Phys. Status Solidi B 70, 365 (1975).

1A, S. Davydov and E. N. Myasnikov, Phys. Status Solidi
B 63, 325 (1974).

125, J. Hopfield and D. G. Thomas, Phys. Rev. 132, 563
(1963).

13M, S. Brodin and M. I. Strashnikova, Fiz. Tverd. Tela

(Leningrad) 4, 2454 (1962) [Sov. Phys. Solid State 4, 1798
(1963)1.

t4M. S. Brodin, A, F. Prikhot’ko, and M. S. Soskin, Opt.
Spektrosk. 7, 266 (1959).

Translated by J. G. Adashko

Electron-hole drop radiation in the far infrared part of

the spectrum
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It was established experimentally that the effects attributed earlier to electron-hole drops in the far
infrared may, in fact, be due to the room-temperature background radiation modulated by resonant

absorption in the drops.

PACS numbers: 71.35.+2z, 78.30.—j

Vavilov, Zayats, and Murzint*?} reported the dis-
covery of resonant emission of submillimeter radiation
at the plasma frequency of electron-hole drops in ger-
manium. To explain the physical nature of this effect,
we proposed®*! a mechanism of the excitation of plasma
oscillations by fast Auger electrons resulting from car-
rier recombination in electron-hole drops. Further
detailed 1nvestigations were desirable to determine the
role of this mechanism. However, our attempts to ob-
serve drop radiation were unsuccessful although it was
reported by Zayats'?’ that the integrated intensity of the
radiation amounted to 10-7 W/cm?. In the present paper
we shall give experimental evidence suggesting that the
phenomenon discovered by Vavilov et al.t*2! could be
due not to the emission but to resonant absorption of the
room-temperature background radiation by the drops.

In the first series of experiments we recorded sub-
millimeter radiation using a photoresistor made of sili-

con doped with boron in a concentration of 5 x 10** cm™

At helium temperatures and under the action of impu-
rity-absorbed illumination of wavelength shorter than
30n the optical charging of neutral boron atoms in sili-
con produced the A* centers with an ionization energy
of about 3 meV (the spectral range of the detector ex-

tended to 5004, with a sensitivity maximum at 300 7).

The threshold sensitivity of our device in the 100-400u
range was at least 5X 1071®* W/Hz!/? at 1.6 °K. Under
the experimental conditions (Fig. 1) the source of the
impurity-absorbed illumination necessary for the oper-
ation of the detector 1 was the room-temperature back-
ground radiation 5 which passed along a stainless-steel
tube 2. Samples of pure (with an impurity concentration
N=10" cm™%)and doped (N=5X% 10 cm™3) germanium 4
were excited with modulated radiation from an argon
laser 6 whose power was up to 150 mW and which was
focused on a sample in the form of a spot =5 mm in dia-
meter. The formation of drops in the samples was de-
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duced from the recombination radiation (luminescence)
spectrum. The photodetector was protected from the
exciting and recombination radiations by a filter 3 made
of indium antimonide, 2 mm thick, and black polyethy-
lene. The experiments were carried out at temper-
atures below 2.1 °K. Two relative positions of the ger-
manium sample and photodetector were tried. In the
first case (Fig. 1a) the background radiation passed
first through the photodetector and then through the
germanium plate. Under these conditions we observed
no photoresponse from the detector even at the highest
rate of excitation of germanium. Since under our con-
ditions the sensitivity of the photodetector to submilli-
meter radiation was at least as high as in the work of
Vavilov et al.,'*?} we concluded that the long-wave-
length radiation emitted from drops in germanium could
hardly have been discovered by Vavilov et al.t*2} In the
second case (Fig. 1b, when the background radiation
first passed through germanium and then through the
photodetector, we recorded a photoresponse which was
approximately three orders of magnitude higher than

" i

FIG. 1. Schematic diagrams of the experimental set ups
employing a boron-doped silicon detector: 1) photodetector;
2) stainless-steel tube; 3) filter made of indium antimonide
and black polyethylene; 4) germanium sample; 5) background
radiation; 6) exciting radiation.
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FIG. 2. Schematic diagram of the experimental set up using
a detector made of n-type indium antimonide tuned by a
magnetic field: 1) photodetector; 2) superconducting solenoid;
3) germanium sample; 4) metal grid; 5) metal screen; 6)
movable metal screen; 7) filter made of black polyethylene.
8) polished copper tube; 9) exciting radiation; 10) background
radiation.

