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A joint scientific session of the Division of General
Physics and Astronomy and the Division of Nuclear
Physics of the Academy of Sciences of the USSR was
held on 25 and 26 March 1981 at the P. N. Lebedev
Physics Institute of the USSR Academy of Sciences.
The following papers were presented:

March 25

1. N. A. Irisova, Submillimeter spectroscopy of sol-
ids. Basic problems. Methods. Apparatus.

2. G. V. Kozlov, A. A. Volkov, and S. P. Lebedev,

Dielectric spectroscopy of soft modes in ferroelectrics.
t

3. V. N. Murzin, Submillimeter spectroscopy of col-
lective and bound carrier states in semiconductors.

March 26

4. V. A. Kuz'min, Quarks and cosmology.

5. A. A. Ansel'm, Development of theory after the
"Standard Model" ("Grand" Unification, "Technicolor").

Brief contents of four of the papers are presented be-
low.

N. A. Irisova. Submillimeter spectroscopy of solids.
Basic problems. Methods. Apparatus. From its first
appearance and to the present day, spectroscopy has
been one of the most informative and precise methods
for physical investigation of the macroscopic and
microscopic properties of matter. However, although
it has successfully mastered both the optical and radio
bands, spectroscopy was unable until recently to pene-
trate the narrow segment of the spectrum between the
IR and microwave bands—the so-called Submillimeter
band. As a result, a "submillimeter spectroscopic
gap" had formed by the early 1960s in the frequency
range 10" Hz« y« 1012 Hz, i.e., 0 . 3«A«3mm.

The solution of quite a few problems of solid-state
physics that are of both scientific and applied impor-
tance depends on research in the submillimeter band.
Submillimeter spectroscopy becomes fundamentally im-
portant in cases in which the energies and characteristic
frequencies of the phenomena to be studied lie in pre-
cisely this band, so that it can yield fundamental scien-
tific data that are inaccessible to other methods of in-
vestigation. For example, submillimeter spectroscopy
can give us new information on absorption mechanisms
in crystals and crystallattice dynamics and on the prop-
erties of excitons, impurity complexes, and excited
states of impurities in semiconductors; it can help sig-
nificantly in study of the nature of phase transitions in
solids, and in ferroelectrics in particular, in ordered
magnetic systems, and in superconductors.

The development of submillimeter spectroscopy is no
less important in other areas of science. For physics,
these areas also include plasma diagnostics, spectro-
scopy of gases, cosmic radiospectroscopy, and study of
liquids, especially water. Submillimeter research is
highly promising in biology, especially for the study of

resonant interactions with biological objects at the level
of the living cell, and for determination of the effects of
radiation on the living organism as a whole. The propa-
gation of submillimeter radiation in the atmosphere,
space communications, radar, analysis of impurities
in specially pure substances, and nondestructive qual-
ity control are perhaps most important among the ap-
plied studies.

Diametrically opposite approaches to the mastery of
submillimeter spectroscopy of solids has been taken in
the USSR and abroad. Abroad, effort has been concen-
trated on the development of Fourier-spectroscopy
methods and instruments as a continuation and further
development of the methods of classical spectroscopy,
which is based on the use of nonmonochromatic thermal
radiation. Our approach, that of monochromatic spec-
troscopy, was a logical extension of the work done at
the Physics Institute of the Academy of Sciences (FIAN)
on microwave radiospectroscopy under the direction of
A. M. Prokhorov.

We perceive a fundamental advantage of monochro-
matic submillimeter spectroscopy over Fourier spec-
troscopy in the fact that monochromatic spectroscopy
combines very high resolutions p= v/§v (v is the fre-
quency and 6y is the smallest spectral segment that can
be resolved) with a broad dynamic band in which the
registered signal D = Pmla/Pmiz may vary (Pmu and Pmln

are the highest and lowest values of the registered sig-
nal). This radically broadens experimental possibili-
ties, providing not only for spectroscopy of solids that
have high-Q resonant absorption, but also study of sol-
ids under conditions accompanied by sharp changes in
properties, for example directly in phase-trans it ion
ranges.
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The quantities p and D are interrelated in Fourier
spectrometers: an increase in the size of the resolv-
able spectral interval 5v results in a simultaneous in-
crease in p and a decrease in D. In addition, as we ad-
vance into the longwave region of the spectrum, the p
of Fourier spectrometers decrease in proportion to X,
while the D decrease even more sharply owing to the
sharp drop in the spectral density of the thermal radia-
tion. As a result, the resolution and dynamic range of
the monochromatic spectrometers that we have devel-
oped are several orders higher than the corresponding
characteristics of the best Fourier spectrometers in the
region of the submillimeter band in which the bands of
Fourier and monochromatic spectrometers overlap.
However, Fourier spectroscopy also has its advan-
tages—for example, in studies to be made in very
broad wavelength ranges and in passive spectroscopy.
Thus, these two spectroscopic techniques are not an-
tagonistic, and should complement one another in rea-
sonable fashion.

