Mn this case, however, we must measure the quantity n{c)
in a sufficiently wide frequency range, which, incidentally,
is now possible if we use synchrotron radiation for the el-
lipsometric measurements.

“The experimental errors for the data given in Fig. 3 can be
estimated to be, on the average, 10—-20%. A more exact de-
termination of their values from the estimates of the various
experimenters—estimates which are difficult to compare—
proved to be impossible.
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Investigation of free excitons in Ge and their
condensation at submillimeter wavelengths
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Results are presented of an investigation of free excitons in Ge in the submillimeter wavelength range for
low as well as for high excitation levels when interaction between the excitons becomes important. The free-
exciton energy spectrum is discussed. It is shown that the drop radii and their concentrations can be
determined by measuring the temperature dependence of the free-exciton concentration. A section of the
phase diagram is obtained in the 0.5-2.8 K temperature range for the free excitons+condensate system.

PACS numbers: 71.80. +j

1. INTRODUCTION

The spectroscopy of excitons in Ge in the submilli-
meter wavelength band corresponding to their binding
energy was initiated only recently, It was shown int'~3!
that these investigations can yield additional information
on the energy spectrum of the excitons and their be-
havior in external fields, as well as on collective ef-
fects at low temperatures, Int?=>'"'®) using spectrom-
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‘eters with backward-wave tubes (BWT), the absorption

spectrum was obtained in the 2-0. 35 mm band, while
in [3-%1 we investigated, in addition, the photoconductiv-
ity spectra of free excitons. The energy spectrum of
the excitons was constructed from a comparison of the
absorption and photoconductivity spectra and from the
temperature dependence of the absorption line intensity.
At sufficiently high excitation levels, when the interac-
tion between the excitons becomes appreciable in the
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absorption spectra, starting with certain temperatures
that depend on the excitation level, an abrupt decrease
of the intensity of all the spectral lines is observed, [*#]
and a resonant-absorption band appears with a maximum
at ~150 p, 2

The study of collective effects for free excitions in
Ge is being quite diligently pursued of late, What are
registered in experiment directly are either the non-
equilibrium electrons and holes (for example, ©*), or
the condensed phase (for example, %! ) or else free
excitons (for example,f!**19), The latter are usually
identified by spectroscopic methods in the optical band
(as a rule one investigates a luminescence line with en-
ergy € =714 meV), However, the observation of the
luminescence of free excitons at low temperatures is
limited by the sensitivity of the apparatus, and also by
the associated resolution in the spectrum: if the resolu-
tion is insufficient, the intense and broad line of the
condensate (¢ =709 meV) rapidly overwhelms the exci-
ton luminescence, Therefore exciton luminescence can
be observed at an exciton concentration n, 210" cm™
and T721,8°K; at T22.5°K this is possible only for
excitation levels that do not exceed greatly the levels
at which the system of excitons becomes stratified into
two phases, At the same time, it is of undisputed in-
terest to study the properties of an exciton gas at low
temperatures under conditions when the gas is appreci-
ably supersaturated,

Measurement of the gas branch of the phase diagram
(the gas of free excitons+ condensate) was carried out
by several workers'®'!!*12] and also encounters certain
difficulties. First, the accuracy of the absolute mea-
surement of the exciton concentration is low: usually,
the method used in these studies to calibrate the ex-
citation level against the photoconductivity of the sample
at room temperature is apparently reliable only up to
order of magnitude, Second, a sufficiently simple in-
terpretation of the data is possible only if thermody-
namic equilibrium is established in the system consist-
ing of the free excitons, the condensate, and the free
carriers without overheating, something difficult to
realize when the sample is intensely excited. Further-
more, the results can depend on the excitation condi-
tions, on the distribution of the excitons over the sample
volume, etc,

Submillimeter spectroscopy of free excitons affords
additional possibilities for the study of their inter-
action, and the high sensitivity of the method makes it
possible to carry out the investigations starting with
n,~10 cm™, and by the same token to investigate in de-
tail the condensation down to the lowest temperatures,
At the same time it becomes apparently possible to in-
crease the accuracy with which the concentration of the
free excitons is measured, and also to study the exciton
gas under conditions when it is considerably supersatu-
rated,

We present here the results of an investigation of the
system of free excitons in Ge in the submillimeter band
for both low and sufficiently high excitation levels, when
the interaction between the excitons becomes appreciable,
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2. EXPERIMENTAL PROCEDURE

