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The passage involves an increase in the intensity of the
scattered polariton signal by many orders of magnitude and is
illustrated in Fig. 5. In numerical simulations, the pumping
amplitude £(r) was first switched on at 99% of its maximum
for about 100 ps, then increased slowly to the maximum value
for ~ 1000 ps, and then switched off within another 100 ps.

The physical mechanism of the above passage is due to the
fact that the decay of a pumping polariton to the S and I
polaritons becomes parametrically unstable when a certain
critical pumping intensity is reached, and due to the presence
of an absolutely unstable negative slope region on the S-like
plot showing the way the exciton polarization P(kp, t) at the
pumping angle varies with pumping amplitude. The para-
metric decay instability is similar to that in Ref. [12] discussing
the Mandelstam — Brillouin scattering of an intense polariton
wave. [tis only this type of instability which was considered in
the previous analyses [6, 8 — 10] of the parametric scattering of
MC polaritons. Our calculations show, however, that due to
the development of parametric scattering instability, the
response of a nonlinear oscillator at the pumping angle may
become unstable during the actual evolution of a system. As a
result, instead of the parametric build-up of macrofilled
modes for ks # 0 and k; # 2k, the spectrum of the scattered
polariton signal is strongly rearranged, acquiring maxima at
ks~ 0 and k; ~ 2k,, and an increase by several orders of
magnitude in the total scattered intensity is observed. This
behavior is qualitatively consistent with that observed in
experiment.
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Magnetically stabilized multiparticle
bound states in semiconductors

N N Sibel’din

1. Introduction

Under laboratory conditions, a magnetic field acting on an
atom removes the degeneracy with respect to the directions of
the angular momentum (Zeeman and Paschen — Back effects)

and causes a slight diamagnetic shift of the high-lying energy
levels; however, the inner structure of the atom (electron
density distribution) and its energy spectrum (neglecting the
splitting of the levels in a magnetic field, which is small
compared to the atomic electron binding energy) remain
virtually unchanged. The effect of a magnetic field becomes
significant when the field strength is sufficiently large, such
that the cyclotron energy of a free electron, fiw. = hieH/cm,
where m is the electron mass, becomes comparable to the
electron binding energy in the atom, and the magnetic length
ag = +/ch/eH is of the order of the atomic radius. In the case
of the hydrogen atom, for example, this implies the field
strength H ~ 10° Oe, which is beyond the reach of modern
experiments. We therefore depend on astrophysical observa-
tions or experiments on model systems when wish to draw
information on the properties of atoms in strong magnetic
fields.

The most attractive objects for such studies are apparently
excitons and the atoms of hydrogen-like impurities in
semiconductors. The ground-state energy and the Bohr
radius of an exciton (an atom of a hydrogen-like impurity)
in a semiconductor crystal are given by the Bohr formulas,
which in this case take the form

m* e
Fo = " W
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where x is the dielectric constant of the crystal, and m* is the
reduced effective mass of an electron and a hole (the effective
mass of an electron or a hole for shallow donors and
acceptors, respectively). Due to the large dielectric constant
of the medium and because of the small effective masses of the
electrons and holes, the binding energies of excitons, |Ec|,
and of hydrogen-like impurities are typically 3 to 4 orders of
magnitude smaller than for the hydrogen atom, and their
Bohr radii 2 to 3 orders of magnitude larger. In the fields of
equal strength, the cyclotron frequency of charge carriers in a
semiconductor is m/m* times that of a free electron, making
even H ~ 10°—10* Oe a strong field for excitons and the
atoms of shallow impurities.

The behavior of hydrogen-like impurities in strong
magnetic fields was treated theoretically in Refs [1—3], and
the bebavior of excitons in Refs [4—6]. A magnetic field
stabilizes excitonic (atomic) states. In weak fields, the binding
energy increases because the free-electron energy (the cyclo-
tron frequency) increases linearly with the field strength,
whereas that of a bound electron in an atom increases quad-
ratically (diamagnetic shift). In ultrahigh fields (Ao, > |Ee|),
the centripetal force acting on an electron orbiting the nucleus
in the plane perpendicular to the magnetic field direction is
dominated by the Lorentz force (the Coulomb interaction of
the electron with the nucleus — or with a hole in an exciton —
can be treated as a perturbation). An exciton (atom) is
strongly anisotropic; its shape is an ellipsoid of revolution
oriented along the magnetic field, with semi-axes aex and ag in
the longitudinal and transverse directions, respectively. The
exciton binding energy | Eex| increases in proportion to In®> Has
the field strength is increased [6]. Such excitons were called
diamagnetic [7].

Experimentally, effects related to the increase in the
ionization energy of shallow donors in a magnetic field were
first observed in heavily doped indium antimonide (magnetic
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freezing-out of impurities [8]). A wealth of information about
the properties of excitonic states was obtained in magneto-
optical experiments which are discussed in great detail in a
review [7] and a monograph [9].

