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Terahertz BWO spectroscopy of conductors and superconductors

B.P. Gorshunov, A.A. Volkov, A.S. Prokhorov, I.LE. Spektor, J. Akimitsu,
M. Dressel, G.J. Nieuwenhuys, S. Tomié, S. Uchida

Abstract. Methods for direct (without the use of the
Kramers — Kronig relations) measuring the dielectric response
(dynamic conductivity and permittivity) spectra of dielectrics,
conductors, and superconductors in the terahertz frequency
range (0.03-1.5 THz) are described. The methods are
realised by using BWO (backward-wave oscillator) spec-
trometers developed at the A.M. Prokhorov General Physics
Institute, RAS. Dielectric measurements can be performed at
temperatures from 2 to 1000 K in magnetic fields up to 8 T.
The dielectric response spectra are investigated for a number
of materials with properties determined by electron correla-
tion effects: superconductors, one-dimensional conductors,
heavy fermion systems, spin-ladder cuprates, and spin glasses.

Keywords: terahertz spectroscopy, electron correlations, low tem-
peratures.

1. Introduction

Electron correlations are a central topic of the modern
condensed matter physics and provide the basis for a wide
variety of fundamental physical phenomena such as
superconductivity, charge and magnetic orderings, plasmon
excitations, phase transitions, heavy fermions, intermediate
valence, and charge and spin density waves. A specific
feature of systems with collectivised electrons is that the
typical energies characterising their ground state, such as
the energy gap of superconductors, the plasma oscillation
energy, relaxation energies of quasiparticles and a hybrid-
isation gap in heavy fermion compounds, the pinning
energy of charge/spin density waves, etc., are comparatively
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small (of the order of a few millielectronvolts). This leads to
certain difficulties in the solution of fundamental and
applied problems related to the experimental study of
correlated electron systems because the use of modern
spectroscopic methods, especially optical spectroscopy in
such a low-energy region involves serious problems.

The corresponding frequency range, approximately
between 10!' and 10" Hz, has even been called the
‘spectroscopic gap’ (‘submillimetre gap’ or ‘terahertz
gap’) by researchers working in the field of optical spectro-
scopy. Progress in the experimental studies in the terahertz
frequency range was achieved in recent years due to the use
of a new generation of quasi-optical spectrometers devel-
oped at the A.M. Prokhorov General Physics Institute and
based on monochromatic radiation sources — backward-
wave oscillators (BWOs) [1].

Modern BWO spectrometers provide rapid and reliable
measurements of the dielectric response of materials at
frequencies in the range from 1 to 50 cm™', which corre-
sponds to photon energies 0.15—6 meV. The mastering of
the ‘terahertz gap’ not only raised optical spectroscopy to a
new level of panoramic dielectric measurements [2] but also
opened up the possibilities for solving many fundamental
and applied problems by using experimental data obtained
in the previously inaccessible spectral region.

In this paper, we describe recent advances in the
development of methods for terahertz dielectric measure-
ments of conducting and superconducting materials and
also present recent results obtained by the method of
terahertz BWO spectroscopy for compounds with strong
electron correlations: one-dimensional conductors, super-
conductors, systems with heavy fermions, spin-ladder
cuprates, and spin glasses. If necessary, to investigate phe-
nomena more completely, the BWO measurements were
supplemented with data obtained in an extended frequency
range by using microwave and infrared spectrometers. At
the same time, the data acquired at terahertz frequencies
were of key importance for obtaining a number of new
physical results.

