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We investigated the circular polarization of the emission line with maximum
energy 1.082 eV and the emission lines of free and bound excitons in silicon in
magnetic fields up to 50 kOe in the temperature interval 1.9~15°K. The
polarization of the 1.082-eV line exceeds by more than one order of magnitude the
value expected in the simple exciton-condensate model.

PACS numbers: 78.60.—b, 78.20.Ls

An investigation of the circular polarization of radiation in a magnetic field
nakes it possible to determine the magnitude and sign of the g-factors of the
slectrons and holes!!»2! and may turn out to be most useful in the case of emis-
sion lines whose spectral widths exceeds their Zeeman splittings.

We investigate in this paper the circular polarization of a broad emission
ine with energy maximum 1. 082 eV, produced in silicon at a high excitation
evel, [3+4] and of the emission lines of free and bound excitons.

For free and bound excitons, the polarization of the emission in weak mag-
etic fields should increase linearly with increasing magnetic field and reach
saturation at gyp H, guoH > kT (where H is the magnetic field, p, is the Bohr
nagneton, g; and g are the g-factors of the holes and electrons, respectively,
ind AT is the temperature). In weak fields, the degree of circular polarization
f the radiation is equal to

P, (H) =0y(<],>=-<8,>), (1)

vhere (J,) and (S,) are the average angular momenta of the holes and electrons,
respectively. The factor &, depends on the ratio of the matrix elements that
letermine the probabilities of the transitions through various intermediate
states, and can differ in magnitude and in sign for transitions with participation
f LO, LA, TA, and TO phonons or a zero-phonon (NF) emission line. For the
:ero-phonon emission line of an exciton bound with a neutral donor in the state
{y we have &, =d,,=1,

In the case of an exciton bound with a neutral donor, the angular momenta of
he electrons in the ground state of the exciton are antiparallel, the electrons
wre not oriented in the magnetic field, i.e., (S,» =0, and the magnitude and
sign of the polarization are determined by the magnitude and sign of the hole
r—factor. Then

5 H
<]z>=__.§1_‘2’__. (2)
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FIG. 1. Dependence of the degree of
circular polarization P of the radia-
tion on the magnetic field H at a tem-
perature T=1,9°K: 1, 2, 3,4) n-Si: P
with resistivity p~ 100 © ecm; 5) p-
Si:B, p~5 Q cm. 1) Free exciton,
hv=1,098 eV, transition with TO-
phonon emission; 2) line with Ay _,
=1.082 eV, hv,,=1.082 eV, TO
phonon; 3, 4) exciton bound with neu-
tral donor (phosphorus); 3) Av
=1.0925 eV, TO phonon; 4) kv=1,151
eV, zero-phonon transition; 5) ex-
citon bound with neutral acceptor
(boron), hv=1,0933 eV, TO phonon.

For an exciton bound with a neutral acceptor in a state with total hole angular
momentum /=0 we have (/) =0, while in the state with /=2 we have

81k, H ;
<l >=- (3.
kT
In both cases, (S,)==— 1(guH/kT). For a degenerate gas of non-interacting
electrons and holes, according to!%],
H 3 H
<]>=_‘i5_ gl#: R <Sz>=___-ﬂ‘-.°__, (4
z e
8 EY 8 EF

where E} and E§ are the Fermi energies of the holes and electrons,
respectively.

The circular polarization of silicon emission was measured in Faraday
geometry at H || [111] with the aid of a procedure analogous to that used inlél,
The radiation was excited with an argon laser. Figure 1 shows the dependence
of the degree of polarization P of the radiation on the magnetic field H for the
emission lines of free excitons, and excitons bound with neutral donors
(phosphorus) and neutral acceptors, and of the 1. 082 eV line. Recognizing that
the zero-phonon emission line of an exciton bound with a neutral donor has
a theoretical saturation polarization P3 =—1, we can determine the radiation
depolarization factor and the frue polarizations of all the lines.

