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Kirensky type. Preliminary measurements by McGuire'
of E1 for this crystal by the microwave resonance
method, indicate that the major part, if not all, of the
first term represents the difference between the values
of KI obtained by a static method and that obtained by
a microwave method.

Measurements were also made on the crystal after it
had been heat treated by cooling slowly in a magnetic
field parallel to each of the principal crystallographic
directions from 700'C. Generally this heat treatment
caused a departure from cubic symmetry of the torque
curves and a maximum change in the torque values of
about i5%.

Since the theories of ferromagnetic anisotropy have
not been explicitly extended to ferrites, it is of interest
then that the temperature dependence has the form

expected of a ferromagnetic substance. If the experi-
mental values of EI and M for the nickel cobalt ferrite
crystal are substituted in Eq. (2) the following values
of n are obtained: 8&4 at 100'K 8~2 at 200'K, and
8+1 at 300'K.
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The magnetoresistive properties of a thin sodium wire have been studied at 1'I in transverse magnetic
fields (Hr) up to 60 000 gauss. This study was undertaken in order to determine whether magnetoresistive
oscillations of the de Haas-van Alphen type could be detected in the vicinity of 60 000 gauss. Although no
such oscillations were found, the magnetoresistance for Hz below 15 000 gauss exhibited a completely new

type of oscillatory phenomena. These new oscillations are periodic in H with a decreasing amplitude in in-

creasing magnetic fields, whereas the de Haas-van Alphen oscillations would be periodic in H with an
increasing amplitude in increasing magnetic fields. The period of these new oscillations is in excellent agree-
ment with the period of the oscillatory behavior predicted theoretically by Sondheimer for the ma, gneto-
resistance due to surface scattering of thin metallic films in IIp. From this period, a value for the electronic
momentum was obtained. The significance of these new oscillations is discussed.

INTRODUCTION

" 'N the study of the electronic energy-band structure
, ~ ~ of metallic media, de Haas-van Alphen and cyclotron
resonance phenomena' have proved to be important
tools for obtaining some information concerning various
electronic parameters and the nature of some parts of
the Fermi surface. However, there exists a disappointing

gap between the successful experiments which have
been performed and tractable theory. Whereas the
detailed theory on the one hand is based upon a free-
electron model employing simple Fermi surfaces, so
that it can best be applied to the Group I metals, the
experiments on the other hand have revealed these
phenomena only in non-Group I metallic conductors
with complicated Fermi surfaces. These phenomena
have not as yet been observed in the Group I metals
because of the inherent difIiculties in establishing the

For a preliminary report, see J. Babiskin and P. G. Sieben-
mann, Bull. Am. Phys. Soc. Ser. II, 2, 140 (1957).' R. G. Chambers, Can. J. Phys. 34, 1395 (1956). A recent
review on cyclotron resonance and de Haas-van Alphen phe-
nomena as related to the Fermi surface.

necessary experimental conditions. Since the Group I
metal sodium is the closest known approximation to an
isotropic free-electron metal, a very careful search
was made in this experiment to find the characteristic
II—' oscillations of the de Haas-van Alphen' type in the
magnetoresistance' of sodium under reasonably favor-
able experimental conditions. While no II—' oscillations
were found, 4 a new type of magneto-oscillatory behavior
stemming from magnetic "size eGects" was observed.

The first theoretical analysis using Fermi statistics
~ For a recent review article on the de Haas-van Alphen effect,

see D. Shoenberg, Progress est I,om TemPerature Physics (North
Holland Publishing Company, Amsterdam, 1957), Vol. II,
Chap. VIII.

3 A one-to-one correspondence has been experimentally estab-
lished between the periods in H ' of both the de Haas-van Alphen
effect and of the oscillatory galvanomagnetic and thermomagnetic
effects for various non-Group I metals; e.g., see M. C. Steele and
J. Babiskin, Phys. Rev. 98, 359 (1955).

