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The magnetic properties of indirect excitons and of excitonic molecules are investigated using the radiative-
recombination spectra of uniaxially compressed germanium crystals placed in a magnetic field. It is
established that the diamagnetic susceptibility of the excitonic molecules is Y ~2.7Yrs(Yrz is the
susceptibility of the free excitons). The g factors of the electron and of the hole in the indirect exciton are
estimated from the Zeeman-splitting spectra for germanium compressed along the (001> and (111} axes.
Instability of the excitonic molecules to decay into spin-oriented excitons is observed in a magnetic field. The
role of the paramagnetic and diamagnetic contributions to the decrease of the stability of the excitonic

molecules in a magnetic field is analyzed.

PACS numbers: 75.20.En, 71.35. + z, 71.70.Ej, 75.30.Cr

§1. INTRODUCTION

Excitonic molecules (or biexcitons) recently observed
in radiative-recombination spectra of uniaxially se-
formed silicon’’? and germanium?® spectra have exceed-
ingly small characteristic binding energies (on the or-
der of several degrees). As a result, the excitonic
molecules in these crystals serve as a convenient mod-
el for experimental investigations of the molecular
properties in a magnetic field. Thus, for example, the
strongest magnetic field in which the energy of the
paramagnetic splitting of the corresponding spin states
of the electron and hole and of the diamagnetic shift of
the exciton begin to exceed the exitonic-molecule ener-
gy has the readily attainable values H~8 T for Si and
H~1 T for Ge. In the case of the hydrogen molecule
this situation arises in astronomically strong magnetic
fields (~10% and 10° T, respectively).

From this point of view, Ge and Si differ not only in
values of the excitonic-molecule binding energy, but
have also substantially different ratios of the liftime 7,
and the spin relaxation time 7,. In Si, where 7,>7,,
there is no equilibrium between excitons in different
spin states, so that paramagnetic splitting has no effect
on the stability of the excitonic molecule in a magnetic
field. It was found in our earlier experiments* that in
uniaxially compressed Si the ratio of the intensities of
the exciton and excitonic-molecule emission lines has a
weak dependence on the magnetic field up to H~8 T.
This led to the conclusion that the diamagnetic suscep-
tibility of an excitonic molecule is close to two exciton
susceptibilities.

In Ge, where 7,<7,, the influence of the paramagnetic
splitting on the stability of the excitonic molecule can
no longer be neglected. In an investigation of the emis-
sion spectra of Ge uniaxially compressed along an axis
close to {001), at T=1.5-2 K, we have observed that
the excitonic-molecule emission line disappears from
the spectrum at H>1.5 T. A detailed analysis of this
phenomenon shows that decrease of the stability of the
excitonic molecule in a magnetic field receives a dia-
magnetic as well as a paramagnetic contribution, and
these contributions can be experimentally separated.
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The present paper is devoted to the group of questions
outlined above.

In §3 are reported new experiments that confirm the
molecular origin of the M line observed in the emission
spectra of Ge, as well as the results of measurements,
more accurate than in Ref. 3, of the binding energy A
of the excitonic molecules in the absence of a magnetic
field. In §4 are presented the results of an investigation
of the paramagnetic and diamagnetic properties of in-
direct excitons in Ge compressed along the axes (001)
and (111). The stabilization of an excitonic molecule in
a magnetic field is investigated in §5.

§2. EXPERIMENTAL TECHNIQUE AND CRYSTALS

All the investigated samples were pure germanium
with less than 10'2 em™ electrically active impurities
and with an approximate dislocation density 10 cm™,

