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We report room-temperature optical reflectivity and transmission measurements on a variety of
YBa,Cu;0; and Bi,Sr,Ca, _,Cu,0,, ;4 thin films in the 500-25000 cm ! frequency range. Reflectivity
data when not biased by the substrate are used to compute the optical conductivity. A comparison of
our results with published reflectivity data on single-domain YBa,Cu;0; crystals suggests an overwhelm-
ing contribution of the CuO, planes (with respect to the chains) to the optical conductivity. The data
can be analyzed in terms of a Drude low-frequency contribution and a so-called midinfrared band. How-
ever, the anomalous infrared response appears to be uniquely described by a generalized Drude response:
for all the samples investigated, the relaxation rate (which increases linearly with frequency) and the
effective mass are found to be the same as a function of frequency.

I. INTRODUCTION

The understanding of the infrared response of high-
critical-temperature copper-oxide superconductors in
their normal state is still controversial. As earlier point-
ed out by Timusk and Tanner, ' the infrared (IR) response
may be characterized by two contributions: a low-
frequency, Drude-like behavior assigned to free carriers,
and a strong midinfrared contribution (the midinfrared
band or MIB).>?

There is clear experimental evidence in La,_, Sr, CuO,
(Refs. 4 and 5), YBa,Cu;O4,;, (Refs. 3, 6, and 7),
Nd,,,Ba, ,Cu;O¢., (Ref. 7), and Bi,Sr,CaCu,04 (Ref.
8) that as a whole the MIB is a spectral feature associated
with the presence of free carriers within the conductive
CuO, planes. Experimentally, a chain contribution was
claimed to be found in single-domain crystals (1:2:3 com-
pounds) lying in the midinfrared range”!® by separating
the b conductivity (contributed by both chains and
planes) from the a conductivity (contributed only by
plane).!! Indeed, the reflectivity spectra do show a
definite different response when the electric field is paral-
lel or perpendicular to the chains. Although the so-called
chain conductivity appears not to be negligible at all in
such single-domain crystal data, we believe that these re-
sults are not necessarily contradictory with our claim
that in the thin films the MIB is solely associated with the
carriers within the planes, as discussed below.

The generalized Drude conductivity where both the
effective mass and the relaxation time of the normal-state
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carriers are frequency dependent'? appeared first as an al-
ternative description of the infrared response. It has been
promoted later through experimental analyses'** show-
ing that the relaxation rate exhibits a linear variation
with frequency in a large frequency domain, up to 2000
cm ! on the single-domain YBa,Cu,0; crystal published
data, ' and even up to 6000 cm ! on Bi-based single crys-
tals.!> This linear frequency dependence is the counter-
part of the linear temperature decrease of the normal-
state resistivity in high-T . superconductors.

This assumption has since found both experimental
and theoretical support. The experimental support arises
through the close relationship that exists between the
MIB and the low-frequency free carrier response.’”’
Such a description indeed assigns the entire IR response
to the carriers. The theoretical background relies on the
properties of the marginal-Fermi-liquid theory where
scattering occurs from a flat frequency spectrum, '¢ or on
the properties of nesting. !’

Our paper concentrates on room-temperature
reflectivity data on a set of YBa,Cu;O; and
Bi,Sr,Ca, _Cu,O,, 4 thin films, some of them of very
high quality, in order to discuss the most relevant
description of the optical conductivity.

We observe that the reflectivities and the infrared con-
ductivities of our identified best YBa,Cu;O, and
Bi,Sr,CaCu,0y , 5 samples exhibit quantitatively the same
frequency dependence and are very high compared to the
reflectivity and optical conductivity associated to the a
axis in the case of untwinned YBa,Cu;0; crystal.

9846 ©1994 The American Physical Society



49 INFRARED PROPERTIES OF YBa,Cu;0; AND. .. 9847

We find that although a “two-component” picture may
be used successfully in order to parametrize the optical
conductivities, leading to reasonable parameters, the gen-
eralized Drude model yields a variation versus frequency
of the relaxation rate and of the effective mass which
shows in a broad energy range (500—6000 cm ') a strik-
ingly similar behavior for all the compounds studied.

II. THIN-FILM CHARACTERISTICS

The thin films that we have studied are labeled from A4
to F, as follows. 41, 42: YBa,Cu;0,/MgO, thickness
3000 A and 2500 A, B: YBa,Cu;0,/SrTiO; thickness
1000 A, C: YBa,Cu;0,/MgO thickness 500 A, D:
GdBa,Cu;0,/MgO thickness 2000 A,  E:
Bi,Sr,Ca,Cu;0,,/MgO  thickness 3000 A, F:
Bi,Sr,Ca,Cu,04/MgO thickness 3500 A.

