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SCOPE AND‘CONTENTSQ ‘ .

The effects of alloying with up to ,0.11 atomic per

cent tellurium on the Fermi ‘surface of antimony are studied
using thé de Haas-van Alphen effect. The results are'in

agreement with the rigid band model prediccions. Thé elec-
tron and hoﬁe'g-facfbrs of antimony are determined irom_a

study of the amplitude and phase of tﬁe de Haas~-van Alphen .
oscillations. The experlmental g-factors are compared with
spin resonance measurements., A theoretical calculation, in’

the effective mass approximation, permitted an unambiguous

determination of the electron g-factofs,
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"-;nf_zhfﬁ‘? S SR ABSTRACT' ’
'a:f¥§'. " The - deA frequencies, cyclotrcn masses, ‘and Dingle
.'temperatures of antimony-tellurium alloys with up to 0 11 at.%
Te were measured using the low frequency field modulation‘
technique.‘ The heole and electron frequencies decreased and
increased respectively, as predicted by the rigid band modeﬂx
At the ‘highest concentration, the increase is about 25% that‘“‘
of pure Sb and the decrease is about 20% The cyclotron magses
of electrons ‘and holes changed‘dith concentration. This depen-
dence resulted from the nonparabolicity of the sb bands.
Estimates of the fErmi surface volume of the alloys indicated
that each Te atom ;ontributes‘one electron to the alloy. fThe °

present results ara compared with previous deAtresults on

antimony-tin a]loys

Antimony g-factors of holes and electrons were also

8

determined by the QHvA effect using the torque and field -
modulation methods. P0551b1e g-factors were. deduced fr;m the
-harmonic content 1n the osc111ation waveform following the |
method described by Randles. A measurement of the g-factors‘
at certainlfield directions was also obtained from spin-~ |
splitting of‘the oscillations observed at high magnetic fields.
The excellent agreement between the results'of these methods
suggests the validity of the Lifshitz-Kosevich eguation for

antimony and the absence of non-linear effects} ‘The choice

of'g-factors for electrons from the several possibilities

iii
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allowed by the data analysis was determined through a theore— o

tical calculation in the effective mass approximatiqp. These
.values arecconsistent with spin resonance and infinite field
phase measurements. The choice of hole g-factore was pade
'from a comparisoquith spin resonance data. The q-factors
at the binary, bisectrix and trigonal directions are ~ 15,
16.8, 3.5 and 4a5, 18.0, 14.5 for the‘principal branches of

electrons and holes, respectively.
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The de Haas-van Alphen (deA) effect (a periodic
oscillation of the magnetic susceptibility wirh rcciprocal
field) -has provéd to be one of the most powerful and diroct'
experimental methods in the study of the clcctronic structure
of metals and semimetals. deA frcqucncy meagurements have
produced a great dgal”bf precis; informatioﬁjan_the shapes
anq aizes of Fermi surfaces; Also; the temperature depen-
deﬁcénof the deA.amplituée'qives the cyclotron macs while
‘the field dependence of amplitude“qives';he Dingle tempera-
ture and hence informathhon about electron scafﬁcring. -

The Landé spin~splitting or the effective g-factor for
various materidls can now be determined reliably from deA
measur?mcnts due to considcrablg progress, during ‘the past
feW~yeérs, in the experimentai techniq;e: together with a
bettcr understanding of the. various phenomena involved in these .
techniques. The value of g cam differ from the free electron
value of 2.0023 because of spiajorbit coupling (vafet 1952, -~
1957) and many-body effects (Landaue%956{5g;2hkov and Gor'kov >

. 1961). -Many-body effects which are manifested'in the Coulomb

interaction between electrons and the electron-phonon interac-

1
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tion are importhﬁt in‘the alkali and'noble metals and contri-
bgﬁe the most to the difference of the g—factor from the free— '

electron: value in these materlals (Randles 1972 Knecht 1975)

In semlmetals and their compounds, however, the most 51gn1£1- o
cant contrlbutlon to the g-factor dlfference comes from the
spln-orblt 1nteract10n because of the presence of small energy
gaps in the v1c1n1ty of the Fermi energy. In such materials,
where the spln-orblt gaps are of the same order of magnxrude as or
larger than energy gaps resulting froﬂ'the crystal ponentlal,
the inclusion of spin-orbit effects;in an'energy band calcula-
tion is necessary and the resulting Fermi surfaces from calcu—
1at10ns with and” w1thout spin-orbit effects lefer drastically.
Experlmental g-factor measurements provide valuable information
about the importance and magnltude of these effects and contri-
~Hbute to the,further understending of the guantum theory of
metals.  In antimony, thée g-factor is expected to be signifiéant-
ly larger than the free electron velue because the spin-orbit
'coupling is large comnared'to the band gap (Luttinger 1956) .
This is true for all group V seminetais and their componnds;
Previous g-facto;,measureménts in antimony were cdnfined to

)

spin-splitting zero directions of dHvVA oscillations (Windmiller
1966) and to direet_obsernations of spin-splittings 'in the
magnetotﬁermal oscillationeﬁfrom electrons for magnetic field

directions in the bisectrix-binary plane and from holes with

the magnetic field parallel to the bisectrix axis (McCombe and



-Seidei ig;7).

