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By performing precise measurements of the nuclear magnetic resonance frequencies at constant field of the
stable Rbisotopesin a metallic sample and in RbCl solution, we determined A=%85/£87— 1= (0.384-0.03)%,,
where £85:87 is the Knight shift of Rb®:%. A is the hyperfine structure anomaly which will be equal to A(sy),
determined from Rb(Ss S3) atomic beam experiments only if the hyperfine interaction responsible for the
Knight shift arises from s3 conduction electrons. The experimental results show that to high precision this

is the case.

HEN the nuclear magnetic resonance (NMR)
frequency of nuclei in a metallic sample is com-
pared with that of the same nuclei imbedded in an in-
sulating diamagnetic substance, it is found that the
nuclei in the metal usually “see” an effective magnetic
field which exceeds the applied field. The fractional
shift to higher fields is commonly called the Knight
shift %, and is thought to have its origin in the para-
magnetism of the unpaired conduction electrons. % is
therefore a measure of the number of conduction elec-
trons and the magnetic field they produce inside the
nuclei under study. It can readily be shown that!

k=axM /2gun, (1)

where ¢ is the hyperfine interaction between the nucleus
and a conduction electron, g is the nuclear ¢ factor, x
is the susceptibility of the conduction electrons, and M
is the atomic mass. If ¢ is isotropic, £ will also be iso-
tropic. It is generally assumed that ¢ arises solely from
s3 electrons since the contact interaction for these will
be particularly large.

Since s; electrons have a density maximum at the
nucleus, their hyperfine interaction is sensitive to both
the electron wavefunction inside the nucleus and the
nuclear magnetization distribution,>? and one defines
for two isotopes (e.g., Rb® and Rb¥) the so-called
hyperfine structure anomaly

A= (a%/a*)(g"/g%)—1. (2)

A is of the order of a fraction of a percent for s; electrons.
The sign and magnitude of A reflects differences in the
nuclear structures of the two isotopes.

It can readily be seen from (1) and (2) that if the
hyperfine interaction arises from sj electrons only,

Asy)= (k5/B5T) 1. ®)

Since A(s:) has been measured to considerable precision
by atomic beam experiments on Rb atoms which are
known to be in a pure (5s)% S; state, an experimental
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verification of (3) would demonstrate unambiguously
that the hyperfine interaction in the metal involves
s3 electrons only.

EXPERIMENTAL

Recalling the definition of 2 [Eq. (1)] and using it
in Eq. (3), one can show that

A(sy)= (1/B)(gn*/gn®") (/") —1], 4)

where g, refers to the effective nuclear g factor in the
metal, g is the g factor in a diamagnetic compound or
solution, and % is the average of 2%% and %£%. % is obtained
from a comparison of g, and g. g is not entirely inde-
pendent of the chemical composition of the solution and
the range of its value in various substances limits the
precision of 4. From an experimental point of view our
task of determining A can therefore be considered to
consist in the accurate determination of three ratios of
resonance frequencies. The three ratios are (g.,%/g.%),
(¢/), and say, (g.57/g").

The two samples used were Rb* ions in an aqueous
solution and metallic Rb dispersed in mineral oil. The
latter sample was made by dispersing the metal by
means of a high-speed stirrer in an inert atmosphere at
about 60°C and cooling the sample slowly to room tem-
perature with the stirrer still operating to prevent
coagulation of the small metal droplets. The former
sample was a saturated RbCl solution which was chosen
because it showed the narrowest NMR line for Rb
from among the three Rb salts investigated. The spread
of chemical shifts between RbCl, RbI, and RbHCO;
was 3 parts in 10°. If this spread is taken as the order
of magnitude of the chemical shift, it limits the precision
to which £ (and A) can be determined to 5 parts in 103,
As will be seen below, this is too small an error to affect
the final precision of A.

