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although the external Geld was varied between 0—10 000
Oe and the frequency between 5 to 40 Mc/sec. No
explanation was suggested. It might perhaps be possible
to observe the effect of H; on the quadrupole resonance
of Cl "'~ at these low temperatures. Nevertheless, it
would be interesting to undertake careful experiments
particularly in the region 1—O'K on NQR and Zeeman
eGect. As the asymmetry parameter is large, all the
four Zeeman components corresponding to the tran-

sition (&-,s) -+ (+ —) may be observed even in zero
Geld.
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The total conduction electron spin moment of lithium and sodium dispersions has been measured in
polarizing fields of about 10 G. The steady-state change in sample polarization at electron spin resonance
was detected and then extrapolated to the limit of full saturation. Surprisingly, it was found that because
the rf fields were linearly polarized and comparable to the polarizing field, the saturation level did not
increase monotonically with rf field strength. The data were in good fit with saturation curves derived by
means of numerical integration of the modified Bloch equation. The conduction electron spin susceptibility
X, for lithium at 300'K was (1.96&0.10)X 10 cgs volume units. The relative values of x, in lithium were
the same at 300, 77, and 1.5'K, within an estimated uncertainty of 3%, and the relative values of X, in
sodium were the same at 77 and 1.5'K, within an estimated uncertainty of 5%

I. INTRODUCTION
' '

B~IRECT measurements of conduction electron spin
susceptibility X, were first made by Schumacher

and Slichter' on lithium and sodium at 77'K. Their
method was later refined by Schumacher and Vehse, '
who extended the measurements on sodium to 4.2'K.
As expected, the values found for X, were higher than
those predicted by Pauli' in the free-electron approxi-
mation, because the exchange interaction favors spin
alignment. The best agreement is with the values of X,
calculated by Bohm and Pines, 4 and by Shimizu. 5

In addition to permitting a comparison with theory,
knowledge of X, is useful in estimating the interaction
between conduction electrons and nuclear spins. In par-
ticular, the average probability density Pp of Fermi
level electrons at the nuclear site can be inferred from
the Knight shift, ' which is proportional to the product

*Based on a thesis submitted in partial fulfillment of the re-
quirements for the degree of Doctor of Philosophy at Columbia
University.

)Present address; RCA Laboratories, Princeton, New Jersey,
'R. T. Schumacher and C. P. Slichter, Phys. Rev. 101, 58

(1957).
'R. T. Schumacher and W. E. Vehse, J. Phys. Chem. Solids

24, 29'7, {j.963).' W. Pauli, Ann. Physik 41, 81 (1927).
D. Pines, in Solid State Physics edited by F. Seitz and D.

Turnbull (Academic Press Inc. , New York, 1956), Vol. I, p. 367.
~ Masao Shimizu, J. Phys. Soc. Japan 15, 2220 (1960).

W. D. Knight, in Sold State Zhysjcs, edited by F. Seitz and

PpX, . Moreover, knowledge of X, permits a surer test
of the Korringa relation~ connecting X„ the Knight
shift, the electronic specific heat, and that part of the
nuclear relaxation rate associated with the contact
hyperfine field. For these reasons, it seemed worthwhile
to repeat the measurements of X, by a different method.

In the present experiment, a transverse linearly
polarized rf field at electron spin resonance is applied
to a longitudinally polarized sample, and the resulting
change in longitudinal electron spin moment is detected.
Only the average, steady-state response is observed.
The change in moment is proportional to the degree of
saturation Z, defined by Z=1—(M' )/X Hp where Hp
is the polarizing Geld strength, and (M,) is the longi-
tudinal spin magnetization at resonance. The original
electron spin moment is inferred by extrapolating the
detected signal to the limit Z=1. To do this, the data
must be Gtted to the computed dependence of Z on rf
field strength, based on the modiGed Bloch equation. s

These computations are essential, for we And that Z
does not increase monotonically with the rf Geld
strength, but shows broad local maxima owing to the
fact that the rf Geld is linearly polarized an, d compa-
rable to Ho.