The details of the deposition procedure of the ““1:2:3”
thin films have been reported elsewhere.'®° Briefly, 4,
B, and C samples have been deposited in situ by laser ab-
lation, using a XeCl excimer laser, at a temperature in
the range 720-750°C, under an oxygen pressure of ~0.3
mbar. The GdBa,Cu;0, thin film (sample D) has been
deposited in situ by dc sputtering at ~700°C, under a
mixture of argon (90%) and oxygen (10%) in a high total
pressure close to 1.2 mbar.

All these films have been structurally characterized by
0-20 x-ray diffraction, which has clearly shown their c-
axis orientation. The rocking curves (g scans) are nar-
row, typically the full width at half maximum is close to
0.5°, characteristic of the good crystallinity of the sam-
ples. The laser ablated films have been in-plane charac-
terized by reflection high-energy electron diffraction,
which gave evidence of the epitaxial growth, i.e., the axes
of the films are aligned with those of the substrate. ®

The superconducting properties of the “1:2:3” laser-
ablated films have been determined by resistive or induc-
tive measurements. Typical YBa,Cu;0; thin films with
narrow transitions (AT <0.5 K) with T,o(R =0) up to 90
K are obtained, but for films deposited on MgO, T, lies
routinely in the range 85-88 K (measured during rapid
cooling). For this work, samples with various thicknesses
and T,, as close as possible one to the other (85.2-86.5
K) have been selected. A typical resistive transition
(sample A) is shown in Fig. 1. Precise knowledge of the
resistivity would require patterning of the films, which
then precludes the optical studies. Samples prepared in
similar conditions have been measured and exhibit typi-
cal resistivities of 300-400 1) cm at room temperature.

The GdBa,Cu;0, dc sputtered film has a narrow
(AT <0.5 K) albeit lower transition (T,,=79.5 K) in
spite of a high quality of crystallization. This lower T, is
due to the presence of a few percents of strontium impur-
ities coming from the baryium carbonate (analytical
reagent grade) precursor which has been used for the tar-
get fabrication, whereas the YBa,Cu;O, targets have
been made from a highly purified BaCO;.

The Bi,Sr,Ca, _;Cu,O,, ;, thin films were deposited
on single-crystal MgO (100) substrates by a sputtering
technique.

The E sample, mainly composed of 2:2:2:3 (n =3)
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FIG. 1. Resistive transition of the YBa,Cu;0; A4 thin film.

phase, was obtained in a two-step process:?® (i) deposi-
tion on a substrate at room temperature by dc triode
sputtering in pure Ar atmosphere, from a single, lead-
doped target; (i) post deposition annealing for 16 h at
857°C in a lead-enriched atmosphere. X-ray studies of
samples prepared in this way with thickness larger than
2000 A showed that they are composed of 75-80 % of
the 2:2:2:3 phase and 20-25 % of the 2:2:1:2 phase. The
E sample is highly c-axis oriented. Its cationic composi-
tion determined by energy dispersion x-ray (EDX)
analysis, is close to 2:2:2:3 with a partial substitution
(~20%) of Pb for Bi. Its critical temperature T,(R =0)
is 106 K and the resistivity at 300 K is (500+100) uQ cm.

The F sample (n =2) was prepared in a one-step pro-
cess:2!?2 It was epitaxially grown in situ by rf magnetron-
single target sputtering on a substrate kept at high tem-
perature (~735°C). The ratio Ar/O, of the process gas
was close to 1 and the total gas pressure was 300 mTorr.
The critical temperature T,(R =0) is 80 K. X-ray stud-
ies of such films showed that they are highly c-axis orient-
ed and epitaxially grown.?! The resistivity at 300 K was
found to be (300+50) Q2 cm.

The 2:2:1:2 F sample has a somewhat large transition
(AT ~10K). The 2:2:2:3 E sample has a narrower transi-
tion (AT ~4 K).

III. EXPERIMENT

Reflectivity near normal incidence and transmission
spectra have been recorded in the 500-7000 cm ™! spec-
tral range (actually, transmission data only start at 1000
cm ™! due to the MgO absorption, or “reststrahlen” band,
below this range) with an IFS66 Bruker Fourier-
transform spectrometer and in the 5000-25000 cm ™!
range with a Cary 17 spectrophotometer.

All films have been studied in reflectivity, whereas only
A, C, and E have been studied by transmission, the oth-
ers exhibiting nonpolished rear face. The reflectivity
spectra are displayed in Fig. 2. The 41 and A2 spectra



9848
1 g — . —
ls ® A YBa,Cu,0, 3000A
" o
i.' B YBa,Cu,O_ 1000A
A s a,Cu,O,
0.8 ]O% C
8, ) 1
{ 4, 5g e D GdBa,Cu O, 20004 |
DJO A ‘3. . o 4‘
{ N 09‘ © E Bi,Sr,Ca,Cu,0, 3000A
O A
= . - . ;
g 0or 4% A FBiSrCaCu0, 3500A
— O 272 278
= Lo O st
Z O ao® o !
= 5 o o C YBa,Cu,0, 5004 )
O A o3 °
I
[ a@ A ¥ o MgO substrate
= 0.4 - fou)
R~ 8
o
o]
0.2 L

°
b |
Oooooooooooo@om {
o (o]
0 Q

0 5000

10000 15000 20000 73000

ENERGY (cm™b)

FIG. 2. Room-temperature reflectivity spectra for the set of
thin films and for the MgO substrate of the C sample.

cannot be distinguished and therefore only the A1 is
shown (henceforward A).

