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Interlayer electrodynamics of high- 7, superconductors: an

experimental overview

D.N. Basov

Abstract. An astonishing feature of underdoped high-7,
superconductors is that the energy scale associated with the
formation of superconducting condensate dramatically
exceeds the energy gap and appears to be of the interband
caliber [1]. This effect can be interpreted in terms of lowering
of the electronic kinetic energy at 7 < 7, and thus points to a
mechanism of superconductivity radically departing from the
Bardeen— Cooper — Schrieffer (BCS) theory. This nontrivial
superconducting state electrodynamics appears to be directly
connected to anomalies of cuprates observed in the normal
state, including the pseudogap, and to the lack of well-defined
quasiparticles.

Keywords: high-T, superconductors, superconducting gap, infrared
spectroscopy, pseudogap state.

Superconductivity at high critical temperature has been so
far achieved only in layered copper oxide materials. This
class of compounds reveals a remarkable anisotropy of
electronic properties. The behaviour of most cuprates when
probed with currents or electric field along the CuO, planes
can be characterised as ‘metal-like’. However, these planes
appear to be nearly decoupled, at least in the normal state
and a variety of properties probed in the interlayer c-axis
direction are insulator-like [2]. In many series of cuprates,
the transition temperature is enhanced with increasing the
number of CuO, layers per unit cell [3]. Nevertheless, at
least two compounds with only one CuO, layer/unit cell
such as Tl,Ba,CuOg, . (T12201) and HgBa,CuO,,,, show
the values of 7, above 90 K. At least one model: the
interlayer tunneling theory (ILT) makes an explicit con-
nection between nearly insulating c-axis response
predetermined by the layered crystal structure and high
critical temperature [4, 5]. Generally, the role played by the
interlayer coupling in the formation of the high-T, state has
been the focus of attention ever since the discovery of the
high-T, phenomenon.

Infrared and optical spectroscopy are ideally suited to
explore the fundamentals of the interlayer transport. Indeed,
this experimental technique allows one to directly probe the
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density of superconducting condensate relevant to Joseph-
son coupling between nearly isolated CuO, planes [6].
Spectroscopic experiments also provide valuable informa-
tion on the superconducting energy gap and the so-called
pseudogap state that develops in many cuprates at 7* > T,
[7]. Recent technical advances now permit an examination
of the interlayer transport on microscopic samples [8] so
that a variety of high-7, materials can be investigated. The
infrared studies of the interlayer electrodynamics enable
inference of generic trends and common patterns in complex
behaviour of cuprate superconductors. In this article, the
author reviews some of the recent experiments aimed at
probing the energy scales relevant to the superconducting
transition, as well as the issues pertinent to the breakdown
of the Fermi liquid description of the interlayer response.

Gross features of the interlayer response of cuprates can
be readily recognised in raw reflectance data displayed in
Fig. 1 for La,_,Sr,CuO, (La214) [9]. Owing to strong
anisotropy, the reflection spectra recorded in the normal
state with E being parallel to the ¢ axis are ‘insulator-like’:
several pronounced phonon modes are observed at w > 200
cem ! and a flat, frequency-independent background in the
far-IR region where R(w) = 0.5 — 0.6 [10—12]. The spectra
only weakly depend on temperature as T decreases from
300 K down to T.. However, as soon as these samples
undergo the superconducting transition, the reflectance
immediately changes its character: R(w) nearly reaches
unity at the lowest frequencies and then abruptly drops
down to about 0.2. At higher energies, reflectance slowly
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Figure 1. Spectra of the ¢ axis reflectivity for the single Le-_ Sr.CuC,
crystal with 7. = 34 K measured at 8 K (thick solid line), 17 .X. 20 K, 22
K, 25 K, 27 K, 32 K (gray lines) and 37 K (dashed line) [9]; f is the
radiation frequency.
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recovers to the magnitude observed in the normal state. This
behaviour resembles the plasma resonance that occurs in
ordinary metals.