4 Previous unsuccessful attempts to find H ' oscillations in
Group I metals have been made in steady magnetic fields up to
32 000 gauss PJ. S. Dhillon and D. Shoenberg, Trans. Roy. Soc.
(London) 248, 1 (1955)g and in pulsed magnetic fields up to
100 000 gauss PD. Shoenberg, Physica 19, 791 (1953)];see also
reference 2.
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FIG. 1. The transverse
magnetoresistance of an 80 p
sodium wire at 1'K.
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of the "size effects"s (the increase in the resistivity of
a conductor as the distance between the external
boundaries is diminished) for an isotropic conductor
was given by Fuchss for a thin film in the absence of an
apphed magnetic field (H). This analysis was extended
to the two-dimensional case of thin wires by Dingle
and by MacDonald and Sarginson. ' Further statistical
analyses of the size effects in H (i.e., magnetic size
effects) have been given for thin films by Sondheimers
and by MacDonald and Sarginson' in a transverse
magnetic field (Hs) and by Azbel'." in a longitudinal
magnetic field (Hz). Magnetic size effects have also
been treated using a kinetic approach by Chambers"
for a thin wire in HL, and for a thin film in Bp, and by
Koenigsberg" for a thin Glm in BL,. Experimentally,
magnetic size eGects were first discovered in the
magnetoresistance of thin sodium wires by Mac-
Donald, " who observed negative magnetoresistances
(dR/cIH(0) in Hz and Hr. The negative magneto-
resistance- was attributed to the decreased surface
scattering caused by II. Subsequent experiments on
the magnetoresistance of thin sodium wires by Mac-
Donald and Sarginson, by Chambers, "and by White
and Woods'4 have also exhibited similar magnetic size
effects. Although all of these theoretical analyses yield
a negative magnetoresistance as observed, the analysis
of Sondheimer was the first to also predict an oscillatory
behavior which had never been observed until now.

6 For relevant reviews on size effects, see E. H. Sondheimer,
Advances in Physics (Taylor and Francis, Ltd. , London, 1952),
Vol. 1, p. 1; reference 15, p. 183; reference 26, p. 242.' K. Fuchs, Proc. Cambridge Phil. Soc. 34, 100 (1938).' R. B. Dingle, Proc. Roy. Soc. (London) A201, 545 (1950).

D. K. C. MacDonald and K. Sarginson, Proc. Roy. Soc.
(London) A203, 223 (1950).' E. H. Sondheimer, Nature 164, 920 (1949); also Phys. Rev.
80, 401 (1950)."M. Ya. Azbel', Doklady. Akad. Nauk S.S.S.R. 99, 519 (1954)."R. G. Chambers, Proc Roy. Soc. (Lo.ndon) A202, 378 (1950)."E.Koenigsberg, Phys. Rev. 91, 8 (1953).

'~ D. K. C. MacDonald, Nature 163, 63'7 (1949)."G.K. White and S. B Woods, Phil. .Mag. 1, 846 (1956).

EXPERIMENTAL DETAILS

The high-purity (Rsss/E4. s
——2000) sodium specimen

was obtained through the kindness of S. S. Woods of
the National Research Council of Canada and was pre-
pared by methods described by MacDonald. " The
sodium was contained in a soft-glass capillary with
bulbous ends through which two current and two po-
tential probes of platinum were sealed. The sodium
capillary was 80 is (microns) in diameter and 1.1 cm
long. This diameter was determined from the resistivity
and measured resistance at 295'I, as well as from
direct optical measurements. Since the sodium solidified
slowly from one end during its preparation, it is be-
lieved to be a single crystal or nearly so.

The magnetic Geld was produced by a Bitter solenoid"
and was smoothly and slowly varied to 60000 gauss
during the continuous recordings. The magnetic Geld
was known to 1% and was uniform over the specimen
to better than 0.1%%uo. The specimen length was aligned
perpendicular to B to within 1'.