Transmission spectra of the A, E, and C films are
shown on Fig. 3. The 2:2:2:3 (E) transmission is higher
(for the same thickness) than the 1:2:3 ( 4) transmission.
It is comparable to the 2:2:1:2 transmission which was
measured earlier.”> An interesting remark then arises
when looking at the sample 1:2:3 (C) transmission, name-
ly that decreasing the thickness by a factor of ~6 in-
creases the transmission by a factor of ~20. This yields a
valuable increase in sensitivity when looking at the tem-
perature variation of the infrared response?* with respect
to the most appropriate free standing single crystals,
namely the Bi-related family?*?¢ where transmission does
not exceed a few percent.

Kramers-Kronig (KK) analysis from reflectivity data
(which extends towards the lowest frequency) has been
used in order to establish the dielectric functions and the
real part of the conductivity for a number of these sam-
ples. In order for this analysis to be valid, we have to as-
sume that there is no significant contribution from the
substrate to the reflected flux. In order to check this as-
sumption, we first observe that the 3000 and 2500 A4l
and A2 films) exhibit the same reflectivity, hence the sub-
strate contribution is indeed negligible. Kramers-Kronig
transform run on these films provide the real and imagi-
nary parts of the optical index, from which one can esti-
mate the depth over which the light is damped by a 1/e
factor: We find approximately 1000 A in the whole in-
frared range. This means that the first reflection from the
rear substrate-film interface in samples thicker than 1000
Ais damped up to 90%. Therefore for samples D, E, and
F, the contribution of the substrate through multiple
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reflections is expected to be small, while it may not be the
case for sample B and is definitely not the case for sample
C.

Indeed note that the reflectivity spectrum of pure MgO
exhibits a pronounced dip at 1000 cm™' and that the
same dip is clearly displayed on film C reflectivity: The
underlying MgO substrate clearly interferes with the
reflectivity of the film (see Fig. 2). Note also that the B
sample (1000 A thick) exhibits a similar slight dip at 1000
cm™ ', hence at the same frequency as the one observed
on the C sample (500 A thick) whlch may be due to the
substrate. The E sample (3000 A) also exhibits a very
small structure: This observation is consistent with the
fact that the transmission for the Bi-based materials is
higher than for YBa,Cu;0,. For the latter two films, the
dip is small compared to the overall reflectivity and ap-
pears to distort only slightly the reflectivity, e.g., of sam-
ple B with respect to sample 4.

We have therefore decided to run the Kramers-Kronig
analysis from reflectivity spectra for samples 4, B, D, E,
and F. We shall come back to this point later and show
that the assumption that the dip may be neglected for B
and E is quantitatively justified.

We have chosen the Hagen-Rubens relation to extrapo-
late the low-frequency data, as commonly done.>!* The
high-energy termination is more delicate. Although ap-
pending the current spectrum with high-frequency data'’
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FIG. 3. Transmission spectra for the 4, E, and C films. The
solid lines are the computed spectra with the parameters shown
in Table 1.



may appear safer than an analytic termination, a compar-
ison of the computed conductivities on similar twinned
YBa,Cu,0; single crystals*!> with completely differing
high-frequency terminations do not exhibit noticeable
differences. It is easy to show that the contribution to the
phase 6(w;) arising from the w >>w; frequencies involves
a term of the order of w;/w and therefore decreases
strongly any weight due to the actual high-frequency
reflectivity.  Finally, combining ellipsometric and
reflectance data in order to reduce the uncertainties due
to the terminations?’ is certainly desirable but not always
available.

We have then assumed for the high-frequency termina-
tion @ > wp,,

R(0)=R (0, 0/, , (1)

and we have adjusted the p exponent in order to fit
smoothly the reflectivity spectrum.

Figure 4 displays the real and imaginary parts of the
dielectric function for the A4, B, D, E, and F samples:

elw)=¢ () +ie)w) . (2)

Figure 5 shows the real part o ,(w) of the optical conduc-
tivity for the same samples. We show in Fig. 6 the con-
ductivity for the 4 sample in a restricted frequency range
500-8000 cm ™! in order to compare to single-domain
crystal data. '

10000 17500 25000

ENERGY (cm'!)