2. Measurement of the dielectric response
spectra of conducting materials in the terahertz
frequency range

The operation principle of BWO spectrometers in a
standard configuration is described in detail in a number
of papers (see, for example, [1, 3—5]). Briefly, it is based on
the measurement of the transmission Tr(v) and phase shift
¢(v) spectra of a wave propagated through a plane — parallel
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plate made of a material under study (Fig. 1a). Then, by
using standard Fresnel formulas for the transmission coeffi-
cient of a layer (see, for example, [6]), the spectra of the
optical parameters of a sample such as the permittivity
e*(v) =¢e'(v) +ie”(v), conductivity ¢*(v) =c'(v) +ia"(v),
refractive index n*(v)=n(v) +ik(v), etc. are calculated.
Optical parameters measured with BWO spectrometers
are determined by solving a system of two equations for
two unknowns, for example, n and k (Fig. 1). It is impor-
tant that the parameters of the sample are calculated
directly, without the use of integral Kramers—Kronig rela-
tions, which are employed in IR Fourier spectroscopy mea-
surements. In the latter case, the reflection spectrum R(v) of
the sample surface is measured, and to obtain dielectric
parameters, it is necessary to analyse the spectrum R(v) by
using the Kramers—Kronig relation, which introduces
specific uncertainties due to the extrapolation of R(v)
outside the frequency region in which the measurements
were performed.
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Figure 1. Schemes for determining terahertz dielectric spectra of mate-
rials from the measured transmission spectra Tr and phase shift ¢ of a
wave propagated through a plane —parallel sample (a), one (b), and two
(c) thin films on dielectric substrates, and the scheme for measuring the
terahertz dielectric parameters of strongly absorbing materials by the
dielectric tester method (d). In the latter case, parameters are calculated
by using the measured variations in the frequency and magnitude of the
interference minimum in the reflection spectrum caused by a contact of
the tester with the sample under study.

Note, however, that the use of the above-described
standard BWO spectroscopy for studying conducting mate-
rials involves serious difficulties. The problem appears due
to their low transparency because it is necessary to prepare
samples with an unrealistic small thickness (less than
micrometer) for reliable measurements of transmission
coefficients. To provide BWO-spectroscopy measurements
of weakly trans-parent materials (conducting and super-
conducting), we developed special procedures based on the
measurement of the spectra of the complex transmission
coefficient of films on dielectric substrates and reflection
spectra from a ‘bulk’ sample or an etalon transparent
plane—parallel plate with a sample pressed to it on the
rear side (with respect to incident radiation). Both these

procedures provide measurements of the optical parameters
of samples directly without using Kramers—Kronig rela-
tions.

2.1 Measurement of terahertz dielectric spectra of
conducting films on dielectric substrates

Studying films on substrates (Fig. 1b) makes sense either
when the sample can be principally prepared in the form of
a thin film or when studying a non-transparent material it is
impossible to prepare a thin enough film whose properties
are close to those of a bulk material. In principle, the
terahertz measurements of films on dielectric substrates are
similar to the measurements of single-layer samples. They
involve the measurement of the transmission coefficient and
phase shift of a wave propagated through a two-layer film-
on-substrate system, followed by the calculation of the
dielectric parameters of the films by using the correspond-
ing Fresnel formulas for a two-layer medium [6]. It is
obvious that the optical parameters of a transparent
substrate should be measured preliminarily by using the
standard procedure [1, 3—5] (Fig. 1a).

As an example Figs 2a, ¢ show the measured temper-
ature dependences of the terahertz conductivity and
permittivity of a niobium nitrid (NbN) superconducting
film on a sapphire substrate [7]. One can see that this
method provides the measurement of the electrodynamic
parameters of conducting films in the normal phase with
good accuracy. At the same time the accuracy of measuring
the dynamic conductivity ¢’ in the superconducting state
strongly decreases. This is typical for superconducting film
samples, whose transmission coefficient and phase shift at
frequencies v < 24/h (24 is the superconducting gap) are
mainly determined by the permittivity, which can achieve
large negative values: in the given case, ¢’ ~ —10° at T =
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Figure 2. Temperature dependences of the dynamic conductivity and
permittivity of a superconducting NbN film determined from the mea-
sured transmission coefficient and phase shift of a wave propagated
through a sample for one 115-A-thick NbN film on a 0.43-mm-thick
sapphire substrate (a, ¢) and two NbN films (540 A) deposited on both
sides of a 0.39-mm sapphire substrate (b, d). The measurement errors of
¢ in the normal phase correspond to the size of experimental points [7].
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5 K. The accuracy of measuring ¢’ of a superconductor can
be improved by depositing thin films of a material under
study on both sides of a transparent substrate (Fig. 1c).
Such a system represents a Fabry—Perot resonator, and the
sensitivity is increased due to the high Q of the resonator,
especially in the superconducting state, when absorption
(conductivity ¢’) in ‘mirrors’ (films) decreases and, there-
fore, the efficiency of radiation interaction with films
increases. This is demonstrated by the temperature depend-
ences of ¢’ and ¢’ for a NbN film in Figs 2b, d, which were
determined from the transmission spectra and the phase
shift of a wave transmitted through a substrate with two
films deposited on both sides: instead of the uncertain
behaviour of the conductivity in the superconducting state
in the case of one film (Figs 2a, c), the decrease in ¢’ is
reliably observed at lowest temperatures and the character-
istic peak is observed at a low frequency (8 cm™') slightly
below the critical temperature.

