 cm/s, as calculated by Allen,
Pickett, and Krakauer for Lal. ssSro. &sCu04 and us ng
our relaxation rate we can estimate the mean free path to
be

perature close to T„the mean free path l [e.g.,
l5o ~ 220 A according to Eq. (5)] is much longer than
the coherence length g ( —10 A). It is this case that
places the HTSC in the "clean limit, " which, in turn,
gives a significant impact on the observability of the su-
perconducting gap.

Figure 9 depicts the temperature dependence of 1/r in
comparison with (I/r)d, calculated from the measured
four-probe dc resistivity pd, and the value of co D found
above,

2
COpD

(1/r)d, = pd, .

As seen in Fig. 9, (I/r)d, or pd, decreases quasilinearly
from room temperature followed by a plateau and then a
sudden drop as the temperature approaches T, whereas
the far-infrared scattering rate shows a quasilinear T
variation followed by a faster-than-linear drop ( 1/r- T )

below T, . This is evident when the same data are plotted
on a log-log scale, as shown in the inset of Fig. 9. The ex-
cellent agreement in both the slopes and overall levels be-
tween the dc transport and infrared measurements
strengthens our confidence in the determination of the
normal-state plasma frequency ~ D and scattering rate
1/r. The sudden drop in 1/r just below T, is interesting
and has received considerable attention recently. Such
observations on quasiparticle damping have been report-
ed previously for laser-ablated YBa2Cu307 & films
and a free-standing Bi2Sr2CaCu208 crystal. ' Similar

1=u~r=(110 A)
100 K

T (5)
400

At T = 1000 K, l —11 A, which is still longer than the in-
teratomic spacing a (here taken to be 3.8 A, the in-plane
lattice constant). The resistivity is expected to saturate if
I ~ a, because the mean free path can no longer be prop-
erly defined in this region. On the other hand, at a tern-
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FIG. 8. The Drude conductivity, obtained by subtracting the
averaged midinfrared contribution from the total conductivity.
The solid curves are Drude Ats to the data.

FIG. 9. Drude scattering rate, 1/~, as a function of tempera-
ture. For comparison are shown the values obtained from its to
the infrared conductivity (diamond symbols) and the ones es-
timated from the measured dc resistivity (dashed lines). Note
both of these two cases exhibit a small negative intercept due to
a slight deviation from T linear dependence. This is illustrated
in the inset plotted on a log-log scale. The slope of the solid
straight line gives a power of 1.1 instead of 1 to temperature T.
Below T„the quasiparticle damping rate has a sudden drop and
goes roughly as 1/~- T .
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behavior has also been found for YBCO and BSCCO in
femtosecond optical transient absorption experiments.
This result may suggest that the excitation that scatters
the free carriers is also strongly suppressed below T„or
forms its own gap, as the free carriers condense. Another
interpretation is that the number of unoccupied states
available near the Fermi levels decreases rapidly as a re-
sult of the depression of the density of quasiparticle states
near EF as the gap opens, causing a dramatic decrease in
the probability of quasiparticle elastic scattering. Nicol
and Carbotte have recently calculated the quasiparticle
scattering rate and found such a fast drop within the phe-
nomenological marginal Fermi-liquid model. However,
due to the large error bars at low frequencies (below 100
cm ') and the limited number of temperatures below T,
(31 K) in our data, we are unable to observe a "coher-

ce" peak in cr (T) as has been calculated by Nicol and
61Carbotte and found in YBCO by Nuss et al. , and in

BSCCO by Romero et al.

2. The midinfrared absorption

Figure 10 presents the MIR conductivity in the normal
and superconducting states. This quantity is obtained by
subtracting the calculated free-carrier contribution
(shown in Fig. 8 as solid lines) from the total conductivi-
ty. Some features that are common at all temperatures
include an onset near 80 cm, a maximum around

—1 d 250
cm ', a notchlike structure at 400 cm ', and a broad
peak around 800 cm '. As we can see, the MIR conduc-
tivity cr, M,R(co, T) has a relatively weak temperature
dependence. There do appear to be three distinct temper-
ature regimes: )250 K, T, —200 K, and below T, . In
each, there is a noticeable conductivity increase in the re-
gion of 150—1500 cm ' compared to the higher-
temperature regime. The enhancement is more obvious
for T & T, and will be discussed below.