the noise for an excitation power of about 80 mW. A
strong photoresponse in the submillimeter region re-
ported by Zayats!?! was obtained when the apparatus
was arranged as in Fig. 1b. In fact, in the experiments
reported by Vavilov et al.'*?! the submillimeter radia-
tion detector (germanium bolometer); placed in a heli-
um bath, was coupled by a light guide to a spectrometer
and, therefore, the detector always received the room-
temperature background radiation. Thus, the photores-
ponse of the detector assumed by Vavilov et al.t? to
represent the submillimeter radiation emitted from
drops could, in fact, represent the room-temperature
background radiation modulated because of the absorp-
tion in the drops.

We carried out a more detailed investigation of the
interaction between the drops and the background radia-
tion in a second series of experiments employing a sub-
millimeter radiation detector made of pure indium anti-
monide, which was tuned by the application of a magnet-
ic field.!®). This detector enabled us to carry out spec-
tral measurements in the submillimeter wavelength
range in complete absence of the background radiation.
We used the apparatus shown in Fig. 2. A detector 1
was placed in a superconducting solenoid 2 creating
magnetic induction B up to 5.5 T. A sample of pure
germanium 3 (N=10'2 cm™3) was excited through a met-
al grid 4 by modulated radiation 9 of wavelength A
=0.63n whose power was up to 20 mW or of wavelength
A=1.06p whose power was up to 1 W. The grid 4 with
10x 10p mesh was used to protect the measuring chan-
nel from possible sources of long-wavelength radiation.
The measurements were carried out in the temperature
range 1.8-4.2 °K. When the measuring unit was screen-
ed completely from the background radiation 10 by the
grid 4 and a metal screen 5, there was no response
from the detector on photoexcitation of germanium with
power up to 1 W and this was true throughout the invest-
igated range of magnetic fields. When the screen 5 was
removed, a photoresponse appeared and its magnitude
exceeded the noise level by at least an order of magni-
tude when the excitation intensity was 10 mW and the
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FIG. 3. Photoresponse V of an indium antimonide detector
plotted as a function of the magnetic induction B: 1) photo-
excitation of a germanium sample; 2) complet e modulation of

the background radiation; 3), 4) excitation with submillimeter
laser radiation of wavelengths 118, 6 and 78.4 u, respectively.

temperature was 1.9 °K. When the screen 5 was in
place but the grid 4 was removed, the photoresponse
was approximately five times greater than the noise
when the excitation power was #1 W. This indicated
the need for very careful screening from possible
sources of background radiation when measurements
were carried out in the submillimeter part of the spec-
trum by means of high-sensitivity photodetectors.

Figure 3 shows the dependence of the detector photo-
response on the magnetic induction B when the back-
ground radiation 10 was modulated by the drop absorp-
tion and germanium was excited by #10 mW with the:
screen 5 removed. This figure includes also the res-
ponse of the detector to the background radiation when
it was modulated fully and periodically by a cold mov-
able screen 6. The absorption spectrum of the drops
could be determined approximately from the results of
Fig. 3 by the following method. In strong magnetic
fields the photoresponse of our indium antimonide sam-
ple was selective (curves 3 and 4 in Fig. 3). Therefore,
the detector responded to a fairly narrow part of the
background radiation spectrum modulated by the ab-

500 200 100 Al
3 TT—r—T— ——— -

eed | rel. units

hv, meVv

FIG. 4. Spectral distributions of the resonant radiation ad
of electron—hole drops: 1) results obtained from Fig. 3 by
a method described in text; 2) results of Vavilov et al. 12!

i !
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sorption in the drops or by the cold screen. The posi-
tion of this spectral region was linked directly to the
magnetic induction B.'¢) Thus, the absorption spec-
trum could be obtained by simple division of the photo-
response obtained as a result of the excitation of ger-
manium by the photoresponse in the case of complete
modulation of the background radiation and conversion
of the magnetic induction to the photon energy or wave-
length, corresponding to the selective sensitivity re-
gion at each value of B in accordance with Ref. 6. The
spectral dependence of the absorption in the electron—
hole drops calculated in this way is plotted in Fig. 4.
This figure includes also the absorption spectrum of
drops in germanium taken from the papers of Vavilov
et al.'?} 1t is clear from the figure that the curves
are similar although curve 1 was obtained using a cool-
ed detector tuned by a magnetic field and curve 2 using
a grating monochromator. In the former case the ab-
sorption could be interpreted as the radiation emitted
from the electron—hole drops because of the absence of
any source of absorbed radiation, apart from the
room-temperature background.

