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L INTRODUCTION

It is now more than five years since the discovery of high-temperature supercon-
ductivity. During this time an enormous amount of labor has gone toward inves-
tigating the cuprate superconducting materials, yet they remain in many ways as
surprising and as little understood as at the time of their discovery. This is par-
ticularly true of the infrared optical properties, despite nearly 300 published papers
in the area. These properties are also sometimes controversial, and they remain a
fascinating subject. In this review we discuss the infrared properties, focussing on
the studies of the a-b-plane conductivity of crystals and thin films that have appeared

since an earlier review.!

Owver the last several years, there has been substantial progress made in preparing
high-quality crystals and oriented films. In some cases these are even true “single”
crystals, exhibiting no twinning of the ¢ and b axes, allowing anisotropy in the CuO,
layers to be studied. In contrast to our earlier review, which was mostly about
polycrystalline samples (although some pioneering crystal work was included), here

we will discuss almost exclusively studies of the a-b-plane of highly oriented material.

There have been various important advances in our understanding of these ma-
terials. For example, it is now generally agreed that the insulating “parent” phases
of the cuprate superconductors are charge-transfer insulators,? with a gap of about
2 eV (16,000 cm™!). This charge transfer gap is stabilized by the combination of
a large on-site Hubbard U on copper, which prevents double electron occupancy of
a Cu site, and by the difference in energies between the Cu d2_,2 and the O p;
and p, orbitals. Second, it is also well-accepted that when holes are introduced onto
the CuQ; layers, they occupy oxygen sites for the most part. These holes also are
the mobile charge carriers responsible for the superconductivity and for the unusual
normal-state properties. In Section ITwe will see several examples of the way that the

charge-transfer gap fills in as holes are added.

Third, the idea that the high temperature superconductors are “clean-limit” su-
perconductors has achieved wide recognition. The clean limit occurs when the value
of the electronic mean free path of the normal state lies between the superconducting
coherence length and penetration depth: £ < £ < A. This case differs from the situa-
tion of pure metals. Pure metals at low temperatures enter the anomalous skin effect
regime, where the mean free path is much longer than the electromagnetic penetration
depth, i.e., § < £. The electrodynamics of the superconductor in the anomalous skin

effect limit are essentially the same as in the dirty limit.> The difference between pure
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metals and the copper oxide materials is that the latter have comparitively smaller
coherence lengths and lower carrier concentrations, which means lower conductivity,
hence, longer penetration depths and the normal skin effect limit. If is in this normal

skin effect regime that the clean-limit case occurs.

The outline of this review is as follows. Following this introduction, we will jump
right in to a discussiot of recent results and their interpretation. We have not in-
cluded in this review any tutorial material covering the general optical properties of
solids. Formulas, approaches, and ideas will be introduced as needed, without de-
tailed derivations. We provided some background in our earlier review and readers
unfamiliar with optical measurements in superconductors should probably read Sec-
tion II of Ref. 1. Section II describes the non-Drude “midinfrared” absorption, a
feature that appears as soon as carriers are added to the copper-oxide layers. Section
II1 reviews photoinduced absorption studies, in which carriers are added by photoex-
citation of the insulating parent phases. In Section IV we address various models

and theories that have been proposed for the normal-state properties and present
| analyses of data following these models. We turn fo the superconducting state in
Section V, describing the effect of superconductivity on the reflectance and optical
conductivity and discussing evidence for and against various gap assignments. Sec-
tion VI is about the nature and role of electron-phonon interactions in the optical
spectra. Finally, there is a concluding Section where we try to give our perspective
on the current state of affairs for the studies of the optical properties of the high

temperature superconductors.

Other reviews have addressed the infrared and optical properties of high temper-
ature superconductors. Vibrational spectroscopy, mostly Raman, has been described
by Thomsen and Cardona.* Raman and infrared phonon spectroscopies have been
discussed by Feile.’ The optical properties (as well as transport, Raman, and photoe-
mission) were included in a review by Kitazawa and Tajima.5 Thomas” has recently
reviewed infrared measurements, with a focus on Jow doping levels and the metal-
insulator transition. Renk® has recently described far-infrared studies, with emphasis

on the superconducting state as well as with some discussion of applications.



. THE MIDINFRARED ABSORPTION

It is generally accepted that all of the high T; superconductors show non-Drude
behavior in the infrared region.)»®=1! Four pieces of evidence lead to this conclusion:

1. The temperature dependence of the a-b-plane optical response in the infrared is
very small. The dc conductivity changes by a factor of three between 100 and
300 K, while the midinfrared reflectance hardly changes at all. Yet, one ex_pectsr
for the Drude model that the width of the plasma edge should be determined
by the relaxation rate of the carriers. A considerable broadening with increasing

temperature should then occur, but does not.

2. At lower frequencies there is a definite temperature dependence, with the far-

infrared conductivity (above T;) in good agreement with the dc conductivity.10~17

3. Attempts to fit the data with a simple Drude model give extreme values for the
scattering rate.. Values as large as 1 eV {8000 cm™!) have been reported, which

would imply mean free paths no larger than the lattice constant.

4. The quality of the fits is not particularly good, with the Drude model predicting
considerable curvature to the midinfrared reflectance, in contrast to the nearly
linear drop observed.!® |
The midinfrared absorption has been explained in two ways, which we call “one-

component” and “two-component” pictures. In a one-component picture,!-1317,19—24
all of the midinfrared absorption is viewed as due to the same carriers, the ones which
are responsible for the dc/far-infrared conductivity and which become the supercon-
ducting condensate below T,. The difference between the two regions is attributed to
a strong frequency dependence in the scattering rate and the carrier effective mass.
This approach requires that the frequency dependence be rather strong, because the
far-infrared data imply a 100 K scattering rate of 1/7 ~ 100 cm™! while the midin-
frared data need 1/7 ~ 5000 cm™™.

In the two-component picture,®—12:14-16,18,25-34 t}o oxide superconductors are
viewed as containing two types of carriers: free carriers, which are responsible for
the dc conductivity and which condense to form the superfluid below T, and bound
carriers, which have a semiconductor-like gap for excitations from their bound states.
The free carriers have an essentially w-independent relaxation rate 1/7. The T-linear
temperature dependence of the resistivity is assumed to come from the temperature
dependence of 1/7 since in the Drude model, p = 47/ wg pT, Where wyp is the plasma

frequency of the free carriers. The bound carriers are in a broad, nearly T-independent
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band throughout the midinfrared. The apparent semiconducting gap is found to be
rather small, of order 150-300 cm™1.

A. Overview

In the rest of this Section, we will consider the midinfrared conductivity in a
variety of oxide superconductors. All show non-Drude infrared behavior, as do a
number of other mixed-valence oxide conductors.! Most of the families of oxide
superconductors are shown in Fig. 1, from Kim et al.3® The reflectance drops in a
nearly linear fashion throughout the infrared region. The principal difference is that

the “plasma minimum” varies between 1 and 2 eV for the four materials.
P
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Fig. 1. Infrared-ultraviolet reflectance of four oxide superconductors: La; 551y 15Cu04,
YBaECu_307_5, BigSIgC&CIleg, and leBaz C’a20u3-010. [Ref. 35}

In the following, we will first describe the three main cuprate families: the 2-1-
4 material (Lag_;Sr,Cu04 and Nds_;Ce; CuOy), the bismuth, thallium, and lead-
based systems (e.g., BizSraCaCuy0sg, TlosBayCayCu3019 and PbySraLCus0s), and
finally YBasCu3zO7_s. This sequence is chosen because it goes from the simplest
to the most complicated material. In Section IV we will discuss the one- and two-

component analyses which have been done for these materials.



B. Las_;Sr;CuOy4

Lag—;Sr;CuQy is the simplest of the high temperature superconductors, with only
one CuQ; plane per formula unit (two per unit cell on account of the body-centered
structure). In addition, the carrier concentration can be varied over a wide range
0 < z £ 0.3, taking it systematically from an antiferromagnetic insulator, through a

H
superconductor, to a very unusual metal.

There were many early studies of ceramic samples,’ including the first reports of
midinfrared absorption bands.3¢37 One important result from these pellet studies was
the discovery by Tajima et al.3® that the plasmon minimum (which is quite similar in
ceramics and in single crystals) does not shift with doping concentration.?®—%2 This
pinning of the plasmon minimum is unusual; in simple metals the minimum occurs

near the screened plasma frequency

Wp = 4/41ne? fm*eq (1)

and so should shift to higher frequencies as n is increased.

Another interesting early result from Tajima et al.*® and Collins et al.,** based on
the first single-crystal results, is the large anisotropy between the a-b plane and the
c axis. Even when the a-b plane has a quite metallic appearance, the ¢ axis remains

insulating.

One problem for optical studies of Las...Str;CuQy4 is the well-known difficulty of
producing large, homogeneously doped, single crystals. Thus, many of the early stud-
ies used crystals which either had rather low and broad superconducting transitions
or were not superconducting at all. However, the room-temperature optical proper-
ties of good quality Lag—.Sr; CuQOy4 crystals have recently been reported by Uchida et
al.3%%5 The samples had doping levels in the range 0 < z < 0.34. The sample with
z = 0.15 displayed a rather sharp superconducting {ransition at T, = 27 K, somewhat
below the expected 38 K value for this concentration. Two other samples (z = 0.10
and = = 0.20) were also superconducting, at 18 and 22 K, respectively.

1. Reflectance

Uchida et al.3® measured the reflectance out to 30 eV. Fig. 2 shows the reflectance
of these samples over 0.05-4 eV (400-32,000 cm™1). A number of interesting features
can be seen in these spectra. First, for x = 0, the reflectance is that of an insulator
with a strong phonon near 700 em™! (= 0.09 eV in the figure), a nearly constant



0.34  La, ,SryCuly

0.5
5
=
£
5
|11}
o 02
w
=
1.0.10
0.1 o.20

RT 0.34”

oosL 1 L.t L1
005 01 02 05 1 2 4

PHOTON ENERGY (eV)

Fig. 2. Reflectance at 300 K of Lag_ 81, CuQy for compositions (0 < z < 0.34. The electric
field is polarized in the a-b plane. Note the logarithmic scales for both & and w.

[Ref. 33.]

midinfrared reflectance, and an electronic band (the Cu-O charge transfer band)
peaked around 2 eV. Lower frequency phonons#3444% at 140 and 360 cm™!
shown in this plot. Second, with doping, a broad absorption band grows in the
midinfrared region, the phonon feature becomes obscured, and the charge transfer
band becomes weaker. The position of the ~1 eV plasmon minimum between the

midinfrared and charge transfer bands is nearly insensitive to doping.

are not

Third, and not so easy to see, there is a weak shift in the plasmon minimum to
lower energies in the case of the z = 0.34 sample. Because the plasmon minimum is
related to the oscillator strength of the midinfrared and far-infrared regions (all else
being equal), this suggests a diminution of escillator strength in the heavily doped,

non-superconducting materials.
2. Optical conductivity

These points can be seen more easily by inspecting the optical conductivity, shown
in Fig. 3, obtained by Kramers-Kronig analysis of reflectance. The undoped material
is an insulator, with a well-established charge-transfer absorption around 2 eV (16,000
cm™t). The conductivity is very low below 1 eV. (There may be some minor problems
with the measurements in the region below the charge transfer gap, as the conductivity

gives every evidence of dipping below zero just below 1 eV and the contribution of
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Fig. 3. Optical conductivity of Las_,Sr, CuQy4 at 300 K. Data are shown for § < # < 0.34.
[Ref. 33.]

the phonons is not shown.) With doping, the intensity of the charge-transfer band is

reduced, and new features appear in the midinfrared region and around 1.5 eV.

The midinfrared band in Fig. 3 has a definite maximum in the lightly-doped
samples, yielding evidence that it is a transition distinct from the low-frequency
Drude absorption. The maximum is around 0.5 eV (4000 em™!) when z = 0.02;
moves to 0.14 eV (1100 cm™!) for z = 0.1; and is only a shoulder in the z = 0.15
sample. One reason that the midinfrared band is not as visible in the more highly
doped samples is that the dc and far-infrared conductivity is increasing rapidly with
doping. Nevertheless, there is clearly a midinfrared peak in &4(w) for samples which

are also superconducting.

It is interesting to note that the phonons (to the extent that they can be seen
in Fig. 3) have about the same intensity at all doping levels while the electronic
background increases. This would imply that these phonon modes are not screened
in the ordinary sense of having their TO-LO splitting decrease to zero, but instead

retain some ionic character, even in the conducting phase.

Finally, the dc conductivity increases rapidly with doping. The dc and far-infrared
conductivities are in fair agreement. For example, Fig. 3 would suggest that the
z = 0.10 sample has pg, =~ 1700 pQ-cm while the measured a-b-plane resistivity is



pic = 900 pQ-cm. It is not uncommon to find such a factor of two between far-
infrared and dc values for the resistivity; part of the discrepancy may be due to
unknown contribution of the midinfrared band in this material at low frequency, part

the combined experimental uncertainties of the two methods.
3. Dielectric function and energy-loss function

Two other optical functions presented by Uchida et al.3® are shown in Figs. 4 and
5. These figures show respectively the real part of the dielectric function, €;(w), and

the energy-loss function, —Im 1/¢e(w).

10
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Fig. 4. The real part of the dielectric function of Lay.;Sr,CuO4 for Sr concentrations
between 0.02 and 0.34. [Ref. 33.]

The dielectric function is negative at low frequencies, as expected for a metal,
although the crossing for the lowest concentration occurs in the phonon region. For
0.10 < z < 0.34, the zero in €1(w) occurs near 0.7 €V. This insensitivity of the zero-
crossing to the dopant concentration is made even more remarkable by the fact that
the high frequency limiting value of €;(w) decreases at the same time. This decrease
is a consequence of the transfer of oscillator strength from the charge transfer band

to the midinfrared and free-carrier absorption.

For either free or bound carriers with a large separation between the binding
energy and the plasmon energy, the zero crossing in €;{w) occurs near the screened
plasma frequency, given by Eq. 1. Thus one has n/m* = eoofbf, [4me?. If this analysis
applies to the data in Fig. 4, one would conclude that the ratio n/m* does not change

(or maybe even decreases) as z increases from 0.10 to 0.34.
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A similar conclusion would come from considering the energy-loss function. The
maximurn in the loss function occurs in simple metals {or in insulators with energy
gaps small compared to the plasmon energy) very close to the screened plasma fre-
quency. Fig. 5 shows that the maximum in the loss function is only a weak function
of Sr concentration. Typically the loss function maximum is a little above the zero in
e1(w). The loss function may be written as —Im(1/e) = (e2 + €3/ 62) where ¢; and
€ are the real and imaginary parts of the dielectric function. In cases where e2(w) is
a rapidly decreasing function of w, the maximum in —Im(1/€) occurs above the zero
in €;(w). Note that the maximum is sharp only if |¢;] 3> €2 on either side of its zero.

0.6 , :

Im [-1/e{w)]

Fig. 5, The energy-loss function of Lay_.Sr,CuQy4 for Sr concentrations between 0 and
0.34. [Ref. 33.]

4. Sum rule
Evaluation of the partial sum rule for the optical conductivity leads to rather
different conclusions about the number of carriers than inspection of €1 (w) or the loss

function. Fig. 6 shows the evaluation by Uchida et al.®® of

Ny @) = 2 [" oy, @)

e
the effective number of carriers with mass m* = m, per formula unit participating in
optical excitations for frequencies up to w. The other quantities in Eq. 2 are m,, the
free-electron mass, and V,, the volume of one formula unit. {Often, the left hand side

of Eq. 2 is written as N5 m./m*, because optical experiments measure the ratio of

carrier concentration to effective mmass.)
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Fig. 6. Effective number of carriers per formula unit for Las_.Sr,CuQO, at doping levels
from 0 to 0.34. The data for z = 0.27 and = = 0.34 are shown as dashed lines. [Ref. 33.]

N.g is zero up to 1 eV for the z = 0 sample, on account of its insulating character.
For the conducting samples, Nyy increases in the far infrared, and shows a tendency
to saturate above 1 eV, but then increases rapidly, beginning just below 2 eV as
the charge-transfer and higher energy transitions begin to become important. The
plateau value increases quickly up to x = 0.1, rises very slowly between z = 0.1
and z = 0.2, and actually seems to decrease at higher concentrations. The values
of Ny are somewhat larger than the dopant concentration, especially at z < 0.1,
indicating that some charge-transfer oscillator strength has been redistributed to the
midinfrared and free-carrier bands. This point was first made by Cooper et al.?® from
a study of Pra—zCe;CuQy, to which we now turn.

C. The TV Re3Cu04 compounds
The “electron-doped” T’ materials, of which the prototype is NdaCuOy4 but which

can be prepared with a number of rare earths Re replacing Nd, are structurally very
similar to Lag_,Sr;CuQ4. The principal difference is the relocation of the apical
oxygen to form Re-0Oy-Re layers between CuQ; layers.

The optical properties of these materials have been investigated by a number
of workers.?8:33,:3445,47 They are similar to Lag—Sr;Cu04. Examples are shown in
Fig. 7 from Cooper et al.?® and Fig. 8 from Uchida et al.3* These figures show the

10
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Fig. 7. Room temperature a-b-plane optical conductivity of Pra_;Ce, CuQy4 for a series of
Ce concentrations between 0 and 0.20. [Ref. 28.}
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Fig. 8. Room temperature a-b-plane optical conductivity of Ndz. ;Ce,CuOy4.y for a series
of Ce concentrations between @ and 0.20. Note that data for two 2 = 0 samples are
shown, one fully oxygenated and one somewhat reduced, with an unknown but small
number of carriers. [Ref. 33.]

300 K a-b-plane optical conductivity from Kramers-Kronig analysis of reflectance for
Pry_;Ce;CuOy4 (Fig. 7) and for Ndo_;Ce,CuO4—y (Fig. 8).

I we assume that the z = 0 sample for the Pr series is comparable to the z = 0,
y 7 0 Nd sample, then there is reasonable agreement between the two measurements.
First, the low energy oscillator strength grows at the expense of the ~1.5 eV {12,000
cm ™) charge-transfer excitation. Second, there is a maximum (or shoulder) in o1(w)
at 3000-4000 em~! which is particularly noticeable at lower Ce concentrations. In
the data from Uchida et al. (Fig. 8) this peak is seen up to z = 0.17 while Cooper
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et al. observe a spectroscopically resolved feature only at £ = 0.04. At higher con-
centrations, this midinfrared absorption merges into the low-frequency free-carrier
absorption. Nevertheless, the midinfrared absorption shown in Fig. 7 differs substan-
tially from the 1/w? behavior expected for free carriers. A Drude conductivity scaled
to the w = 1000 an™! data for = 0.12 and having a relaxation rate of a few kgT
would decrease to the 50-100 Q~'cm™?! range by 5000 cm™2, a conductivity roughly

a factor of ten below the measured value of 600 O lcm™1.