To lift the orbital degeneracy of the electron (hole)
spectrum we used uniaxial compression of the Ge
crystal along the (111) axis and along an axis close to
(001) (the direction (1,1,16)). The samples were rec-
tangular parallelepipeds measuring 10X 3X 3 mm,
which were polished first mechanically and then elec-
trically. The crystal uniaxial compression technique
was described before.® The apparatus for the produc-
tion of the uniaxial pressure was placed together with
the sample inside a superconducting solenoid and were
situated in superfluid helium at 7= 1.5-2.2 K. All the
magneto-piezoelectric investigations were made in the
Voigt geometry. The nonequilibrium carriers were ex-
cited by a cw aluminum -yttrium garnet laser (A= 1.064
um) of 6 W power. The spectral instrument was a dou-
ble monochromator with a 600 line/mm grating and
with an approximate linear dispersion 8 A/mm in the
operating region. The recombination radiation was de-
tected by a Ge(Cu) photoresistor cooled to 7~100 K and
then registered with a lock-in amplifier. In investiga-
tions of the nonlinear dependence of the emission spec-
tra on the pump, a registration technique differential
with respect to intensity was used, using approximately
10% modulation of the exciting-light power density.
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§3. EMISSION OF EXCITONIC MOLECULES IN THE
ABSENCE OF A MAGNETIC FIELD

In undeformed Ge crystals, the partial fraction of the
exitonic molecules in the nonequilibrium e-% gas is ex-
tremely low at T<4 K. The reason is the unusually low
dissociation energy of the excitonic molecules, A
~0.05R (R is the exciton Rydberg) compared with the
binding energy of the electron-hole liquid (EHL) ¢
~0.5R.® The situation changes radically under condi-
tions of strong uniaxial compression of the Ge along a
direction close to the {001) axis. Under these condi-
tions, owing to the total lifting of the orbital degeneracy
in the electron and hole bands and the decrease of the
effective mass of the state density for the holes, the
EHL binding energy decreases to values ¢ ~A. The gas
density near the phase boundary in the EHL therefore
increases substantially, and with it the partial fraction
of the exitonic molecules. Under these conditions a new
and sufficiently well resolved M line was observed in
the spectra, comparable in intensity with the free-ex-
citon line FE, which we have attributed to the exciton-
ic-molecule emission on the basis of an analysis of the
spectrum shape and its dependence on the temperature,
the pump, and the applied electric field.> We present
here new results that confirm the molecular origin of
this line.

Under conditions of thermodynamic equilibrium, the
densities of the excitons 7., and of the excitonic mole-
cules n, are connected by the relation

L ATAE O\ P vy A
Nyx=Nrg~ (m) -;:ETexp (—];_T—) N (1)
where v, and v, are the statistical weights of the ex-
citonic molecules and of the free excitons, and m,, is
the translational mass of the exciton. In accord with
(1), the intensity of the excitonic-molecule emission
line should vary quadratically with the exciton emission
intensity: I,~1 :E. For an experimental verification of
this relation (which should hold also in the absence of
detailed balance in the gas phase) it is important that
the exciton temperature remain constant when the ex-
citing-light power is varied. The power -law exponent
n can be determined with highest accuracy by using a
differential (with respect to intensity) spectrum mea-
surement procedure. The value of # is determined di-
rectly from the intensity ratios I,,/I -, measured in the
differential and integral spectra:

_ U Ise) aier (2)
(I.\I/IFE) int
Figure 1 shows plots of the differential (with 13% in-
tensity modulation—curve 1’) and summary (curve 1)
spectra of the lines M and FE. The exponent n obtained
in this manner turned out to equal 1.9+0.1, as expected
for a bimolecular process.

The emission of the excitons and excitonic molecules
in Ge is indirect in character and is accompanied by
emission of a phonon that carries away momentum in
accord with the conservation law. It is of great inter-
est to compare the excitonic-molecule emission spectra
with the LA and TA photon emission, which correspond
in accord with the symmetry laws to transitions that
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FIG. 1. Emission spectra of excitons and excitonic molecules
in Ge(1,1,16) at T= 1.8 K in a zero magnetic field with emis-
sion of LA and TA photons. The LA spectra 1 and 1’ were
recorded with a 13% modulation of the intensity of the exciting
light at W~20 W/cm? (1—integrated, 2—differential, magni-
fication 6X). The TA (2’) and LA (2) spectra were recorded at
W~25 W/cm?, The intensity ratio of the TA and LA compo-
nents is shown in the upper part of the figure (the TA spectrum
is shown with a magnification 42%).

