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In this review we describe our experience in the application of tunable
monochromatic generators — Backward Wave Oscillators (BWOQOs) sometimes
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temperature behavior of the dielectric response function in substances of
different classes — simple dielectrics, ferroelectrics, ionic conductors, dipole

called carcinotrons (from the Greek “crawfish”, creeping back) — to submil-
limeter radiophysical and dielectric measurements (A ~ 3-0.3mm). Along
with the klystrons, magnetrons and traveling wave oscillators, BWOs are
classical electrovacuum microwave generators (sort of traveling wave oscilla~
tors), possessing two important distinguishing abilities: to generate extremely
short wavelengths — down to A &~ 0.2 mm, and to electronically tune the work-
ing frequency in a broad range — up to = 30% from the central value.

Millimeter and submillimeter BWOs arose as a result of painstaking work
of scientists and engineers, who after World War II realized the importance
of expanding microwave electronics towards the short-wavelength part of
the spectrum, from the centimeter to millimeter wavelength range. Major
progress occurred in the 1960s. In the USSR and France, in particular, sets
of short-wavelength BWOs were developed and brought to industrial produc-
tion, available for use in technology and science [3.1,2] Today one can read
about these results in reviews [3.3-5].

In the succeeding 30 years no major improvements were made in the
development of short-wave BWOs. In millimeter technology, from the long-
wavelength side, semiconductor generators based on avalanche (IMPATT)
and Gunn diodes began to actively force out BWOs, because they are more
compact, economical, and convenient to operate. Industrial production of
short-wave BWOs with A < 1.5mm was reduced, too, and seems to have
survived only in Russia.

Meanwhile, BWOs are still beyond competition in solving a large num-
ber of physical and technological problems. We demonstrate this below by
SBMM dielectric measurements done with BWOs. Some results of these mea-
surements cannot be obtained at present by any other technique. On the
basis of BWOs we have developed measurement techniques for the A =~ 3-
0.3mm domain and have studied a) electrodynamic properties of various
quasi-optical devices, and b) dielectric properties of a wide range of sub-
stances. The methods developed are of a hybrid type, combining elements of
both microwave technology and infrared spectroscopy: on the one hand they
use the high quality radiation — high intensity (= 10mW), high monochro-
maticity (A f/ f ~ 107%), high degree of polarization (99.99 %) — and on the
other hand use open space quasi-optical measuring schemes, and continuous
tuning of the operating frequency over wide ranges. As a result, information
of the highest quality is registered rapidly in a real-time scale, yielding spec-
tra of absolute values of both parts (real and imaginary) of the dielectric
function (permittivity or conductivity: ¢’ and £”, ¢’ and o”). R

High productivity of BWO-spectrometers allowed us to perform mea-
surements on thousands of samples — single crystals and ceramics, glasses
and polymers, powders, composites, liquids, films, fibers, etc., — and to com-
pile reference material on the dielectric’ properties of microwave and optical
materials. We have investigated fundamental regularities of the frequency-

glasses, incommensurate crystals, semiconductors, superconductors, low-dim-
ensional conductors, and antiferromagnets.

3.1 Submillimeter Quasi-optical Technique

3.1.1 Backward Wave Oscillators

BWOs are miniature electravacuum devices fitted in a metal casing (Fig. 3.1).
Put in a magnetic field and supplied with a high voltage, the BWO emits
monochromatic electromagnetic radiation with a characteristic output power
of ~ 10 mW. The radiation emitted into free space can easily be detected by
a far-infrared detector. Radiation of long-wavelength BWOs, whose output
power reaches 200 mW, can be felt by the hand at the edge of the waveguide.

Figure 3.2 shows schematically the arrangement of the BWO, which es-
sentially amounts to an electrovacuum diode or triode. While the heater (1) is
switched on, the cathode (2) (electron gun) emits electrons (3) which, acceler-
ated by a high voltage electrical field, travel in a vacuum toward the anode (4)
(collector). Collimated in a beam by an external magnetic field [magnet (5)]
the electrons fly over a comb-like fine-structure electrode (6) (slowing system)
intended to transfer the kinetic energy of the electrons to the electromagnetic
field. Actually, moving in the variable potential of the slowing system, the
electrons are grouped periodically in bunches (velocity/phase modulation)
and form an electromagnetic wave (7) traveling in the opposite direction to
the electrons (backward wave). This radiation comes out through an oversize
waveguide (8). The velocity of the electrons, and thus the radiation frequency,
are determined by the magnitude of the accelerating field.

The BWO has to be adjusted in the magnet by rotating it around two
axes, one directed along the waveguide and the other orthogonal to it and the

Fig. 3.1a,b. Backward
wave oscillators of Rus-
sian production: (a) -
packetized (inside mag-
net), (b) — unpacketized
(bare)
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magnetic field. Typical requirements on the adjustment are about 1degree;
they rapidly become more stringent for the short wavelength BWOs. In spite
of looking simple in construction, BWOs are highly sophisticated devices,
working in an extremely intensive mode. The reason is that scaling down the
BWO to short wavelengths imposes very arduous conflicting requirements on
the electrical and geometrical parameters of these devices. Designers had to
combine a large number of small gaps (millimeters and fractions of millime-
ters) with high voltages (up to 6.5kV), high temperatures (up to 1200°C
on the cathode) and high vacuum (up to 1078 Torr). Unprecedented accura-
cies were needed to fabricate slowing systems (up to 200rods separated by
~ 10pm) and position the electrodes. The emitting efficiency of cathodes and
the electron current density in the beam had to be increased many times —
up to 15A/cm? and 150 A/cm?, respectively.

BWOs can be divided into two main types according to their construc-
tion - those having their own magnet (packetized) and those without it (un-
packetized) (Fig. 3.1). Low-frequency BWOs (with f < 180 GHz) are mostly
produced in a packetized form. In this variant the body of BWO is irreversibly
bricked up in a small samarium-cobalt magnet. The whole construction is very
compact, weighing 1kg, with a developed finned surface, and is built to be
cooled by air.
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BWOs with working frequencies f > 180GHz are produced unpacke-
tized since they require stronger magnetic fields. When going from 180 to
1200 GHz the magnetic field strength increases from 6 to 12kOe (in a gap of
~ 3035 mm). These conditions can be realized in massive Sm~Co or NdFeB
magnetic systems (weighing 10kg or more) or in electromagnets (100 kg).
To mount the BWOs in such magnets requires a high precision mechanical
adjustment system, designed individually for a certain type of magnet. The
body of unpacketized BWOs is cooled by water (9).

Figure 3.3 shows the radiation capabilities of the BWOs. Both the fre-
quency and output power of the BWOs change depending on the high voltage
applied. Typically the output frequency f of all BWOs depends on the high
voltage according to the relation f o« U1/2, At the same time the output
power vs voltage I(U) (BWO’s spectral pattern) looks like a random func-
tion, unique for each BWO but is highly reproducible. The BWO output
power may change by a factor of tens between the minima and maxima of
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Fig. 3.3. Panorama of radiation characteristics of BWOs: output power and oper-
ating frequencies vs anode voltage measured in free space
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the BOW'’s spectral pattern. For all BWOs the most intensive part is distin-
guished in the spectral pattern I(U), usually indicated in the specifications
as the working range. A low-frequency tail is neglected in specifications as
a nonoperational part. However, our experience has shown that this part is
very useful in spectroscopy, providing reliable frequency linking and overlap-
ping of experimental data obtained with different BWOs. The nonoperational
part reveals a frequency tuning range comparable with the tuning range of
the working part.

From the spectroscopic viewpoint, the most important question concerns
the properties of the instrumental generation line of the BWO - its width and
intensity, stability and reproducibility, speed, step and range of frequency tun-
ing. In general, the smaller the linewidth, the higher the stability and sweep
rapidity, the wider the tuning range, the more complicated is the problem
of instrumental line forming. Strictly speaking, the problem relates not only
to the BWO, but to the entire magnet-BWO-power supply system, since the
properties of the instrumental line directly depend on the BWO operation
conditions — on properties of feeding voltages (anode and partly heater), and
stability of the magnetic field. While the parameters of industrially produced
BWOs are more or less standardized, there are, at present, no commercially
available universal power supplies and magnets for BWOs. This means that in
all BWO applications the problem of the development of the instrumental line
is solved in a particular spot in accordance to the specific requirements of the
job. As shown below in the description of the dielectric measurements on the
BWO spectrometer, without phase-lock control, the monochromaticity of the
BWO radiation and its frequency reproducibility under high voltage tuning
conditions can be maintained at the level of Af ~ 10~°f. The short-term sta-
bility of the radiation power and its reproducibility are up to AI =~ 3-10~31.

Power supplies providing the above parameters in our BWO-
spectrometers are universal for all BWOs. They are constructed according
to a classical scheme based on a control tube and give stabilized computer-
tuned voltages up to 6.5kV, with operating currents up to 60 mA. Noise,
ripples, and short-term deviation of the voltage in the working regime do
not exceed 20mV. The high rapidity of the power supplies is nontrivial: the
setting time of the high voltage is about 10~2s. Principally, the inertia of
the BWOs frequency tuning does not exceed 1078 s [3.3]. In addition to the
anode voltage, feeding of the heater of the BWO is also stabilized. Due to
construction features of the BWOs (grounded anode), the heater supplying
circuit have to be under high voltage. This makes a universal power supply
a rather complicated and expensive device. The problem of supplying power
to the BWO is considerably simplified in the case of packetized BWOs. The
small size of the magnet allows a packetized BWO to be placed inside the
electronic block and left under high voltage.
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3.1.2 Submillimeter BWO-Spectrometer “Epsilon”

Among the variety of BWO-based measuring installations known from lit-
erature {3.6-9] the spectrometer “Epsilon” described below is distinguished
by two features: a rapid, reproducible, high precision, wide-range scanning
of the frequency and unique equipment for dielectric measurements [3.10-
12]. In our spectrometers the BWO acts as a source-monochromator block
in the structure of a classical grid infrared spectrometer, producing a narrow
tunable instrumental line of radiation and illuminating the sample under in-
vestigation. The radiation detector registers the amplitude spectra (frequency
dependencies) of the transmitted or reflected signal.

a) Apparatus. “Epsilon” consists of five main subsystems: the generator,
the registration system, the optical measuring channel, the unit for holding,
adjusting, and thermal variation of the samples, and the control system.

The first subsystem contains replaceable BWOs, the electromagnet, and
the power supply for the BWOs.

