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The decisive role played by band anisotropy in the stabilization of the metallic phase (of an electron-hole
liquid (EHL)) in the case of nondegenerate parabolic bands is demonstrated, with an investigation of the

condensation of excitons in Ge crystals strongly compressed along the axes (111> and {(~100) as the

example. The exciton binding energy in the EHL in Ge (111) is ¢ =R /5 (R is the exciton Rydberg). In pure
Ge (~100), ¢ =1/24,, <R /10 (4,, is the binding biexciton energy and to assess the stability of the EHL
measurements at temperatures 7 < 1 K are necessary. It was observed that weak doping (N ~3X10'> cm™?)
stabilizes the EHL in Ge{ ~ 100); the density of the EHL is in this case (7-8)X 10'* cm~* (r, =~ 1.8). The role of
the multiparticle effects in the formation of the EHL emission spectrum is found to increase with decreasing
EHL density. A decrease in the stability of the EHL in Ge{ ~ 100> with N ~3X 10'* cm™ is observed in

magnetic fields H 0.5 T. This is explained within the framework of the total-density approximation for the

exchange-correlation energy.

PACS numbers: 71.35. + z

§1. INTRODUCTION

A gas of nonequilibrium electrons in indirect semi-
conductors Si and Ge condenses at low temperatures in-
to a dense metallic EHL with large binding energy
@(=R/2) (see, e.g., the reviews':?). Lifting the band
degeneracy decreases ¢ (Ref. 3). It follows from cal-
culations that in the case of nondegenerate isotropic
electron and hole bands the metallic phase is less sta-
ble than the molecular phase.! Closest to this idealized
model is uniaxially compressed Ge, which has simple
but unfortunately anisotropic bands. It follows from
theoretical calculations®™ that the anisotropy of the
bands lowers the energy of the metallic state, and its
value expected for Ge(l11) is close to 0.15R. We recall
that the binding energy A, of the excitonic molecules
(EM) in Ge amounts, according to calculations,® to a,,
=0.03R, as g against A,=0.1R obtained in experiment.®

It is seen from the foregoing that investigations of
the condensation in strongly compressed Ge crystals
are most pressing from the point of view of destabiliza-
tion of the metallic phase, the formation of which
makes it impossible to investigate collective interac-
tions in a dielectric exciton system of high density and,
in particular, Bose-Einstein condensation. It is of
considerable interest also to track the change of the
role played by metallic-phase multiparticle effects in
the formation of the emission spectrum with decreasing
density of this phase. It is known that in a dense EHL,
owing to the strong screening of the Coulomb potential,
the role of such effects is extremely small (see, e.g.,
Ref. 1). The experimental difficulties encountered in
this case lie mainly in obtaining very large homogene-
ous strains, so as to exclude the influence of the non-
parabolicity of the valence band, which stabilizes
strongly the EHL. To our knowledge, the maximum
employed uniform pressure in Ge(111) was P~ 140 MPa,
in which case the nonparabolicity of the valence band
was still large and the binding energy ¢ of the EHL was
larger than 0.3R (Ref. 10).
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We have called attention in Ref. 11 to the possibility
of obtaining a more promising exciton system in
Ge(~100),2 in which the anisotropy of the valence band
is much lower than in Ge(l11). It was precisely in
Ge(~100) that it was possible to obtain in an exciton
system, a chemical potential so large that the densities
of the excitons and of the EM turned out to be compar-
able.

We investigate in this paper the condensation of ex-
citons both in Ge(111) (§§3,5) and in Ge(~100) (§§ 4-6)
by analyzing the behavior of the allowed and forbidden
components of the emission spectra of EHL, EM, and
excitons when the excitation density, the temperature,
and the strains are varied (§§ 3,4, 6), when the impurity
density is varied (§§ 4-6), and when a weak magnetic
field is applied (§§ 5, 6).

§2. EXPERIMENT

To obtain a large sufficiently uniform uniaxial com-
pression of the Ge crystals we used a procedure simi-
lar to that described earlier!? for the compression of
Si crystals. It must be emphasized that the require-
ments imposed on the uniformity of the strain of the
Ge crystals in the study of a weakly bound EHL are ex-
tremely stringent. By virtue of the very small
binding energy (~0.5 meV) and the large diffusion
lengths of the electron-hole pairs (>1 mm) the inho-
mogeneity of the strain in the crystal must certainly
not exceed 0.1-0.2%. Only in this case is a monotonic
variation of the characteristics of the emission spectra
observed with increasing strain. In the opposite case,
the EHL and exciton emission lines begin to broaden
already at P~150-200 MPa. To obtain a highly uniform
strain we placed in our setup, in contrast to that de-
scribed in Ref. 12, not one but two liners of tin-lead
alloy, 1.5 mm thick, between the plungers and the
crystal. Prior to their placement, the mechanically
polished crystals were etched in the polishing etchant
CP-4a. A small initial strain was produced at room
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temperature. The sample was indented thereby to a
depth of ~1 mm in each of the liners. It was found
empirically that at a crystal length 10 mm the best re-
sults are obtained for samples with cross sections

3 X3 mm.

The procedure employed yielded uniform pressures
P~400 MPa in Ge(111) and P > 600 MPa in Ge(~100).
(A higher uniformity is required in compression along
the (111) axis because of the stronger dependence of the
width of the forbidden band on the strain.) At P~500
MPa the splitting of the valence band AE, =20 meV, or
=10E,, where E, (=2 meV) is the energy of the Fermi
holes in the EHL, and the nonparabolicity of the valence
band at E<Eg, is small.