Close inspection of the z = 0, y # 0 data in Fig. 8 reveals the existence of a second
low-energy maximum around 0.2 eV (1600 cm™!). This feature can also be seen in
the results of Zhang ef al.3* and has been studied in detail recently by Thomas et ol
who find it located at ~0.2 eV in several very lightly doped oxide superconductors.

An example is shown in Fig. 9.

t 1 I ¥ H
E, | BazYCu3Oguy

. i
0 0.25 0.5 0.75 1.0 125
E (aV)

Fig. 9. Optical conductivity in the midinfrared region. of semi-insulating YBasCusOeys
(upper panel), Nd;CuO4—y (center panel}, and LagCuO4 (lower panel). The peak
marked Ej is evident in a variety of oxide superconductors. [Ref. 48.]

In this figure, two bands appear in the midinfrared region. Thomas ef al. argue
that these data provide evidence for a distinct second component to o1(w), in ad-
dition to the free carrier absorption. The latter is extremely weak in these samples
on account of the high resistivity. Furthermore, the free carriers in these samples
are frozen out at low temperatures, yet the midinfrared bands remain essentially un-
changed between 10 and 300 K. The principal difference is some broadening,*® by an

12



amount of order £pT. In addition, the conductivity is rising from low frequencies,
~ and more than one maximum is seen. All of these factors imply that it is not possible
to argue that all of the midinfrared absorption is due to free carriers, as there is a
residue, with substantial oscillator strength, in cases where there are no free carriers.
Thomas et al. interpret the lower of the bands in Fig. 9 as characterized by the mag-
netic exchange J. The basic idea is that in the antiferromagnetic insulator, a charge
transfer from one CuOz unit to an adjacent one costs energy J, because the motion

upsets the antiferromagnetic order.

D. The bismuth-based materials

The Bi-based oxide superconductors are a family whose structure consists of 1, 2,
or 3 CuO layers, separated by Bi-O layers as well as by layers containing Sr*? jons
and apical oxygens. In the 2-layer material, BisSryCaCus Og, Ca occupies the position
between CuQ4 bilayers that Y does in YBayCugO7: Thus the two-layer material is
very similar to YBagCu3zOr_s, with the exception thal there are no one-dimensional
Cu-O chains. The charge carriers (holes) in the CuQ; layers are assumed to come
from the Bi-O layer, either from defects or by charge iransfer. This leaves open the
possibility that the Bi-O layer itself could be conducting, as in fact band structure

t.°0 However, scanning tunneling microscope measurements®! and

calculations predic
electron-energy loss studies’? suggest that the Bi-O layers are insulators with a gap
of order 4 €V. This is in agreement with photoelectron spectroscopy of well-annealed
samples with the highest transition temperatures.’® In what follows, we will assume
that the Bi-O layers do not contribute significantly to the midinfrared and far-infrared

optical spectra.
1. Comparison of the 1, 2, and 3-layer systems.

A direct comparison of the infrared reflectance of the three compounds (2201,
2212, and 2223) has been made on polycrystalline ceramic samples by Maeda, et al.%
Their results are shown in Fig. 10. The reflectance minimum is seen to shift upward
as the number of layers increases. Fits to a Drude formula give the plasma frequencies
shown by the arrows. These frequencies are for the screened plasmon and should be

multiplied by /€ (which was not reported) to estimate the actual plasma frequency.

Maeda et al.%* also studied the effect of Y doping in BisSryCaCuyQs. Replacing
the Ca?t with Y3t reduces the number of holes on the CuQ; planes and renders the
system an insulator around 50% Y. Despite the change in free carrier concentration,
the frequency of the plasmon minimum does not change with Y content; instead,

13
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Fig. 10. Reflectance of ceramic samples of Bis1Sr; oCuQy (2201), BizSry 3Cay 2Cus0y
(2212) and Biy s5Pbg 355r2Cay 5Cuz 1O, (2223). The arrows show the result for the
plasma frequency from fits to the Drude formula. [Ref. 54.]

the magnitude of the low-frequency reflectance decreases steadily. This behavior is
basically identical to what happens in Las_;Sr;CuQy4, and highlights the danger in
attempting to estimate the carrier concentration from the value of the reflectance

minimum.

2. Reflectance of BisSrg CaCup Og

The first single-crystal reflectance spectra of BigSroCaCuyOg were reported by
Reedyk et al.,’® who measured the temperature dependence in the far infrared of
samples with T, = 85 K and determined the optical conductivity by Kramers-Kronig
analysis. The reflectance over a broad frequency range is shown in Fig. 11, along with

more recent data.’® Similar data have been obtained by several groups.?%35:57=60 The

reflectance drops steadily throughout the infrared to a minimum around 10,000 cm™!
(1.3 €V). The data shown are for 300 K, but very little temperature dependence is

observed above 1000 cm™1.
Also visible in Fig. 11 is a band centered around 16,000 cm™' (2 eV) as well

as structure (with considerable sample-to-sample variation) spanning 28,000-32,000
cm™? (3.5-4 eV). The lower band is interpreted as the Cu-O charge transfer band

while the upper one is most likely associated with excitations of the Bi-O layers.
3. Transmtitance of BizSreCaCuy Osg

Perhaps the most detailed study of BiySr2CaCusOg has been carried out by

Romero et al.51% by transmission measurements. As first shown by Forro et al.,3!
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Fig. 11. Reflectance of three BisSraCaCus0s samples at 300 K. [Ref. 56.]

the micaceous nature of the bismuthates makes it possible to prepare thin free-
standing flakes of BipSryCaCuyOg that are as little as 1000 A thick and to make
infrared transmission studies of these flakes.

Because the samples are free standing, the transmittance may be measured over a

151 measured

wide frequency range without interference from a substrate. Romero et a
the transmittance between 80 and 30,000 crn—?! at temperatures between 20 and 300
K. Fig. 12 shows the (unpolarized) transmittance J of a BiySrs CaCuy Qg free-standing
crystal at temperatures between 20 and 300 K. The transmittance is low overall, but
increases with increasing frequency. The low frequency J is rather different above and
below the superconducting transition, with a finite intercept for T > 7, contrasting

with & o« w? for T' < T..

At higher frequencies, J increases quasi-linearly with w out to ~2200 cm™! (0.27
eV); above which it increases more quickly. There is a transmission maximum at
14,000 cm™ (1.8 €V) and a second maximum at 25,000 cn™3(3.1 V). This linear
increase is different from what is expected for a simple metal. The transmission of a

thin film is approximately given by%*

1

7= (14 Zo91d/2)? + (Zpo2d/2)? @)
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Fig. 12 Transmittance of a 1340 A crystal of BisSraCaCusOs. [Ref. 61.]

where Zy = 377 {1 is the impedance of free space, d the film thickness, and o1 +i02 =
o, the complex conductivity of the film. If & < 1, then Eq. 3 further simplifies
to I ~ 4/|Zyodf®. Above T, the w = 0 intercept is then a direct measure of the
dc conductivity. (In an ordinary metal, o2 < o1 at low frequency.}) Below T, the
inductive response of the superfluid dominates the absorptive part at low frequencies,

as discussed in Section V.
At high frequencies (w 3> 1/7), free carriers have a conductivity
wir w?

P . -
d 4m(1 — twr) 2471'{4) (4)

If Eq. 4 is substituted into Eq. 3, one finds that & = w? is the expected behavior for the
Drude carriers of an ordinary metal once w > 1/7. Thus, the quasi-linear frequency
dependence of J is further evidence for the non-Drude nature of the midinfrared

conductivity.

An additional feature in the transmittance spectra of Fig. 12 is the shoulder that
develops near 700 cm™?! (90 meV). The shoulder is associated with the superconduc-

tivity, to which we will return in Section V. However, the shoulder is also connected to
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the midinfrared absorption, because it can be explained within a two-component pic-
ture as a sort of pass band between the midinfrared absorption and the low-frequency
free-carrier absorption. The reason for this pass band can be seen by modeling both
midinfrared and free-carrier absorption as oscillators centered at w. and zero fre-
quency, respectively, and by neglecting damping. In this case, the dielectric function
is purely real, except for delta functions in the imaginary part at w = 0 and w = we:

2

2
YD Wpe

w?

€= — -+

w? — w? T+ Ceo , ®)

where wyp is the free carrier plasma frequency or oscillator strength and wy, is the
samie quantity for the midinfrared oscillator.

Eq. 5 has poles at w = 0 and at w = w, and zeros at

1/2
(@2 + whe + coot?) & [(whp + e + cow?)? — Lecot pw?]

(6)

2
. =
+ 200

When w, is small compared to the two plasma frequencies, as is the case for two-

component fits to the copper oxide superconductors, then Eq. 6 reduces to

w2 +w2
wy oy 22 P (7)
€oo
and
w g —pD%e (8)

2 2
V wpD + wPG

The dielectric function is negative at low frequencies, positive between w_ and wy,
negative between w, and w4, and positive at high frequencies. The frequencies where
€ > 0 are the places were the system is transparent. Both of the zeros correspond
to plasmon frequencies. The one at wy is a combined plasmon of free carriers and
midinfrared carriers while the one at w_ is a plasmon of the free carriers alone,

strongly screened by the midinfrared oscillator.

The actual system does not have zero damping, of course, and there is consider-
able absorption throughout the midinfrared region. However, if the damping of the
free carrier component is suddenly reduced (as, for example, by the onset of super-

conductivity), then there should be a corresponding increase in the transmittance

17



between w_ and w,. This argument relies heavily on the presence of a midinfrared
component; if there are only free carriers then only one pole and one zero exist. Note
that such a transmission band in the superconducting state was predicted by Bonn
et al.%5 in 1987.

4. Conductivity of Bz Sre CaCuzOg

Romero et al.ﬁz’ﬁ?"‘ determined the optical conductivity of BisSraCaCuyOz by
Kramers-Kronig analysis. It can be shown that 8(w), the change of phase upon trans-
mission, §, is related to " by a Kramers-Kronig integral, just like the reflectance.5®
Once 0 is known, the complex refractive index can be obtained by numerical solution

of

(N +1)2¢=i6 — (N —1)2¢i0

9

where N = /¢ is the complex refractive index, € = ¢;(w) + 470 (w)/w is the complex
dielectric function, and § = wNd/c, with d the thickness of the film. The only added
complication is that the phase shifi the radiation would have travelling through a
thickness d of vacuum, wd/¢, has to be added to & prior to solving Eq. 9 for N.

Results of Romero et al.529% for the optical conductivity over 150-3000 cm™? are
shown in Fig. 13. In the normal state the low-frequency conductivity approaches the
dc conductivity and falls with increasing frequency as expected for the Drude response
of free carriers. However, above ~300 cim~! the decrease in o3(w) is closer to w™?
than the w™? behavior expected for free carriers. Furthermore, the 7-dependence
of o1(w) at high frequencies is much smaller than at dc or low-frequencies. Thus
BiySryCaCuzOg displays the non-Drude conductivity that is a comrnon feature of the
high temperature superconductors. Below T, o1(w) has a broad maximum around
1000 cm™? (0.15 eV), with some structure in the phonon region. A slight dip in o(w)
can be seen around 400 cm™! (50 meV) although this anitresonance or “notch” is not
as noticeable here as in the YBa2Cu3O7_5 system. This feature will be discussed in

Section VI. 7
5. Conductivity of Btz S CuOg

Bi2Sro CuQg is a very interesting compound because it exhibits conductivity with
a “metallic” temperature dependence, yet is not superconducting, at least above 5
K.57 The transmittance of free-standing flakes of BiaSroaCuQOg has been measured re-
cently by Romero et al.? and the optical conductivity determined by Kramers-Kronig
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Fig. 13. Frequency-dependent conductivity of BizSryCaCu,Og between 20 and 300 K. [Ref. 62.]
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Fig. 14. Frequency-dependent conductivity of BizSraCuQgs between 20 and 300 K. [Ref. 62.]

analysis. The spectrum of this “low-1,” or “no-1.” compound, shown in Fig. 14, 1s
very similar to the above 90 K o1(w) of BisSrgCaCup0s. The low-frequency infrared
conductivity agrees with the dc conductivity both in magnitude and in temperature
behavior. ¢p(w) initially falls with increasing w in a way consistent with a Drude
response. However, at higher frequencies, the decrease goes over to w™! and the tem-
perature dependence is much weaker. From these data it is clear that the non-Drude
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optical behavior is not directly correlated with high-T¢, but instead with the presence
of holes on CuO3 layers.

E. The thallium system

Although the 2223 structure of the Tl-based oxide superconductors has the highest
T, yet reported, it has received the least attention from infrared spectroscopists. What

68,69

few spectra are available resemble closely the corresponding bismuthate.

The room temperature reflectance for TlyBayCagCuzO1¢ as measured by BoZovic
et al%® is shown in Fig. 1, above. The reflectance decreases steadily throughout
the infrared to a broad minimum around 2 eV (16,000 cm™!). The real part of the
dielectric function, determined by a combination of Kramers-Kronig analysis and
ellipsometry,?® shows a zero crossing at 0.9 eV (7300 cm™?!) while the energy loss

function, has a maximum at 1.2 eV.

The temperature dependent reflectance of Tl;BaaCaCuyOg has been measured by
Foster et al.3% The optical properties were determined by Kramers-Kronig analysis
and analyzed within a two-component picture. Fig. 15 shows the frequency-dependent
conductivity at four temperatures. The data above T, show a narrow peak at zero fre-
quency and a broad, nearly temperature-independent midinfrared absorption. There
is good agreement between the dc conductivity and the low-frequency optical conduc-
tivity. Note that just above T}, there is a weak minimum between the zero frequency

peak and the midinfrared band.

Fig. 16 shows the corresponding curves for €;(w). Below Ty, €1{w) follows w2,

as indicated in the inset. Above T, ¢;(w) is mostly negative, but only slightly so at
300 K. There seems to be a tendency for €;{w) to become positive at low frequencies as
if the negative free-carrier contribution in the normal state, which in a Drude model
ise1p=— f, D""z were not strong enough to overcome the positive contribution from

the miidinfrared band, which is €ypiy = +w§e /wg, assuming an oscillator at we.

F. szSI‘zLCu308

PbySra LCu30s, where L is a rare earth, usually partially substituted by Ca or
Sr, shares structural elements with both BisSryCaCusOg and YBayCuzO7_s5. Be-
tween CuO, bilayers, common to all three materials, is a PbO-CuQ4-PbO sequence.
The PbO layers are analogous to the BiO layers in BiySrpCaCuyOg while the CuQy
structure is reminiscent of the oxygen-deficient chain layer in YBayCu3Os. The max-
imum T, is 75 K, found originally when L=(Y¢s + Caps). It has recently been
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Fig. 15. Frequency-dependent conductivity for T1zBasCaCusOg at 300 K (short dash), 125
K (dash dot), 60 K (long dash), and 10 K (solid). The inset compares ,(w) at 60 K
(short dash), and 10 K {dash-dot) with [0, (w) — op(w)], the normal state conductivity
with the Drude term subtracted. [Ref. 30].
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Fig. 16. Real part of the dielectric function for TlyBasCaCu305 at 300 K (short dash), 125
K (dash dot), 60 K (long dash), and 10 K (solid). The insert shows the data below T,
vs. w2, [Ref. 30].

discovered that a progression from an insulator to a high temperature superconduc-
tor océurs in Ca-free material as the size of the rare earth decreases. Thus, nominally
PboSraPrCu3 Oy is an insulator, whereas PbySraDyCu3Og has T, = 75 K.
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Fig. 17. Room-temperature optical conductivity for three Pb3Sry LCusOz samples. The

inset shows the partial sum rule, expressed as an effective plasma frequency, for the

three samples. [Ref. 70.]

The reflectance of a series of PbySrp LCu3Og crystals has been measured by
Reedyk et al.," with the optical conductivity determined by Kramers-Kronig anal-
ysis. Results are shown in Fig. 17. The main figure shows o(w) at 300 K for three
materials. The Pr compound is an insulator, with strong phonons dominating the
far-infrared region. There is a weak band centered at 3200 cm™* (0.4 €V) and a
strong charge transfer excitation above 12,000 cm™! (1.5 eV). With increased dc
conductivity and higher T, which also means (one assumes) increased Cu-O carrier
concentration, there is a shift of oscillator strength from the charge-transfer band
to the midinfrared and far-infrared regions. There is also a shift of the midinfrared
maximum to lower energies. This maximum is clearly seen in the midinfrared region,

even in the T, = 75 K Dy crystal.

The inset to Fig. 17 shows an evaluation of the partial sum rule, Eq. 2, expressed
in this case as an effective plasma frequency, wy,. Neg (w) is related to this plasma
frequency by Neg = meVeen wzc /4w e?; the saturation values in the inset correspond to
0.11, 0.04, and 0.005 free holes per CuQ2 unit for Dy, Eu, and Pr, respectively. It is
interesting that, even though T is as high as 75 K in these crystals, the effective far-

and midinfrared carrier concentration is one of the smallest of the high temperature

superconductors.
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G. YBaZCu;;O-?_g

By far the most effort at determining the optical properties of the high-T, su-
perconductors has gone into studies of YBagCuzO7_5. On the one hand, this is
unfortunate, because YBayCu3zOr;_g is probably the most complicated superconduc-
tor of all, on account of (a) the presence of both quasi-two-dimensional (“planes”)
and quasi-one-dimensional (“chains”) Cu-O layers, (b) the microtwinning of most
samples which gives only an a-b-plane average , and (c) the variable oxygen content,
which leads to variations in carrier concentration. On the other hand, some of the
best samples (in terms of crystalline perfection, homogeneity, sharpness of T, eic.)
are crystals and oriented films of YBayCu3Oy_s. In the following, we will first de-
scribe results on twinned samples and then discuss more recent (and less detailed)

measurements of untwinned crystals.

Many groups have presented measurements of the a-b-plane infrared spectra of
YBayCuz07_s, with perhaps the most detailed results from groups at (alphabet-
ically) AT&T Bell Labs,1%7%5 Florida/McMaster/Bellcore, 1015327172 TBM,73:13,17

and Regensburg/Siemens.14:16,74—76

1. a-b-plane reflectance

The first complete (in terms of wavelength and temperature coverage) study of
the a-b-plane infrared properties of YBayCusO7 was reported by Schutzman et alt*
The main part of Fig. 18 shows the reflectance over 50-1200 cm™! (0.006-0.15 V)
of an epitaxial YBapCuzOy_s film at temperaturés between 20 and 300 K. Data at
two temperatures out to 8000 cm™! (1 €V) are given in the inset. The sample had
T. = 91 K, about the maximum that is observed for YBayCugO~7 thin films. Later

results for similar samples have been presented by Renk et al.167

The data in the inset show that the reflectance drops steadily (but not quite
linearly) throughout the infrared. There is a obvious shoulder around 4000 em~! (0.5 °
eV), which, as we shall see from measurements on single-domain crystals, is probably

associated with excitations on the b-axis-oriented chains.

