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Sy using the de H~van Alphen (davA) effect, g factors have been determined in antimony for most
carrier branches in the trigonal-bisectrix and binary-bisectrix planes. The use of magnetic fields to 11.8 T,
low-level field modulation, and annealed samples allowed accurate determiI2ntion of the rehltive spin splitting

by direct obscuration of the davA wave shape. Infinite-field phasN extrapolations show that g factors are
much lower &&nn previously reported. This is shown to be in agreement with theoretical expectations for
these g factors.

INTRODUCTION

Antimony has been studied by many investiga-
tors, and specific experiments have been done
relating to the effects of spin on the electronic
energy levels gear the Fermi surface. " In such
experiments the assignment of the spin splitti. ng
has been prejudiced by the belief that the carriers
in antimony should act similarly to the electrons
in bismuth. s Direct observation of spin splitting
was seen in the magnetothermal osciQations of
antimony, 4 but no definite level assignment was
given. A dHvA study of antimony' observed a
number of spin zeroes which give accurate ori-
entations for which the spin splitting is h~3f the
Landau-level separation.

The g values from spin-splitting dHvA studies
in a recent paper' did not agree with our own

data based on direct observation of the effects
of spin on the dHvA @rave shape. The present
paper reports on a systematic study of antimony
to obtain more accurate and complete data. Our
measurements have led us to question the validity
of the condition g-2m Jm for antimony. Results
iadicate that the spin-splitting is usua11y smaQ
aid becomes equal to or slighQy larger than half
the Laadau-level separation only in a small aagu-
lar range as defined by the spin zeroes of %ind-
miller. '

been NMR calibrated to within 0.1%. The modula-
tion frequency was 220 Hz which permitted full
penetration of the modulation field into the sample
due to the high magnetoresistance of antimony.
The use of low-level modulation (approximately
0.0015 T peak to peak) ensured the absence of
any smearing of the wave shape at high fields. All
detection eras done at the fundamental of the mod. -
ulation frequency and the sample temperature was
approximately 1.3 K.

Samples frere spark cut into approximately 25-
mm' cubes and annealed in helium. At first the
sample was glued to a sheet of phosphor bronze
with varnish and the assembly was spring mounted
in the sample hoMer. Thj,s method always gave
dHvA osciBations with a high Dingle temperature,
especially after thermal cycling to room tempera-
ture. It eras noted that the Dingle temperature
was roughly proportional to the number of
thermal cycles be@veen liquid helium and room
temperatures, indicating probably a dislocation
density proportional to the total number of thermal
cycles. The second method of mounting the sample
was similar to the first, but no varnish was used,
and the Dingle temperature stayed low even after
several intermediate cycles to room tempera-
tures.

EXPERIMENTAL

The detection of the de Haas-van Alphen (dHvA)
oscillations was first begun using a torque mag-
netometer. ' However, expenmental difficulties
together with the law harmonic content of the os-
cillations prompted a change to the field-modula-
tion method.

The experimental setup followed conventional
lines. The magnet was a superconducting sole-
noid capable of Gelds to 11.8 T. FieM determina-
tion was by a magnetoresistance probe which had

THEORETICAL PREDICTIONS FOR WAVE SHAPE
AND INFINITE-FIELD PHASE

For detection of the dHvA effect by low-level,
low-frequency modulation at the modulation fre-
quency the signal V is given by the proportionality'

1 ~ »2 exp(-rXX/g)

2wrE 7r yngpgx cos —2vry+- cos (1)8 —
4 2-.

1563



1564 P. H. HILL AND J. VANDKRKOOY

(a)

I I I I. I I I

TESLA

X=2

TESLA

FIG. 1. Calculated wave forxns for first harmonic
detection inclu8ing 30 harmonics showing the effect of
the Dingle temperature on the spin-split wave form.
In both cases T=1.3 K, m, =0,06, g=5, andE =60 T.
(a) X=0; Eb) X=2 K. The marks indicate peak positions
for X= 0.

where X=2m'km/eff, X is the Dingle temperature,
m is the cyclotron mass, m, is the fice-electron
mass, and the other symbols have their usual
meaning. The last cosine factor is often written
as cos(AS) For antimo. ny the Fermi surface has
a maximum extrexnal area„so -&~ must be used,
and we expect y=2 as for free electrons. Figure
j. shaws examples of wave shapes computed from
(1) which are relevant to the antimony problem.
Fig. 1(a) shows the expected wave shape at high
fields=ST, T=1.3 K, m=0. 06mo, g=5, and the
Dingle temperature X=0 while Fig. 1(b) assumes
X= 2 K. SimQar calculations for lower values of
8 show that spin splitting is not observable below
5 T for X as high as 2 K. This clearly demon-
strates the importance of having a good sample,
i.e., a low Dingle temperature, if direct observa-
tion of spin splitting is to be used for determining
g factors.