We investigated Ge with shallow-impurity density
N=3x10" and 3x 10" cm™. The samples were placed
in superfluid helium, thereby ensuring minimum over-
heating of the crystals. The heat rise, as follows from
an analysis of the exciton emission line shape, de-
creases with increasing distance from the He A point,
and equals ~0.3 K at a bath temperature T, = 1.5 K and
at an average excitation power W~1 W. The excitation
was with a cw 1.06 um laser with power up to 6 W, the
emission of which was modulated by a mechanical chop-
per at an off-duty cycle from 1 to 1/6. To record the
differential (with respect to the excitation density)
spectra we used 207 modulation of the laser intensity.

The spectral instrument was a double monochromator
with gratings of 600 lines/mm and dispersion 8 A/mm.
The radiation was registered with a cooled Ge(Cu) pho-
toresistor and lock-in detector.

The magnetic field H was always parallel to the
strain axis. The radiation was registered in Voigt’s
geometry (H1k).

§3. EHL IN Ge(111)

As noted in §2, we tracked the behavior of the emis-
sion spectrum in Ge{l111) up to P~350 MPa. Under
these conditions AE,~ 14 meV = TE, and the deviation
of the state density at the Fermi level from its value in
the limit of strong compression is approximately 15%.
As the hole dispersion law approaches the square of
the distance between the EHL emission lines (L) and of
the exciton lines (FE) decreases and the relative inten-
sity of the emission lines of the excitons increases (be-
cause of the decrease of the binding energy of the EHL),
while the L line becomes narrower (because of the de-
crease of the EHL density) (Fig. 1). At larger strains,
emission appears also in the region between the lines
L and FE; it is natural to attribute this emission to
radiative recombination of EM (EM — photon + phonon
+ exciton). Besides the spectral position, it has also a
number of properties inherent in EM radiation, which
was investigated in detail by us in Ge(~100) (Refs. 9,
11), namely: it appears only at sufficiently large ex-
citation densities near the condensation thresholds,
and has the same width as the M emission line in
Ge(~100), its increase is faster than linear relative to
the intensity of the emission of the excitons, and weak-
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FIG. 1. Emission spectrum of Ge {111) in the forbidden (with
TA phonon) and allowed (with LA phonon) components at Ty =

= 1.7 K, in the case of a weak (a, P =120 MPa) and strong (b,
P= 320 MPa) deformation, recorded at a high excitation den-
sity (1) and near the condensation threshold (2). For conveni-
ence in the comparison, the TA spectrum is shifted into the
region of the LA component by an amount equal to the energy
difference between the LA and TA phonons. The dashed curve
shows the ratio Iz,/I 4. The excitation densities are equal
to: a) 1 (LA and TA)— W= 20 W/cm?, 2 (LA)- W=4 W/cm?,b)
1(LA and TA) - W= 150 W/cm?, 2 (LA— W= 40 W/cm?. The
dash-dot line in Fig. 1b shows the EHL emission line shape
obtained from the difference of the spectra 1 and 2 of LA,
normalized to the emission line of the excitons, while the
points were calculated using expression (2).

ens strongly when a magnetic field H~1 T is turned on
(§5).

Figure 1 shows also the forbidden components of the
EHL emission line in Ge(111) (with emission of a TA
phonon). For convenience in the comparison of the al-
lowed and forbidden components, the TA spectrum is
shifted relative to the LA spectrum by an amount equal
to the phonon energy difference #Q 54 - EQT4= 19.78
meV. For the TA spectrum, the matrix element of the
transition differs from zero if the electron or hole is
located not at symmetrical points (A and I" respective-
1y)*:

M. (k,, k) =M. k. +M; K. (1)

It is seen from Fig. 1 that for the EHL the ratio I,.,/I, ,
increases with increasing /iw because of the increase of
the quasimomenta of the recombining electrons and
holes.

To determine the EHL parameters from the shape of
the emission spectrum, we used an expression obtained
in the single-particle approximation®:

Av
I(hv)= j IMI*D,(E) D, (hv—E) f.(E, Ey., T) fs(E—hv, En, T)dE, (2)

Here hv is reckoned from E, - iQp 4, 4, E, is the re-
normalized width of the forbidden band, and f,, and
D,, are respectively the distribution functions and
state densities of the electrons (holes). This expres-
sion describes well the emission line shape of a dense
EHL with » = (3/4mn,a,.)"*< 1 (see, e.g., Ref. 2).
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From an analysis of the influence of the multiparticle
corrections on the shape of the emission spectrum!:13.4
it follows that it is small because of the short-range
character of the screened Coulomb interaction. We in-
troduce the parameter

124 (0)/1:..(0)
Ira(Erc+En) /T4 (Er,+Ep)

§ o

Within the framework of the single-particle approxima-
tion, this parameter vanishes by virtue of the equation
M, (k,=0, k,=0)=0. In the case of a dense EHL with
r,< 1, the contribution from the multiparticle correc-
tions produces a small low-energy tail of the line L,
due primarily to the plasma excited states and to a
lesser degree to the excitation of extra electrons or
holes and to the damping of the single-particle states
far from the Fermi level.! These processes are ac-
companied by transfer of part of the energy and of a
certain quasimomentum to a third particle. They influ-
ence particularly strongly the form of the red edge of
the forbidden component, where in the single-particle
approximation the matrix element tends to zero. As a
result, the parameter ¢ introduced above differs from
zZero.