are allowed and forbidden in zeroth order in k. For the
forbidden transitions, there appears in the matrix ele-
ment an additional factor proportional to the modulus of
the quasimomentum k. In the case of the exciton-phonon
spectrum, the intensities of the forbidden (7A) and al-
lowed (LA) components satisfy the relation

L™ (E) ~El:s*A(E), (3)

where E~k? is reckoned from the low-frequency bound-
ary of the spectrum (E= 0 corresponds to the emission
of an exciton at rest). In the case of radiative decay of
an excitonic molecule (excitonic molecule = photon

+ phonon + exciton), k corresponds to the quasimomen-
tum of the recoil of the particle produced in the transi-
tion (to the exciton). For the emission intensities of ex-
citonic molecules in the allowed and forbidden spectra,
I (E) and I%} (E), relation (3) should also hold, but here
the energy E is reckoned from the high-frequency
boundary of the spectrum (E = 0 corresponds to a recoil
exciton at rest). Figure 1 shows the emission spectra
of the excitons and excitonic molecules with emission of
LA and TA phonons, measured at the same optical
pumping (~5 W/cm?) (curves 2 and 2’, respectively).

We point out that the emission intensity in the 7A com-
ponent is smaller by a factor of almost 200 than in LA,
Therefore the quality of the TA -component plot is
worse than that of LA. In the upper half of Fig. 1 is
shown the intensity ratio I74/I*4. 1t is seen that from
the line M the relation (3) is satisfied with sufficient
accuracy. This allows us, in particular, to exclude
completely a possible interpretation of the M line as
the result of emission in an electron-hole plasma. In
the latter case the emission probability should increase
when the high-frequency limit of the spectrum is ap-
proached, in contrast to the experimental results.

We note that if good plots are obtained of both the LA
and the TA components of the spectrum, the measure-
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FIG. 2. Emission spectra of excitons and excitonic molecules
in Ge(1,1,16): 1-3) W=25W/cm?% T, = 1.47 (1), 1.74 (2),
2.10 K (3); 4) W=3 W/cm? and T=2.1 K. The inset shows a
plot of In(,T3#/I*%g vs 1/ Tgg, from which the binding
energy of the excitonic molecule was determined.

ment of the ratio of the intensities of the M and FE
lines uncovers a possibility of estimating in experiment
the binding energy of the excitonic molecule (see the
upper part of Fig. 1). Approximating the linear TA and
LA component intensity ratio up to the crossing of the
energy scale, we can find the corresponding boundaries
of the excitonic-molecule and exciton spectra, and
hence also the binding energy A. In our experiments we
obtained for A the estimate 0.1<A<0.4 meV. The ac-
curacy of this method of estimating A is sensitive to
the temperature and decreases with increase of the lat-
ter.

The binding energy A in uniaxially deformed Ge can be
determined with higher accuracy by the thermodynamic
method. Within the framework of this method, which
presupposes quasi-equilibrium between the components
of the gas phase, the value of A is determined by com-
paring the intensities of the emission lines M and FE
measured at different temperatures [see Eq. (1)]. Fig-
ure 2 shows the emission spectra of the excitons and
excitonic molecules measured at constant optical pump-
ing (~25 W/cm?) in the bath temperature interval T B
= 1.45-2.2 K. The temperature Tj  of the exciton sub-
system, determined from the halfwidth of the exciton
emission line (6 = 1.8%7) changed in this case from 1.9
to 3 K. The error in the determination of Ty, by this
method is connected with the broadening of the exciton
emission line on account of the dispersion of the pho-
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FIG. 3. Level-splitting scheme of excitons and excitonic mole-
cules in a magnetic field.
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nons, of their finite lifetime, as well as of the inho-
mogeneity of the deformation. Judging from the fact
that the difference T~ T, decreased monotonically
with decreasing excitation power and amounted to ~0.3
K at W~0.4 W, we estimate the error in the obtained
values of T at 0.1-0.2 K. The inset of Fig. 2 shows
the temperature dependence of the intensity ratio of the
lines M and FE plotted in the coordinates In(l, T3/>/I2,)
and 1/7,, . It is seen that the experimental dependence
is well described by expression (1). It was found from
this expression that A = 0.27 +0.06 meV. This is higher
than the result of variational calculations, according to
which 4~0.003 R or ~0.1 meV for Ge."’®