The free excitons in Ge were investigated in the wave-
length range 250-1000 u using a spectrometer with
traveling wave tubes (TWT) in the temperature interval
4,2-0.5°K. The absorption and photoconductivity spec-
tra were recorded by continuously scanning the radia-
tion frequency of the TWT with automatic equalization
of the amplitude-frequency characteristic, 1 The ab-
sorption spectra could be registered when the sample
absorbed more than 0, 01% of the incident submilli-
meter-radiation power, correspondington, ~3-10'° cm,
and the photoconductivity spectra could be registered
even at concentrations lower by one order of magnitude.
The attained spectrometer resolution was ~10°, but the
resolution in the spectra was determined by the width
of the exciton lines and was smaller by almost three
orders of magnitude, The radiation frequency was
determined with the aid of an open Fabry-Perot reso-
nator and was verified against the position of the cyclo-
tron-resonance lines of the electrons in n-Ge, The fre-
quency measurement accuracy was 0, 1%, which is per-
fectly adequate for the investigation of free excitons,
since the line width in the spectra is Ax/x20.5%. To
reduce interference distortion in the absorption and
photoconductivity spectra, the submillimeter radiation
was applied to the investigated sample immersed in liq-
uid helium through a hollow dielectric lightpipe with
absorbing walls. ®1 An »#-InSb receiver, shielded
against the exciton-producing radiation with black paper,
was placed directly behind the Ge sample., The sub-
millimeter quasioptical channel termined in a matched
load. For measurements in a magnetic field we used
superconducting Helmholtz ccils; the n-InSb receiver
was in this case placed outisde the magnetic field.

The absorption coefficient o and the photoconductivity
were measured as functions of the temperature, the ex-
citation levels, etc., at a fixed submillimeter frequency,
in a somewhat different manner, The high-frequency
radiation was applied to the sample through a round
oversized waveguide. The flange of the waveguide in
front of the sample was sealed hermetically by a quartz
plate, in order to avoid parasitic modulation of the sub-
millimeter-radiation power by the boiling helium at
temperatures above the x point. The radiation that
produced the excitons eliminated two opposite faces of
the sample.

The investigated Ge samples had a shallow-impurity
density from 10'° to 10" cm™ and a free-exciton life-
time from 1 to 8 usec, The sample dimensions were
8X3xX2 mm, To measure the superconductivity, po-
tential and current contacts were deposited on the sam-
ple. Excitation throughout the volume was achieved by
selecting glass filters with known characteristics, and
in the individual experiments we used thin (~100 p)
cooled filters of pure Ge and mechanical polishing of
the sample surface. The electron-hole generation rate
was 10°-10" cm™ sec™! in experiments in He* and was
smaller by two orders of magnitude in He®,

The upper limit of the employed generation level was
determined by the overheating of the sample relative to
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the helium bath, The overheating was monitored in two
ways: first, the strong dependence of the exciton con-
centration on the temperature, owing to their condensa-
tion under overheating conditions, led to a jump of the
concentration on going through the ) point of the liquid
helium, owing to the change in the heat outflow. Sec-
ond, we were able to monitor the temperature of the ex-
citon gas by measuring the relative intensity of the ab-
sorption lines of transitions from two levels of the
ground state of the exciton, ™’ Figure 1 shows the
-changes that appeared in the absorption spectrum as a
result of overheating the sample: the presence of over-
heating at a high excitation level changed the ratio of
the line intensities (for example, 3. 14 and 2. 86 meV)
connected with transitions from the lower and upper lev-
els of the ground state. To decrease the overheating
due to formation of bubbles in helium near the sample,
at a temperature above the X point, pulsed excitation
was used, by covering up all but one of the holes in the
light-chopping disc. The pulse duration was such (about
0.5 msec at a repetition frequency 50 Hz) that the ex-
ciation could be regarded as stationary. This made it
possible to raise the excitation level by approximately
one order of magnitude (up to 10'® cm™ . sec™) without
noticeable overheating of the sample,