D. Turnbull, (Academic Press Inc. , New York, 1956), Yol. II,
p. 105.' J. Korringa, Physics 16, 601 (1950),

s R. K. Wangsness, Phys. Rev. 9g, 927 (1955)
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Looked at in another way, in these measurements
the change in longitudinal spin moment is used to de-
tect the degree of saturation Z. Another quantity re-
sulting from electron spin saturation, and again pro-
portional to Z, is Overhauser enhancement of nuclear
spin polarization. ' In a second paper, ' a measurement
of Overhauser enhancement in lithium and sodium is
reported. The plots of Overhauser enhancement against
rf field strength are in good Gt both with the theoretical
saturation curves derived from the modified Bloch
equation and with the plots of change in electron spin
moment against rf field strength. Since the separate
results of the two measurements confirm quite unrelated
theoretical predictions, the credibility of each result is
strengthened.

II. EXPERIMENTAL PROCEDURE

Detection Scheme

Figure j. is a simplified block diagram of the electronic
apparatus used for room temperature measurements of
X, in lithium. For the measurements of the temperature
dependence of X, in lithium and sodium, it was found
necessary to substitute a shorted coaxial line for the rf
hairpin. This resulted in a larger Glling factor and in
relief from the annoyances of rf discharges in helium
vapor and of paramagnetic background from exposed
portions of the cryostat. Functionally, however, the
shorted coaxial line was identical to the rf hairpin.

The samples, metallic dispersions in wax or mineral
oil, were polarized in a steady field Hp of about 10 G.
Simultaneously, a 28-Mc/sec linearly polarized, trans-
verse rf Geld was applied in square bursts at a 280 cps
repetition rate. Rf duty cycles of about 3% were used
when saturating the spin system; duty cycles of up to
50% were used for low rf intensity line-shape measure-
ments. The rf level was monitored by a direct Aux link
to the rf Geld.

A standard phase-sensitive detection procedure was
followed. The sample magnetic moment along Hp was
smaller during an rf burst than in the interval between
bursts. This alternating moment induced a 280 cps emf
in the pickup coil surrounding the cryostat tail; the
coil output was then filtered, ampliGed, and sent to the
loc¹in detector. To calibrate, the rf was cut o6 and a
reference solenoid of known dimensions was substituted
for the sample. An alternating current of the same wave-
form and phase as the rf envelope was fed to the sole-
noid. Because this waveform was quite square, and be-
cause the electron spin-lattice relaxation time is short
(1"i=10 T sec), the solenoid magnetization truly simu-
lated the sample magnetization. Corrections were made
for Glling factor differences and for solenoid shrinkage
at lom temperature.

' A. W. Overhauser, Phys. Rev. 92, 411 (1953).
'0 R. Hecht and A. G. Red6eld, following paper, Phys. Rev.

132, 972 (1963).
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FIG. 1. Block diagram of the experimental arrangement. Not
shown are the Helmholtz coils or the cryostat tail which surrounds
the rf hairpin.

Impurity Background

The shorted coaxial line containing the dispersions
was constructed of nylon and gold foil, and at helium
temperatures gave no detectable signal when empty.
However, the lithium and sodium dispersions them-
selves contributed a small paramagnetic impurity
resonance at helium temperatures. This background
resonance was at roughly g= 2, and was very broad in
comparison to the metallic electron spin resonance. To

Measurements

Prelimiriary to saturation measurements, the reso-
nance line shape was plotted by varying Hp, keeping
the rf level Gxed at some low intensity. The line centers
were found for both directions of current through the
Helmholtz coils, and the linewidth was measured so
that the theoretical approach to saturation could be
computed. Since it was Hp rather than the frequency
which was varied, corrections were made for the dis-
placement of the resonance peaks from the true line
centers. Corrections were also made for slight saturation
broadening; this was preferable to operating at such
low rf intensities that accuracy mas sacrificed. The esti-
mated uncertainty in line center is less than 1%.