§4. ELECTRON AND HOLE g FACTORS IN AN
INDIRECT EXCITON AND DIAMAGNETIC SHIFT IN
EXCITON SPECTRUM

We consider first the properties of an indirect exci-
ton in uniaxially deformed Ge in a magnetic field. In a
weak magnetic field, when the cyclotron frequency w,
= eH/u, c <R/H, the exciton energy can be expressed
in the form

Erx (s, Ja H) =Epe’+ (szge'*']';g,.) uH'*"/ng;Hz. (4)

Here U, p is the reduced mass of the exciton, u is the
Bohr magneton, s, (j,) and g,,, are respectively the
projections of the electron (hole) spins on the magnetic
field direction and their g factors, and X, is the di-
amagnetic susceptibility. In undeformed Ge the contri-
butions to the diamagnetic susceptibility come from ex-
citons that contain electrons in four valleys equivalent
in energy but with different orientations of the princi-
pal axes of the ellipsoids. This is the cause of the large
large anisotropy of the diamagnetic shift in undeformed
Ge when H is parallel to {100).® Under conditions of
strong compression of the Ge crystals along the (111)
axis and along an axis close to (001), there remain ex-
citons with electrons in the nearest split-off valley and
holes with identical |j,l.

a. Zeeman splitting. The ground state of the indirect
exciton in uniaxially compressed Ge is split in a mag-
netic field into four levels (Fig. 3). The intensities of
the Zeeman components (1-4) in the emission spectrum
depend on the matrix element of the transition, as well
as on the population of the corresponding spin states.
The selection rules for transitions (1-4) with LA -pho-
non emission are listed in Table I, where the following
symbols are used: u, is the displacement amplitude, e
are the polarization vectors, A and 7 are constants.
Figure 4 shows the exciton emission spectra with LA -
phonon emission in Ge uniaxially compressed along an

i

TABLE 1. Selection rules for indirect transi-

tions in germanium with LA-phonon emission.?

’z
z /2 —1/z

L o4l —1/773 u
1/, Vo Ne+tz e
A 1
—1/, 3 Aeu, 7 et
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FIG. 4. Emission spectra of indirect exciton in Ge(1,1,16) in
fields H= 0 (a), 1.8 (b) and 4.7 T (c). Solid lines—experiment,
dashed curves—contours of spectra, corrected for depolari-
zation in accord with Eq. (5) (y= 0.17). The contribution to the
m component from the recombination of the excitons in the up-
per spin state at H = 1.8 T is shown by the points (with mag-
nification 3X). The distance between the arrows on spectra b
corresponds to (lge| + | g;|1) nH, and on specta c it is equal to
8ekH.

axis close to (001). The spectra were recorded in the
Voigt geometry (HLk at H | P) in the polarizations 7
(EIl H) and o(E LH). It is seen from the figure that the
intensities of the components 2—4, which corresponds
to emission of excitons in spin-excited states, decreas-
es rapidly with increasing magnetic field. In fields H
25 T the 7 component of the spectrum coincides fully
with the emission spectrum in a zero field. We call at-
tention to the presence of depolarization of the radiation
from the crystal, owing to the multiple reflections in-
side the sample. As a result, the experimentally mea-
sured 7 and o0 components (I¢ ) contain contributions

10
from the component with the other polarization

I:(v)=(1'_7)1n(q)+71g(n). (5)

