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Kh. S. Bagdasarov, V. B. Braginskii, V. I. Panov, and
V. S. Il'chenko. Anomalously low dissipation of electromag-
netic waves in perfect single-crystal dielectrics. Measure-
ments of the dissipation of electromagnetic waves in crystal-
line dielectrics yield important information on the
mechanisms of dielectric relaxation. The value of this infor-
mation stems from the fact that there is as yet no complete
theory which permits predicting the value of tan<5 of a crystal
with known composition and structure. The published ex-
perimental data on tanS of crystals are often contradictory.
For leucosapphire a-A!2O3 (the best of the known uhf dielec-
trics), different authors present estimates of tan<5 ranging
from 1.5 • 1(T3 to 1.5 • 10~5 at T= 300 K.1-3 On the other
hand, a detailed analysis of phonon relaxation, performed by
V. L. Gurevich,4-5 shows that the dielectric losses in leuco-
sapphire—a centrosymmetric hexagonal ionic crystal—
must amount at T = 300 K to tan<5;= 10~6 at a frequency of
/= 1010 Hz and decrease with the temperature as T5. This
conflict between the experimental and theoretical estimates
is apparently attributable to imperfection of the experimen-
tal techniques and the characteristics of the samples used.

An improvement of the technology for growing single
crystals stimulated the authors to undertake detailed mea-
surements of tan<5 of leucosapphire over a wide range of tem-
peratures. The first measurements, performed in 1977,6

showed that for sapphire single-crystals obtained by the
method of progressive freezing one has tan<5<2 • 10~8 at
T= 2 K and/= 3 • 109 Hz. A refinement of these measure-
ments, performed in superconducting resonators (SCR),
made it possible to decrease the upper limit on the losses to
tan<5 < 1.5 • 10~9.7'8 This estimate, much lower than the val-
ues known for other dielectrics, was confirmed in 1983 by
Strayer et al.9

The SCR technique used in Refs. 6-9 is limited to a
narrow temperature range. For this reason, the idea of using
ring-shaped dielectric resonators with total internal reflec-
tion to measure small losses, proposed by V. F. Vzyatyshev
in 1963,10 was used in subsequent measurements. The Q fac-
tor of such resonators is determined by the value of tan5 of
the resonator material as well as by additional losses asso-
ciated with the possible contamination of the surface and
dissipation of electromagnetic energy:

0-i «tg 6 + (AF/F) (tg 6)sur + Q-^;

where A V is the volume of surface contamination, V is the
volume of the resonator, (tan<* )sur is the tangent of the loss
angle for the material on the surface, and gdis is determined
by the total dissipation of energy associated with the finite-
ness of the dimensions and irregularity of the resonator
(smooth inhomogeneities and protuberances) and the block
structure of the crystal. The calculations11 show that the

quality of modern sapphire single-crystals permits realizing
a measurement sensitivity of tan<5 S 10~10 even with moder-
ate requirements on the technology of preparation of the
resonators. New experimental estimates of losses in a-Al2O3

at a frequency ofy~ 10'° Hz were obtained by this method12:
tan<554- KT6at T= 300K,tan<5$ 1.6 • lQ-8atr=78K,
and tan<5 5 1.6 • 10~9 at T = 10 K. Detailed development of
the ring-shaped dielectric resonator method has enabled the
specification of the conditions for obtaining high sensitivity
of measurements of tan£.

It has been established, for example, that in order to
reduce radiation losses to the level gdis

 -1=; 10~9 it is suffi-
cient to specify the geometrical shape and the smoothness of
the surface with an accuracy of 4 rf/d 55 • 10~3(4d/c?isthe
relative size of the geometric irregularities). The reduction of
surface-contamination effects to the same level requires long
(many hours) treatment of the resonator in heated corrosive
media and careful oil-free evacuation of the cryostat.

The authors performed detailed measurements of the
temperature dependence of the Q factor of ring-shaped leu-
cosapphire resonators in the range 3.5-300 K at a frequency
of/si • 1010 Hz (see Fig. 1). In the range 60-250 K, the
behavior of Q ~! follows with high accuracy the dependence
tan<5~r5±03, predicted by V. L. Gurevich for hexagonal
crystals.4"5 This result, in our opinion, can be viewed as a
confirmation of the determining role of fundamental loss

FIG. 1.
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mechanisms in this temperature range. As the temperature
is decreased, two plateaus clearly appear (Q ~J~2.5 • 10~9

for 3.5 K^rS lOKandg-^ l • KT8 for 25 K5T560
K). The deviation from the law tan5~r5 for T<60 K is
apparently attributable to defects and impurities in the sin-
gle-crystals used.

It may be expected that as the perfection of the single
crystals is further improved it will be possible to eliminate
the nonfundamental loss mechanisms for 7T<60 K and to
achieve 2~ 1012 at the temperature of liquid helium. Such
losses would make it possible to perform a number of inter-
esting physical experiments.

'Tablitsy fizicheskikh velichin (Tables of Physical Quantities), edited by
I. K. Kikoin, Atomizdat, M., 1976.

2I. V. Lebedev, Tekhnika i pribory SVCh (UHF Technology and De-
vices), Vol. 1, Vysshaya shkola, M. 1970.

3W. E. Courtney, IEEE Trans. MTT-18,476 (1970).
"V. L. Gurevich, Fiz. Tverd. Tela (Leningrad) 21,3453 (1979) [Sov. Phys.
Solid State 21,1993 (1979)].

5V. L. Gurevich, Kinetika fononnykh sistem (Kinetics of Phonon Sys-
tems), Nauka, M. 1980.