According to the data in Fig. 10, the "two-feature"
structure of an onset near 80 cm ' (3.7k~ T, ) and a notch
around 400 cm ' (18k~T, ) is present both below and
above T, . This structure is shown more clearly in Fig.
11 here we plot the average of the curves above andW

b low T . Thus we cannot associate either feature wit
uldthe superconducting gap, since that presumably wou d

not appear above T, . Furthermore, there is no shift in
any feature in the superconducting state as would be ex-
pec eected for a Holstein sideband associated with the con-

32y 57' 62 jndensate. Such features have also been observed ' ' in
YBa2Cu307 ~ and Bi2Sr2CaCu208 films. The structure at
400 cm ' (50 meV), which appears common to the cu-

rate superconductors, has been explained as due topra
strong bound-carrier —phonon coupling. It cannot63 b
accepted as a superconducting gap for Laz S 4Sr CuO
simply because its magnitude is too large. The value of
the lower-energy onset usually varies for different sam-
ples. The presence of this structure above T, and the
lack of evidence of an energy shift with varying tempera-
ture below T, make it diScult to associate it with the
BCS gap.

3. Holstein effect

Lee, Rainer, and Zimmermann have calculated the
d namic conductivity in the framework of strong-ynam

~ - 65, 66coupling theory, including the Holstein mechanism.
They obtain a two-gap structure in the superconducting
state. The first onset is presumed to be the superconduct-
ing gap, while the "second gap" is interpreted as the
consequence of inelastic scattering with phonons due to
the Holstein effect.

To estimate this effect, we have calculated the conduc-
tivity according to the Holstein theory for our film and
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FIG. 11. Averaged midinfrared conductivity in the normal
and superconducting states. Also shown is the difference be-
tween them. The dash-dotted curve is a calculation within the
framework of Holstein theory.
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find that the enhancement of the MIR strength below T,
may not be accounted for by the inelastic-scattering con-
tribution. In the Holstein model, the scattering rate at
low temperature can be obtained by

I 1 I I I I I
I

I I

820—nrn La2 „Sr„Cu04film
5 K

10 K

20 K

I /r(co) = f a F(Q)(cu Q—)d 0,
CO 0

(7)

where a F(Q) is the Eliashberg function or electron-
phonon spectral density. The parameters used in our cal-
culation were co =6300 cm ' (from the two-component

p
model fit outlined above), A, (co=0)=0.25, and the aver-
age boson frequency GO=75 cm '. In general, the cou-
pling parameter is given by

2 co 0A(co)= ——f a F(Q) ln
cO 0 co+0

0 co —Q——ln
co Q

I

j,

0

+o 1.0

0 5

I

0

500

500

(cm ")

T = 5
T = 10
T = 20
T = 30
T = 50

K

K

K

K

1000

1000

I I I I I

1500

1500

with a zero-frequency limiting value

F 0A(co~0)=2 f dQ . (9)

For simplicity, we have assumed the Eliashberg function
has the form (in an Einstein model) ct F ( 0 )
= A5(Q —Qo), where A =

—,'A, QO according to Eq. (9).
The calculated result is illustrated as the dash-dotted
curve in Fig. 11. The size of the Holstein sideband could
be enlarged to match the measured MIR spectral weight
by increasing A, and co, but this would be in disagreement
with the values determined experimentally.

FIG. 12. The ratio of the real part of the conductivity in the
superconducting state to an estimated normal-state conductivity
at the same temperature. For comparison, the inset demon-
strates the ratio of the conductivity at a temperature T to that at
aPxed temperature of 100 K.

ductivity at higher frequencies. This surprising result
can be attributed first to the observed enhancement of the
rnidinfrared conductivity in the superconducting state,
and second to the observed faster-than-linear decrease in
the quasiparticle scattering rate as demonstrated in Fig.
9.

4. Superconducting-to-normal ratios

Another unconventional behavior is seen in the super-
conducting to normal-state conductivity ratio shown in
Fig. 12. Ratios of conductivity have been used frequently

49, 52in the past to suggest superconducting gap structure.
In Fig. 12, we compare o.