To determine the absolute value of the exciton con-
centration n; in the Ge at a given excitation level, one
usually measures and recalculates correspondingly the
photoconductivity of the sample at room tempera-
ture, ['®!11 We used still another method, in which we
measured the absorption coefficient o, due to the photo-
ionization of the excitons; the quantity «,, is connected
with n, by the relation ay, =o,n,, where oy is the ex-
citon photoionization cross section and can be calculated
by using the hydrogen-like model: o, =1,1- 10718 ;214
(%u is the binding energy of the free exciton). We mea-
sured o, at a wavelength 318 p (e =3, 9 meV), while the
long-wave boundary of the photoionization corresponds
to a quantum energy 3. 8 meV (see Fig. 3 below). This
method of calculating o, for the exciton is justified by
the fact that for shallow impurities in Ge (both for shal-
low donors and acceptors) it makes it possible to deter-
mine o, with accuracy ~20%. ™! Comparison of the ex-
citon concentration »,, determined from the photocon-
ductivity at room temperature and from the absorption

a, rel.un.

FIG. 1. Section of the absorption spec-

7 tra at two excitation levels G (G{<G,),
T=2.5°K. The intensity of the spectrum
2 is decreased by a factor of 10.

g5
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FIG. 2. Absorption spectra: 1—at T =4.2°K, 2—at T=2°K;
ne=5- 10" cm™ (d is the sample thickness).

coefficient in photoionization of the exciton, has shown
that in our experiments the former method usually over-
estimated »n, by a factor 2-3.

3. SUBMILLIMETER EXCITON SPECTRA AT LOW
EXCITATION LEVEL

1. Figure 2 shows the absorption spectrum of pure
Ge at T=4.2 and 2°K and at exciton concentrations n,
=5-10" ecm™. One can see the lines due to exciton
transitions from two levels of the ground state to differ-
ent excited states and the photoionization band, When
the temperature is decreased from 4, 2 to 2°K, the in-
tensity of the first series of lines (¢= 2, 52; 2. 86; 2. 96;
3. 06 meV) relative to the second (e = 2. 34; 2.42; 3. 14;
3.28; 3.36; 3.42; 3.50 meV) decreases exponentially
with activation energy A =0.4 meV. These results
agree well with the data of {78,

Lines with energies £¢=2, 34; 2, 52; 2.86; 2. 96 and
3. 06 meV are poorly resolved in the spectra, so that
their position may be determined with an appreciable
error. In addition, weak lines with energies =2, 78;
2.74; 2,69; 2.59 meV, etc. canbe observed in the ab-
sorption spectra, but their nature is at present not
clear to us. They, too, seem to be connected with free
excitons, since the dependence of their intensity on the
excitation level, on the temperature, and on the elec-
tric field applied to the sample is close to correspond-
ing dependences for the second series of the exciton-
photoexcitation lines.

These lines, however, do not appear in the photocon-
ductivity spectrum (Fig. 3). Here we observe the long-

46, relun.

7

4.5+

g ' 1 " | L | L 1
2.8 42 46 4.0 4.4
£, MeV
FIG. 3. Photoconductivity spectrum at E=2 V/cm, T=2°K,

and n, =5+ 101 em™,
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wave limit of the photoconductivity (¢= 3, 8 meV) and the
exciton-photoexcitation line. The relative intensity of
the lines in the photoconductivity spectrum is signifi-
cantly different from that in the absorption spectrum;
with increasing temperature, as reported earlier, !

an additional photoconductivity band appears, shifted
approximately 0.4 meV towards lower energies, The
width of the absorption and photoconductivity spectral
lines decrease with decreasing temperature, down ap-
proximately to T~2°K, after which they remain prac-
tically constant and amount, for the line with ¢ =3, 14
meV, to 0.06 and 0, 025 meV at T=4.2 and 2°K, re-
spectively, and for the 2. 85 meV line to 0. 05 and 0. 035
meV at the same temperatures,

In a magnetic field H, splitting of some of the spec-
tral lines is observed; in particular, we registered
four components each for the lines with €= 3, 14 and 3, 42
meV, The energy shift of the Zeeman components
turns out to be essentially nonlinear even at such low
values of H, when they only begin to be resolved, in
contrast to the assumption made in®'®?,