Saturation measurements were then made at the same
radio frequency, and at a number of diBerent rf in-
tensities. Hp was set first at one and then at the other
line center, and the average of the two signals was taken.
This procedure prevented mistaking for signal any 280-
cps background which was independent of the sign of
Hp. In the same spirit, successive reversals of reference
solenoid current were made while calibrating.

These observations were made at low as mell as high
rf intensity, so that full saturation curves were plotted
out. Data fitting and extrapolation to "infinite" rf
intensity will be discussed later. Figures 2 and 3 show
typical data obtained for lithium and sodium at 1.5 K.
The other saturation plots obtained at these and higher
temperatures are of similar appearance.
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Fzc. 2. The normalized steady-state change, at electron spin
resonance, in the electron spin polarization of a 20@, lithium
dispersion at 1.5'K. A 29.4-Mc/sec transverse linearly polarized
rf field is used. These data have been corrected for a paramagnetic
impurity background signal of about 1%. The solid curve is de-
rived from solutions to the modified Bloch equation and is chosen
for best fit.

correct the data, additional saturation plots were taken
well off the metallic resonance line center. From these
plots, the background contribution to the total alter-
nating sample moment was inferred. The uncertainty
in this correction was about 2% of the metallic electron
spin moment for the sodium data, and was negligible
for the lithium data. It should be noted that the cor-
rected data, shown in Figs. 2 and 3, are in good fit with
the Overhauser enhancement data, ' which are unaf-
fected by the impurity background.

Temperature Control

Since X, varies so little with temperature, precise
thermometry was unnecessary, but care was taken to
hold the sample temperature constant throughout a
run. This was especially important for measurements on
sodium, since T~ in sodium is temperature-dependent
while T~ in lithium is not.

For ventilation, the dispersions were minced to a
coarse powder, after erst solidifying the oily dispersions
by centrifuging. The coaxial line containing these
powders had numerous slits. This arrangement proved
adequate. At room temperature, the samples were barely
warmed after several minutes exposure to saturation-
level rf fields. At 77'K, the saturation plots obtained
with different rf duty cycles for the same sodium sample
were strictly proportional, indicating no change in T&.

At. 1.5'K, nuclear magnetic resonance measurements'
indicate that the particle temperature rises only to
about 2'K when exposed to rf fields strong enough to
saturate the electron spin resonance,

Rf Penetration

A test was made to verify that the rf field penetrates
the lithium particles at low temperature. I ithium dis-

persion was packed into an rf coil; the inductance and

Q of the coil at 28 Mc/sec were then measured at 300,
77, and 4.2 K. It is simple to prove that if the skin
depth at low temperature still exceeds the particle
diameter, then the fractional decrease in inductance,
due to the increased exclusion of Aux from the particles,
just equals the increase in Q ', due to the increased eddy
current dissipation in the particles. On the other hand,
if the skin depth at low temperatures is much less than
the particle diameter, the fractional decrease in in-
ductance will be much larger than the change in Q '.
After allowing for changes in the coil itself, it was found
at 4.2'K that the changes in inductance and Q

' were
equal; at worst, the skin depth is not much smaller
than the particle diameter. This test was not made on
the sodium dispersions, which were too dilute to give
adequate sensitivity. However, the sodium particles
were only half the size of the lithium particles.

Dispersions

The samples for the room-temperature measurements
of X, in lithium were obtained from two cans of the same
99.8% "low-sodium" grade dispersion previously used
for measurements of nuclear T~ in metals. " These
samples proved to be better than any that could be
made in the laboratory and, in fact, improved with
age. After several years on the shelf, the electronic line-
width had decreased from about 1.5 to 0.8 6, possibly
due to the precipitation of impurities. For the measure-
Inents of temperature dependence of X, in lithium,
dispersion from the same cans was refined by thinning
with mineral oil, separating the coarse particles by
flotation, and then centrifuging the remaining suspen-
sion to a compact mass. Microscopic inspection showed
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Fxo. 3. The normalized steady-state change, at electron spin
resonance, in the electron spin polarization of a 10p sodium
dispersion at 1.5'K. A 29,27-Mc/sec transverse linearly polarized
rf field is used. The dots are data corrected for paramagnetic
impurity background; the circles are raw data. The solid curve is
derived from solutions to the modified Bloch equation and is
chosen for best fit.