Apart from atomic bound states, more complicated types
of bound states (for example, molecular) can also be
stabilized by a magnetic field. Thus, an increase in the
magnetic field strength leads to an increase in the exciton
effective mass in the direction transverse to the magnetic field
[6], which allows localization of excitons near defects and
impurity atoms which are unable to bind an exciton in the
absence of a field [10]. The effect of a strong magnetic field on
the properties of bound excitons was discussed theoretically
in Refs [10, 11]. Similar to excitons that are bound in the
absence of a magnetic field [12, 13], whose emission lines
generally dominate the luminescence spectra even of suffi-
ciently pure semiconductors at low temperatures and moder-
ate excitation levels [14], magnetic-field-stabilized exciton-
impurity complexes (EICs) (bound excitons) possess giant
oscillator strengths [10]. Magnetically stabilized EICs were
discovered experimentally in indium antimonide in our
studies [15, 16].

Generally, molecular states can be both stabilized and
destabilized by a magnetic field. When the lower energy level
of an unbound triplet state of an exciton molecule (biexciton)
shifts below the singlet level as a result of spin splitting in a
strong field, the molecule becomes unstable and the bi-exciton
luminescence line disappears [17]. In ultrahigh magnetic
fields, however, stable spin-aligned (triplet) biexcitons [18]
(or hydrogen molecules [19]) can form.

Perhaps of particular interest is the behavior of condensed
matter in ultrahigh magnetic fields. A good model system for
experimental studying phenomena of this kind is the con-
densed phase of excitons in semiconductors, called the
electron—hole liquid (EHL) [20—24]. It has been shown
theoretically that under certain conditions an ultrahigh
magnetic field should produce a ‘highly compressed” EHL
whose density greatly exceeds the inverse volume of a
diamagnetic exciton and whose energy per particle pair is
much greater in absolute value than the exciton binding
energy [25, 26]. It has also been shown that the dominant
contribution to the energy of attraction in the liquid comes
from the spatial correlation of the particles located at
neighboring Landau cylinders. The strong compression
condition for the electron—hole plasma is expressed by the

first half of the inequality [25]
(acay) " < n < ay’.

(3)

In the strong compression region, an electron—hole system
constitutes a degenerate Fermi liquid, and its energy, as a

function of the density », has a minimum at n = ng. In the
ultraquantum limit, i.e., when the right half of inequality
(3) is satisfied, the equilibrium density of a strongly
compressed electron—hole liquid is ng oc H¥7, and the
energy per particle pair in the ground state of the liquid is
|E(n = ng)| = |Eo| o< H*/7. Because the ionization energy of
diamagnetic excitons builds up more slowly with increasing
field strength, the stability of the liquid state — which is
characterized by the work function ¢ = E.x — Ej of excitons
in a liquid — should increase in a strong magnetic field as the
field intensity grows. Furthermore, in a strong magnetic field
the liquid phase may prove to be stable (¢ > 0) even if in the
absence of the field it is not. Electron—hole liquid stabilized
by a magnetic field H > 20 kOe was discovered by us in
indium antimonide [15].

What follows are the results of the experimental study of
magnetic-field-stabilized EICs and EHL in indium antimo-
nide. Indium antimonide (InSb) is the most suitable material
to study the effects of a strong magnetic field on weakly
bound electronic states. The electron effective mass in this
semiconductor is extremely small (m2, =2 0.014m), so that even
for a field strength of a few kilooersted the magnetic length is
ap < ae, and the electron cyclotron energy exceeds the
exciton Rydberg. On the other hand, with current technol-
ogy of growing this compound, perfect single crystals with
low content of residual impurities can be prepared. More
detailed information and a bibliography on the experiments
described below can be found in Ref. [27] (EICs) and Refs [28,
29] (EHL).

2. Magnetically stabilized exciton-impurity complexes

The experiments were performed on pure n-type crystals of
indium antimonide at temperatures 7 between 2 K and 4.2 K.
The parameters of the samples (the difference between the
concentration of donors Np and that of acceptors N, and the
degree of compensation k = Na/Np) are listed in Table 1.
The photoluminescence spectra of the samples were studied at
sufficiently low quasi-CW excitation levels using radiation of
a continuous He— Ne laser with a wavelength of 3.39 pm and
a peak power of about 15 mW. The light spot on the surface of
the sample was ~ 0.3 mm in diameter.

In the absence of a magnetic field, the principal line of
edge luminescence (lower spectrum in Fig. la) for suffi-
ciently pure n-InSb lies almost entirely at energies smaller
than the crystal bandgap E; (the currently accepted value is
E, =236.8+£0.2meV at T'=2 K [30]). The line is due to
electron transitions from shallow donor levels to the valence
band, and its shape and spectral position are determined by
the large-scale fluctuations of the impurity potential [31]
(other views on the nature of luminescence spectra are

Table 1. Parameters of n-InSb samples and the approximate values of magnetic field strengths corresponding to the emergence of EIC luminescence lines.

