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Oscillatory Field Dependence of the Knight Shift in a
Monocrystal of Tin*
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A detailed experimental investigation of the magnetic-Geld dependence of the Knight shift in a mono-
crystal of white tin has been performed. The measurements were made at 1.2'K and in magnetic fields rang-
ing from 10.5 to 16.2 kG. The Knight shift is found to oscillate at the de Haas —van Alphen (dHvA) fre-
quency, and in the range of Gelds investigated, exhibits two periods of 3&10 ' and 5.8&10 ' G '. The
values and angular variations of these periods are in satisfactory agreement with the data on the tin Fermi
surface obtained from other experiments and from a pseudopotential calculation of the band structure.
The magnetic-Geld dependence of the amplitude of the oscillations has been investigated for both periods.
The amplitude of the shorter-period component increases, and that of the longer-period component de-
creases, with increasing magnetic Geld. The decrease in amplitude of the longer-period oscillation is at tributed
to the effects of magnetic breakdown. The observed amplitudes are in satisfactory agreement with the
assumption that the Knight-shift oscillations are due to oscillations in the ground-state wave functions of
the contributing electrons rather than oscillations in the susceptibility as has been previously suggested.
Measurements of the dHvA susceptibility oscillations in the same sample used for the Knight-shift measure-
ments give further support to this viewpoint, since the Geld variation of the amplitude of the susceptibility
oscillations is drastically different from the corresponding Geld dependence of the oscillatory Knight shift.

I. INTRODUCTION

N an earlier paper, ' the results of a study of the Geld

. „dependence of the Knight shift 0. in a monocrystal
of white tin were reported. It was found that above ii
ko, 0. exhibits easily observable oscillations, which arc
periodic in reciprocal field. The results of an extended
Geld-dependent investigation of cr in tin at 1.2'K are
reported here.

The major contribution to 0. comes from the hyperhne
interaction of the nuclear magnetic moment with the
spins of the electrons occupying states close to the Fermi
level. The diGerence in the observed nuclear magnetic
resonance (NMR) frequency o for a given nucleus
situated in a conductor and the free-atom frequency vp

dlvldcd by pp is given essentially by the magnetic
shielding constant

(o—os)/oe ——o = H'(8F/ots )t—s =s, (1)

where Il is the free energy, II is the applied magnetic
Geld, and p„ is the nuclear magnetic moment. In the
limit of small magnetic 6elds and considering only spin
cBects, this expression may be evaluated to 6rst order
1D p, + to yield thc TowDcs, HcIT1ng, and KD1ght cxprcs-
sion for the Knight shift

where 0 is the atomic volume, X„ is the paramagnetic
spin susceptibility of the conduction electrons, and

(~f(0) ~s), is the ground-state wave functions of the
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conduction electrons averaged over the Fermi surface
and evaluated at the nucleus. Das and Sondheimer'
have evaluated Eq. (1) including both the spin and
orbital moments of the conduction electrons and obtain,
for free electrons,

o = (Ssr/3) (Xa+X„), (3)

where &~ is the diamagnetic susceptibility of the conduc-
tion electrons. Here it is assumed that (~ $(0) ~'), 0= 1.
These authors then conjecture that Eq. (3) will remain
valid for the oscillatory as well as the steady part of the
susceptibility, and that an oscillatory Knight shift
might be observable. Oscillations in 0- from this effect
have been further commented on by Kaplan4 and by
Rodriguez. Their estimates show that the Knight-shift
oscillations arising from the variation of the density of
electron states should be observable in fields of the order
of 3+ j.o' 6 and at temperatures of about 2 K.

An. exact calculation of the above CGect by Stephen'
shows that the major contribution to the oscillatory
component comes from the diamagnetic term in Eq. (3),
and for the mass of the electron equal to the free-electron
mass the paramagnetic component has no oscillatory
terms. The amplitude of the oscillatory diamagnetic
term is independent of the applied 6eld and the para-
magnetic term exhibits oscillations for parabolic energy
bands increasing in amplitude as II'~2, where II is the
strength of the applied magnetic 6cld. Using a generali-
zation of the effective-mass approximation, Dogopolov
and Bystrik7 arrived at the same conclusions as Stephen
concerning the Geld dependence of the amplitude of

' T. P. Das and E. H. Sondheimer, Phil. Mag. 5, 529 (1960).' J. I. Kaplan, J. Phys. Chem. Solids 23, 826 (1962).
5 S. Rodriguez, Phys. Letters 4, 306 (19).
8 M. J. Stephen, Phys. Rev. 123, 126 (1961).' D. G. Dolgopolov and P. S. Systrik, Zh. Eksperim. i Teor.