6Kh. S. Bagdasarov, V. B. Braginskfl, and P. I. Zubietov, Pis'ma Zh.
Tekh. Fiz. 3, 57 (1977) [Sov. Tech. Phys. Lett. 3, 23 (1977)].

7V. B. Braginsky and V. I. Panov, IEEE Trans. Magn. MAG-15, 30
(1979).

8V. B. Braginsky, V. I. Panov, and S. I. Vasiliev, IEEE Trans. Magn.
MAG-17, 955 (1981).

"D. M. Strayer, G. I. Dick, and E. Tward, IEEE Trans. Magn. MAG-19,
311(1983).

10V. F. Vzyatyshev, Inventor's Certificate No. 153948 (SSSR); Byull. Izo-
bretentf(1963).

"V. B. Bragjnskffand S. P. Vyatchanin, Dokl. Akad. Nauk SSSR 252,584
(1980) [Sov. Phys. Dokl. 25, 385 (1980)].

12V. B. BragmskiT, V. I. Panov, and A. V. Timashov, Dokl. Akad. Nauk
SSSR 267, 74 (1982) [Sov. Phys. Dokl. 27, 926 (1982)].

13D. G. Blair and I. N. Evans, J. Phys. Ser. D 15, 1651 (1982).
14K. Mittag, R. Hietschold, J. Vetter, and B. Pioseryk in: Proc. of Proton

Linear Accelerators Conference, Batavia, IL (1970), p. 257.

A. A. Samokhvalov and V. V. Osipov. Electron-magnon
interaction in magnetic semiconductors. Since the discovery
in the 1960s of the magnetic semiconductors—ferromagne-
tically ordered semiconducting compounds with a quite
high charge-carrier mobility—europium oxide EuO and
spinels of the type CdCr2Se4, the physics of magnetic semi-
conductors has been at the forefront of solid-state physics.
Interest in magnetic semiconductors stems from the pres-
ence of electric and magnetic subsystems, which interact
strongly with one another via Vonsovskii's s-d exchange in-
teraction.1 This interaction leads to a number of unique phe-
nomena observed in magnetic semiconductors2: a giant mag-
netoresistance, an insulator-metal transition with a very
large change in the electrical conductivity, a giant shift of the
optical absorption edge, formation of spin-polarized com-
plexes—ferrons, etc. These phenomena, observed under
equilibrium conditions, do not, however, exhaust the possi-
bilities of magnetic semiconductors. A new and large group
of physical phenomena is possible due to the interaction
between elementary excitations—itinerant electrons, mag-
nons, and phonons under nonequilibrium conditions.3-4 For
example, the interaction of hot charge carriers, drifting in a
strong electric field, with spin wave (magnons) can lead to an
amplification or Cherenkov generation of spin waves, heat-
ing of magnons, and a number of other electron-magnon
interaction phenomena. Such excitation of spin waves (mag-
nons) by hot charge carriers under favorable conditions must
affect the macroscopic parameters of magnetic semiconduc-
tors. In particular, in this case, since each excited magnon
decreases the magnetic moment by one Bohr magneton, the
magnetization should decrease. Since in a magnetic semi-
conductor the electronic structure determining its physical
properties depends, as a result of s-d exchange interaction,
on the magnetization, other physical parameters will also
change correspondingly: electrical, optical, and magnetoop-
tical properties, magnetic and dielectric uhf properties, etc.

To observe experimentally the phenomena made possi-
ble by the strong electron-phonon interaction, quite large
and perfect single-crystals of magnetic semiconductors

based on EuO, CdCr2Se4, and HgCr2Se4 with a quite high
charge-carrier mobility (up to ~1000 cm2V~1s~1), low
damping of spin waves (AH k ~ 1 Oe), high saturation magne-
tization, and comparatively low Curie temperature, were
grown. A complex of experimental techniques for studying
the magnetic, electrical, optical, magnetooptical, and uhf
properties of magnetic semiconductors in strong electric
fields in the pulsed mode was developed in order to avoid
Joule heating.

The magnetization, electrical conductivity, uhf absorp-
tion, and the optical, magnetooptical, and other parameters
of magnetic semiconductors as a function of the intensity of
the electric and magnetic fields as well as their relaxation
characteristics during and after the pulse were studied in the
temperature range 4.2-300 K. The measurements were per-
formed on single-crystals of the magnetic semiconductors n-
type EuO, p-type Cd, _x A.gx Cr2Se4, and n- and p-type
HgCr2Se4 with different concentration and mobility of
charge carriers.

The results indicate the substantial effect of a strong
electric field (up to 10 kV • cm~') on the physical properties
of magnetic semiconductors. Thus anomalies were observed
in the dependence of the electrical conductivity on the elec-
tric-field intensity in the region of magnetic ordering, indi-
cating Cherenkov generation of magnons by charge
carriers, in the high-resistance magnetic semiconductors
Cd, _x A.gx Cr2Se4 with p-type conductivity.5 More distinct
effects were observed in magnetic semiconductors with a
high concentration of mobile charge carriers.6'7 In this case,
the decrease in the electrical conductivity due to excitation
of magnons by hot charge carriers reached 50%, indicating a
significant transfer of energy from the charge-carrier system
to the magnetic system. A drop in the magnetization in a
strong electric field (up to 10%), resulting from the excita-
tion of magnons by charge carriers, was also observed in the
same samples. The drop in the electrical conductivity and in
the magnetization in a strong electric field were studied as a
function of the conditions (electric and magnetic field inten-
sities and the temperature) and parameters of the magnetic
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