The measurements were made at 1'K and 4.2'K and
were recorded continuously on a 10-millivolt X-Y
recorder. The magnetic field which was directly pro-
portional to the solenoid current was recorded on the
X axis, while the voltage across the potential probes in
the sodium specimen was amplified by a Leeds and
Northrup dc microvolt amplifier and then recorded on
the I' axis. The specimen current was 10 amperes and

-was constant to better than 0.1%%u~. By setting both the
X and I' voltages to ~90 millivolts at 60000 gauss,
and by using standard biasing techniques in conjunction
with the IO millivolt scales of the X-I' recorder, the
data were recorded on the equivalent of a 90 in. )&90 in.
chart. The recorded measurements have a relative
accuracy of better than 0.03% over any 10-millivolt

's D. K. C. MacDonald, Handbnch der Physsh (Springer-
Verlag, Berlin, 1956), Vol. 14, p. 165."F.Bitter, Rev. Sci. Instr. 10, 373 (1939).
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FIG. 2. AR, vs II for the 80 p
sodium vrire at 1'K on an ex-
panded AR, scale.
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interval ( 7000 gauss on the X axis) and closer to
0.01% for smaller intervals.

RESULTS AND DISCUSSION

The solid curve of Fig. 1 shows a continuous plot of
the measured total resistance (R) against H at 1'K for
the 80 p sodium wire, where R consists of both the bulk
resistance (R~) and the resistance due to surface
scattering (E,). Since the resistance of bulk sodium
normally rises slowly in increasing magnetic fields, the
departures from this behavior as reported here and in
previous experiments' """are attributed to the varia-
tion of R, with H (the surface magnetoresistance) or,
in other words, to magnetic size eGects. Thus in Fig. 1,
the surface magnetoresistance exhibited an initial in-
crease to a maximum at ~300 gauss and then exhibited
a strong negative magnetoresistance. This general be-
havior is very similar to that previously observed by
White and Woods. "However, in the present experiment
the surface magnetoresistance exhibited a damped
oscillatory behavior as shown in Fig. 1 before becoming
completely damped out at 15000 gauss. Thus the
observed magnetoresistive maxima of previous ex-
periments' ""as well as the initial maximum of the
present experiment can now be recognized. to be part
of an oscillatory behavior which had been predicted, '
but not previously observed.

From ~15 000 gauss to ~35 000 gauss, the magneto-
resistance exhibited a linear dependence, which is in
agreement with previous observations" on the Group I
metals in Hp. The dotted straight line at the high fields

'~ For the most recent reference, see R. G. Chambers, Proc.
Roy. Soc. (London) A238, 344 (1957). Also, R. T. Webber and
J.R. de Launay have privately reported to us that the transverse
magnetoresistance of high purity copper at 4.2'K exhibits a linear
dependence up to 100 000 gauss.

TABLE I. Electronic parameters' of sodium at 1'K.

(A)
intrinsic parameters

mme

I=8~(m*s)'/3lg'
As=1/ne (cgs emu}
rII =m*sc/e
8*/E~ ——2eA/c(m*s)' (gauss '}
0's/ls =ne'/m*s (ohm ' cm ')
ys/ls = e/m*e
8
Ee m's'/2 (ev)——

Theoreticalb

9.71X10 ~
2.64X10~
2.37X10 3

6.06
3.59X10~
6.97X 10'0
4.95X109
1.07X10s '
3.23d

Experimentale

9.27X10 ~
2.30X10~
2.72X10-s
5.79
3.93X10 9

6.36X10'o
5.18X109

X10s d

2.95d

Structure-sensitive parameterse

es (ohm ' cm ')
le
ee/n
p
r=ls/s

Theoretical

1 53X10'
1 09X10s
3.71~.05
2 06X10—IO d

Experimental

1.40X10'
1.14X10s
3.39

~0.10
2.16X10 '0 d

a All units are in cgs esu unless otherwise specified.
b These values are based on m~@=9.71X10 2o which was obtained as

explained in the text.
e These values are based on m~@=9.27 X10» from the experimentally

determined period of the oscillations.
& These parameters are calculated for m~ =my.
~ These parameters are based on lg =220 ga at H =0 for this 80 p sample,

