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Before Kubo and Obata! in 1956 pointed out
that interstate mixing could lead to appreciable
orbital paramagnetism in the transition metals,
it had been generally assumed that the orbital
magnetic moment was effectively quenched in
these materials as in ferromagnetic metals,
so that the only contribution to the susceptibil-
ity was due to the electronic spin; the gyromag-
netic ratio g’ would therefore be approximate-
ly 2 (neglecting diamagnetism). Clogston et al.?
and later Butterworth® showed the importance
of orbital paramagnetism from Knight-shift
studies; these results were confirmed by the-
oretical calculations by Denbigh and Lomer*
and recently by Mori.® But it appears that gyro-
magnetic experiments are the only direct source
of information on the relative electronic con-
tributions to the paramagnetism. For if spin-
orbit interaction is neglected, then g’= (xs +X0)/
(Gx s X o) (see Kubo and Obata),! and therefore
the spin and orbital susceptibilities y s and X,
can be obtained from a knowledge of g’ and the
total susceptibility.

Although gyromagnetic effects in ferromag-
netic materials have been extensively studied
for many years and measurements have been
made, by Sucksmith,® in strongly paramagnet-
ic salts, this Letter reports what is believed
to be the first determination of the gyromagnet-
ic ratio of a paramagnetic metal. The measure-
ment of g’ for these metals presents consider-
able problems because of their very low sus-
ceptibility —rotations of the order of 107° rad
have to be measured, compared with 10~3 rad
in Sucksmith’s experiments. The Einstein-
de Haas resonance method,” later improved
by Sucksmith,® Coeterier and Scherrer,® Scott,®
Doll,'° etc., appears to be the only one capable
of sufficient sensitivity while also allowing for
the elimination of disturbing effects which can
be very large compared with the signal.

In our experiment the cylindrical specimen,
suspended axially by a quartz filament, is set
into oscillation by an alternating magnetic field
H, parallel to its axis. H is controlled by the
rotational displacement 6 of the sample through
a positive feedback system. With a phase dif-
ference of & between 6 and H, and a decay time

of free oscillations of 7, the resonance ampli-
tude is given by

2
9, :Tmli‘éﬂ %Ho Cos6 +a,H, sind +a,H, cosd, (1)

where m, = electron mass, e =electron charge,

x =mass susceptibility, m =mass of paramag-
netic system, I=moment of inertia of the sys-
tem, and H,=amplitude of magnetizing field.
The first term on the right-hand side of Eq. (1)
is the amplitude due to the gyromagnetic torque;
the last terms are due to the interactions be-
tween steady magnetic fields (e.g., earth’s field)
and moments induced in the specimen by the
alternating field. These latter can be elimi-
nated by reducing 6 to zero, and by aligning

the alternating field with the vertical axis of

the specimen (experimental details will be pub-
lished later).

An essential part of the apparatus, which
is illustrated schematically in Fig. 1, is the
optical lever designed and made for us by Jones,"!
which detects the displacement of the light beam
deflected by the mirror M. The signal from
a differential pair of silicon photocells is com-
pared with the signal from a pickup coil mea-
suring the field. The phases of the signals are
compared using a phase-sensitive detector.

The two specimens used consisted of 5-cm
straightened lengths of zone-refined pure vana-
dium wire of 0.5 mm diam supplied by Materi-
als Research Corporation. Each was suspended
by a quartz fiber in a vacuum chamber to give
a frequency of oscillation of 16 cps for one
sample and 18.5 cps for the other. The char-
acteristic decay time of free oscillations was
between 50 and 450 sec.

As a test of the apparatus, we measured the
gyromagnetic ratio of gadolinium oxide. The
value obtained was 1.95+ 0.10, which is in good
agreement with the theoretical value of 2 and
the previous experimental determination by
Sucksmith. The results for vanadium were
as follows: sample I, 50 measurements, g’
=1.20+ 0.10; sample II, 20 measurements,
g’=1.16+0.07. The errors quoted represent
the maximum spread of the measurements.
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FIG. 1. Block diagram for g’ measurement.

Using the formula

Xg = (2/g")(g"-D(x ),

meas _xdia

the susceptibility of 5.7x10™® emu/g measure
for our samples leads to the following spin

and orbital susceptibilities in units of 107¢
emu/g at., calculated from the sample-I result
(g’=1.20):

Xmegsured ) ) 291+3
Xdia estimated diamagnetic term) -15

Xs 102+ 42
Xo 204F 42

(Xspin from electronic specific heat 122)

The errors quoted in x and y, neglect the
smaller errors on xpy,eas and xqig; the upper
and lower signs have to be taken together in
both quantities.

Our value of x¢ is smaller than the value de-
rived from electronic specific heat and so sup-
ports Clogston et al.’s suggestion of a diminu-
tion of Xsp. heat in superconductors due to the
attractive potential between the electrons.!2:2
But the accuracy of our measurement is not
sufficient to draw a definite conclusion.
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