The registration system consists of a detecting cell (room temperature
optical-acoustical Golay cell or cooled bolometer), a 25 Hz radiation modula-
tor, an amplifier with a synchronous detector, and a sampling-storage-reset
circuit. Like the BWO power supply control, the operation of this unit is also
synchronized with a modulation frequency. The dynamic range of the elec-
tronic registration unit is 10%. Added to the dynamical range of the quasi-
optical attenuator (102-103%) it provides a value of 105-107 for the whole
BWO-spectrometer.

The measuring section of the spectrometer is, in essence, an optical mea-
suring channel, it is highly flexible and can be changed by simple replacement
of elements installed on optical rails and carriers (Fig. 3.4). While the specific
configuration of this unit depends on the choice of the experimental method,
the basic invariable principles of its construction are the following: the radi-
ation propagates in free space; a beam with a diameter ~ 40 mm is formed
by dielectric lenses or by metallic parabolic mirrors; plain one-dimensional
wire grids with a period L < ) are used as polarizers and beam splitters; the
sample is placed in a channel tightly pressed against a metallic diaphragm.

The sample temperature can be varied from 1.6 to 1000 K. For this pur-
pose, we use optical cryostats and thermostats which are specially developed
for BWO spectrometers. They are equipped with large inclined windows made
of thin polymer films in order to avoid standing waves in the channel.

The operation of the spectrometer is controlled by a computer.

b) Idea of Dielectric Measurements. In all the techniques worked out by
us, the radiation is normally incident on the sample which is prepared in the
form of a plane-parallel plate. Depending on the method used, the measurable
quantities can either be the transmission coefficient T of the sample and
the phase shift ¢ of the transmitted wave, or the parameters R and v, the
reflection coefficient and the reflected wave phase shift, corresponding to the



58 Gennadi Kozlov and Alexander Volkov

a) 12 £

T
N

c) L

]

» | WIWAW) l'\*A"ﬂ'lZ ny
@ SIFAY V‘i“;iﬁ;;‘r\f——% B

Fig. 3.4a-c. Quasi-optical measuring channel of the BWO-spectrometer “Ep-
silon”: (a) - dielectric measurements via T'( f ) and ¢( f ) spectra, (b) — reflectivity
measurement, (c¢) — birefringence measurement, I - BWO, 2 - dielectric lenses, 3 -
absorbing diaphragms, 4 — chopper, 5 - grid (metallic film) attenuator, 6 — polarizer,
7 — beam splitter, 8 — thermostat with the sample, 9 — mirror (phase modulator),
10 - phase-shlft compensator, 11 — analyzer, 12 — detector, 18 — absorber, 14 -
parabolic mirror, 15 — phase transducer

bulk sample. The mathematical relationships connecting these measurable
quantities with the dielectric parameters of material ¢’ and £ are well-known
in optics {3.13):

amid (1 - R)? + 4Rsin’y

T = 45 5 (31)
(1 - Re“ﬂ#) + 4Re~ *3 5in? (37524 4 )
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s = 2rnd arctan k(n?+k%2-1)
D) (k2 +n2)(2 + n)n
(3.2)
+ arctan Re~*%5in2 (25nd 4 )
l—Re'gX'ﬂcos2(2—"# +¢v)' ’
_ (n-1)2+&? _ 2k
R = (n+1)2+k2’ T/J—a.rctan iR -1) (33)
e = n?—k? ¢£"=2nk, (3.4)

where d is the sample thickness, and n and k are the refractive and extinction
coefficients, respectively, i.e., the optical parameters of the material.

Obviously, any pair of quantities from T, ¢, R and v can be used to calcu-
late n and k (¢’ and €”). Besides, transmission data obtained for samples with
different thicknesses T3 and T3 is sometimes used for dielectric measurements.
In far-infrared spectroscopy, where transmission measurements are difficult,
the quantities R and v are used as a rule. In general, the choice of experimen-
tal methods is quite limited and uniquely determined by the actual technical
possibilities of measuring T, ¢, R and 1. Meanwhile, it is clear that different
pairs of measurable quantities are far from being equivalent in providing the
maximal accuracies in the values n and k. In view of the considerable nonlin-
earity of (3.1-4), the uncertainties in the values of n and k depend on both
the errors in the measurement of T, ¢, R, 1, and the absolute values of n
and k themselves.

While developing the BWO methods of dielectric measurements we have
analyzed various ways of determining n and k, depending on the errors in
BWO measurement of T', ¢, R, and 9 [3.14]. It turned out that under nearly
identical conditions, the T and ¢ method gives the best results. The T and ¢
method is the most preferable in our dielectric measurements and is always
used when the radiation power is sufficient to penetrate through the sample
and be registered by the detector.

c) Dielectric Measurement Procedure. Figure 3.4 shows a set of mea-
suring schemes of the “Epsilon” spectrometer: for T, ¢, R, and birefringence
measurements. The first (T, ¢)-configuration is a basic one. The (T vs f) and
(¢ vs f) spectra are recorded separately in two stages. First the (T vs f)
spectrum is recorded with the help of a simple “transmission” geometry, and
the section isolated in Fig. 3.4 by the dashed line is not used. The generator
operates in the frequency scanning mode and the scanning is carried out at
different points by varying the BWO supply voltage in steps. The signal at
the detector is recorded as a function of the radiation frequency. In order
to eliminate the instrumental function of the spectrometer, the procedure
is repeated twice, once with the sample in the channel and once without
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it (reference). The transmission spectrum T'( f) is calculated by a termwise
division of the two data files. :

The second stage involves the recording of the (¢ vs f) spectrum. All the
elements of the quasi-optical channel are now used, and form a Rozhdestven-

skii two-beam polarization interferometer (Mach—Zehnder interferometer).
The interferometer operates in such a way that during the frequency scan,
the mobile mirror (10) moves all the time, controlled by a feedback tracing
system in order to sustain the interferometer in a balanced state (zero signal
on the detector). The measurable quantity in this case is the displacement
A( f) of this mobile mirror. In other words, the spectrometer registers the
change in the optical thickness of the sample vs frequency. As in the case of
recording the (T vs f) spectrum, the basic measurement in this case (with
the sample in the channel) is also preceded by a reference, i.e., by the mea-
surement of Ao( f) of an empty channel. The phase spectrum ¢( f) of the
sample is determined from the difference A( f) — Ag( f).

Clearly, because of the complex instrumental function of the BWO spec-
trometer, the accuracies of the (T vs f ) and (¢ vs f) measurements strongly
depend on the frequency matching of the sample and reference spectra. The
reproducibility of the results in our spectrometers is 0.1-1 % (depending on
the scanning speed) for T( f) measurements and ~ lpm for A(f) mea-
surements. These values represent a typical scatter of the data for T" and
A at individual frequency points upon a comparison of several successively
recorded spectra.

Figure 3.5 illustrates the described stages: T( f ) and ¢( f ) measurements
and corresponding calculated €’( f) and £”( f ) spectra. This example refers
to a very thin (0.1 mm) plate of a semiconducting TIGaSe; crystal. In view of
the considerable absorption in T1GaSe;, even a very thin sample significantly
weakens the radiation: T = 1074, note the logarithmic scale. Here we used
the Golay cell as a detector and the T'( f) spectrum shows that the Golay
cell coupled with BWOs can be confidently used for transmissivities as low
as T ~ 1075. This limit can be further lowered by about two orders of
magnitude by using cooled detectors. However, it has to be noted that while
working with the small signals a complicated problem arises of suppressing
the parasitic coherent signal at the detector [3.12].

Assuming that the bulk sample thicknesses can be reduced to a few tens
of microns, then values of €/, £” ~ 1000 (¢ ~ 100Q~! cm~1) are accessible
for measurements on our BWO spectrometers in the simple transmission
geometry. The average accuracy of such dielectric measurements over a wide
frequency range is ~ 5% for ¢’ and ~ 10% for €.

The described method is universal. It guarantees obtaining the ¢( f) or
o( f) spectra as long as the sample is penetrable for radiation at the level of
T > 10~*. This condition is fulfilled in the vast majority of the practically
important cases.

For transparent samples the same data can be obtained with a more sim-
ple and rapid method. Figure 3.6 presents transmission spectra of a number
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Fig. 3.5 a—d. Dielectric measurements in the tuning range of one BWO (0-32):
(a) and (b) — T'( f) and ¢( f ) spectra of dielectric plate (T1GaSe; of 0.1 mm thick),
(c) and (d) — €’( f) and €”( f) spectra calculated from T'( f) and ¢( f) spectra.
The whole cycle is 5min long and contains 100 experimental points

of dielectric plates prepared from different transparent materials. The char-
acteristic feature of the spectra is a periodic transmission pattern caused by
the interference of the radiation inside the plates (compare with the smooth
T( f) spectrum in Fig. 3.5b). As follows from (3.1) the period of the oscilla-
tions relates directly to the refraction index n:

A
mT =nd,
where ) is the radiation wavelength, m is the interference maximum number,
and d is the thickness of the plate. The dielectric loss in the substance de-
termines the amplitudes of the maxima and the swing of the oscillations. In

the case under discussion, a plane-parallel sample operates as a multibeam
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dielectric-filled interferometer that allows for the determination of its dielec-
tric parameters. We evaluate ¢’( f) and £”( f) spectra by fitting the theo-
retical oscillating curve T'( f) given by (3.1) to the experimental spectrum
T( f ). Here the frequency dependences of n and k are specified in the form of a
second- or third-degree polynomial in frequency. There is no need in this case
to measure the ¢( f ) spectrum. The lines in Fig. 3.6 show the fit by n = 3.59;
k =0.003 for GaAsand n = 14.45+3-10"4f k = 0.29-4-10"4f +5.10"7f 2
for BaNaN (f in GHz).

Most transparent materials reveal practically constant n and k linearly
dependent on frequency. An example of this sort is demonstrated by materials
commonly used in the far-infrared technique (Fig. 3.7).

Measurements “via oscillations” are the fastest and most convenient; they
are completely automated in the “Epsilon” spectrometer and are brought up
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Fig. 3.7. SBMM absorption spectra of the simplest type: small values of k < f,
n = const. Points correspond on frequency to maxima of the interference pattern

to the level of mass routine measurements. Obtaining the data set shown in
Fig. 3.7 takes 10-15 min, so dozens of materials can be characterized in a
similar manner on the BWO spectrometer during one working day.

Having pointed out the simplicity and reliability of the registration of
spectra on the BWO spectrometer, we ought to note that permanent control
of the standing waves in the measurement path is necessary. What actually
happens is that practically any SBMM spectrum inevitably contains distor-
tions due to the standing waves. It is another matter that they can be taken
into account by computer processing or averaged just during the experiment.
The latter case is presented in Fig. 3.8.