A nearly parallel downward shift of the reflectance with increasing temperature
above 100 K, is also seen at all but the very lowest and highest frequencies. The value
of the reflectance at 800 cm™! (0.1 eV) and T' = 100 K is 91%, which is close to the
highest value observed in YBayCu3zQq_g samples.

There is a dip or minimum in the 20 K reflectance around 800 cm™}, so the

reflectance is actually smaller below 7, than above in this frequency region. This
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Fig. 18. Reflectance of a YBagCu307_; film prepared on SrTiOj by laser evaporation. The
inset shows the reflectance out to 8000 cm™* (1 eV). [Ref. 14.]

effect has also been seen by other groups.15177 The minimum develops only below
T., and corresponds closely to the transmission maximum in Fig. 12. It can be
understood in the same way as the transmission maximum by considering the effect
on the dielectric function of two intense absorption bands, one at zero frequency
and one in the midinfrared. Both bands give a pole in the dielectric response; there
is a zero in €(w) between the two poles. If e(w) were purely real, there would be
a deep reflectance minimum at a frequ'ency just above the zero. When ¢(w) has a
large imaginary part, this minimum becomes washed out. However, if one component
loses its dissipative part, a weak reflectance minimum develops. With the onset of
superconductivity, for example, much (if not all) of the free-carrier component of e{w)
collapses to a delta function at the origin (as discussed in detail in Section V). This
decreases the imaginary part of €(w) at finite frequencies and leads to the formation

of the weak minimum in the reflectance seen in Fig. 18.

The other obvious feature in Fig. 18 is the structure around 500 em~L. Tt is most
obvious in the 20 K data, but can also be discerned above T,. The 100, 200, 300 K

curves all have a feature at this frequency which could be described as a “knee” or

“shoulder,” where the reflectance lies above the trend above and below 500 cm™1.

This feature, which has been discussed by a number of authors?1%27 is a signature

of the non-Drude behavior of the reflectance, because a Drude reflectance which fit
the data below 200 cm™! would have a nearly constant value in the 400-1200 cm™!

range.!?
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Thomas et al.,! Cooper et al.,?® and Orenstein ¢t al.?” have studied a series of
high-quality YBayCu3Q7_s twinned crystals which have different values of é. Fig. 19
shows the reflectance of four crystals of YBasCu3zO7_s, measured at 100 K. The
samples are characterized by their transition temperatures. The sample with T, =
90 K is presumed to have § ~ 0 whereas the one with T, = 30 K (which also contains
some Al) has § 2 0.5.: The reflectance of each sample drops steadily (but not quite
linearly) throughout the infrared, with a sort of plasmon minimum around 10,000
cm ! in all cases. As oxygen is removed, reducing the carrier concentration on both
the CuQy-planes and the b-axis-oriented chains, the reflectance in the midinfrared is
substantially reduced. However, as in other doping studies, this reduction in n has

little effect on the frequency location of the plasmon minimum.
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Fig. 19. Reflectance of four YBayCuzOr_;s crystals having different values of 6. The
siiperconducting T, is indicated, with the most reflecting sample having the highest
T,. (The sample with T, = 30 K was Al-doped as well as oxygen deficieni.) Sample
temperature is 100 K. [Ref. 27.]

At low frequencies, the reflectance is high, being above 90% for all four samples
for w < 500 cm™!, as expected for a conducting material. The three reduced-T,
samples clearly have a break or shoulder in this normal-state reflectance at w~500
cm™!, similar to that in Fig. 18. In fact, the dominant effect of reducing the oxygen
content appears to be a substantial reduction of the midinfrared reflectance, with the

effects in the far infrared being more modest.

25



The reflectance at several temperatures of these samples is shown in Fig. 20,
which shows frequencies below 2000 cm™! (0.25 eV). It is evident from these data
that most of the temperature dependence occurs below 800 cm™! (0.1 €V), except for
the T, = 90 K sample, where there is a systematic decrease in & at all frequencies at

200 K, the highest temperature shown for this sample.

\
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Fig. 20. Reflectance at several temperatures for the same crystals as in Fig. 19. The
temperatures are as follows: T, = 30 K—10, 100, 150, 250 K; T, = 50 K—10, 100,
150, 250 K; T, = 80 K—10, 40, 80, 150 K; T, = 90 K—20, 100, 200 K. [Ref. 27.]

The 500 cm™! “shoulder” or “knee” that was discussed above is quite obvious in

these data as well. It occurs in all four samples at the same location and can be seen
up to 150-250 K in the reduced-7, samples.
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The reflectance of a “fully-oxygenated” YBayCu3zO7_s crystal with T, = 93 K has
been reported by Collins et al.™"" and Schlesinger et al.l” Their results are shown in
Fig. 21. The 105 K, 800 cm™! (0.1 eV) reflectance {89%) is somewhat smaller than

the 92% for the T, = 90 K sample shown in Fig. 20.
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Fig. 21. Reflectance of a T, =~ 93 K YBayCuzOs.s crystal at T = 45, 105, and 150 K. [Ref. 17.]

There is a noticeable dip or minimum in the 45 K reflectance around 800 cm™?,

similar to the data in Fig. 18. As discussed above, this can be qualitatively understood
as a result of the collapse below 7 of the free-carrier component of ¢(w) to a delta

function.

A final example of the reflectance of YBayCu3zOr_s is shown in Fig. 22 from
the work of Kamaras et al..!> This figure shows the a-b-plane reflectivity of two
YBagCuzO7_s films prepared by laser evaporation. One (upper panel) had T, = 91 K;
the other (lower panel) had T, ~ 89 K. The reflectance, shown out to 800 cm™1, was
measured at 20, 100, and 300 K.

When compared to the results of Fig. 20, these films would appear to fall between
the T, = 80 K and the T, = 90 K crystal spectra. The 800 cm™! reflectance at
T =100 K is 89% and 88% for the two samples while the crystals had reflectances of
~87% and ~92%, respectively. Note that the 20 K and 100 K reflectances are nearly
the same around 800 cm™! (0.1 eV), while the 300 K reflectance is systematically
lower than the 100 K reflectance at all frequencies, as in the case of the 90 K sample
of Fig. 20.
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Fig. 22. a-b-plane reflectance of two YBayCugOr_; films at 20, 100, and 300 K. The film

in the upper panel had T, = 91 K; the other had T, = 89 K. The lines show fits to a
model two-component dielectric function. [Ref. 15.]

2. The a-b-plane conductivity
The optical conductivity ci1(w) of YBagCuzOy_s has been determined by

Kramers-Kronig analysis of the reflectance by a number of groups. We will show
several examples. The low-frequency extrapolations needed to complete the Kramers-
Kronig integral are most critical in the case of the superconducting state, as we will
discuss in Section V. Typically, a Hagen-Rubens extrapolation & = 1 — A /w is
satisfactory for the normal state.

Fig. 23 shows the conductivity at four temperatures, as presented by Kamaras
et al.,'® while Fig. 24 shows the conductivity at four temperatures as presented by
Schiitzmann et al.'* The corresponding reflectances were shown above in Figs. 22 and
18. The data are quite similar, with o1(w) agreeing within about 10% over most of
the range shown. The far-infrared conductivity is strongly temperature dependent

but there is only a small change in the midinfrared above about 800 em™!. An
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Fig. 23. Frequency dependent conductivity of a T; = 91 K film of YBasCuaO7_; at 20, 60,
100, and 300 K. [Ref. 15.]
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Fig. 24. Solid lines: optical conductivity o1(w) of a T, = 92 K filmm of YBasCusOr_;s at 20,
100, 200, and 300 K. Dotted lines: Imaginary conductivity oq(w). [Ref. 14.]

obvious feature in the conductivity is the minimum around 430 cm™? (0.54 eV). This
featute is easily seen in the below-T, spectra but can also be discerned in the 100,
200, and (weakly} in the 300 K spectra. It will be the subject of Section VI, where it

is identified as a signature of strong coupling of the midinfrared carriers to phonons.
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The conductivity of a YBasCu3Oy_g crystal at three temperatures, as reported
by Schlesinger et al.,!7 from Kramers-Kronig analysis of the data in Fig. 21, is shown
in the upper panel of Fig. 25. The lower panel shows e;(w), the real part of the
dielectric function. The optical conductivity is generally like that in Figs. 23 and
24, except for a magnitude about 20% larger. There is one interesting qualitative
difference, however: the complete absence of temperature dependence in o4 (w) above
800 cm™ L. This should be compared to a small but nonzero variation with T in the
conductivity of Schiitzmann et al.'* and Kamaras et al.'® According to Schlesinger
et al., the absence of any T-variation in o(w) extends to 10,000 cm~! and to 250
K. In contrast, both the measured reflectance (Fig. 21) and ¢;(w) (lower panel of
Fig. 25) do show some temperature dependence. Because oy(w) and €1(w) are re-
lated by Kramers-Kronig relations, a temperature variation in one generally leads to

temperature variation in the other, so these results are surprising.
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Fig. 25. Upper panel: optical conductivity of a T, & 93 K YBayCuzOr_; crystal at 45,
105, and 150 K. Lower panel: corresponding ez{w). [Ref. 17.]

Fig. 26 shows the conductivity at 100 K over a wide frequency range for five
YBayCuzO7_; crystals with different values of &, from Ref. 27. One sample (the Iowest
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trace) is insulating while the other four are superconducting. Their reflectance was
shown in our Fig. 19. The insulator has obvious phonon features at low frequencies,
a weak midinfrared absorption, and the onset of the charge-transfer absorption at
about 12,000 cm™! (1.5 eV). With increased oxygen content, the absorption in the
midinfrared increases and appears to shift to lower energies. The samples with T, =
30, 50, and 80 K all have a minimum at 430 cm™! (0.43 eV) clearly visible in their

o1(w) spectra. Below that minimum, the conductivity turns up toward its dc value.
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Fig. 26. Optical conductivity of five YBayCusOs_s erystals over 0-15,000 cm™! (0-1.9
eV). Values of & range from ~0.8 for the lowest curve to ~0 for the highest. [Ref. 27.]

Fig. 27 shows the evaluation of the partial oscillator-strength sum rule for these
samples. Nz, the number of free carriers per formula unit, increases rapidly at low
frequencies, on account of the high dc conductivity, and continues to increase in the
midinfrared region. The value of Nog at 11,000 cm™! gives an approximate measure
of the far-infrared and midinfrared oscillator strength; from this one estimates Nog ~
0.6, 0.75, 0.8, and 1.1 per formula unit for the T, = 30, 50, 80, and 90 K samples,
respectively. These carriers are distributed among the two CuO2 planes and the
CuO chain. The value of 1.1 for the T, = 90K sample is in rough accord with the
estimate of 1 carrier per formula unit that one would make from the chemical formula,

assuming Cut? and O~ for all sites.
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Fig. 27. Evaluation of the partial oscillator strength sum rule for four YBasCugOr_;
crystals with 7, between 30 and 90 X and for one insulating crystal (lowest trace).
[Ref. 27]

H. a-b-plane anisotropy
1. YBazCuzO;_g

The as-grown YBasCuszOr7_s material is usually twinned in the a-b-plane with
alternating strip-like domains of a- and b-axis oriented material. Thus any optical
measurement gives an average of the properties in the two directions. Because the
material is orthorhombic, the optical properties in the two directions should be dif-
ferent. Added to this is the contribution associated with the chains that peaks in the
midinfrared 879261980 ap4 that may have a tail extending to the far infrared. (The

81,82 suggests that

observation that the dc conductivity is anisotropic in the a-b-plane
the chain conductivity extends to zero frequency and the chains are metallic. This is

in accord with NMR mea,surements.83)

In recent years, large single-domain crystals of YBayCu3z07_s have become avail-
able, and several measurements of such crystals have been reported. The first mea-
surements over a wide frequency range were by Koch et al.,*® who -reported on the
room temperature a- and b-axis polarized reflectance. The crystals, slightly Al doped
with T, = 85 K, were single domain as grown. The reflectance for the two polar-
izations are shown in Figs. 28 and 29. The reflectances are nearly the same at low
frequencies, but the a-axis reflectance begins to fall and reaches its plasmon minimum

sooner than the b-axis reflectance. There are several bands at higher energies. At 3
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Fig. 28. Room-temperature reflectance of the (001) surface over 0.05-6 eV (400-48,000
em~1) for £ || a and E || b of a YBayCusOr_s single crystal. The dashed line is a
model calculation. Note the logarithmic energy scale. [Ref. 26.]
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Fig. 29. Room-temperature reflectance of a single-domain crystal of YBasCuyOy_s for
E )| a and E || b as well as the reflectance of an epitaxial film. [Ref. 16

eV the two reflectances are equal, with the b-axis reflectance being smaller than the

a-axis reflectance at higher frequencies.

In Fig. 29 the same data are plotted on a linear wavenumber scale and compared
to the a-b-plane reflectance of an epitaxial thin film. The film reflectance is between
that of the a- and b-axis polarizations, although the minimum occurs close to the
minimum for the a-axis polarization. Note that the decrease in reflectance for £ || @
is nearly linear with w while that for E || bhas a shoulder around 5000 cm™ (0.6 eV)

on account of the excitations in the chains mentioned above.

Koch et al.?6 find that the loss function maxima and the zero crossings of ¢;(w)
occur at about 1 eV for £ || @ and at about 1.5 eV for E | b, indicating about twice as

large oscillator strength along 6. The conductivity is also larger along b, as illustrated
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by Fig. 30, which shows the conductivity over 400-48,000 cm™! (0.05-6 eV) for the

two polarizations.
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Fig. 30. Room-temperature optical conductivity from Kramers-Kronig analysis of re-
flectance polarized || a and [] & of 2 YBayCuz07.; single crystal. Note the logarithmic
energy scale. [Ref. 26.}
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Fig. 31. Full line: difference between the b-axis and g-axis optical conductivity of a
YBasCusO7_s crystal at room iemperature. The dashed lines show fits to sum of
Drude shape and Lorentz oscillators. [Ref. 26.]

Koch et al.® interpret the additional conductivity along b as due to carriers on
the chains. By calculating the difference between the b- and the a-axis conductivity,
they extract the “chain” contribution shown in Fig. 31. According to this analysis,
the chain conductivity is a broad Drude-like band band that extends to 0.5 eV (4000

cm™~t). However, as pointed out by Koch et al., the additive nature of the chains
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and planes is obviously violated at high frequencies where &4 > 3. This inequality
implies that the dielectric function is smaller parallel to the chains than perpendicular
to them at high frequencies. It is probably too simple to assume that the b-axis
conductivity is the superposition of an isotropic (2-dimensional) a-b-plane component

and a quasi-one-dimensional b-axis chain component.

- The temperature dependence of the a- and b-axis reflectance has been measured
by Schlesinger et al.!® on a crystal which was mechanically detwinned. Their results
for both reflectance and conductivity at 100 K are shown in Fig. 32. At this lower
temperature, the dc conductivity is larger, and the upturn to the de¢ conductivity
at low frequencies is much more obvious. The b-axis appears to have a broad band
in the midinfrared, while the variation along the a-axis is much smoother. A well-
defined maximum at 2000 cm ™ (0.25 eV) is seen in the difference spectrum, oy — ..
This difference represents o (w) for the chains only if the assumptions hold that the
conductivity can be decomposed into chain and plane components and that the plane

conductivity is isotropic.
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Fig. 32. The 100 K optical conductivity for E || a (full line) and E || b (dashed line). The
difference o4y — 01, 18 shown as the dotted line. The inset shows the a- and b-axis
reflectances. [Ref. 19.]

2. BiySroCaCuy Og

That the a-b plane itself is not isotropic is illustrated by Fig. 33, which shows
the polarized transmittance of a single-domain BizStoCaCuOg crystal at four tem-
peratures, measired by Romero et al.%1:%% The anisotropy is substantial, despite the
pseudo-tetragonal crystal structure of this material and the absence of chains. At all
temperatures the a axis is more transparent (less conducting) than the b axis; how-

ever, most qualitative features (such as the shoulder at 700 cm~! and the quasi-linear
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increase in 7 with w) are seen in both polarizations. The anisotropy in the conduc-
tivity is quite comparable to that in YBagCu3zO7_s in this frequency region. This
anisotropy is evidence against the interpretation of the YBapCu3O7_s anisotropy,
which is attributed?®?% to the presence of chains along b, because there are no chains
in BiySreCaCuy Q5. It is entirely possible that the a-b plane is itself anisitropic due
to the different Cu-O bond lengths in the two directions.
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Fig. 33. The polarized transmittance of a single-domain Bi;SryCaCuz0g crystal at four
temperatures. [Ref. 61]

3. YBasCuqOg

A version of YBayCuszO7_s with double copper chains between the planes,
YBayCuyQg has been prepared in single-domain form, and was studied in the 0.3
eV to 3.2 €V region by Bucher ef al.%* The material exhibits considerable anisotropy:
the b-axis reflectance is 65% at 1 €V, a higher value than is seen in the best samples of
YBay;CuzO7_s, which typically has a reflectance of less than 60%. It appears that the
extra response comes from the midinfrared spectral weight associated with the extra
chains. The authors fit Lorentz oscillators in both a and b directions, in addition to
the Drude term.
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1. Other metallic perovskites
1. BGPbI._mBT:z 03

A midinfrared band is not a peculiarity of the two-dimensional copper oxygen
plane; it is also present in the cubic BaPb;_;Bi;O3 superconductor. This system
can be doped over the whole concentration range from what appears to be a normal
metalat z =0 to a sul;erconductor for 0.05 < = < 0.30 and an insulator for z > 0.33.
Tajima et al® studied the infrared spectrum of a series of compositions z ranging
from z = 0.05 to 2 = 1.00. For 2 = 0.2, in the superconducting range of composition,
they fit their reflectance data to a combined Drude-Lorentz model with a Drude
plasma frequency of 5400 cm™ and an oscillator with a plasma frequency of 7600

cm™! centered at 5400 cm™1.

The overall infrared spectral weight scales well with the chemical doping under
the assumption that each bismuth atom donates an electron to the system. Also,
unlike in the copper oxides, the near-infrared plasma edge in the bismuthate scales
with the concentration in the expected way.3% This may be due to the greater energy
of the charge transfer gap, estimated to be above 3 eV in this system.