FIG. 4. Real and imaginary parts of the dielectric function
versus frequency obtained by Kramers-Kronig transform of the
data of Fig. 2. The lines are the best fits to Eq. (4), using the pa-
rameters from Table I.
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FIG. 5. Real part of the conductivity for the same set of sam-
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parameters from Table I.
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A. Raw spectra

The comparison with earlier twinned single crystals
shows that our data (for the 4 and B films, despite the
dip at 1000 cm™ ! for the latter) lie above those for
twinned single crystals. Indeed, the data of Ref. 3
[recorded at 100 K, which increases the reflectivity by
~49 (Ref. 13)] are comparable to B, and the data of Ref.
13 (250 K) are comparable to D. From this point of view,
this shows that our films are of better quality than those
single crystals.

A comparison of the reflectivity of sample 4 and B to
the published reflectivity of an untwinned YBa,Cu;0,
crystal for the electric field polarized either parallel to the
a axis (E||a, likely probing the CuO, planes) or parallel to
the b axis (E||b, likely probing both planes and chains)'*
shows that the reflectivity of the 4 and B films lies in be-
tweerll the Rjja (R,) and R||b (R,) spectra above 3000
cm

According to current undergoing investigation, epitaxi-
al films develop domains with an approxxmate 1000-A
size, each of those having the a or b axis parallel to one
side of the substrate,!® and could be untwinned due to
their small size.”® In order to discuss the unpolarized
light reflectivity data, one can choose to analyze the un-
polarized light along the perpendicular sides of the sub-
strate. Therefore one expects the same averaging of the a
and b response for each independent polarization. The
proper way then to approach this problem is first to dis-
tinguish between the range where the size D of the
domains |ja@ and || is large compared to the wavelength of
the incident light, and the range where this characteristic
size D is small compared to the wavelength. This defines
a crossover wavelength of ~1000 A, e. g., an energy of
100000 cm™'. According to this figure, the conventional
optical spectral range is in the regime where the wave-
length is long compared to the typical size of the
domains. Note that the orthogonal twinned structure in
a single crystal is different from the possibly alternating a
and b orientations of the microcrystals in an epitaxial
film: One gets twin boundaries at a typical ~500-1000
A distance;? again this domain size is small compared to
usual wavelengths.

In the opposite case, it would be natural to identify our
spectrum to an averaged spectrum

(R)=1/2(R,+R,) . 3)

We have done it for the matter of the comparison: (R )
coincides almost perfectly with our reflectivity above
5000 cm ! but clearly drops below it in the 1500—4000
cm ! range, reaching ~4-6 % difference. Note that this
comparison has been done between room-temperature
spectra (ours) and 100-K spectra'* where the reflectivity
is expected to be slightly enhanced,!? therefore we may
minimize the observed difference.

One could then argue from the good agreement be-
tween (R ) and the films or twinned crystals reflectivity
in the midinfrared that the crossover from wavelength
short with respect to the size D of any domains to wave-
length long with respect to D occurs around 2 um. How-
ever, in the case of films as well as single crystals, these
sizes are definitely much smaller. Moreover, the film
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reflectivity is systematically higher than R, or R, in the
infrared ( <5000 cm ™~ 1).

Therefore, we think that the reflectivity measured on
our films cannot be the simple average of the R|ja and
R ||b reflectivities. The search for another kind of averag-
ing, in the alternate limit where the wavelength is large
compared to the domain size, has to be performed using
the conductivity. This is discussed in Sec. III C1.

The Bi,Sr,Ca,Cu;0,, and Bi,Sr,Ca;Cu,0; thin films
do not exhibit a reflectivity as high as YBa,Cu;0,; com-
pounds. To our knowledge, there are less published data
in a wide spectral range on these systems than on
YBa,Cu;0;. Below 4000 cm !, the single crystals exhibit
a slightly higher reflectivity.®3° Late work reports the
transmission spectra of single crystals.?>! Therefore we
shall only be able to compare below the optical conduc-
tivities. The 2:2:2:3 spectrum is similar to the 2:2:1:2 one
but the low reflectivity in the visible range is a clear indi-
cation of surface degradation. It got slightly deteriorated
with time, which tended to decrease the reflectivity by
~10%.

B. Dielectric function

1. The MIB model

In order to interpret quantitatively the spectra, we
have first fitted the real and imaginary part of the dielec-
tric function (computed through KK transform) for sam-
ples A, B, D, E, and F, to a phenomenological model,
writing the dielectric function as follows:

(1)2 ()J%
g@)=g, ————+ : , @
@ o(o+iy) ? ol —o’—ioy;
where €, is the dielectric constant comprising the high-

frequency electronic contributions, , is the plasma fre-
quency, y is the relaxation rate, wj the oscillator
strength of the ith Lorentz oscillator, w; its central fre-
quency, and y; its damping factor. The parameters that
we find are gathered in Table I. The computed dielectric
functions are the lines shown in Fig. 4.

One single value for the plasma frequency (12000
cm™ ! or 1.5 eV) for the 4 and B YBa,Cu;0, compound
has been used to fit all the £,(w) and €,(w) curves; howev-
er, sample D requires a somewhat smaller value (11000
cm ™ !): As mentioned in the second paragraph, this sam-
ple contains strontium impurities and exhibits a lower T .