2. From the aggregate of the data on the photocon-
ductivity and absorption we can obtain the energy spec-
trum of the indirect excitons in Ge,™] The exciton
binding energy, determined by measuring the long-wave
boundary of the nonresonant photoconductivity, turns
out to be 3.8 meV. Then the energy position of the sec-
ond exciton-photoexcitation series of lines yields the
energies of the excited states of this series. To obtain
another series of levels it is necessary to know the en-
ergy gap A between the levels of the ground state of the
exciton. The temperature dependence of the absorp-
tion line intensity yields 0. 4 meV, However, since the
measurements occurred at relatively high temperatures
(T=4.2-2°K), weneed apparently a more complicated
interpretation of the experimental data, since the ex-
citon band is not parabolic.t!®? The additional band in
the photoconductivity spectrum is observed also only at
high temperature (T ~4 °K) in the presence of exciton-
photoexcitation lines, which can distort the form of the
nonresonant band,

The widths of the exciton photoexcitation lines, ob-
tained in our experiments, are close to the results off®!
and just as for shallow impurities at low concen-
trations,t'”? can be attributed to the relatively short
lifetime of the excitons in the excited and in the ground
states, owing to transitions to other states with phonon

4.2
£, meV

FIG. 4. Absorption spectra: 1) T=2°K; 2) T=1.4°K at the
excitation level G, (see Fig. 5).
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FIG. 5. Dependence of the absorption coefficient on the tem-
perature for the 3.14-meV line at different excitation levels
G (Gy<Gy<...<Gg. The same numbering of the excitation
levels is retained also in the following figures 6, 8, and 9.

emission or absorption. Then, as the temperature is
decreased, owing to the decrease in the probability of
the thermal excitation from the lower to the upper level
of ground state, the contribution of the broadening of
the lower level decreases like (¢ /*7 — 1)™!, and amounts
to Ae 0.1 meV at T=4.2°K, The contribution of the
excited levels and of the upper level of the ground state
to the widths of the corresponding lines also decreases
with decreasing temperature but tends to a constant
value due to the transition of the exciton to low-lying
states with spontaneous emission of phonons, The fore-
going explanation is in satisfactory agreement with the
result of experiments on the temperature dependence of
the line widths.

4. MANIFESTATION OF COLLECTIVE EFFECTS IN
SUBMILLIMETER SPECTRA OF FREE ELECTRONS

1. If the temperature is lowered and the excitation
level is kept constant and sufficiently high, then start-
ing with a certain temperature, an abrupt decrease of
the intensity of the entire absorption spectrum takes
place (Fig. 4). At the lowest temperatures (T'<1.6°K)
and at high excitation levels, an additional broad band
appears in the absorption spectrum, and drops off to-
wards lower energies, This is apparently the longwave
part of the same resonant-absorption band of the con-
densed phase which was observed inf!+2],

The next figure (Fig, 5) shows the dependence of the
absorption coefficient of the radiation for the transition
with energy 3. 14 meV on the reciprocal temperature at
different excitation levels. The intensity of the remain-
ing lines of the transitions from the lower level of the
ground state of the exciton varies in analogous fashion,
but on the short-wave section of the spectrum the result
can become somewhat distorted by the additional ab-
sorption of the condensed phase. It is seen from Fig. 5
that, starting with a certain threshold temperature Ty,
the absorption decreases sharply. The ad=f(1/Ty,)
values at high temperatures fit a nearly-exponential
curve, and at low temperatures this curve becomes
more gently sloping. Below a certain excitation level,

corresponding to ad ~10"2, the absorption coefficient
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w9
FIG. 6. Temperature depen-
dence of the exciton concen-
tration at different excitation
levels G. m—values of

e tur(1/T) from 11,

,”IZ

10 "

does not decrease, down to the lowest temperatures
~0.5°K. In the temperature range 4. 2-3°K, the value
of ad increases weakly (by ~1.5 times) at all excitation
levels.

2. Figure 6 shows the temperature dependences of
the concentration of the free excitons », at several ex-
citation levels, The values of n, were calculated from
ad (Fig. 5) with account taken of the difference between
the values of a for the photoionization of the exciton
and for the 3. 14-meV transition (see Fig, 2), It should
be noted that the value of & for the 3. 14 meV line is
proportional to the total exciton concentration only at
T<3°K, Atlarge values of T, a noticeable. redistri-
bution of the excitons among the two levels of the ground
state takes place, This is the cause of the decrease
of o with increasing T for the 3, 14-meV line corre-
sponding to the transition from the lower level of the
ground state, The recalculation of n, from ad on Fig,
6 was carried out with allowance for the occupation of
both levels of the ground state,

It is seen from Fig., 6 that the concentration of the
free excitons does not depend on T up to a certain val-
ue Ty, that depends on the excitation level. The ex-
citon concentration less than ~10" cm™ turned out to
be independent of temperature in our experiments in
the entire investigated interval, down to ~0.5°K.

