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FiG, 2. Relaxation time as a function of
field for Li? in LiF.

concerned and the reduction in the energy of the photons emitted
and absorbed.

Therefore, when one of us (R.V.P.)? discovered the long relaxa-
tion time of a pure single crystal of LiF, it was suggested by the
other (N.F.R.) that such long relaxation times make possible a
new nuclear magnetic resonance technique which would have high
sensitivity at low frequencies of the oscillating magnetic field.
With the new method, the crystal is removed from a strong mag-
netic field for a time short compared to the relaxation time of the
crystal in the absence of a strong field (15 sec for LiF) and during
this short time is placed in a weak audiofrequency magnetic
field. For one isotope of the crystal, the ratio of the nuclear mag-
netization immediately before and immediately after the removal
from the strong field is measured? with a radiofrequency spec-
trometer. This ratio is then observed as a function of the frequency
of the audio-oscillator. The dependence of this ratio on the audio-
oscillator frequency presumably arises from resonant heating of
the nuclear spin system to a temperature above the low value
attained by adiabatic demagnetization when the crystal is re-
moved from the strong magnetic field.

In this way the audiofrequency spectrum of LiF was studied
between 20 and 200,000 cycles/sec with the strong field (6376
gauss) observations being of the Li? resonance. With audio-
frequency magnetic fields of about 0.2 gauss, it was found that
resonant heating did not take place below 100 cycles but did occur
continuously and completely at frequencies between 1000 cycles
and 200,000 cycles. However, when the amplitude of the audio-
frequency field was reduced to 0.018 gauss applied for 3 sec,
a nuclear audiofrequency spectrum was observed which possessed
& broad maximum centered at 50 kc and with a width at half

21,279 (1951 )

279

maximum of about 45 kc as shown in the lowest curve in Fig. 1.
The first practical application of the 50 kc audiofrequency
spectrum of LiF was its indication that the magnetic field reversal
in the negative temperature experiments described in an accom-
panying paper® must be accomplished in a time short compared
to 1/50 of a msec.

The effect of an external fixed magnetic field on the audio-
frequency spectrum was also measured and is shown for different
values of the magnetic field between 0 and 42 gauss in the upper
curves of Fig. 1. It is of interest to note that the ratios of frequency
to field for the two pronounced minima of the highest field curve
correspond to nuclear g-factors 5.2 and 2.2 in surprisingly close
agreement with the nuclear g-factors 5.26 and 2.17 for F¥ and Li7
respectively. The reduction of the subsequent Li* magnetization
by an oscillatory field appropriate to F* indicates that during or
subsequent to the application of the oscillatory field the Li and F
spin systems are in at least partial thermal equilibrium.

The effect of the external fixed magnetic field on the relazation
time in the absence of an audiofrequency field is shown in Fig. 2,
where the length of time for reduction of the strong field resonance
by a factor of two is plotted as a function of the strength of the
weak magnetic field in which the sample is stored.

1 Bloembergen, Purcell, and Pound, Phys. Rev, 73, 679 (1948).

3R, V. Pound, Phys. Rev. 81, 156 (1951),
‘E. M. Purcell and R. V. Pound, Phys. Rev. 81, 279 (1951).

A Nuclear Spin System at Negative Temperature
E. M. PurceiL ANp R. V. Pounp

Department of Physics, Harvard University, Cambridge, Massackuselts
November 1, 1950

A NUMBER of special experiments have been performed with
a crystal of LiF which, as reported previously,! had long
relaxation times both in a strong field and in the earth’s field.
These experiments were designed to discover the conditions deter-
mining the sense of remagnetization by a strong field when the
initially magnetized crystal was put for a brief interval in the
earth’s field.

At field strengths allowing the system to be described by its
net magnetic moment and angular momentum, a sufficiently rapid
reversal of the direction of the magnetic field should result in a
magnetization opposed to the new sense of the field. The reversal
must occur in such a way that the time spent below a minimum
effective field is so small compared to the period of the Larmor
precession that the system cannot follow the change adiabatically.
The experiments in zero field reported above? showed a zero field
resonance at about 50 kc and therefore the following experiment
was tried.