Fis. 46, 593 (1964) LEnSlish transl. :Soviet Phys. —JETP 19, 404
(1964)g.

579



580

76
.95

177

I 1

.94 95 .96

producible CGect could be determined over the rather
limited field range that they investigated. '4
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I IG. t. The Knight shift versus reciprocal IIietd for four ranges
of the magnetic Geld applied along the t.001) direction.
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the osciBatory part of the Knight shift 0- and showed
that for a chemical potential of order IO—"erg and
Inagnetlc 6clds of ordcl j.04 6, 0 should have Rn ampli-
tude ].0 3 times Rs lRlgc Rs o.

In all of thc Rbovc considerations, 0 ls assUIIlcd to
Rl'lsc fl'0111 thc susccptlbtllty fRctol' 111 Eq. (2) wltl1 thc
wave- function fRctox' remaining lndcpcDdcnt of
applied field. The fact that in metals the conduction
clcctx'on ground-state wave functions Rl e not 1Qdc-

pendcnt of the applied magnetic field has been the
sub)cct of much discussion ln thc pRst fe%' years in con-
nection with the interpretation of experiments which
measure the various properties of the Fermi surface of
metals and. semiconductors, especially when the metal
is exhibiting magnetic breakdown. s Recently, Glasscro
has considered the erst-order CGects of the lattice
potential on thc ground-state wRvc functions of
trons in metals Rs a function of magnetic field, and has
showa. that xeasonable agreement with the osciHRtory-
Knight-shift experimental results can be obtained for
sggjcicntly 111gh magnetic 6clds.

Knight-shift DlcRsUlclrlcIlts 011 powdered samples Of

tin have bccn l.cpox'tcd by MCGarvcy Rnd Gutowsky, '

by Qjoembergcn and Rowland, " and by Karimov Rnd

Shchegolev. '2 Thc first monocrystal experiments were
pcrfo1111cd by IO11cs and Wllllams, wllo determined the
Rnisotropy of both the Knight shift and. the NMR line-

width in white tin. During the course of their experi-
ments, R plcliminary scRI'ch fox' thc osciHatory compo-
nent of thc Knight shift was CRrrlcd out, but Do re-

The sample was prepared from a zone-redned bar
of white tin obtained from Cominco Products In-
corporated, Spokane, Washington (quoted purity:
99.9999%).A large monocrystal cut from this bar ex-
hibited a residual resistance ratio of Esse K/E4;R
=27 000. The bar contained R large crystal which was
CUt out, oriented, Rnd lcshRpcd IDto R pax'Rllclcplpcd Rp-
proximately 20 mmx I7 mm& IO mm with the tetrago-
nal axis within I' of normal to the largest face. Lauc
back-reQectlon x-ray photographs were used for orlent-
lDg thc CI'ystRl, and cutting Rnd plRnlng wclc done by
spark erosion. Although a light acid etch indicated that
the entire piece was single crystal, x-ray photographs
were taken at several points to ensure that the crystal
was not twinned. In order to increase the elective
surface area and reduce the eddy-current losses, this
piece was then cut into 25 wafers of about the same
thickness with the L001j direction contained in the
plane of the wafers and perpendicular to RQ edge.
IdcntlfyiQg marks werc Inadc on oQc of thc surfaces
of the parallelepiped before it was cut, so that the wafers
couM be reassembled with the axes orientation pre-
served. The spark damage was rcxnoved by etching in
40/o hydrochloric and 10jg nitric acid. The final
RvcI'Rgc size of thc wRfcI's wRS I7 mme 10 DUI1+ 0.3 mIH.
These wafers werc sandwiched together in proper order
with R 0.0j.3-mm-thick MyIRI' sheet plRccd between CRch
of them. Small quantities of Q dope were between the
layers and a coating of Q dope covered the entire sample
so that it would be strengthened. . The over-all size of
the resultant sandwich was j.7mm&10mmx9 mm.
The rf coil was wound from No. 30 multistrand copper
wire over a 0.025 mm-Mylar sheet on a form of the
same size as the sample, The coil was removed from the
form and placed around the sample during measure-
ments. The coil form made the coil rigid, reduced the
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possibility of straining the sample, and improved the