2. Non-superconducting oxides

As we saw for BigSrpCuOg the presence of a midinfrared band in a conducting
oxide does not make it a superconductor. At low doping levels, a broad band in the 0.5
eV range develops in many oxides. BaTiO3 with low carrier concentration develops
a conductivity peak at 0.6 eV that the authors attributed to a deep impurity state
associated with oxygen vacancies.’® Bi et al.®" find that Lay_;SrzNiO4 also has a
midinfrared peak, at 0.6 €V (4800 cm™1). Only 3% of the spectral weight is attributed
to the free carriers. Similarly Crandles et al.®® find a broad midinfrared band peaking
in the 0.4 €V region in the barely metallic LaTiO3. Watanabe ef al.3% have studied
a series of non-superconducting analogs of the BipSryCaCusOg compounds with Fe,
Co and Mn replacing the Cu. Fig. 34 shows typical conductivity curves for these
non-superconducting transition metal oxides. A midinfrared band is present in every

case.
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Fig. 34. Optical conductivity of a series of transition metal analogs of the superconducting
BisSrsCaCug0Os cuprate. Solid curves are Drude-Lorentz models. [Ref. 89.]

III. PHOTOINDUCED ABSORPTION

A. Introduction

Subjected to intense illumination in the visible region of the spectrum, the insu-
lating parent compounds of the high temperature superconductors develop absorption
bands in the midinfrared. These resemble closely the bands in the corresponding su-
perconductors obtained by chemical doping. This photoinduced absorption was first

1.90

seen by Kim et a in Laz—z51;CuQ4 and since then in most high 7; supercon-

ducting materials.®1—%

. Two features stand out: a broad continuous absorption in
the midinfrared, similar to the midinfrared band seen in the doped materials, and a
series of sharp bands in the phonon region, 100600 cm~!. The midinfrared contin-
uum is always observed as an increase in the absorption, while the phonon bands can
have either sign: photoabsorption or photobleaching. Fig. 35 shows the photoinduced

spectrum for a series of high T, superconductors, from the work of Foster et al.%*
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Fig. 35. Photoinduced absorption in three insulating parent compounds of the high tem-
perature superconductors. Top curve LasCuQy4, middle curve YBa;CuzOg, 25, bottom
curve, TlyBayCa; _,Gd; Cus0z. Under intense laser irradiation the insulating com-
pounds develop absorption bands that resemble those of the corresponding doped
superconducting materials. [Ref. 94.]

B. Experimental method

The photoinduced absorption experiments are done on very finely powdered sam-
ples suspended in an infrared-transparent host material typically Csl or KBr, with a
concentration of 1-2 wt. %. The micron-size grains of the non-superconducting oxide
material are almost infrared transparent, except at the isolated reststrahlen bands of
optically active phonons.

In the visible, where. the laser excitation takes place, the materials are fairly
opaque, the penetration depth of the 5440 A Argon ion laser line is less than 1000 A.
The intensity of the infrared beam passing through the sample is measured alternately
with the laser beam on and off, to give the quantity 1 — I/l = AJ[T, called the
photoabsorption. Here the intensity of the beam is I with the visible laser on and
Iy with the laser off. The value of AF/5 in most experiments is quite small, of the
order of 10~3. Care has to be taken to avoid local heating of the grains by the laser

by reducing the intensity and by comparing the presumed photoinduced spectra with
thermal difference spectra.??
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The absorption measurements are done with a Fourier iransform infrared interfer-
ometer, time averaged over several hours to extract the weak absorption signals from
the noise. The individual stroke of the interferometer may take several seconds, so
an equilibrium is established between the generation of carriers by the laser and their
decay. Similar experiments have been done with conventional grating spectrometers
where the infrared signal is detected with a lock in amplifier and the laser modulated
at frequencies from 5 Hz to 50 kHz. Somewhat different results are obtained with the

high frequency modulation, particularly in the near infrared.®®

C. The midinfrared band

The most striking result of the photoabsorption technique is the appearance of
a broad midinfrared band, roughly at the frequency where a band is seen in the
conductivity spectra of the corresponding doped systems. For example, the first ex-
periments by Kim et al.%° in LayCuQy yielded a broad photoinduced band centered at
0.5 eV, very similar to the band seen in the a-b-plane conductivity®® in Lag_zSr;CuQy4
with z = 0.02. In YBayCu3Qg.2 both the midinfrared band?’ and the photoinduced
continuum®®®® have maxima around 0.12 €V (1000 cm™!). The trend of decreasing
peak frequency with rising T; is continued in the TlyBagCaCuyQg system where the
photoinduced peak occurs® at 0.1 €V (800 cm™!). This comparison of the absorption
induced in the grains with the e-b-plane condhcti'vity cannot be taken too far, since

small particle optical effects can distort the spectra.!%

Evidence that the bands correspond to mobile carriers (and not to the absorp-
tion by excitons, for example) is provided by the laser intensity dependence of the
absorption. Both the electronic midinfrared continuum and the phonon bands vary
1n strength as the square root of the laser power. In a bimolecular recombination
process the rate of change in the density of photogenerated carriers n is given by
dn/dt = al — fn? where o and § are constants. In equilibrium dn/dt = 0 and
n = y/a/BI. This square root behavior is observed in most cases.

D. The phonon bands

Two types of photoinduced bands appear with width and location consistent with
the idea that phonons are involved. The first set are photo-bleachiﬁg bands, regions
of frequency where the absorption is reduced as a result of the irradiation. The second
set, the true photoabsorption bands, correspond to frequencies where new absorption

bands appear as a result of the irradiation.

40



A comparison with {ransmission spectra shows that the bleaching bands are, as
one might expect, at frequencies where the undoped parent compound has phonon
bands, mainly polarized in the a-b-plane.’® One interpretation of the phenomenon is
that the added electrons are locally doping the material, and that a phase transition
is taking place from the tetragonal phase, stable in the semiconducting state, to the
orthorhombic, superconducting phase. Thus the tetragonal phonons are bleached as

the orthorhombic ones are formed in their place.

An example of this process is seen in the photoabsorption spectra of Ye et al.?® in
YBa;yCuzO7_s. Upon irradiation, a photobleaching line appears at 255 cm™! along
with an absorption line 273 cm™!. These are to be compared with the infrared modes
at 253 cm™! in the Ogs and at 276 cm™! in O70.1%  Similar transfer from the
tetragonal Qg3 to the Org spectra ate seen for other lines.

1.,9%:93 is that the added carriers cause local

Another effect, siggested by Kim ef a
changes in symmetry, activating modes that are not otherwise infrared active. In
this picture the 0.5 eV absorption is a localized electronic state similar to the mid-
gap absorption in polyacetylene which can be produced either by chemical doping
or by photoexcitation.!%1% The breakdown of translational symmetry due to the
electronic defect causes Raman active modes to become infrared active vibrations

(IRAV)05195 through coupling to an electronic continuum.

The coincidence of photoabsorption lines and Raman lines can be seen in Fig. 36
from Taliani et al.’? in the oxygen vibration region of YBasCuzOr_s. The most ob-
vious feature is the bleaching of the strong 600 cm™! band of the Og.2; material. The
two photoabsorption bands at 510 and 435 cm™! correspond to the strong Raman
bands, shown in the upper part of the figure of the O7 superconducting material, al-
though, as the authors point out, the 500 ecm™! photoabsorption band is considerably

broader.

Another example is the Tl;Bay;CaCuy0g system.19%% As in the other materials,
an electronic band is seen along with three broad induced bands in the phonon region
of the spectrum. Table 1 summarizes the frequencies of some of the infrared and
Raman bands. We have also included, for comparison, the minima in the infrared
conductivity that are a common feature of the optical conductivity of the doped
materials in the phonon region (see Section II on the midinfrared absorption, above,
and Fig. 56, below), and are particularly strong in this material. The strongest of
.these infrared minima occurs at 595 cim™?, the position of the prominent Raman line

at 595 cm™}. There is good reason to believe that this is the frequency of a phonon
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Fig. 36. Photoinduced absorption in the phonon region (middle trace) of YBasCuzO7-; at
34K. Raman (at 4K) and iufrared spectra are also shown. There is a close correlation
between photo absorption lines and Raman lines and photobleaching'lines and infrared

absorption lines in the undoped parent compound. [Ref. 92.]

that is strongly coupled to the electronic continuum.!%” It is also very close to the
photoabsorption line at 578 cm™!. A similar coincidence is seen for the 480 cm™1

photoabsorption line.

Thus it appears, at least in the case of the TlpBayCaCuy0g system, that there is
a close correspondence between three sets of phonon lines: photoabsorption, infrared
coupled phonons, and Raman lines. This behavior is not universal however. In
the YBayCu3zOr_s material the infrared coupled p_honons107 exhibit a very broad
band centered on 450 cm™!, whereas the photoabsorption shows bands at higher
frequencies, agreeing in position with several Raman lines in the doped material %%
The 600 cm™! breathing mode appears in the infrared data of Pham et all% as
an optic phonon band with a conductivity mazimum rather than an electronically

coupled mode, i.e., a conductivity minimum, as it is most other materials.

In summary, the photoinduced spectroscopies provide two important clues in the
mystery of the infrared properties of the high temperature superconductors. First,
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Table 1. Prominent Raman lines, IRAV modes and phonons seen
to couple strongly to the midinfrared oscillator strength for

Ti;Bay;CaCuy0g. The IRAV data are taken from Ref. 94 and

the conductivity data from Ref. 30. The frequencies are in cm™1.

Raman IRAV MID-IR o(w)
691

595 578 595

509 480 478

433 403

221 188

photoexcitation creates carriers that have a midinfrared absorption whose frequency
location is in rough accord with the absorption due to chemical addition of holes to the
CuO3 planes. Oune can therefore conclude that localized carriers on the CuO; layers
have a characteristic non-Drude midinfrared absorption. Second, photoexcitation of
carriers changes the phonon spectrum. This is prima facie evidence for significant
electron-phonon interaction, since there is no change in lattice structure or symmetry

upon photoexcitation.

IV. ANALYSES OF THE
INFRARED CONDUCTIVITY

There are two, seemingly different, approaches to analyzing of the infrared con-
ductivity of the oxide superconductors. One, which we call the two-component ap-
proach, considers the conductivity to be due to a combination of free (Drude-like)
and midinfrared (bound) carriers. Both contributions depend on there being holes
on the CuQ, planes—at least neither exists in the insulating parent compound—but
may have different dependences on the hole concentration and on temperature. A
key part of the two-component picture is that the free carriers condense into the
superfluid below T, while the midinfrared carriers are relatively unaffected by the

superconducting transition.
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The other approach, the one-component picture, invokes only a single type of
carrier. These carriers interact strongly with some type of optically inactive exci-
tation in the material, giving a strong frequency dependence to the scattering rate
and an enhanced low-frequency effective mass. This approach has been proposed by
Andergon.’® The “marginal Fermi liquid” ideas of Varma et al.23t0 and Littlewood
and Varma!ll and the “nested Fermi liquid” theory of Virosztek and Ruvalds?%112
have both been used to discuss the optical conductivity within a one-component pic-
ture. In this picture, the onset of superconductivity leads to a gap in the conductivity
spectrum; it is interesting that the optical gap may be at Aw = 4A rather than the
fiw = 2A of Mattis-Bardeen theory,!11,113,114

A. Two-component approaches

A two-component picture has been used extensively to discuss infrared absorp-
tion in ceramic samples! and has been also widely used in analyses of the a-b-plane
conductivity in crystals and films. As an example, Fig. 37 shows the conductivity
at 100 K of a YBagCu3z0Oq_; film over a wide frequency range. Also shown is a fit
to a model two-component dielectric function. The free-carrier component was fit
to a Drude model, while the midinfrared and higher-energy components were fit by

Lorentzian oscillators. The model dielectric function is

2

_ )
4 “pD Wpi :
= ¢1f - Y= — E . 1
cw) = ealw)+ w 71(w) w? 4w/ +j=1 ngj — w? —iwy; + €0 (10)

where w,p and 1/7 are the plasma frequency and relaxation rate of the Drude carriers;
Wej, Wpj, and -y; are the center frequency, strength, and width of the jt* Lorentzian
contribution; and € is the high-frequency limiting value of e(w).

In Fig. 37 the fit is shown as a solid line, the Drude component as a dashed
line, and the individual Lorentzian terms as dash-dotted lines. The high-frequency
terms are due to various interband and charge-transfer transitions!!5~17 occurring
at 34,500 cm~! (4.3 V), 21,000 cm™1 (2.6 €V) and 11,200 cm™! (1.4 V). (The 1.7
eV charge transfer band of the insulating YBa;Cu3Os compound appears to split
into two bands, 1.4 and 2.6 eV, in YBayCu3OQy. These are relatively weak in fully

oxygenated samples, such as the one shown. in Fig. 37.)

From the discussion of the a-b-plane anisotropy in Section II, we can conclude
that the band at 3300 cm™! (0.41 eV) is largely polarized in the b direction. Thus, it

can be assigned to localized excitations associated with the chains.
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Fig. 37. Conductivity (as points) shown on a logarithmic frequency scale. The o3(w) from
fits to a sum of Drude (D) and Lorentzian (L) terms is shown, as well as the individual
contributions to the sum. The Drude parameters are (in crn—?): wpp = 8200 and
1/7 = 80. The Lorentzian w.j, wy;, v; are: L1-—2090, 3000, 250; Lo—740, 9800, 1550,
L3—3300, 14500, 7500; Ls4—11200, 9300, 9500; Ls—21 000, 8600, 9500; Ls—34 500,
17000, 18 000. [Ref. 71.]

The two lowest Lorentzian terms {740 and 290 cm™! or 0.09 and 0.036 eV) are
then the a-b-plane midinfrared conductivity. Two oscillators are needed to fit the
data because of the minimmum in the conductivity at 430 em™1 (0.053 eV). In the
fit, the wings of these terms are broader than the structure in ¢;(w), indicating that
Lorentzians are not particularly good model dielectric functions. As discussed in
Section VI, the minimum or “notch” at 430 c¢m™! is probably due to an electron-
phonen interaction of an unusual type, and the midinfrared band can be viewed as
a single feature with structure due to coupling of the midinfrared charge carriers to
the phonons.

Fig. 38 shows another fit to the conductivity, from the work of Orenstein ef al.2’

The data are for a crystal with T, = 50 K. The calculated free-carrier conductivity
includes a weak (A = 0.4, in accord with estimates from resistivity!1® and infrared!®)
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coupling to a band of excitations spanning 100-700 cm~! (0.012-0.88 €V). The cal-
culation used a free carrier plasma frequency of w,p = 8000 cm™! (1 eV}. The fit is
systematically higher than the low-frequency data, but even so falls well below the
data above 400 cm~!. The dashed line is the difference between the data (dots) and
the free-carrier term (solid line). Orenstein et al. conclude that the midinfrared con-
ductivity cannot be adequately described by a weak-coupling model, implying that
the dashed line represents a second component in o1(w).
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Fig. 38. Optical conductivity for a 7, =~ 50 K crystal at 200 (upper), 100 (middle), and
20 K (lower). The data are shown as a dotted line, with a weak coupling calculation
shown as a solid line. [Ref. 27]

o
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1. The midinfrared conductivity
a. YBGQC’IL307_5

Kamaras et al.l® used their fits to the reflectance to estimate the midinfrared

part of their optical conductivity. The result is shown in Fig. 39. The curves in the
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upper part of Fig. 39 were obtained by subtracting the Drude part of the conductivity,
o1p = ﬁ /(1 +w?7?), from the total conductivity. The curves in the lower part are
the total conductivity below 7, (with nothing subtracted).
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Fig. 39. Upper panel: Optical conductivity of a T, = 89 K YBa;Cuz07_s film above T,
with the Drude contribution subtracted. Lower panel: Total conductivity below 7.
[Ref. 15.]

In Fig. 39 it can be seen that without the free carrier contribution, the normal

1

state resembles the superconducting state: an onset near 140 cm™, a maximum

around 350 cm™!, a minimum at 430 cm™!, and a second broad maximum near 750

1

em~!, With decreasing temperature the 430 ¢cm™ minimum grows deeper and the

140 cm™! edge becomes a bit steeper; this trend continues below T,. Because both

! are present in the normal state

the ~140 cm™! onset and the minimum at 430 cm™
up to 300 K, they are unlikely to be associated with the superconducting gap. See

the discussions in Sections V and VI for more about these features.

It is important to stress that the function which was subtracted from the data to
obtain the results shown in Fig. 39 was a smoothly decreasing Drude conductivity,
shown for T' = 100 K in Fig. 37. The subtraction cannot build in any of the sharp
features shown in Fig. 39; by suppressing the strong upturn associated with the free

carriers, it only makes them easier to see. However, they clearly can be seen in the
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total conductivity; for example there are obvious minima at 430 cm™! in Figs. 23 and
26.
b. Bisz CaCRQOS

A similar determination of the midinfrared conductivity has been carried out for
BisSra CaCuz0g by Reedyk et al.3%-11% More recently, Romero et al5%83 have deter-
mined the free carrier and midinfrared components of BizSrgCaCusOg by a procedure
that begins by assuming that the line shape of the midinfrared conductivity can be
approximated by the total conductivity at 20 K. (This approximation is accurate to
about 10% of the maximum midinfrared conductivity.) A smooth free carrier contri-
bution and a midinfrared contribution can be estimated by iteration. The midinfrared

component is shown in Fig. 40.
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Fig. 40. The midinfrared contribution to the frequency-dependent conductivity of
Bi3SryCaCus0g at temperatures between 20 and 300 K. The curves at and above 75
K were found by subtracting a Drude-model conductivity from the total conductivity
of Fig. 13. The 20 K curve is the total conductivity. [Ref. 62.]

Fig. 40 agrees well with the results of Kamarés et al.'® for YBayCu3O7_s: there
is an apparent onset of midinfrared conductivity around 150 em™1 (0.019 eV), struc-

ture in the phonon region, and a broad maximum around 1000 em™! (0.12 V).
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Some of the phonons are ordinary in-plane vibrations, but a weak minimum is seen
around 400 cm™! (0.05 eV) that is probably of the same origin as the 430 cm™!
notch in YBayCusO7_s5. This minimum is weaker and at higher frequency in the

BizSro CaCugOg material, however.
2. T-dependence of the midinfrared conductivity

Let us turn to the temperature dependence of the midinfrared conductivity. In
BiaSraCaCu204 (Fig. 40) above T¢ there is no T-dependence to the low-energy edge,
some weak T-dependence between 700 and 1600 cm™?, and no temperature depen-
dence at higher energies. Below T, the edge appears to shift to slightly lower frequen-
cies and the T'-dependence in the 700-1600 cm™! region appears to be stronger.

