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NUCLEAR DYNAMIC POLARIZATION BY OPTICAL ELECTRQNIC SATURATIQN
AND OPTICAL PUMPING IN SEMICONDUCTORS*
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A nonresonant Overhauser effect by photoexcited conduction electrons is obtained on
Si29 nuclei in silicon at 77'K in two different ways: (a) Saturation of the electronic mag-
netization is achieved with unpolarized light by exciting an equal number of spins up and
spins down. (b) Polarized electronic spins are produced by optical pumping with circu-
larly polarized light; the nuclear magnetization obtained in 1 0 by optically pumped elec-
trons corresponds to the equilibrium value at 77'K in 28 ko.

We report two different experiments of dy-
namic polarization of Si 9 nuclei in silicon by
intrinsic light irradiation. Qne is the usual
Qverhauser effect, but the saturation of the
electronic magnetization is obtained by a non-
resonant process: Photoexcitation of electrons
with unpolarized light produces an equal num-
ber of electronic spins up and spins down. In
the second experiment, the nuclear enhance-
ment is achieved by polarized conduction elec-
trons obtained by optical pumping with circu-
larly polarized light. The effect is 8.5 times
larger than the maximum enhancement expect-
ed in the usual Qverhauser effect. We think
that this is the first successful nuclear dynam-
ic polarization obtained by optical pumping in
solids.

(A) Optical electronic saturation. —In conduc-
tors, a strong relaxation mechanism for the
nuclear spin T is the Fermi interaction AT 5
with the electronic spin 5 of the free carriers.
The Qverhauser effect' is the dynamic enhance-
ment of the nuclear polarization, obtained by
maintaining the electronic polarization off its
equilibrium value. If yek(Sz) and y+a(Iz) are
the electronic and nuclear magnetizations, re-
spectively, and yekS0= (yet)'Hp/4kT and y„KI0
=(y„K)'Hp/4kT (for S=I=2) their equilibrium
values at temperature T in the magnetic field
Ho, the nuclear enhancement, in the high tem-
perature limit, is given by':

(I )/I = 1-sy jy .
0 e n'

The saturation factor s = (Sp —(Sz))/sp is the
significant quantity which controls the nuclear
enhancement. Saturation of the electronic spins
5 is usually achieved with a resonant field H,
at the electronic Larmor frequency in the ex-
ternal field Ho.

In the present experiment, the electronic spins
responsible for the nuclear relaxation are pro-

s = r,/(7+ r,). (2)

In order to relax the Si'~ nuclei by the photo-
excited electrons and to avoid a short circuit
by paramagnetic impurities, '~~ the experiments
are performed at T= 77'K in very pure n-type
silicon (Nd = 10" phosphorus atoms jcm'). The
presence of electrons trapped on donors is an
efficient relaxation mechanism but can be ne-
glected in our experiments, the intensity of
the light being sufficient to maintain a conduc-
tion-electron concentration 20 times higher
than the donor concentration. The measured
nuclear relaxation time T,—more than 200 h

without light at 77'K—is reduced to T, =22 h

+ 10 lo in the presence of light. Because of these
long times we found it convenient to use a small
permanent magnet of IJ, = 1.6 kG, the accessi-
bility of which is well adapted for strong irra-
diation. The light source is an xenon high-pres-
sure lamp of 900 W (OSRAM XBO 900). The

duced already saturated by photoexcitation. '
Irradiation of silicon with intrinsic light (E&
= 1.2 eV at 77'K), in a magnetic field, creates
an equal number of spins up and spins down
without the need of any resonant field. Howev-
er, spin-lattice relaxation tends to restore Boltz-
mann equilibrium among electronic spins. In
our experiments the electronic spin-lattice re-
laxation time Ty is much shorter than the life-
time T of the excited electrons, and the reduc-
tion of the saturation may be physically described
as follows: The average value of the longitu-
dinal component of an electronic spin is zero
during a time T, after its excitation in the con-
duction band and is restored to its equilibrium
value So for the remainder of its lifetime T.

The saturation factor is thus reduced to s = r,/r.
Exact solution of the rate equation yields, in
the general case when T, is not much smaller
than 7
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light is filtered and focused on the sample, giv-
ing about 1 W of efficient photons. The sample
is a circular disc, 16 mm diam and 1 mm thick,
at the bottom of a nitrogen Dewar. Because
of the long nuclear relaxation times involved,
the nuclear magnetization can be measured at
room temperature4 by adiabatic fast passage
in a Varian wide-line spectrometer.

By continuous irradiation during 37 h, we
obtain a nuclear polarization enhancement ex-
trapolated to infinite time: (Iz)/I0 = -5.6 which
gives the saturation factor s = ~,/T= 2 & 10—'
(ye/y„=3310 in silicon). An independent mea-
surement of the lifetime (~= 3 && 10 ' sec at 77'K)
gives the electronic relaxation time v, =6X10 '
sec, which corresponds to a half -width of the
resonance line of the conduction electrons, AH
= (yeT1) '= 1 G. This value is in good agree-
ment with the results obtained by direct elec-
tronic line-width measurements on n-type sil-
icon with comparable free-carrier concentra-
tions. 7