3.1.3 Elements of Submillimeter Quasi-optics

a) Detectors. The BWO's radiation can be detected by both microwave
methods - crystal detectors with point contact (detector heads, video-
detectors), and methods of far-infrared spectroscopy — thermal and photo-
electric detectors. All such methods have been described many times in the
literature together with their characteristics [3.4, 5]. The usefulness of each
detector is estimated according to several parameters: the working frequency
range, sensitivity, rapidity, and operation conditions.

Detector heads are more suitable for the MM range, where they have an
appropriate sensitivity in the video regime ~ 10~ WHz~/2 and a response
time ~ 10~ s. They work at room temperature, are simple to operate, and are
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Fig. 3.8. Transmissivity of a dielectric plate for three different frequency scales.
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commercially available. Their main drawback is their frequency selectivity.
The receiving unit of the detector head is always characterized by a com-
plicated, frequency-cut apparatus function. The detector heads are normally
used in a waveguide variant under the minimal frequency tuning conditions.

Among the photoelectric detectors based on the photo-effect, only a few
are suitable for the SBMM part of the spectrum, the best of which is a cooled
detector based on indium antimonide (n-InSb). This detector is wide-band,
sensitive (~ 10~ 13 WHz~V/ 2) has a response time of 7 =~ 10™%s, and as little
as 10~ s sina magneum field.

The thermal detectors, which work effectively at SBMM wavelengths, are
germanium, carbon and superconducting bolometers, as well as pyroelec-
tric and optical-acoustical (Golay cell) detectors. The bolometers are nor-
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mally cooled, have high sensitivity (10~'-10~13 WHz~/2), but compara-
tively large inertia (¢ ~ 1072-10"3s).

The sensitivity of the Golay cells is about 1071°-10~! WHz~1/2, and
that of the pyroelectrical detectors is several times lower. The main merits
of these detectors are their ability to work at room temperature and their
frequency-independent response in the whole SBMM wavelength range. These
properties were decisive in choosing the Golay cell as the basic detector for
BWO spectrometers. The value of the sensitivity has turned out to be of little
importance while working with the intensive BWO radiation. We use the in-
dustrial Golay cells with a 0.5 mm thick and 6 mm in diameter polyethylene
windows, produced in Russia and slightly modified by us. They are con-
venient and reliable devices and their properties do not change over many
years. Their dynamical range (the linear part of the dependence of the re-
sponse on the power of radiation) is 40 dB, and the saturation power is about
10~! mW. The Golay detectors most optimally correspond to the power char-

acteristics of ane and measurement techniaues develoned on the basis nf
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BWOs, working with radiation intensity overfalls 4-6 orders of magnitudes.
The great majority of our measurements, including those .described in the
present review, are performed using the Golay cells.

In one type of our BWO-measurements a semiconductor room-
temperature bolometer is used instead of the Golay cell. The main reason
for this is its small dimensions and insensitivity to jolting. Based on the
bolometer we have developed a scanner, able to register the distribution of
the electromagnetic field in the plane perpendicular to the k-vector of the
radiation. The bolometer is fixed on the edge of a 150 mm long pivot and can
be moved step by step in horizontal and vertical directions by a mechanical
scheme controlled by a computer. The working aperture of the scanner is
70 x 70mm?, and the spatial resolution is of the order of the wavelength A
(i.e., ® 1 mm on average).

Figure 3.9 presents several examples of measurement done with this scan-
ner. It is seen that the area of application of this device in combination
with the BWO spectrometer is quite broad: contactless control of impurities,
imperfections, and stress distribution in optically nontransparent dielectrics
(introscopy), investigation of free carriers density in semiconductors, test and
measurement of the thicknesses, registration of the fields, distribution in the
quasi-optical beams, characterization of various quaShoptlca.l devices — lenses,
diaphragms, horns, etc.

b) Focusers (Lenses and Parabolic Mirrors). To form the quasi-optical

beams we primarily use dielectric lenses, designed and manufactured accord-
ing to the optical formula for a lens f‘?. 1‘2]

1 2  d(n-1)>?
—i_(n 1)r+ nrz '

where F is the focal length, r is the radius of curvature, n is the refractive
index of material, and d is the lens thickness. The roughness of the surface
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aperture is 50 mm, the focal lengths are F = 50, 60, 80, 100, and 120 mm,
and the typical thicknesses in the center are 10-20 mm.

At SBMM wavelengths the radiation losses in the Teflon and polyethylene
lenses are very small (Table 3.1). However, the advantage of the polyethy-
lene lenses becomes noticeable in the short-wavelength part of the SBMM
region: in practice, with several lenses in the quasioptical path, the use of
polyethylene at A =~ 0.3 mm increases the detector signal about one order of
magnitude as compared to Teflon. Our experience has shown that these lenses
form quite a good instrumental beam. Their radiation patterns registered by
the scanner reveal circular symmetry, negligible sidelobes (Fig. 3.9b), and a
wide bandwidth.

Unfortunately, although they are very convenient and easily adjustable,
dielectric lenses are unusable in reflectivity measurement schemes due to
noticeable backward reflections to the quasioptical path and pronounced
resonance properties. In these cases they are replaced by off-axis metallic
parabolic mirrors. Such mirrors are cut from a big circular parabolic mirror,
turned on a lathe from a massive duralumin piece. Our standard mirrors are
rectangular slabs having a polished parabolic working surface of 60 x 100 mm?
area with 100 and 200 mm focal lengths.

Table 3.1 a,b. Transparent materials for SBMM quasioptics: (a) — polymers, (b) —
solids. A = 1 mm ( f = 300 GHz). Properties are partly sample-dependent
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Fig. 3.9 a—d. Measurements on the scanner: (a) and (b) — radiation field distribu-
tion in the SBMM beam behind lenses for two different adjustments; (c) — density
of free carrier distribution in an industrial silicon plate; (d) — contactless determi-
nation of the thickness (A-1.5mm, “phase portrait” of the paper letter “R”)

must be much less than the radiation wavelength. In the wavelength range
A = 3-0.3 mm, this requirement can easily be fulfilled with standard turning
without additional optical processing. Among the various materials transpar-
ent for the MM-SBMM radiation we prefer Teflon and polyethylene for lens
fabrication. These are the most optimal from the viewpoint of both mechan-
ical processing and electrodynamical characteristics. Teflon lenses are turned
on a digital lathe and polyethylene ones are pressed in metal forms turned
on a lathe. The standard parameters of our lenses are the following: the clear

a)

Material n k e’ e” R
Polyethylene 1.41 0.0006 199 0.0017 0.03
Teflon 1.44 0.0015 2.07 0.0043 0.03
TPX 1.48 0.0020 219 0.006 0.04
Paraffin 1.5 0.0010 2.25 0.003 0.04
Polystyrene 1.5 0.003 2.25 0.009 0.04
Plexiglass 1.6 0.010 256 0.032 0.05
Epoxide resin 1.6 0.020 2.56 0.064 0.05
Mylar 1.8 0.015 3.24 0.054 0.08
b)

Material n k e’ e” R
Ge 3.99 0.02 159 0.16 0.36
GaAs 3.59 0.003 129 0.02 0.32
Si 3.43 0.004 11.8 0.03 0.30
Al2O3 — ceramic  3.15 0.002 9.9 0.013 0.27
Mica 2.50 0.004 6.25 0.02 0.18
CV - diamond 240 0.0005 5.76 0.002 0.17
BN - ceramic 2.14 0.001 4.58 0.004 0.13
SiO; - glass 1.96 0.001 3.84 0004 0.10
SiO; — ceramic 1.76 0.003 3.09 0.01 0.08
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¢) Wire Grids and Meshes. Fine-structure metallic wire grids and cell
meshes are the record-holders in MM and SBMM optics in the variety of
their applications. They work in different schemes as radiation polarizers,
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T x cos®a. (T=Tyata=0, T=T, at a=90°).

The same law also governs the corresponding reflection coefficients R and
; o .

pea SPHLELS;Coup 578 A pa OT'S; ,Aiﬁclo,UtL.
They are attractive theoretically, as well, allowing for precise mathematical
description of their electrodynamical properties. A large number of investiga-
tions have been devoted to the study of the electrodynamics of such systems
3.15-18].

Figure 3.10 shows the types of structures whose use we have mastered.
Wire grids (a) are used mainly as polarization sensitive elements. They consist
of an array of parallel tungsten wires affixed to mounting metal rings. Closely
spaced wires reflect the electric field component E parallel to the direction
of wires, and transmit the component E; perpendicular to the wires. The
electrodynamics of the grids is determined by their geometrical parameters —
wires diameter D, winding spacing (period) L, and also by the conductivity
o of the metal and the ratio & = L/\. The parameter s = D/L is called the
filling coefficient of the grid. The tungsten grids which we fabricate and use
in our BWO spectrometer have the following parameters:
clear aperture — 40 and 90 mm;
wire diameter - 8, 10, 15, 20, 25 um;
wire spacing — from 30 to 500 pm with a step of 10 um.

The specific electrodynamic characteristics of the grids are their transmis-
sion coefficients T}, and T’ for linearly polarized waves E; and E, at normal
incidence to the plane of the grid. The transition from T to T while rotat-
ing the grid by an angle a in its plane around the incident beam direction is
governed by the simple relation:

bbb dhTh

Fig. 3.10 a—d. Fine-structures for SBMM quasi-optics: (a) — wire grid (D and L
are the diameter of wires and the winding period); (b) and (d) - electroformed thin
metallic meshes; (c) — thick metallic plate with through holes

1, Wi i he grid enables

smooth redistribution of the energy between the reflected and transmitted
waves. This redistribution process is accompanied by a smooth and simulta-
neous rotation of the planes of polarization in the transmitted and reflected
beams. The energy absorption coefficient A completes the energy balance:

T+R+A=1
Typically the losses A of the metallic grids do not exceed 1 %.
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Fig. 3.11 a,b. Transmissivity and reflectivity vs frequency of the fine structures:
(a) - wire grids (G), field polarization is parallel to the wires; (b) - elect'roffnmed
meshes (M), unpolarized radiation. Theory and experiment coincide within the
graphical accuracy. Digits denote fine structure periodicity
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We have studied the electrodynamics of the wire grids by the detailed
BWO measurements [3.19] with the main conclusion that their properties
can be perfectly described by the modern theoretical models [3.15-17]. As
for the grids with & < 0.3, their properties allow for the most simple analytic
description [3.15]. For the longitudinal polarization (E vector parallel to the
wires), in particular, the complex transmission and reflection coefficients are:

Tg } _ 1 (1+iql0 1—igly
{ Ry {2\ T gl T 1+iql2)’
where ¢ = 27/\ and the numerical coefficients l; and lo depend on the
geometry and conductivity of the wires. Fig. 3.11a shows the transmissivity
Ty for metallic wire grids made of conductors of circular cross section. The
T, value is indistinguishable from unity on the scale presented.