» A. G. Anderson and A. G. Redfield, Phys. Rev. 116, 583
(1959).
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no particles greater than 20 p, in diameter in these
reGned samples.

For the measurements on sodium, a home-made dis-
persion of 99.9/~ purity sodium in ceresin wax was used.
No particles greater than 10 p, in diameter were found.
The linewidths in this dispersion were 2.8 G at 77 and
0.25 G at 1.5'K, about the same as those reported by
Feher and Kip"; moreover, it was relatively free of
paramagnetic impurities which, as noted earlier, con-
tribute to the total alternating moment detected.

III. MODIFIED BLOCH EQUATION

Nature of Equation

The modiGed Bloch equation is the vector equation
of motion for the magnetization of a system of nearly
free spins in an applied magnetic Geld. For conduction
electrons in a uniform Geld, the appropriate form of the
equation has been shown to be'

dM X,H —M
=yMxH+

where M is the magnetization, H is the instantaneous
field, 7 is the gyromagnetic ratio, X, is the spin suscepti-
bility, and T& is the spin-lattice relaxation time, which
equals the spin-spin relaxation time T2.

In the present experiment, H is the vector sum of the
polarizing field Hs and the transverse, linearly polarized
rf Geld 28& cosset. The relaxation time T& is roughly
10 7 sec, corresponding to a linewidth of roughly 1 G.
Since Hp ls about 10 G, H& and Hp are comparable at
saturation. In this regard, the present experiment is
atypical. The condition usually met is that Hp»H&,
and the approximation can then be made that only a

's G. Feher and A. F. Kip, Phys. Rev. 98, 337 (1955).
"' M. Berkenblit and A. Reisman, Anal. Chem. 32, 721 (1960).

Chemical Analysis

The absolute measurements of X, in lithium were made
at 300'K on corked vials of lithium dispersion, with a
hairpin as an rf source. Corking was sufficient to protect
the dispersion against atmospheric moisture for periods
of weeks or months. After a series of runs on a given
sample, the vial was broken into a Qask through which
a stream of purified oxygen Qowed, and water was slowly
dripped into the Qask. The hydrogen evolved in the
lithium-water reaction was carried by the oxygen
stream through freeze-out traps and drying towers,
and then to a hot platinum catalyzing chamber. The
water produced here was trapped and weighed, and the
original weight of lithium thus deduced. This chemical
analysis was made and reported by Berkenblit and
Reisman. "A similar chemical analysis of sodium samples
was not attempted, since several months effort, with
a poor prospect of even 5% accuracy in X„would have
been required.
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Fro. 4. The degree of saturation Z=(x,P&—QI,))/x, H0, for
several values of 7'&, as a function of 29.7-Mc/sec transverse
linearly polarized rf Geld strength at electron spin resonance.
These curves are obtained by numerical integration of the modiGed
Bloch equation.

single circularly polarized component of the rf Geld is
effective. The counter-rotating component has been
shown" to produce a shift in the resonance by a relative
amount LHi/2Hs]s, and also to produce weak reso-
nances" in polarizing Gelds which are odd multiples
of o~/y. Such effects can be expected to strongly modify
the approach to saturation in this experiment; there-
fore, it was necessary that the modiGed Bloch equation
be solved exactly.

M(s/oi) = —ui —bj+ck. (3)

The coefficients a, b, and c are then found by in-
verting Eq. (3), after individual numerical integrations
to find Ms(~/&u), Mi(a-/&u), Ms(s/o~), and M, (~/&e). In-
dividual averages of the s component are stored while
generating these vectors, so that the time-average longi-
tudinal magnetization (iV,) is found immediately from
Eq. (2). Recalling that X, is unity here, the degree of
saturation is then given by Z= 1—(M,)/Hs.