The investigation of the effect of impurities on the '
‘deA.effect in a metal a%ﬁp vields valuable information on
the correspondlng changes in the Fermi surFace, the band shapes
or thg rigidity of the bands, and the electron energy disper-
sion law. For dilute alloys, tﬁe rigid band theory sta;gé
that the band structu;c'remains unchanged and the Fermi level
is lowered or'raised according to the concentration and type
of cérriers added. Studies of the effect of alloying on
the Fermi surface of bistwth (Bi(Te),/Weiner (1962), Bi(Sb), Kao
{1964), and Bi(Pb),‘Bhargava {1967}) support the validity of
the rigid band model. Mofe recent studies on a number Ofd,
dilute alloys of copper (Coleridge.and‘Tgmpletoﬁ 19715 indicate that
the dHVA frequency shifts do not necessarily agree with the .
rigid band prediction. T@e present alloy work is an extension
of an earlier study (Duns@orth and Datars 1973) 6f antimony-
tin giloys. Antimony is a semimetal which has the A7 crystal
structure that is similar to bismuth and_arsenic. Due to
the small overlap‘between the %ifth.and\sixth bands, an egual
number of electrons and holes coexiép. TThe'addition af_tin .
to antimony caused the Fermi surface of hole ‘d electrons
to increase and decrcaSe, respectively . The féequency
- shifts observed on alloying were described welp by the rigid

band predictions except for the hole surface.at high

concentrations. The results also indicated gon parabolic
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cbnduccion and vaience bands. _In our present system of
‘antimony-tellurium alloys, the addltlon of Te increases and
decreases the electron and hole surfaces respectively'
because Te has one more valence electrongthan Sb. The com-
parison of present results with the previous Sb(Sn) re-
sults permits a rigorous test of the rigid band model for sb
alloys because rigid bands are postulated to be 1ndependent
of .the type of solute atoms. The first 1nvest1gatlpn of- '
the dHVA effect in the Sb(Te) system was reported by

2
Ishizawa (1968) for a nominal concentration of 0.20 at. % Te.

The final concentration of Te.in the alloy was r.ot ﬁetermined,
but the resulting changes in the Fermi surface enapled a con-
clusive assignment of the dHvA frequency branches to¢ electrons
and holes.

Detailed results of g-factor measuremenrs in antimony
and the dHvA effect in Te dgped antimqny will be presented .
and discussed in this study A brief_rheoretical background
.0of the dHvA effect is glven in Chapter II.  In Chapter IV,
the exper1menta1 methcds are discussed. These include
experimental procedure, crystal growth and dHvA signal de-
tection techniques. The experimental results are presented
in Chapter v, while Chapters VI and VII present a discussion
of the alloys and g-factor results respectively. Chapter

VIII consists of summary and conclusions of the study.
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CHAPTER II

THEORY OF.THE dHvA EFFECT

"The de Haas—van Alphen (dHvA) .effect ié the phenomenon
of the oscillatory dependence on magnetic field of the
magnetic propegties of a metal single crystal at sufficientf
ly low éemperatures. The effect was first observed in Bi
by de Haas and van Alphen, in 1930. This oscillatory
behaviour.is a direct conseégence of the quantizati$n of
the motion of the conduction eiectrons or holes in a magnetic
field., 1In the absence of a field, the electrons have a con-
tinuous range of energies up to the Fermi energy EF' When a

‘magnetic field H is applied in the z-direction, kz remains
‘hnquantized‘but for‘a givenﬁkz, only certain discrete e&ergy
levels,'En, called the Landau levels aré available. Tﬁe
separatioﬁ between theselLan&§u Iévels increases with H. For
a given kz, the quantized values of the energy corresponding

to the allowed areas, An, in k-space are given by the Onsager’

relation (Onsager 1952)
- eH —
A = 2"(n+Y)§r‘ [TI-1]

where n is an integer, and y is a constant depending on the
form of the electronic structure. For quadrAtic dispersion

laws y = 1/2. Each allowed orbit is highly degenerate, and
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can acpomodﬁte all the electrons wﬁich would, in zero field,
lie between it and the next allbwed.orbit. As the magnetic
fieid H is increased the Landau levels are drawn up in
energy so ghat the total free energy inckeases to a maximum
when a Landau levei is at the. Fermi energy. But when this
level passeé ﬁhrough'the Fermi Tlevel it begins to empty and
the avéragé energy of the electrons drops, reaching a mini-
mum when the Fermi level lies halfway between two Landau
levels. Thus, the free energy of the electrohs oscillates
ébout its zero-field value as the magnétic field H iﬁcreésés
or decreases.