Q of the oscillator.
The sample used in this experiment was not the same

as the one used previously. ' However, it was cut from
the same zone-refined bar: residual resistance ratio
(RIQQ K/R, .I K) =27 000. It was found that the sample
previously used was misoriented by approximately 10',
which accounted for the discrepancy between the ob-
served periods and the periods shown in other effects.

All measurements were made at a temperature of
1.2'K. The magnet used was a low-impedance iron-core
magnet capable of producing a 6eld strength of 26.5 kG.
At 6elds below 20 kG, where all of the NMR measure-
ments were performed, the 6eld homogeneity over the
volume of the sample was found to be better than one
part in 10'. The derivative of the rf absorption with
respect to 6eld versus applied magnetic field was re-
corded using a standard Pound-Knight-%atkins mar-
ginal oscillator, ' lock-in amplification, and field modu-
lation. Data were recorded every 15 kc/sec between
16.5 and 25.9 mc/sec covering a field range from 10.5 to
16.2 kG. The procedure used to obtain the Knight shift
at each value of II was to set the oscillation frequency
and sweep the magnetic 6eld over a 5-6 range centered
on the expected resonant 6eM. Each of the resonance
curves obtained in this manner was then analyzed for
the center 6eld and changes in line shape. The line
shape and width ( 1.5 0) remained constant within
experimental error for all data reported here. The dis-
persion of the resonant frequency during the NMR
resonance was monitored on an electronic-frequency
counter and was found to be negligible compared to

~5 G. D. Watkins, Ph.D. thesis, Harvard University, 1952
(unpublished); E. P. Jones, Ph.D. thesis, University of British
Columbia, 1963 (unpublished).
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FIG. 3. Plot of the amplitude a of the Knight-shift oscilla-
tions 0 versus magnetic-Geld strength for the field along the
$001j axis. The upper curve is for the short-period oscillatious
(3.0&(10 ' G '} and the lower curve is for the long-period oscilla-
tions (5.8)(10 ' G ').
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FIG. 4. Angular variation of
the measured periods of the
Knight-shift oscillations for the
magnetic Geld applied in the
(100) plane. The upper curve is
for the long-period oscillations
(5.8)&10 ' G ') and the lower
curve is for the short-period
oscillations (3&&10 ' 6 ').
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The Knight shift exhibits two sets of oscillations
periodic in reciprocal 6eld in most of the field range
investigated. The longer period is dominant at 6elds
around 11 kG, whereas the shorter period becomes
dominant as the 6eld is increased. In Fig. 1, both oscilla-
tions are shown in different 6eld ranges from which an
increase in the short-period amplitude and a decay in
long-period amplitude is evident. The inverse-Geld
values versus integers for both periods are shown in
Fig. 2. The reciprocals of the slopes of these straight
lines give the average values of the two periods. A
detailed analysis of the amplitude of these oscillations
was carried out over the entire range of the magnetic
6eld. A point-by-point study of the amplitude was
carried out at the maxima and minima of this envelope
in several field ranges, and the results are shown in
Fig. 3.The crosses represent the amplitude at the points
of maxima and the circles at the minima of the over-all
envelope. The average behavior is indicated by the
dashed and continuous curves, respectively. The ampli-
tude of the long-period oscillations decreases as the
magnetic field increases, whereas the short-period oscil-
lations show a continuous growth in amplitude with
increasing magnetic field. Because of the wide scatter of
these points no attempt has been made to 6t these
curves to a power law in H; however, from inspection
of Fig. 3 the power is apparently greater than unity.