The depolarization coefficient ¥ was determined ex-
perimentally from the ratio I‘,,/I: for the component 1 in
fields H>5 T, when g, , WH exceeds 2 kT as well as the
spectral width of the gap. Under these conditions I;/I:
was independent of H, since the emission line should be
fully polarized under these conditions, I¢/I¢= y/1 - 7.
The depolarization coefficient was usually small, 0.15
-0.25, so that the 7 and 0 components could be reliably
enough separated with the aid of (5) (dashed curves of
Fig. 4). It follows from the selection rules (Table I)
that at H= 0 we have I /I, = (1/4)7%/X?, and 7 = X if only
transitions through the nearest band I'; are taken into
account. Experiment yielded I/I,~1/3 (Fig. 4). It
follows therefore that n> A (n=1.21), i.e., transitions
through the L] band must also be taken into considera-
tion.® In fields H>3 T the 7 and ¢ components corre-
spond to transitions from the lowest and first-excited
states, the energy interval between which is deter-
mined by the smaller of the g factors (g, or g,). This
interval turned out to be 1.7 +0.2 in Ge (001) (Fig.4)
and 1.0+0.2 in Ge (111).

The second g factor can be obtained from an analysis
of the form of the emission spectrum measured in one
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polarization, since the matrix elements for the transi-
tions 1 and 4 (2 and 3) coincide (see Table I and Fig.

3). If the exciton system is in equilibrium, the intensi-
ty distribution in the spectrum is given by

I, o(E) ~ (E"+[E—| g0 | uH]") exp (—E/KT), (6)

where E is reckoned from the low-frequency edge of the
exciton component 1 (2). It follows from this expres-
ion that the components 3 (4) do not appear in the spec-
trum in the form of separate lines. We have chosen
for the analysis the intense m component, because it is
not distorted much by the contribution from the weak
component on account of the presence of depolarization.
The contribution made to the 7 component by recombin-
ation of excitons in the upper spin state 4 can be separ-
ated in fields H= 1.5-2.5 T. In stronger fields (H>5 T)
this state is practically unpopulated and the emission
spectrum agrees, within the limit of experimental er-
ror, with the spectrum at # =0, At H=1.5-2.5 T the
contribution made to the 7 component by emission from
the excited state is the difference between the emission
contours, normalized at the maxima, at H#0 and H = 0.
This contribution is shown by the points in Fig. 4 for
H=1.8 T. The obtained summary g factor in Ge (001)
at P~25-35 kgf/mm? turned out to be 6+1.

The smallest g factor agrees with the free-electron
values known for Ge, namely g, = 1.57 at H || {100) and
0.9 at H| (111).° It is natural to ascribe the second g
factor obtained by us (lgl = 4.5 +1) to the hole in the
exciton. From polarization measurements (the compo-
nent 1 has 7 polarization) it follows that the g factors of
the electrons and holes in an indirect exciton in uniaxi-
ally deformed Ge have opposite signs, just as in the
case of the free electrons and holes in these crystals.
It must be noted, however, that the obtained value of
the g factor for the hole is substantially larger than the
hole g factor in an indirect exciton in undeformed Ge
(g,= -1.6—Ref. 9) and is the less than the g factor of a
free hole in strongly compressed Ge along the (001)
axis (g, = —6.8—Ref. 11).