The plasma edge can be viewed as an immediate con-
sequence of the formation of superconducting 6(0)-peak in
the real part of the complex conductivity a(w) = a;(w)+
ioy(w) [10, 13]. Because the plasma edge appears to be
associated with the Josephson coupling of CuO, layers, this
feature is often referred to as the Josephson plasma reso-
nance (JPR). The electronic conductivity both below and
above T, is strongly temperature dependent (Fig. 2). The
absolute values of o(w) obtained from the Kramers—
Kronig analysis of the spectra R(w) in Fig. 1 are relatively
small and do not exceed 15 Q' cm™! in the limit of w — 0.
As carrier concentration is increased upon doping, the
absolute values of o;(w) increase as well. Eventually, a
Drude-like mode evolves in the interlayer conductivity (see
Fig. 5). The strength of the superconducting condensate p
proportional to the area under the 5(0)-peak in the spectrum
oi(w, T< T,) is calculated from the suppression of the
conductivity below T, and also increases upon doping.

Laz,xSrv\.CuO4
2 b T.=32K

0 100 200 300 400 500 600
o/cm™!

Figure 2. Spectra of the real part of the conductivity obtained from
Kramers—Kronig analysis of the reflectance data shown in Fig. 1 Only
the electronic background is shown. Phonon peaks have been removed
by fitting with Lorentzian oscillators.

It is customary to characterise the condensate strength
in a superconductor by the penetration depth 1 = (1/ ps)l/ 2,
The interlayer penetration depth A, in several families of
cuprates reveals a universal scaling dependence on the dc
conductivity a4, (T = T,) (Fig. 3) [9, 14]: the absolute value
of A. systematically decreases with increasing the normal
state conductivity. The scaling is observed primarily in
under-doped cuprates (block symbols in Fig. 3). The devia-
tions from the scaling are also systematic and are most
prominent in over-doped phases (open symbols in Fig. 3).
Such deviations are a direct consequence of a well-estab-
lished fact that on the over-doped side of the phase diagram,
04c Increases, whereas /, is either unchanged or may show a
minor increase [12, 15, 16].

A similar scaling pattern between /4. and oy, is also
observed in other classes of layered superconductors,
including organic materials, transition-metal dichalcoge-
nides and Sr,RuO,. While the non-cuprate data set is
not nearly as dense, the key trend is analogous to the
one found for cuprates. The slope of the dependence 1.(o4.)
is also close for cuprates and non-cuprate materials. The
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Figure 3. The penetration depth . (T — 0) along the ¢ axis as a function
of the dc conductivity a4, for a variety of layered superconductors [14].
We found two distinct patterns of the Z.(o4.) scaling. Cuprate super-
conductors exhibit much shorter penetration depths than non-cuprate
materials with the same ¢4.(7,). This result may be interpreted in terms
of a dramatic enhancement in the energy scale from which the conden-
sate is collected, as described in the text. See Ref. [14] for the discussion
of the raw data points and analysis. Inset: in a conventional dirty
superconductor, the spectral weight of the superconducting condensate
(given by 1/22) is collected primarily from the energy gap region. The
total normal weight is preset by the magnitude of oy, whereas the
product 2404, determines the fraction of the weight that condenses.