From a comparison of the TA and LA emission spec-
tra of the EHL in undeformed germanium it follows
that £ =0.05. The value of ¢ increases in uniaxially
compressed Ge(111) crystals. It is seen from Fig. 1
that £~ 0.4 at P~120 MPa and ¢ = 0.65 at P~320 MPa.
So great an increase of the influence of the multiparticle
corrections on the EHL line shape in compressed crys-
tals is due to the decrease of the EHL density. In light
of the analysis''!3:** of the limits of applicability of the
single-particle approximation, this result is natural,
since the Coulomb-interaction screening length in-
creases with decreasing density of the electron-hole
(e-h) pairs.

It follows from the foregoing that in strongly com-
pressed Ge crystals, when the expression (2) is used to
approximate the EHL emission line shape, the error in
the determination of the EHL parameters (the chemical
potential y,, the electron and hole Fermi energies E,
and Ep,, and the density n;) turns out to be noticeably
larger than in undeformed Ge. We note that expression
(2) is more suitable for the description of the allowed
component, for which M is constant, and the influence
of the numerous corrections on the red edge is much
smaller than for the forbidden component. The error
in p,, which is determined from the violet boundary of
the spectrum, remains small.

From the analysis of the allowed components of the
L line in Ge(111) at 7,=1.TK(T, = 2 K) and P~ 120
MPa (Fig. 1) we found that the chemical potential Ky,
reckoned from the exciton term, is u, =-1.0+0.1 meV.
When P increases to 320 MPa, u, decreases to 0.7
+ 0.1 meV, or =R/4, and the density decreases to (1.1
+0.1)x 10*®* cm™ (r,~1.6). In the approximation of the
experimental curve (Fig. 1) we have assumed that the
EHL temperature is equal to the exciton temperature
T,, obtained from an analysis of the exciton emission
line with account taken of the spectral width of the gap
at medium strains (P = 120-140 MPa), when the FE
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TABLE 1. EHL parameters in strongly compressed Ge(~100)
and (111),

VY

Ge (111) Ge (~109)
Theory’ 5::;" Theory Experiment

AEG/Ep ~ @ 7 o ® o ** o ** 12

T, K 0 2 2 0 o 1.75 1.75 | 2.8
~Wr, meV 04261 0.5% 0.7 021 019 027 028 | 037
ez, meV - - n7 - - - 034 | 043
—utR. meV 3.08 | 32 335 301 299 3.07 3.08 | 347
ne-10-15, ecm-* 111 8.9 11 10.1 a7 8.2 73 6.5
re 1.08 | 1.69 1.58 163 1.65 1.73 181 1.88
FpetEpn. meV | 288 | 246 27 2.84% 276 244 216 | 2.02
ng10-" em-3 | = | 04 0.12 < - 17 094 | 28

*A calculation using the f’;c dependence from Ref. 6.
**Calculation using $U! from Ref. 6.

line is well resolved at all excitation densities and has
a Boltzmann contour with half-width 1.82T,,. Since it
is possible to describe adequately the red edge of the
L line, we started from the condition that the half-
widths of the experimental and calculated emission
spectra of the EHL are equal. The obtained values of
L, and n, are close to those calculated by Vashishta
et al.>7 (Table I) using the self-consistent scheme of
Singwi et al.'?

Since excitons and EM are present in the gas phase
of Ge(111), the ratio of their integrated emission inten-
sities I,/ in the spectrum near the condensation
threshold can be used to estimate independently the
chemical potential in the gas phase

He=ee=1/21y. (3)
From (3), recognizing that the degeneracy multiplicity
of the exciton term is four times larger, and the exci-
ton state-density mass is two times larger than for
EM, it follows that

%=a—:£=2"‘aexp( —&I{TA‘—) (4)
The EM binding energy is here A, = 0.27+0.06 meV,?
and the ratio of the radiative probabilities for the EM
and for the excitons® is @ 2. From Fig. 1(b) (curve
LA, 2) it is seen that I,/I..=~1/3-1/4, from which it
follows that u,, = -0.7+0.15 meV. The error in u, is
small, since the ratio I,/I., enters logarithmically.
The agreement between u, and u, is evidence of ther-
mal equilibrium between the gas and the EHL.