For YBayCu3Q7_s Kamarss et al.’® used a sum of three Lorentzian oscillators
to model the midinfrared and chain contribution to the dielectric function, finding
some temperature variation in all of the nine Lorentz parameters. The data can
also be fit with a temperature variation in line widths but with center frequencies
and oscillator strengths held constant. The line widths have a linear temperature
dependence, ¥(T) = v(0) + kT, just like the Drude 1/7. It almost seems as if
whatever is broadening the free carrier conductivity is also broadening the (already
quite wide at 7' = 0 K) midinfrared conductivity. This linear temperature dependence
of the broadening of the midinfrared band has recently been reported by Thomas et
al®®
3. The free carrier conductivily
a. YBas Cuz Oy_;

The free-carrier conductivity appears to be quite conventional: the plasma fre-
quency is independent of temperature (or nearly so) while the scattering rate follows
the T-dependence of the resistivity.!? Fig. 41 shows the temperature dependence of
the low-frequency Drude terms for a T, = 89 K film, from the work of Kamarés et
al.l® and Herr et al.™? Consistent with its slightly lower T, this sample had a lower
free-carrier oscillator strength than the T, = 91 K specimen discussed in the previous

1 is nearly T-independent.

Section. The Drude plasma frequency wyp ~ 8200 cm™
The scattering rate is 1/7 & 80 cm™! at 100 K and is essentially 7-linear (like the
resistivity), with zero intercept. The 100 K value corresponds to 7 = 6.6 x 1071 sec

and (if vp = 2 x 107 cm/sec) a mean free path of £ = 130 A.
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Fig. 41. Temperature dependence of the Drude plasma frequency and relaxation rate for
YBaQCu3O7_5. [Rﬁf 71]

b. BiySry CaCuy Oy

Fig. 42 shows the free-carrier contribution to the a-b-plane conductivity of
BisSry CaCusOg from the work of Romero et al.%%% The free carrier component is
defined as the difference between the optical conductivity (shown in Fig. 13} and the
average above-T, midinfrared component. Above T, the Drude contribution has a
nearly T-independent plasma frequency, w,p = 10,250 = 100 em~! and a T-linear
scattering rate, shown in the inset. Note that the intercept is almost zero at zero

temperature.

This T-linear scattering rate combined with a T-independent plasma frequency
is of course completely consistent with the dc conductivity. From the Drude fits,
Romero ef al. estimate a 100 K resistivity of 100 p{-cm, in good agreement with the
measured dc value of the samples studied.

4. Temperature dependence of T above T

The scattering rate may be expressed as!?!

kit =2nXkpT + kim0 (11)

where ) is the dimensionless coupling constant between the charge carriers and what-

ever T-dependent excitation is responsible for their scattering. Note that Eq. 11 is
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Fig. 42. The free carrier contribution to the a-b-plane conductivity of BisSr;CaCus0;s at
temperatures between 75 and 300 K. The thin lines are the calculated Drude condue-
tivity at each temperature. The inset shows the scattering rate vs. temperature found

from the analysis. [Ref. 120

a high-temperature expression which assumes that the characteristic energy A} of
the excitation is small compared to 7'. In addition, the zero temperature value 1/7g
is assumed to result from elastic scattering by impurities that is additive to the T-
dependent term. In the best high temperature superconductors the I' = 0 intercept
of resistivity, and hence 1/, appears to be zero.

A number of authors have evaluated transport and optical data within such a
weak-coupling theory, finding A = 0.3 £ 0.1, a weak coupling value. Table 2 lists
the results of these analyses. In this Table, the values from resistivity measurements
are reported as upper limits on \; A/7 is then calculated from Eq. 11. The optical

measurements yield A/7, from which A is calculated. The scattering rate is in units

of kpT.
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Table 2. Scattering rate and A for the free-carrier component.

Material Scattering =~ Coupling Temp. Technique
rate constant range
- h/rkpT A (K)
YBapCu3O7_s 1.9 0.3 130-600 Resistivity[118]
BisSraCaCugOg 1.3 0.2 90--600 Resistivity[122]
Lag_zSr;Cu0y 0.6 0.1 50-1100  Resistivity[118]
BiySra CuOg 0.5 0.08 7-700 Resistivity[67]
T1;BagCaCuyOg 2.1 0.3  125-300 Infrared[30]
YBazCu307 1.9 0.3 100300 Infrared[14]
YBasCuz07 1.4 0.2 100-300 Infrared[15
YBayCu307 2 0.3 100300 Infrared[27]
YBasCuz 07 2.6 04 100-300 Infrared[32]
YBasCuzOgyz 1.8 0.28 60-270 Infrared[11]
BigSryCaCuz0s 2.5 0.4 90-300 Infrared[31]
Bi,Sr,CaCuz0g 2.4 0.4 90-300 Infrared[61,62,63]
BipSra CuOg 2.0 0.3 40-300 Infrared[62]

B. One-component analysis
1. Holstetn model

As merntioned already, early attempts at one-component analyses, such as the use

1,123,124 11,13 were unsuccess-

of a broad Drude oscillator or a Holstein emission process,
ful in accounting for both the far-infrared and dc conductivity and the midinfrared
conductivity. A good example of the difficulties with the Holstein approach has been
given by Orenstein et al.2” Their result is shown in Fig. 43. The data, a-b-plane
optical conductivity for a T, = 90 K crystal, are shown as points together with two

fits to a Holstein model, the dashed and the dotted cureves. -
Ordinary metals are well described byr the Holstein model.1:125—127 Both the

frequency and temperature dependence of the conductivity can be shown to depend
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Fig. 43. The circles show the 200 K optical conductivity of a T, = 90 K crystal of
YBayCuzO7_;5. The dashed lines are fits to a Holstein model with the following pa-
rameters: dash-dotted curve: w, = 1.4 eV, A = 0.4; dashed curve: w, = 2.15 eV,
A=2.0. [Ref. 27]

on o F{w), the electron-phonon spectral density, with a coupling constant X given by

A= 2 / TEW) 4, (12)
0 w

In contrast, Orenstein et al. tried to fit the conductivity of YBagCu3z07_s5 with a

variety of functional forms for o F(w) but were basically unsuccessful. The curves in

Fig. 43 show two such attempts. In them, ¢ F(w) is 500 cm~! wide and is centered

at 330 cm™! but has different magnitudes, giving different A values; A = 0.4 for the

lower curve and A = 2.0 for the upper curve.

The reason for the failure of the Holstein model to describe the optical conduc-
tivity is that the low-frequency optical conductivity combined with the linear-in-7'
dc resistivity implies a small value for A while the broad, T-independent midinfrared
absorption requires a large value of A. Thus the data are not consistent with a one-

component picture based on the Holstein emission process.

Another way to understand this is as follows. The Holstein emission process
is one in which a charge carrier absorbs a photon of energy w, emits an excitation
of energy (), and scatters, giving rise to absorption. {The excitation is generally a
phonon but in fact could be any boson that couples linearly to the charge carriers.
We will use “electrons” and “phonons” for concreteness.) Momentum is conserved

in the electron-phonon system; energy largely in the photon-phonon system. Only
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phonons with energy less than the photon energy play a role. These considerations

lead to the following expression for the T = 0 scattering rate!?6
2r ¥ 5
1/r(w)=—] a“F(t){w—Q)dQ (13)
w Jo

The scattering rate has a threshold at the phonon energy. It is possible to de-
sign, therefore, an o F(w) that gives to the optical conductivity the observed low-
temperature line shape, with a threshold for the non-Drude midinfrared absorption at
some 1o in the far-infrared and with free-carrier-like behavior below.11:13:128 However,
this o? F(w) is not in accord with the observed electrical resistivity; once kpT" = h{ly,
the model predicts strong (on account of the large A needed) deviations from T-linear
behavior because the charge carriers interact strongly with thermally excited phonons.
The signature of these deviations in the middle temperature range is that an extrap-
olation of resistivity along a linear T' dependence does not go through the origin.
" Instead, its 7' = 0 intercept is at a negative resistivity on account of the large upward
curvature of the low-T' resistivity. (7-linear behavior can be simulated by adjusting
the zero-T intercept, i.e., by assuming a particular value of the residual resistivity.
This assumption requires the residual resistivity of a large number of samples to be

identical, a rather unlikely coincidence.)
2. The marginal Ferm: liquid

Varma et al.?® have proposed a phenomenological model for the oxide supercon-
ductors that they call a “marginal Fermi liquid.” This model assumes that excited
charge carriers interact with a spectrum of (optically inactive) excitations which is
flat over T < w < w,, where w, is a high energy scale that cuts off the spectrum.
Evidence advanced in support of this hypothesis includes the Raman spectrum,!2%130
where a broad continuum of electronic excitations extending to 1 eV (8000 cm™!)

131,132

is observed, and the angle-resolved photoemission, where a broad, asymmetric

peak at the Fermi energy is seen.

According to Varma et al.2® and Littlewood and Varmal!! the quasiparticle self
energy ¥ of the marginal Fermi liquid has an imaginary part which qualitatively goes

as
2T, w<T

4
T, w>T (14)

~tm ()~ {

where X is defined by an equation like Eq. 12. There is a corresponding logarithmic
(in w/we or T'/w,, whichever is greater) upturn in the effective mass, with the mass

enhancement proportional to A.
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The inverse lifetime (or scattering rate) of the charge carriers is given by the
imaginary part of the self-energy, which at zero frequency is linear in 7". This re-
sult is in accord with the measured resistivity. At high frequencies, there is no
temperature dependence in Eq. 14 and the scattering rate is proportional to w;
the lifetime to 1/w. Thus, at high frequencies the conductivity becomes o1(w) =
wirf4n(l + wir?)~wlfdnw. It goes like 1/w in contrast to the 1 /w? dependence of
an ordinary metal with frequency-independent scattering.
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Fig. 44. The optical conductivity from Ref. 27 is shown as the solid line. The dash-dotted
line is a sum of a marginal Fermi liquid contribution (dots) and a direct midinfrared
absorption (dashes). [Ref. 23]

Fig. 44 shows a comparison between the measured optical conductivity of Oren-
stein et al?” and a calculation within the marginal Fermi liquid approach.*® The data
are the solid line and the result of the calculation is the dash-dotted line. Note that
in this calculation a second component, representing a second, optically active, direct
absorption, has been added to o1{w). Strictly speaking, therefore, this is not a pure
one-component calculation. The direct absorption, the dashed line, has about 80%
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of the infrared oscillator strength, while the the marginal Fermi Hquid conductivity,
the dotted line, has about 20%. The latter has most of i{s oscillator strength in the

! minimum in o1(w)] with a relatively low

low frequency region [below the ~500 cm™
contribution in the midinfrared region. In more recent calculations,’!! this second

contribution has been dropped. The cutoff frequency, w,, is 1200 cm™! (0.15 eV).
3. The nested Fermi liguid

Virosztek and Ruvalds'33:112 have discussed the unconventional nature of the nor-
mal state of the high temperature superconductors in terms of Fermi-surface nesting.
According to this “nested Fermi liquid” approach, large parts of the 2-dimensional
Fermi surface of the CuQ; layers are spanned by common nesting wave vectors, which
change qualitatively the susceptibility and quasiparticle self-energy of the charge car-
riers. The dominant scattering process in this nested Fermi liquid is electron-electron
scattering (or hole-hole scattering) Instead of the — Im ¥ o w? + T2 of the ordinary

metallic system, the nested Fermi liquid has
~— Im ¥(w) = amax(6T, |w|) (15)

where a is a dimensionless coupling constant (o« = 0.5-1) and f~1.2-1.5. Eq. 15
gives a scattering rate that is linear in T' at low w and linear in w at high w, i.e,
one just like that in Eq. 14. There is also a mass enhancement at low frequencies,
m*/m = 1+ (2a/7) Injw./ max(8T,w)], where w, is a cutoff of order the width of the

conduction band.

Fig. 45 shows a comparison of the nested Fermi liquid theory to optical reflectance
data.l'? The data for YBasCuzOr_;s are from Watanabe et al.1®; for BigSry CaCuyOg
from Kim et al.!3%. The fits are for 1/7 = — Im(¥) = 0.9w. (The data in Fig. 45 are
in the high-frequency limit of Eq. 15.) Also shown as the dashed line is the reflectance
of a Drude model (with no additional midinfrared contribution) that fails to describe
the data.

C. Measurements of 1/7*(w) and X(w)

A number of groups have determined the scattering rate and frequency dependent
effective mass from optical data. Various theoretical formulae have been used, and 1t

might be useful for us to digress for 2 moment and describe these formulae.
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Fig. 45. 300 K reflectance of YBayCugOr_;s (dots) and BiySryCaCus0p (triangles) com-
pared to a fit using the nested Fermi liquid approach. Parameters used are o = 0.9 for
both materials; w, = 16000 cn~! (2 eV) and 11000 cm™? (1.4 eV) for YBazCusOr_s
and BipSr,CaCu;0z, respectively. The dashed line is a Drude reflectance with
wp = 9600 em™! (1.2 eV) and 1/7 = 140 cm~1. [Ref. 112]

1. Notation

We begin with the notion of a frequency-dependent scattering rate. Such fre-
quency dependence can arise in a number of contexts such as the Holstein effect,
other electron-boson interaction models, the marginal Fermi liquid, and the nested
Fermi liquid. If a frequency-dependent scattering rate, y(w) is used in a generalized

Drude model, 3%

w?

e(w) = €o — ——
W= ot

(where €, represents interband contributions not involving the charge carriers and

wy = 4/4wne? fm*

is the plasma frequency, with n the carrier concentration and m* the effective mass),
then the real and imaginary parts of € will not satisfly cansality (i.e., Kramers-Kronig)

unless
(a.} « is complex,
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or
(b.) = is real and w, or m* is frequency dependent.

These two cases are equivalent, but lead to different functional forms for “scattering

rates.”

For the first case, we will write the complex damping function, also called a
memory function, as 4 = R{w) + :I{w), and

w?

W) = 0 = T @) 7 iR@) (16)

For the second case, we will put the needed frequency dependence into the effective

mass m* and write
w
)= o = @+ @) i

where 1/7*(w) is the (renormalized) scattering rate. Finally, for the marginal Fermi

liquid, Littlewood and Varma'!! have suggested writing the dielectric function in the

following approximate form:

W
® " wlw — 28(w/2)] (18)

e(w) €

where the factor of two appears because quasiparticle excitations (like in supercon-

ductors) are made in pairs and where X is the quasiparticle self-energy, given by:
T—1 }
TaurL = 2w Iog(-’fm:—?-“i) —in?T. (19)

Here, w, is a high-frequency cutoff and X is a dimensionless coupling constant. Eq. 19
has the same limiting forms as Eqs. 14 and 15.

The quéntity wp in Eqs. 16, 17, and 19 is the “bare” plasma frequency, given
by wf, = 47mne?/my with my the band mass. An accurate value for wy needs to be
supplied as part of the analysis to get 1/7* or . The other quantities can be related

by equating real and imaginary parts of the denominators as follows:

T%:l—%ulzl—%f{eﬂ(%) (20)
and
Tn-%ﬂur*(w) = R(w) = ~2Im3(%) (21)

Note that 1/7%(w) is called the “renormalized” scattering rate, while R(w) is the

“unrenormalized” scattering rate is sometimes written as 1/7.
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Some of these distinctions disappear at zero frequency. In particular, the dc
conductivity of Eq. 17 is

Ode = wg(mb/mz)fg/tlw = wf,fg/flar

which shows that the &ffect of the mass enhancement at low frequencies is cancelled
by the renormalization of 7.
2, Bz'zsm CaCuz 03

Romero et al.%2 have analyzed their optical conductivity for BiSryCaCuy Qg and
BizSrp CuQg to obtain X. Results are shown in Fig. 46 for BigSroCaCuz0g and Fig. 47

defined as the inverse of the limiting low-frequency oy (w).
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Fig. 46. Upper: Imaginary part of the quasiparticle self energy 3 for BisSraCaCusOs.
. Lower: Effective mass as a function of frequency. The thin lines are fits to Egs. 18 and
19. The inset shows the dc resistivity (continuous line} and the resistivity determined

by far infrared means (open squares). [Ref. 62.]
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Romero et al. made a fit to Eqgs. 18 and 19, shown in Figs. 46 and 47. The fits
gave wy = 14,700 cm™! (1.8 eV) for BizSr2CaCu 05 and wy = 12,800 cm™ (1.6 eV)
for BisSryCuOg. we = 1200 cm™? (0.15 eV) and A = 0.27 for both materials. (Note
that the equation for this coupling constant, Eq. 14, differs from the equation used to
calculate the A’s in Table 2 by a factor of 2/7.) The calculations for the self-energy
agree with the data in several important ways. First, both give a dc resistivity in
agreement with experiment. Second, —Im Y increases linearly with w for w > 7.
Third, there is an enhancement of the effective mass at low frequencies by an amount

that is larger at lower temperatures.

There are also some differences. The principal one is that the cutoff frequency is

rather low; data and calculation agree only below 1000 cm™! (0.12 eV). This conflicts

129,130 131

with the high cutoff suggested by Raman and photoemission " experiments.
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The calculations deviate substantially from the data above the cutoff. Experimen-
tally, the zero-frequency effective mass increases with decreasing T' more rapidly than
predicted. Finally, the conductivity spectrum has a substantial part of its oscillator
strength above the cutoff, implying that not all the midinfrared absorption can be
attributed to the carriers.

3. leBaz Ca C‘U.z Oé

A low-frequency mass enhancement and quasi-linear in w scattering rate have
been observed by Jehl et al.% in a study of TlzBa;CaCuz0s. Their results are shown
in Fig. 48. What Jehl ef al. call 4, we called R in the discussion of notation, above. «
rises linearly up to about 1500 cm™?!, where the slope decreases suddenly; it saturates
above 4000 cm™! (0.5 €V). The mass enhancement in this 300 K data is about a factor

of 10 larger than that obtained by Romero et al.; the reason for this large difference

in very similar materials is not clear.
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Fig. 48. The main panel shows the real and imaginary parts of the 300 K optical con-
ductivity for TlzBasCaCus0s. The inset shows the scattering rate and the mass
enhancement inferred from the conductivity. [Ref. 69]

4. YBCLZ C‘u.a 07.__5

Schlesinger et al.171% have calculated the scattering rate for both a-b-plane crys-
tals and the a-axis polarization for single crystals of YBagCu3Or_s. The result for
the a-axis scattering rate, 1/7%, at 100 K, is shown in Fig. 49. The mass enhancement

is substantial. The effective mass increases from near the free-carrier value at 2000
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cm™! to ~2.5 at low frequencies. The scattering rate is linear up to ~1200 ecm™!