We find also a lower value for the Bi compounds (8000
cm™!). These values are in reasonable agreement with
what is now commonly found when such an analysis is
performed.>?*?* We find as usual a very large Lorentz
oscillator in the midinfrared range (the midinfrared band
or MIB). A number of oscillators in the visible range are
identified but their weight cannot be precisely determined
and may be accounted for by € .

We have also reported in Table I the dc resistivity p,p,
that can be inferred from this fitting procedure, which is
computed in cgs units from

=62-L | (5)
Popt ‘012;
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TABLE I. Best values for the most relevant parameters of the two-component model according to

Eq. (4). e, and e, are the substrate and film thicknesses.

Y Wp WOMIB (243 Y miB €s €r Popt
€ (cm™) (cm™Y) (cm™) (m™) (m™)  (um) (A) 1Qcm

A 4 450150 12000 1000 20000 8000 500 3000+200 195+25
+500

B 4.3 700+£100 12000 1000 23000 6000 500 1000 300+50
+500

C 4 450+50 12000 1300 20000 3000 500 500150 195+25
+500

D 3 500+£100 11000 1000 15000 7000 500 2000 250+50
+500

E 3 900+100 82501250 1000 12000 7000 600 3000 900+100

F 4.5 450+100 8000+500 1000 18 500 5000 600 3500 450+150

where w, and y are in cm™!. The actual dc resistivities
of the various samples have been indicated in the para-
graph dealing with the sample characteristics

Because of the uncertainties on the determination of
w, and y through our fitting procedure, it is clear that
one can only find approximate values for p,,. They
range between 200 and 300 pQ2cm for the YBa,Cu,;0,
films, which compare satisfactorily with the dc typical
values. The agreement is not so good for the Bi com-
pounds. Concerning the raw data, the optical conductivi-
ty at the lowest frequencies for sample B reaches twice
the dc value; for the other samples (A4,D,E,F), the
figures that we find for the experimental optical conduc-
tivities are compatible with dc conductivities (Fig. 5).

A consistent and independent check of the procedure is
to compute the transmission of the film on its substrate
with the parameters that we have obtained using only the
reflectivity data and their KK transform. We recall that
in order to do so, we have for each film measured the
transmission and reflection spectrum of the MgO sub-
strate from the same origin; we then determine the opti-
cal constants of this particular substrate in order to com-
pute the full transmission, by modeling multiple
reflections within the film and the substrate.?*>

The results of the calculation are shown in Fig. 3 by
the solid lines. The experimental spectra for the 4 and E
samples agree with the computed ones using the parame-
ters defined by the best fit to the dielectric constant.

In the case of the YBa,Cu;0,; C (500 A) sample, the
procedure was different because the role of the substrate
is definitely extremely important. We have adjusted the
parameters in order to fit simultaneously the reflectivity
and transmission, including for both multiple reflections
in the film and the substrate. Fitted spectra are shown in
Fig. 3. It turns out that it is not possible to fit simultane-
ously the reflectivity and transmission spectra of this
thinner film with the parameters used for the other thick-
er films. In particular, the width of the MIB is 3000
cm ™~ ! instead of 8000 cm ! (Table I) and there is the need
for an extra band at 7500 cm™! to fit the near infrared
spectrum. Technically, this change in parameters is re-
quired in order to account for the “dip,” due to the sub-
strate, that now affects strongly the reflectivity and which
is not properly taken into account even when modeling

the substrate effect. This may be related to the fact that
the substrate undergoes a rapid change of its optical con-
stants due to the reststrahlen band (Fig. 2).

The above comparison of the phenomenological pa-
rameters which account for the reflectivity and transmis-
sion spectra of films of various thicknesses can be taken
as an indication of the effect of the substrate as a function
of thickness. Up to 1000 A, for YBa,Cu;0; films, the
role of the substrate cannot be neglected. At 1000 A (B),
it does distort (through a slight dip) the spectrum: This
bears some consequences for the conductivity (which is
indeed for instance too high at low frequency, as men-
tioned) and the relaxation rate, as will be shown further.
However, if one simply neglects this dip, the parameters
that fit the spectra are the same as for thick samples.
This suggests that indeed the effect is almost negligible.
The 2500- and 3000-A spectra are identical and are
smooth at 1000 cm~!. The A spectrum is from this
respect the most reliable.

We are going to analyze the A, B, and D conductivi-
ties, bearing in mind that the B and D ones may be slight-
ly distorted around 1000 cm ™! but not otherwise. We
shall apply the same conclusions to the E and F films, re-
lying on the fact that the dip when present is comparable
to the one observed on the B and D samples.