Figure 3.12 shows a quasi-optical device based on the grids, designed
by us for mutual transducing of linear, circular, and elliptic polarization of
the SBMM radiation. It consists of a mobile metallic mirror controlled by a
micrometer screw and a fixed wire grid placed in front of it. The radiation
incident at an angle of 45° is divided into two waves with the linear and
mutually orthogonal polarization. One wave is reflected by the wire grid,
while the other is reflected by the metallic mirror. The phase shift between
the two waves is determined by the separation between the mirror and the
grid. Changing this distance one can obtain any type of polarization desired
at the output of the transformer. Example of use of the tranducer is shown
in Fig. 3.4c.

Mirror + Grid Circular
polarization

AN

Fig. 3.12. Schematic diagram of the tunable polarization transformer
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Meshes (Fig. 3.10 b—d) are much more complicated and diverse structures.
They are fabricated by electroforming and also by many other methods, such
as mechanical (drill), electrical discharge, electrochemical (etching), laser,
etc. The electroformed meshes are thin metallic films (5-10 pm thick) of up
to 150 x 150 mm? area with fine clear cells of various configurations. Along
with the wire grids, they have found the broadest range of application in our
practice as:

1) mirrors of the Fabry-Perot resonators (square ¢ x a cells, where a =
40, 80, 100...260um);

2) polarization insensitive beam splitters (rectangular cells drawn out along
the radiation traveling direction);

3) fine structure polarizers of large area (strips, without transverse links);

4) band pass filters.

d) Fabry—Perot Interferometer. Two semi-transparent mirrors placed
face-to-face form the Fabry-Perot-interferometer (FPI). If the planes of the
mirrors are adjusted to be parallel with a high enough accuracy, then the
radiation falling normally on the system is trapped between the mirrors trav-
eling repeatedly back and forth. The field energy partly penetrates through,
is partly absorbed by the mirrors and partly scattered into open space beyond
the mirrors’ planes due to diffraction. The property of the system which is
most commonly applied is its high transparency for radiation of wavelength A
whenever the mirrors are separated by an integer number of half-wavelengths.
Otherwise the FPI completely reflects back the intensity as soon as this con-
dition is violated. As a result, the transmissivity (reflectivity) reveals very
sharp peaks (gaps) when either the radiation frequency is swept, or, if the
frequency is held constant, when the distance between the mirrors is changed.

The FPI is one of the most famous devices in modern optics, quantum
radiophysics, and laser technology. By the 1980s it was mastered in full mea-
sure by the MM-SBMM quasioptics as well [3.20]. The main functions of the
FPI at the MM-SBMM wavelengths Is the frequency measurement, radiation
filtering, dielectric measurements, gas spectroscopy, and plasma diagnostics.
Irrespective of the kind of job, the measurable quantities are, as always, reso-
nance frequency shifts, changes in the periodicity of the interference pattern,
and the widths and amplitudes of the resonance maxima (minima).

Compared to optics, the requirements of mechanical accuracy for SBMM
FPI are much lower and this makes these devices comparatively unpreten-
tious, easily handled, and convenient to use. In particular, in our BWO-
spectrometers we successfully use a very compact and simple construction
without any mirror adjustment mechanism. Mirrors are just installed with-
out additional manipulations into previously aligned nests having magnetic
holders. Relative translation of the mirrors is realized with a standard mi-
crometer screw.

Mirrors are wire grids or metallic meshes described in the previous section.
Fastening rings for the mirrors have 40 mm clear apertures. They are made of
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Fig. 3.13. Transmissivity of the Fabry-Perot interferometer (solid) and of the sepa-
rate meshes of which it is composed (dashed) vs frequency. Theory and experiment
coincide within the graphical accuracy

magnetic material, treated optically, and have a flatness and plane-parallelity
not worse than +2 pm over the entire diameter. This makes them changeable
without further adjustment.

As applied to the radiation wavelength measurement, the FPI described
provides current precision of 0.1 %. Figure 3.13 shows comparative transmis-
sivity of separate mesh mirrors and the corresponding FPI. This figure helps
to choose the proper mirrors for the given operating frequency.

e) Thin Metallic Films. Thin metallic films (d < A, 6; with § — the
skin depth) are of interest for the MM-SBMM quasi-optics, first of all, due
to their technological characteristics: firstly, they can be prepared having a
big area and, secondly, any needed thickness can be realized to provide the
electrodynamic parameters T, R, A, convenient for work.

At first glance, the semitransparent metal films seem to be equivalent to
the fine metal meshes and may be used along with them as beam splitters,
mirrors, filters, couplers, etc. However, this is not so because of the large
ohmic losses principally inherent in the semitransparent conducting films.
If one attempts, for example, to use the metal film to split the incoming
radiation into two equivalent beams (T" = R), then 50 % of the energy is lost to
heating of the film [3.21]. While this property results in poor quality mirrors
and beam splitters, it makes the films appropriate as absorbing elements of
the radiation detectors.
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We have developed convenient quasi-optical film attenuators for our
BWO-spectrometers, providing several discrete attenuation levels: T = 30,
10, 3, 1% (5, 10, 15, 20dB). The attenuator is a thin conducting layer de-
posited on a 5 um thick Mylar film stretched over a circular metallic frame of
60 mm clear aperture. As a unit, the device is a block of four films changed
by folding. The main merit of these attenuators is the complete absence of
frequency dispersion of the attenuation coefficient in the whole MM-SBMM
range. The absorbing film introduced into the quasioptical path serves also as
a good discoupler, suppressing the standing waves and improving the quality
of the spectra.

The transparency of the films allows for the investigation of the dielectric
(electric) properties of the material of which they are made. Fig 3.14 shows
transmissivity of the two superconducting NbN films, evaporated on both
sides of a sapphire substrate [3.22]. The system is essentially a Fabry—Perot
interferometer formed by two flat semitransparent mirrors (NbN films) and
filled with a transparent dielectric (sapphire). It is extremely sensitive to the
NbN conductivity: the intensities of the central maxima of the interference
pattern increase by more than an order of magnitude in the superconducting
phase. A strong decrease of the linewidth is also observed. The electrodynamic
properties of the system are entirely described by the optical formulas of
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Fig. 8.14. Frequency dependence of transmittance of the NbN Fabry—Perot res-
onator (the upper insert) at room and liquid helium temperatures. Sapphire sub-
strate thickness is 0.39 mm, NbN films thickness is 540 A
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a plane multilayer media [3.13], and this allows us to reliably evaluate the
conductivity of the film material (NbN). The corresponding data is presented
in the Sect. 3.2.9 devoted to electronic conductors.

A feature of BWO-measurements is an ability to observe the tempera-
ture evolution of the interference pattern in all details. It is illustrated in
Fig. 3.15 which presents the transmissivity of a double-sided FPI formed by
two superconducting YBaCuO films on a sapphire substrate. The supercon-
ducting phase transition in YBayCu3zO7_, at 85 K decreases the level of the
transmissivity at low temperatures, essentially increases the Q-factor of the
interference maxima, and, what is the most striking, reverses the phase of
the oscillations. Clearly seen is an almost complete disappearance of these
oscillations in the spectrum at 80K. This happens due to the impedance
matching of the air-sapphire interface by a conducting YBa;CuzO7_,, film.

The phenomenon is similar to the one used in optics for an interferomet-
ric antireflection coating with a dielectric layer, where the first, second, etc.,
interference orders are used. In this context the matching by a thin metal-
lic film can be regarded as an antireflection coating working in the zeroth
interference order.

The matching condition results directly from the general multilayer opti-
cal formulae [3.13]. Neglecting the losses in sapphire one obtains
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Fig. 3.15. Frequency dependence of transmittance of the YBa;Cu3O7_, Fabry—
Perot resonator (the bottom insert) at different temperatures. LaAlO3 substrate is

1.02mm thick, film thickness is 150 A . Note the matching phenomenon at 80K
and the reverse of the oscillating pattern phase at lower temperatures
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do = (ns — 1)(120700) 1,

where ¢ is the film conductivity (in cm™?!), dp is the film thickness, ng
is the refractive index of the substrate. A feature of the relationship is the
absence of the radiation frequency, i.e., the absolute frequency independence
of the matching effect. It may be violated (the modulation can appear in
the transmission spectrum) due to dispersion of the optical properties of
the materials (ng or op), but at low frequencies, including our experimental
SBMM frequency range, the dispersionless behavior of ng and oy is the most
common case, when we deal with a dielectric having low losses and a film of
normal metal governed by the Drude law for the frequency behavior of the
conductivity (o9 = ospmm = const). So, in fact, the metallic matching at
SBMM wavelengths reveals an extremely wide bandwidth.

f) Plane Dielectric Slab. All our techniques of dielectric measurements on
the BWO-spectrometers are based on the interaction of a plane electromag-
netic wave with a plane layer of substance. The examples already described
are the measurements employing a dielectric plate (Fig. 3.5, 6) and conductiv-
ity measurement of superconducting films (Figs. 3.14, 15). In general, one can
consider the interaction of the electromagnetic field with a multilayer system
consisting of an arbitrary number of layers. The clear merit of this system, as
an object under study, is the simplicity of its fabrication and the possibility
of rigorous mathematical treatment according to the Fresnel formulas.

An important information channel is provided by the interference of the
waves in a layered system. Infrared spectroscopists of past years did not
like this phenomenon and did their best to avoid it in the measurements. A
well-known way of doing that is to make the sample wedge-shaped. On the
contrary, the interference is helpful and desired in our measurements since
it allows for computer simulations using the rigorous formulae. Its function
is to a) increase the efficiency of the interaction of the radiation with the
substance (interaction time and path) and by that increase the accuracy of
the amplitude measurements and b) provide an opportunity to calculate the
phases ¢ and ¢ in addition to the amplitude characteristics T and R. This is
especially important during reflectivity measurements.

Interference of waves inside the high-quality dielectric resonator (tester)
serves as the basis of our method of measurement of reflectivities of nontrans-
parent materials [3.23]. The R and v values are extracted from the compari-
son of two interference patterns: the reflectivity spectrum of the tester alone,
and of the same tester with the absorbing sample under study, in contact
with its rare face. The needed information on R and % is contained in the
frequency shift of the resonance reflectivity minima and in the change of their
depth. We have recently succeeded in application of the tester method to the
highly conducting crystal Ko 3MoOj (blue bronze) [3.24].

The computer modeling of the penetration of the electromagnetic waves
through the multilayer structure is embedded into the software of our BWO-
spectrometers and may be used just during the measurement process. In
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addition, it strongly simplifies the solution of many technological problems.
Using the real-time computer simulation makes it possible to take into ac-
count the influence of the paste layer while gluing the sample on a substrate, x
of cryostats and thermostats stratified windows, cuvette walls, damaged sur-
face layers of the samples (after the polishing), etc.