Good examples of observed experimental wave
shapes can be seen for low fields in Fig. 2(a),
and high fields in Fig. 2(b). The latter shows

clearly the asymmetry seen in the computed wave
shape of Fig. 1(a). The sharp peaks allow a de-
termination of the magnetic field at which a Lan-
dau level. passes through the Fermi surface. It
is clear from the observations of Fig. 2(b) that
the peaks point upwards, and the smooth parts of
the oscillations are at the bottom as in Fig. j..
The complexity of the observations is due to the
existence of atleast two sets of spin-split peaks, each
with its own davA frequency F. Fig. 2(c) shows
data taken at the same orientation as Fig. 2(b),
but the Dingle temperature was much higher due
to thermal stresses from the sample mounting.
It is far more difficult to differentiate peaks from
the smooth bottoms of the osciQations because of
the reduced dHvA harmonic content.

In the interpretation of the experiments we shall
not make any detaQed use of the dHvA wave shape
as given by (1), but use only the fact that the po-
sition of a cusp ox' sharp peak corresponds closely
to the passage of a Landau level through the Fer-
mi surface extremal area. It is possible that the
peak positions could be slightly shifted due to
fluctuations of the Fermi energy, but the analysis
presented later does not show any significant
anomalies.

The extraction of g factors and relative spin
sylittiqg from observed oscinations such as those
of Fig. 2 is not unique. This is illustrated by the
momentum space area quantization scheme shown
in Fig. 8, which can also be regarded as an en-
ergy level scheme if we restrict the Landau-
level separation to be constant away from the
Fermi surface. It can be seen that a given ob-
served pattern of oscillation peaks (caused by the
sweep of magnetic field which increases areas
and sweeps the levels through the Fermi surface
area) is compatible with a whole series cf level
schexoes. These fall into two distinct categories,
which we shall call type A and type B. For type
A, the effects of spin are such that the levels
before consideration of spin fall between closely
spaced pairs of levels. ln type-8 splitting, the
levels before spin are considered to lie between
the larger final level spacings.

The cusps of the oseillations come at fieMs
B„such that

F/B„=n+ —,
' +-,'(p +80), (2)

where p id an integer, S~ is defined to lie between
0 and —, (and has the significance indicated in Fig.
2), and the true spin splitting 8 which enters in'to

Eq. (1) is

S=P+S„
in which the + takes into account the ambiguity
as to which way the spin effects can occur even
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FIG. 2. Experimentally observed wave forms for first harmonic detection. (a) Low-field region showing one domin-
ant frequency and the development of a second frequency at higher field. The crystal is oriented at 24.5' from the tri-
gonal towards lX in the trigonal-bisectrix plane; (b) High field region of (a) indicating the wave shape with spin-split-
ting observable. The two lowest mass carriers are observable with the electrons indicated as 1's and the holes as
Y's; (c) Trace showing the effect of high Dingle temperature. Two frequencies are present but splitting is not obser-
vable until approximately 7 T.

though S, is defined to be positive. The additional
a in Eg. (2) takes into account the two spin direc-
tions. Even values of p are type-A splitting and
the cases p=0(a) and p=2(-) are illustrated in
Fig. 3. Type-B splitting corresponds to odd values
of p and the cases p= 1(-) and p = 1(+) are also il-
lustrated in Fig. 3.

In principle spin resonance data shouM resolve
the ambiguities as to which is the true value of S,
but unfortunately the experimental evidence'&
is complicated and difficult to interpret reliably.
Homever it is possible to restrict the ambiguity'

to a great extent by examiniag the davA phase
of the cusps at high magnitude fields and to de-
termine whether p is odd or even. This can be
done be subtracting from the E/B„values of a
pair of neighboring cusps the largest integer which
mill reduce the values to positive fractions which
differ by less than &. If p is even, the mean of
these hvo fractions should be &, while if p is odd,
the mean should be 1. The actual value of p and
the sign to be used with So in Eq. (3) cannot of
course be determined in this may. Illustrations of
this procedure mill be presented in the next section.
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FIG. 3. Diagram illustrating mogxentum syace area
quantization schemes including the effects of spin.
Two schemes, types A and g3, are shown. The dotted
lines illustrate the original T~~dau levels without spin
and the association to the solid lines is drawn to indi-
cate the effects of spin. The notatlcm p with the spfin
refere to Eq. {2)and (3) of the text. 80 is the positive
fractional splitting between Landau levels separated by
a momentum space area A. Our work shows that the
first choice p = 0(+ ) is the correct one.