Figure 4 shows a set of on-resonance saturation curves
of Z against H~ for several values of T~ and a resonance
frequency of 29.7 Mc/sec. It should be noted that the

'~ F. Bloch and A. Siegert, Phys. Rev. 57, 522 (1940),"J.Winter, Compt. Rend. 241, 375 (1955).

Numerical Integration of the Modi6ed
Bloch Equation

A steady-state solution to the modiGed Bloch equa-
tion for which H=2Hr cos(orat)i+Hsk, was constructed
as follows: Let

M(t) =Mo(t)+aMi(t)+bMs(t)+cMs(t), (2)

where

Mi(0) =i, Ms(0) = j, Ms(0) =k, and Mp(0) =0.
In. its evolution, let Ms obey the modified Hloch

equation with X, equal to unity, and let Mi, Ms, and
Ms obey the homogeneous equation dM/dt=yMXH

M/Ti. Since —the steady motion is symmetric and
surely repeats every cycle, the steady-state boundary
condition at the end of a half-cycle is given by
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degree of saturation is not monotonic with increasing
rf amplitude, but shows a peak. This behavior is more
pronounced for on-resonance saturation at lower fre-
quencies, as can be seen in Fig. 5. This theoretical re-
sult was tested by modifying the apparatus for observa-
tions a,t 7.25 Mc/sec. The experimental data depart
from the solid computed curve because the applied rf
field was not uniform over the sample volume. The
dotted curve to which the data are fitted is a convolution
of the solid curve with a distribution function chosen to
give best IIit, as will be described in Sec. IV.

To better understand these saturation peaks, the more
tractable problem of square-wave (rather than sine-

wave) rf excitation was solved analytically. The mag-
netization now precesses in a fixed cone (neglecting
relaxation) about the resultant field direction for each
half-cycle, the cone lying more and more horizontally
with increasing rf amplitude. Because the motion is
required to be re-entrant, the cone half-angle must
alternately open and close with increasing rf amplitude,
thus accounting for the peaks in Z. It was found that
the higher order peaks are separated by intervals of
rf amplitude equal to twice the polarizing Geld strength.

IV. DATA FITTING

Folded Saturation Curves

In the integration of the modified Bloch equation, a
uniform rf held was assumed. Because the actual rf
6eld varied throughout the sample cell, and more im-

portant, because rf penetration of the particles was in-
complete at liquid-helium temperatures, the plots of
signal against rf Geld strength show less curvature than
&he computed saturation curves. A source of further
deviation, the possible existence of a distribution of
relaxation times among the particles, was also con-
sidered. However, since the observed resonance lines
did not appreciably depart from Lorentzian shape,
it was concluded that such a distribution would have
slight width and negligible effect on the experimental
results.

I.O 2.5 IO

7,25 Mc/sec RF AMPLlTUDE (Gauss)

FIG. 5. The normalized steady-state change at electron spin
resonance in the electron spin polarization of a 20 p lithium dis-
persion at 300'K. A 7.25-Mc/sec transverse, linearly polarized
rf Geld is used. The data depart from the computed solid curve
because of rf inhomogeneity. The dotted curve is obtained by
folding the solid curve on an rf Geld distribution whose ratio of
standard deviation to mean is 0.15.

At 300 and 77'K the skin depth exceeds the particle
diameter, so that curves appropriate for data 6tting
could be generated by folding the computed saturation
curves on the known rf field distribution. A graphical
procedure was used which proved quite accurate. The
rf field distribution was approximated by a pair of 8

functions spaced one standard deviation cr to each side
of the mean field m. For th'e shorted coaxial line,
cr=0.16 m; for the rf hairpin, o.=0.15 m (see Fig. 5).
The sum of —,Z((1+o/m)Hi] and sZL(1 —o/m)Hi(, ob-
tained from the theoretical saturation curve for the
appropriate T~ and Ho, was plotted against H~. Such
folded curves were found to be practically indistinguish-
able from the exact convolutions of the rf Geld distribu-
tion with the saturation curve. In any event, these
folded curves differ little from the original computed
curves (except for an irrelevant change of Hi scale)
until 0- becomes comparable with the width of a satura-
tion peak.