&, and "o.&„"at the same tem-
perature (we note that if cr„and o,„arecompared at
diferent temperatures, the result is totally different as
shown in the inset, resembling the BCS-like behavior).
To estimate cr, „(co,T) below T„wepresume that the
"normal state" co D and 1/~ below T, follow the "nor-

pD —1mal" behavior, i.e., co D remains a constant (6300 cm )

and 1/r follows the linear extrapolation of the relaxation
rate above T, . Then o. ,„below T, can be calculated as
the sum of the calculated Drude component and the aver-
aged MIR conductivity (o,M,a)„,namely,

r

measured o.„T& T, ,
2oin =

1 ~par + (MIMIR &.
4'rr 1 + co

(10)

As we can see in Fig. 12, the ratio o.„/o.,„exhibits a
sharp edge near 100 cm ' and has a peak around 180
cm '. The peak is suppressed but does not shift as T ap-
proaches T, from below. o.

&, "overshoots" o.&„up to
1000 cm ' and then gradually joins the normal-state con-

5. Extra spectral weight below T,

We turn to the differences between the MIR conduc-
tivity above and below T, . An enhancement is evident in
the raw data of Fig. 5, in which we can see the conduc-
tivity at 5 K is higher than that at 50 K, above T„for
co ~ 360 crn '. By calculating the difference between the
averaged midinfrared conductivity in the superconduct-
ing state, (cr,MiR)„and the one in the normal state,
(o,M&R)„,we find an extra spectral weight below T, in
the MIR region which accounts for roughly 15% of the
Drude oscillator strength. This difference is shown in
Fig. 11. (Note that the actual fraction may be smaller for
the reason of large error bars in o.

&
at low ~ below T„as

will be discussed below; thus the difference,
(crtMiR) '—(cr,M,R)„,may be exaggerated at low fre-
quencies. ) This anomalous behavior suggests the ex-
istence of another type of excitation visible in the super-
conducting state, with the normal Drude carriers not
completely condensing into the superAuid below T, .
However, this argument cannot be taken as rigorous,
since our approach of extracting the Drude component
has neglected the cu dependence of the electronic scatter-
ing rate, though it may be weak as suggested by the small
value of coupling constant A, -O.25.

To confirm our observation of the extra spectral weight
below T, in the MIR conductivity obtained by the two-
component analysis, we use two other independent
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methods to estimate the oscillator strength of the super-
conductor condensate: the dielectric function and the f
sum rule. According to the clean-limit picture, when
2b »1/~ the Drude oscillator strength will condense
into a co=0 5 function for T &(T,. Thus, the real part of
the dielectric function at low frequencies is

2
COp

E'i(co) =eii,1 1b

where co, is the super conducting plasma frequency
defined as co~, =4m.n, e /mb with n, being the density of
superfluid carriers of mass mb, and e» is the bound-
carrier contribution to e(co), i.e., the low-frequency sum
of all finite frequency absorption. In principle, e» is ~
dependent. It is constant only at frequencies well below
the lowest bound-carrier resonant frequency.

Figure 13 shows the plot of ei(co) [obtained from KK
transform of A(co)] against co . The data fall on a
straight line, as predicted by Eq. (11), in the low-
frequency range. The slope obtained from a linear regres-
sion fit at T=5 K gives ~, =5800+100 cm ', from
which the London penetration depth can be estimated to
be Ai = I /2vrco, =275+5 nm. This value, which is much
less than the film thickness (820 nm), is comparable to the
250 nm in-plane A, i found by muon-spin-relaxation (@SR)
measurements for La& 8~Sro»Cu04 at T =6 K. We
note that only a fraction f, =co, /co D =85% of the free
carriers condense into the superfluid, in agreement with
the observation that —15% of the Drude spectral weight
has shifted to the MIR region below T, as outlined
above. Further evidence that supports this argument is
obtained from the f-sum rule that will be discussed next.

N, fr(co )
mb

2m V„()
cr(co')des',

me
(12)

where e and m are the free-electron charge and mass, re-
spectively. mb is the averaged high-frequency optical or

0
band mass, and V„»is the volume (95 A ) of one formula
unit. In this expression, N, »(co) equals to the effective
number of carriers per formula unit participating in opti-
cal transition at frequencies below m. The normal-state
N, ».(co) curves at 10000 cm ' give, if mb=m, roughly
0.18 hole per Cu02 layer, which is a value close to the
dopant concentration of our film (X-0.17) assuming
each Sr atom donates one hole to the Cu02 layer.