The angular dependence of the periods and ampli-
tudes were studied for both the long- and short-period.
oscillations in different 6eld ranges. The results of
several runs are surrmarized in Figs. 4 and 5. In Fig. 4,
the dependence of the period on angle is depicted for
both the short- and the long-period oscillations. In Fig.
5, the average dependence of the amplitude on angle for
these oscillations is shown. It is evident from Fig. 4 that
the long period decreases rapidly as the angle 8 between
the [001]direction and the magnetic-field direction is
increased. The short period shows a less rapid decrease.
The linear 6t of the square of the period of the long-
period oscillations versus cosset (Fig. 6) indicates an
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FxG. 5. Variation of ampli-
tudes u of 8 vrith orientation
of magnetic field in the (100)
plane. The upper curve is for
short-period oscillations (3.0
XIO 'Q ') and thelower curve
is for the long-period oscilla-
tions (5.8&j.o ' 6 ').

second derivative of the magnetization, the individual
oscillations are attenuated by a factor of (I'rsII4)
where I'; is the period in reciprocal Geld of the ith
oscillation. ' To obtain the correct field dependence of
the magnetization, the amplitude must be multiplied
by I' EI4 for each period. However, to compare the
amplitudes with the Knight-shift Ineasurements the
field variation of the susceptibility 3I/II must be ob-
tained. This requires a point-by-point multiplication of
the amplitudes by I' H'. The periods were analyzed by
standard methods and their amplitudes were plotted
as a function of H after being multiplied by P,~B~; the
results arc shown in Fig. 9.

IV. MSCUSSION
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0

FIG. 6. The square of the
period of the long-period (5.8
X10 ' G ') osciliations versus
the square of the cosine of the
angle between the magnetic
6eld and the L001$ axis.
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'6 These measurements ~ere performed at the suggestion of Dr.
David Shoenberg (private communication).

ir D. Shoenberg and P. J. Stiles, Proc. Roy. Soc. (London)
A281, 62 (1964).

approximately cyhndrical surface with its axis along
L001j, giving rise to the long-period oscillations.

The average K.night shift displays an over-all increase
with increasing magnetic field as is shown in Fig. 7. This
type behavior was also noted by Jones and. Williams'4 "
in a lower range of magnetic 6eld. Although the over-all
increase in. o of 0.015jo is evident in the extended field
range of Fig. 7, it was not a noticeable e6ect over the
field range necessary for a few oscillations of the Knight
shift and thus was not taken into account in analyzing
the amplitudes of the oscillatory components of 0-.

For the purposes of comparison, measurements of the
de Haas-van Alphen (dHvA) oscillations in the mag-
netization M were carried out on the same sample as
that on which the Knight-shift measurements were
made. "The field-modulation technique'~ was used and
a signal proportional to the second derivative of the
magnetization was recorded. All measurements were
performed at I.2'K using a modulation frequency of
130 Hz and a modulation amplitude of 1 G. The skin
depth of the modulation field for these samples in the
field range 10—20 kG was calculated to be several times
the thickness of each wafer. In addition, the phase of the
detected signal relative to the phase of the applied
modulation field was monitored during sweeps of the
magnetic field and found not to change during the field
sweep. A typical recorder trace is shown in Fig. 8. The
resolution of these oscillations at fields above 2 kG and
the small amount of observed beating for a single
period indicates that the sandwiched sample was
indeed strain-free and well oriented. 9'hen detecting the
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FIG. 'E. The average Knight
shift versus reciprocal field for
the field directed along the
$001j axis.

orbits 35~ and 382, respectively. The 382 orbit is on the
knobs of the third-zone-hole cylinders which appear ac-
cording to the pseudopotential calculation of %eisz'0
of the band structure of Sn and had previously been
ascribed to the 5 p electron orbits existing in the nearly-
free-electron model as given by Gold and Priestley. "
The approximate cylindrical nature of the central
portion of the third-band-hole surface defining the orbit
35j is apparent from the angular variation of the longer

period shown in Pig. 4 and the p' versus cos'8 plot of
Fig. 6. The angular variation of the shorter period is less
rapid than the cosine {Fig. 4), suggesting a convex
surface. This is consistent with the 382 orbit on the
knobs of the third-zone cylinders. According to this
interpretation, an amplitude maximum ir the short-
period oscillations due to mixing of the second harmonic
of one period with the fundamental frequency of the
other is to be expected at the magnetic-Geld inclination
where the period of the 352 orbit on the knobs is half
that of the 35~ orbit centered at the point X. As shown
in Fig. 5, an indication of this at an angle between 40

"L.R. Kindmiller, Phys. Rev. 149, 472 (1966).
'9 A. V. Gold and M. G. Priestley, Phil Mag. &, &089 (&960).
~ G. Weiss, Phys. Rev. 149, 504 (1966).