In closing this section we present the plane dielectric layer in one more
capacity — as a frequency meter of the monochromatic radiation (f-meter). In
this case we have done our best to avoid the interference in the sample and to 10=2} o Fo
realize a purely exponential frequency behavior of the transmissivity. We have -
chosen a material with a high enough absorptivity, frequency-independent &, C
and low enough reflectivity (R < 10 %), and gotten a simple linear function
T(f) (in the logarithmic scale), uniquely connecting T and f. As aresult, a
calibrated dielectric plate introduced into a radiation beam indicates insantly
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the value of the frequency f wvia T. The accuracy of such a f-meter is not © tpx G 7
very high, =~ +2 %. Its advantage is its extreme simplicity, ease of handling, N\ V
——and-ability to-determine-the-frequency-in-apulsed regime: 10=3 . teflon
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g) Materials at MM-SBMM Waves. Irradiation of various samples on m\\\\ \\\\\\\\\\\\\\\\

a BWO-spectrometer reveals pellucidity for SBMM radiation of a great vari-
ety of optically opaque and transparent materials — paper and carton, cloth
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and wood, marble and concrete, butter and chocolate, oil products and coal, 10 100 1000
different radio- and optical materials. This first impression is sketched in Ta- (a) Frequency [cm™]

ble 3.2. It is seen that water has the highest absorptivity among common

materials. For this reason its presence in the samples (water content) can k T

easily be detected. Obviously, the sensitivity of the BWO measurements to
water can find practical applications.

In the amount of reference data on dielectric properties of materials, the
SBMM range ranks much lower than neighboring MM and infrared regions. 10-2
The BWO-spectrometers are highly promising for solving the presently urgent
task of filling up this gap. The second part of the review is devoted essentially
to this topic. Here we restrict ourselves to an example of room temperature
data on some daily used materials of the BWO-technique. They are presented
in Fig. 3.16a,b and in Table 3.1. The feature of the plots is their combinative 10-3
character: they are formed by the merger of the SBMM (double shaded) and
IR (iines) transmissivity data. The intermediate points (shaded) are obtained
in the framework of the multioscillator dispersion model.
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Fig. 3.16 a,b. Absorption spectra of low loss isotropic materials for SBMM-quasi-
optics: (a) — polymers, (b) — solids (high resistivity semiconductors). Properties are
partly sample-dependent (shaded). Room temperature
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Table 3.2. Comparison data on dielectric properties of common materials at
f = 300GHz (A = 1mm); a is absorption coefficient, d,,3 is thickness of 30%
transmissivity

a,cmt € R% '} d;,,
mm
B— water 55 25
100 - 0.01
F u/ black rubber 96 26 3
orgalyte 25 5
10 :'/ window glass 6.5 19 0.1
o cement mortar 4.2 12
r O—=__ pine-tree | 21 3
[ ST red bick 36 10
¥ cartboard 24 5 1
L pine-tree L 20 3 |
linoleum 28 6
yellow brick 35 9
1 3 epoxy resin 2.6 5 9 !
- PVC 28 6 ]
i chocolate 24 5 ]
L plexiglass 27 6 |
plasticine 34 9
i marble 78 22 7
white rubber 3.0 7
01 jasper 51 15 410
C kerosene 22, 4 ]
: benzine 22 4 1
L polystyrole 22 4 ]
polyethylene 2.0 3
001 - O——— rack crystal 4.4 12 é 100

3.2 Dielectric BWO-Spectroscopy of Solids

The opportunity to perform fast measurements of the dielectric response
function by the BWO-spectrometer allowed us to observe its frequency and
temperature properties in a variety of different manifestations, in materials
of different classes.

Via SBMM measurements we have established the direct connection be-
tween the two independent schools in radio spectroscopy: high-frequency —
Infrared and Raman spectroscopy dealing with the lattice vibrations and
low-frequency dielectric measurements dealing with relaxations and conduc-
tivity. The relative position of the schools on the frequency axis is shown in
Fig. 3.17. The above mentioned microscopic mechanisms are shown schemat-
ically by solid, dashed, and dotted lines. Typically, they are strongly smeared
over a huge frequency interval and overlapped. This is the reason for a persis-
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Fig. 3.17. Three strongest absorption mechanisms in solids: lattice resonances,
dielectric relaxation, and conductivity (Drude mechanism). Shaded is the SBMM
wavelength range, which merges two qualitatively different shapes of the dielectric
response

tent tendency in the spectroscopy of recent years to extend the observation
windows and to build up the panoramas. Dielectric response is a uniquely
wide-band measurable function: approximately 20 spectral decades from 10~
to 10° Hz are accessible today for experimentalists. Its general properties di-
rectly result from the first principles — the energy and impulse conservation
laws, and the causality principle [3.25-27].

We describe below the dielectric response function behavior that we have
observed in the range 10'°-10'2 Hz with the help of BWO spectrometers
[3.10-12, 28]. Table 3.3 presents a list of crystals which have been investigated.
They are divided roughly into several groups according to the similarity of
the observed phenomena. Below we present the most characteristic examples.

3.2.1 Dielectric Spectra of Simple Dielectrics

We arbitrarily call those materials simple dielectrics whose dielectric response
obeys the rules of classical phonon physics: occurrence of sharp peaks in the
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Table 3.3. Materials which have been studied
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Ferroelectrics Incommensurate Semiconductors Superionics g T=300 K
crystals

N 10l |-
T102, 511103, BaTi03, KTaO3, K25eO4 51, Ge, GaAs, Agl, RbAg,ls,
PLZT, Ag(Nb,Ta)Os3, Rb2CoCly InP, Se, InSe, Agl-Ag, WOy, 5
PbsGe30u, SnszSs, szZnCl4 ZnGePz, TezBl', Na~,6-A1203,
Ba;NaNbsO15, KTiOPOq, Rb2ZnBry Pbl, VO, SbSI, Na-3"-Al;03,
Family: KDP, DKDP, RDP, K2ZnCly TISbS,, UPt3, Na3Sc2(POy4)s, 1071 -
KDA, ADP, (R,A)DP, (NH4)2BeF4 Family: TIGaSez, CssH(PO4)s,
D(R,A)DP Sl‘sz207 THnSz, TlInSez, RbClMClsIz -
Rochelle salt family: BaMnFy T1GaS,, cv diamond
RS, DRS, ARS, (TU)RS, LTT CsCuCls TIGa(Se,S)2

SC(NH2)2 1073 = sapphire, -~ "
TGS, DTGS, RbHPOy, betain BCCD quartz el
RbHSO4, RbDSO4, NaNO2, | T = B N
NaNOs, KSCN, (NH,)2SO4, L -’
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copolymers (VDF-FTE), SmFeO3 a-(BEDT-TTF).ls
KBr, LiF, NaCl, CaF2, SmTbFeO3 (BEDT- The panorama is obtained by merging our BWO and infrared data with the
CaCOs, MgF, Csl, M‘gO, a-Fez03 TTF)2Cu(NCS)2, literature on radio-frequency data. We would like to demonstrate here the
ggé;%& Igﬁg&;]’g(’aos’ ThCrO, g:ss::)):ll ! place which the SBMM fraction of the spectrum occupies relative to prop-
SrLaGa:by, SrLa. Xb’ 4” lT-TaSZ,’ erties of real crystals and how different absorption mechanisms look in the
CaNdAlO, Ko.3MoO3 panorama. In sapphire the SBMM losses are perfectly described by the tails

absorptivity and the loops of dielectric permittivity in the infrared region and
their absolute absence at smaller frequencies — at SBMM, MM and radio-
wavelengths. The SBMM range just joins the lattice absorption region, but
still does not contain any of the absorption peaks. The simple dielectrics are
comparatively transparent here and have dielectric permittivities ¢/ practi-
cally equal to the static value &g.

The main practical and scientific interest is associated with the study
of the residual loss background and mechanisms of its origin. Among these
mechanisms, the contribution of the infrared peak tails, multiphonon pro-
cesses, weak relaxations, and conductivity from imperfections and impurities
should be regarded as the most important.

Figure 3.18 shows the panorama of the absorption spectra of a few fa-
mous materials — quartz, sapphire, CVD-diamond, and CaF; single crystal.

of infrared phonons; in CaF; and many other simple ionic crystals the con-
tribution of the multiphonon processes is clearly pronounced. Diamond is
singled out by the complete absence of the single-phonon absorption peaks in
the dielectric spectra. For this reason, its residual losses are very small and
are practically frequency-independent.

3.2.2 Soft Modes in Ferroelectrics

All crystals famous for their extraordinary properties — ferroelectrics, su-
perionics, dipole glasses, incommensurate crystals, superconductors, metal-
dielectrics, etc., — gain these properties as a result of phase transitions. The
existence of phase transitions in substances determines to a large extent the
surrounding world, and that is why the problem of phase transitions is among
the fundamental and the most hot problems of modern physics.



82 Gennadi Kozlov and Alexander Volkov

In the early 1960s the idea of the dynamic origin of the structural phase
transitions in crystals was developed [3.29-31]. According to the theory, long
before the transition into the new state takes place, there already exists in the
crystal a temperature unstable lattice vibration that contains a new quality
in it. It was predicted that as the temperature approaches the transition point
the vibration should soften and its frequency should necessarily become zero
at this point. This specific vibration was called the soft mode.

Soft modes in ferroelectrics are of special interest due to their activ-
ity in the infrared spectra and very clear manifestation in the frequency-
temperature behavior of the dielectric response function. Usually, the ferro-
electric soft modes occupy the lowest frequency position in the rank of the
infrared lattice absorption peaks. Their remarkable property for the spectro-
scopists is that while the temperature is changed towards the phase tran-
sition, they separate from this group and move over the spectrum towards
lower frequencies. They fill up the previously unoccupied spectral space at
frequencies below v = 1012 Hz.

Today, the science of ferroelectric soft modes gives a very nicely complete
picture, presented in Fig. 3.19. The static temperature anomaly of the di-
electric permittivity €o(7T) observed in ferroelectrics obeys the well-known
Curie-Weiss law, discovered experimentally long ago:

eo(T) « (T — Te) ™,

where T¢ is the Curie temperature.
Independent infrared measurements reveal the Cochran behavior of the
frequencies of the soft modes (transverse modes):

we o (T — Tp)/?,

where Ty is the soft mode condensation temperature. The fundamental
Lyddane-Sachs-Teller relation bridges these two phenomena [3.32]:

€ _ wi(T)
eo() o}’
where w; and €, are the frequency of the longitudinal vibration and the corre-
sponding high-frequency dielectric permittivity, both essentially temperature-
independent. Strictly speaking, the above relates to Ae = €9 — €0, but £
is considered to be negligible. It is seen how simply and rigorously the diver-
gence of the static dielectric permittivity at the phase transition point (left
graph), and the temperature evolution of the soft mode (bottom graph), are
connected by a fundamental relation.