EXPERIMPPKAL RESULTS

Examples of observed oscillation traces are
shown in Figs. 2 and 4. Tn Fig. 2 oui' two super-
imposed davA frequencies are present, each
spin-split, and in Fig. 4 there are probably four
superimposed frequencies, each of which has
spin-split peaks. The harmonic content of the
osciQations increases arith field until they become
clearly recognixab1e peaks, of the cusylike nature
predicted by the theory. From knowledge of the
accurate I' values deduced from the loe field data
(which agree with the values of WindmiHer') it is
possible to identify the pairs of peaks which be-

FIG. 5. Plat of reduced quantum number (Ã) for the
light electrons in the binary-bisectrix plane at 7' from
the binary shcnving the infinite-field intercept.

long to each separate frequency, as indicated by
the labelliag of the experimental tx aces.

The procedure of the previous section using
E/B„values for examining the high field phase
is illustrated by the plots of Figs. 5 and 6 for
electrons andholes, respectively, atoneparticular
orientation. 1t can be seen that the "reduced"
phase thus obtained lies close to 2, indicating
that p is even for both electrons aad holes. A
small error in I' xs probably responsible for the
slope ojf these curves, while slight errors in using
the peaks to estimate where the Landau level has
crossed the Fermi surface couM prevent the plots
from being centered exactly on &.

The result that p is even was found fear aD the
orientations studied, so that the true splitting is
given by

S Sp or 2 +So or 4+80, etc.

The most plausible assignment for reasons to be
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FIG. 4. Experimentally observed wave form showing high harmonic content and the large number of identifiable

oscillations. The crystal was oriented at approximately 23 from the binary in the binary-bisectrix plane. The elec-
trons are identified by 1's SInd the boles by Y's. The most easily identified frequencies are shown toward the bottom

and the hardest at the top. The top row' of labels shouM be regarded as tentative. The frequencies are 69.4, 77.5, and

108.7 T from bottom to top, respectively. At high fieMs more peaks emerge that are not easily analyzed.
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FIG. 6. Reduced quantum number got for the holes
showing the infinite-field intercept.

discussed in the next section is S=8„aid plots
of So at diff erent orientations are presented in
Figs. 7 and 8. Values of g can be Obtained from
the relation

8=~,/m,

and are plotted in Figs. 9 and 3.0, but these are
appreciaMy less accurate than the S values be-
cause the masses m, are known only to an ac-
curacy of order 10%." In contrast, the 8 values
of relative splitting can be determined to 1%. The
dHvA effect really measures 8 (or 9:,), and not
the g value, so that it would be more consistent
to give results in terms of plots such as Figs. I
and 8.

Our choice of p = 0 in Eq. (3) as outlined in the
previous sections gives g values which differ from
those reported elsewhere. ' The range of g values
obtained is in agreement with that predicted by

T 20
I
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FIG. 8. Relative splitting values @0) in the trigonal-
bisectrix pIane. X's indicate indmiQer spin zeroes.
Only principal hole and electron carriers are shown.

Dupree and Holland„Timey give the upyex; hmjt
to a shift Of the g vklue from that of free electrons
as

4' nz/(2li+ 1)5&(k)

where bz is the largest spin-orbit coupling con-
stant for atomic orbitals contributing to the Fermi
wave functions; l& is the corresponding azimuthal
quantum number and 5&(k) is the band gap to the
nearest state of appropriate symmetry. Handles"
points out tQat this upper value does not include
maay-body effects, but such effects are not ex-
pected to be significant in relation to spig, -orbit
effect+ which. are very important in this study.
For antimcmy, d& is 0.$9 eV, ' /&= 1 corresponding
to the p level, and 5~(k) =0.1 eV.'~ Then we have

This upper hmit for the g-factor shift in anti-
mony is in agreement with experiinental values
only using p 0 in Eq. (3). For antimony odd val-
ues of p are excluded by the infinite field phase
measurements whereas p ~ 2 leads to g factors

I
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FIG. 7. Relative splitting values ($O) in the binary-
bisectrix plane. The soBd line indicates hole and the
dashed line electron values of S(). X's indicate Nlnd-
miQer spin zeroes. Heavy cyclotron mass values are
to the left and light masses to the right. Only one of
three sets of curves is shown for clarity.

BIN IO 20 B IS BIN BIS

FIG. 9. g-factor values in the binary-bisectrix plane.
The solid line indicates hole, and the dashed line elec-
tron g-factor values. X's indicate WindmiQer (Hef. 7)
spin-split zeroes; V's indicate electron and 0 's hole
g-factor values obtained by McCombe and SeMel (Ref. 6).
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FIG. 10. g-factor values in the trigonal-bisectrix
plane. The Iolid liite indicates holes, and the dashed
line electmn g-factor' values. X's indicate mdmQler
(ref. 7) spin-split Feroes.