2. The layered electron gas

It has been argued, relying essentially on the experi-
mental observation that the frequency dependence of
Im(—1/¢) is quadratic, that the non-Drude behavior
may be characteristic of a layered electron gas and that
the relevant variable is the density of carriers per “slab,”
one slab being a set of CuO, monolayers. 2’3334

We have reported Im(—1/¢) versus frequency in a In-
In plot (Fig. 7). We get reasonable straight lines up to
3800 cm ™!, defining an exponent 1.810.2, consistent
with a quadratic behavior:

Im(—1/e)=Pw’ . (6)

The value of B changes by ~2 from one sample to the
other, as already noticed.** We do not observe any linear
dependence of the critical temperature T, versus the slab
carrier density d /B as found previously.>* Therefore we
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FIG. 7. Ln-Ln plot of Im(—1/¢) versus frequency for the
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do not believe that this description provides a unified pic-
ture for the cuprate superconductors.

C. Real part of the conductivity

The real part of the conductivity will be henceforward
identified as 0| and the imaginary part by o,.

1. Comparisons with single crystals

For the Bi,Sr,CaCu,0O4.5 films, the conductivity is
different and larger than the single crystals’ conductivi-
ties available at room temperature although the
reflectivity is either lower (below 4000 cm™!) or the
same. 303!

For YBa,Cu;0; films, we have compared the real part
of the conductivities represented on Fig. 5 to a few pub-
lished conductivity data on YBa,Cu;O, single crys-
tals.>!>!* We perform our comparison between 1000
and 8000 cm !, because this part of the spectrum does
not depend very much on temperature and that all the
published data are not available at room temperature.

The A and B films and the twinned crystals>!? exhibit
a quite similar ab plane conductivity. In particular the
1000 cm™! points all lie between 2500 and 3200
Q 'cm™! and the overall conductivities never depart
from each other by more than 200 @ 'cm™!. On the
contrary, as could be expected from the above discussion
on the reflectivity spectra themselves, there is a clearcut
difference between our experimental conductivities and
the @ and b conductivities, as shown in Fig. 6. As could
be expected, the film (and twinned crystal) conductivity
lies in between o0,, and o, except for the far infrared

(<1000 cm 1), suggesting that the effective conductivity
is some average of o, and o,. The point is to know what
kind of an average yields our measured conductivity o.
(This problem is also pendent for the twinned crystals.)

An appealing solution would be to call for an effective-
medium approximation (EMA) in order to compute the
effective conductivity o, in the case where the wave-
length is large compared to the characteristic size of the
domains. As a model calculation, we choose here the ap-
proach of Landauer in a binary metallic mixture, 35 which
is, however, meant for dc conductivities. As already stat-
ed, the unpolarized light data can be represented by sum-
ming over two contributions of the electric field, one as-
sociated with a polarization parallel to one side of the
film, one parallel to the other side. Along each of these
directions, we assume domains which exhibit at random
o, and o, conductivities.

We follow the same line of calculation as Landauer,
but consider an arbitrary shape associated with a N depo-
larizing factor (N =1 for a sphere). Indeed, each domain
is approximately 1000 X 1000 X d A3, where d is the thick-
ness of the film. The effective conductivity is then defined

by the equation:
O, 0p Op =0

+
No,+(1-N)o,, No,+(1—N)o,

=0. (7

As noticed by Stroud,* these calculations apply to the
complex conductivity. Therefore if we wish to compute
the real and imaginary part of o,,, we must use both the
real and imaginary parts of o, and o, (0, and 0,,, 0y}
and o0,,) possibly extracted from single-domain crystal
data: only their real parts have been published.!* In or-
der to overcome this difficulty, we have taken advantage
of our experimental observation that in the 1000-7000
cm ™! frequency range:

0,,=(1.8£0.01)0, . (8)

We show the ratio o, /0, in the inset of Fig. 6, to-
gether with the ratio o, /0 ,. Because 0,, and o, are
linearly related through the Kramers-Kronig relation, we
infer from Eq. (8) that

02A=(18i001)020 . (9)

If the EMA description holds for the thin film, e.g., 4,
then we should have

O =01, tioy, =0, ,4tio,, . (10)

Using then o, ,+io,, for 0, +io,,,, and o, tio,,
derived from Egs. (8) and (9), one can compute o, +io,,
from Eq. (7). We have done so, taking N~ (the
penetration depth of the light is ~ 1000 A in the infrared
hence the domains are roughly cubic). We then compare
the computed conductivity o ,ema) to the experimental
conductivity o jpexp)- '+ The results are shown in Fig. 6,
for the range where Eq. (8) is experimentally valid
(1000-7000 cm™!). The calculated and experimental
values of o, do not agree very well. In the inset, we
show the ratio 0(xp)/015(Ema)- This ratio should be
equal to 1 if the EMA holds, and it changes its value be-
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tween 0.86 and 1.35, which seems to be beyond the exper-
imental error. Therefore we find that this EMA average
of the conductivities does not work satisfactorily. This,
however, only implies that this tentative EMA approach
is not really adequate. The search for a more appropriate
description is beyond the scope of this paper.