§4. EHL IN Ge (~100) WITH IMPURITY DENSITY
3X10'2 ¢cm3

In Ge(~100), which differs from Ge(111) only in the
smaller anisotropy of the valence band, the gas-phase
density, as found in Ref. 9, is substantially higher. In
the present paper we trace the EHL radiation. Figure
2 shows the variation of the emission spectra of
Ge(~100) with N=3x 10'2 ¢cm™ as the pressure is in-
creased to P= 480 MPa. The TA and LA spectra were
recorded at a bath temperature 7, = 1.6 K and an exci-
tation density W= 30 W/cm?. With increasing strain,
the intensity of the L line decreases and it vanishes
completely at the maximum strains. With increasing
excitation density, however, it again appears in the
spectrum [Fig. 2(c), spectra TA®° and LA°, recorded
at®) W= 200 W/cm?).
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FIG. 2. Emission spectra of Ge (~100) with N= 3 x10?
cm™ in the forbidden (TA) and allowed (LA) components at
T,= 1.6 K and different strains: a) P= 50 MPa, b) P= 160
MPa, and c) P- 480 MPa, The TA and LA spectra were re-
corded at W- 30 W/cm?, TA° and LA°, at 200 W/cm?, For
convenience in comparison the TA spectra are shifted

into the region of the LA component by an amount equal to the
difference between the energies of the LA and TA phonons.
The dashed curves show the ratio Ir4/Ip 4, and the dash-dot
curves the ratio —Ir4e/I;4°. The scale on the ordinate axis
pertains to the ratio Ig,/I 4.

The ratio I,.,/1, , for excitons increases with increas-
ing hw [Fig. 2(c)] in accordance with the increase of the
ratio of the matrix elements | M, ,1%/IM_,1?~K, 2~ fw
- E,,. For biexcitons this ratio, on the contrary, in-
creases with decreasing /iw by virtue of the increase of
the quasimomentum of the recoil exciton [Fig. 2(c), see
also Ref. 9). The dependence of I, ,/I, , for EHL in
strongly compressed Ge(~100) crystals, just as in
Ge(111), becomes extremely weak [Fig. 2(c)], thus in-
dicating a strong influence of the multiparticle correla-
tions on the line shape. It is also seen from Fig. 2 that
owing to the decrease of the Fermi momentum in the
EHL the ratio I, ,/I, , decreases strongly on the violet
edge of the L line. At P=500 MPa it turns out to be no-
ticeably smaller than on the red edge of the M line,
when the exciton-recoil kinetic energies close to Eg,.
This difference is apparently due to the opening up, up-
on recombination of the EM, of a larger quasimomen-
tum region, despite the participation of particles having
the same energy as in the recombination of electrons
and holes into EHL, owing to the inequality of the trans-
lational masses of the exciton and the holes (m,, >m,).

It is seen from Fig. 2 that in strongly compressed
Ge(~100) the L and M lines overlap strongly. To separ-
ate the L line, whose appearance in the spectrum has a
threshold, we used 20% modulation of the exciting light
(Fig. 3). From a comparison of the spectra recorded
with 100% (curve 1) and 20% (1) modulation at low ex-
citation density (W=30 W/cm?), it is seen that a thresh-
old exists for the appearance of the L line in the spec-
trum. At large W the difference between the usual (2)
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FIG. 3. LA spectra of the emission of weakly doped Ge
(~100) at P= 330 MPa and T}, = 1.6 K near the condensation
threshold (1, W= 30 W/cm?) and high excitation density (2,
W~150 W/cm?), recorded with 100% modulation (curves 1

and 2) and 20% modulation (curves 1’ and 2’) of the exciting
light. The gain was not changed when the differential spectra
were recorded. The spectrum 2’, shown dashed, is normaliz-
ed to the maximum of curve 2.

and differential (2’) spectra is small because the radia-
tion intensities of the EM and of the excitons are low.

To find the chemical potential and the EHL density in
Ge(~100) we approximated, just as in the case of
Ge(111), the form of the allowed (LA) component of the
L line with the aid of expression (2) [Fig. 4(a)]. At T,,
=1.75 K, the agreement between the calculated and ex-
perimental spectra is satisfactory at u, = -0.28+0.04
meV =0.1R and n,=(7.3+0.5) x 10** cm™ (r,=1.81). For
the chemical potential of the excitons in the gas phase
we obtained, from the experimental value of 1,/I.; at
the condensation threshold [,/1..~2, Fig. 4a)], using
Eq. (3), the close value p,, = -0.34+£0.08 meV.

1

1 1 : :
706 08
ﬁw, meV

FIG. 4. LA spectra of the emission of strongly compressed
Ge (~100) crystals with N= 3x10 cm™ (a) and 3x10! cm™
(b) at T»= 1.5 K near the condensation threshold (curve 1) and
at high excitation density (curves 2). The spectra (2’), which
are differential in the density, were recorded at 20% modula-
tion, and the amplification coefficient was x2.5 for Fig. 4a
and x1 for Fig. 4b. The points on Fig. 4a shows the approxi-
mation of the shape of the EHL spectrum with the aid of ex-
pression (2) at Tey = 1.75 K, ny= 7.3°10!* cm™3. The pres-
sures and excitation densities for the spectra are respective-
ly: a) P=450 MPa, W=40 W/cm? (1) and 150 W/cm?, (2),