Leaving the infrared spectrum and moving toward the low frequencies,
the soft modes leave the working range of the infrared spectrometers, which
makes them difficult objects to be observed by conventional methods. By its
frequency position, BWO spectroscopy seems to be especially intended for
interception of the soft modes and their detailed study. We have performed
this job on the crystals enumerated in the first two columns of Table 3.3. A
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Fig. 3.19 a—c. Conception of the ferroelectric soft mode: (a) — soft mode dielectric
contribution Ae and Ac~? vs temperature; (b) - ferroelectric soft mode (shaded) in
the dielectric spectra at different temperatures t1, t2, t3; (¢) — soft mode’s squared
frequency vs temperature. Note rigorous correlation between microscopic (c) and
macroscopic (a) phenomena

great variety of the pre-transition phenomena have been observed {3.11, 33]. It
turned out to be unexpectedly difficult to evaluate the data on the classical
ferroelectrics — barium titanate (BaTiO3), Rochelle Salt (RS), potassium
dihydrophosphate (KDP), triglycine sulfite (TGS), and others, for which the
theory of ferroelectricity has actually been developed. And vice versa, a more
simple picture is presented, as a rule, by the new exotic ferroelectrics of
complex composition — Tris Sarcosine Calcium Chloride (TSCC), benzil, and
Betaine Calcium Chloride Dehydrate (BCCD).

We begin with a simple example. Fig. 3.20 shows the ferroelectric soft
mode in Lithium Thallium Tartrate (LTT). It has a spectrally well at fixed
temperature pronounced lonely absorption line with a Lorentz shape, and
is extremely temperature-dependent. The data are described well at fixed
temperature by the formula of a simple harmonic oscillator:
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0 10 15
Frequency [cm™]
Fig. 3.20. Submillimeter dielectric spectra of LTT crystal. Points — experiment,

lines — oscillator fit. Temperature-dependent absorption line is a ferroelectric soft
mode

_ S

&(w) = m, (3.5)
where S, wp and +y are the strength, frequency, and damping of the oscillator,
respectively. The values found, for the whole set of temperatures form the
temperature dependences. They are presented in Fig. 3.21. To the first ap-
proximation the picture agrees well with the soft mode conception presented
in Fig. 3.19: a linear temperature behavior of the squared frequency, the hy-
perbolic divergence of the dielectric contribution, temperature independence
of the oscillator strength are observed.

Using Fig 3.20 as a typical example of the BWO dielectric measurements,
let us take note of their completeness and high information level. The spec-
tra consist of pairs of ¢’ and £” points measured independently (without
exploitation of the integral Kramers—Kronig relations) with high accuracies
and presented in absolute values. Such experimental material allows for di-
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Fig. 3.21. Soft mode parameters vs temperature in LTT crystal: v — frequency,
Ae — dielectric contribution, v — damping

rect quantitative comparisons with analogous data of other dielectric mea-

‘surements (microwave and infrared) and with the theory as well [3.33].

Figure 3.22 presents example of ferroelectric soft modes in conventional
ferroelectric — lead germanate (PGO). Similar pictures are also chacteristic
for BaTiO3, KDP and TGS. This new example does not differ in essence
from the first of Fig. 3.20, however it is not so visual due to the much higher
damping of the soft mode. And while the £(w) and ¢”(w) spectra in PGO
still obey the oscillator model with large damping (y > wo), the modes in
TGS, BaTiO3 and KDP are so damped that they correspond rather to a
simple relaxation model:

(3.6)

ew) = 1+ iwr’ ,
where S and (277)~! are the relaxator strength and the characteristic fre-
quency, respectively. Normally such broad relaxation modes do not go into the
operating range of the BWO-spectrometers and cannot be fully registered.
Experimentally measurable £’(w) and €”(w) spectra grasp only a fraction
of the dispersion. However, as a rule, this is enough to complete the picture
within the model. Absolute values of ¢’ and " together with the slopes of
the '(w) and € ”(w) curves, strictly and unambiguously determine the choice
of § and (277)~!. The model parameters calculated for PGO are presented
in Fig. 3.23. What is most important here is that the soft mode frequency
does not vanish at the transition point as is expected from the soft mode
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Fig. 3.23. Soft mode parameters vs temperature in PGO crystal, calculated within
the framework of oscillator model
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conception: wo(T¢) # 0. This topic relates to the problem of the central peak
and is discussed in the next section.

Highly unexpected are the SBMM prouperties of the Rochelle Salt (RS)
(Fig. 3.24). Already the visual appearance of the ¢'(w) and €"(w) spectra
reveals a nontrivial fact: the phonons are directly involved in the phase tran-
sition mechanism (the narrow peak at 21cm™! at low temperatures). The
temperature evolution of the soft mode evidently develops from this peak,
i.e., as if the displacive mechanism lies in the basis of the phase transition.
So far, RS is positively considered to belong to an alternative class of ferro-
electrics, of the order-disorder type.

The temperature dependence of (277)~! in RS reveals a very abrupt
increase with decreasing temperature, which is in serious contradiction to
the usual linear law of (277)~! variation in relaxational ferroelectrics. We
found that (277)~! in RS more likely obeys a cubic law:

(2r7) ™! = 1.07(Tp — T)*® - 10°cm ™Y,

Rochelle
1 2 3 salt
10 4= “~ 6 1
N,
EI \ \ \ 4 5
Y o =
N p—
5 b \\\\ \ T‘ -
{ 1 - 280 K V
T % ;
10 2 - 218 K mmmemmeemeememeem—meeem —
e’ 6 - 80 K
5 - \ 3 - 187 ° T 14 i
4 - 150
S .'
2 2/
L
! 1
0 10 20 30

Frequency [cm™]

Fig. 3.24. Submillimeter dielectric spectra of the Rochelle salt. Points - experi-
ment, lines — oscillator /relaxator fits. The soft mode behavior of spectra is developed
from the lattice resonance (shaded)
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where the temperature Tp = 276 K proved not to be the phase transition point
at 255 K as would be expected, but rather a middle point of the ferroelectric
phase.

Based on this discovery we have offered a way to substantially improve
the thermodynamical description of the RS properties, considering the Ty
point as a double critical point [3.34]. From the analysis of the experimental
data, we have calculated the coefficients of expansion of A o x~!, where x
is the dielectric susceptibility in powers of the reduced temperature of the
ferroelectric phase t = (T — Tp) /T, and found:

A = —0.0647 + 11.744t% — 14.814¢3 — 45.536¢4,

which differs principally from the conventional form A « T — T¢ by the
absence of the linear term.

Using this A in the thermodynamic potential, we have uniquely and con-
sequently described the thermal, dielectric, optical, and elastic properties of
RS related to the ferroelectric phase transition [3.35]. The most graphic result
from this line is shown in Fig. 3.25. It clarifies the origin of the well-known
exotic concentrational RS-ARS phase diagram (ARS is the ammonium RS)
[3.36]: the latter is proved to be a cut of a two-body hyperboloid with a saddle
point X, (ammonium content) = 9%, Ty = —37°C, Py = —2kbar.

RS-ARS

Fig. 3.25. Famous RS-ARS concentrational phase diagram of the Rochelle salt as
a section of the two-body hyperboloid. Shaded is an area of the ferrophase
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3.2.3 Central Peak

The simple, clear pictur: of the soft mode behavior is typically disturbed in
the vicinity of the phase transition. This can easily be seen in Fig. 3.21 where
the soft mode does not completely soften at the transition point. The soft
mode contribution in LTT Ae = 20 does not reach essentially the static value
€o =~ 1000.

The source of such disturbances is qualitatively understood at present
[3.37]. During the temperature evolution, the soft mode inevitably interacts
with the low-frequency degrees of freedom and it makes the shape of the
dielectric response much more complicated. A single mode model becomes
inadequate in this situation and has to be replaced with a more compli-
cated multiparameter model. The first step in this direction is a model of
two coupled oscillators [3.38]. Within this model both the weakening of the
temperature variation of the soft mode frequency (the “soft mode” now is
only one of the coupled oscillators, the higher frequency one), and the mod-
esty of its dielectric strength are explained [3.33]. From the viewpoint of the
physics of oscillations, a process of energy repumping from one oscillator to
another occurs. It is obvious that this phenomenon may include more than
two oscillators.

The SBMM part of the spectrum seems to be the first frontier where the
soft mode meets, on its way to zero frequency, the low-frequency degrees of
freedom which are nominally not active in the dielectric spectra. The soft
mode pumps them, making them active. A question arises about the nature
of the unknown excitations. Phenomenologically, they are always certain re-
laxations of different microscopic origin in different cases. The study of these
low frequency relaxations pumped by the soft mode has only recently begun.
It is done by dielectric measurements at frequencies below 10'2Hz, i.e., in
the region where the excitation spectra of conventional dielectrics are nor-
mally empty. While interpreting the relaxations, such phenomena as cluster
and domain dynamics, excitations of glassy and incommensurate phases, and
ionic transport, are typically discussed. We cover some of these points in the
following sections.

It is time now to come back to the title of the present section, the term
central peak, which is widely present in the literature devoted to the low-
frequency dynamics of ferroelectrics. It originates from neutron and Raman
scattering experiments [3.29]. In contrast to dielectric spectroscopy, these
methods are restricted in working frequencies by approximately 1-10cm™},
where the soft mode just begins to repump into the low-frequency relaxations.
In the methods mentioned the power of low-frequency processes is released
integrally in a very narrow frequency band close to the excitation line. In a
normal scale (not logarithmic as in Fig. 3.17) this is seen as an ignition of
an intensive scattering peak at zero frequency, where the name central peak
originates from.
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So, the central peak in neutron or Raman scattering is a good indication
of possible low-frequency dynamics in the substance. Its spectral consistence,
however, can be revealed only by other, lower frequency experimental tech-
niques. In this respect, dielectric spectroscopy has a great advantage. Owing
to an practically unlimited working frequency interval, one is able to study
the low frequency dynamics independently within the framework of a single
experimental method. The central peak does not make any sense in dielectric

spectroscopy since there is no concept of zero frequency.