's M. Koh1er, Ann. Physih 5, 99 (1949).

is an extension of this linear region. However, above
35 000 gauss, the magnetoresistance falls below this

linear extrapolation in. such a manner as to suggest the
beginning of a saturation effect. Although saturation
is predicted by the theory' of magnetoresistance for
Group I metals, no indications of a saturation e8ect
have been previously observed in H~. No evidence for
an oscillatory magnetoresistance of the de Haas-van
Alphen type was found at the high Gelds in the vicinity
of 60 000 gauss, even with a resolution of 0.01% for
both E and H over small intervals of H. The calculated
spacing in H (AH=P*IP/Es) from Table I is 14
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gauss at 60 000 gauss. Thus, it is seen that the de Haas-
van Alphen oscillations would have been just detectable,
if they had su%.cient amplitude. The above measure-
ments were not appreciably affected upon varying the
temperature from 1'K to 4.2'K.

In order to show the new oscillatory behavior more
clearly, Fig. 2 shows a plot of d,R, against H. As shown
in Fig. 1, hE, is the difference between the experimental
data for R and the dashed curve which approximately
represents the mean of the oscillatory data. This dashed
curve is included for illustrative purposes only and for
reasons to be presented shortly should not be taken to
represent the bulk magnetoresistance. Figure 2 ex-
hibits clearly the first three maxima and the erst two
minima of the oscillations, while a third minimum can
be seen by sighting along the DR, curve. In the actual
continuous recording on the equivalent of a 90 in. )&90
in. chart, this third minimum was more clearly visible
and a fourth maximum was also discernible.

This discovery of a magneto-oscillatory size effect
has Anally opened up the possibility of making de6ni-
tive studies on the Group I metals with much greater
ease than previously envisioned for the de Haas-van
Alphen or cyclotron resonance phenomena. This is so,
since these oscillations occur at comparatively low
magnetic 6elds with measurable amplitudes and, as
will be shown, they yield significant information con-
cerning electronic parameters and the nature of the
Fermi surface. In order to observe these effects, it is
desirable to satisfy three conditions: (a) the bulk mean
free path (lss) should be of the order of, or preferably
larger than, the smallest specimen dimension; (b) the

radius of the electron orbits (r) as varied by H should
range from r= ~ at B=O to r of the order of 10 to 20
times smaller than the smallest specimen dimensions;
(c) the bulk magnetoresistance should not be so large
as to overwhelm the surface magnetoresistance. All

these conditions were satisfied in these experiments.
The characteristics of this new type of oscillatory

behavior differ completely from those of the de Haas-
van Alphen oscillations in that they exhibit a damped
periodicity as a function of H rather than of II '.
However, the period and behavior of these new oscilla-
tions are in excellent agreement with the oscillatory
behavior, which was predicted theoretically by Sond-
heimer' for the surface magnetoresistance of thin films
in B~. A similar behavior, which appears to be oscilla-
tory, was also predicted" by Azbel'" for thin films in
Hl, . In a kinetic treatment, Chambers" also predicts
a similar oscillatory behavior for thin films in EIp and
gives physical reasons as well for the existence of such
an oscillatory behavior.