b) P= 420 MPa, W= 70 W/cm® (1) and 200 W/cm? (2).
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The experimental parameters of the EHL in Ge(~100)
and Ge(111) are compared in Table I with those cal-
culated for T=0 and T= 2 K, since the temperature
corrections are substantial. The theoretical parame-
ters for the EHL in Ge(~100) were calculated by us us-
ing for the exchange-correlation energy &, (7, the re-
lations calculated in Refs. 6 and 7 within the framework
of the scheme of Singwi et al.'® for Ge(111) (#€{!'*’) and
for the idealized band structure (simple isotropic para-
bolic bands) (#,%). As expected from the very weak
sensitivity of &, (7, to the details of the band struc-
ture, the EHL parameters calculated using &, ° and
€11 differ very little. It is seen from the table that
the experimental value of the chemical potential in
Ge(~100) agree well with the calculated ones, whereas
the density of the EHL is noticeably lower than the the-
oretical value. It is not excluded, however, that ne-
glect of the multiparticle effects (e.g., of the contribu-
tion from the vertex corrections that increase the re-
combination probability for electrons and holes as their
energy approaches E., Refs. 14 and 17) the experimen-
tal value of n, is somewhat underestimated. From a
comparison of the change of 1, on going from Ge(111)
to Ge(~100) it is seen that it is ~0.15 meV smaller for
the calculated values than the for the experimental
ones. To a considerable degree, however, this dis-
crepancy is due to the smaller strain in the Ge(111)
crystals, where P~ 320 MPa. At equal values of P
(320 MPa) this discrepancy is decreased by almost 0.1
meV and lies within the limits of the experimental er-
ror. We note in this connection that in the case of
Ge(111) one should expect approximately the same de-
crease (i.e., 0.1 meV) of | u,| as obtained by us at P
= 320 MPa, owing to the decreased nonparabolicity of
the valence band with further increase of the degree of
uniaxial deformation. The value u; = -0.6 meV ob-
tained for Ge(111) by this extrapolation agrees well with
the calculation. We call attention to the fact that the
EHL binding energy (in Rydbergs) in Ge(111) turns out
to be somewhat larger than in Si{100) (¢ = 0.17R, Ref.
16), where the conduction band contains two valleys
rather than one, but with small anisotropy. From the
results above it follows that calculations of the EHL
parameters with the correlation energy obtained by the
method of Singwi et al.'® describe well the experimental
results both in Ge(111) and in Ge(~100).

§5. INFLUENCE OF WEAK MAGNETIC FIELDS ON
EHL IN UNIAXIALLY COMPRESSED Ge

In strong magnetic fields, the dominant effect, as
follows from the calculations'® and the experiments in
undeformed Ge,'®'?° is the decrease of the contribution
made to the total EHL energy E ; by the kinetic energy
of electrons and holes, owing to the increase of the
state density at the bottom of the band because of the
quantization of their motion. As a result, n, and E (H)
reckoned from E,(H) increase strongly in a magnetic
field. The increase in the binding energy is in this
case somewhat slower because of the increase of the
exciton binding energy. In weak fields, however, one
can expect a decrease of the stability of the EHL be-
cause of the lifting of the spin degeneracy in the bands,
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FIG. 5. Influence of magnetic field on the LA spectrum of the
emission of strongly compressed pure crystals Ge(111):
1—H=0, 2—H=04T; T, =1.7TK.

if it is recognized that the Zeeman splittings for the
electrons (holes) in the EHL and excitons are close.
We turn now to the experimental results.

a. Ge(111). In the study of the influence of the mag-
netic field on the emission spectra of Ge(111) we have
observed no oscillations in the intensity of either the
exciton line or of the EHL emission line. With increas-
ing magnetic field, a weak decrease of the relative in-
tensity of the FE line is observed, as well as a strong
decrease of the intensity of the EM radiation, which is
located between the L and FE lines (Fig. 5). The
change of the EHL binding energy is of the order of the
error in its determination (~0.1 meV). The small de-
crease of I, is easily explained as being due to lifting
of the degeneracy of the exciton term. At H=1T its
splitting is comparable with £T: the split levels are
located at 0.7, 3.3, and 4 K. Just as in Ge(~100) (Ref.
9), the influence of the magnetic field on the EM density
is substantially stronger, because of the impossibility
of binding into an EM two excitons with electrons
(holes) in identical spin states.

b. Ge(~100). The behavior of the emission spectra of
weakly compressed Ge(~100) crystals with N= 3 x 10!2
cm™, when the EHL binding energy is 0.7-1.2 meV, is
perfectly analogous to that observed in strongly com-
pressed Ge(111) crystals. In more strongly com-

L M Ff

1 | v
2 /a
/b

Zb
f
' L
706 w7 a 7z
hw, meV

FIG. 6. Comparison of the emission spectra in a zero magne-
tic field (curve 1) and in a field H= 0.4 T (curves 2) of pure
(N=3:10' ¢cm™) (curves a) and weakly doped (N= 3+10' cm™®)
(curves b) strongly compressed (£ = 380 MPa) Ge(~100)
crystals at Tp = 1.75 K. The excitation density is 200 W/cm?
for pure and 60 W/cm? for weakly doped crystals.
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FIG. 7. Change of the radiation intensity in the region of the
L line (at hw=E¢ — 1.5 meV) upon variation of the tempera-
ture and pressure in pure (primed numbers) and weakly doped
Ge(~100) crystals. Solid line—T4 - 1.5 K, dashed line— Ty,
=1.75 K, and dash-dot line— T}, - 2.50 K. The numbers corre-
spond to different pressures: 1—pP - 220, 2—P: 280, 3—P
=380 and 4—P 480 MPa.

pressed Ge(~100) crystals, however, the influence of
fields H~0.5 T on the emission spectrum is quite sub-
stantial (Fig. 6): the EHL emission intensity decreases
strongly, and the intensities of the EM and exciton
emissions increase. Figure 7 illustrates the change of
the intensity of the radiation in the region of the L line
(at iw= E_, - 1.5 meV) upon variation of the tempera-
ture and pressure. The influence of the magnetic field
on I, is stronger the higher the pressure and tempera-
ture. Thus, at P=480 MPa and T,= 2.1 K the value of
I, decreases by a factor of 1.5 in a field H= 0.05 T.
This result is qualitatively quite natural: the influence
of the magnetic field increases with decreasing binding
energy of the EHL and as the critical temperature is
approached.