Sample ND 7NA, k IALZ/IO I/\]/IALZ H,.,kOe
number 10 cm—3
EIC, EICH EIC
1 0.3 0.8 0.04 0.3 37 7-9 7-9
2 0.7 0.7 0.03 0.8 18 — 9
3 0.96 0.6 0.01 5 — — 14
4 1.0-2.0 0.5 0.01-0.02 0.5 — 5-7 —
5 0.6 0.6 — — — — —

Note. A dash indicates that the corresponding line is absent in the emission spectrum.
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Figure 1. Luminescence spectra of (a) sample No. 4 for various magnetic field strengths, and (b) samples Nos 1—4 (spectra are labelled by sample
numbers) in a field of strength H = 46 kOe. Excitation intensity was 10 W cm~2, 7 = 2 K. D is the donor emission line; EICy, EICy;, and EICyy; are the
lines of the exciton-impurity complexes. In (a) solid arrows indicate the position of the energy level of a free diamagnetic exciton as determined from
magnetoreflection spectra, and broken arrows (H = 0) locate the absorption lines of atmospheric water vapors. In (b), the intensity of each spectrum at a

maximum is . = 1.

discussed in Refs [27, 31, 32], where the literature on the
subject can also be found). Because the electron effective mass
in indium antimonide is small, the exciton binding energy is
also very small (|E| =~ 0.5 meV [30]), as is the dissociation
energy of EICs on shallow donors and acceptors with
E; < 0.5 meV. Therefore, free- and bound-exciton lines are
not usually observed in emission spectra in the absence of a
magnetic field.

In addition to the principal luminescence line, in the
energy range E, — Ea Shv < E,y, where Ej4 is the ionization
energy of shallow acceptors, weak lines of recombination
radiation were also observed, with peak positions at 226.7—
228.0 meV and 223.5-224.0 meV. The higher-frequency line
is apparently a superposition of at least two components.
Most likely this line corresponds to the zinc and cadmium
acceptors, which usually are present in pure indium anti-
monide and have nearly the same ionization energies. The
lower-frequency line is due to transitions to the levels of an
unknown acceptor impurity. Table 1 lists the average
intensities at the peaks of the high- and low-frequency
acceptor lines. The intensity of the high-frequency line /4, ,
(the subscript A » emphasizes that this line consists of several
components) is given in relation to that of the principal
emission line [y, and the intensity of the low-frequency line
I, in relation to Iy ,. It should be noted that the intensity of
an acceptor emission line reflects the content of acceptor
atoms of a certain chemical nature in the sample, whereas the
degree of compensation as obtained from electrical measure-
ments is related to the total concentration of acceptors
(including deep ones) in the crystal.

In terms of the magnetic field behavior of emission
spectrum, the simplest sample is No. 5, in which the
concentration of acceptors and the total concentration of
donors and acceptors are the lowest among all the samples
studied, and in which, most importantly, there are no
acceptor lines in the luminescence spectrum (see Table 1).
Over the entire magnetic field range studied
(H = 0—-56 kOe), the emission spectrum of this sample
exhibits a single line, whose half-width at first decreases with
increasing field, reaches a value of = 0.5 meV at H ~ 20 kOe,
and then remains unchanged. As the field strength is
increased, the emission line shifts to higher energies (in weak
fields this shift is nonlinear in field strength), and its intensity
decreases somewhat. This line is shifted to lower frequencies
considerably with respect to the long-wavelength component
of the spectrum of exciton magnetoreflection, whose char-
acteristics were measured to determine the ground-state
energy position of a free diamagnetic exciton. As is the case
with the absence of a magnetic field, the observed emission
line is due to the electron transitions from shallow donor
levels to the valence band.

The principal luminescence lines of other samples behave
in a similar way when increasing the magnetic field. They shift
to higher frequencies, get narrower, and decrease in intensity.
At the same time, the luminescence spectra of samples Nos 1 —
4 exhibit emission lines of exciton-impurity complexes in a
magnetic field. For example, in the emission spectrum of
sample No. 4, an EIC line appears on the long-wavelength
wing of the principal emission band in a field of strength
H, = 5—7 kOe. Its intensity heightens as the field strength is
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increased, and it dominates the spectrum in strong fields
(Fig. 1a, EICy line). In a strong magnetic field, the half-width
of the emission line is 0.2 0.4 meV. In a weak field, the short-
wavelength shift of the peak of the EIC emission line depends
nonlinearly on the field strength, whereas in a sufficiently
strong field a linear dependence is observed. In a strong
magnetic field, the energy spacing between the peak of the
EIC emission line and the position of the long-wavelength
component of the exciton magnetoreflection spectrum (i.e.,
the optical dissociation energy of exciton-impurity com-
plexes) increases weakly with magnetic field strength and
reaches E°P = 1.2 meV for H = 23 kOe, and E* = 1.4 meV
for H = 46 kOe.

In the remaining samples (Nos 1-3), one to three
magnetic-field-stabilized EIC emission lines are observed.
Qualitatively, their behavior with the variation of the
magnetic field is the same as for the EIC;; emission line in
sample No. 4, except that the lines arise at different field
strengths. In sample No. 3, only the longest-wavelength EIC
emission line is observed (EICy; line), which appears at
H, ~ 14 kOe. In the spectrum of sample No. 2, two EIC
emission lines appear successively as the magnetic field
strength is increased: the longest-wavelength (EICy;) at
H. ~ 9 kOe, and the shortest-wavelength (EIC;) at
H, ~ 18 kOe. The luminescence spectrum of sample No. 1
is particularly rich in spectral lines. In it, all three of the
discovered emission lines of exciton-impurity complexes —
namely, EICy, EICy, and EIC; lines — are observed. These
lines appeared in the luminescence spectrum successively,
starting from H; = 7-9 kQOe. It is hard to say, however,
which of the two long-wavelength lines, EICy;; or EICy,
emerges at a lower field strength. On the other hand, in a
magnetic field of strength H = 14 kOe these lines were
reliably resolved; the spacing between their peaks was
=~ (.2 meV and remained unchanged with further increase in
field strength. The EIC; emission line appeared at
H, =37 kOe. In a field of strength H =46 kOe, all tree
emission lines are clearly seen; the spacing between the
peaks of neighboring lines was =2 0.2 meV, and it was field-
independent for H > 46 kOe. The luminescence spectra of
samples Nos 1 —4in a field of strength H = 46 kOe are shown
in Fig. 1b. Table 1 lists the values of the magnetic field
strength H, at which the emission lines of the corresponding
EICs appeared in various samples.