b. Diamagnetic shift. In addition to the paramagnetic
splitting, the exciton emission spectrum experiences in
a magnetic field a strong diamagnetic shift. For the
analysis that follows it is convenient to represent the
dependence of the shift E_g(S,,je,H) = Epg(H = 0) in the
spectrum on the magnetic field strength in terms of the
coordinates 6E,z/H and H. When account is taken of
only the first terms in the expansion in H [Eq. (3)] the
plot of 6E,,/H in the region of weak magnetic fields
should be approximated by a straight line whose slope
yields the diamagnetic susceptibility and the intercept
with the ordinate axis yields the total g factor of the
electron and hole, namely (1/2)(Ig.| + lgal)is. Experi-
mental plots of 8E, ;(H)/H measured for Ge com-
pressed along (001) (P ~25 kgf/mm?) and (111) (P~18
kgf/mm32) are shown in Fig. 5. We note that at these
strains one can neglect the nonparabolicity of the hole
band all the way to quasimomenta 2~ag! (g is the
Bohr radius of the exciton).!! It is seen from Fig. 5
that in magnetic fields = 1-1.5 T, when Zw,~R/2, a
deviation of the experimental plot from linearity is al-
ready distinctly observed.
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FIG. 5. Experimental plots of the exciton emission line shift
vs. the magnetic field at H||P|| (1,1,16) (®) and H|| P|| (111)
(O). The solid lines show the diamagnetic shift calculated for
excitons in these cases in Ref. 12.

We consider now the dependence of the diamagnetic
shift in very weak fields, H =1 T. This region is of in-
terest because it is possible to calculate here the dia-
magnetic susceptibility with sufficient accuracy within
the framework of perturbation theory, allowing for the
anisotropy of the electron and hole mass spectra.'? It
is well known that the Hamiltonian of an electron with
an isotropic spectrum, moving in a central field (with-
out allowance for the spin motion), contains a correc-
tion to the ground-state energy, in the form (e?/8mc?)
X[Hxr]?. The situation is different with excitons in a
semiconductor with anisotropic electron and hole
masses. Owing to the mass-spectrum anisotropy, the
correction, quadratic in the magnetic field, to the ex-
citon energy appears not only in first-order perturba-
tion theory (Langevin diamagnetism), but also in sec-
ond order, from the Hamiltonian term linear in H (Ref.
12) (van Vleck orbital paramagnetism). Calculations
performed for uniaxially compressed Ge (111) and Ge
(001) (Ref. 12) have demonstrated that in both cases the
contribution to the susceptibility from the orbital para-
magnetism is numerically small (<2.5%). The diamag-
netic (Langevin) correction to the energy of an indirect
exciton in Ge at H || P turned out to be 0.27 meV/T? for
P| (111) and 0.18 meV/T? for P|| (001). The straight
lines in Fig. 5 correspond to these calculations. It is
seen that in weak fields, H<1 T, the calculation de-
scribes satisfactorily the experimental 6E, .(H) depend -
ence. It is also possible to determine from this the
sum of the moduli of the g factors of the electrons and
holes in an exciton. These turned out to be Ig,| + 1g,l
=5.5+0.5 for Ge (001) (in agreement with the values ob-
tained above) and Ig,l + Ig,! = 5+0.5 for Ge (111).

§5. EXCITONIC MOLECULE IN A MAGNETIC FIELD

The investigation of the effect of a magnetic field on
the emission spectrum of an excitonic molecule in Ge
is extremely interesting because of the rapid spin re-
laxation of the electrons and holes compared with the
lifetime of the excitons in the excitonic molecule. Asa
result it is possible to distinguish experimentally in Ge,
unlike in Si, between the triplet and singlet excitons
and to separate the contributions made to the excitonic-
molecule dissociation by the paramagnetic splitting and
by the diamagnetic susceptibility.
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It is natural to expect, in analogy with the hydrogen
molecule, that in the ground state the resultant spin of
the excitonic molecule is zero. The energy of such a
singlet biexciton in a magnetic field is

Ex(H)=Ex(0)+0E., (7)

where 6E, ~(1/2)x,H? in the case of weak magnetic
fields (x is the diamagnetic susceptibility of the exci-
tonic molecule). It follows from (4) and (7) that the
binding energy of the excitonic molecule in a magnetic
field is