3.2.4 Dynamics of Incommensurate Phases

It was found in the 1960s, as a result of a thorough structural investigations,
that besides the basic lattice periodicity, some dielectric crystals have addi-
tional structural modulations along certain directions [3.39]. Moreover, unlike
crystals with superstructure, where the superstructure period is a multiple
of the primary period and the crystal retains the translational symmetry
along three dimensions, the fourth periodicity in the discovered systems de-
velops independently, and is incommensurate with any of the basic ones. In-
commensurate ferroelectrics are characterized by an incommensurate phase
which precedes the ferroelectric phase upon cooling the crystal from normal
to a polar phase. In this intermediate phase the structure exhibits a frozen-
in polarization wave with a period incommensurate with, and much larger
than, the lattice spacing. This period grows upon approaching the ferroelec-
tric transition and the polarization wave changes into a periodic ferroelectric
domain structure near the ferroelectric transition. From the point of view of
lattice dynamics, the incommensurate phase enrichs by new low-frequency
vibrations, namely by fluctuations of the amplitude and phase of the incom-
mensurate modulation wave, the so-called amplitudons and phasons {3.40].

Phasons are the principal peculiarity of lattices with incommensurate
modulations. By their outward appearance on the dispersion pattern, the
phason branches are very similar to the acoustic ones. However, unlike the
latter, whose damping factor is proportional to ¢ and vanishes at ¢ — 0,
phasons have finite damping at ¢ — 0.

It was an intriguing challenge for experimentalists of the 1970s to prove
the existence of phasons, and we have involved the BWO-spectroscopy in this
process. Excitations of the phason type have been observed in a number of
crystals with an incommensurate phase, such as theauria (TU), BCCD, and
Rb2ZnCly [3.11], but the most vivid effect has been found in the classical
incommensurate KySeOy4 crystal (potassium selenate). Being an improper
ferroelectric, it is characterized by dynamics which is not disturbed by the
dipole soft mode.

In Fig. 3.26 the manifestation of the phason in the SBMM spectra is
presented. It gives a sharp absorptivity peak in the temperature depen-
dences for the incommensurate phase (in the interval between T; = 129K
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Fig. 3.26. Submillimeter absorptivity of K2SeO4 crystal vs temperature

and T = 93K), and the spectrum of these losses leaves the SBMM range to-
wards lower frequencies. The temperature behavior of the relaxation strength
and the characteristic frequency of the discovered excitation, obtained from
the SBMM data, agreed with concepts of the behavior of an inhomogeneous
phason [3.40]. The full beauty of the phason in K;SeO4 was later registered
in low-frequency dielectric measurements and clearly interpreted as a mani-
festation of the oscillating motion of the domain-like incommensurate wave
of polarization {3.41].

3.2.5 Brillouin Zone Folding

In a number of crystals we have discovered a very striking phenomenon which
lies in the fact that at low temperatures SBMM dielectric spectra split into a
set of extremely narrow intensive lines [3.10, 11]. Examples of such behavior
are presented in Fig. 3.27. It was found that the fine structure of the spectra
originates from the multiplication of the unit cell accompanying structural
phase transitions of a certain type. While the unit cell is multiplied » times,
an n-time folding of the Brillouin zone occurs, and the phonons from its
interior, formerly not active in the infrared and Raman spectra, come to
the ¢ = 0 axis. Obviously, the folding involves both the optical and the
acoustic branches. New absorption lines at the ¢ = 0 axis originating from
the optical branches fall on the higher frequency part of the spectrum and
are accessible for registration by the conventional techniques of Raman and
infrared spectroscopy. Deciphering of such spectra, however, is not a simple
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Fig. 3.27 a,b. Fine structure of the submillimeter absorption spectra in the crys-
tals: (a) - rubidium zinc bromide; (b) — rubidium silver iodide

task since the comb of new resonancies is superimposed onto the spectrum
already occupied by absorption peaks.

It is a feature of BWO-spectroscopy that owing to its low frequency work-
ing range (v < 102 Hz) it is able to trace the acoustic branches. The activa-
tion of new modes takes place in previously absolutely empty spectral space.
Because of a considerable dispersion of the acoustic branches in comparison
to the optical ones, and also due to the small damping of the phonons at
small wave vectors, the SBMM folding peaks reveal very large Q-factors and
are well distinguished in the spectra.

Figure 3.28 shows the emergence of the lines in a RbAgylIs crystal dur-
ing cooling. The temperature points at which an abrupt enrichment of the
spectra with the new lines occurs, are well pronounced. Obviously, these are
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Fig. 3.28. Fine structure frequencies observed in RbAgls vs temperature. T2 is a
known B-v phase transition at 122K. T3, Ty, T5 are unknown points

indications of crystal lattice structure changes and hence of the existence
of the unknown structural phase transitions at these points. These BWO
discoveries have been confirmed by other methods [3.42-44].

We would like to draw the reader’s attention to the widths of the fold-
ing peaks. In some cases they do not exceed a few hundredths of a cem~t,
To register such lines the spectrometer should have a spectral resolution of
up to 1073 cm~?, which is entirely ensured by the BWO-spectrometers and
highly conjectural for other techniques. We did not succeed, for example, in
an attempt to extend the spectrum shown in Fig. 3.27b to higher frequencies
using the commercial Fourier spectrometer Bruker IFS 113 V: the spectrum
splitting was qualitatively observed but the lines were not completely re-
solved, thus there appeared to be many fewer. The same drawback is also
characteristic of the Raman spectra [3.44].

It is very interesting that the acoustic nature of the folding peaks moti-
vates a direct connection of the BWO investigations (which are infrared in
their essence) to the ultrasonic ones. The universal and comparatively simple
dispersion law of the acoustic branches with the sound velocity given by their
slope allows one to reconstruct the dispersion of the branches in the whole
Brillouin zone via the SBMM spectra [3.45,46]. Hence, in this case the op-
tical (¢ = 0) spectroscopy represented by the BWO measurements provides
information generally accessible exclusively to neutron scattering technique.
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3.2.6 Relaxors and Dipole Glasses

If one imagines the transition from a simple dielectric (rigid phonon spec-
trum) to a displacive ferroelectric (with a resonant soft mode) and then to
an order-disorder ferroelectric (relaxation soft mode), the next step would
be a so-called relazor. Classical representatives of the relaxors are the sys-
tems of the type (Pb,La)(Zr,Ti)O3 and (Ba,Sr)NbsOg [3.47], although the
range of such objects is very broad. Normally these are mixed crystals (solid
solutions) with a complicated composition manifesting strong temperature
anomalies of the dielectric properties, widely spread out over the spectrum,
and the temperature diffusion of the phase transitions. Strong flat losses and
a smooth £’-dispersion are characteristic of the SBMM range. Various re-
laxational forms with empirical stretching coefficients are typically used for
their description.

On the phenomenological level the relaxor problem in dielectric spec-
troscopy is close to the problem of the dipole glasses. At low temperatures
the dipole glasses come to a certain dynamic state giving a strong and wide,
spectrally broadened dielectric response. Mixed crystal ADP-RDP is the
model system in this field. Pure RDP and ADP crystals undergo ferroelectric
(Tc = 146 K) and antiferroelectric (Tc = 148 K) phase transitions, respec-
tively. In the RADP compound of middle concentrations, however, the phase
transition is suppressed by the competition between the two differently di-
rected types of polarizational ordering, and at low temperatures a dipole glass
state without sharp anomalies evolves in place of one of the ordered phases.

Figure 3.29 shows our joined SBMM and infrared dielectric spectra of
RADP (3.48]. They clearly reveal a distinguished soft mode behavior similar
to that in pure RDP and ADP. But unlike the pure crystal, the evolution
of the soft mode response with temperature in RADP is not interrupted
by an abrupt phase transition. The transformation of the spectra continues
monotonically down to the lowest temperatures.

Figure 3.30 shows the eigenfrequency (277)~! and the oscillator strength
S of the observed soft mode. The temperature behavior of both parameters
is easily observed in the low-temperature phase beyond the paraphase. The
most striking feature is a considerable decrease of S at low temperatures, indi-
cating a coupling of the soft mode to other low-frequency excitations. These
excitations are the well-known microwave and radio-frequency loss bands
widely accepted as representing the glass state dynamics in RADP [3.49, 50].
A remarkable property of these glass state excitations is again the lack of
the oscillator strength conservation. Thus they appear to be the transmissive
rollers in the global evolution of the dielectric response function. The probable
scheme is sketched in Fig. 3.31. Phenomenologically the picture looks like the
soft mode estafettical behavior finished by the coupling to the central peak.
Well known in application to structural phase transitions, this phenomenon
usually develops in a narrow temperature range in the vicinity of 7. The
RDP-ADP dielectric function behavior makes it reasonable to consider the
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glassy state as some intermediate state during the phase transition process,
stretching over many dozens of degrees, and still unfinished even at liquid
helium temperature.

3.2.7 New Family of Ferroelectrics of TIGaSe; Type

We have discovered via BWO measurements ferroelectricity and the incom-
mensurate phase in the family of a triple layer semiconductors of the TIGaSe,
type [3.11].

Figure 3.32 shows the SBMM dielectric spectra of TIGaSe; obtained by
the BWO-spectrometer. They reveal a typical ferroelectric soft mode with a
linear temperature behavior of the squared frequency and with a divergence of
its dielectric strength obeying the Curie-Weiss law. At T = 120 K an essential
change of the type of spectra is observed; it changes from the resonance (neg-
ative values of ') to relaxational behavior. At a slightly lower temperature of
T = 107K an abrupt step-wise change of the whole picture in Fig. 3.32 is ob-
served: the absorptivity and the dispersion of €’ sharply decrease. The same

Frequency [cm™]

Fig. 3.32. Submillimeter dielectric spectra of T1GaSez cryst:,al at diﬂ’erent. tem-
peratures. Temperature evolution of the spectra exhibits a typical ferroelectric soft
mode behavior

properties with somewhat different characteristic temperatures are demon-
strated by another crystal of this family TIInS;. Complete analogy of that
which is happening in TiGaSe; and TlInS, with the phenomena in known
crystals, suggests the existence of incommensurate and ferroelectric phases
for TiGaSey and TUnS,.

Much activity was aimed towards the verification of the SBMM data by
various techniques. Anomalies of dielectric, optical, acoustical, and thermal
properties, as well as of light and neutron scattering, were registered at .the
temperatures pointed out by us. A spontaneous polarization (ferroelectricity)
was registered at low temperatures, and an incommensurate phase was found
by neutron scattering [3.51, 52)].