It is seen from Fig. 7 that in fields H<1 T no oscil-
lations are observed in the I (H) dependence in
Ge(~100), despite the repeated crossing of the Landau
levels by the Fermi quasilevels in this field interval.
It follows therefore the observed change of the EHL
stability is not connected with the effects of the de
Haas-van Alphen type, which were observed earlier
and investigated in detail in undeformed Ge in fields
H>1 T (Refs. 19, 21).

To describe the change of the EHL stability, we turn
to consideration of the influence of the magnetic field
on the ground states of the exciton, the EM, and the
EHL. It is known that in weak fields we can write for
the exciton and for the EM

E (1) =E.(0) £ (g.xa) wal +/ . 1, (5)
VB (D) =E (0 ="/ A+ g I, (6)
where x,, and x, are the diamagnetic susceptibilities of

the excitons and of the EM, which amount in Ge(~100) to
Xe.= 0.35 and x, = 0.94 meV/T?, respectively.®*

The main difficulty in the calculation of the depend-
ence of the ground state E (n,, H) of the EHL lies in the
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calculation of the correlation energy. It follows from
experimental investigations of the behavior of Ge crys-
tals, however, that the changes of the exchange and
correlation energies in a magnetic field cancel each
other to a considerable degree, so that when describing
the experimental results up to fields H= 18 T one can
neglect the dependence of the exchange-correlation en-
ergy on the magnetic field.?® It is therefore natural to
assume that in the weak-field case of interest to us,
H<1T, the dependence of &, on H in Ge(~100) can al-
so be neglected compared with the change of &,,(H).

In this approximation, the contribution of &, to the
diamagnetic susceptibility of the EHL is due only to the
change of the total EHL density in the magnetic field.
At very low temperatures the pressure b, in the gas
phase is small, and the change of the EHL parameters
in the magnetic field can be obtained by assuming that
the pressure in the EHL is p, = 0 (Ref. 1). For con-
venience in the calculations, we can represent p, and
4, as sums of contributions from the gas of noninter-
acting particles p, (E,, ) and from the exchange-cor-
relation energy p (u,.):

Pr=pet prtpec, (7

ML=Er-+l-':pn+l-l:c' (8)
where

Yoo =&t nIE /0N,  pee=n0&.o/0n. (9)

In strongly compressed (P ~500 MPa) Ge(~100) crys-
tals in fields H< 1 T, the nonparabolicity of the valence
band can be neglected, since the corrections Akw_/hw,
near Ep, do not exceed 10%, (see, e.g., Ref. 23). Here
Iiw, is the cyclotron frequency. In this case p,',,(H) is
given by

eHm,"(2kT)"

Pep= (2nh)*

- T z"‘dz (10)
x; “_Z:I,,,-! 1+ exp{z—[p—ho?*(nt+'/,) +5.us8.sH 1 /kT} '
where g, , are the g factors and m%® is the effective
mass of the electron (hole) in the EHL along the mag-
netic field.

Expansion of expression (10) in powers of the small
parameter fiw?'*/E,, , at T=0 yields

5 1 Bol"\* 15 / geapsH \?
on(H)=p. 12 (29 ) 410 (Berkis?
pea(H) “(0){ 32 (E,,',. ) *3 ( Erer )} ' (an
where
2’/)(m kA s
Pea(0)="12 n;‘;;ﬁ) E.

is the pressure at H=0and 7= 0. It is seen from (11)
that there are no corrections linear in the magnetic
field to p, ,. The quadratic corrections for a free-
electron gas are well known. They are connected with
the Landau diamagnetism and the Pauli paramagnetism,
and by virtue of the equality /iw_ =g u H the diamagnetic
correction prevails for free electrons.?* The situation
is different in the case of EHL in Ge(~100), where the
diamagnetic correction predominates by virtue of the
smallness of the g-factors g, , compared with the re-
ciprocal cyclotron masses (m,
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From the condition p,= 0 at T= 0 we get
ap 5 hw.‘ 2
ol P "53)__1 no(F) - (12)

whence for a ground state energy E (H) = u,(H)| 7,
taking into account the relations

aplop=n (13)
and

p(0)="snEx, (14)
we obtain

we(H)=Ec(H)=Ec(0)+"/ 2y H*, (15)

where the diamagnetic susceptibility per e-k pair is

y o

1 (hw.')? 1 e? [md. + mM] (16)

T8 HE, 4 cGanlme ma
We did not write out the paramagnetic term, which is
small in Ge(~100). It is seen from (16) that x, increas-
es with decreasing EHL density. From the calculation
of x, for the EHL in Ge(~100) at T = 0 it follows that x,
= 0.29 meV/T?, and the main contribution to x, is
made by the electrons. It is seen that x, is close to the
diamagnetic susceptibility of the excitons and of the
EM.