The observed EICs constitute a diamagnetic exciton
bound on a neutral shallow acceptor. The analysis of the
experimental data summarized above, combined with a
correlation between the emission line intensities of acceptors
and the presence (or lacking) of EIC emission lines in the
spectra of various samples (see Table 1), supports and details
this conclusion. In sample No. 5, for example, neither
acceptor nor EIC emission lines are seen. Sample No. 3 is
characterized by a relatively weak acceptor emission intensity
A, and shows the strongest A3 emission due to the
recombination of electrons with holes residing on acceptors
with lower-lying energy levels. Therefore, the single EICy
line observed on this sample can be ascribed to excitons that
are bound on the acceptors responsible for the A3 emission. In
the same vein, it can be concluded that the emission lines EIC;
and EICyy are due to excitons localized on the acceptor atoms
of various chemical elements to which the composite emission
line A, corresponds (see the discussion at the beginning of
this section). Ascribing the emission lines EIC;, EICy;, and
EICi;; of the exciton-impurity complexes to the acceptor

emission lines A, and As, respectively, is generally consis-
tent with the body of data summarized in the table.

Further arguments in favor of this picture are the facts (1)
that the dissociation energy of exciton-impurity complexes
increases from EIC; to EICyy, i.e., for excitons bound on the
deeper acceptors, and (2) that the strength of a magnetic field
needed to stabilize the corresponding EIC increases as the
dissociation energy of the complex decreases. As seen from
Table 1, samples No. 1 and No. 2 make this latter fact
especially clear. On the other hand, it can hardly be expected
that the emission line of excitons bound on acceptor atoms of a
certain chemical nature will turn up in the luminescence
spectra of different samples at exactly the same field
strength. The reason is that the emission lines of complexes
appear against the background of the principal luminescence
band, whose intensity is quite large and varies from sample to
sample, whereas the intensity of a particular emission line of
bound excitons depends on the concentration of the corre-
sponding acceptors, which is different in various samples. The
superposition of neighboring emission lines of exciton-
impurity complexes is another complicating factor in deter-
mining the value of the magnetic field corresponding to the
appearance of a new line.

To summarize the above discussion, binding of excitons
at shallow acceptors of different chemical nature in indium
antimonide can lead to the formation of magnetic-field-
stabilized exciton-impurity complexes. The luminescence
spectra of these complexes exhibit characteristic narrow
lines, whose intensity significantly (by a factor of tens in
our samples) exceeds that of the corresponding acceptor
emission lines. It should be emphasized that EICs were
observed in our experiments in the n-InSb samples of
maximum purity, and even though these samples differ
only slightly from one another in the concentrations of the
major and compensating impurities as determined from
electric measurements, their luminescence spectra in a
magnetic field differ considerably in the number and
intensity of EIC emission lines. Thus, magnetic-field-
stabilized EIC emission lines can serve as very sensitive
indicators for determining the content and chemical nature
of shallow acceptors in indium antimonide.

We now proceed to discuss how excitation intensity and
temperature affect the intensity of EIC emission. The way the
luminescence intensity of the complexes depends on the
excitation level was examined in detail in samples No. 4 at
T =2 K. At relatively low pumping levels, the EIC lumines-
cence intensity increases linearly with excitation power. At
high excitation levels (in excess of ~ 50 W cm™2), this
dependence considerably weakens and tends to saturate.

The dependence of the spectra of recombination radiation
on temperature was studied at low excitation intensity of
about 10 W cm™2 in samples No. 4, whose donor emission
line has a marked intensity in a strong magnetic field at
T =2 K. On increasing the temperature from 7 =2 K, the
intensity of the EIC emission line decreased gradually,
whereas that of the donor line increased somewhat, and its
peak shifted towards longer wavelengths. At temperatures
close to T=4.2 K, a donor emission line dominated the
luminescence spectrum. The temperature dependence of the
EICy; emission intensity is satisfactorily described by the
expression

Iy
14+ CT32exp(—E;/kT)’

i

(4)
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where /) is the luminescence intensity of complexes at 7= 0,
E; is the EIC dissociation energy, and the coefficient

_ 8A Lex (Mdk>3/2
&i 2’

OUTT;

c (5)

1 + 6vTTexNa

where ga, gex, and g; are the corresponding degeneracy
factors, M, is the density-of-states effective mass of exci-
tons, which is a combination of the longitudinal and
transverse masses in a magnetic field, 7; and 7. are the
lifetimes of bound and free excitons, respectively, o is the
cross section for binding an exciton at a center, and v is the
exciton thermal velocity. By processing data on the tempera-
ture dependence of EIC emission line intensity, the adjustable
parameters E; and Cin formula (4) were determined. In a field
of strength H = 9.2 kOe, the adjustable parameter E; —i.e.,
the thermal dissociation energy ET of the complexes — equals
=~ 1.1 meV and is likely to be close to the optical dissociation
energy. As the field strength increases to H = 23 kOe, this
parameter decreases to E; = 0.6 meV and then remains
unchanged with further increase in the field strength,
whereas the dissociation energy of the complexes as obtained
from optical measurements (i.e., the optical dissociation
energy) increases from EF = 1.2 meV at H =23 kOe to
EPP >~ 1.4 meV at H = 46 kOe.