In the normal state, the curves exhibit a sharp rise in
the far infrared followed by a broad plateau before anoth-
er rise beginning near 10000 cm ' due to the charge-
transfer transition. As the temperature is lowered, spec-
tral weight transfers to lower frequency in response to a
decreasing relaxation rate. Below T„the spectral weight
is reduced as expected due to superconducting condensa-
tion. From the difFerence between N, ff(co)m/mb for the
normal and the superconducting states, the plasma fre-
quency of the superfiuid charge carriers [or the missing
area in the curve of o, (co)] can be estimated. This
difference gives b(N, »m /mb ) =co,m V„»/4me, from2

0.0
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C. Sum rule: Superconducting condensate

Figure 14 illustrates the spectral weight, N, s(co)m /mb,
as defined according to
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FIG. 13. Real part of the dielectric function el against co

below T, . The frequency range shown is 45 —300 cm '. Inset:
el vs co at 5, 200, and 300 K, illustrating the co-dependent metal-
lic response and the zero-crossing near the plasma edge ( —6000
cm ').
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FIG. 14. Effective carrier density per Cu atom, N,zm /mb, as
a function of frequency for various temperatures. The data are
obtained from the area under the curves of o.&(u). The spectral
weight of the superfluid condensate can be estimated from the
difference of N, zm /mb in the normal and superconducting
states. The inset illustrates the behavior at higher energy for
T = 100 and 300 K where the high-frequency reflectivity data of
Tajima et al. (Ref. 19) have been utilized.
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and the superfluid density f,(T)=n, (T)/n. The solid lines are
calculated in the framework of BCS theory, taking f, (0)=0.85
and T, =31 K.

which we find co, =5800 cm ' at 5 K, in excellent agree-
ment with the value determined from the real dielectric
function as discussed earlier.

One surprising result of our measurements is that the
N, fr(co)mlmb in the charge-transfer region is larger at
T ~300 K than at other temperatures below 250 K, as
shown in the inset of Fig. 14. The mechanism that causes
this difference is not clear at this moment. One specula-
tion is that the structural transition at around 250 K may
change the band structure due to the doubling of the unit
cell. The transformation introduces new Brillouin zone
planes at which the semiconductorlike gaps are opened,
transferring oscillator strength to higher-frequency re-
gions. The band mass may also charge accordingly. Our
choice of extrapolation makes this difference disappear
above 15 eV, where the N, s(co)m/mb curves come to-
gether. 15 eV is the end point of the interband excita-
tions from the 0 2p valence bands to the La 5d l4f con-
duction bands above the Fermi level and the starting
point of excitations from the Cu 3d bands to the La
5d /4f bands.

Figure 15 shows the temperature dependence of the
Drude (co D) and superconducting (co, ) plasma frequen-
cies. Here co~D is determined from the fit to cT,(co) as de-
scribed earlier and is consistent with a picture of constant
carrier concentration in the normal state. This magni-
tude of co~D ( —0.8 eV) is smaller in comparison with the
values ( —1.2 eV) obtained in YBCO or BiSrCaCuo crys-
tals, presumably indicating lower carrier concentration
on the Cu02 planes. Below T„cop,is estimated from the
sum rule, the linear fit to e, (co) vs co, and the least-
squares fit to the reflectance data using a two-Quid model.
These three approaches give very close results in co, and
we take the average value. Shown in the inset is the

superfluid electronic density fraction f, (T). This super-
conducting condensate is calculated according to

f, (T)=n, (T)In =co,(T)Ico D

f, (T)

f, (0)
h(T)
b,(0)

(13)

where h(T) is the T-dependent BCS order parameter. It
gives a nearly constant b.(T) at T«T, . Near T„b,(T)
drops to zero with a (1 —TIT, )' dependence. The be-
havior of f, (T) in our data agrees with this expression
and it demonstrates that the normal carriers condense
rapidly into the superAuid below T„asexpected.