Inasmuch as under conditions when the exciton con-
centration decreases strongly at low temperatures the
absorption photoconductivity spectra reveal no onset of
additional lines that might be associated with excitonic
molecules, we interpret the results from the point of
view of exciton condensation into electron-hole drops.
A line drawn through the threshold points, 7, 4, (1/7),
separates on the diagram of Fig, 6 the region in which
the exciton system is single-phase (only the exciton
gas exists) from the region where two phase coexist
and the exciton gas is supersaturated. Figure 6 shows
also the results of ['!? for the phase coexistence curve,
obtained from measurements of the dependence of the
threshold intensity of the exciton-luminescence line ¢
=714 meV on the temperature at which the drop lumines-
cence line €=709 meV appears. The obtained section
of the phase diagram in the region. of relatively high
temperatures yields the value of the work function ¢ of
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the exciton-hole pair from the condensate to the exciton,
In our measurements ¢=1,65+0.1 meV, as against
1,54+ 0, 25 meV obtained in ['!) so that the difference
between the results is within the limits of errors, but
the absolute value of the concentration 7, at the given
temperature differs by almost one order of magnitude.
It appears that this is due to the insufficient accuracy
with which the exciton concentration is determined from
measurements of the photoconductivity of the sample

at room temperature, as was done in f!!7,

In Fig. 7 are compared the data for the phase-coex-
istence curve reconciled at a single point; these are
the curves of Fig. 6 and of '*"'21 in which the absolute
values of the exciton concentration are not given, We
see that at high temperatures the results of the relative
measurements are close, but at low temperatures con-
siderable discrepancies are observed, with the values
of , 4n.(1/7) from [*121 higher than ours. The differ-
ences seem to be due to the higher sensitivity of the
submillimeter measurements,

From the measurements of #,(T) in the region of co-
existence of the two phaseswe can estimate the radii of
the drops and their concentration at different tempera-
tures and excitation levels, If the exciton concentra-
tion in the volume and near the drop are assumed to be
the same and if the supersaturation is attributed only to
the recombination of the electron-hole pairs in the drop,
then we get according to 1018

Ne —Ne the ="/ :Rno/U 170, (1)

where vy = (T/2rm*)Y2, and ny and 7, are the concen-
tration and lifetime of the electron-hole pairs in a drop
of radius R.

The values of R calculated with the aid of (1) at the
highest light intensities employed by us and at high
temperatures reach 20 L, and greatly exceed the values
of R obtained under analogous conditions in experiments
on the scattering of infrared radiation by the drop, {19291
At large n, and at high T it is necessary to take into
account the diffusion of the excitons from the volume
to the surface of the drop and their scattering by acous-
tic phonons, and this complicates the relation between
n, and R';

nR v
ne=nethr+q—u—'(1+_TR) s (2)
3UrTe D
Ne, cm_
wiL
F FIG. 7. Section of phase diagram
. e tne(1/T): a—our measurements,
i O—measurements in 1], o—inf12],
r ) x—int), The arrow shows the value
kas * . of T at which the results of all mea-
£ surements are reconciled.
).
- PN
2.4 05 0.6 07
1T, K™!
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where D is the diffusion coefficient measured in (10

(D=1.510° cm?/sec at T=3°K), Estimates show that
in expression (2) the second term in the parentheses is
significant only at high excitation levels, when n, ~10"
cm™, At low excitation levels, relation (2) goes over

into (1),

Plots of R against 1/7 for different excitation levels,
calculated from (2) using the data of Fig, 6, are shown
in Fig. 8. It is seen that the drop dimension increases
with increasing temperature and excitation level, and
at high values of T and G the obtained data are in good
agreement with the results of experiments on the scat-
tering of light from the drops. [1*:29221 Near the thresh-
old temperature Ti,,, however, the radius of the drops
decreases abruptly, something not observed in the scat-
tering experiments, owing to the insufficient sensitivity
of the method. For the same reason, the region of low
temperatures and low excitation levels was not investi-
gated in the scattering measurements.