Thus we see that in a sufficiently strong magnetic field the
thermal dissociation energy of the complexes is much lower
than the optical. On the other hand, the obtained values of Ef
approximately correspond to the energy spacing between the
peak of the EICy; emission line and that of the donor line. We
can assume therefore that the electrons released by the
thermal dissociation of an EIC move to shallow donor levels
in the density-of-state tail of the conduction band. Other
evidence of this fact is that the intensity of the donor emission
line increases with increasing temperature. This process of
dissociation of complexes is accompanied by a corresponding
inverse process in which donor electrons are captured by
acceptor A" ions.

Thus, the results obtained show that the magnetically
stabilized exciton-impurity complexes observed in indium
antimonide constitute an exciton bound on a neutral
acceptor and that the formation of these complexes proceeds
in two stages: first a neutral acceptor A° binds a hole and thus
transforms to an A™ center, and then this latter captures an
electron from one of the donors located nearby.

3. Magnetically stabilized electron —hole liquid

It is well known that an electron —hole liquid (EHL) forms in
a semiconductor at low temperatures and high excitation
levels. In the experiments to be described in this section, the
samples were excited by radiation of a cw YAG:Nd3™ laser
with a wavelength of 1.06 um and a peak power of 1 W, at
T =1.8-2 K. While the emission line of magnetically
stabilized EHL was observed in all of the samples studied,
detailed measurements were performed on samples No. 4: the
EHL line in these samples was the strongest, and its
luminescence spectrum is relatively simple (there is only one
emission line from magnetically stabilized EICs). Therefore in
what follows only the data taken from these samples are
discussed.

Recombination radiation spectra of one of these samples,
obtained at relatively low excitation levels in a magnetic field
of strength H = 46 kQe, are depicted in Fig. 2a (spectrum 3)
and in the inset to Fig. 2b. These spectra contain a more
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Figure 2. Luminescence spectra in a magnetic field of strength
H =46 kOe: (a) spectra for excitation intensity P =210 W cm™2 (/),
140 W cm~2 (2), and 100 W cm™2 (3). Spectra are normalized so that
emission intensities at /v =245.7 meV are equal; (b) spectra for
P =500 W cm~2. Modulation depth is 100% (/) and 20% (2). Spectrum
3 is obtained as the difference of spectra / and 2. The arrow indicates the
energy of the transition to the lowest state of a diamagnetic exciton. The
inset exemplifies the spectrum at low excitation level (P 2 50 W cm™2).

intense D line than does the spectrum shown in Fig. 1a, even
though the respective samples have similar parameters and
are cut from the same ingot. The luminescence spectra change
their shape in a qualitatively different manner with increasing
pumping intensity in a strong (H > 20 kOe) and in a
relatively weak magnetic field. Emission spectra in a field of
strength H = 46 kOe, observed at various pumping levels, are
shown in Fig. 2a. As the pumping power increases, the
intensity of the donor line increases at a higher rate than
that of the EIC emission line. As a result, these emission lines
merge into one relatively broad band. It is also seen from
Fig. 2a that the emission spectrum broadens towards longer
wavelengths and that it acquires a ‘tail’ extending towards
lower energies. At the same time, the short-wavelength wing
of the resulting spectrum has virtually the same shape as the
donor line.

In a relatively weak field (H < 20 kOe), the emission
spectrum exhibits quite different behavior. Here too, increas-
ing pumping intensity leads to the disappearance of structures
in the luminescence spectrum, but now it is the short-
wavelength, rather than long-wavelength, wing of the struc-
tureless emission band which increases in extension. In what
follows, only the results obtained in a strong magnetic field
will be discussed.
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Measurements of the excitation level dependences of
luminescence intensity at various energies of recombination
radiation quanta showed that at high pumping powers not
only the luminescence of the EIC line, but also that of the
donor line, starts to saturate in intensity. On the other hand,
the emission intensity in the low-frequency tail of the
spectrum increases practically linearly with the level of
excitation. The low-frequency tail, whose luminescence
intensity depends on the pumping power in a manner
different from that for the two originally present spectral
components, is due to the appearance (on the long-wave-
length edge of the spectrum) of a new emission band which,
because of the strong difference in these dependences, was
separated out from the resulting spectrum using a technique
that relies on the registration of the luminescence spectrum
differential with respect to the excitation intensity.

The emission spectra obtained by high-power pumping at
100% (spectrum /) and 20% (spectrum 2) excitation intensity
modulation depths are displayed in Fig. 2b. The latter of these
spectra is built from the experimental one in such a way that
the intensity of the separated band corresponds to a
modulation depth of 100%. Spectrum 3 in Fig. 2b was
obtained as the difference of spectra 7 and 2. It is located in
the same energy interval as the emission spectrum for lower
excitation levels (inset to Fig. 2b). However, in accordance
with the discussion above, the emission lines of donors and
EICs are not resolved in the difference spectrum 3. In a
weaker pumping regime, both lines are clearly seen in the
difference spectrum.