A. Comyarison of Periods of Oscillations
vnth the Fermi Surface of Tin

In this section, the experimental results of Sec. III
are compared with the Fermi surface of tin."A cross-
sectional view of this Fermi surface in the basal plane
is shown in Fig. 10.The two periods observed, 5.8&10 ~

snd 3&(&0-' G ' for the field along the L001] direction,
are in agreement with periods expected from the hole
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and 50' from the L001] direction is present. Thus, the
periods obtained from the oscillatory Knight shift are
in satisfactory agreement with those expected from the
Fermi surface of tin. eo-10-

C'

3. Amylitude of the Osci11ations

In this section, the observed amplitude of the
oscillatory parts of the Knight shift 0- is compared to
the theoretical estimates of its components as calculated
by various authors.

The most detailed calculation of the susceptibility
contributions to the Knight shift was done by Stephen. '
He calculated the exact free energy including the com-
plete hyperfine interaction in the sealer-effective-mass

7
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6''p, p*k T

FiG. 9. Variation of the computed amplitude of the dHvA
susceptibility as a function of the magnetic field strength, the held
being along the L001) axis. The upper curve is for the long-period
oscillations (5.8)&10 ' G '), and the lower curve is for the short-
period oscillations (3.0X10 ' G ').

with

Uj oH

(—1)"I(n) cos(n7rrn*/rn) sinnxfo/po*HXQ— (5)
n=l sinh((nx-'/po*H) k T]

I

IO
I

12
I

l4

&V'- ' '7j-A' 1

r,=(sS, 1[ss)S= ds[s[1—s)]"'~sissss s~,
2m*

Ol

hl
U

vrhere j o is the Fermi energy, Is is the Boltzmann con-
stant, T is the absolute temperature, m~ is the effective
mass of the carriers, pp* is the effective Bohr magneton,

Ht&G)

FIG. 8. Recorder trace of the second derivative with respect to
II of the magnetization as a function of the magnetic 6eld for the
field directed along the j 001' axis.

p, =Z m 5/a
= II.4XIO «%OS N sgl

a@1~&
'

approximation, and obtained the following expressions
for the paramagnetic and diamagnetic components
of 0-"

[l04

47I-'EP, p' 1 ns
0„= kT

Ujo poHj'o no*

(—1)"sin(nn rn*/ns) cos (nx.j o/po*H ——7r)

, (4)n"' sinhL(n7r'/po*H)kT]

~' An integral occurring in Stephen's calculations of i. is in error
by a factor of —2 and has been corrected here. For details see
M. L. Glasser, J. Math. Phys. 5, 1150 {1964).

I
~, E

r o
FIG. 10. Basal cross section of the Fermi surface of tin in the

extended zone scheme showing the freak orbit (i) generated as a
result of magnetic breakdown connecting orbits 3bI, and 4'.
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and hence only 0-~ need be considered. This, however,

probably underestimates cr~ since V ' is used instead
of ~$(0) ~' to obtain the numerical result. In pd there is

neither a field nor a temperature dependence of the
amplitude.

Dolgopolov and Bystrik~ retained only the Fermi-
contact part of the hyperfine interaction in the inter-

action Hamiltonian and obtained an expression for the
oscillatory part of the Knight shift in terms of the local
curvature of the Fermi surface. Their result is

Spo e @2 825
u= — (gH)

3zr&2zr ck eIps m

P(nX)
— nc

X P cos
n=i

S (|,)W ~—2~nq
eka

- n aS(g,)-
g sin —,(8)

2zzzp Bi p

with
y(nX) = nX/sinhnX,

),= (zrck T/ekH) 85„(e)/Be.