2.2 Measurement of terahertz reflection spectra

If it is impossible to prepare a thin enough film with
properties close to those of a bulk sample and transparent
enough for reliable dielectric measurements in the trans-
mission geometry to be performed, reflection is measured
either from the surface of a bulk sample or from an etalon
transparent plane—parallel plate (‘dielectric’ tester) with a
sample pressed to it on the rear side (with respect to
incident radiation).

2.2.1. Measurement of the reflection spectra of a bulk sample
The measurement of the reflection coefficient of a plane
surface of a ‘semi-infinite’ sample, especially at low
temperatures in a cryostat, is a rather challenging problem.
The matter is that, to determine the reflection spectrum
R(v) = In(v)/I,(v), it is necessary to measure separately
the radiation intensity reflected from a sample (/,,) and
from a reference (metal) mirror (I), i.e. the procedure
involves the replacement of the sample by the mirror in the
measuring aperture. The experimental terahertz spectra
I, (v) and I,(v) are inevitably distorted by standing waves
appearing due to multiple reflections of radiation between
the sample (or mirror) and elements of the quasi-optical
measuring system (cryostat windows, polarisers, lenses,
attenuators, etc.) Therefore, if the sample is replaced by the
mirror not accurately enough, these standing waves are not
cancelled in the calculated R(v), and distortions up to a few
tens of percent can appear in the spectrum R(v).

We developed systems providing the replacement of the
sample by the mirror in a quasi-optical cryostat with
accuracy sufficient for reliable measurements of the ter-
ahertz reflection spectra of conductors or superconductors
at a level exceeding 95 %, up to 99 %. Figure 3 shows an
example of such spectra measured for a single crystal of a
high-temperature La, g3Srj ;,CuQOy superconductor [8]. The
spectra were measured at different temperatures (in the
superconducting and normal phases) for two polarisations:
E| ¢, when the radiation electric field vector is directed
along the ¢ axis, i.e. perpendicular to the CuO planes, and
E 1 ¢. The measurements were performed down to low
frequencies (~ 1 —2cm™'), where distortions caused by
standing waves are strongest. For E | ¢, the reflection
coefficient is high both in the normal and superconducting
phases. For E| ¢, the La;ggSry,CuO, crystal is a ‘poor
conductor’ in the normal phase: the reflection coefficient is

small and is ~ 50 % for v > 20 cm’l; for v < 20 cm’l, the

Hagen— Rubens behaviour of the reflection coefficient is
observed: R — 100 %, which is caused by a finite (although
small) static conductivity [9]. The spectra in the super-
conducting phase exhibit a plasma edge related to the
plasma oscillations of Cooper pairs, which are delocalised
in the direction of the ¢ axis due to tunnelling through
Josephson weak links between the CuO planes. In this case,
the reflection coefficient becomes almost equal to 100 % at
frequencies below 10—20 cm ™.
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Figure 3. Terahertz reflection spectra of a La; ggSrq 1,CuQy, single crystal
measured at different temperatures for polarisation E || ¢, when the elect-
ric field vector E is perpendicular to superconducting CuO planes, and
for E L ¢, when the vector E is parallel to superconducting planes [8].

The information on the electrodynamic parameters of a
bulk sample can be obtained from its reflection spectra
either by processing R(v) with the use of the known
dispersion mechanisms or by measuring the spectrum
with a Fourier spectrometer in a broader range and
analysing it with the help of the Kramers — Kronig relations.
The key moment in this case is that BWO spectrometers
provide the high absolute accuracy of measuring terahertz
spectra R(v), which cannot be obtained with Fourier
spectrometers and is £0.3% for R =99 %. This is illus-
trated by the results presented in paper [10], where the
reflection spectra of a high-temperature La; ggSry1,CuQOy
superconductor in the terahertz region 8—33 cm | were
obtained at different temperatures and supplemented with
IR measurements in the range from 30 to 30000 cm™ .
Analysis of the combined terahertz and IR spectra R(v) by
using the Kramers—Kronig relations gave quantitative
information on the London penetration depth and on
the fulfilment of the sum rule for the spectral weight in
the superconducting and normal phases.