The ideas of monochromatic submillimeter spectro-
scopy have come to practical fruition in the creation of
a new class of spectrometers that use the radiation of
frequency-tunable electronic generators such as back-
ward-wave tubes, and are therefore known as BWT
spectrometers. Soviet-built BWT generators developed
under the direction of N. D. Devyatkov and M. B. Golant
possess unique characteristics: with intrinsic mono-
chromatic ities better than 107 and radiated powers in
the milliwatts, they offer more than 50% electronic fre-
quency tuning, so that a set of 10 instruments provides
continuous coverage of the entire submillimeter band.1'5

An original proposal that one-dimensional wire grids
with periods much smaller than the wavelength should
be used3'4 was the turning point to which we may trace
progress in the development of submillimeter-band
metrics (the combination of the measurement apparatus
and spectral measurement techniques adequate to it).
The conduction anisotropy of the grid means that, de-
pending on the polarization direction of the plane wave
interacting with the grid, the coefficients of reflection
and transmission vary through three orders of magni-
tude. At the same time, such grids possess unique
broad-band capability. Thus, for example, a gold grid
made from wires 15 Mm in diameter with a period of
40 Mm has power reflectivity better than 99.5% over the
entire submillimeter band. Theoretical studies (based
on the work of L. A. Vainshtein2) and complete experi-
mental investigations of the amplitude and phase char-
acteristics of the grids for both polarization directions
made it possible to use them to build a set of high-pre-
cision quasioptical measuring units in a joint effort with
the Central Design Office of Unique Devices of the USSR
Academy of Sciences under the direction of E. V. Mash-
intsev. This apparatus later served as a prototype for
three generations of BWT spectrometers. The third-
generation spectrometers work with built-in computers,
which control mode selection and the registration of
spectrograms and the operation of specific measuring
elements, store the acquired data, and handle numeri-
cal processing of these data. The use of computers
does more than simply reduce measurement time,

making it possible to complete in one day measure-
ments that would previously have required over a
month; it has also significantly broadened the range of
experimental options and, in the final analysis, the
range of objects that can be investigated.

The necessary values of the basic spectrometer char-
acteristics were determined from the requirements of
spectroscopy for solids that have extreme property val-
ues in the submillimeter band. For example, the reso-
lution p= 2-104 that has been attained makes it possible
to study the narrowest of the known absorption lines:
the spectra of impurities in specially pure semiconduc-
tors at T = 4 K. The dynamic range D = 105 provides for
study of crystals directly in the range of the paraelec-
tric-ferroelectric phase transition, which is accom-
panied by sharp changes, of the order of 104 -103, in
the values of e' and c". BWT spectrometers function
throughout the entire submillimeter band (0.25 to 4
mm), and the measurements are made with linearly po-
larized radiation whose orientation in spece is precise-
ly defined. All the spectral-measurement techniques
that have been developed are based on the use of plane-
parallel specimens with transverse dimensions greater
than the wavelength and thicknesses comparable to it.
The methodological equipment of the spectrometers,
which includes single-beam, two-beam, and multibeam
measurement systems, provides for spectroscopy of
specimens with all practically possible values of the
complex dielectric constant e' and e". The quasiopti-
cal-channel designs are simple and make it possible to
change from one measuring scheme to another and to
insert auxiliary devices such as cryothermostats, mag-
nets including super-conductive magnets, etc. into the
measurement channel. This makes it possible to mea-
sure specimens not only under natural conditions, but
also as the temperature is varied from 4 to 1000 K,
under the action of external electric and magnetic
fields, with compression of the specimens, etc.

The FLAN now has seven submillimeter BWT spec-
trometers in continuous service. They have been used
in a broad range of spectral studies of various classes
of solids and to determine characteristic submilli-
meter-band parameters of about a hundred dielectrics,
ferroelectrics, semiconductors, and magnetics. The
measurements in the submillimeter band have been the
first of their kind in most cases.

Submillimeter studies in the spectroscopy of gases,
liquids, plasmas, and solids are now being advanced
very successfully in a long list of scientific agencies,
first among which we should mention the Institute of
Applied Physics of the USSR Academy Sciences, the In-
stitute of Radio Electronics of the USSR Academy of
Sciences, the Kurchatov Institute of Atomic Energy,
and the Moscow City Polytechnic Institute. We may
therefore state that the submillimeter spectroscopic
gap has been successfully bridged.

'M. B. Golant, V. L. Vilenskaya, E. A. Zyulina, E*. F. Kaplun,
A. A. Negirev, V. A. Parilov, T. B. Rebrova, and V. S.
Savel'ev, Prib. Tekh. Eksp., No. 4, 136 (1963).

2L. A. Vainshtein, in: E*lektronika bol' shikh moshchnostei
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The Electronics of High Powers], Nauka, Moscow, 1963,
p. 26.

3E. A. Vinogradov, E. M. Dianov, and N. A. Irisova, Pis'ma
Zh. Eksp. Teor. Fiz. 7, 323 (1965) [JETP Lett. 7, 251
(1965)].