Both the ordinate and abscissa scales of the folded
saturation curve are adjusted to best fit the data, and
the signal obtainable on full saturation is thereby de-
duced. This same graphical construction of folded
saturation curves is used in fitting the data obtained
at liquid-helium temperatures, where skin effect smear-

ing predominates. A good apparent Gt is obtained when
the ratio o./m is between 0.4 and 0.5, and the validity
of this 6t will be justi6ed in the following section.

Correction for Skin Effect

The rf field only partially penetrates the particles at
liquid-helium temperatures, and if it were true that for
this reason some sample is "lost," the measurements of
relative susceptibility would be worthless. Ke now show
that incomplete rf penetration merely reduces the aver-
age rf field seen by the electrons, the reduction factor
being roughly equal to the ratio of skin depth 6 to par-
ticle radius r. The same result has been stated by
Abragam. ' Our treatment is a modification of one 6rst
given by Dyson. "

An electron moves randomly inside a particle for a
time 7~=10 sec before making a spin-lattice collision.
The diffusion length d during this time is given by
d= (o&lT&/3)'l', where os is the Fermi velocity and f
is the mean free path for ordinary collisions. At liquid-
helium temperature, l&10 ' cm, so d&100 p, , and the
electron moves in and out of the particle skin many
times before relaxing. Thus, every electron sees a sta-
tistically identical rf Geld whose amplitude Quctuates
but whose phase is preserved. If the skin depth is much
smaller than the radius, the electron sees the rf 6eld in
bursts of average duration Tq separated by intervals of
average duration T„, where T~ is the time spent in the
skin and T„ is the time spent in the 6eld-free interior.

"A. Abragarn, Princijles of Xsccleor iVogneiisnt. (Oxford
University Press, London, 1961),p. 377.

r' F. J. Dyson, Phys. Rev. 98, 349 (1955).
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TABLE I. Conduction electron spin susceptibility in lithium.

Sample

L. S. 9
L. S. 11
L. S. 12
L. S. 13
L. S. 14

Mass' (g)

0.819
0.648
0,710
0.865
0.739

10e
(cgs volume units)

1.97
1.99
1.95
1.90
1.97

a See Ref. 13,

The power spectrum of such a waveform can be de-
rived from its autocorrelation function by applying the
Wiener-Khinchin relation. The power spectrum will
be a 8 function centered at the applied radio frequency,
superimposed on a broad weak base whose width is of
order T~ ' or T„', depending on the degree of correla-
tion between bursts. The important result is that the
8 function has an intensity corresponding to an un-
interrupted uniform rf field of amplitude 2HiTs/T„.
The signal observed at resonance will then be the same
as for a particle uniformly penetrated by an uninter-
rupted rf field of amplitude 2HiTs/T„, or roughly
2H&5/r. The same result could be derived by considering
the spin in a rotating reference frame, precessing step-
wise around the fixed effective 6eld direction. At
resonance, the average precession rate around H1 is
reduced by a factor Ts/T„.

Thus, incomplete rf penetration in a dispersion of
uniform particle size should affect only the H1 scale,
but not the shape of the saturation curve. However, a
distribution of particle size will tend to smear the curve
shape, but as found by the analysis sketched below,
this smearing is well approximated by curves folded in
the manner described in the preceding section.