By applying an electric field sufficient to cause the impact
ionization of shallow donors and EICs, the luminescence lines
of these formations can be made to quench, making it possible
to separate from the emission spectrum a long-wavelength
band that arises in the high-power pumping regime. The
shape of the long-wavelength band separated in this way was
close to that of the differential spectrum 2 (Fig. 2b) at
excitation intensities in excess of 250 W cm 2.

Thus, the above results show that in a magnetic field
H > 20 kOe, the long-wavelength edge of the indium anti-
monide luminescence spectrum exhibits an additional emis-
sion band at high pumping levels, which can be separated out
from the resulting spectrum by using an emission spectrum
detection technique differential with respect to excitation
intensity or, alternatively, by applying an electric field.
Unlike the other two components present in the spectrum,
the intensity of this band increases as the electric voltage
across the sample is increased. This means that the long-
wavelength band is related to the recombination of the
electrons and holes occupying states which are not depopu-
lated in an electric field, even though in terms of its energy
position the long-wavelength band is close to the emission
lines of donors and EICs — the states which are destroyed by
impact ionization. Therefore, the electronic states under
study are significantly different in nature as compared with
states of atomic and molecular types, i.e., states of systems
involving a small number of interacting particles (impurity
atoms, free and bound excitons, etc.).

It can be concluded from the behavior of the long-
wavelength emission band in an electric field that the band is
related to the particle recombination in the electron—hole
plasma whose energy is reduced due to interparticle interac-
tions. The fact that the intensity of the band grows in an
electric field, whereas its low-frequency edge shape remains
unchanged, suggests an increase in the volume that plasma

occupies in the sample. The violet edge of the long-
wavelength band is shifted considerably to lower energies
relative to the transition energy to the lowest state of a free
exciton (Fig. 2b), i.e., the plasma particles have a smaller
energy than electron—hole pairs bound into excitons. From
this it can be concluded that we are dealing with a plasma of
interacting particles, which is stable with respect to decay to
free excitons — that is, with an electron —hole liquid. Because
heating a plasma of free charge carriers in an electric field
should broaden the short-wavelength wing of the plasma
emission line, the fact that the shape of a long-wavelength
band is independent of how the band is separated out from the
total luminescence spectrum — i.e., whether by applying an
electric field or by using 20% excitation intensity modula-
tion — lends further support for the interpretation of this
band as an EHL emission line.

It is known that one of the most compelling arguments for
attributing some luminescence band to the EHL emission is a
good correspondence of the shape of this band to the
theoretical description. In addition, an analysis of the
emission line shape makes it possible to reliably determine
the characteristic energies of liquid particles and to find the
liquid density [20—24].

The shape of the emission band of magnetically stabilized
EHL in indium antimonide can be analyzed by using the usual
expression for direct allowed transitions:

1(hv) o< v’ g(hv) fe fi (6)

where f. and f; are Fermi distribution functions for electrons
and holes with Fermi energies Eg. and Egy, respectively, and
where the density of states is described by the formula

Vo eH
g(hV)i(Zﬂ:h)z .

(hv = Eg)/T + 1/ [(hv — E)/T]* + 1
ar{[(w—Eg)/r) 41}

(7)

Here m;, is the reduced effective mass of the electrons and
holes in the bands between which the recombination transi-
tions occur, Egy, is the renormalized band gap in the EHL, and
the parameter I" characterizes the damping that removes the
density-of-states singularities in the neighborhood of Landau
levels.

Without detailing here the calculations and their under-
lying assumptions — the interested reader is referred to the
original paper [29] — we outright present the results and then
raise some points concerning them. The luminescence spec-
trum of an EHL in a magnetic field H = 55.2 kOe, obtained
using differential technique, and the results of calculations
using formulas (6) and (7) are given in Fig. 3. By fitting the
calculated spectrum to the experimental one, the damping
parameter I’ =0.55 meV, renormalized band gap
E,1. =246.26 meV, and the sum of the electron and the hole
Fermi energies Eg = 0.95 meV were determined. With the
knowledge of the Fermi energy, it was possible to find the
density of the liquid: ny = 6.7 x 10" cm~3.

A similar procedure was used in processing differential
luminescence spectra taken for other values of magnetic field
strength (these values correspond to the experimental points
in Fig. 4). The damping parameter I was independent of the
magnetic field strength within experimental error, its average
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Figure 3. EHL luminescence spectra obtained experimentally (solid line)
and calculated (rhombi) from Eqns (6) and (7). H = 55.2 kOe, and
P =500 W em™2. Arrows indicate Eg and Er obtained by fitting.
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Figure 4. The density (squares) and ground-state energy (triangles) of
magnetically stabilized EHL, and the work function of diamagnetic
excitons in the liquid (circles) as functions of magnetic field strength.

value being I',, =2 0.58 meV. The dependence of the number
density of the magnetically stabilized EHL on magnetic field
strength is plotted in Fig. 4. As seen from the figure,
magnetically stabilized EHL in indium antimonide com-
presses considerably with increasing magnetic field strength
— in accordance with theoretical expectations [25, 26] and
with experimental results for germanium [33].