We thus failed to observe submillimeter radiation of
the electron—hole drops in germanium although we
used highly sensitive photodetectors of two different
types. Hence, we concluded that the intensity of the
long-wavelength drop radiation emitted from germa-
nium (if it existed at all) was several orders of magni-
tude weaker than that described by Vavilov et al.t'"?’

However, the room-temperature background radiation
passed through an excited germanium crystal and pro-
duced a large detector signal with a maximum in the
plasma frequency region of the drops. This signal
could be erroneously interpreted!™*?? as the radiation
emitted from the drops.

The authors are grateful to E.M. Gershenzon and
A.P. Mel’nikov for the use of a boron-doped silicon de-
tector, and to T.M. Lifshitz and V. Yu. Ivanov for a
sample of pure indium antimonide and determination of
its spectral characteristics.

1y, 8. Vavilov, V. A, Zayats, and V. N. Murzin, Pis’ma
Zh. Eksp. Teor. Fiz. 10, 304 (1969) [JETP Lett. 10, 192
(1969)1.

%y, A. Zayats, Tr. Fiz. Inst. Akad. Nauk SSSR 75, 74 (1974).

3T. M. Bragina, V. A. Kosobukin, and Yu. G. Shreter,
Pis’ma Zh. Eksp. Teor. Fiz. 25, 524 (1977) [JETP Lett.
25, 492 (1977)].

4v. N. Aleksandrov, E. M. Gershenzon, A. P. Mel’nikov,
R. I. Rabinovich, and N. A. Serebryakova, Pis’ma Zh.
Eksp. Teor. Fiz. 22, 573 (1975) [JETP Lett. 22, 282
1975)1.

SE. H. Putley, in: Semiconductors and Semimetals (ed. by
R. K. Willardson and A. C. Beer), Vol. 1, Physics of
IMI-V Compounds, Academic Press, New York (1966), p.
289,

8E. Gornik, W. Miiller, and F. Gaderer, Infrared Phys.
16, 109 (1976).

Translated by A. Tybulewicz

Electric resistance of metals with unfilled f shells
A. M. Atoyan, A. F. Barabanov, and L. A. Maksimov

Institute of High Pressure Physics, USSR Academy of Sciences
(Submitted 26 December 1977)
Zh. Eksp. Teor. Fiz. 74, 2220-2233 (June 1978)

The method of linear response in the paramagnetic phase is used to analyze the resistance of metals with
an ¢ level of localized f electrons that are located near the Fermi surface. The strong intra-atomic
Coulomb repulsion of the f electrons and their hybridization with the s electrons leads, at low
temperatures, to the relation R(T)= R,+ AT >, where the residual resistance R, of the ideal metal and
the sign of A depend on the filling of the f level. It is shown that hybridization scattering accounts for the
experimentally observed large logarithmic deviation of R(T) from the linearity called for by the phonon
scattering mechanism. In the region of strong hybridization (je/|/g< 1) at large values of R, the
resistance can have a minimum. A qualitative comparison of the results of the theory with the
experimental R(T) dependence is carried out for a large class of f metals (primarily for metals with

variable valence).

PACS numbers: 72.15.Eb, 72.15.Qm

1. It is well known that rare-earth metals,™? actin-
ides,) 3 number of their intermetallic compounds,t>~®
as well as some d-metals(®? have in the paramagnetic
phase, both at low and high temperatures, an anoma-
lously varying resistance R(T). At high temperatures,
R(T) deviates strongly from linearity, and sometimes
even decreases with increasing T, while at low tem-
peratures R(T) can vary either quadratically or have a
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minimum. This behavior of R(T) is connected with the
scattering of the conduction s electrons by the f elec-
trons,[4 107121 which form either a narrow band near the
Fermi surface or a deep level.

If the single-electrons €, levels of the unfilled local-

ized-electron shells are much farther from the chem-
ical potential p than the characteristic energies of the
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