2. Frequency dependence of the conductivity

We have analyzed the frequency dependence of the
conductivity of the various films as a function of frequen-
cy in the 500-8000 cm ! range. We have looked for the
best fit to a 0~ * decay (Fig. 8). The exponent «a is given
for the various samples in Table II, together with those
which we have derived for the untwinned single crystal.
Satisfactory agreement with a power-law decay is ob-
tained with all film conductivities as shown in Fig. 8. On
the contrary, no satisfactory adjustment with an o™ ¢
power law can be obtained with the conductivity o,
parallel to the b axis, showing a different behavior of the
conductivity along the b axis, likely due to the chains.

The striking result is that the exponent is ~0.77 for all
the films, except B, for which the exponent value is
lowered due to the dip. This exponent is fairly close to
the one obtained for o, from Ref. 14 (a=0.67, Table
II). For the matter of the comparison, Fig. 8 shows that
0,4 and 1.80, are indeed very close. Of course, one
would find the same similarity between o, and the con-
ductivity for an another film, by changing the multiplying
factor, since all conductivities display the same frequency
variation. This observation, added to the similarity of
the behavior of the YBa,Cu;0, and the Bi-based com-
pounds seem to indicate that the measurements on
YBa,Cu;0, thin films (and presumably on twinned single
crystals) are insensitive to the chains contribution and
arise predominantly from the CuQO, planes. We shall
bring further evidence of this point later when dealing
with the relaxation rate.

3. Relaxation rate

The non-Drude behavior can be described, as men-
tioned in the Introduction, in terms of a frequency depen-
dent relaxation rate and effective mass.'>~'* This does
not call immediately for a theoretical model.

According to this generalized Drude model, we have
extracted the relaxation rate for the A, B, D, E, and F
samples and we show its frequency dependence in Fig. 9:
All the relaxation rates (except the E sample which is
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FIG. 8. Frequency dependence of the real part of the conduc-
tivity for the A4, B, D, E, and F films. The solid lines show the
best fit to a power-law decay w~“. The exponent a is given in
Table II. For the sake of the comparison, we show the conduc-
tivity o, [conductivity measured along the a direction in an
untwinned single crystal (Ref. 14)] multiplied by 1.8.

shifted with respect to the others, most likely because the
response is not the actual one) exhibit the same linear
dependence, up to very high frequencies (6000 cm™'),
whatever the compound. The discrepancy for the B sam-
ple at 1000 and 2000 cm ™! corresponds to the “MgO
dip.” Above 6000 cm ™!, as can be seen in Fig. 9, the
points start to depart from the straight line. '
This linear dependence can be written as

1/7=(0.67+0.07)w . (11)

We have also reported in Fig. 9 the points extracted un-
der similar assumptions for the o, conductivity of the
untwinned crystal:'¥ These points fall right on top of
ours. This confirms that the chain contribution is not seen
in the films.

Finally, we show in Fig. 10 the corresponding depen-
dence of the effective masses as a function of frequency.
Again, all effective masses exhibit a similar frequency
variation, confirming some kind of unique behavior for
all these compounds.

An interesting question is immediately raised: Is this
behavior characteristic of the cuprates or not? The

TABLE II. Values of the exponent a describing the best fit o ~ o~ for the various films labeled A4,
B, D, E, and F films. o, and o, stand for the conductivities measured along the a and b directions in an
untwinned single crystal (Ref. 14). oyg stands for the computed conductivity at 100 and 300 K for the
marginal-Fermi-liquid model (MFL) (Ref. 16). The exponent is given within +0.05.

T 4 Op Op OF F O, Op O MFL OMFL
(300 K) (300 K) (300 K) (300 K) (300 K) (100 K) (100 K) (300 K) (100 K)
0.77 0.70 0.77 0.76 0.76 0.67 none 0.74 0.68




A.EL AZRAK et al. 49

9854
8000 T T T T T T T $
S Bay, K, Bi, 0 [Ref39] ;
8 YBaZCu3O [Ref.14] 8 |
= 7 )
" A YBaCuO, o W.
O B YBa,CuO, S |
6000 & D GdBa,CuO, =9
o R
r A 1,51 CaCu T
- 272 278 00, A
'E ©oa
L 4000 o e J b
S o_We j
< L o _u J
o §* 1
"R 1
00" o o8E4 1
O n i
] i A ‘
o 8 J
§° |
L 1 L 1 1 1 i
Op 2000 4000 6000 8000

ENERGY (cm™)

FIG. 9. Relaxation rate 1/7 (or inverse lifetime) of the 4, B,
D, E, and F films computed from the dielectric functions shown
in Fig. 4. The data referring to the a axis in an untwinned single
crystal (Ref. 14) and to a Ba,_ K, BiO; film (Ref. 34) are shown
for comparison.