An interesting change of the TlGaSe; dynamics is observed when the se-
lenium atoms are substituted for the sulfur atoms. These changes are shown
in Fig. 3.33 via the behavior of the soft mode frequencies. The process of the
softening is qualitatively similar for the crystals having different sulfur con-
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Fig. 3.33. Soft mode frequencies vs temperature in the mixed T1Ga(Se, S); crys-
tals. Arrows show the phase transition points

tent. However, there is an essential distinction shown by the different values
of frequencies where the soft modes start their way towards zero frequency.
As a result, only a few of them succeed in reaching zero frequency at a real
(positive) temperature. As is seen, the phase transitions in the mixed crystals
T1Ga(Se,;S;-z)2 are not realized at a sulfur content of more than 25 %. Obvi-
ously the frozen soft mode which did not reach zero frequency should reveal a
giant dielectric response at low frequencies. The soft mode dynamics is very
similar to the one described above in reference to the ADP-RDP crystal. By
analogy, one may again assume that a dipole glass state is realized in the
system T1Ga(Se;S;1_;)2 at low temperatures and at intermediate ratios of Se
and S (60 and 30 %).

We believe that the family of layered crystals of the TIGaSe; type, which
allow large-range atomic substitutions and have a large collection of interest-
ing dynamic properties, may serve as promising model objects for study in
the field of the physics of phase transitions.

3.2.8 Superionic Conductors

A strongly increased interest of researchers in the 1970s was detected towards
crystalline dielectrics with high ionic conductivity — superionic conductors
(solid electrolytes) [3.53]. In these amazing materials the atoms of one sort
can relatively easily move in a rigid lattice formed by the atoms of another
sort. The conductivity of the most outstanding superionics can reach values
of ~ 1Q 'ecm™! at room temperature (10 orders of magnitude larger than
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in usual dielectrics) and is much higher than the electronic conductivity in
these materials.

The superionics are interesting from various points of view and one of
these concerns the peculiarities of the frequency-temperature behavior of
their dielectric response function. The manifestation of all possible mecha-
nisms of ionic transport could be expected in it: processes of diffusion, screen-
ing, temperature activation and localization of the charge carriers, and inter-
action of the movable ions with the crystal lattice and with each other. In a
rough approximation, the experimentally observed frequency panorama of the

i i i i — = ncv nart
response consists of two qualitatively different parts — the low-frequency part,

where the conductivity has a purely diffuse character, and the high-frequency
part (IR band) where the response becomes oscillatory. The transition be-
tween these two regimes falls in the SBMM range, where we have performed
our investigations of the superionics by the BWO technique.

We have studied crystals of several different types (fourth column of Ta-
ble 3.3). The SBMM data on the two most widely known compounds — Agl,
and Na-3"-AlyO3 — are presented in Figs. 3.34,35. Along with the details
(which are interesting in each specific case) the spectra reveal the general
feature of all superionics — a well-pronounced relaxation at the link between
the diffusive and the oscillatory regimes. It manifests itself as a powerful
anomalous dispersion (¢ decrease vs frequency) which appears in the SBMM
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Fig. 3.34. Submillimeter ¢ ’(w) and o(w) spectra of superionic Agl crystal. Points -
BWO data, open circles - MW data of H. Roemer et al., curve 6 — IR data of
P. Bruesch et al.
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Fig. 3.35. Submillimeter ¢’(w) and o(w) spectra of superionic Na-3"-alumina
crystal. Dashed lines are for the the eye. Open circle is the dc data

spectra and then disappears again during a linear increase of the temperature
and a corresponding monotonous increase of the dc conductivity.

We have analyzed the situation in the framework of a simple dispersion
model composed of the free carrier conductivity (the Drude formula), an oscil-
lator (5), and a relaxator (6). The result regarding the number of the particles
participating in the different types of motion appeared to be the most inter-
esting. It unambiguously showed that the charges strongly interact with each
other and that a significant role in the dynamics is played by the screening
(backward currents) in the range of intermediate concentrations [3.54)].

The discovery of the universal behavior of conductivity in superionics
stimulated our search for a way to analytically describe the frequency depen-
dent response, including its main features. For this purpose, following Takagi
[3.55], we have generalized the Onsager equation to the case of conducting
materials, and have obtained an expression for the conductivity which de-
scribes a continuous transition from the free movement of the carriers to
their oscillatory motion [3.56):
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2 .
o) = (1~ wr)lra(w§ ~ w?) +7-7" - Wl +ymR)] 7,

where n,e, and m are the number, the charge, and the mass of the potentially
movable particles, wp and + are the frequency and the damping of the oscilla-
tory motion, and vy’ = w2 /v. The new parameter 7r, compared to the known
models (5) and (6), is the residence time. It determines the time when the
particle is localized. Formula (7) transforms continuously into the oscillator
expression when 7p — 00, and into the Drude one when g — 0. The results
obtained from this model are described in [3.11, 56].

3.2.9 Electronic Conductors

The conducting materials — low dimensional conductors, conventional and
high-T¢ superconductors, semiconductors (3, 7 and 8th columns of Table 3.3)
— were studied by us in order to reveal the most general regularities of their
response function behavior [3.11]. This topic of the spectroscopy of conduc-
tors and semiconductors seems to be the most weakly developed in the back-
ground of the enormous information devoted to the properties of the specific
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Fig. 3.36. Submillimeter spectra of ¢’ and o vs temperature of superconducting
NbN film. Lines are guides for the eye
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materials studied in the specific conditions. This situation is due to a high
degree of individuality of the investigated objects, and to the dependence of
their properties on the growing technology. It is evident that from the funda-
mental viewpoint the samples of the most interest are only those which are
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complicated at lower frequencies: while going down below the critical tem-
perature, the conductivity at 8cm~! first grows up and then decreases. This
kind of temperature behavior of the conductivity is known as a coherence
peak. Its occurrence in the NbN film suggests that the ground state in this

comprehensively characterized by various methods.

The examples of the SBMM data on the conductivity obtained on the
BWO-spectrometer are presented in Figs. 3.36, 37. Their main feature is that
they show the absolute values of the real and imaginary parts of the di-
electric response function. The SBMM spectra of conductors, as a rule, are
rather impressive and very sensitive to the temperature. They allow, within
definite models, for the determination of mobilities, concentrations, and ef-
fective masses of the charge carriers, and for specification of the scattering
mechanisms.

In Fig. 3.36 the monotonic decrease of the conductivity of niobium ni-
tride (NbN) at 29cm™~! reveals reliably the opening of the energy gap in
the excitation spectrum. It is interesting that the phenomenon looks more
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Fig. 3.37. Submillimeter £ ’(w) and o(w) spectra of InP at different temperatures.
Dashed lines are the fit by additive Drude-relaxator model

material is of a singlet origin (3.57).

Figure 3.37 demonstrates the process of freezing out of the charge carriers
in InP. A typical Drude-like dispersion mechanism observed at room temper-
ature is replaced by a high-frequency Debye-like relaxation during cooling
down. The nature of this phenomenon is not clear to us, at present.

3.2.10 Antiferromagnets

We have mastered our BWO technique for the magnetic measurements on the
antiferromagnets yielding the SBMM values of the magnetic permeability p’
and u” in addition to the ¢’ and €” spectra. Fig. 3.38 shows the panorama
of the ferro- and antiferromagnetic absorption in YFeOgs recorded by the
BWO-spectrometer. The narrow gaps on the background of the interference
pattern for two orthogonal orientations are clearly observed. The resonance
lines are extremely sensitive to the external magnetic field and orientation of
the sample. We emphasize once more, here, the necessity of high intensity,
resolution, and polarization of radiation. Let us stress, for example, that due
to the high degree of polarization a very strong absorption line in the k. ori-
entation at 18 cm ™! does not distort the oscillation pattern in the orthogonal
hy orientation (see shaded domain).
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Fig. 3.38. Transmitance vs frequency of the 0.8 mm thick antiferromagnetic YFeOs
plate for two orthogonal orientations. Narrow resonances at 10 and 17.5 cm~! are
ferromagnetic and antiferromagnetic modes
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In general, the job of y' and u” evaluation is highly complicated: when
both &, u # 1 then the complete set of the electrodynamic parameters T,
R, q), and ¢ has to be measured. However, we have essentlall) sxmphﬁed the
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magnets are very sharp, and that the magnetlc permeablhtles are very close
to unity except for the narrow part of the spectrum in the vicinity of the
resonance line. In this particular case one can reliably separate the dielectric
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Fig. 3.39 a—d. Magnetic measurements on YFeOj crystal: (a) and (b) — phase ¢(w)
and transmission T'(w) spectra of 0.8 mm plate (BWO data); (c) and (d) — magnetic
permeability u’(w) and p”(w) spectra, calculated from the above ¢(w) and T(w)
data. Shown is the range of the antiferromagnetic resonance (shaded segment in
Fig. 3.38)
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Fig. 3.40 a,b. Temperature dependence of parameters of AFMR modes in DyFeOs:
(a) - frequencies (1 — v1, 2 — v2; and linewidths 1’ — Avy; 27 — Awz); (b) — magnetic
contributions (1 — Au1, and 2 - Aps)
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and magnetic measurements. We measured the spectra ¢/(v) and ”(v) of
the orthoferrites outside the magnetic absorption lines by the usual method
(part I of present review) and then interpolated this data in the resonance
domains. The spectra of u’ and u” were calculated with the known values of
€’ and €”, either point by point directly from T(v) and T(v) spectra, or by
fitting the measured spectrum T'(v) with a Lorentzian.

The high frequency fragment of the T'(v) added by the ¢(v) spectrum, to-
gether with the p’(v) and p” (v) spectra evaluated from these two, is presented
in Fig. 3.39. Figure 3.40 shows a typical example of the complex tempera-
ture evolution of the antiferromagnetic modes. The experimental material
presented here was used for theoretical modeling of the magnetic phase tran-
sitions in orthoferrites [3.58].

3.3 Conclusion

We have described our experience with the application of BWOs for the char-
acterization of devices and materials at SBMM waves and also for performing
fundamental investigations in solid state physics. It is our opinion that for a
long time such activity will continue to be timely and promising in obtaining
many useful results.

At the same time, the following possible ways of broadening of this activity
are clearly seen:

1) The BWO potentialities are pertinent not only for solid state physics but
also for MW and IR spectroscopies, laser physics, plasma diagnostics, and
astronomy

2) The developed BWO techniques can be used, for the measurement of
liquids. This direction is connected with applications in medicine and bi-
ology.

3) The ability of the BWO measurements to join the infrared and low-
frequency radio measurements is promising in view of the development
of the all-wavelength dielectric spectroscopy.

4) There is a possibility of considerable increase of the rapidity of the BWO
measurements by using higher speed detectors, control elements, and new
software. This opens the possibility of investigations of fast processes in
substances, and of doing this under pulsed exposures.

5) Owing to the optical nature of the measurements, the comparatively large
wavelength, and the high “quality” of the radiation, the BWO techniques
are highly demonstrative, making them excellent educational equipment
for beginning researchers (students) in the field of radiophysical measure-
ments and coherent optics.
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