2.2.2. Dielectric tester method

This method allows one to determine the electrodynamic
parameters of conducting materials directly, i.e. without
using the Kramers—Kronig relations. The reflection coeffi-
cient of a tester in the form of a plane—parallel transparent
plate with the known dielectric properties is measured in the
experiment (Fig. 1d). This spectrum contains periodic
minima appearing due to the interference of radiation
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inside the tester. If a sample is pressed to the rear face of
the tester, the conditions of reflection from this face change,
resulting in a change (shift) R,;, of the amplitude (depth)
and the frequency position Av of each of the interference
minima. The measurement of these two shifts allows one to
calculate the two unknown characteristics of the sample.
Figure 4a presents the terahertz dielectric spectra of liquids
measured by the dielectric tester method [11]. This method
is attractive because in this case there is no need to use
special cells. Figure 4b shows that this method can be also
used to measure the dielectric response of films on
substrates, when the film parameters cannot be measured
in transmission. One can see from this figure that, by using
a silicon tester, it is possible to measure the dynamic
conductivity of even a metal (gold) film, for which
o' ~35%x10° Q"' em™ £30% for v=10cm™".
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Figure 4. Interference minima in the terahertz reflection spectra (circles)
of a plane—parallel highly-insulating silicon plate (dielectric tester) with
different liquids under study; the solid curves are the least-square fits
applied to determine the dielectric parameters of liquids (a) [11], and also
the reflection spectra of a 0.525-mm thick plane-—parallel silicon sub-
strate (/) and the same substrate with a 50-nm-thick conducting AuFe
film (2) and a 50-nm-thick Au film (3); points are experiment; the solid
curves are the least-square fits using the expressions for the reflection
coefficient of single- and two-layer media (b) [40].

3. Terahertz spectroscopy of conductors with
electron correlations

Below, we present briefly the results of some terahertz
BWO-spectroscopy studies of dielectric properties of mate-

rials containing correlated electron subsystems (one-
dimensional conductors, high-temperature superconduc-
tors, heavy fermions, spin-ladder cuprates, and spin
glasses) performed at the GPI, RAS.

3.1 Manifestation of fluctuations of charge density waves
in terahertz spectra of one-dimensional conductors

Effects caused by charge density waves (CDWs) play the
most important role in the electronic properties of one-
dimensional conductors. The CDW is a collective electron —
phonon formation produced due to the Fermi surface
‘nesting’ [12, 13]: in a one-dimensional conductor in the
case of finite electron—phonon interaction, the state in
which a superstructure and the related redistribution of the
positive ion charge appear in the ion lattice is advantageous
in energy. The excess ion positive charge is screened by
conduction electrons, resulting in the formation of a CDW.
The CDW dynamics is related to a peculiar collective type
of conductivity in solids: electron charge clusters can move
in an external electric field, thereby carrying a current; in
this case, positive ions remain at their places, and oscillates
about their equilibrium positions. Charge density wave
fluctuations at temperatures 7 > Ty play an important
role in conductivity processes (Tyr is the temperature of
transition to the CDW phase in the mean-field approx-
imation).

We measured the terahertz spectra of several one-
dimensional conductors. The dielectric spectra exhibited
some specific features directly related to CDW fluctuations.
Figure 5 shows the spectra of the dynamic conductivity of
one-dimensional Ky3MoO; and (TaSe;),I conductors
[14, 15]. Along with a strong anisotropy, the spectra in
the case of longitudinal polarisation (£)) exhibit absorption
bands at ~ 3 cm™' caused by CDW fluctuations. These
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Figure 5. Frequency dependences of the conductivity of one-dimensional
conductors K 3MoO; and (TaSey),I for the longitudinal (£, dark
circles) and transverse (E,, light circles) polarisations. The vertical
arrows show the positions of Peierls CDW gaps calculated from the
activation behaviour of the static conductivity. The horizontal arrows
indicate the values of static conductivities. The solid curves are the least-
square fits describing the absorption line by the Lorentz model and the
‘through’ conductivity by the Drude model [14, 15].
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bands are related to the segments of fluctuating CDWs,
which experience a local pinning giving rise to resonance
absorption. At the same time, the thermal energy causes a
partial depinning of CDWs, resulting in the appearance of a
finite collective Drude contribution to the static conductivity
(the horizontal arrows in Fig. 5).