principal difference is that the universal dependence for
cuprates is shifted down by approximately one order of
magnitude in A.. This shows that the superfluid density is
significantly enhanced in under-doped cuprates compared to
non-cuprate materials with the same dc conductivity. The
superconducting transition temperature 7, has not been
found to be relevant to the 4.(g4.) scaling. The authors of
paper [14] concluded that the two distinct patterns in the
plot A.(o4.) could be understood in terms of a dramatic
increase in the energy scale, from which the superconducting
condensate is accumulated in underdoped cuprates, com-
pared to that in more conventional layered superconductors.
A spectroscopic study of the interlayer electrodynamics
enables explicit examination of the energy scales associated
with the superconducting transition. This capability is affor-
ded by the sum rule analysis of the conductivity data
[17, 4, 5, 1]. For this purpose, it is instructive to introduce
the effective spectral weight defined as N(w)=
Jo" o1(w")dw’, and then to examine the difference between
the above integrals in the normal and superconducting state:
Ny(w) — Ny(w). This difference characterises the process of
the condensate formation [1]. In a conventional BCS super-
conductor, about 70 % —80 % of the condensate density is
accumulated from energies of the order of the energy gap
24, as schematically illustrated in the inset in Fig. 3. The
condensation is nearly complete as o reaches (5—6)4.
Interestingly, in many cuprates (primarily in underdoped
phases), a significant fraction of the superconducting con-
densate is produced at energies significantly exceeding the
energy gap [1]. This effect can be interpreted in terms of
lowering of the electronic kinetic energy at 7 < T.
Experimental results for several families of materials are
summarised in Fig. 4. Here, we plot the ratio [N,(10 K)—
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N(T = T,)]/ps as a function of the dc conductivity across
the layers. The integrals in the numerator were calculated up
to a cut-off energy of 0.1 eV. The deviation of [N,(10 K)—
Ny(T = T,)]/ps from unity quantifies the amount of spectral
weight in the 8(0)-peak that originates from anomalously
high frequencies (w > 24) and is therefore related to low-
ering of the kinetic energy. It appears that the high
frequency contribution to the condensate density is most
prominent in the materials with low dc conductivity. As a4,
increases, the [N,(10 K)— N(T = T,)]/p, ratio increases
monotonically up to unity, implying that the sum rule is
exhausted with the relatively narrow cut-off of 0.1 eV. This
trend is similar in a variety of cuprates, including
YBa,Cu;0, (Y123), TI2201 and La214. At least in Y123
and in La214 systems, the changes in the c-axis component
of the kinetic energy are clearly related to the development
of the pseudogap state at T* > T, and to the ‘insulating’
behaviour observed in the temperature dependence of the
resistivity. The signature of the pseudogap in the c-axis
response of under-doped high-T, cuprates is the transfer of
the spectral weight from far-infrared to higher energies [18].
This process corresponds to the suppression of ¢;(w — 0)
(see Fig. 2) and to a characteristic ‘semiconducting’ tempe-
rature dependence of the dc resistivity, which is commonly
found in underdoped compounds. With the exception of
TI2201, all materials in Fig. 4, for which [N,(10 K)—
N(T =T,)]/ps <1 is smaller than unity show the ‘semi-
conducting’ resistivity. In the pseudogap state, the charge
carriers become more strongly confined to the CuO, planes,
while the probability of their coherent hopping across the
planes is reduced. Therefore, data in Fig. 4 are indicative of
the fact that the change in the kinetic energy at 7' < T, may
be related to a degree of coherence in the interlayer response
in the normal state. Note also that the changes in the kinetic
energy are of the same order as the magnitude of the ¢ axis
kinetic energy itself. This interesting regime has to be
contrasted with what typically occurs in superconducting
metals.

Anomalous features of the interlayer electrodynamics
observed in high-7, materials appear to be related to the
character of electromagnetic response probed with the
electric field parallel to the CuO, planes. In this context,
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Figure 4. Normalised spectral weight [N, (10 K) — N(T = T,)]/p. obtai-
ned from the integration of the interlayer conductivity up to the cut-off
energy 0.1 eV. The [N,(10 K) — Ny(T = T,)]/p. data for a variety of
high-T, cuprates are plotted as a function of the dc conductivity along
the ¢ axis at T,. With the exception of the optimally-doped Tl,Ba,CuQg,
all samples, in which [N,(10 K) — Ny(T = T,)]/p. is smaller than 1, show
‘semiconducting’ upturn in the temperature dependence of the dc
resistivity.

it is instructive to inquire if the in-plane properties are
indicative or not of well-defined quasiparticles in the system.
A quantity relevant for this inquiry is the in-plane scattering
rate defined as:

1 _ a)fé a1(o)
Ta(®) 41 o} (w) + 0} (w)’

()