From a comparison of the magnetic-field depend-
ences of U,,, E,, and E [Eqgs. (5), (6), and (15)] it fol-
lows that in the weak-field limit the binding energy of
the excitons in the EHL will decrease because of the
presence of the linear term in the E, (H) dependence
(Fig. 8). However, by virtue of the inequality X, < X,,,
the binding energy of the excitons in EHL will increase
in strong magnetic fields.

At very low temperatures one can neglect the pres-
sure of the exciton gas. In this case, by virtue of the
appearance of a temperature increment nm*T%/4E ., (at
kT < E.)) in expression (14) for the pressure, it is
necessary to replace E,, by E, (1 - 7*T*/2E ;?) in the
quantity x, in expression (15) for the chemical potential
u,. Consequently, the effect of the magnetic field on
the chemical potential of the EHL increases with rising
temperature, in qualitative agreement with experiment.

E ik

ng{H)ny (0

FIG. 8. Change of the energies of the ground state of the
excitons (FE), EM (M), and EHL at T=0 K (L) and of the
chemical potential of the EHL at T=2 K (p ) for Ge{~100) in
a magnetic field. The solid line in the upper part of the
figure shows the calculated dependence for an equilibrium
density of the gas phase at 2 K.
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FIG. 9. Dependences of the pressure on the chemical potential
for the EHL (solid lines) and for the gas phase (dashed) in
Ge(~100) at T=2 K and in different magnetic fields: 1) H=0,
2) H=0.2 T, 3)H=0.5T, 4) H=0.8 T. The curve intersection
points correspond to equilibrium values of u; and p;.
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For quantitative calculations, at the fields H<1 T
and temperatures T = 2-3 K of interest to us, the ap-
proximate formulas obtained above turn out, however,
to be too rough. Thus, the expansion parameters are
ﬁwc/En~1 at H~1 T and kT/E;,=0.3 at 2 K. In addi-
tion, as shown by estimates, the gas-phase pressure is
no longer negligibly small. To calculate u,(H)|, we
therefore used a numerical solution of the equation

ps(p, H) lr“_'Pr:(llv H) |r+pu(llv ) lr=PL(l1y H) lr- (17)

From the obtained chemical potential of the system
(k.= u,) we calculated next the change in the gas-phase
density n,=n,, + 2n,. For an ideal gas of excitons and
EM?

P e B[S ()] en ()

ni= 71—'2%)— {[Z_n” ()] 8- (5r)}- (19)

The first term describes the contribution for the ex-
citons (x,= p o+ spg(g, +g)H + X, H?, the second from
the EM (x, = 2p, - A, + 3Xx,H?, and m,, is the exciton
state-density mass, and

By(z)= |

0

2'dz

exp(z—z)—1 "

The calculation results are shown in Fig. 9. In the cal-
culation of the contribution made to p, by the exchange-
correlation energy we used the & (r,) dependence

for Ge(111) from Ref. 6. We note, however, that the
choice of &, (7, isnot critical, for by virtue of the small
change of u, in a magnetic field H<1 T it suffices to
know the first derivative 8p/8u, which according to
(14) is equal to the equilibrium density n,l,,. It is
seen from Fig. 8 that a maximum decrease of the EHL
stability and an increase of n, are expected at H= 0.4-
0.6 T. In strong fields, the stability of the metallic
phase should increase, in good agreement with experi-
ment. We note also that allowance for the change of the
pressure of the gas phase has led to an additional in-
crease of u,(H), as a result of which in weak fields,
H<0.2 T, x, was compared with Xy/2. Accordingly,
the ratio I,/I., observed in experiment at H= 0.4 T
(Fig. 4) is even somewhat larger than at H= 0. The ac-
curacy of n,, however, is insufficient for a correct
quantitative comparison with calculation.
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§6. FEATURES OF CONDENSATION IN PURE Ge
~100)

In the preceding section we discussed the condensa-
tion of excitons in Ge(~100) with impurity density N~ 3
x 10*2 cm™, assuming that the effect of so low an im-
purity density (<10x,, 10™#n,) on the EHL parameters
is negligible. However, since the EHL binding energy
is small (| u,1- A,/2~kT), the presence of even so low
an impurity density is significant in strongly com-
pressed Ge(~100) crystals. The difference between the
emission spectra of Ge(~100) crystals with N= 3 x 10!
cm™ and 3x 10'2 em™ is observed at P > 300 MPa (Fig.
4). At P= 400 MPa no clearly pronounced emission line
of EHL is observed in the spectra of pure crystals up
to the maximum excitation densities W= 200 W/cm?,
neither in the ordinary spectrum nor in the spectrum
that is differential with respect to the excitation density
[Fig. 4(b)). At the same time the ratio I, /I, , at
hw<E, and W~200 W/cm?, just as for the L line in
weakly doped crystals, is practically independent of
hw. When the excitation density is decreased, the nar-
rowing of the emission line is accompanied by an in-
crease of the ratio 1“/1“ on its red edge, and at W
=70 W/cm? it has the form typical of EM, which is
shown in Fig. 2(c). From a comparison of the emission
spectra of pure and of weakly doped crystals it is seen
that in pure crystals one can obtain a noticeably larger
I, 1. ratio before the red tail of the M line begins to
broaden strongly. If the broadening of the A line in
pure crystals is also associated with the start of con-
densation into EHL, it follows from a comparison of
I,/1..that |u | in pure crystals at T= 2 K is smaller
by at least 0.05 meV than in crystals with N = 3 x 102
cm™, We note, however, that in this case the gas-
phase density amounts already to ~2.5x 10*> cm™ (7,
= 2.6), and it is not excluded that the broadening of the
A line is connected not with the start of the condensa-
tion into EHL, but with a sufficiently strong interaction
in the exciton system at these densities.