The experiments were performed at room temperature
with a wide-band high-resolution, 12-in. Varian spec-
trometer without superstabilizer. All resonances were
observed by keeping the rf frequency constant and
slowly sweeping the magnetic field through its resonance
value, approximately 4.8 and 16 Mc/sec for Rb% and
Rb#, respectively. The field was monitored by a Varian
4400 NMR deuterium probe and the Rb and D signals
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were recorded simultaneously on a Sanborn two-
channel recorder.

The metal sample was dispersed finely enough so that
the skin effect which mixes the X’ and X'’ modes was un-
important, and the probe was tuned to a pure X"’ signal.

The observed lines were Lorentzian in shape and the
half widths of the Rb® and Rb% solution and Rb®
and Rb? metal resonances were 0.17, 0.12, 1.7, and 1.7
oe, respectively. The rf power was adjusted to maximum
value which did not cause saturation, and the modula-
tion amplitude was set as high as possible without
causing line broadening. Mieher* has predicted
T1(Rb%¥)/T1(Rb?)=1.027 if the quadrupole interaction
provides the relaxation mechanism. Our results do not
bear out that this is the case in either the metal or
RDbCI solution.

Our precision was limited by the signal-to-noise ratio
of the Rb?% metal resonance line, which was about 30:1.
We took 18 and 24 traces of the Rb% and Rb¥ reso-
nances, respectively, half of them with H, increasing
and the other half with H, decreasing. The field dif-
ference between the D and Rb samples was monitored
and corrected for. Our results are

£n85/g%=1.006527-1.2 ppm, (5)
287/ ¢%7=1.006502-£0.3 ppm, ©)
g20/¢%=1.5898784--0.6 ppm, @)
g0/¢%7=0.46913152--0.1 ppm, (®)

where gp is the effective deuterium g factor and the
quoted errors in parts per million are the most probable
statistical errors. From (5) and (6)

=1 (k%+57) = (0.6514-£0.0002)% (9)

with an additional uncertainty of about £0.0039%, from
the uncertainty of the chemical shifts. Using (5) and
(6) in (4) we find

Awxo= (0.38220.02)%.

We estimate that if we include the systematic error
introduced by a slow change with time in the field dif-
ference between the Rb and D sample positions in the
course of an experiment, the total error might be in-
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creased by 509, so that
Aexp= (0.3820.03)%. (10)

The atomic beam value for A(s;) is obtained from the
hyperfine interaction ratio® and the present value for
g%/¢%, obtained from (7) and (8);

¢%/g%7=0.2950738-0.00000053, (11)

which overlaps theé value obtained by other workers®
but is somewhat more accurate. In this way one finds

A(sy)= (0.3513-:0.003)%. (12)

DISCUSSION

The agreement between (10) and (12) shows that
the electrons responsible for the Rb Knight shift and
the hyperfine interaction in atomic Rb have the same
fractional s character. This is so because s; electrons
are the only ones which could contribute significantly
to the hyperfine structure anomaly A. Since the valence
electron of Rb is almost certainly in a pure s; state, we
may conclude that the Knight shift in Rb metal is
caused by pure s; electrons because an appreciable
contribution from non-s electrons would make A
smaller than A(sy). This justifies the assumptions made
by Townes ef al.” in explaining the origin of Knight
shifts.

The present experiment can also be used as justifica-
tion for employing the isotope effect of the isotropic
part of the Knight shift to measure differences in nuclear
magnetization distributions of isotopic pairs which
cannot be studied conveniently by the other methods?
available for such determinations.

ACKNOWLEDGMENTS

We wish to thank S. Meiboom for being kind enough
to put his NMR apparatus at our disposal and E.
Wasserman for loaning us the apparatus used in the
metal sample preparation.

5 S. A. Ochs and P. Kusch, Phys. Rev. 85, 145 (1952); B. Beder-
son and V. Jaccarino, 7bid. 87, 228(A) (1952).

6 E. Yasajtis and B. Smaller, Phys. Rev. 82, 750 (1951); N.
Adams, T. Wimmett, and F. Bitter, ibid. 82, 343(A) (1951).

7 C. H. Townes, C. Herring, and W. D. Knight, Phys. Rev. 77,
852 (1950).