3.2 Anomalous absorption of electromagnetic radiation
in the superconducting phase of high-temperature
superconductors

The measurement of the optical response of high-temper-
ature superconductors (HTSCs) at frequencies v < 24/h
gives information on the fundamental properties of the
superconducting state such as the order parameter symme-
try, the magnitude and temperature dependence of the
London penetration depth, the nature of the ‘residual’
absorption (for T < T,, where T, is the superconducting
transition temperature), the type of scattering of quasipar-
ticles, the possible collective modes, etc. After the discovery
of HTSCs, when the preparation of high-quality samples
suitable for BWO-spectroscopy studies was worked out, we
performed the first measurements of the terahertz spectra of
the dielectric response in HTSC cuprates of different
compositions and immediately obtained the result which
proved to be related to the specificity of the super-
conducting state in the whole HTSC class. The result
consists in the ‘anomalous’ (compared to the BCS super-
conductors) behaviour of the absorption of electromagnetic
radiation. While absorption of radiation in the super-
conducting phase of a BCS superconductor decreases [16],
it strongly increases in HTSCs (Fig. 6) [17, 18].

One can see from Fig. 6 that for T < T, the permittivity
decreases down to large negative values; such a behaviour of
¢'(T) is universal for superconductors and corresponds to
the inductive response of the condensate of Cooper pairs
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Figure 6. Temperature dependences of the dynamic conductivity (dark
circles) and permittivity (light circles) of HTSC cuprates YBa,Cu;0,_,
(at a frequency of 0.27 THz), La,g4Sry;,CuO,4 (0.17 THz), and
Bi,Pb,Sr,Ca, 5Cu; 30, (0.36 THz) measured with a BWO spectrometer.

located ‘under’ the delta function at the zero frequency in
the spectrum of the conductivity ¢'(T) [16]. Simultaneously,
the conductivity in the superconducting phase considerably
increases, which is caused by the presence of quasiparticles
in HTSC cuprates even at the lowest temperatures. Later,
we observed additional absorption in the superconducting
state also in high-quality single-crystal HTSC samples
[19, 20]. Moreover, it is established now that the residual
absorption in the IR —terahertz regions is present virtually
in all HTSC cuprates.

It seems that the origin of quasiparticles is related to the
d-type of the order-parameter symmetry. Indeed, the gap of
the d symmetry in HTSCs vanishes in certain regions of the
Fermi surface [21, 22]. Then, ‘thermally-induced’ quasipar-
ticles should be present in the system at any finite
temperature, which will inevitably cause the additional
‘residual’ absorption in the superconducting state. Note
also that quasiparticles can be produced in a HTSC due to
the formation of ‘stripes’ and the local suppression of
superconductivity by impurities, for example, zinc.

3.3 Transverse Josephson plasmon
in a T"-cuprate SmLa, g5Sr; ;5Cu0,_

The electrodynamic properties of HTSC cuprates in the
direction perpendicular to the CuO planes, i.e. along the ¢
axis, also attract great attention. The plasma oscillations of
a condensate of Cooper pairs along the ¢ axis (Josephson
plasmons) are of interest because, on the one hand, they
allow one to study the mechanism of superconductivity in
cuprates since the behaviour of transverse plasmons is
determined by the microscopic characteristics of the
electron condensate such as its compressibility, concen-
tration, and conductivity. The electrodynamic properties of
cuprates in transverse polarisation are also important for
studying the energetics of the superconducting transition
[23, 24]. On the other hand, the layer structure of cuprates
can produce special types of collective excitations in the
superconducting phase. For example, in cuprates with the
two types of insulating layers between the CuO planes in
the unit cell for E| ¢, along with two longitudinal plasma
modes, one transverse plasma mode should be observed — in
fact a new type of collective excitation in layered super-
conductors, which was predicted in theoretical paper [25].
We observed such excitation for the first time in the
terahertz spectra of a SmLagsSrg ;5CuO,_s single-crystal-
line sample [26]. Figure 7 shows the corresponding results.
One can see that two maxima in the loss function spectrum
and a maximum in the conductivity spectrum are observed
upon transition to the superconducting state; the corre-
sponding dispersion is also observed in the permittivity
spectra. The temperature evolution of the maxima allows us
to reliably assign these maxima to two longitudinal and one
transverse plasma oscillations, respectively. Excitations
observed at terahertz frequencies are well described
qualitatively and quantitatively by microscopic models
considering the delocalisation of charge carriers (Cooper
pairs) in the superconducting phase due to their tunnelling
through Josephson weak links (of two types) between the
CuO planes [27, 28].