We call attention to the qualitative difference between
the behavior of the emission spectra of pure and weakly
doped strongly compressed Ge(~100) crystals in a mag-
netic field (Figs. 6 and 7). It is seen from Fig. 7 that
the decrease of the intensity in the region of the L line
in a magnetic field is noticeable in pure crystals, just
as in Ge with N= 3x10!2 cm™, at P= 250 MPa. How-
ever, at large deformations the radiation intensity in
the region of the L line, on the contrary, increases
with increasing magnetic field (curve 4 of Fig. 7). As
noted above, in pure strongly compressed Ge(~100)
crystals, the emission of the gas phase predominates.
Therefore to separate the line L we used 205 modula-
tion of the exciting light [Fig. 4(b), curve 2]. The func-
tion I,(H)/I1,(0), however, remained the same as in the
case of 100% modulation, in accord with the observed
absence of a change in the emission line shape in fields
H<0.6 T (Fig. 6, curves la and 2a).

In light of the analysis of the influence of the magnet-
ic field on the EHL stability in Ge(~100), this behavior
of the emission spectra is evidence that in pure
Ge(~100) crystals, at the investigated temperatures
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(T =z 2 K) and excitation densities (Ws 200 W/cm?), no
metallic EHL is produced. On the other hand, two phe-
nomena observed at high excitation densities, namely
the broadening of the red edge of the M line and the
constancy of the emission line shape in a weak magnetic
field, cannot be explained within the framework of the
model of a weakly interacting gas of excitons and EM.
When the density of the gas of the excitons and EM in-
creases to r,~3-2.5, when the average distance be-
tween the particles (r) ~1.67,4,, becomes comparable
with the EM scattering length® a,, the M line begins to
broaden because of the smearing of the molecular
states. It is not excluded that at such small 7, an im-
portant role is assumed by recombination of excitons
with transfer of part of the energy to another exciton
(or to a collective excitation). The dependence of the
ratio I, ,/I, 4 in the region fiw < E,, becomes less steep
with further increase of the excitation density, thus in-
dicating that smearing and dissociation of the bound ex-
citonic state takes place at »,= 2.5-2. Obviously, un-
der these conditions one should not observe in a mag-
netic field a decrease in the radiation-intensity ratio
I(nw<E,,)/I(hw>E,) typical of emission from a system
of excitons and EM as well as of a system of excitons,
EM, and a weakly bound EHL, as a result of the de-
crease of the stability of the EM and EHL in the mag-
netic field.

We note in conclusion that it is still impossible to
draw final conclusions concerning the nature of the
ground state of the e-h system from the results of our
investigation of strongly compressed Ge(~100) crystals
at T, 2 2 K from the obtained upper limit of the chemi-
cal potential in the EHL at 2 K, u,(2 K)2 ~0.2810.05
meV, with allowance for the temperature correction to
iy (~0.1 meV) due to the entropy contribution to the
free energy, it follows that at 7= 0 K the binding ener-
gy of the excitons in EHL is ¢ < 0.18 meV=0.54,. To
solve this problem it is necessary to lower the temper-
ature to such a value that the gas of the excitons and
EM remains weakly interacting until the chemical po-
tential in the gas phase reaches the EM level (u,,
= -4,/2). Under these conditions, in the absence of
condensation into the metallic phase, Bose-Einstein
condensation of the EM should be observed. According
to estimates, the temperatures needed for such mea-
surements are T, < 0.5 K.

The authors are deeply grateful to V. G. Lysenko,
E. A. Pashitskii, and V. B. Timofeev for helpful dis-
cussions. i

D In straight-band polar semiconductors, a very important
role is played by polaron effects, which are not considered
in the idealized model of Ref. 4.

2) A deflection of approximately 3—5% away from the (100)
axis is necessary to lift the degeneracy in the conduction
band.

3) If the variational wave function of Brinkman etal.‘8 is used
for the EM, a value 2.3 is obtained for @ (V. M. Edel’ shtein,
cited in Ref. 16).

4) The power of the incident 1.06 um radiation amounted in
this case to 3 W at an excitation spot ~1.5 mm?. With
further increase of the size of the excitation spot, the emis-
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sion spectra did not change because of the large diffusion
length of the e—# pairs.

% Since the deviation of the gas of excitons on EM at r; = 3.5
— 3 was neglected in the calculation, so that p, increased
additionally with increasing density, the estimates obtained
for the increases of n, andy, can be only under-valued.

®) The value a, = 6.9a., obtained in Ref. 5 is over-estimated
by approximately a factor of 2 because of an incorrect
choice of the EM binding energy (0.02R in place of 0.1R).
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