In Sondheimer's theory, the variation of ops/o is
plotted as a function of a dimensionless parameter"
7=a/r=aeH'/rrs*8c for fixed values of another dimen-
sionless parameter n = /al aend of the surface reflection
coe%cient (p). The quantity o& is the bulk conductivity;
0. is the total conductivity; a is the thickness of the
film; m* is the effective mass; v is the Fermi velocity.
The coefficient p ranges from p=0 for completely diffuse
scattering of the electrons at the specimen boundaries
to p=1 for completely specular reflection. Sondheimer
Qnds that this theoretical plot of ass/o. es y (for constant
n and p) exhibits a damped oscillatory behavior. The
position of the maxima and minima of os/o occur
periodically in y with a period of hy —6 and with the
first maximum occurring at y—1. Sondheimer also
finds that the amplitude of the oscillations is strongly
affected by the choice of the values for x and p, but
that the periodicity and the positions of the maxima
and minima are not appreciably affected.

The nature of the agreement between Sondheimer's
theory and the present experiment is shown in Fig. 3.
The values of II at which the maxima and minima occur
for both the experimental and theoretical oscillations
are plotted against successive integers (Ã) which are
assigned to the successive maxima and minima. The
theoretical values of H at y=1, 4, 7, 10, 13, 16 were
obtained by substituting a= 80 p and m*8= 9.71)&10—"
into y. This value of m*8 was obtained for sodium from
the relation I= (8sr/3) (srs*8/h)' assuming one conduc-
tion electron per atom, where e is the number of con-
duction electrons per cm' using the density "of 1.0066

0—
I I

3 4
N (INTEGERS)

FIG. 3. Values of II at which the magnetoresistive maxima and
minima occur for both the experimental and theoretical oscilla-
tions plotted against corresponding integers.

'9 Azbel' uses an ellipsoidal Fermi surface of constant energy
and shows that the anisotropy of masses does not change the
nature of the results.

~ In Sondheimer's notation, P is used instead of y. This change
in notation was made, since P* is used here as an effective double
Bohr magneton.

s' Handbook of Chemssiry and Physecs (Chemical Rubber Pub-
lishing Company, Cleveland, 1952), thirty-fourth edition.
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g/cm' at 85'K. The experimental values of H are
plotted in Fig. 3 only for the 6rst three maxima and
the 6rst two minima. The observed third minimum and
fourth maximum are not included, because the damping
made it difficult to locate their positions with sufhcient
accuracy. Since the respective theoretical and experi-
mental points of Fig. 3 fall on straight lines (except for
the first experimental maximum at 1V= 1), these oscilla-
tions are periodic in B.The value of the period in B is
obtained from the slopes of the lines. The experimental
slope is 4.5% smaller than the theoretical slope, so
that the experimental value of m*8=9.22&&10 " is
obtained. This pleasant agreement between Sond-
heimer's statistical theory and the present experiment
not only shows that sodium does closely approximate
the free-electron model, but more importantly shows
that a high degree of confidence in Sondheimer's theory
is justifiable.

Although this agreement is rather good, the validity
of a comparison between a thin-61m theory and a
thin-wire experiment is naturally open to question,
because the magnetic size effects depend upon the
specimen geometry. In a later article by one of us
(J.B.), an analysis which extends some aspects of
Sondheimer's thin-61m theory in Bp to Dingle's~ thin-
wire theory at B=O will be presented. The pertinent
results of this analysis relative to the present discussion
indicate (a) that o.~/o of a thin wire in H does exhibit
an oscillatory behavior and (b) that the periodic nature
of the oscillatory behavior of thin films is relatively
unchanged in going to thin wires, so that the good agree-
ment in the above comparison is not too surprising.

From a phenomenological standpoint, even the rela-
tively small differences in Fig. 3 between the results of
the thin-film theory and the thin-wire experiment can
be reasonably explained by the following arguments.
When the curvature of the electron orbits becomes large
compared to the curvature of a regular bounding sur-
face, one would reasonably expect that the magnetic
size effects will become less dependent upon the ge-
ometry of the bounding surface. Thus one would expect
the oscillatory behaviors of thin films and thin wires
to approach one another, when H is such that r(a/2
or d/2, where u is the thickness of the 61m and d is the
diameter of the wire. Since r) u/2 or cr/2 at 1K= 1, the
large deviation between the results of the thin-wire
experiment and the thin-61m theory near X=1 is not
unexpected from the above arguments. However, at
X=2, r(e/2 or c7/2 and becomes progressively smaller
at higher E. For %=2 or higher, it is seen in Fig. 3
that the experimental and theoretical behaviors are in
good agreement. It is also seen that the phase difference
between the experimental and theoretical oscillations
decreases continuously as S increases, so that they
appear to be merging at the higher Ã (or H). These
observations are again in accord with the above argu-
ments. The phase difference is equal to the horizontal

distance between the experimental and theoretical
curves, and is equal to x for hZ=1.