D. One-component approach

An alternative approach to analysis of the optical con-
ductivity is the one-component model with a frequency-
dependent mass and scattering rate. ' In this ap-
proach, the infrared absorption is entirely due to free car-
riers, in which are divided into "coherent" and "in-
coherent" parts caused by the interaction of the free car-
riers with some sort of optically inactive excitations
(charge or spin fluctuations). This approach has been
proposed by Anderson ' and applied to heavy-fermion su-
perconductors. The normal Drude component is re-
garded as the coherent part centered at co=0. The in-
coherent part occurs at frequencies characteristic of the
excitations and shifts away from co=0 due to interactions
with the excitations. In this model, the complex dielec-
tric function is described by a generalized Drude formula:

COp

e(co) =Eh-
co[co—X(co) ]

(14)

where e& is the "background" dielectric associated with
the high-frequency contributions, co —defined by

2
7 p

4~Ne /mb —is the bare plasma frequency of the free car-
riers, and X(co)=X&(co)+iXz(co) is the self energy of the
carriers.

Because e(co) is causal, X&(co) and X2(co) are related by
the Kramers-Kronig equations. It is important to stress
that the interband contributions, which can be lumped
into eI, , are excluded from co~ and X(co). To find X(co),
knowledge of cop and e& is required. In order to identify
the interband components, we fit the experimental o &(co)

at frequencies higher than 800 cm with Lorentz oscilla-
tors to parametrize the interband absorption. By sub-
tracting the contribution due to these interband oscilla-
tors from the total conductivity and calculating the area
under cr, (co), we obtain co =13000 cm ', corresponding
to a carrier density of n = 1.8 X 10 ' cm ( mi, !m ) or
0.17 holes per Cu02 unit if mb =m. As we have found
copD 6300+ 100 cm ' in the two-component analysis, we

with co D =6300 cm ', the normal-state value. This
quantity f, ( T) is essentially a measure of the strength of
the 5 function in o &(co, T), and is related to the T depen-
dence of the penetration depth A, L (T) T.he solid curves
in Fig. 15 and its inset show the phenomenological be-
havior predicted by BCS theory according to

2
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I. Mass enhancement m /mb and self ener-gy X(co)

Once co and ez are determined, the self-energy X(co)
can be calculated at each frequency from the experimen-
tal e(co) according to Eq. (14). If we rewrite Eq. (14) as

42

e(co) =eq-
co[co+i /r (co)]

(15)

and compare Eq. (15) with Eq. (14), we can extract the re-
normalized scattering rate 1/r*(co) = —Xz(co)m& /m *,
and the effective plasma frequency co*=co~(mblm*)'
where the effective mass enhancement is given by

m */mb =1—r (16)

Note both the real and imaginary parts of X(co) are nega-
tive definite. The resulting curves of m*(co)/mb and
X2(co) are shown in Fig. 16. The effective mass m* is
greatly enhanced at low co and m *=mb at high ~, as ex-
pected for the MFL and NFL theories.

The behavior of m *(co)/m& and X2(co) as shown can be
viewed as arising from a local Coulomb interaction of

can also estimate the strength of MIR absorption or the
"incoherent'* component as

=(co —co )
~ —11 3'70 cmpm p pD

e& can be estimated from the interband oscillators. This
gives e& -4 in the far-infrared region; at higher frequen-
cies eI, becomes complex and co dependent.

carriers with a broad spectrum of other excitations. At
low frequencies, the carriers drag a low-energy excitation
cloud along with them, causing a mass enhancement. As
frequency increases, the scattering rate 1/~ increases
when the low-lying states are excited; hence, a new inelas-
tic scattering occurs. The carrier mass decreases to ap-
proach the band mass as co increases, for the low-lying ex-
citations cannot follow the rapid carrier motion. We can
estimate the characteristic energy range of the low-lying
excitations from the frequencies at which m*(co) and
Xz(co) change from their low- to high-frequency behav-
iors. This range appears to be between 300 and 1000
cm ' (0.04—1.2 eV). We note that a pronounced peak
near 0.1 eV reported by Uchida et al. ' is not observed in
our spectra of m*/mb and X2. The present values of X2
are comparable with their result for the unnormalized
scattering rate. The mass enhancement here is, however,
a factor of 0.15 smaller than their result. The high value
of m * in their data would imply an even stronger cou-
pling between the free carriers and the low-lying excita-
tions, which is difficult to understand. Note that the
value of m */mb at low co and low T can also be predicted
from the conductivity sum rule from Fig. 14 or simply
from cop/MpD 4.2, which agrees well with the result in
Fig. 16. Writing m */mb = 1+A., we find the low-
frequency limit value of coupling constant A, =3 at low
temperatures, suggesting strong interaction of carriers
with a spectrum of other excitations. One major
difficulty with this model is that this large A, would give a
high T„inconsistent with the actually measured T,
value.
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FIG. 16. Frequency-dependent mass enhancement (lower
panel) and imaginary part of the self-energy (upper panel) de-
rived from the experimental complex dielectric function with in-
terband contributions subtracted.