The approximation was first made that particles for
which r&5 experience a reduced rf field (8/r)2Hi cosset,
while smaller particles experience the full applied rf
Geld. Analysis then showed that for any reasonably
smooth particle size distribution, the ratio o/m for the
resulting effective rf Geld distribution would rapidly
approach a value o/nl, = ((r)(r') —(r')')'"/(r)' in the
limit (r)))5. The data obtained at liquid-helium tem-
perature were in good apparent 6t with folded curves
for which o/m was about 0.4 or 0.5, and for which m
was about 40% of the mean applied rf field. Two trial
particle size distributions were then considered. These
were of the form exp( —xs) and x' exp( —x), (x cc r/&),
and when scaled so that 8=0.82(r) and 5=0.68(r)
respectively, generated effective rf Geld distributions
for which m= 0.4 for each, and o/m =0.49 and
o./ns=0. 45, respectively. These rf field distributions
were then machine convoluted with a theoretical satu-
ration curve, and each convolution was compared with
the curve obtained, as described in the previous section,
by simply folding the saturation curve on o./m. The
machine convoluted curves both agreed with the folded
curves to about 1%.Finally, it was observed that there

Tmr, E II. Theoretical and experimental values of y, for
lithium and sodium, in cgs volume unitsX10 .

Lithium Sodium Method

1.17
5.3

1.87
2.12
2.08&0.10

1.98&0.10
1.90&0.10
1.96&0.10

Free-electron model'
Free-electron model, with exchange and

correlation corrections. "
0.85 Collective coordinate model. '
0.967 Collective coordinate model.
0.95%0.10 Comparison of ESR with %MR.'
1.13&0.10 Comparison of ESR with %MR.

Measurement of Pg, g combined with
measurement of Knight shift h '

Present measurement (ESR saturation)

a See Ref. 3,
b J. B. Sampson and F. Seitz, Phys. Rev. 56, 633 (1940).
o See Ref. 4.
d See Ref. 5.
+See Ref. 1 ~

&See Ref. 2.
g Ch. Ryter, Phys. Rev. Letters 5, 10 (1960). Ryter's value of

$ =0.442 &0.015 is here corrected to $ =0.475 &0.020, in view of our result
(see Ref. 10) that the saturated Overhauser enhancement in lithium is
0.93 (y&/yn). This corrected value of $ is then combined with the reported
Knight shifts in lithium (See footnotes h and i) to yield the tabulated
values of xs. Knight (Ref. 6) suggests that a chemical shift may be the
cause of the discrepancy in these reported shifts, as different reference
lithium compounds were used.

"H. S. Gutowsky and B, R. McGarvey, J. Chem. Phys. 20, 1472 (1952).
i D. F. Abell and W. D. Knight (unpublished), but see Ref. 6, Table IV.

was less than 1% difference between the electron spin
moments inferred by fitting the data to curves folded
on o-/m=0. 4 and o./vs=0. 5. It was concluded that a
good Gt to a folded saturation curve was a sufhcient
criterion for valid inferrence of the electron spin mo-
ment, whatever the particle size distribution, provided
only that no large particles were present. Absence of
large particles is almost certain, as evidenced by micro-
scopic examination, by the equality of the change in
sample Q

' to the change in sample inductance, and by
the similarity of the saturation curves obtained at
300'K to those obtained at 77'K. As further evidence,
in the experiment described in the paper immediately
following, " full Overhauser enhancement was obtained
at a nuclear spin resonance frequency of about 1..16
Mc/sec while the electron spin resonance frequency was
at 29 Me/sec.

' L. M. Roberts, Low Temperature Physics arId Chemistry,
edited by J. R. Dillinger (University of Wisconsin Press, Madison,
1958), p. 417.

'9 D. L. Martin, Proc. Roy. Soc. (London) A263, 378 (1961).
"R.E. Gaumer and C. V. Heer, Phys. Rev. 118, 955 (1960).
"W. H. Lien and N. E. Phillips, Phys. Rev. 118, 958 (1960).

