500 LETTERS TO

TaBLE I. The experimental and calculated eddy current torques
at 30 cps for various magnetic field amplitudes. The experimental
eddy current torques were obtained from the data of Fig. 2 by
subtraction of the extrapolated anomalous torques at 0 cps.

H
(oersteds) Texp Tealo
11 300 0.280 0.278
9800 0.235 0.239
7100 0.164 0.171
4600 0.120 0.119
830 0.073 0.078

A consideration of the experimental errors and the
error in calculating the eddy current contribution to
the torques suggests that the anomalous loss in 0.005 in.
thick 4-79 Mo-Perm is frequency-independent over
the frequency range from 6-38 cps. Table I illustrates
the agreement between the experimental and calcu-
lated eddy current torques.

The results quoted here plus the previous work done
from 15 kc/sec to 2 Mc/sec indicate that the anomalous
losses in 4-79 molybdenum Permalloy are essentially
frequency-independent from 6 cps to 1 Mc/sec. The
field dependence and the frequency spectrum from O to
6 cps are being investigated at the present time.

! R. Kikuchi, J. Appl. Phys. (to be published).
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Method of Polarizing Nuclei in
Paramagnetic Substances

G. FEHER

Bell Telephone Laboratories, Murray Hill, New Jersey
(Received May 31, 1956)

VERHAUSER! has shown that a saturation of the
electron spin resonance leads to a large enhance-
ment of the nuclear polarization. A necessary condition
for this enhancement is that the nuclei relax via the
electrons whose resonance is being saturated. A scheme
which is applicable to substances which exhibit re-
solved hyperfine lines was proposed by Bardeen,
Slichter, and Pines.? It requires that the predominant
relaxation process for the nuclei results from a modula-
tion of the a(I-S) hyperfine interaction.

The scheme proposed in this paper, applicable to
substances which show a resolved hyperfine structure,
places no requirements on the detailed relaxation
mechanism of either the electron or the nucleus. It
requires, however, that one sweep through a certain
fraction of the external magnetic field in a time short
compared to either relaxation time. The method is
illustrated in Fig. 1, which shows the energy levels of
a system with I=%, J=% vs applied magnetic field as
given by the Breit-Rabi® formula. This system is placed
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F16. 1. Energy levels and their populations
for a system with /=%, J=4%.

in a microwave magnetic field of frequency », and radio-
frequency field wy, both being perpendicular to the
external magnetic field H. For H>H; (see Fig. 1,
region I), the population of both upper levels is given
by N (1—¢), where N is the total number of electrons
and 2e~~g.uH/kT is the electronic Boltzmann factor.
(We are neglecting the nuclear Boltzmann factor
gnioH/RT which is approximately 10° times smaller.)
If we sweep through H,, we will induce electronic transi-
tions between the mr=-% levels. If we do this under
adiabatic fast passage conditions,* the net magnetiza-
tion of the electrons responsible for this transition will
be turned through 180°. This reversal of the magnetiza-
tion results in a reversal of the Boltzmann factor as
indicated in region IT of Fig. 1. At this stage, each set
of levels corresponding to the same m,; exhibits a
nuclear polarization and we could perform a nuclear
resonance experiment in which the signal would be pro-
portional to the electronic rather than the nuclear
Boltzmann factor. However, the total population of
both mr=-% levels equals that of the mr=—1% levels,
so that the sample as a whole does not exhibit a net
polarization as yet. In order to obtain a net polariza-
tion we have to turn over the population of only one
set of levels. This may be accomplished either by
having a fixed radio-frequency and sweeping the mag-
netic field through H, in an adiabatic fast passage or
keeping a fixed magnetic field and sweeping the radio-
frequency. This is made possible by the fact that the
spacing of the upper set of levels is different from the
lower set (vx'>wy) as may be seen from the Breit-
Rabi formula.? In order for only one transition to occur,
the difference in level spacings has to be at least equal
to the nuclear line width. The degree of nuclear polariza-



LETTERS TO

tion 7 obtained in region ITI will be given by
n= (N_y— N4p)/ (Ny+ Nyp)egouoH 2k T,
or more precisely by
n=tanh (geuoH/2kT). 1)

For T=1°K, H=10* oersteds, and g,=2, we get a
polarization of #=~0.7. This polarization will, of course,
decay with a characteristic time comparable to the
nuclear relaxation time but may be re-established by
successive magnetic field sweeps.