3.4 Nature of heavy quasiparticles in heavy fermion

UPd,Al; and UPt; compounds

The interaction of conduction electrons with localised
magnetic moments in heavy fermion (HF) compounds
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Figure 7. Terahertz spectra of the conductivity, permittivity, and the loss
function of a SmLag gsSry ;5CuOy_s single crystal measured for the E|| ¢
polarisation at different temperatures [8]. The solid curves are construc-
ted by using the model from [25].

leads to the formation of the correlated ground state whose
properties can be described by the Landau Fermi liquid
theory with the effective mass of quasiparticles achieving
several hundreds and thousands of free electron masses.
One of the most interesting problems in the physics of HF
materials is the coexistence of the HF condensate and the
superconductivity of heavy quasiparticles with the magnetic
ordering. At first glance, the establishment of the magnetic
order should suppress both the transition to the regime of
coherent scattering of mobile electrons by the localised
moments of the Kondo lattice accompanied by the
formation of heavy quasiparticles and the pairing of
individual fermions in a Cooper pair. Nevertheless, a
number of uranium-based HF compounds exist in which
the superconductivity of ‘heavy Cooper pairs’ not only ‘gets
along with’ the magnetic phase, but moreover, as accepted
now, magnetic excitations are intermediaries in the Cooper
pairing of quasiparticles [29, 30]. If the interaction between
the electron and magnetic subsystems facilitates the
appearance of the superconducting state in HF compounds,
the question appears about the role of such an interaction
in the nonsuperconducting phase as well.

We studied the dynamics of quasiparticles coexisting
with the magnetic order in the UPd,Al; (Ty =14 K, T, =
2 K) and UPt; (Ty=5K, T.=0.5K) compounds [31].
The results obtained for UPd,Al; (the data for UPt; are
qualitatively similar) are illustrated in Fig. 8. For T =
300 K, the spectra have the form typical of a Drude metal
[9]. As temperature is decreased, the low-frequency con-
ductivity increases, which corresponds to the appearance of

a narrow Drude component of heavy quasiparticles. For
T < Ty, a rather narrow gap (~ 0.2 meV) appears in the
conductivity spectra. Analysis shows [31] that this gap in
UPd,Al; (and in UPt;) appears due to the interaction of the
electron condensate with the antiferromagnetic ordered
phase and the formation of heavy particles in the ground
state should be caused by the interaction of mobile electrons
with the magnetic phase.
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Figure 8. Frequency dependences of the conductivity (a), permittivity
(b), scattering rate (c), and effective mass (d) of an UPd,Al; compound
at different temperatures (m, is the band electron mass) [31]. The dark
circle on the vertical axis in Fig. 8d corresponds to the effective mass
obtained from thermodynamic measurements.

3.5 Detection of a charge density wave in a spin-ladder
cuprate Sry4_,Ca,Cuy Oy

In low-dimensional systems (one- or two-dimensional), a
competition between different collective ground states of
the electron subsystem, for example, between supercon-
ductivity and CDWs can be observed [32]. Such a
competition should be demonstrated, in particular, by a
family of spin-ladder Sry4_,Ca,Cu,,O4 cuprates [33].
These cuprates consist of spin CuO, chains and Cu,0;
ladders, the conductivity being carried out through a
subsystem of ladders doped with holes. This material



922

B.P. Gorshunov, A.A. Volkov, A.S. Prokhorov, I.E. Spektor, et al.

attracts attention because it is the first superconducting
cuprate with a non-square (one-dimensional) crystal lattice.
As shown theoretically in [34], in a doped system
representing a ‘two-leg spin ladder’, a spin gap should
appear due to the localisation of holes on individual rungs,
which can be in fact the pairing mechanism and could lead
to superconductivity; it was also shown in [34] that the
superconducting instability will compete with the CDW
instability. The superconductivity of this compound was
later observed (with T, ~ 10 K at a pressure of several
GPa) [35] and its nature is still a matter of active
discussions.