V. RESULTS

Table I gives values of X, for five samples of lithium;
the average value is X,= (1.96W0.10)&(10 ' cgs volume
units. Table II compares this result with other reported
values of &,. It is also possible to derive a value of X,
from the Korringa relation, as will be discussed in the
paper immediately following. "However, such a value is
apt to be in error because of the uncertainty in elec-
tronic speci6c heat. Reported values for the electronic
specific heat in lithium"" and in sodium" " differ
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among themselves, and more important, were obtained
with bulk samples which are known to undergo a partial
martensitic transformation" at low temperatures. This
transformation is probably inhibited in dispersed
samples. "Despite these uncertainties, when measured
values of the Knight shift, ' the nuclear spin-lattice re-
laxation time, ""and the average of the reportedvalues
of electronic specific heat are combined, one infers from
the Korringa relation a value X,= (2.30a0.20) &&10 ' cgs
volume units for lithium, and X,= (1.06%0.10))&10 '
cgs volume units for sodium, in good agreement with
the values given in Table II.

The relative values of I, in lithium were the same at
300, 77, and 1.5'K, within an estimated uncertainty of
3%, and were the same in sodium at 77 and 1.5'K,
within an estimated uncertainty of 5%. This result for
sodium is in agreement with that reported by Schu-

~ C. S. Barrett, Acta Cryst. 9, 671 (1956)."Douglas L. Martin (private communication).

macher and Vehse. ' Feldman and Knight'4 have re-
ported an anomalously large decrease of the Knight
shift in sodium at low temperature, which could be ac-
counted for by about a 2% decrease of X, in sodium at
4.2'K, or conversely, by an additional 2% decrease in
I'g over its estimated decrease. Unfortunately, neither
the measurements of Schumacher and Vehse nor our
measurements are suKciently precise to resolve this
uncertainty.
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The overhauser polarization of nuclear spins in Li and Na metal has been precisely measured at 1.5'K
and 10.4 G. The electron spin resonance was saturated for a time long compared to the nuclear spin relaxa-
tion time, and the resulting Overhauser polarization was then measured by adiabatically applying a high
6eld and sweeping through nuclear resonance in a time short compared to the nuclear relaxation time. The
degree of electron saturation was determined with precision by comparison with the change in electron spin
magnetization longitudinally measured under the same experimental conditions. For Na the polarization
ratio is 100&3%of its high-Geld theoretical value y, /y„; for Li, 84&3%.At 10.4 G correction must be made
for polarization leakage via the nuclear spin-spin energy; the predicted ratios are 98.5% for Na and 90%
for Li, of the high-6eld values. The remaining discrepancy in Li is presumably a result of conduction electron
orbital contrib&stion to the relaxation which is important because of the predominantly p character of the
lithium conduction electron wave functions. The orbital relaxation rate is estimated theoretically for Li,
and the result agrees with experiment.

INTRODUCTION

'HAT the nuclear spin polarization in a metal
would become greatly enhanced if the conduction

electron spin resonance were saturated has been shown

by Overhauser. ' Of the several methods' ' of dynamic
nuclear polarization, the Overhauser e8ect is the one

~ Part of this work was submitted by one of us (R. Hecht) in
partial fulfillment of the requirements for the degree of Doctor
of Philosophy at Columbia University.

t Present address: R. C. A. Laboratories, Princeton, New Jersey.
' A. W. Overhauser, Phys. Rev. 92, 411 (1953).' A. Kastler, J. Phys. Radium 11, 255 (1950).
s R. V. Pound, J. Phys. Chem. 57, 743 (1953).

which goes most strongly against intuition, so that its
experimental observation by Carver and Slichter4 was
of considerable interest. Overhauser predicted that the
maximum enhancement of the nuclear spin polarization
would be y,/y„ times its thermal equilibrium value,
where p, and p are the electronic and nuclear gyro-
magnetic ratios. Quantitative confirmation of this
prediction in Li can be inferred indirectly from meas-
urement of the Overhauser-enhanced electronic Knight
shift, the electronic spin susceptibility, and the nuclear
Knight shift. ' It is directly confirmed with precision

4 T. R. Carver and C. P. Slichter Phys. Rev. 102, 975 (1956).' Ch. Ryter, Phys. Rev. Letters, 10 (1960).