(0.15 V), after which its slope starts to decrease. Note that if this figure shows the
renormalized scattering rate, as appears to be the case, then it is not expected to be
linear according to the marginal Fermi liquid ideas. If the unrenormalized scattering
rate is linear, then the renormalized rate will have the same curvature as mn* fm; and

vice-versa. :

1400

700

1/7" {em™)

. 1 0
0 1000 2000
@ (em™

Fig. 49. Dashed line, right scale: Effective mass as a function of frequency determined from
the a-axis polarized conductivity of a YBas;CuzOr_s single crystal. The temperature
is 100 K. Full line, left scale: The corresponding renormalized scattering rate, 1/7*.
[Ref. 19.]

Cooper et al.®® have recently measured the room-temperature optical conductivity
of oxygen deficient YBasCu3Og g single crystals as well as YBayCuzO7 and have also
extracted the scattering rate and mass enhancement. Their results are shown in
Fig. 50. For the YBayCu3Oy, T.~90 K sample, the effective mass increases to twice
the free-carrier value by 400 cm™' (0.05 V) and the scattering rate appears linear
up to 2400 cm~! (0.3 eV).

Much more interesting are the data for the oxygen deficient sample. Both the
slope of the scattering rate and the mass enhancement of this lower T, (~66 K) sample
are larger than for the fully oxygenated specimen. A similar result has recently been
reported by Rotter et al.13® These results are difficult to understand within a marginal
Fermi liquid perspective. The mass enhancement and the scattering rate slope are
both proportional to A, implying that the higher T, material has a smaller A\. The
difficulty comes because the T is also supposed to be determined by A, and strong
coupling—large A—should mean high 7.

112

However, according to the discussion of the nested Fermi liquid picture,”** an

increased coupling {i.e., a larger value of «) is expected as the carrier concentration
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is reduced because the nesting is improved as the insulating state (a half-filled band
in a one-electron picture) is approached. As yet, no connection between the nesting

and superconductivity has been made.
5. Lag_, Sry CuOy

A similar result has been reported for Lag..Sr,CuQ4 by Uchida ef al3? Their
results for four different doping levels are shown in Fig. 51. Recall that the z = 0.15
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Fig. 51. a) Frequency dependent scattering rate and b) the effective mass ratio m* /m for
Lap_;Sr,CuQ4. [Ref. 33.] ’
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sample has the highest T,. Neither the low-frequency enhancement of m*/m; nor
the slope of 1/7 with doping correlates with the superconductivity; instead we see a

steady decrease of these quantities with doping level.

'

V. THE INFRARED PROPERTIES OF
THE SUPERCONDUCTING STATE

A. Introduction

In the superconducting state, the infrared reflectance of the high T, materials is
puzzling. Fig. 52 shows the reflectance in the superconducting state of six different
materials with 7, ranging from 20 K to near 100 K. The low-frequency reflectance
is close to unity in all the materials with a steplike onset of absorption at higher
frequency. In most materials, measurable absorption starts in the 150 cm™! region
and there is a pronounced onset of strong absorption between 350 and 600 cm™!. In
ordinary superconductors such an onset would be caused by a superconducting gap.
The onset of absorption in the high 7, materials does not correlate with T, when the 7,
is reduced by doping.?” Also, as Fig. 52 shows, there is no direct correlation between
T, and the various onsets. Timusk and Tanner!®” have presented evidence sﬁggesting
that in YBapCu3Or_s the feature at 400 - 500 cm—! is not the superconducting gap,
but is due to phonons. In this Section we will first discuss the infrared signature of
the superconducting condensate and then turn to the question: is there evidence for

a gap in the conductivity of the high T, materials?

B. The effect of condensation: a delta function conductivity at zero fre-

quency

The most striking manifestation of superconductivity in the infrared is a sharp
increase of reflectance at low frequency at temperatures just below the superconduct-
ing transition. It can be shown, from a detailed Kramers-Kronig analysis,!® that
these changes in the reflectance result from changes of the low-frequency conduc-
tivity. The Drude-like band, some 100-200 cm™! wide, centered at zero frequency,
decreases rapidly in both amplitude and width at the superconducting transition, and
is replaced by the delta function response at the origin due to the superconducting

condensate.
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Fig. 52. The reflectance of six high T, superconductors in the superconducting (solid curves)
and normal states {dashed curves).

Fig. 53 illustrates the changes, according to BCS theory, éxpected for the conduc-
tivity when a material becomes superconducting. The two diagrams, both assuming

a gap of 2A = 280 cm™!, are for two values of the Drude damping v = 280 cm™!, a

! a clean superconductor. The normal state

dirty superconductor, and 7 = 28 cm™
conductivity is shown as a dashed line, the superconducting state (at T' = 0} as a
solid line. Similar curves for a variety of models are shown in Bickers et al.12® and
Nicol et al11% In the dirty superconductor a sharp feature appears at 2A, whereas
for the clean superconductor the spectral feature is much weaker, since nearly all the

Drude oscillator strength is in the superconducting delta function.
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Fig. 53. The conductivity of a classical BCS superconductor in the a) dirty and b) clean limits.

The amount of conductivity that is transferred from the infrared to the delta

function at zero frequency is given by:

fn " [01a(w) — o16(w)]d = 0. (22)

It is evident from Fig. 53 that as the material becomes cleaner, t.e., as the gap becomes
larger in comparison to the damping rate of the carriers, more of the conductivity 1s

transferred to zero frequency. This is the clean limit of superconductivity.

The delta function conductivity cannot be observed directly by optical techniques
but the imaginary part of the conductivity, associated with the real part by Kramers-
Kronig relations, has a marked effect on the optical properties. The complex conduc-
tivity due to the superfluid can be written! '

2 2 :
W Wy —iwle(w) —1]
o(w) = e S(w) + e o . (23)
This gives:
w2,
efw)=1— ") (24)

This quadratic frequency dependence has been checked directly against €;(w) obtained
from the reflectance by Kramers-Kronig transformation.’® Fig. 54 shows the results
for a thin film of YBayCuzO7_5 where e;(w) is plotted against the square of the
frequency. The slope yields a plasma frequency of 9000 £ 400 cm™! (1.11 eV). A
fit of the low-frequency conductivity in the normal state to the Drude formula gave

a normal-state plasma frequency of 8800 cm™!. The fact that the two numbers are
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almost equal means the normal-state Drude fit describes the superconducting-state
conductivity well. The alternate picture, the marginal Fermi liquid model, needs an
additional parameter, the energy gap, to describe the fraction of the conductivity
that condenses. In both models, the conductivity sum rule guarantees that all the
net spectral weight that is removed from the infrared spectrum goes to the delta

1

function.

Frequency {om )
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Fig. 54. The real part of the dielectric function plotted against w™2. A straight line seen in
the superconducting state is a signature of the delta function response at the origin.

The slope gives the penetration depth. [Ref. 15 ]

The slope of € vs. w™2 is a direct determination of the London penetration
depth, Az which is related to the plasma frequency in the superconducting state by
AL = 1/27wys, With wys in cm™!. The penetration depth has been determined by a
variety of techniques for the YBayCuzOr_5 material, with values ranging from 1.3 to
1.4 eV. A complete summary of plasma frequency determinations for YBa;CugO7_s
by various methods is given by Bozovic.2? Some of the results are summarized in
Table 3, based on Ref. 20. The xSR number is based on single-crystal work. 137

The plasma frequency is related to the concentration of the carriers and their
effective mass by w?,s = 4mne?/m*. Here n is the density of superconducting carriers
and m* their effective mass. A rough estimate of the density of carriers can be
obtained from formal valence arguments, assuming that in ‘YBagCu;;O-;_.g there is
one free carrier per unit cell. Using the free electron mass, we get a plasma frequency
of 2.82 e¢V. This larger figure agrees rather well with near-infrared measurements but

not with far-infrared or static measurements such as magnetization or uSR.
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Table 3. Plasma frequency for the a-b-plane of YBayCu3Or_s
determined in various ways.

Method — wjp (eV) Remarks

Farir 1.32 Far ir oscillator models

#SR 1.41 Muon spin resonance

X 1.32 Static magnetization

Near ir 2.93 Includes mid-ir spectral weight

Part of the difference can be accounted for by the presence of chains in this
material. 78791980 Roughly half of the oscillator strength, it is argued, originates from
the chains. The remaining difference can be interpreted in terms of an “optic mass”
that acts, because of the interaction by carriers with some excitations, to increase
their mass by having to drag along the cloud of excitations. The mass enhancement
is the ratio of the squares of the low- and high-frequency plasma frequencies, i.e.,
(2.0/1.3)% = m*/m = 2.3. This is a rough estimate since it is difficult to determine the
exact contribution of the chains to the conductivity. The procedure commonly used,
subtracting o1, from oy, assumes implicitly that the plane conductivity is isotropic.
As discussed in Section 11, the orthorhombic structure of the planes themselves suggest
that this assumption may not be correct. Detailed discussion of the spectral weight

127 lSO

distribution can be found in papers by Orenstein et al.*’ and Cooper et a

C. Temperature dependence below T

In addition to the purely inductive response of the superconducting condensate
the excited quasiparticles can absorb energy from a finite-frequency external field.
This gives rise to a peak in the dynamic low-frequency conductivity just below T¢ as
first shown by Palmer and Tinkham for o1(w) in lead films.!®® This peak is, in BCS
superconductors, a result of interference between Cooper pair wave functions and
its observation provided early experimental support of the BCS theory. A similar
coherence peak is predicted for the nuclear relaxation rate. However since the NMR
peak is absent in the high 7, superconductors, it is important to examine the existence

of a conductivity peak in more detail.
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The frequency-dependent conductivity below 7, depends on three factors: the
quasiparticle density, the BCS coherence factors, and the relaxation rate 1/7.13% The
quasiparticle density and the coherence factors can be calculated from BCS theory
but the relaxation rate depends on the details of the mechanism that scatters the
electrons. In BCS superconductors the scattering is from impurities or phonons, with
the impurity scattering dominating near T, in many samples. This makes the scatter-
ing rate independent of the temperature. In the high temperature superconductors
there is evidence that this is not the case and that the relaxation rate is dropping

rapidly below T,. We will now discuss the recent evidence for this.

The width of the Drude conductivity peak provides a direct measure of the quasi-
particle relaxation rate. Although a frequency dependence of the scattering rate is
expected to accompany the temperature dependent conductivity,?® the low-frequency
conductivity is approximately Drude-like.}?? Subtracting out the midinfrared con-
ductivity, Romero et al'?® have evaluated the scattering rate for low frequencies in
BisSraCaCuz0s and BizSraCuQg. Fig. 55 shows the results. The top panel shows
the dc resistivity measured directly with a four probe technique (solid line) and the
amplitude of the Drude peak inferred from the far infrared conductivity (open squares

and circles). For both materials the agreement is good.

The lower panel of Fig. 55 shows the scattering rate in cm™! inferred from the
Drude analysis. Both materials show, as expected, a linear relaxation rate with
temperature. It is significant that both materials, the superconducting and the non-
superconducting one, show the same slope, in other words the same coupling constant
A, despite their huge difference in 7, (the T; of the BisSraCuQO¢ may be 0 K). It is
clear that the scattering rate is an intrinsic property of the copper oxygen planes.
(Note that the higher T of the two-plane material could be a result of the much

larger carrier density.)

The most striking feature of Fig. 55 is the rapid drop in scattering rate below 1
for the superconducting material. Whereas the non-superconductor seems to continue
the linear decrease to low temperature, with a sign of saturation below 50 K, by 60
K the 1/7 of the superconductor has dropped by an order of magnitude from the
normal state (100 K) value.

This important result suggests that as the superconducting gap opens up at 1;
the process that is responsible for the T-linear resistivity is suppressed. This is quite
unlike phonon scattering of normal superconductors. To first order nothing happens

to the phonons as the material becomes superconducting and one would expect the
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quasiparticle relaxation rate. The scattering rate is linear with temperature in the non
superconducting BiySroCuOgbut drops rapidly below 7, in BizSraCaCusOg. [Ref. 120]

quasiparticle lifetime not to change dramatically at T,. Detailed calculations show
that in BCS strong-coupling superconductors, such as lead, the scattering rate actu-
ally increases for a range of temperatures just below 7,.1%® The rapid suppression of
the quasiparticle scattering rate at T, is a unique property of high 7T, superconductors.

Recent microwave surface impedance measurements, while not a direct measure-
ment of 1/7, have also been interpreted in terms of the collapse of carrier scattering
at 7,.14014 The work of Bonn et al.14! shows, for a high quality single crystal of
YBayCu30r7.s, a dramatic increase of microwave conductivity below T,. It is inter-
preted in terms of a gap developing in the spectrum of excitations responsible for the

large normal state resistivity of YBayCu3zOr_;.

A gap in the spectrum of excitations that couple the charge carriers suggests
that these excitations are electronic in nature and may in fact be the charge carriers
themselves. This suggestion has been made early in the field of high temperature
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199 and more recently by Varma and Littlewood in

superconductivity by Anderson
the context of the marginal Fermi liquid. There is no doubt that these recent results
support the idea of electronic mechanisms of interaction between the charge carriers

on the copper oxide planes.

D. The optical conductivity in the superconducting state

The question of the existence of a gap in the optica.l- conductivity has been at
the center of debate among the various experimental groups almost from the start
of the high T, field. In this Section we will focus on the structure in the optical
conductivity in the superconducting state, structure that has been associated with

the superconducting gap.

We will set aside the early gap identifications based on ceramics and on
temperature-dependent features of reflectance. The ceramic work is difficult to in-
terpret since it represents a mixture of a-b-plane and c-axis response. Work on sin-
gle crystals and oriented films has shown that that the far-infrared response is dra-
matically different in the two directions, parallel to the planes and normal to the
planes.#73:142,134,33 Thyg attention has shifted to single crystals and oriented films

and we will focus on these.

Similarly the interpretation of raw reflectance data is difficult. The striking
changes in reflectance that occur when the materials become superconducting are
a result of changes in both the real and imaginary parts of the dielectric function.
The shift of oscillator strength from the far-infrared response of the charge carriers
to the condensate delta function changes the dielectric function dramatically. (This
statement is true independent of whether the low-frequency response is due to free
carriers, to some sort of marginal Fermi liquid, or to other exotic behavior. In the
normal state, there is broadening of the zero-frequency peak in o1{w) due to inter-
action with some spectrum of excitations as well as due to elastic scattering from
impurities and the surface. In the superconducting state, the charge carriers that
are in the condensate no longer scatter, and the zero-frequency conductivity is a true
delta function.) A simple superconductor, one where there is a true gap in the con-
ductivity, has unit reflectance up to the gap followed by a region of absorption. In
the high T materials the unit reflectance region is usually not present. To get a more
complete picture of the low-frequency response we turn to a Kramers-Kronig analysis

of the reflectance and examine the optical conductivity.
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There are problems with Kramers-Kronig analysis of reflectance that are unique
to superconductors. These arise from the assumptions, always necessary in evalu-
ating the Kramers-Kronig integrals, of the analytical extension of the data at low
frequency. One approach is to use some physically reasonable model of the low-
frequency response and assume that the data will follow this behavior in the region
where there are no measurements. Because of the exotic nature of the conductivity it
is not obvious what form the low-frequency conductivity takes in the superconduct-
ing state. We will summarize some of the possible models for the electromagnetic

response of conductors at low frequencies.

The various assumptions that have been made about the low-frequency behavior

_ include:

1. The Drude assumption: In ordinary metals below a certain frequency the Hagen-

Rubens law for reflectivity holds:
Rl — (25)

where 7 1s a constant relaxation time. This is equivalent to assuming that the
low-frequency conductivity is Drude-like. In cases where the dc conductivity has
been measured for the sample and is found to agree with the Drude low-frequency
value, i.e., og. = wgr /4=, this can be justified. The procedure is obviously not
valid in the superconducting state, where the dc conductivity is infinite, but it

can often be used in the normal state.

2. The assumption of a gap: If the data show an approach to unit reflectance, one
can assume that a gap in the conductivity exists and set the reflectance equal
to unity below the apparent gap frequency. The Kramers-Kronig transforms will
then yield zero conductivity below the gap frequency. Many experimental curves
have been treated this way. A gap in the conductivity spectrum obtained by
Kramers-Kronig analysis usually means that the author assumed unit reflectance

for that region.

3. Power-law behavior: Since many superconducting samples show finite but de-
creasing absorption to the lowest frequencies, one can assume a power law ab-
sorption. The Hagen-Rubens expression of (1 — &) x +/w is a special case. Other

possibilities include:
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i) Marginal-Fermi-liquid conductivity. Here one assumes that the scattering rate

1s linear in frequency. It can be shown that the reflectance will have the following

approximate form!1!

R =1—4y/mIw(w +7T)/wk.

L]

For low temperatures and high frequencies 77" € w the formula simplifies to
(1-&) xw.
il) Two-fluid conductivity. If one assumes that there are normal Drude carriers

embedded in the superconductor, one can show!%® that (1 — %) oc w?.

iii) Two-fluid conductivity with embedded Lorentz oscillators. In this case it is
easy to show that (1 — £) x w?

The optical conductivity of a series of high 7, materials in the superconducting
state is shown in Fig. 56. All curves are for the a-b orientation. All show structure in
the phonon region of the spectrum, structure that has been attributed to phonons and
discussed in detail in Section VI. Here we are concerned with the existence of a gap

in the conductivity, that is, a region of zero conductivity below a certain frequency.

We will examine the evidence for a gap in the various materials in turn. In
reviewing the data one should note some of the experimental difficulties. First, at
low frequency, in the 50-300 cm™! region, where the gap is expected to lie, most
infrared sources are weak. Combined with the small single-crystal samples, this weak
intensity makes the signal-to-noise ratio poor. Secondly, diffraction effects from the
edges of the sample become more important as the frequency is lowered. In the face
of these problems, it is difficult to distinguish between unit reflectance and 99.5%

reflectance, a typical value for a good sample at low temperature.

Somne of the techniques used to overcome the experimental problems have included
in situ evaporation of metallic overlayers'? to correct for the roughness of the surface,
the use of large thin films on polished single crystal surfaces,*'%%? the measurement
of transmission,'4%31:61 or the measurement of direct absorption.!%%:14* Of the various
techniques, direct absorption is most relevant to the gap question since the signal
produced is directly proportional to the quantity 1 — & eliminating the need for the
accurate measurement of £. The drawback of the technique is the restriction to a
narrow, fixed temperature range to accommodate the characteristics of the sensitive

bolometers that are used.
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Fig. 56. The optical conductivity of six high T, superconductors in the superconducting state.