It is worth noting that from the difference in the
level spacings given by®

h(v'—v)=a(145)t— ax+2gruoH, (2)

where
x=(gr+gr)mH/a,

and ¢ is the hyperfine interaction constant, one may
obtain the absolute value of the nuclear magnetic
moment without having to know the electron wave
function at the nucleus. Similar methods have been
proposed and applied in molecular beam experiments.5

The transitions Amr=21, Am ;=0 will also affect the
electron resonance line. This provides us with a sensi-
tive method of studying nuclear resonance phenomena
by observing the behavior of the electron spin resonance
line.

For the sake of simplicity, the case I=3%, J=% was
treated. One can easily extend the arguments for larger
values of I and J, in which case a nuclear polarization
of any 2 adjacent levels may be realized.

I am indebted to Professor J. Bardeen, Professor
D. Pines, and Professor C. P. Slichter for sending us
a preprint of their work? and discussing it with us.
I would also like to acknowledge helpful discussions
with Dr. P. W. Anderson.
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Polarization of Phosphorus Nuclei
in Silicon
G. Feuer AND E. A. GERE
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N the preceding Letter a scheme for polarizing
nuclei was described. This Letter deals with the
experimental verification of the scheme.

The experiments were performed on a phosphorus-
doped silicon crystal having a room temperature resist-
ivity of 0.3 ohm-cm (=~3X%10'¢ centers/cm?®). Fletcher
et al! were the first to observe a resolved hyperfine
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structure in a similar sample arising from the inter-
action of the donor electron with the magnetic moment
of the phosphorus nucleus. Subsequent studies? showed
a very long electron spin relaxation time which made

- this kind of sample ideal for the testing of the polariza-

tion method. The external field at which the transitions
were observed was about 3000 oersteds and the tem-
perature of the sample was 1.25°K. The electron spin
resonance line was observed with a balanced-bridge
superheterodyne detection scheme?® which was sensitive
to the real part of the susceptibility, x’. The rectified
output from the i.f. amplifier was fed directly into the
recorder. This system avoids the necessity of modu-
lating the magnetic field and thus eliminates unnec-
essary complications which may easily cause a mis-
interpretation of experimental results.* The microwave
cavity was made out of Pyrex with a thin silver coating
on the inside. This permitted the rf field necessary for
the Am; transitions to penetrate. It was supplied by a
coil wound around the cavity. Both the rf and micro-
wave magnetic fields at the sample were of the order of
a tenth of an oersted. This insured adiabatic fast-
passage conditions for all of the transitions induced.

In order to prove that a polarization of the nuclei
has taken place, we have to show that the population
of the levels corresponds to the value predicted by
theory. Since the amplitude of the electron spin reson-
ance line is proportional to the population difference
between two levels, it was used as a probe to investigate
the occupancy of the levels.

Figure 1 shows the experimental results. The pre-
dicted populations are shown below each recorder
tracing. The transitions which are induced at each
stage are indicated by arrows. The time variation of the
external magnetic field is shown above the tracing.

In Fig. 1(a) no rf was applied. From the theory of
adiabatic fast passage,® we would expect the electron
spin resonance line to have equal amplitude and sign
when the time between two successive passages through
the line is short in comparison to the relaxation time.
In our case this condition was not completely fulfilled
since the relaxation time of the sample was of the order
of a minute whereas the time between two sweeps was
approximately 20 sec. This explains, partially at least,
the experimentally observed reduction in amplitude.

Figure 1(b) shows the effect of inducing nuclear
transition between the m,=-1 states. This was ac-
complished by sweeping the radio-frequency generator
from 52-54 Mc/sec. A similar result was obtained by
sweeping the radio-frequency generator from 64-66
Mc/sec, which induced transitions between the m,= —3
states. Since this nuclear adiabatic fast passage re-
verses the population of the levels with the same .,
the population of the levels with different m, has been
equalized. We should therefore not expect a signal
when sweeping back through the line. Experimentally
we find a small residual amplitude which again can be