From the value of the polarization of the zero-phonon emission line in a weak
field we determined, with the aid of (1) and (2), the value of the hole g-factor
of an exciton bound with a neutral donor, gy=1.154 0.15, which is close to the
value of g; obtained in!"l. From the polarization of the TO emission line of this
exciton we have obtained the value &, =& 5=~ 0.4 to 0.5 for the transition
with participation of a TO phonon. It is seen from Fig. 1 that the polarization
of all the lines corresponding to transitions with TO-phonon emission is of the
same sign. It follows from (1)—(3) that the agreement between the signs of the
polarization of the TO emission lines of an exciton bound with a neutral donor,
and an exciton bound with a neutral acceptor, can take place at equal signs of
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FIG. 2. Spectral distribution of the radi-
ation and of the degree of circular po-
larization P in pure silicon (p~ 6500

Q cm, p-type), T=1.9°K: 1—emission,
2—polarization, H=46 kOe.
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5 and g (g=2 according to'®!) only if the total angular momentum of the two
wles is I=2 for the ground state of the exciton bound with a neutral acceptor.
Che hypothesis that the state with 7=2 has the minimal energy was advanced
nl®l, but it appears that there were no experimental data to confirm this
issumption prior to the present paper.

Figure 2 shows the spectral distribution of the polarization and of the emis-
sion in pure silicon at a high level of excitation. Using the depolarization factor
jetermined from Fig. 1, we obtained from Fig. 2 the average degree of polar-
ization of the 1.082-eV line. From this value, using (1) and (4), and putting
£¢=8.2 meV, EL=16.0 meV,¥} g=2 081 and .=~ 0.4, we calculated the
s-factor of the hole in the condensate, namely g; = 25. This value greatly ex-
ceeds all the known experimental and theoretical values of the g-factors of free
and bound holes in silicon.

Interaction between the carriers in the condensate can lead to an increase of
‘he spin susceptibility of the electrons and holes!1®! and accordingly to an in-
crease of the degree of circular polarization of the radiation. The gain of the
spin susceptibility for the electron Fermi liquid in a normal metal does not
sxceed 1.5 for r,<1.11% Since 7~ 0. 84 for Si in the condensate, [} the cause
>f the appreciable enhancement (by more than one order of magnitude) of the
3pin susceptibility of the holes in the condensate is not clear.

Figure 3 shows the temperature dependence of the degree of polarization of
‘he emission of free excitons and the 1. 082-eV line. The temperature was de-
sermined by measuring the width of the emission line of the free electrons in
‘he interval 6= T=15°K, and monitored in the interval 1.9=< T=4,2°K against
:he ratio of the LO and TO components of the free-exciton emission, [12! and
was equal to the temperature of the helium bath, With increasing temperature,
-he polarization of the free exciton decreases like ~1/T, and the polarization
of the 1. 082-eV line is constant at 1. 9< 7T <10°K and decreases by an approxi-
mate factor 1.4 at 11 <T<14°K, For the exciton condensate one should expect
constancy of the polarization up to temperatures close to critical.

We note that the degree of polarization of the 1. 082-¢eV line in a field ~ 50
kOe should correspond to about a 50% degree of orientation of the holes in the
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FIG. 3. Temperature dependence
of the degree of circular polari-
I+ zation P of n-Si: P, p~100 2 cm,
H=6 kOe; 1) free exciton, Av
=1.098 eV, TO phonon; 2) 1. 082~
eV line, hv=1.082 eV, TO phonor
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condensate (the number of holes oriented along the field is approximately one-
third the number of holes oriented against the field). In this case one could
expect a noticeable change in the shape and width of the line. However, no
changes in the line shape and in its position was observed in a magnetic field
up to 50 kQe.

It is proposed in!?! that the 1. 082-eV line is connected with emission of ex-
citonic molecules. If the total angular momentum of the holes in the ground
state of the molecules is =2, then the polarization of the biexciton radiation
should have the same sign and should be close to the degree of polarization of
the exciton emission, If it is assumed that the 1,082-eV line is connected with
excitonic molecules, then the polarization of this line should agree approxi-
mately with the expected value. However, the explanation of the temperature
dependence of the polarization in the model of the excifonic molecules en-
counters serious difficulties.

In conclusion, the authors thank A.G. Aronov, M.I. D’yakonov, and V..
Perel’ for useful discussions.
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