We performed dielectric measurements in a broad
spectral range and discovered for the first time the phase
transition to the CDW state predicted theoretically [36].
Figure 9 shows the typical spectra for polarisation along
‘ladder legs’. The figure demonstrates the appearance of the
CDW gap, the pinning CDW phason, and a broad-range
temperature-dependent response at radio frequencies. We
showed that this phase transition has a number of param-
eters that are unusual for typical dimensional conductors. In
particular, this is the transition of the semiconductor—
semiconductor type rather than of the metal—conductor
type, and it is characterised by the absence of nonlinear
conductivity and a small CDW effective mass. We also
found for the first time that the substitution of strontium by
calcium in Sry4_,Ca,Cuy, Oy, which is required to obtain
superconductivity, suppresses the CDW phase. The inset in
Fig. 9 shows the phase diagram constructed for the CDW,
which demonstrates the competing character of the super-
conducting and CDW phases in Srj4_,Ca, Cu,,Oy4; (Fig. 9).

Frequency /cm ™'
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Figure 9. Conductivity and permittivity spectra of a Sri4Cu,yOy4; single
crystal measured at different temperatures along the conducting axis
(E|| ¢). The arrows show the static conductivity, the solid curves are the
spectra constructed by using the generalised Drude model; the dashed
curves are drawn for convenience. The maximum at a frequency of
2 cm™! is taken from [37, 38]. The inset shows the phase diagram for
Sry4_,Ca,CuyOy constructed by using the experimental panoramic
dielectric spectra of the compound.

3.6 The RKKY interaction and electron localisation

in a AuFe spin glass

Processes proceeding in spin glasses are a central theme in
modern solid-state physics [39]. In these materials, a new
magnetic state of matter is in fact realised, whose properties
are of fundamental interest and can find important practical
applications. Although spin glasses have been studied in
many theoretical and experimental papers, there is no
consensus on the nature of the spin-glass state. Because the
exchange Ruderman-—Kittel—-Kasuya—Yosida (RKKY)
interaction of spins via the subsystem of mobile electrons
is the fundamental phenomenon in the physics of the spin-
glass state, it is obvious that the properties of the electron
subsystem should be intimately related with the formation
and stabilisation of the low-temperature glass phase. An
important factor preventing an understanding of the pro-
perties of the electron subsystem is the absence of optical
spectroscopic data for spin glasses, which can give
fundamental information about microscopic parameters
of the electronic subsystem. We have measured for the first
time the electrodynamic response of AuFe spin glasses by
the methods of terahertz BWO spectroscopy, infrared
Fourier spectroscopy, and optical ellipsometry [40]. In
the spin-glass phase at 5 K, the conductivity dispersion was
found at frequencies 10—40 cm™' that is caused by the
mobility gap appearing in the subsystem of free electrons
involved in the RKKY interaction between magnetic Fe
centres (Fig. 10). Moreover, variations in the microscopic
parameters (relaxation frequency and time, plasma fre-
quency, and conductivity) of charge carriers in Au films
after the addition of Fe due to scattering by magnetic
moments were determined quantitatively.

Frequency/GHz

200 400 600 800 1000 1200
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Figure 10. Frequency dependences of the conductivity of a 50-nm-thick
Au,_,Fe, film (the atomic concentration is x =6%) measured at
different temperatures. The solid auxiliary lines demonstrate a noticeable
frequency dependence of the conductivity at temperatures below 100 K.
The solid curves in the inset show schematically the frequency depen-
dence of the free-electron conductivity, the dashed curve shows how the
conductivity spectrum is modified due to the RKKY interaction between
magnetic impurities via free electrons accompanied by the formation of a
gap at frequencies below Argxy/n (Arkxy is the characteristic energy of
the RKKY interaction) [40].
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