The crystal, initially at equilibrium magnetization in the strong
(6376 gauss) field, was quickly removed, through the earth’s
field, and placed inside a small solenoid, the axis of which was

F16. 1. A typical record of the reversed nuclear magnetization. On the
left iz a deflection characteristic of the normal state at eth'bu

netization (7' ==300°K), followed by the reversed deflection ;.
ﬁ“"‘"‘" T-+— =) through zero deflection (7= w) to theinlﬁal equi-
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parallel to a field of about 100 gauss, provided by a small perma-
nent magnet. A 2 ufd condenser, initially charged to 8 kv, was
dnschargedthroughthecoﬂ with 500 ohms in series, in such a
sense that the field in the coil reversed to about —100 gauss,
with a time constant of about 0.2 usec and decayed back to the
original field with a time constant of 1 msec. The crystal was
quickly returned, through the earth’s field, to the strong magnet
and the Li” resonance sampled. The operation could be done in 2
to 3 sec. A reversed deflection was found and it decayed, through
zero, to the equilibrium state with the characteristic 5-min time
constant. A typical record is shown in Fig. 1.

The state of spin system just after this treatment is thought to
be property described by a negative spin teraperature. The system
loses internal energy as it gains entropy, and the reversed de-
flection corresponds to induced radiation. Statistically, the most
probable distribution of systems over a finite number of equally
spaced energy levels, holding the total energy constant, is the
Boltzmann distribution with either positive or negative tempera-
ture determined by whether the average energy per system is
smaller or larger, respectively, than the mid-energy of the avail-
able levels. The sudden reversal of the magnetic field produces
the latter situation.

One needs yet to be convinced that a single temperature ade-
quately describes the nuclear spin state. Bearing on this is the
fact that the crystal passes through the earth’s field after the
inverted population is produced, on its way back to the main
magnet. The retention of the reversed magnetization requires
that the spin-only-state, in the earth’s field, have an inverted
population and be described by a suitably small (~—1°K)
negative temperature. Thus a very short time is required for the
attainment of thermal equilibrium within the spin system itself
(not the ordinary T's, however).

A system in a negative temperature state is not cold, but very
hot, giving up energy to any system at positive temperature put
into contact with it. It decays to a normal state through infinite
temperature.

This and related experiments indicate that the spin system is
able to follow changes in even a small field adiabatically unless
they occur in a time presumed to be less than about 20 usec.

1 R. V. Pound, Phys. Rev. 81, 156 (1951).
tN. F. Ramsey and R, V. Pound, Phys. Rev. 81, 278 (1951).

Erratum: Experiments on the Effect of Atomic
Electrons on the Decay Constant of Be?. II
{Phys. Rev. 76, 897 (1949)}
R. F. LemNGeR, E. SEGRR, arp C, WIEGAND

Radiation Laboratory, Deparimeni of Physics, University of California,
erhetey, Catiornss )

IN Fig. 1 we have erroneously plotted 28¢* instead of 8¢ as
indicated on the ordinate scale on the left. The final result is
in error by a factor 2 and should read:
MBeO) — A(BeF) = (0.694-0.03) 10\ (BeO)
A(Be) — \(BeF,) = (0.84::0.10) 1031 (Be).