Ase(H) =2E s (—*/s, /2, H)—Exe(H) =A— (| g.| + | ga|) unH+/, 18y,  (8)

where 6 = 2Xpg —Xy. The question of the diamagnetic
susceptibility of an excitonic molecule in weak magnetic
fields was considered theoretically in Ref. 13, where it
was shown that X,/2X5<1.9, and also with the exciton-
ic molecule in Si as the example, where a ratio x,,,/ZxF,
< 1.5 was obtained.*

Owing to the paramagnetic splitting the excitonic
molecules cease to be stable even at 6x = 0 (the binding
energy becomes zero) in a field H=H_ = A/(Ig.| + Ig,!)
X p. In uniaxially compressed germanium H  ~1.5 T.
It must be borne in mind, however, that at 7+#0 the
singlet excitonic molecules can exist even at H>H  be-
cause of the finite population of the spin-excited states
of the excitons. At thermodynamic equilibrium it is
easy to obtain from the condition that the chemical po-
tentials be equal, 24,5 = K,, the following relation for
the excitonic-molecule and exciton densities:

nu(H) f nu(0) _Hy 9
nee’ (H) / neg* (0) =exp kT f(ge g H,T), ( )

F(H)=
where the densities of the excitonic molecules and of
the excitons, 7,(0) and n,;z(0) at H = 0 are connected by

Eq. (1), and the function f, which describes the decrease
of the fraction of excitonic molecules in the gas phase

Ff A-4,, meV

0.5+ ’ «\. \{\\{ 4

FIG. 6. Change of the ratio of the emission line intensities of
the excitons and excitonic molecules, I./Izm in @ magnetic
field, obtained in experiment (curve F) and calculated with-
out allowance for the diamagnetic shifts for the exciton and the
exciton and the exitonic molecule, using the g factors obtained
from the Zeeman-splitting spectra (curve ). In the lower part
is shown the change of the excitonic-molecule binding energy
(A— Ap) obtained from the ratio of these functions and due to
the difference between the diamagnetic shifts of the exciton
and of the molecule.
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because of the paramagnetic splitting, is equal to

= 1 [ch(g-+gn)u11 +on g8 pd ]
2kT

4 2kT (10)

For Ge {001) the function f(H) shown in Fig. 6 was cal-
culated using g,= 1.6 and g,= 4.5+1. As seen from (9),
from the deviation of the experimental F(k) from the

function f(H) we can estimate 6x and then, knowing XpEs
we can estimate also the ratios of the diamagnetic sus-
ceptibilities of the excitons and the exitonic molecules.

The effect of the magnetic field on the emission spec-
tra of excitonic molecules and excitons is illustrated in
Fig. 7, which shows the change of the emission spec-
trum of Ge (100) at a fixed excitation density at H= 0,
0.4, 0.8, and 1.2 T. It is seen from the figure that the
excitonic-molecule emission line vanishes from the
spectrum with increasing magnetic field, while the
emission intensity of the excitons increases at the same
time. The integrated intensity of these lines remains
practically unchanged in this case. It is thus clearly
seen that with increasing magnetic field the stability of
the excitonic molecules in Ge decreases rapidly, and
this is accompanied by a decrease in the excitonic-
molecule density and by an increase of the exciton den-
sity. The constancy of the integrated intensity agrees
with the very small difference between the quantum
yields for the excitonic molecules and for the excitons

(~15%).
The ratio

I, (H)
Iee*(H)

1., (0)

Fi)y= T+ (0)

measured at 7= 1.8 K is shown in Fig. 6. As seen from
a comparison of the functions f(H) and F(H), the exper-
imentally observed decrease of the intensity of the ex-
citonic-molecule emission line intensity cannot be de-
scribed solely in terms of the contribution from the
paramagnetic (linear in H) terms, and it must be as-
sumed that xu>2X,,.. The change A, ~A is shown in
Fig. 6. It follows from it that x, = (2.7 +0.5)x, . This
result agrees with the results of an investigation of x,
in compressed silicon® as well as with the x, calculated
in Ref. 13.