A linear T-dependent scattering rate at ~-0 implies it
is also linear in co at higher frequencies. The effective re-
normalized scattering rate can be obtained by
I /r* = —(mz /m ")X2. This quantity is shown in Fig. 17.
The extrapolated co=0 values of I/r* are compatible to
those obtained above in the two-component fit by assum-
ing a constant scattering rate. This is not surprising since
both the one- and two-component approaches have de-
scribed the dc transport behavior well. At higher fre-
quencies, we observe I/r' is of order max(T, co) before it
saturates. According to the MFL theory, however, it is
not 1/r* but the imaginary part of the quasiparticle self-
energy X2 that has the form —X2=A, ma ( xT, acro), as long
as co&co, =1000 cm '. Thus, X2 would change from
constant to linear in co at co& AT. At low co, our results
agree with this prediction, and X2 tends to saturate at fre-
quencies above co, . Since A, is, in principle, T indepen-
dent, one expects the slope of Xz(co) to be constant at all
temperatures in MFL theory. However, our data indi-
cate a gradual decrease of slope with increasing tempera-
ture.

It is difficult to interpret the frequency-dependent
scattering rate as a consequence of inelastic scattering
due to the Holstein effect, ' in which a carrier can ab-
sorb a photon of energy %co, emit an excitation (or a pho-
non) of energy E (E —300 cm ' in this case), and scatter.
First, the large value of A, ( —3) implied by the analysis of
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FIG. 17. Renormalized scattering rate given by 1/w
= —(mb/m *)X2.

Fi . 16 suggests a strong coupling between the conduc-
tion carriers and the excitation. ThereTh fore at T &c.-400
K, the dc resistivity should significantly deviate from its
linear T-dependent behavior. Such a large k would also
im 1 that the mean free path is of the same order o t e
lattice constant at room temperature,
imp y a

re thus the dc resis-
uld be expected to saturate, inconsistent with the

observed linear behavior which persists up to
LSCO materials. Second, the Holstein sideband would
shift upwar s yd b 2A the threshold energy for exciting
two quasiparticles, in the superconducting state. On t e

t r our spectra in Fig. 5 do not show such shift.con rary, ou
H r this structure could have been smeareowe ver,
h

' of the Holstein effect depends sensitive y on e
2 nim uritshape of the Eliashberg function a F(Q) and on impuri y

scattering. e possi iTh bility of a Holstein effect therefore
may not be completely ruled out.

E. Loss function

In the temperature-dependent refiectance spectra of
F' . 3 d 4 we have observed that the reAectivity edgeFigs. an, we
sharpens and slightly moves to higher frequency with de-

sin temperature. This may be attributed main y tocreasing tempera ur .
h ff t of volume contraction. The behaviotee ec o v —Im(1/e) asbe seen in the electronic loss function —m,

demonstrated in Fig. 18. Upon cooling, the peak position
at the screened plasma frequency co =

with a sli hteV) shifts to slightly higher energies along wi 'g

in of the broad peak. This can be understood in
terms of the generalized Drude model, in whic e

1 —Im( I /e) is given approximately by
co r /e' at co = co = co /QEI, with a w'ldth 0 /'r co&

This broad width (0.4 eV) is caused by the anomalous
midinfrared background absorption.