1. YBaz Cug 07__6
a. The 150 and 450 em™ structures

The optical conductivity of this material has received the most attention. The
first single crystal conductivity results were from Thomas et al.,!* who found a region
of depressed conductivity at low frequency and a gap-like onset of absorption in the
150 cm™? region in several oxygen-deficient materials with a lowered 7,. Within the
experimental 1% accuracy, the reflectance was unity up to this frequency. The value
of the absorption onset was of the order of 3—4 kpT. and the feature was interpreted

as the superconducting gap.
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Fig. 57. The optical conductivity of four YBasCugOy_s crystals with, starting from the
top curve, T.=90, 80, 50, and 30 K. The notch at 400 cm~?! and the onset at 150 cmn—?!
do not vary with T,. [Ref. 27] '

This gap-like onset of conductivity at 150 cma™! persisted in the fully oxygenated
90 K material as shown in Fig. 57 along with reduced T, crystals.2” The curves for
the conductivity are very similar to those first shown by Thomas et al.! on oxygen
deficient samples with strong absorption down to 150 cm™. In the 90 K material,
3.5kpT. = 221cm™ so the absorption extends well into the region where the energy
gap is expected to be. Another striking feature of Fig. 57 is the notch at 450 cm™!
that does not change in frequency when the T is changed from 90 K to 30 K.

These observations, along with the earlier discovery of Reedyk et al% in
BigSroCaCus0g and Kamaras et al.!® in YBayCuzQr_s that the infrared features
persist well above 77 cast doubt on the identification of the 150 ¢cm™! onset as the

superconducting gap.
b. Untwinned crystals

Midinfrared measurements on untwinned crystals were discussed in detail in Sec-
tion II. Such measurements are more difficult in the far infrared because of the small

size of the available crystals. Nevertheless several groups have presented results that
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are relevant to the gap question. The first were the reflectance measurements of
Schlesinger et al.'® on mechanically detwinned material. The authors found that the
absorption in the far infrared was stronger with radiation polarized in the b direction,
along the chains, than in the a direction, normal to the chains. It was argued that
transitions having a dipole moment parallel to the chains gave rise to the additional

absorption.

To within the accuracy of the experiments (0.5%), for light polarized perpendicu-
lar to the chains, no absorption was found below 500 cm™!, the same frequency that
the “knee” in the reflectance spectra is observed in a variety of samples.?® With the
assumption of unit reflectance, Kramers-Kronig analysis showed o1{w) = 0 below 500
cm ). Schlesinger et al. took this as definitive evidence for a gap value of 8kpT, in

YBayCugOq_;.

Recent direct absorption (bolometric) measurements by Pham et al!* on de-
twinned samples of YBayCu3zQO7_; throw serious doubt on this work. The experi-
mental method is capable of yielding data more than an order of magnitude more
accurate than the reflectance technique for highly reflecting samples in the infrared
at low temperatures. The absolute absorption accuracy is 20% and the uncertainty
in the zero of the absorption (i.e., unit reflectance) is 0.02%, as opposed to the re-
flectance technique of Schlesinger et al. where 0.5% error is reported.

Pham et all** find that the absorptivity, I — &, is finite for both polarizations
down to their low frequency limit of 80 cm™1.
strongly in the far infrared, reaching ~3% at 300 cm™!. The absorption for E || a
was smaller but was definitely nonzero; over 140—400 cm ™1 it is ~0.4%, rising slightly

The absorption for £ || & increases

with increasing frequency. The absorption increases strongly above 500 cm™!. The
difference between zero absorption and 0.4% absorption has a dramatic effect on the

conductivity returned by Kramers-Kronig analysis.

Fig. 58 shows the resulting optical conductivity for the a-direction of a single
domain YBagCuzOr_s crystal. Instead of a gap, the data show a minimum of con-
ductivity at 400 cm™! and a rise toward lower frequencies. Superimposed on this
smooth variation are sharp peaks, some of which can be attributed to optic phonons
seen in the a-b polarization in the insulating parent compound. The low-frequency
structure is reproducible but too strong to be due to ordinary optical phonons. While
there are zone center phonons in this region, their contribution to the conductivity
is small since the total phonon absorption is constrained by a sum rule involving ion

1?[13..SSE!S.144
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Fig. 58. Optical conductivity of a detwinned YBasCuszOr_; crystal in the o direction
showing the absence of a true superconducting gap. Also shown is the calculated
contribution of phonons polarized in the a-b plane. It appears that while some of the
high-frequency structure can be attributed to ordinary phonons, that at low frequency
o1{w) is too strong. There is no evidence of a gap in the conductivity in this work.
[Ref. 144]

c. The c-azxis conductivity

A discussion of the superconducting response of the YBayCu3QOy_s material
would not be complete without a discussion of the more difficult ¢-axis polarized
measurements.”>? First measured by Collins et al. on a mosaic and subsequently
by Koch et al. on a single crystal, the c-axis response is very similar to that of ceramic
pellets. Phonons dominate the reflectance and the conductivity which are shown in
Fig. 59 from Koch et al.*? As in ceramic pellets, a plasma edge appears at low
frequency where €; crosses zero.%%1%5 This phenomenon is responsible for the sharp

reflectance edge at 80 cm™L.

There appears to be depressed conductivity in the ¢-direction in the supercon-
ducting state below 250 cm™!. If this is indeed the superconducting gap it appears
to be smeared over a region of 200 to 250 cm~!. More work needs to be done on a
variety of samples to establish this as the superconducting gap. In particular one has
to establish whether the conductivity seen in the c-direction of some 70 @ lcm™! is
intrinsic. There is controversy about the dc resistivity in the ¢-direction; both metal-
lic and insulating behavior has been reported. There is one report of c-axis optical
conductivity in a depressed-T, GdBay;Cu3z0, crystal where only phonons are seen,

with no free-carrier absorption at all.}*
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Fig. 59. Reflectance (left panel) and optical conductivity {right panel) of YBas;CuzOy;s
from Koch et al. for light polarized in the c-direction. In the normal state the spectrum
is dominated by phonons while in the superconducting state a plasma edge at 80
cm™ ! dominates the spectrum. There appears to be depressed conductivity up to 250
em™!. Solid curves 300 K, long dashes 110 K, dots 60 K, and dot-dash 10K. Note the
logarithmic conductivity scale. [Ref. 142.]

2. Bi;Sm CaCus Oy

In comparison to YBagCu3z0y_s the low temperature infrared properties of other
high-temperature superconductors have received less attention. BisSraCaCugQOsg has
been studied both in reflectance®147:5%148,56 41 q i1 transmission.}4$31L61 We will

discuss the reflectance work first and then turn to the transmission technique.

Reedyk et al.%® found evidence of a gap in the conductivity, but this was a gap that
was also present in the normal state. The reflectance was unity to within experimental
error up to 300 cm™! in the superconducting state. In the normal state, below 300
em™?, there was a narrow Drude like absorption followed by a “knee” at 300 cm™1,
at which point the absorption increased steeply. It was clear that the gap associated
with the 300 cm™! feature was unusual, since it persisted above the superconducting

transition temperature.

The reflectance data are shown in Fig. 52 and the conductivity in Fig. 56. The
conductivity shows an onset in the 250 cm™! region followed by a shallow minimum at
500 cm™!. A comparison with the YBasCu3Or_5 curves shows that the structure is
similar, but BigSroCaCusOg, the material with the lower T, has structure at higher

frequency. This of course is opposite of what one expects from a superconducting
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1.56

gap. These results were confirmed recently by Kamaras et al°® on several samples

over a wider range of frequencies.

Far-infrared transmission spectra have not been as popular a means of exploring
the low-lying states as reflectance. BCS dirty limit calculations suggest that if the
ratio of the film transmission in the superconducting state to the normal state (at
the same temperaturej is plotted, a peak occurs at the energy gap. In the clean limit

this peak becomes weaker but sharper.}#3

In theory the transmission technique yields the same kind of information as
Kramers-Kronig transformed reflectance, but there are practical problems finding
infrared transparent substrates that are also suitable for thin film growth. The first
measurements of transmittance were at high frequency on magnetron sputtered films
of YBayCu3Oq_5 on SrTiO3 by Bozovic et al..'?® The first low-frequency measure-
ments relevant to the gap question were by Hughes et al.'** on magnetron sputtered

films of BisSroCaCuz0s on an infrared-transparent MgO substrate.

In order to get adequate transmission, Hughes et al. had to use films only a few
hundred A thick. Since MgO is not an ideal substrate for epitaxial growth, and the
first few layers next to the substrate are of poor quality, the films did not show ideal
superconducting behavior (zero transmission, extrapolated to zero frequency). The
authors concluded that any superconducting gap had to be at frequencies in excess of
300 cm™?, beyond the frequency of transparency of MgQO. Gao et al.*? reached similar
conclusions from transmission studies of YBapCuzO7_s on MgO substrates.

The most recent transmission work by Forro ef al.*! and Romero et al.5! was on
high-quality single crystal flakes of BiaSr2CaCuz0g. The flakes are several penetration
depths thick, so accurate transmission spectra required the high brightness infrared

beam line of the Brookhaven Synchrotron Light Source.

Because they used free-standing films, Forro et al. were able to exfend their
measurements to 600 cm™! and search for the predicted BCS dirty limit peak at
2A in the range from 1.5kgT, to 12kgT,. They found no indication of the peak,
even allowing for the scattering rate of 50 cm™! which would make 2A/7 = 0.125
at 400 cm™! and place the sample in the clean limit. More recently Romero et al.5!
extended the measurements on free standing films to 3000 cm™!, and did see a broad
peak centered on 700 cm™! (12kgT,), and suggested it could be interpreted as the

4A peak of the marginal Fermi liquid theory.111:113
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However, they point out that in the YBayCu3O7_s material, where the optical
constants are known, a calculated transmission also yields a peak in the 500-600 ¢cm ™!
range, associated with the “knee” and minimum in the reflectance. As discussed in
Section II, this feature is most easily understood as resulting from a passband between
two absorption bands, one at zero frequency and one in the midinfrared, with the
feature becoming visible as the free carriers condense below T,. If, in contrast, the
500 cm™! “knee” in YBayCu3zOy_s is a superconducting gap, then by the same token
the 700 cm™! feature in BiaSroCaCuz0s is a gap too. It should be clear that the
transmittance and the reflectance measurements yield the same information: in both
materials there is a steplike onset-feature in the frequency-dependent conductivity.
In the transmission ratio this feature becomes a shoulder or peak; in reflection it
yields a knee followed by a minimum at somewhat higher frequencies. Neither a peak
in the transmission ratio nor a knee in reflectance are unambiguous markers of a
superconducting gap in complex systems.

3. Other materials

A complete low-temperature reflectance study of TlyBazCaCu20s was presented
by Foster et al.3Y on laser-ablated c-axis oriented films on LaAlOj substrates. The
films are of high quality with T, between 98 and 100 K. The authors report no
evidence of a superconducting gap but considerable structire in the phonon region,
Fig. 52 shows the reflectance and Fig. 15 in Section II shows the conductivity in the
superconducting state.

The reflectance curve is similar to that of other high T, materials, with a pro-

nounced knee at 600 cm™1.

This feature remains in the normal state up to room
temperature. A Kramers-Kronig transform of the reflectance in Fig. 56 shows a re-
maining conductivity in the superconducting state that is lower than other high T,
materials, with a gap-like onset in the 200 em™! region. This material is unique in
having very deep phonon minima, at 350 cm™! and 600 em™1, somewhat similar to
BizSI‘z Ca,Cug 03.

The inset in Fig. 15 shows that the structures seen in the superconducting-state
conductivity are already present in the normal state and are essentially unchanged at
T.. Foster et al. conclude that the onset of finite o (w) is unrelated to 2A.

The low-temperature spectrum of single-crystal PbySry(Er/Ca)Cu30s, has been
studied by Reedyk et al.'*® The conductivity is characterized by several sharp minima
near the frequencies of Raman active phonons in the 400 - 600 cm™! region. At lower

frequency several of the sharp lines are due o direct absorption by phonons. The
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overall midinfrared conductivity is similar to that of other high T, superconductors
and there is no evidence of the energy gap. Nearly all of the fine structure can be
seén in the normal state. The reflectance is shown in Fig. 52 and the conductivity in
Fig. 56.

Two superconductors with a low transition temperature are included in Fig. 52
and in Fig. 56. Nd;_,;Ce;CuQy is a material in which the transport carriers may
be electrons, so that it might be expected to have properties differing from the hole-
doped cuprates. The spectrum shown is on a laser-ablated epitaxial film of high
quality grown by Hughes et al.'®® Surprisingly, despite the differences, the low T%,
the electron doping, and the different structure near the copper plane, the absorption
in the superconducting state is very similar to the other cuprates, resembling that of
TlBazCaCuy0g perhaps most closely. Both materials (along with BisSroCaCuaOs)
show a strong coupling of the 600 cm™! phonon to the electronic continuum state, in
contrast to YBazCﬁgO-r_g where the sensitive measurements of Pham et ¢l.14% show

that this phonon appears in absorption like an ordinary optic phonon.

The last curve shown in Fig. 52 and 56 shows preliminary results!®! for a film
of Lag..;Sr,CuQ4. The material has optic phonons at 400 cm™! and 700 cm™L
The conductivity shows that the higher frequency mode is directly coupled to the
radiation field, whereas the lower mode seems to have a Fano shape, a sign of electron-
phonon coupling. As in the other systems, the reflectance approaches unity in the
100 cm™! region, which transforms to a gap at the same frequency. Whether this is
a superconducting gap cannot be decided at this stage, since more work needs to be
done. It may well turn out to be possible to see a gap in the lower T, materials for
which the coherence lengths are longer, making it possible to approach the dirty limit
with defect scattering, without destroying superconductivity.

E. Is there a gap in the conductivity?

From Fig. 56 it is apparent that there is no gap in the optical conductivity in
the six high T, materials for which low-temperature a-b-plane data are available.
There is absorption down to the lowest frequency. Below 100 cm™! the experiments
rapidly lose their accuracy. Furthermore, most of the structure that is seen is present
in the normal state and is, as we will suggest in the next Section, associated with
phonons. The low-temperature optical conductivity in the 200600 cm™! region seems
to be associated with the midinfrared band and does not seem to participate in the
superconducting transition. It is still legitimate to ask if there is a gap in the overall
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conductivity at lower frequency, below 200 cm™! where the accuracy of the infrared
work is low.

The most accurate measurements are the bolometric work of Pham et ol 108144

and the thin film work of Kamarés et al and Schiitzmann, et al.'* and Renk et al.™
as well as the transmission work of Forro et al®' and of Romero et al.83:6%129 With
respect to the issue of the gap, the work falls into two groups. In some experiments
(particularly in thin films) there is evidence for a break in the reflectance at 150 cm™!
and a constant reflectance below this frequency. If this is indeed an approach to a unit
reflectance, there is a gap in these materials at 150 cm™!. In other measurements the
reflectance approaches unity with a power law and the authors conclude that there is

no evidence of a gap.

There is reason to believe that the power-law absorption persists to lower fre-
quency. It is well known that microwave surface impedance is consistent with an w?
dependence of the loss and the magnitude of the effect is consistent with bolometric

far infrared absorption on the same samples.}52™

VI. THE ELECTRON-PHONON INTERACTION

In this Section we discuss the evidence for an electron-phonon interaction of an
unusual kind in the high temperature superconductors. The electron-phonon inter-
action in these materials has many unusual features. For example, the dc resistance
above T, is essentially T-linear, suggesting that the charge carriers are scattered by
~ some sort of thermally accessible excitation, like the phonons. As we have seen in
Section IV (see Table 2) a weak-coupling value of A ~ 0.3 is found for the strength

of the interaction between charge carriers and thermal excitations.

Electron-phonon scattering is a natural explanation of this resistivity. Contradic-
tions arise, however, when the data are examined in detail. First, the low-T resistivity
is also quite linear, in some cases down to 20 K or s0.57 (In ordinary metals, the T-
linear resistivity is a high-7' phenomenon, with T° or T3 behavior observed below
the Debye temperature.) Second, the oxide superconductors have a large number
of Einstein-like optical phonon branches at energies { of 150-1000 K, which should
contribute to 1/7 once kpT ~ A{}. In contrast to this expectation, the resistivity
remains linear up to nearly 1000 K, implying that the scattering of the free carriers is
completely unaffected by these optical branches. This occurs despite the observation

129,153

by Raman scattering of Fano-type line shapes and frequency shifts at 7,15
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implying strong coupling of the Raman-active modes to an underlying electronic con-
tinuum. For example Thomsen et al.'®® find a coupling constant to certain phonons

with A = 0.6 by analyzing Raman shifts on entry to the superconducting state.

A. Evidence from neutron scattering

The introduction of charge carriers is known to have considerable impact on the

156 which compare the phonon density

phonons. Neutron time-of-flight measurements,
of states of superconducting (metallic) samples with non-superconducting (insulating)
ones, show pronounced enhancements in the 20 and 50 meV regions for the supercon-
ducting samples. An example is shown in the upper panel of Fig. 60, which compares
superconducting YBagsCu3O7_s with semi-insulating Y1, Pr;BasCu3O7_s. The bot-
tom panel shows the difference between the superconducting and non-superconducting
spectra. There are strong enhancements in the phonons in two energy regions, both

believed to correspond to Cu-O bord motion. (A similar conclusion is reached when

comparing the spectra of YBayCuzO7 and YBazCus 06.107)
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Fig. 60. The upper panel shows the phonon density of states for YBayCuzO7_; and
Y:_oPr;BasCusO7_s, as measured by Renker et al!%¢ while the lower panel shows
the difference between the two curves.
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Phonon dispersion measurements'®’ indicate a branch in the 50 meV region near

the zone boundary which has anomalous behavior, attributed to the electron-phonon
interaction. This mode is assigned to a “half-breathing mode” in which the oxygens
in the z direction are moving in and out in alternate cells while the ones in the y
direction are at rest. There is movement of the apical oxygen (04) as well. The actual
breathing mode is higher in frequency. The structure in the 20 meV region may be
due to an anomalous splitting between the scissor modes of the planar oxygens in the
two planes. (This mode makes the oxygen square into a parallelogram.) Additional
effects are seen in neutron measurements of the kinetic energy of the Cu atoms, which

changes considerably on entry into the superconducting state.1®®

B. Electron-molecular vibration coupling

With the above as background, we can now consider the effect of electron-phonon
interactions on the infrared spectra.1®%1%7 The type of electron-phonon interaction
considered is well-known in organic conductors but less common in other systems. In
the organics, as first pointed out by Rice,'%4:169=162 Jinear coupling of charge carriers
to totally symmetric (A4) phonons can lead to structure in the conductivity spectrum 7
at the phonon frequencies. In this “charged phonon” mechanism or electon-molecular
vibration coupling effect, the electron energies depend on the bond lengths, while at
the same time the bond lengths depend on the local charge density. Infrared radiation
at the A, phonon frequencies can pump charge over long distances, giving rise to
absorption that has electronic oscillator strength and that is polarized in the direction
of easy electronic motion. This direction is in the quasi-one-dimensional stacking
axis in the organics and in the @-b-plane in the Cu-O superconductors. When the
electronic continuum overlies the phonon frequencies, characteristic Fano lineshape
antiresonances occur in the continuum spectrum.