answer to this question requires similar analysis in metal-
lic oxides which are neither cuprates not superconduc-
tors, but do exhibit a qualitatively similar infrared
behavior.?®37:3%  Unfortunately, most of the published
data do not allow a quantitative comparison. We were
restricted to a comparison to the Ba;_,K BiO; case
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FIG. 10. Ratio of the effective mass to the bare electron mass
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as a function of frequency for the 4, B, D, and E films.

where the dielectric functions €,(®) and €,(w) have been
derived from reflectivity and ellipsometric data.®
Im(—1/¢) is also nearly quadratic as compared with su-
perconducting cuprates, but the relaxation rate that can
be extracted using the dielectric function data appears to
be much faster (the points fall more than 1000 cm™!
above our points). Unfortunately there are only few
points available on the high-frequency side (5000-6000
cm ™~ !) and therefore such data are not accurate enough to
yield a definite conclusion. These results clearly demon-
strate the relevance of this analysis in order to confirm or
rule out the specificity of the infrared response of the cu-
prate superconductors.

IV. BRIEF COMPARISON
WITH THEORETICAL MODELS

There are presently several theories for cuprate super-
conductors which concentrate on the optical conductivity
and predict an anomalous frequency dependence of the
optical conductivity or a relaxation rate which varies
linearly in frequency (or both).

One is the marginal-Fermi liquid (MFL), where one ex-
pects16

h/TMFL"—‘z?TK(ﬁCO"i'WkBT) ’ (12)

where A is a coupling constant. This linear dependence is
expected to hold up to a cutoff frequency w, related to
the energy spectrum of the bosonic spectrum which is flat
up to this frequency. According to this prescription, the
linearity domain, which we find to extend up to 6000
cm™!, appears unusually large if referring to a charac-
teristic energy scale. If we compare Eq. (12) to our data,
this yields A,,,=0.11+0.01. Turning to the dc resis-
tance measurements, and relying on the estimate of a typ-
ical dc conductivity, we derive a similar value for
A;=0.10—0.15. This agreement confirms that the relax-
ation time measured by optical means in the midinfrared
is indeed connected with the time involved in dc trans-
port.

Concerning the conductivity, it is expected to vary as
o ! in the high-frequency regime. Because our frequen-
cy range crosses the assumed cutoff frequency of Ref. 16,
we directly identified the effective exponent for the com-
puter conductivity of Ref. 16 in the 500-2000 cm ™!
range (Table II). We note the surprisingly good agree-
ment of this exponent and the one that we find on our
films (see Table II).

The nested-Fermi-liquid model’’ or NFL yields very
similar predictions. The frequency dependence of the
conductivity is ® ~ ! and the relaxation rate writes:

117

1/rnpr=amax(w,B'T) . (13)

B’ is of the order of unity. According to Ref. 17, the
cutoff frequency o, =W /(1+a) may be very high since
W is a bandwidth (of the order of eV) and a is a coupling
coefficient (<1). A numerical estimate of the slope of
1/7 versus frequency (both calculated within the same
units) is 0.79, which does compare favorably to the exper-
imental value 0.67+0.07.

Finally, gauge theories*>*! predict that the optical con-
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ductivity at high frequency should be dominated by a
T?w™'/? term.*! Such a frequency dependence is not in-
consistent with the exponent that we find, however the
T? term looks puzzling and does not describe properly
the temperature dependence.

At this point we have no real possibility to discrim-
inate between the two models. The temperature variation
of the relaxation rate in the whole frequency range would
be of interest. Transmission measurements have been
performed which confirm quantitatively Eq. (12) in the
500-6000 cm ~! range.?*

V. CONCLUSION

We have shown that reflectivity and transmission data
may now be obtained on high-quality epitaxial thin films.
We have shown that these data can be used when thin
films are thick enough in order to obtain the conductivity
and the results can be cross checked using their transmis-
sion. Our conductivity data compare favorably with the
best single-crystal data.

The fact that the optical conductivity exhibits the same
frequency variation for all the compounds, and that the
relaxation rate is quantitatively the same for all com-
pounds, strongly suggests that the CuO, plane contribu-
tion is predominant on thin films. How this relates with
the microstructure remains to be clarified. However,
from a qualitative point of view, one may argue that the
chains cannot be connected with one another between
two domains rotated by 90°, hence cannot contribute to
the conductivity for wavelengths significantly larger than
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the size of the domains, whereas the planes in each
domain can connect one to the other. This is an impor-
tant result because it validates all the data on films (and
on twinned single crystals as well) as characterizing the
CuO, plane response.

Our samples yield the same frequency dependence of
the optical conductivity, well described by a power-law
decay with a single exponent (—0.77). Our most striking
result is that the relaxation rate is linear in frequency up
to 6000 cm ™!, whatever the nature of the compound, in
good agreement with the marginal-fermi-liquid model.

These results raise the crucial question namely the
uniqueness of this behavior for cuprate oxides. Although
there is some indication from the published results that
indeed noncuprate superconductors exhibit a quantitative
different dependence with frequency, this question
remains to be settled.
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