Bozovic found that —Im(1/e)=/3' for small co in

FIG. 18. Energy-loss function calculated from the Kramers-
Kronig ana ysis o co a1

' f %'( ) at selected temperatures. The so id
line is a calculation using the oscillator parameters obtained
from a two-component model fit to A(co) as shown in t e upper
inset. The lower inset illustrates the diFerent low co-dependent
behavior of the loss function at 50 and 300 K.

both Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-O, and conjectured
that the quadratic law was universal for all layered cu-

rate superconductors. In addition, it has been suggested
th t the two-component oscillator model fails to repro-
duce accurately the experimental loss function. e
making careful analysis on our La2 „4Sr CuO film, how-
ever, we find our results are in sharp contrast to these
conclusions. By using the dielectric function with a two-

1) to fit the room-component model in the form of Eq. to e ro
Aectance we obtain a set of oscillator pa-

rameters which can almost exactly reproduce the mea-
sured R(co) as shown in the upper inset to Fig. . Ti. 18. T e

II. When theoscillator parameters are listed in Table . e
same set of parameters is used to calculate the loss func-
tion, we can see an excellent agreement with the experi-
mental —Im(1/e) curve throughout the entire measured

of Fi . 18. We wantrange as illustrated in the main part o ig. . e w
to stress here that the peak in —Im(l/e) is determined
not only by the free carriers, but also by the bound car-
riers participa ingt the charge-transfer and interband tran-
sitions. The loss function can be well fit only after the in-
terband oscillators are taken into account.

of the lossWhen looking into the small-co behavior o e
function, we note that for our film the low-frequency

1 —I ( 1/E ) —co suggested by Bozovie
et al. is valid only at low temperatures (or at hig er
frequencies). A linear co dependence, instead, is more ap-

f h h t mperatures. The result is more evi-
dent when our data are plotted in log-log scale as shown
in the ower inse o ig.1

' t f Fig 18. This behavior can be under-
stood quantitatively in the one-component approac .
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TABLE II. Parameters of a two-component oscillator fit to
the measured %(co) at room temperature. e„=1.5.

Oscillator no.
COp

(cm ')
63p

(cm ')
r

(cm ')

Drude 6 240 358

Mid-IR no. 1

Mid-IR no. 2
Mid-IR no. 3

250
950

3 180

2 320
10 640
6 580

210
2 850
4 330

Phonon no. 1

Phonon no. 2
Phonon no. 3

126
359
681

750
455
450

28
22
25

CT band
Interband no. 1

Interband no. 2

11 260
23 650
59 370

6 720
16 620
94 290

4 820
15 630
33 410

Starting with Eq. (14), one can derive the approximation
for co &&co:

COY~—Im(1/e) = —
z

~ —coX2,
COp

(17)

where co& =13000 cm ' for our film. If X2 has the form
of —X2=l, max(n T, ro), as suggested by Fig. 16, then
—Im(l/e) will be quadratic in ro when T&ro/w but
linear in ro when T & ro/m. . We can see the 300-K curve
in the inset changes its slope at co, =700 cm -~T, giv-
ing a -cu dependence above m, and an m linear depen-
dence below ro, . [In fact, the 50-K curve also becomes
linear in co at frequencies below 100 cm '-nT (not
shown). ] This behavior can also be explained qualitative-
ly in the two-component analysis. At small co, the dielec-
tric function e(ro) is dominated by the Drude term, thus
the loss function exhibits the ordinary co linear depen-
dence. At higher frequencies, the midinfrared tail be-
comes important, causing the loss function to deviate
from this linear behavior.

F. The superconducting gap

In the conventional Bardeen-Cooper-Schreift'er super-
conductors, it has been demonstrated successfully that
the superconducting-to-normal ratio in transmission
would give a maximum very near 26, the superconduct-
ing gap energy. Other experiments ' showed that the
gap corresponded to a threshold in surface resistance or
conductivity. Many attempts have been made to identify
the superconducting gap of HTSC at the peak in the
reflectance ratio A, (T)/A„or at the onset of the conduc-
tivity cr„(co). However, it is problematic to make such
assignments. First, the reflectance data (see Fig. 4, for
example) do not exhibit a clear edge. Second, the phonon
structure and MIR absorption tail as well as the T depen-
dence of the scattering rate complicate this approach. Fi-
nally, the propagated errors in cr„(ro)at low frequencies
are large due to the fact that %(ro)~1. The experimen-
tal accuracy in A(ro) in the far infrared is not much
better than +0.5%. We repeated the reflectance mea-
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FIG. 19. The propagated uncertainty in values of the con-
ductivity derived from the reflectance A, in which A is close to
unity and has the uncertainty shown.