(B) Polarization by optical pumping. —It has
been predicted for a long time and discussed
by Margerie that optical pumping in solids could
lead to dynamic nuclear polarization. He point-
ed out that the relaxation parameters in solids
are usually not favorable, and no successful
result has been reported so far. Very pure
silicon appeared to us as particularly promis-
ing, especially because the nuclear relaxation
is almost entirely due to the electrons creat-
ed by light. We have succeeded in obtaining
experimental enhancements as high as 28X10'.
The principle of the method is to produce high-
ly polarized electrons in the conduction band

by irradiation with circularly polarized light.
Actually, a 100% electronic polarization is not
obtained because, due to the band structure
of silicon, both spin directions are created in
the conduction band. ' However, the proportions
G+ and G of transitions to spin-up and spin-
down states are not equal, thus leading to a
net polarization different from its equilibrium
value, and in fact, much larger. Solution of
straightforward rate equations' for steady-
state conditions yields

is the optical pumping term and the second one
is the saturation term discussed in section (A).
Equations (1) and (3) yield

(I )= ' ' --S
z v+7, 2 0

' (4)

When optical pumping is strong enough to en-
sure that 2 IG+-G I is much larger than the
nuclear magnetization S„(Iz)= (71/7) &(G+-G )
is no longer determined by statistical factors
but is rather independent of external field and
temperature. It depends on matrix-element
ratios describing electronic transitions between
valence and conduction bands, as well as on
electronic recombination and relaxation rates.
Therefore, the concept of nuclear enhancement
is not significant and only the value of the nu-
clear magnetization obtained is meaningful.
This situation is demonstrated in our optical
pumping experiments, where about the same
nuclear magnetization is obtained in Hp 1 Q
and H, = 50 Q and reverses sign if the sense of
the circularly polarized light is reversed. Fig-
ure 1 shows the magnetization measured after
an irradiation time of 21 h in 1 G: The signal
obtained corresponds to the equilibrium polar-
ization in 15 kG at 77'K. The extrapolated mag-
netization to infinite time, taking into account
that T, =27 h [T, is larger than in section (A)
because part of the light is absorbed in the po-
larizer] corresponds to the equilibrium polar-
ization in a field of 28 kG at 77'K and leads to
(I )=3.7&&10 '. A direct measurement of v, /w

was given by the saturation method mentioned
in the preceding section and the two experiments
show us that we get only =0, 4% of what could
be expected if only one kind of electronic spin
had been created. This low polarization is due
to the matrix elements describing the pumping

G -G+s= ' --+1.
w+ 7~ 2Sp

As in section (A) the factor w, /(~+ 7,) is the
effect of the electronic relaxation which tends
to restore the Boltzmann factor between elec-
tronic spins. The first term in the brackets

(3)

FIG. 1. Curve a: Signal proportional to the Si29

magnetization obtained in Ho= 1 G after 21 h of ir-
radiation with circularly polarized light at 77 K.
Curve b: Signal proportional to the equilibrium Si ~

magnetization in Ho= 6 kG at 300 K.
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between valence and conduction bands in silicon. '
Ne are extending these studies to irradiation

with extrinsic polarized light, with which sim-
ilar effects are expected. This experiment was
suggested by Professor I. Solomon and we wish
to thank him for his constant interest in this
work. The help of Professor C. Benoit a la
Guillaume and his group at the Ecole Normale
Supdrieure, Paris, is gladly acknowledged.

*A preliminary account of this work has been re-
ported at the British Radiospectroscopy Conference
on NMR in Solids (September 1967, St. Andrews,
Scotland) .
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ZERO-POINT BUBBLES IN LIQUIDS*f
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Bubbles due to the zero-point motion of positronium atoms in liquid He, H2, Ne, and
Ar have been observed and their sizes determined.

Many years ago Ferrell' proposed that the
long lifetime of positronium atoms in liquid
helium was due to the fact that the positronium
atoms were trapped in a "zero-point bubble"
in the liquid. The argument is that any very
light free particle cannot be confined in a small
space because of the pressure of its zero-point
motion. Indeed many observations of positron
annihilation in liquids and dense gases have
been discussed in terms of the zero-point mo-
tion picture. One of the most recent of these
experiments, that of Roellig and Kelly, ~ has
even determined some of the conditions of den-
sity and temperature for the formation of these
zero-point motion bubbles, or "cavities, " in
the gaseous state.

Because of the strong repulsive interaction
with He atoms, an electron is also known to
form a zero-point bubble in dense He gas and
liquid. Discussions of the mobility of electrons
in helium have often been based upon this bub-
ble idea. Recently Northby and Sanders, ' in
an interesting experiment, have observed the
photoejection spectrum of electrons in the bub-
ble state. From the photoejection energy they
deduce that the potential well (assumed square)
seen by an electron has a depth of about 1.0
eV and a diameter of about 42 A.

In this Letter we present a direct measure-

ment of the bubble size in He and other liquids
when the entrapped particle is a positronium
atom. The principle of the measurement is
simple. The motion of the positronium atom
is observed by the small departure from 180'
of the angle between the annihilation gamma
rays. The width of the momentum distribution
of annihilation photons (and hence of positron-
ium atoms) is inversely proportional to the
size of the bubble.

The experiment was done in the usual long-
slit angular-correlation apparatus for positron
annihilation experiments. See Fig. 1. The
source-detector distance was 250 in. and the
slit width 0.050 in. , subtending an angle at the
source of 0.20 x 10 ' rad. For some higher
resolution runs the angle was decreased to
0.15x10 ' rad. The angle was varied by mov-
ing one detector and coincidences were auto-
matically recorded as a function of angle. As
shown in Fig. 1, - the source of positrons was
two copper foils each mounted parallel to the
long slit detectors and about Q to 8 in. apart.
The liquid specimen was defined by a fixed lead
slit close to the cryostat with a gap of about
0.025 in. for all liquids and of about 0.050 in.
for some He runs. On the other side of the
eryostat, the corresponding slit was always
slightly larger than the fixed specimen-defin-