The work function of excitons in the liquid was deter-
mined from the formula

(EqL + EF), (8)

where /ve is the transition energy to the lowest state of a free
diamagnetic exciton. In calculating ¢, the values of /ve
obtained from measurements of magnetoreflection spectra
were taken. The values of work function for various magnetic
field strengths are given in Fig. 4. These data show that, unlike
germanium [33], in indium antimonide the stability of EHL
against decay into free excitons grows considerably with
increasing magnetic field strength.

In order to determine from experimental data E, — the
energy per pair of particles in the ground state of a liquid, the
quantity whose calculation is central to the theory of EHL —
one needs to know the binding energy of diamagnetic excitons
because Ey = E.x — ¢. We utilized the values of E (courtesy
of Al L Efros) obtained by processing oscillating magnetoab-

@ = hvex —

sorption spectra [34] based on the theory of Gel’'mont et al.
[35]. The energy per pair of particles in the ground state of
electron—hole liquid is shown as a function of field strength in
Fig. 4.

Let us note here two important points revealed by the
analysis of the shape of the EHL luminescence band. It turned
out, first, that over the entire investigated range of existence
of magnetically stabilized EHL, the ultraquantum case occurs
only for electrons. Holes populate the two lowest magnetic
subbands. In a magnetic field of strength H = 23 kOe, only
28% holes bound into EHL occupy the higher-energy
subband. As the field strength increases to H = 55.2 kOe,
their relative number decreases to 12%.

And, second, in order to satisfactorily fit the theoretical
spectra to the experimental ones, the temperature in the
Fermi distributions f; and f, in expression (6) was taken to
be lower (by about 10%) than that of the helium bath. It
turned out, in other words, that over the entire investigated
range of magnetic field strengths the EHL temperature is
lower than that of the crystal. At present we do not have a
satisfactory explanation for this fact.

The experiments described above made it possible to
determine the basic thermodynamic parameters and char-
acteristic energies of a magnetically stabilized EHL in indium
antimonide and to see how they behave when the magnetic
field strength is varied (see Fig. 4). Let us compare the results
obtained with what the theory of strongly compressed EHL in
an ultrahigh magnetic field predicts [25, 26]. It should be
stressed at once that this theory does not apply to our case
directly because strong compression conditions [i.e., ones
imposed by the left half of inequality (3)] are not fulfilled for
the actual densities of the liquid phase (see Fig. 4). Besides, as
already noted, the ultraquantum limit for holes has not yet
been achieved in the magnetic field range investigated. At a
qualitative level, however, a comparison with the theory does
make sense.

For the equilibrium EHL number density, the theory gives

niy 17 Uex 16/7 -3 8/7
no(H) = 0.03( — e e ; A (9)

ne apg

and for the energy per pair of particles in the ground states of
the liquid we have

e N7 7 @ N\
Eo(H) = —0.84E,, (#) <E> o« HY7 .
€

(10)
The results presented in Fig. 4 show that as the field strength
increases, the liquid density grows somewhat more slowly
than predicted by expression (9), and the energy per pair of
particles grows much faster than suggested by formula (10).
Note that the theory of highly compressed EHL consisting of
electrons and holes with greatly differing masses gives (in the
case where the ultraquantum situation occurs only for the
lighter carriers) an Ey, vs. H dependence (specifically,
Ey o< H*/%) which is stronger than that following from
Eqn (10); however, in this case ny also increases faster with
increasing field strength (19 oc H%/%) [36].

The density and energy per pair of particles in the ground
state of EHL estimated, respectively, from formulas (9) and
(10) for me =0.014m, my = 0.075m, ac =800 A, and
|Eex| = 0.5 meV are compiled in Table 2 for two field
strengths, H =23 kOe and 55.2 kOe together with experi-
mental values of these quantities. The calculated liquid
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Table 2. Ground-state density and energy, as well as parameters r# and r,
of magnetically stabilized EHL for H = 23.0 and 55.2 kOe.

Theory Experiment
H,
kOe |E0|, Ho, |E0|’ no, r!l Iy
meV 105cm=3 meV 108 cm?
23 1.7 2.6 3.0 3.2 1.5 0.56
55.2 2.1 7.0 52 6.7 1.6 0.41

densities agree surprisingly well (apparently fortuitously)
with experimental data, whereas the ground-state energies
are greatly underestimated as compared with experiments.
However, in light of what was said above about the
applicability of the theory in question to our results, one can
hardly expect any quantitative agreement with experimental
data. Note that for EHL in an indium antimonide, the
conditions of validity of this theory are fulfilled well in
magnetic fields with H > 1 MOe.

The theory of EHL in a strong magnetic field predicts the
appearance of a dielectric gap in its spectrum due to the one-
dimensional motion of charge carriers [25, 37], with dielectric
liquid most probably forming at the ‘intermediate’ values of
the magnetic field strength [37]. Our observation of EHL
‘overcooling’ relative to the crystal lattice possibly suggests
that the EHL electron spectrum ‘becomes dielectric’.