surements on our sample five times, finding agreement
within +0. 5%%uo above 300 cm but variations from the
average up to +1/o at 40 cm . This is illustrated in Fig.
19 where we plot in the upper panel the average
reflectance at 5 and 200 K as solid lines. The dashed
curves represent upper and lower estimates of the uncer-
tainty in A: +0.5% at 200 K and above 300 cm ' at 5

K; the highest and lowest measured reAectances below
200 cm ', with a smooth merge between 200 and 300
cm '. We can then estimate the uncertainty in cr &(co) by
performing the KK transformation. The results are in
the lower panel of Fig. 19. The propagated uncertainty
goes roughly b, rr, /o, = [ I /(1 —A )](~/A ), as men-
tioned in the end of Sec. II. As we can see, the absorp-
tion edge of o „(ro),whose value (-3.7k~ T, ) appears to
coincide with the prediction of BCS theory, is largely
dependent on the accuracy of %(ro). This prevents any
gap assignment based on the onset of o.

&, .
Kamaras et a/. have argued that a superconducting

gap cannot be unambiguously identified in the infrared
spectra if the material is in the clean limit, I/r «2b. or
l »g, with I the electronic mean free path and g the
coherence length. In our sample, the free-carrier relaxa-
tion rate is I/r-2. 5k~T, at 50 K (r=0. 1 ps), smaller
than the expected BCS superconducting gap. One ex-
pects an even smaller value of I/r well below T„thus the
clean-limit condition will be met. This low free-carrier
relaxation rate implies that most of the free-carrier oscil-
lator strength would move to the zero-frequency 6 func-
tion of the superconductor, leaving little strength —only
a factor I/(mob, ) of the Drude spectral weight —avail-
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able for the gap transition. As seen in Fig. 10, there is al-
ready considerable second-component (MIR) absorption
in the low-frequency region, making it likely that any
remaining gap structure is obscured by the intense midin-
frared absorption.

IV. CONCLUSIONS

In this paper, we presented a set of temperature- and
frequency-dependent optical spectral functions from the
far-infrared through the ultraviolet region. We made a
systematic analysis for an epitaxial La2 „SrCu04 thin
film with a transition temperature T, =31 K. We em-
phasized the two-component analysis for both the normal
and superconducting states. Then we discussed the alter-
native of a one-component approach.

Our results show that the temperature dependence of
the ab-plane infrared phonons is sensitive to the
tetragonal-to-orthorhombic phase transition near 250 K.
One anomalous behavior which appears to be associated
with the structural transition is that the reflectance in the
charge-transfer region is significantly depressed below
250 K, implying a shift of spectral weight to the higher-
energy region. The electronic behavior is similar to that
observed in other cuprate superconductors like YBCO or
BiSrCaCuO crystals. On the other hand, the LSCO crys-
tal has a lower free-carrier concentration but a higher
phonon oscillator strength on the Cu02 layers. The
normal-state infrared properties of LSCO materials ex-
hibit an extremely unusual non-Drude response over
most of the infrared range. This anomalous behavior can
be interpreted either by absorptions due to free and
bound carriers in the two-component approach, or by a
strong frequency-dependent scattering rate and a mass

enhancement in a single-component approach.
The two-component picture analysis shows a narrow

(of order k&T) Drude absorption and a broad, strong
midinfrared band. The Drude plasma frequency is essen-
tially temperature independent, whereas the scattering
rate is roughly linear in T in the normal state followed by
a fast drop below T, . A weak-coupling strength A, -0.25
is derived. The midinfrared absorption exhibits a weak
temperature dependence in the normal state. In the su-
perconducting state, the absorption is similar to the
midinfrared band, but is enhanced in the 150—1500 cm
range. The superconducting condensate carries most
( —85%) of the free-carrier oscillator strength. No super-
conducting gap is discernible as the film is near the clean
limit. The absorption edge near 80 or 400 cm ' cannot
be assigned as the superconducting gap and is attributed
to the tail of low-energy excitations or to the strong
bound-carrier —phonon coupling. The single-component
picture analysis in the normal state shows a strongly
frequency-dependent scattering rate of the order
k~T+A~ at low frequencies and a large mass enhance-
ment, which leads to a strong-coupling strength A, -3.
This analysis has the features predicted by marginal Fer-
mi liquid of nested Fermi liquid, but has a temperature
dependent slope in the imaginary part of the quasiparticle
self-energy.
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