163 of a quasi-

As an example, Fig. 61 shows the optical conductivity
one-dimensional organic conductor based on tetracyanoquinodimethane (TCNQ),
trimethylammonium-iodide-TCNQ. This ternary compound®* has a weakly metallic
dc conductivity along the TCNQ stacking axis. Indentations in the optical conduc-
tivity can be seen at many of the A, phonon frequencies of the TCNQ molecule on

account of the interaction between charge motion and the vibrations.

In the high temperature superconductors, similar effects can lead to the re-
flectance “shoulders” at ~ 150 and 440 cm™? (19 and 55 meV). In oy (w) they show

up as an onset at the lower energy and a “notch” at the higher energy. This structure
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Fig. 61. Optical conductivity of trimethylammonium-iodide-TCNQ for three principal
directions. The b-axis is the most conducting, with o4,~20 @~lcm™. [Ref. 163.]

is illustrated for YBayCu307_5 in Fig. 39, which shows da,-ta, of Kamaras et all%,

Fig. 57, from Orenstein et al.?", and Fig. 58, which shows the single-domain results
of Pham et al.'* The conductivity has a broad band, with an apparent onset around

150 cm™! and a clear notch-like minimum at 440 em™!.

The PbySry LCu30s series of compounds studied by Reedyk et al.7C illustrate the
difference between conventional phonon absorption and the electronically coupled
charged phonon mechanism. Fig. 62 shows the optical conductivity of a sequence in
the series from the insulating Pr doped material towards more metallic Er/Ca doped
material. With increased metallicity the dc conductivity, shown as points on the
conductivity axis, rises along with the far infrared conductivity. The behavior of the

phonon lines is striking.

A typical optic phonon, for example the peak at 352 cm™!, appears as a conduc-
tivity peak in the insulating material. At low doping levels the area under the peak
not affected. But as the background conductivity rises above 600 cm™?!, the mode
loses its oscillator strength, i.e., the LO-TO splitting goes to zero due to screening,.
Different optic modes respond differently: for example the 304 cm™! line survives up
to the Er/Ca member whereas the 281 cm™! line is noticeably weakened already for

the Eu member.
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Fig. 62. Optical conductivity of PbeSry LCuzOg series of compounds where L is a lan-
thanide. Moving from the Pr doped material to the smaller rare earths the materials

become more metallic and while the optic phonons such as the one at 352 e~ weaken,
the electronically induced structure grows, for example the minimum at 585 cm™*

Contrast the reduction of the optic phonon strength with growth, under the same
conditions, of the three minima at 437, 525 and 585 cm™!. Not visible in the insulating
Pr doped materials, these lines grow in depth with doping. As Fig. 56 shows several

other high 7, materials show these minima, particularly one near 595 cm™'.

More examples of this type of behavior are shown in Fig. 56, where the optical
conductivities in the phonon region for six different high T, systems are shown. Note
the sharp notch at the 595 cm™! oxygen mode in Tl;BayCaCuyOs for example.

C. The charged phonon model

The charged-phonon mechanism leads to the following dielectric function:

drxe(w)
1 — Do(w)xe(w)/xo’

where €, is the high frequency dielectric constant, - - - represents other contributions

€(w) = €00+ -+ (25)'

(interband transitions, ordinary optical phonons, and non-interacting free carriers,
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for example), and the last term is the effect of the charged phonons. In it, ¥, is
the electronic susceptibility of the carriers in the absence of coupling, ¢ is the zero-

frequency susceptibility, and Dy is the phonon propagator:

wz
Do(w) =Y = )‘0‘2 2 (27)

. ]
o Wo — W — WYy

with Aq the dimensionless electron-phonon coupling constant, w¢ the unperturbed
frequency, and 7, the width of the o' phonon mode. The total dimensionless
electron-phonon coupling constant is A = >, Aq and the usual electron-phonon

coupling function a®F(w) is related to Dy by

o F(w) = 71 Im Dy{w).

D. Model calculation

Fig. 63 shows the application of this model to the 20 K midinfrared conductivity
of Kamarés ef al.,”® shown in the upper panel. The middle panel shows o1(w),
calculated using the o®F(w) in the lower panel. In making this calculation, y, for
the carriers which interact with the phonons was taken as a Drude spectrum, with a
plasma frequency of w, = 14,000 cm™" (1.7 eV) and a scattering rate of 1/7 = 1500
cm™! (0.2 eV), intended as parameters characterizing the midinfrared conductivity
of YBayCuzO7_s. The o F(w) was chosen to resemble the difference spectrum in the
bottom panel of Fig. 60 with the idea that the phonons which ate strongly affected by
the presence of charge carriers are those which interact with the carriers. The model
a? F(w) has two maxima, a narrow one at 150 cm™! (20 meV) and a broader, more
intense one at 440 cm™! (55 meV). These two modes have coupling constants of 0.3
and 0.6, respectively, leading to a moderately strong-coupling value of A = 0.9.

The dashed line in the center panel of Fig. 63 is the Drude spectrum, with no
coupling to the phonons. When the coupling is included, the solid line results. The
interaction with the phonons results in an antiresonance at the the frequency of the
upper mode and a near-zero conductivity below the lower mode. The interaction
with the phonons renders the metallic spectrum of the noninteracting case into a
quasi-insulating one. The calculation is not particularly sensitive to the parameters
in the model, in the sense that similar curves can be obtained with somewhat different
parameters. In particular, it is possible to change systematically the coupling constant
and the scattering rate and obtain very similar looking curves. Thus, the parameters

used are only meant to be illustrative of what is possible.
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Fig. 63. The upper panel shows the frequency-dependent conductivity for YBasCuzOr_s
at 20 K. Well below T, the free carriers have condensed, revealing the mid-infrared
carriers. The center panel shows the result of taking a Drude conductivity (represented
by the dash-dot line) and adding a linear coupling to phonons, using the «?F(w) of the
bottom panel. This a?F(w) is meant to represent the experimental difference curve of
Fig. 60, i.c., the effect of introducing the electrons.

It is important to note that there is a second contribution to ¢j(w) that is not
explicitly shown in Fig. 63: the infinite dc conductivity of the superconducting con-
densate. The strong phonon effects seen in the spectrum occur in carriers which do
not participate in the superconductivity. This midinfrared component is also seen
above T, when the free carriers have a Drude, rather than a delta-function, spectrum.
A sgimilar analysis can be carried out; again, the interaction is with the non-Drude
midinfrared carriers. The interaction strength, measured by the depth of the min-
imum at 440 cn™!, decreases with increasing temperature, but it is present all the

way to room temperature.

Thus, the evidence of the phonons is that there are two components in the low-
frequency spectrum of the high temperature superconductors: a free-carrier com-
ponent, which interacts weakly with the phonons but which condenses to form the
superconducting condensate below T, and a midinfrared component which interacts
rather more strongly with the phonons and which is little affected by the onset of
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superconductivity. The interaction with the phonons produces characteristic features

in the conductivity spectrum of this second component.

E. The gap controversy

That the phonon-related features become more clearly revealed when the free
carriers condense below T has lead to numerous cases of their being assigned to the
superconducting gap. There are two reasons, however, which mitigate against the
gap interpretation: the features are present in the normal state and their energy does
not change very much with changes in T, due to doping or different materials. This
inert behavior is very well illustrated the results of Cooper et al.?® and Orenstein et
al?” shown in Fig. 57. This Figure shows the a-b-plane optical conductivity of four
YBasCusO7_5 crystals that have T.’s between 30 and 90 K, on account of differing

values of 6. (The reflectances of these samples are shown in Figs. 19 and 20.)

The two spectral features seen in the conductivity spectrum—the onset below 7,
at ~140 cm™! (0.018 eV) and the sharp notchlike minimum at 430 cm™! (0.54 eV)
that are visible both above and below T.—are unaffected by variations of a factor
of 8 in carrier concentration and T,. The main change is simply in the value of the
oscillator strength of the far- and midinfrared absorption and a shift of midinfrared

- oscillator strength to lower energies with increasing T.

The notch-like minimum is also seen at 420-450 cm™! in Y1-zPr;Ba;Cuz07_;
with 7, between 30 and 90 K,1%% in BiySraCaCus 059652 and in Lag_;Sr,CuQ4.1%1
It would be surprising if the superconducting gap in all these materials had a value of
440 cm™!, particularly as the gap ratio 2A/kpT, would decrease (indicating weaker
coupling) as 7, increases. The interpretation in terms of phonon effects, largely
associated with oxygen motion around plane copper, is much more reasonable since
phonon frequencies are little affected by temperature and since all of the materials
(independent of T, or doping level) have similar oxygen normal modes.

F. Difference from other phonon effects

We stress that the charged phonon mechanism is fundamentally different from
other phonon effects in conductors. It is different from the Holstein phonon emission
process, in which a charge carrier absorbs a photon, emits a phonon, and scatters
with a momentum change equal to the phonon momentum. This Holstein effect gives
rise to a step or threshold at the phonon energy, not to a notch-like antiresonance. A
signature. of the Holstein effect is a shift upwards by 2A of the phonon structure in
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the superconducting state, which occurs because the photon must provide the energy
both to break a Cooper pair and to create a phonon. A second phonon effect would
be the direct excitation of a transverse optic phonon, such as occurs in insulators
or compound semiconductors. Optical phonons are seen in many a-b-plane spectra
as very weak structure, typically of order 0.1-0.5% in the reflectance. (The weak
peaks around 350 and 560 cm ™! in Fig. 63 may be such phonons.) However, ordinary
phonons have such a low oscillator strength compared to electronic phenomena that

they cannot make a strong contribution to o1(w).

The other effect that phonons can have on charge carriers is to contribute to
the free-carrier scattering rate 1/7. As already discussed, analysis of transport and
infrared studies gives a weak coupling value for the coupling constant A which governs
the normal-state transport properties. With the temperature-dependent conductivity
there is an associated frequency dependence of 1/7. The simplest manifestation of
this is a Holstein sideband at low temperature. The fraction of the area under the
sideband compared to the area under the Drude curve is of the order of A. The
sideband, for coupling to a single oscillator, has an onset at A{2, the energy of the
excitation involved. In view of the weak coupling, the low frequency expected, and
the high temperature of the experiments in the normal state, such a sideband 1s likely

to be difficult to observe,!?® in contrast to the case in ordinary metals.}??

VII. CONCLUSIONS

In the following we will first attempt to sumiarize what we believe to be our
present knowledge of the infrared properties of the new high temperature supercon-
ductors. Secondly we will briefly reflect on what these properties tell us about the
fundamental mechanism of high temperature superconductivity. In doing this we will

exhibit some strongly felt opinions, opinions that nevertheless rest on experiments.

It is our conviction that the infrared properties of these materials, because of the
wealth of detail they exhibit, show quite plainly that these are very complex systems.
From one point of view this means that in wading through this mass of data, support
can be found for every hypothesis. This has indeed been largely the use to which the
data have been put in the past. One can, from the literature, find the superconducting
gap determined to be anywhere from 1.6 kT, to 8 kg7,. One can find evidence of
coupling of the carriers to phonons, to high frequency excitations (0.5 ¢V peak!), or

to a continuum extending from the phonon region to high frequencies.
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In a more optimistic light, the great amount of detail of the infrared spectra offers

opportunities for key experiments that will ultimately yield to understanding.

A. The free carriers

There is, we think, universal agreement about some of the properties of the free
carriers. As Table 3 shows, the low frequency plasma frequency is known through
several quite different experiments for the YBasCu3zOy_s material. We also know
that the coupling constant A that governs the same charge carriers is quite small, as

shown in Table 2.

Of course everyone knows that the temperature dependence of the dc resistivity
is linear in T, for the BizSrsCuQOg material down to below 20 K.%7 Also well known
is the fact that the Hall coefficient is temperature dependent, with the Hall number,
1/Ry, being proportional to temperature. However, the far-infrared data show un-
ambigously that this effect must in some way be associated with the magnetic field:
direct measurement of the Drude peak shows that all the temperature dependence
of the resistivity comes from a 7-linear scattering rate; the carrier concentration is

temperature independent.

The most important result on the scattering rate of the free carriers is the rapid
decrease below 7. Determined both from direct Drude line widths and from the mi-
crowave conductivity, these recent results,}4%6%141 if further confirmed, point strongly
towards the domination of an electronic coupling between the charge carriers respon-

sible for the transport current.

It is also clear from the infrared results that these same carriers form the super-
conducting condensate. The agreement in the spectral weights measured directly by
integration and those inferred from the real part of €{w) shows this. There is only a
small leap from this idea to the conclusion that the same mechanism that gives us

1/7 also is responsible {for the superconducting pairing.

The question of the frequency dependency of 1/7 is also clear at low frequency—
there is no doubt that from the linear temperature dependence there follows a (weak)
linear frequency dependence. The only problem is what portion of the infrared con-
ductivity is to be attributed to the frequency-dependent Drude tail and what to the
midinfrared band, if any. With weak coupling between the charge carriers, there is
room for a midinfrared band. If all the absorption is attributed to the frequency-
dependent scatiering, no midinfrared band is needed. As we have seen, this idea
leads to difficulties. We will address this question next.
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B. The midinfrared band

There i1s an attractive simplicity in the hypothesis that all the observed conduc-
tivity results from one single process originating in a scattering rate that is linear
with frequency. Also the fit, in the fully oxygenated YBasCugOy_g system, to a con-
ductivity that goes as 1/w is excellent.'!? Difficulties arise when this picture is looked
at in detail. We have mentioned some of the problems in the previous Section on the
midinfrared conductivity. The most serious difficulty with the one-component model
is the apparent increase of the coupling strength (and mass renormalization) as T, is
reduced in the YBayCu30, syétem. If either the marginal Fermi liquid hypothesis or
the nested Fermi liquid model is to describe superconducting as well as normal-state

properties, this problem has to be addressed.

At reduced carrier concentrations, a distinct midinfrared band becomes more and
more evident, until at the lowest concentrations it is the only component left. Thus,
it is clear that carriers on the two-dimensional CuQO; layers can give an absorption
band in the infrared. What, then, is the nature of the absorption? It may be that
the marginal Fermi liquid picture is a limiting one, approached only in the fully
oxygenated case. At lower oxygen concentrations, as the material in the normal state
approaches a metal-insulating transition, a different picture may have to be invoked.
It remains to be seen whether this low-doping range involves transitions at J, as
discussed by Thomas et al.#® states localized by disorder, as suggested by Phillips,'6¢

or polarons, as proposed by a number of workers.!67,94,168

At higher concentrations, a separate midinfrared component still plays a role in a
weak-coupling picture. It is worth noting that an electronic transition in this energy
range occurs in. band structure calculations,!®® in finite-lattice numerical results for

Hubbard models,'™® and in the {-J model 17172

C. The role of phonons

The role of phonons is an ambiguous one: on the one hand they are weakly
coupled to the transport charge carriers, while on the other hand there is evidence
of strong coupling of phonons to the midinfrared absorption.13®1%%173 The strong
phonon bands seen as antiresonances in Fig. 56 are evidence of the complexity of this
coupling. Not confined to one set of modes, in some systems the coupling seems to
be to the 600 cm™! oxygen mode, while in other systems this mode appears simply

as a reststrahlen band and the coupling is to the “half-breathing” mode.
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The photoinduced absorption experiments bring further evidence of a strong in-
teraction between the phonons and the electronic degrees of freedom. Additional

evidence comes from neutron spectroscopy and Raman scattering, as discussed above.

ELECTRONIC
MODES

1%>0.7
1
|
DRUDE MID
INFRARED
CARRIERS CARRIERS

Fig. 64, The components that seem to be needed to account for the infrared properties of
the high temperature superconductors.

We summarize this picture with a diagram shown in Fig. 64, drawn from a two-
component perspective. This allows us to isolate the transport carriers from the
phonons and gives us a second component to take care of the extra spectral weight

that is needed to give the strong midinfrared band in the low doping level materials.

The coupling constants in Fig. 64 are estimates. The coupling between the Drude
carriers and the excitation, likely electronic, is discussed in Table 2. The coupling of
the free carriers to phonons has to very small to avoid a large negative intercept on the
resistivity axis. Finally the coupling between the midinfrared carriers and phonons is
estimated from the Raman widths and the coupling constants for the electron-phonon

coupling to the midinfrared band.
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D. The superconducting gap

As we suggested in our previous review,! the superconducting gap is one of the
most elusive inhabitants of the high 7, zoo. Two years later we are still in the
dark about its magnitude. However as a tesult of the recent developments, both in
theory (with the marginal Fermi liquid hypothesis) and in experiments {which have
measured the scattering rate in the superconducting state) we know better why the
gap is invisible.

It was clear quite early that, because of the short coherence lengths, the materials
are close to the clean limit, making the gap feature in the conductivity small as shown
in Fig. 53. Nevertheless it should be visible even if the gap were quite large. It now
appears that at least in the good materials, the relaxation rate drops by at least an
order of magnitude at T, before the gap has a chance to develop. Thus the materials
seem to plunge immediately into the extreme clean limit.

Secondly, since the first gap-related structure, according to the marginal Fermi
Liquid hypothesis!*!1! appears at 4A in the clean limit, it is likely to be weak and,
if our two component picture is correct, is certain to be lost in the strong midinfrared
conductivity in the 600-1200 cm™~! region. If the two component picture is incorrect,
if all the conductivity is to be gapped at T, there is a real problem to explain the finite
optical conductivity down to 150 em™"! seen in all the materials in the superconducting

state.

In our opinion, there is no definitive evidence for a superconducting gap in the
high temperature superconductors. While probes like photoemission appear to give
evidence for the presence of a gap in the density of states, other methods, such as
tunneling, show states within the gap region. It appears to us that infrared spec-
troscopy, despite four years of intense labor, has not yet revealed any definite value
for the gap.
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