4N. A. Irisova and E. A. Vinogradov, Proc. of 3 Colloquium
on Microwave Communication. Budapest: 1966, p. 731.

5M. B. Golant, Z. T. Alekseenko, Z. S. Korotkova, L. A.

Lunkina, A. A. Negirev, 0. P. Petrova, T. B. Rebrova, and
V. S. Savel'ev, Prib. Tekh. Eksp., No. 3, 231 (1969).

6V. P. Bystrov, N. A. Irisova, G. V. Kozlov, A. V. Kutsenko,
B. A. Polos'yan, and S. A. Terekhin, E"lektronnaya Tekhnika,
Ser. 1, No. 11, 83 (1975).

7V. P. Bystrov, A. A. Volkov, N. A. Irisova, G. V. Kozlov,
A. M. Prokhorov, and I. M. Chernyshev, Izv. Akad. Nauk
SSSR, Vol. 41, No. 3, 486 (1977).

G. V. Kozlov, A. A. Volkov, and S. P. Lebedev. Di-
electric spectroscopy of soft modes inferroelectrics.
An important constituent part of the phase-transition
problem—one of the central problems in contemporary
physics1—is study of temperature-unstable oscillations
of crystal lattices (soft modes). The soft-mode con-
cept, which took form about twenty years ago,2"4 has
now been transformed from an object of verification and
intensive study into a powerful tool for investigation of
the mechanisms of structual phase transitions in crys-
tals. The dynamic aspects of phase transitions are be-
ing studied on a very broad front, both with respect to
the number of materials being investigated and with
respect to the variety of experimental-research meth-
ods. It is still possible, however, to distinguish
against this background trends that have been especially
productive. One of them is unquestionably the spectro-
scopy of phase transitions in ferroelectric crystals.
Since the soft modes in these crystals are in many
cases polar oscillations with small wave vectors, far-
infrared spectroscopy has become the most important
of the methods used to study them. Here the objective
is to acquire data on the dispersion of the dielectric
constant and use them to determine the parameters of
the soft modes causing this dispersion. Of particular
interest from the standpoint of the dynamic theory of
ferroelectricity are data pertaining to the lowest fre-
quencies of the infrared band (the submillimeter band),
since it is into this band that the frequency of a soft
mode is shifted as the temperature of the crystal ap-
proaches the phase-transition point.

With the advent of the new techniques known as Fou-
rier spectroscopy and backward-wave-tube (BWT)
spectroscopy, experimental research in the submilli-
meter wavelength band (~3-30 cm"1), which was long
difficult of access for the experimenter, is now going

through a period of intensive development. In this pa-
per we report experience gained in our studies of a
number of ferroelectrics and similar crystals in which
we used BWT spectroscopy, which, in our opinion, has
become a highly effective tool for experimental study of
low-frequency crystal-lattice dynamics. It is sufficient
to note that modern BWT spectrometers are capable of
reliable measurement of the real and imaginary parts
of the dielectric constant (e' and c") in specimens with
practically arbitrary dielectric properties.5'8

We studied a) classical ferroelectrics: the orthophos-
phates KHjPQj, RD-jPQ,, RHjAsQ,, PbH2PO4,

7'11

PbHPO4,
12 Rochelle salt RS and dRS,11'13 triglycine sul-

fate TGS and dTGS,11'14 Pb5Ge3Ou,
7; b) ferroelectrics

with noncommensurable phases: K2SeO4, (NH4)2BeF4,
SC(NH2)2, SrjjNbjp.,, and Rb-jZnC^,15"17 and c) the ferro-
electric-like crystals NH4H2PO4,ND4D2PO4,KH3(SeO3)2,
KD3(SeO3)2, CsCuCl^11'19'21

By way of example, Fig. 1 shows certain typical sub-
millimeter dielectric spectra/e'(y) and E"(I/)/, which
correspond to various types of ferroelectric dispersion:
relaxational (TGS), resonant (CsCuCl3) and more com-
plex two-mode dispersion (BaMnF4 and KjSeO.1). It will
be seen that these plots are highly informative. Indeed,
spectra of this kind usually enable us to determine all
dispersion parameters of the ferroelectric polarization
mechanism without use of supplementary data, and to
follow their variations with temperature. The compar-
atively high accuracy of the data on z'(v, T) and &"(v, T)
(~5%) permits confident selection of theoretical disper-
sion models that describe the experimental results not
only when the complete absorption line is seen in the
dielectric spectra (CsCuCl3; see Fig. 1), but also when
the experimental method used produces only part of the
line (TGS; see Fig. I ) .

To illustrate, Fig. 2 shows temperature curves ob-
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FIG.l. Dielectric submillimeter spectra £'(") (a) and e1* (v)
(b) of TGS, CsCuCl3, BaMnF4 and K2SeO4 crystals. These
experimental results are the point of departure in calculation
of soft-mode parameters and microscopic polarization me-
chanisms.
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FIG. 2. Temperature curves of soft-mode frequencies of some
of the crystals investigated. It is seen that the range of their
principal variations falls in the submillimeter BWT-spectro-
scopic band (3-30 cm"1).
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