Let us estimate the drop concentration N, in the vol-
ume of a semiconductor from the data of Fig. 6. Since
the free-carrier density is much lower than n,, we have
under stationary conditions

4
G= ’:— +—3’3m f° Na. (3)
4 " 0

When only a gas of free excitons is present in the semi-
conductor (7T > Ty,.), then G=n}/1,, where n¥ is the con-
centration of the free excitons at 7> Ty, and 7, is their

lifetime., Under condensation conditions T< T,,. and
4nR?
ne—ne= n{ noT—eNd . (4)
3 To

The values of N,(1/7) obtained in this manner at dif-
ferent excitation levels G are shown in Fig, 9. Itis
clearly seen that the drop concentration depends little
on the excitation level and increases sharply with de-
creasing temperature,

The generation of the drops can occur either as a
result of fluctuations of the exciton density, or on con-
densation centers, when the probability of the fluctua-
tion mechanism decreases abruptly near the threshold

R, p
TE N
: FIG. 8. Dependence of the
[\ radius of the drops on 1/T
1k ¥ 6 at different excitation
3 N levels G. The arrows
: ,! = show the value of Ty, for
[ f i 4 each excitation level.
J
L ' 1% 2
o1
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temperature. If the condensed phase is produced by

the first process, then the probability of the onset of
a nucleus of critical radius is determined by the ex-
pression'?3]

4 3
W~ exp { 160 }

3nc@? kT [ (T T)/T]?

where o is the surface-tension coefficient, In our ex-
periments, the dependence of N, on T/(Ty,, — T)? turned
out to be exponential only at the highest excitation levels
employed by us (8, 7, 6) and at low temperatures. The
argument of the exponential corresponds to o=1,60-10™*
erg/cm?, which is close to the value given inf2*'11, At
lower excitation levels there is no exponential section
of the plot of N, against T/(T,,. — T)? in the entire em-
ployed temperature region, and this apparently indicates
that the condensation centers play a decisive role when
drops are generated under these conditions,
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An analysis is made of carrier states localized on a paramagnetic impurity in a nondegenerate
semiconductor subjected to crossed magnetic and electric fields. It is shown that the exchange part of the
electron-impurity interaction, which couples the orbital and spin coordinates of an electron, may give rise
to electric-dipole transitions between the electron-impurity multiplet states. The probabilities of these
transitions are calculated and found to be several orders of magnitude higher than the probabilities of

magnetic-dipole transitions.

PACS numbers: 71.70.Gm, 71.55.—i

. INTRODUCTION

In a static magnetic field a potential well, no matter
how shallow, creates a localized state with the binding
energy 2]

£, xQ(all)?, (1)

where Q is the cyclotron frequency, I=(c/eH)? is the
magnetic length, and a is the scattering length of an
electron interacting with a potential center in the ab-
sence of a magnetic field (#=1). We shall show later
that a similar situation arises when an impurity center
has spin (paramagnetic impurity). In this case the en-
ergy spectrum of localized states created by a magnetic
field has a characteristic structure of an electron—im-
purity spin multiplet.

We shall show that in addition to the usual magnetic-
dipole transitions between the states of this multiplet,
which can be investigated by the ESR methods, there
may be also transitions of the electric-dipole type whose
intensities are several orders of magnitude higher than
those of magnetic-dipole transitions. The separation
between the energy levels of a multiplet and the transi-
tion probabilities are functions of the parameters of the
electron—impurity exchange and it is natural to expect
that these parameters may be determined most conve-
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niently using electric-dipole resonant transitions.

The interaction between a paramagnetic impurity cen-
ter, whose spin is S, and a free carrier (electron) can
be described by the model Hamiltonian

Hini=V (r)+] (1) Ss. (2)

We shall assume that a paramagnetic center has a spin
S=%. Moreover, we shall postulate that the interaction
(2) corresponds to attraction in both spin states (singlet
and triplet) of the electron—impurity system.

We shall be interested primarily in the case when the
electron—impurity interaction results in localization of
an electron only in the presence of a magnetic field.
The resultant localized states are characterized by a
low binding energy (e, —~ 0 for H— 0) and large spatial
dimensions, given by the quantity / at right-angles to
the magnetic field and by (2m¢,)"1/2 along the field.
Therefore, states of this kind can be described by the
approximation of “zero-radius” potential, which im-
proves in precision with decreasing H. In this approxi-
mation the interaction Hamiltonian (2) is governed en-
tirely by two scattering lengths: a, and a,, correspond-
ing to the triplet and singlet spin states of the electron—
impurity system. In this model, the main contribution
of the exchange forces is given by
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