Here, S,„is the area of an extremal section of the Fermi

surface, e is the charge on an electron, 2m A is Planet. 's

constant, c is the velocity of light in free space, y is a
small phase correction which is equal to —,

' for the case of

free electrons, p, is the s component of the electron's mo-

mentum; e is the electron energy, and [~ 8'5/etpp
~

„]Up,

where the derivative is taken at the extremal point, is a
nondimensional quantity representing the anisotropy
of the Fermi boundary surface: It is equal to (2zr)'" for

the case of a spherical surface. The amplitude of a.

increases as H'/' in this expression. A numerical estimate

of the amplitude is obtained by comparing Eq. (8) to
the oscillating part of the magnetic susceptibility X„."
This gives

"M. L. Glasser, J. Math. Phys. 43, 158 {1964).
~' I. M. Lifshitz and A. M. Kosevich, Zh. Kksperim. i Teor. I'iz.

29, 730 (1955} I English transl. : Soviet Phys. —JETP 2, 636
(&9S6)g.

X/V is the density of the electrons taking part in the
interaction, and I(n) is an integral expression which has
been evaluated numerically by Glasser. "The region of
interest in this case is where zrzkT/zzpPH(1, and only
the 6rst terms of the sum in Eqs. (4) and (5) are impor-
tant. This condition is met in the liquid-helium-
temperature range and in fields of 104 G where the
amplitudes of the first terms are

o ~(4$/V) (Iz p/i'p)"'(nz/zn )"'zzo*H'", (6)

od(6'. zrlzo*'/V fo)I(1), (7)

where I(1) 0.3." Putting in values for the carriers
observed in tin shows that in a magnetic field of 104 G,

Since here only the paramagnetic contribution is being
considered, the paramagnetic contribution to Eq. (3)
can be used to obtain

0.—Po
— o.~H

ai s„(i)
=z o(H/f)~.

For tin in a field of 104 G the largest this can be is
0-= 10 7. For a parabolic energy band this result agrees
with Stephen's 0-„.

In the nearly-free-electron approximation, Glasser'
obtains an expression for the oscillatory part of the
Knight shift by expanding the free energy of the
electrons in. powers of the lattice potential V (r)
=Pic Vice' ', where I is a reciprocal lattice vector.
The validity of this calculation is limited to two regions
oi magnetic field: (1) weak fields where zzpH((Vzr and

(2) high fields where zzpH)) Vzr, and K& 2Kz, where Kz
is the radius of the free-electron sphere. Oscillatory
behavior is obtained only in the high-field limit, with

the result

87r tg 3/2

~= p( oH)"' —
z o'

3 2zpt A2

where

(k+1) zr&p+
cos +ezr

ikzr+0) "' zzoH

(k —1)
cos +- ), (10)

)
kzr —ep (@' zzpH

4= (1/2~)e(K)ai(eo) 4"=ki ~b,
e (I)= (k'/2zn)K '+ (/z'/2zn) (K '+K ')

g, (ep) = ,'aep (a—1-.)"',—
a =4t'/ (Ke) and cos8o ——(2—a)/a.

It is seen that the amplitude of the oscillations increases

as 8'/' in this expresion.
If the result is applied to an orbit around a symmetry

point on the zone boundary, the amplitude of the
oscillations is

amp~ amp~ S(~z pH)"'

rr(H = 0) -', Szrx~ 8(i op) P"

where 6 is a band gap and 00 is the angular aperture of
the particular sheet of the Fermi surface as seen from

the center of the zone. For an angular aperture of a few

degrees this expression leads to a value of the amplitude

in close agreement with the observed value. This close

agreement may be fortuitous since to obtain con-
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vergence of the perturbation expansion giving rise to
Eq. (10) a high-field approximation (IJ&FI))U&) must be
used. The present experiment does not satisfy this
requirement in the range of fields investigated. Equation
(10) is only correct to first order in Ux and Glasser" has
pointed out that to second order in V~ the amplitude of
the oscillation can be written as CH"(1—e ~"~),
where C is a constant. This suggests that, were the cal-
culation to be carried to in6nite order in V~, the be-
havior wouM actually be exponential rather than
algebraic in the magnetic 6eld.