which are in excess of that predicted by Cohen
and Blount. Thus p=Q is the only choice remain-
ing. The choice of p= 1 (and a sign such that 8=1
—80) in previous investigations ' ' of antimony
is probably due to the belief that antimony should
be comparable to bismuth in it is behavior. How-
ever, the band, gap in bismutb is almost an order
of magnitude smsIDer, 5&=0.013 eV, '5 and the syin-
orbit coupling is much larger, 4,~= 3. .86 eV,"which
from Eq. (4) indicates that

~
dg

~

~ 200. This value
for bismuth is in reasonable agreement with the
experimental value of up to 225. Cohen and
Blount' have shown that for the large spin-orbit
coupling in bismuth, one expects

in agreement with experiments for the electrons.
This implies alevel separation due to spin equal to
the I andau-Level separation. Hence for bismuth
p=k with S=0, but our experiments show
this cannot be valict for antimony. In general, we
may consider that as a function of increasing
spin-orbit coupling, the g factor is proportional
to spin orbit coupling b~ at low values but limited
by Eg. (4), and as the coupling increases the g
factor is given by Eq. (5). The spin-orbit coupling
and band gap for antimony llldlcate (4) 'Ls applica-
ble, while the Larger spin-orbit coupling and much
smaller band gap show that (5) is applicable for
the electrons in bismuth.

The peak of the g factor curve for the holes in
Fig. 3.0 is noticeably different from the minimum
of the mass curve in the cyclotron resonance
work. " For the electrons this is somewhat less
true. In any event Eq. (5) has thus little bearing
on the g factors. The deviations may be due to
the nonellipsoidal nature of the Fermi surface
pockets which are more pronounced for the hole
pockets than the electron pockets. "

In their determination of g factors from mag-
netothermal oscillations for the light electrons
in the binary-bisectrix plane and for the light hole
along the bisectrix axis, McCombe and Seidel' list
three possible g values. Agreement with our data
at these points is better than 5% if the small split-
ting is chosen (8= a$0) and better than 1% if a
larger (S=1-8,) but incorrect splitting is chosen.
The larger discrepancy for the first choice is
simply due to the Larger percentage error because
the associated Levels are close together.

The g factor values of antimony in the ESR work
of Datars' were based on a level assignment of
Smith, Gait, and Merritt, ' which in turn was based
on the observed splitting in bismuth. There is,
however, no experimental evidence that this as-
sociation is correct. The change of level assign-
ment that we propose makes no changes in the
position of observed resonances but it changes the
labeQiag of spin, cyclotron, and combined reson-
ances. The type-4 resonance' is not allowed, but
none of the data is incompatible with the new
scheme "

Recently Altounian and Datars' have obtained
g-factor values in antimony for the lower mass
carriers in both the trigonal-bisectrix and tri-
gonal-binary planes. The g factors were obtained
from the harmonic content of the oscillations fol-
lowing the method described by Handles. ~ The
choice of splitting was determined from the in-
finite field phase intercept of dHvA fundamental
oscillations. However, the deductions from their
intercept of -0.66 for electrons and -0.58 for
holes are in disagreement with our calculations.
These intercepts imply negative spin factors for
the fundamental according to their Egs. (7}and

(5}. We believe the sign af the spin factor is in-
correctly specified by (7) and (5) in their paper, '
and that the assignment should be reversed.
Equation (V) refers to the magnetization, where
the expected variation for the fundamental is
-sin2v(E/8 -y —s -4 x4), the a sign referring to
positive and negative spin factors, respectively.
Positive maxima of this term occur when the total
phase in the bracket is N —&, where N is an in-
teger. If we impose the same convention on the
infinite phase as Coleridge and Templeton, '9 then
the infinite field phase turns out to be (t}0=-y —8
——,

' ++4 which for antimony gives ~8 and -8 for pos-
itive and negative spin factor, respectively, pre-
cisely the reverse Of the conclusion of Altounian
and Datars. '

Our cern procedure for the infinite-field inter-
cept used the shape of the oscillations at high
magnetic fields to determine their sense. In con-
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trast, dHvA experiments having only a law har-
monic content may have uncertainty in the sign
of the signal from the pickup coil. This sixn-
pbcity of our analysis makes us confident in our
interpretation. In order to make a valid numerical
comparison with the results of Altouaian and
Datars, e we have analyzed our data using the now
erroneous relation 8= j. -8,. Our g-factor values
then differed by up to 25% from their values in
the lowest mass digections. These differences
have not as yet been explained. It is, however,
in these directions that the spin splitting is most
easily observed in the present work because the
oscillations are strong and easily analyzed.

CONCLUSION

We have shown that high magnetic fieMs, low-
level modulation, and annealed samples allow

accurate deductions to be made about spin split-
tings in antimony. The results show that antimony
is not close to the Cohen and Blount conditions
in bismuth where g-2mo/m. Experiments that
depend on the assignment of Landau level numbers
or spin such as magnetoref lection'~ should be re-
evaluated in the light of these results.
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