On the Nuclear Magnetic Moment of Na?®
. A. LoGan anp P. Kuscy
Colunbm University * New York, New York
November 30, 1950

DISCREPANCY occurs between the nuclear g values oft

Ga and® In as determined from measurements on the his
spectrum of these atoms in the ground state (*Py;s) and as deter-
mined by the nuclear resonance method where the nuclei occur in
molecules. Foley® has discussed the effect of the partial decoupling
by the applied magnetic field of the L and S vectors in the 3Py,
state on the nuclear g-value obtained from observational data
under the assumption that decoupling does not occur. He con-
cludes that the diagonal magnetic interaction term mgrucH
which was assumed in finding g; from the experimental data is to
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be modified by a small perturbation term which is, itself, pro-
portional to the applied magnetic field. For the cases of gallium
and indium the apparent g-value determined from the hfs of
atoms is thus greater than the g-value obtained in the nuclear
resonance experiments. Foley indicates a satisfactory agreement
between the observed and calculated values of the discrepancy,
especially in view of uncertainties in the theoretical calculations
and a rather large experimental error.

It is of interest to determine whether or not a similar dis-
crepancy appears for the case of a nucleus which occurs in an
atom in the 353, state, where the effect considered by Foley
cannot appear. A previous measurement® has indicated that the
apparent nuclear g-value of Cs is, indeed, the same within a
rather large experimental uncertainty when measured in a mole-
cule and when measured in an atom in the 35,/ state. A precision
measurement of the g-value of sodium is reported here.

Essentially use is made of the fact that certain lines
(F, m)>(F, m—1) consist of doublets, one component of which
arises in the state F=J+-} and the other one of which arises in the
state F=J ~3, The frequency separation of the doublet is 2g;uH /h
and the mean frequency of the doublet permits determination of
the quantity x=(gs—gn)uH /hAv, if Ay is itself known, and
hence of g1/gs. The Ar of Na® was found to be 1771.6310.002
X 10# sec™? by a method previously described* which depends on
the existence of a maximum in the frequencies of certain lines
in the hfs spectrum. The doublet (F, 1)¢<>(F, 0) was observed at
a field of about 6800 gauss where the mean frequency of the
doublet is still sufficiently field dependent to permit an accurate
determination of x and the doublet separation becomes large
enough (~16X10% sec™!) to permit accurate measurement in
the face of a large over-all frequency (~430 10% sec™*). We find
then that

gs(Na, 251/2)/21(Na, 251/2) = — 2488.39£0.15.

Since? g;(H)/gs(Na, 2S13) = —15.1927 X 104£0.005 percent, we
find g/(Na, 2Sy2)/g:(H)=0.2645140.008 percent. This is to be
compared with Bitter's® result g;(Na, mole)/g:(H) =0.26450-+0.01
percent. The excellent agreement indicates that the apparent
nuclear g-value measured in an atom in the 25,y state is, in fact,
equal to the true nuclear g-value within the diamagnetic correc-
tion. Since no effect is here observed, it appears that the effect
discussed by Foley accounts for the entire discrepancy observed
for atoms in the 2Py, state.

Determinations of the spin g-value of the electron reported
heretofore depend on a measurement of the ratio of the electronic
gs of atoms in different electronic configurations. A combination
of our present result with that of Bitter and with the result of
Gardner and Purcell’ for 2gp/g/(H) yields g/gr=2(1.00107
=+0.00012) under the assumption that gs(Na, 3Sy1) =g, and that
no differential diamagnetic correction is to be applied to the
nuclear moment of sodium in an atom and in a molecular con-
figuration. It is of interest that this result does not depend on any
assumption as to the gs-values of P-states. The result agrees with
other data on the spin moment of the electron. While it could be
improved, a very accurate determination is precluded by the
nature of the assumptions.

* This research was sup; ggrted in part by the ONR.
1 P. Kusch, Phys. Rev. 615 (1950).

2 Private communication from W. G, Proctor

3 H. M. Foley, Phys, Rev, 80, 288 (19!

4 P. Kusch and H. Taub, Phys. Rev. 75 1477 1949).
#H. Tanb and P, hys., ev 'IS 1481 (1949).

sF, Bittzr Phya Rev. 75, 1326 (194

7J. H. Gardner and E. M, Purcell, Phys. Rev. 76, 1262 (1949).