The numerical results of all the calculations evaluated
at 104 6 are summarized in Table I. Glasser's calcula-
tions give the best agreement with the observed value
of the amplitude at this 6eld for the case of tin.
Stephen's estimates, based on diamagnetic effects in the
magnetic susceptibility, are almost an order of magni-
tude too small.

Since both the diamagnetic-susceptibility factor and
the wave-function factor give estimates of the amplitude
which are within an order of magnitude of the observed
amplitude, the 6eld dependence of the amplitude is con-
sidered to determine the major contributing component.
The theories of Glasser' and of Do1gopolov and Bystrik7
predict a 8' ' field dependence for the oscillation ampli-
tude under normal conditions, i.e., not considering the
effect of magnetic breakdown. In Stephen's calculation,
the paramagnetic component is three orders of magni-
tude smaller than the diamagnetic component and has
a field dependence of IP~'. The more dominant diamag-
netic oscillations have no field dependence. Experi-
mentally, however, the amplitude is found to depend on
the magnetic field. In the case of the short-period
oscillation (3)&10 ' G '), the amplitude increases with
the magnetic 6eld. This rules out the possibility of the
oscillations being due to oscillations in the diamagnetic
susceptibility. However, a diamagnetic contribution to
the wave-function factor has not been examined.
Further support to the argument that the Knight-shift
oscillations do not arise from the susceptibility terms is
found from the magnetization measurements. As can be
seen from a comparison of Figs. 3 and 9, the field
dependences of the amplitudes of 0. and x are in opposite
directions for the 35& orbit and they are of diferent
powers for the 382 orbit. In all the calculations of 0- it is
tacitly assumed that the electron system in the metal is
acted on by the externally applied iield H. Shoenberg
has shown that this not the case, and that one should
actually include the magnetic induction 8 in the free-
energy calculation. In order to properly include this
effect in the theory, careful account must be taken of
the demagnetizing factors of the samples on which the
measurements are performed. The sample used in the
present experiment is a series of wafers separated by
insulating sheets. Since the insulating sheets are much
thinner than each wafer of Sn and the rf penetrates the

'4 M. L. Glaeaer (private communication).

TmLE I. A comparison of the observed amplitude of 0 in Sn to
calculations of the various components. All values are for 10' G
and 1.2'K.

Theory

Stephen' (diamagnetic component)
Stephena (paramagnetic component)
Dolgopolov and Bystrik"
Glasser'

calc
Amplitude Ratio

obs

6.8X10 6 ~1/7
~10~ ~1/10 000
~10 ' 1/400
4X10 ' ~1

a See Ref. 6. & See Ref. 7. o SeeRef. 9

insulating sheets, the net result can be approximated
by a solid rectangular parallelepiped being penetrated
throughout by the rf 6elds. The crystallographic
orientation of the sample was such that (Sec. II) the
field dependence of the amplitude 0. as shown in Fig. 3
was obtained by applying the 6eld perpendicular to one
of the faces of the sample. In this case, the 6eld at
different points in the sample will be continuously
variable from nearly H+2rrM at a point at the center
of one of the faces perpendicular to the field. to H at
points on surfaces parallel to the applied field. Since the
rf coil completely encloses the sample, the detected
NMR signal is an average of measurements made on
nuclei being affected by this continuously variable field.
Assuming, then, that 8 rather than H acts on the nuclei,
this should cause the NMR line to be broadened by an
amount of order M over and above its width due to
various relaxation mechanisms. The measured linewidth
is 1.5 6, and changes in this width of 0.2 6 can easily be
detected. The linewidth is found not to change by as
much as 0.4 6 for all 6elds investigated. Nevertheless,
the Knight shift oscillates by as much as 2.0 6 due to
the beating of two dHvA periods. From these considera-
tions it is concluded that the observed 0 is not simply a
result of the field inside the metal oscillating. However,
the use of 8 in the calculations of the susceptibility
factors in a. may bring their behavior into better agree-
ment with the present results. Furthermore, it is seen
from the susceptibility mea. surements that the ampli-
tudes in a- do not follow those of the magnetization
oscillation s.