On the basis of this apparent merger at higher B,
the choice of the theoretical value of m*8=9.21)&10 "
for the ensuing calculations would appear to have
some merit. However, the alternate choice of the ex-
perimental value of m*8=9.22&(10-2s may be prefer-
able, since the following evidence from other sources
indicates a somewhat smaller value than the theoretical
value: (a) Chambers" obtains a value of m*8=9.1
)&10 from measurements on the longitudinal mag-
netoresistance of 30 p sodium wire at 4.2'K; (b) from
x-ray measurements, Barrett" finds that the crystal
structure of sodium partially transforms from body-
centered cubic to close-packed hexagonal at low tem-
peratures, so that the Fermi energy (Es) probably
becomes smaller; (c) MacDonald" observes that the
Hall voltage of sodium increases in going from 300'I
to 4.2 K; (d) Brooks'4 has calculated a value for
m*= 0.98mp.

Since both the theoretical and experimental values
of m*8 have significance, the various parameters given
in Table I are calculated for both values. Upon sub-
stituting the values of ns*H into the free-electron rela-
tions as given in Table I, one can calculate directly
the values for the following intrinsic parameters: n, r,
the bulk Hall coefficient (As), and also the period
(P /Bs) of the carefully sought de Haas-van Alphen
oscillations, where pe=els/m*c is the effective double
Bohr magneton and Ep is the Fermi energy. One can
also calculate the values of the intrinsic parameters
o~/ls and p~/ls, which are the ratios of the structure-
sensitive parameters as, l~ and the bulk mobility (p~).

A bulk mean free path of 220 p, at B=O was deter-
mined graphically by comparing the experimental data
for R at B=O of three sodium wires of different di-
ameters (our 80 ir wire and. the 130p, and 350 p wires of
White and Woods'4) with the theoretical curves given

by Dingle' for the size effects of a thin wire at B=O.
This determination was based on three assumptions:
(a) Dingle's free-electron theory can be applied to
sodium; (b) l~ and p are the same for the three speci-
mens, since they were prepared by the same techniques
for the same sodium; (c) p—0 from arguments pre-
sented by Chambers" on the basis of anomalous skin-
effect measurements. This value of i~=220 p, is esti-
mated to be reliable to ~10%.A more direct method of
determining l~ would be from the damping of the
oscillations in the family of a curves at p=0 given by
Sondheimer. Since neither the present thin-wire data
nor the thin-61m theory were suKciently detailed, this
method could not be employed with accuracy. However,
a value for l~ could be bracketed between 160 p and
300 p, using this method.

~ C. S. Barrett, Acta Cryst. 9, 671 (1956).
s' D. K. C. MacDonald, Phil. Mag. 2, 97 (1957).
~H. Brooks, private communication quoted by D. Pines,

Phys. Rev. 95, 1090 (1954).
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Using this value of /~, values for 0.~ and p~ can now
be calculated. Since R~ at H=O as obtained from og
is ~15 micro-ohms, the reasons become obvious as to
why the dashed curve of Fig. 1 was not taken to repre-
sent the bulk magnetoresistance. From this value of R~
and the value for R=53.0 micro-ohms at H=O in
Fig. 1, values for ott/o can also be obtained. Upon
plotting the values obtained for on/o. at ted=0. 364 on
the Dingle curves, approximate values for p were
obtained. Values for all these structure-sensitive pa-
rameters are given in Table I. Although a value for
m*8 can be obtained from the period of the oscillations,
the values of m* and 8 cannot be obtained separately.
However, if no* is assumed to be equal to the free-
electron mass (ms), then appropriate values can.also be
calculated for 8, Eo and ~ as given in Table I, where
r =ltt/0 is the collision relaxation time.