Numerical Evaluation of the Fermi
Beta-~Distribution Function
D. G. E. MARTIN

George Holt Physics Laboratories, University of anrpool Liverpool, England
November 30, 1950

TTENTION has recently been drawn by Feister? to methods
of calculating the Fermi g8-distribution function,
(s, 9)=n**e"V|T(1+s+4y) %
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FiG. 1. A typical record of the réversed nuclear magnetization. On the
left is a deflection characteristic of the normal state at equilibrium mag-
netization (T =2 300°K), followed by the reversed deflection (7" = —350°K},
decaying (T —— ») through rzero deflection (T = w) to the initial equi-
librium state,

34
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representing the interaction of the nuclear magnetic moment
with the external magnetic field. The diagonal elements of Eq. (3)
can be written

(l,lell, m)’—(z,ml Vlzr m)==Am,

where m=1, I—1, ---—1I. This follows from a relation pointed
out by Kramers. The wave functions, (1) and (2) then yield

(&3, m| V|1, m)=t-Amgy cosf/g
and, for the off-diagonal elements
(4, m+-1] V|18, m)=(g. sinb/2g) B[I(I+1) —-m(m+-1) P.
The eigenvalues are

E(}, m)=4gusH
+[AAragu/g+vH)? cos*0+(3Arag /g+vH)? sin ]}
E(—4, m)=—dgnsll
— {(—$Arngn/g4+7H)® cos?0+[(—darigs/g)+vHF sinte}d.

In the above result, 3Awy; and 3Ar: were substituted for A and B,
since these quantities can be identified with one-half of the experi-
mentally observed hfs component separation for parallel and
perpendicular fields. For allowed transitions, Am=0, and assum-
ing vH is small compared to Ary and A»,, the energy separation
for levels between which transitions are allowed, then, is

E(*r m) —E(_*r m) = I‘HgHm
~+(m/g)(Avitgd cos?6+ Ava2g,? sin®)t.
This gives
s (AR = A3, 24 (Anitgnt— Ara3a?) cos®,

where AH is the separation between adjacent hfs components in
magnetic field units. A similar relation, in a different form, has
been given by Pryce.

It is a pleasure to acknowledge the continued interest and the
stimulating discussions with Dr. V. W. Cohen of Brookhaven
National Laboratory and E. F. Carr of Michigan State College.

* Research carried out under contract with AEC,

+ Permanent address; Micluga.u State College, East Lansing, Michigan.

1 Penrose, Gorter, Abr d Pryce, Nature 163, 992 (1949).
s Blmng Ingram, and Phcye. lg:cmm 164, 116 (1 949)
Tngram,

'D J
‘Akad, Amat. 38, 1272 (1932)

664 (1949).
A. Kramers, Pmc

Nuclear Spin Relaxation Times in Single
Crystals of LiF
R. V. Pounp

THE EDITOR

5 min for Li? and 2 min for F**. Evidently paramagnetic impurity
is still present for otherwise one would expect the F'* to have the
longer relaxation time, having no electric quadrupole moment.
The times in the Optivac crystal were 2 min for Li? and 45 sec for
F™S, apparently magnetically less pure in spite of a reportedly
greater ultraviolet transparency.

It was found possible to remove the crystals from the magnet
(residual field of the earth) and return them after a brief interval
with only small loss in magnetization. A study of the dependence of
the loss of magnetization on the time held out of the field revealed
an exponential decay with a time constant of about 15 sec in the
Harshaw crystals. The spin system is evidently adiabatically
demagnetized to a temperature (about 1°K) determined by the
spin-spin interaction, and a relaxation process allows the lattice
to heat the spin system with a time constant of 15 sec. In zero
field, the F** and Li? spin systems are coupled together and thus
both showed the same relaxation time. The reasonably large value
of this time suggested and made feasible the experiments referred
to above.t$