A simple physical interpretation of the paramagnetic
effects may be obtained by considering the spin splitting
of the Landau levels in a magnetic 6eld. '5 For a 6eM
directed along the [001jaxis, there are two neighboring
orbits in the same plane, 38i and 4ut. On the fourth
band the l orbit is quite extended and the electrons do
not rema, in particularly near any symmetry point in the
zone; thus one does not expect these electrons to be
characterized by any particular s or p character near the
atomic sites. However, on the 35~ orbit the electrons
remain near the symmetry point X and retain a large
amount of s character. In the presence of a strong

'~ The authors are indebted to W. G. Chambers for suggesting
this mechanism.
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FIG. 11. Energy-level dia-
gram for the spin splitting of
Landau levels near the Fermi
level in the presence of a strong
magnetic Beld. Levels are
shown for electrons on both
the 38' and 4' orbits of the
FerQll surface.

Inagnetic 6eld, the Landau levels may be split into
spin-up and spin-down states, causing an asymmetric
distribution of the two spin states at the Fermi level.
This type of energy-level distribution is shown in Fig. 11
for the 3bq orbit having a large spin splitting and for the
4' olblt with R 1RI'gcr cffcctlvc Illass, Rnd thus, slllallcr

spin splitting. Since the wave functions of the electrons
on the 38l orbit have a large component of s character,
they should exert a large inQuence on the contact t'rm
of the hyper6ne interaction, and as the magnetic 6eld
increases and the diferent spin orientations pass
through the Fermi level, this inhuence will completely
reverse sign at the periodicity of the dnvA period for
the 38~ orbit. Th s eBect would not present a large
distortion in the magne"ization oscillations since the
major contribu ion in these is of a diamagnetic origin.

C. EBect of Magnetic Breakdown

The decrease in amplitude of the component of 0.

having the longer period (381 orbit) with increasing
magnetic 6eld is attributed to the effect of magnetic
breakdown. 8 In the absence of any spin-orbit coupling,
the symmetry of the white tin lattice requires the
existence of degenerate energy bands along the XL and
XP lines on the (110) face of the Brillouin zone. '" 26'I

This degeneracy is preserved only at the points X and L
when spin-orbit e6ects are taken into account, leaving
a very small band gap between the third and fourth
bands near the point X. Thus, magnetic breakdown
occurs at moderate 6eM strengths and couples the 38~

orbit on the third band to the 4at orbit on the fourth
band which generates the orbit (i) shown in Fig. 10.

The observed component of fT corresponding to the
38l orbit is found to decrease in amplitude over the

"S.Mase, J. Phys. Soc. Japan 14, f538 (1959).
M. Mlasek~ Phys. Rev. Uo~ 11 44963).

range of 6elds investigated. However, the susceptibility
oscillations having the same periodicity do not decrease
in amplitude over the same 6eld range. Assuming, then,
that the Knight-shift oscillations are indeed due to osciI-
lations in the ground-state wave functions, this behavior
indicates that the wave functions are much more sensi-
tive to the amount of tunneling occurring during break. -
down than are the susceptibility oscillations. This is
compatible with the arguments presented in Sec. IVB,
in which the oscillation amplitude is very sensitive to
the wave functions having a definite symmetry. Break-
down would cause the 35~ electrons to lose this sym-
metry as they tunnel into the 4g|' orbit.

V. CONCLUSION

None of the theories of 0- advanced so far completely
explains the behavior of the Knight shift as a function
of applied 6eM in Sn. Glasser' has obtained an expres-
sion for the amplitude of 0. which depends on oscillations
in the ground-state wave functions of the contributing
electrons that gives the correct amplitude at moderate
6elds. However, his calculation does not include
magnetic-breakdown effects which tend to completely
dampen oscillations arising from orbits experiencing
breakdown in a rather narrow 6eld range. For the ob-
served orbit that does not experience breakdown effects,
the observed 6eld dependence of 0. differs from that
predicted bv Glasser, 9 but nevertheless increases in
amplitude with increased 6eld, . It is suggested. that if
Glasser's theory were to be carried to higher order in
the lattice potential, better agreement with the field
dependence Inight be obtained. In the various theories
which attribute the oscillations to the susceptibility
factor in 0-, better agreement with experiment may be
obtained when accurate values of ~f(0) ~' are used to
obtain numerical results, and when 8 rather than H is
used to calculate the free energy of the electron system.
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