In Sondheimer's theory, the Fermi surface was
assumed to be spherical so that there is no bulk mag-
netoresistive effect" and /~ is independent of H. In the
present experiment, the observed bulk magnetoresistive
effect is comparatively small, but it is not zero. There-
fore, /~ does depend weakly on II for sodium and the
Fermi surface is not perfectly spherical. In view of the
difference between Sondheimer's thin-film theory and
the present thin-wire experiment, and because the bulk
magnetoresistance could not be separated from the
surface magnetoresistance, a comparison of the ampli-
tudes of the theoretical and experimental oscillations
was not attempted. However, it is interesting to point
out that the experimental data would not fit any single
Sondheimer curve of constant ~ due to the dependence of
/& upon II. Instead, the data will cut across the family
of constant ~ curves.

From the agreement between Sondheimer's statistical
theory and the present experiment, it appears that the
quantum restriction" of cov (1 on the Boltzmann
transport equation in H is not at all severe as long as the
Fermi energy Es))P*H', where P*H is the spacing be-
tween the magnetically quantized energy levels and
to=eP/m*c is the cyclotron resonance frequency. For
example, at B=10000 gauss where the amplitude of
the oscillations still can be observed, cur=37 for /~
=220 p, but there still exist 25 400 quantum levels, so
that a statistical treatment should still be applicable.
This argument is further supported by the infinitesmal
amplitude of the de Haas-van Alphen oscillations,
which cannot be observed at these magnetic fields.

It is interesting to note that the first observed maxi-
mum occurs at ter 1or r=ln rather than —at r=a (or
y=l) as predicted in Sondheimer's theory. For /n

's R. Peierls, Ann. Physik 10, 97 (1931).
ee A. H. Wilson, Theory of 31etals (Cambridge University Press,

New York, 1953), p. 210.

=220 tt and H=270 gauss, PeB becomes equal to the
collision broadening of the quantum levels and ore =1.
In previous experiments, ' " the first observed maxima
also occur at cur—1 when the appropriate value for /~
is taken into account. These observations suggest the
possibility that all the observed Grst maxima might be
due to an unexplained bulk eGect rather than a size
eGect.

Magnetic size eGects should be observable in Group I
metals other than sodium and even in non-Group I
metals. For metals having a smaller e than sodium and
consequently a smaller m*8, the oscillations for speci-
mens with the same sizes should occur at lower H than
for sodium but will be complicated'~ because of the
anisotropy of their Fermi surfaces. The longitudinal
magnetoresistance of antimony" and bismuth" have
both exhibited an anomalous resistance maximum,
which has been tentatively attributed to the magnetic
size eGects due to the scattering of electrons from
internal boundaries. "

A systematic magnetoresistive study on sodium
wires and films with sizes ranging from 20 p to bulk
specimens is planned in order to clarify some of the
questions which have been suggested by the present
experiment. For specimens thinner than 80 p, the oscil-
lations should occur at higher magnetic fields and with
greater amplitudes than those observed in the present
experiment. From the variation of the period of the
oscillations with orientation for thin metallic single
crystals, it should be possible to map out the Fermi
surface. Since the oscillations for the thinner sodium
specimens would occur principally above 7500 gauss
where p*H)kT at T=I'K, the effects of anisotropic
lattice scattering" would be subdued and the Fermi
surface could be studied alone. Finally, since no dis-
turbing Qaws in the theory were detected in the present
experiments, we believe that the de Haas-van Alphen
oscillations will be observable at H) 60 000 gauss and
that the search should continue.
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