Two of the Harshaw crystals were irradiated with x-rays. One
was irradiated on each of two sides for 30 min, at 4’ from the beryl-
lium window of a molybdenum target, Machlett A-2 tube, run at
40 kv, 20 mamp. The relaxation times were reduced’ to 1} min
for Li” and 30 sec for F1%. The other crystal was irradiated on the
ends for 40 min each at 5 cm from the target of an AEG-50 tube
run at 40 kv, 40 mamp, and on four sides, 10 min each, 3 cm from
the target of the tube® run at 40 kv, 50 mamp. The resuiting relaxa-
tion times were about 30 sec for Li” and 10 sec for F19. The first
crystal showed yellow spots near the x-ray source and the second a
uniform yellow coloration about 2 mm deep, presumably F’
centers. It is suggested that such effects on relaxation times pro-
vide a simple means for study of the properties of color centers,
using a theory along the lines proposed by Bloembergen, if the
paramagnetic relaxation time of the F-centers were known. A
double resonance experiment involving saturation of the F-centers
by a microwave signal, while using the nuclear resonance as a
thermometer, Is planned.

1

N. Bloembergcn. Physica 18, 386 (1949).

University (1949), H. Turner, Thesis,
J. Phys 18, 669 (1950)

50).
uclear nud:ofrequency spectroscopy
by resonant heating of the ' (to be p d).
. M. “A nuclear spin system at negative
tem ture" (to be pubhahed
oundundw D. Knigl‘;t. Rev. Snd %natr 21, 219 51950).

this irradiation.
'TheauthurmsheutotlmnkDr H. D. Doolittle and the Machlett

Depariment of Physics, Harvard University, Cambridge, M k
November 1, 1950

HE relaxation times of nuclear spins in crystals are usually
of the order of seconds or fractions of a second at room
temperatures. Such short times may be caused by paramagnetic
impurities,! internal lattice jumps? or by direct spin-lattice
interaction through the nuclear electric quadrupole moment.? In
lithium nitrate a relaxation time of the order of an hour has been
observed.? To see whether such a time would be found in suffi-
ciently pure LiF, single crystals of LiF were obtained from the
Harshaw Chemical Company and from the Optivac Company.
These crystals, §” diameter by 1" long, were used in two asso-
ciated novel experiments to be reported shortly.4§ As background
for these, some preliminary, rather qualitative, results obtained
for relaxation times and the effects of x-ray produced color centers
are reported here.

The relaxation times were measured by observation of a mag-
netization curve either after insertion in the 6376-gauss permanent
magnet or after r-f saturation. An r-f spectrometer,® held at low
level, was set at the frequency of maximum deflection of the
recorder for short periods at regular time intervals. The amplitudes
of the recorded deflections gave points on the exponential mag-
netization curve, little net disturbance of the spin system result-
ing from the sampling.

In the Harshaw crystals the relaxation times were found to be

ies for providing this irradiation.

Hall Coefficient and Resistivity of Evaporated
Bismuth Layers
W, F. LEVERTON AND A. ]J. DERKER

University of Britisk Columbia, Vancouver, Canada
November 6, 1950

ILMS of bismuth 0.2 to 1.3 microns in thickness were pre-
pared by distillation of 99.8 percent pure bismuth in a
Vycor glass apparatus similar to the Pyrex apparatus we described
recently.! During evaporation, the bismuth was heated to 750~
850°C, the rate of condensation varied from 30 to 210 ug/cm?/min.
‘The Hall coefficient, R, was measured at 20°C by an ac method.!
R did not depend on the current density but varied with the
magnetic field H according to an equation of the form,
R(H)= Ro~bH3. 1¢Y)
Measured values of R for each sample fitted & curve of this type
within the experimental error (1 percent) for magnetic fields from
1.5 to 12 kgauss. However, the constants R, and b varied from
sample to sample; the average values were Ro=--0.89 c.g.s.m.
and b=1.0X10"* c.g.s.m./(gauss)? with mean deviations of 4 and
10 percent, respectively.

& s