§6. CONCLUSION

In our opinion, the most interesting result of this pa-
per is the observation of the destruction of the excitonic
molecules in uniaxially deformed germanium in a mag-
netic field. The observed instability is due to the fact
that the spin-oriented excitons cannot form, in accord
with the Pauli principle, a stable molecular state. The
analysis has been carried out in a magnetic-field range
such that the cyclotron energy is lower than the exciton
Rydberg so that the excitons are not yet fully diamag-
netic. Practically complete spin orientation of the ex-
citon takes place under conditions of rapid spin relaxa-
tion, when the paramagnetic splitting in the exciton ex-
ceeds substantially the thermal energy. For Ge, this
situation is realized under uniaxial compression along
a direction close to (001), in magnetic fields H~1.5 T
and T = 1.45 K. The gas of the spin-oriented excitons in
uniaxially deformed germanium is a most convenient
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FIG. 7. Effect of the magnetic field on the exciton and biexci-
ton emission spectra; T=1.5 K; H=0 (1) 0.4, (2), 0.8 (3).
and 1.2 T (4).

model object for the study of the statistical properties
of excitons of high density. If it turns out for certain
directions of uniaxial deformation in Ge (e.g., dilatation
along a direction close to {001)) in a magnetic field that
not only the excitonic molecules but also the electron-
hole liquid is unstable because of the complete spin or-
ientation of the carriers, then under these conditions
one could expect Bose-Einstein condensation in the ex-
citon gas when the critical parameters (density and
temperature) are reached. In addition, a spin-oriented
exciton gas is convenient also for the study of ioniza-
tion collapse of excitons.

In conclusionb the authors thank T.G. Tratas and
V.M. Edel’shtein for interesting opinions and discus-
sions.

1) The energy of the exciton term was determined by measuring
the low-frequency edge of the exciton-phonon spectrum,
where the emission intensity was half the maximum value.

1V, D. Kulakovskii and V. B. Timofeev, Pis’ ma Zh. Eksp.
Teor. Fiz. 25, 487 (1977) [JETP Lett. 25, 458 (1977)].

2P, L. Gourley and J. P. Wolfe, Phys. Rev. Lett. 40, 526 (1978).

31, V. Kukushkin, V. D. Kulakovskii, and V. B, Timofeev, Pis-
ma Zh. Eksp. Teor. Fiz. 32, 304 (1980) JETP Lett. 30, 280
(1980)].

4v. D. Kulakovskfi', A. V. Malyavkin, and V. B. Timofeev, Zh.
Eksp. Teor. Fiz. 77, 752 (1979) [Sov. Phys. JETP 50, 380
(1979)]. .

5V. G. Kulakovskii, V. B. Timofeev, and V. M. Edel’ shtein,
ibid. 74, 372 (1978) K47, 193 (1978)).

6J. C. Hensel, T. G. Phillips, and G. A. Thomas, Sol. State
Phys. 82, 87 (1977). )

"W. F. Brinkman, T. M. Rice, and B. Bell, Phys. Rev. BS,
1750 (1973).

80. Akimoto and E. Hanamura, Sol. State Commun. 10, 253
(1972).

%V. M. Asnin, G. L. Bir, Yu. N, Lomasv, G. E. Pikus, and
A. A. Rogachev, Zh. Eksp. Teor. Fiz. 71, 1600 (1976) [Sov.
Phys. JETP 44, 838 (1976)].

10K Suzuki and J. C. Hensel, Phys. Rev. B9, 4184 (1974).

J. C. Hensel and K. Suzuki, Phys. Rev. B9, 4219 (1974).

G, Feher, D. K. Wilson, and E. A. Gere, Phys. Rev. Lett.
3, 25 (1959).

12T, G. Tratas, and V. M. Edel’ shtein, Zh. Eksp. Teor. Fiz.
81, 696 (1981) [Sov. Phys. JETP 54, 372 (1981)].

13y, M. Edel’ shtein, sbid. 77, 769 (1979) (50, 384 (1979)].

Translated by J. G. Adashko

Kulakovskii et al. 3n