In conclusion, let us compare the density of magnetically
stabilized EHL in InSb with that of EHL for H = 0 in other
materials. As is customary, we will characterize the density
by a dimensionless parameter r;, to which we append a
superscript H to emphasize that in our case r; involves

the exciton volume at a given field strength, i.e.,
rl =[(4/3) nacad, no)"*. As the field strength was
increased from 23 to 55.2 kOe, the parameter 7 changed

from 1.5 to 1.6, which is within experimental error. These
values of r are larger than for EHL in Ge (r, = 0.5) and Si
(rs = 0.86) but smaller than in direct band semiconductors
(rs = 2) and approximately correspond to r; values in highly
deformed Ge and Si [20—22]. If, however, r, is calculated
using the exciton volume in the absence of a field, i.c.,

ry = [(4/3) nal, n0]71/3, it is found (see Table 2) that, in gy
strong magnetic fields, magnetically stabilized EHL in
indium antimonide has a record relative density.

4. Conclusions

The study of indium antimonide shows that EHL stabilized
by a strong magnetic field and magnetically stabilized EICs
can be created in semiconductors. Magnetically stabilized
EICs can form on those impurities unable to bind an exciton
in the absence of a magnetic field. The discovered EICs
constitute the diamagnetic exciton bound on a neutral
shallow acceptor. In the pure n-InSb samples investigated,
up to three various EICs corresponding to shallow acceptors
of a certain chemical nature were observed.

In indium antimonide, EHL is stable in magnetic fields of
strength A > 20 kOe. Unlike EHL in unstrained germanium,
which was studied in a magnetic field of strength up to
190 kOe [33], in indium antimonide increasing magnetic
field strength leads to an increase not only in the density and
the energy per pair of particles in the ground state of the liquid
but also in the work function of excitons in the electron —hole
liquid — that is, enhances the stability of the liquid.

Magnetically stabilized EHL with properties similar to those
of EHL in indium antimonide has also been discovered in
highly deformed germanium [38].

In our view, it would be very interesting if experiments
similar to those described in this paper were performed in
stronger magnetic fields. In that case it would be possible to
study the basic thermodynamic parameters of EHL as
functions of the magnetic field strength in situations in
which the ultraquantum limit is achieved not only for
electrons but also for holes; to examine the possibility of
dielectric liquid to form; to see whether the metal —insulator
transition can occur in the liquid phase, and to study many
other interesting phenomena [25, 36, 37].

It should be stressed that the study of EHL and other
electron systems in a strong magnetic field is not only of
interest in itself, because the results obtained can also be
applied to systems which have a quasi-one-dimensional
electronic spectrum in the absence of a magnetic field [26].
Note that experimental research into conditions for the
existence of EHL in quasi-one-dimensional and other
reduced-dimensionality systems is, actually, still in its infancy
and can be of great interest for the study of interparticle
interactions in such systems.
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Spontaneous atomic radiation
in the presence of nanobodies

V V Klimov

1. Introduction
Due to the rapid development of nanotechnologies, it is
important to know how nanobodies, i.e., bodies that are
small compared to the emission wavelength, influence various
optical phenomena. The corresponding subject is called
nanooptics and plays a special role in optics, since optical
effects in the vicinity of nanobodies are determined by the
typical sizes of the nanobodies rather than the emission
wavelength. At smaller spatial scales, the concentration of
electromagnetic fields near the objects increases. Therefore,
nanobodies can be efficiently used in nanotechnologies, in
developing scanning microscopes with nanometer resolution,
in nonlinear optical elements, and in other applications like
control of fluorescence and spontaneous emission.
Enhancement or inhibition in the rate of spontaneous
emission for an atom in a cavity, which was predicted in Refs
[1, 2], was observed in a series of experimental works [3—10]

1-nm radius of curvature

3
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Figure 1. Photograph of a scanning microscope tip made by means of a
tunnel electron microscope. The radius of tip curvature is about 1 nm [11,
pp. 131-139].

where the cavity size was essentially larger than or compar-
able to the emission wavelength.

In practice, however, it is often important to find out how
nanobodies influence the spontaneous emission of an atom.
Such problems arise first of all in the studies of isolated
molecules by means of aperture and aperture-free scanning
microscopes. Figure 1 shows a typical nanobody, namely the
tip of an aperture-free scanning microscope [11]. Nanoparti-
cles of various shapes are also used for controlling fluores-
cence [12]. In practice, it is sometimes important to elucidate
the influence of nanofibres or nanowires on the spontaneous
emission of atoms [13—16].

In the present work, we study the effect of nanobodies of
various shapes (spherical, spheroidal, cylindrical, etc.) and a
round nano-aperture on the spontaneous emission of an atom
placed in their vicinity. Our aim is to find the conditions under
which spontaneous emission of atomic particles can be
efficiently controlled.

2. Theory of the spontaneous emission of atoms
in the presence of nanobodies
If the interaction between the atom and the nanobody is
weak, i.e., in the case of exponential radiative decay, the
expression for the line width y has the form [17, 18]

Y _ 1 } Im
Yo " 2

do ER(r,r, )
%’ (1)
0

where E&(r, r, wg) describes the reflected field of the dipole do
in the vicinity of the nanobody at the frequency wq of the
atom emission and at point r where the atom is placed. It can
be found by solving the Maxwell equations. Other parameters
in Eqn (1) are as follows: y,, the line width in vacuum, and
k=awy/c.

Expression (1) governs the total decay rate of an atom,
i.e., the rate at which the radiated energy goes to infinity and is
absorbed by the nanobody. It is valid for bodies made of any
material. It is worth noting that relation (1) can be used for
solving both classical and quantum-mechanical problems
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