The plasma frequency w, in Eqn (1) can be obtained from
the integration of the real part of the optical conductivity
up to the frequency corresponding to the onset of interband
absorption. The bottom panels in Fig. 5 show the in-plane
scattering rate (inverse lifetime) for high-7, materials and
for a conventional layered superconductor 2H-—NbSe,,
whereas the top panel displays corresponding data for the
interplane conductivity. An important feature of the data
presented in Fig. 5 is that, as doping is increased
from underdoped YBa,Cu3;O44 to optimally doped
YBa,Cu;0q¢,, the absolute values of 1/7,,(w) decrease. A
similar trend is observed in other cuprates [19, 23—-25]. The
shaded regions in Fig. 5 represent the Landau-Fermi liquid
(LFL) regime, where the in-plane quasiparticles are well
defined, i.e., the magnitude of the scattering rate is smaller
than energy [1/7,(®w) < wc]. Data for 2H—NbSe, falls in
the LFL regime over the entire frequency interval in Fig. 5.
However, this is not the case for the two cuprate materials.
These differences in absolute values may have a profound
effect on the interplane transport. In 2H — NbSe,, where the
in-plane quasiparticles are well defined, the interplane
transport is also coherent, and is characterised by a narrow
Drude-like mode, whose width decreases with temperature
(Fig. 5c¢).

On the other hand, in YBa,Cu3;Og4¢, which is lacking
well-defined quasiparticles, the interplane transport is inco-
herent, with ¢.(w) being dominated by optical phonons
(Fig. 5a). As for the over-doped YBa,Cu;0; (Fig. 5b), the
optical conductivity of this compound is between these two
opposite limits. Fig. 5 therefore supports the notion that
long-lived in-plane quasiparticles may be a necessary pre-
requisite for coherent out-of-plane transport.

One outcome of analysis of the energetic trends in the
interlayer response is that the kinetic energy change is found
exclusively in the materials for which the normal state
properties are characterised by strong incoherence and
are therefore distinct from the conventional Fermi-liquid
picture. The hallmark of incoherent response in the spectra
of g;.(w) is a flat nearly featureless background (Fig. 2 and
Fig. 5a, d). The kinetic energy is lowered upon the super-
conducting transition only if this characteristic behaviour is
observed in the normal-state response. This is primarily the
case in underdoped cuprates. As doping progresses to the
optimal and over-doped regions of the phase diagram, the
interlayer response becomes more coherent, as witnessed by
the development of the Drude-like mode in oy.(w). The
magnitude of the kinetic energy change is reduced and
eventually vanishes in the overdoped regime. Thus, it
appears that the lowering of the kinetic energy characterises
the transition to the coherent state at 7' < T, provided the
coherence is lacking above the T.. The formation of the
pseudogap ‘enhances’ the non-Fermi liquid character.

In conclusions, a brief overview of the superconducting
response in underdoped high-Tc superconductors reveals an
interesting interplay between distinctive properties of a
superconducting condensate in these systems and anomalies
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Figure 5. Examples of the interplane transport for layered superconductors [14]. Top panels show the real part of the out-of-plane optical conductivity
01.(w); the bottom panels display the corresponding in-plane scattering rate 1/7,,(w). The observation of the Drude-like feature in the interplane
optical conductivity of the dichalcogenide 2H —NDbSe, (c) is consistent with magnetoresistance measurements, which revealed evidence for well-
behaved quasiparticles. In contrast the conductivity of underdoped YBa,Cu;O¢ ¢ material (a) gives no signs of coherent response. Overdoped cuprates
show the emergence of a Drude-like feature (b) and also occupy an intermediate position between the two lines in Fig. 3. Experimental data:

YBa,Cu;044 [19, 18]; YBa,Cuz0; [20, 21]; YBa,CuyOg o5 [19]; 2H — NbSe, [22].

of the normal state response. A giant energy scale involved
into the formation of a superconducting condensate can be
interpreted in terms of lowering of the electronic kinetic
energy at T < T.. This effect appears to be intimately
connected with the lack of coherence in the normal-state
response of underdoped cuprates.
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