The full expression of thé éscillatory part of the.free
energy of a metal under a magnetic field H; and at temperature
T, is given by the Lifshitz-Kosevich (LK) eéuation (Lifshitz

and Kosevich 1955)

3 3 5 .1 .
. . . 2 2 3 A.| 2 o -rom.T_/H
¢ =1 oM _ ooy (<5 TH I L r e +D
0sC i osc B 2nH i ok 2 ext r=1 372 =
. z I 4 sinh (rom, T/H)
T * F, - ' .
x cos(—iﬂ-mi)cos(Zﬂr ﬁi - 2ury + E) SO [I1-2)

where the subscript i denotes the various possible extremal

*

areas. r is the harmonic number, m* is the cyclotron mass

(in units of the free electron mass, mo) given by

* 1l
m:- = —
m

O

2
A 3A :
Zn 3E (1131
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The constant a = —#Eiw—ﬂ = 14.69 Tesla/K, V is the

volume of the crystal and kB' e, #f have their usual values.
F is the dHvA frequency and is related to the extremal

cross-sectional area A by

F = A. ‘ [TI-4]

The + signs in the expressioﬁ for the dHvA phase apply
according as A‘represents a maximum (-~} or a minimum (+). TD
15 the Dingle ‘temperature which takes account of the broadening
of the Landau levels on account of the finite lifetimes of

states due to various scatteting mechanisms. If the broadening

is due only to collisions then

I U | o
o T [11-5]
B
where 1 is the scattering time.
32n, -
; is the geometric curvature factor of the
Bkz Jext.

Fermi surface evaluated at the extremum.

The factor cos{EE%E:)é}ises from the lifting of the spin
degeneracy by the magnetic field. The spin moment will in-
teract with the magnetic field to produc%Lin general a
symmetric Zeeman splitting of each Landau level by the amount
guBH where uB.is the.Bohr magneton, and-g is the effective g-
factor. Thus there are two sets of levels with the same

*

spacing but shifted in phase by Zr(gg—). The oscillatory
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free energy of both séts will then add coherentaé-giving_the

factor cos[gﬁ gm*P ; é

The oscillatory magneﬁizatioh pef-unit volume parallel

to_ﬁ can be found by'di?ferentiating {I1-2} with respect to H.

. . o . . , s
A Y S 8 ”
M= F Gp)o,v ////’ . .

2 -1/2

.1

F.T [3°A; = —orm*T /H ?
= - | — I e - cos{mrS) . i - T
1/2 2 - - : sin(2nr—=-2nry+ =)
H akz ext r=1 rl/zsinh(arm*T/H) H v 4
' (II-6]
l *
where § = > mg andrthe constant
. 2 3/2 _
r= =28 = 6.516 10 6 172 ¢ .
. /an O :

It should be noted that in obtaining the expression of
the oscillating magnetization only the cosine terms involving
the dHvA phase were considered in performing the differentia-

tion since their variations with the field are much more rapid

than those of the other field-dependent factors in the dHvA

amplitude.

N



CHAPTER III

FERMI SURFACE OF ANTIMONY

All group V éemimetals, including antimony, crystal-

.~ lize into a iattice,with rhombohedral symmetry of the A7

classification. The rhombohedral primitive cell is closely
related to the fcc lattice. The Brillouin zone of the A7

structure is shown in Fig. 1. This resembles the fcc

Brillouin zone but compressed along I'T, the cube body

diagonal. This distortign from a cubic structure reduces the

symmetry elements to the trigonal axis I'T, the three binary
axes, I'K perpendicular to I'T, and the three mirror planes
o paésing through .IT. In these mirrors, rotations from

the trigonal axis I'T by equal amounts but in opposite direc-

~tions are not equivalent.

. With two atoms per unit cell and five valence electrons
per atom, antimony has a sufficient number of valence elec-

trons to completely fill five .bands. However, due to a small

'overlap between the fifth and sixth energy bands an equal

number .of holes and electrons are formed in small, nearly ellip-

/

soidal pockets, giving r%ée to semimetallic'behaviour. The

‘pockets for each carrier are located at equivalent points of

-

the Brillouin zone so they transform among themselves under the
symmetry operations of the reciprocal lattice.

Extensive experimental Fermi surface studies of pure



Fig. 1 The Brillouin zone of the A7 structure
| the points, lines and planes of symmet

+ showing
ry.
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ahtimony fNanney_(lBSBkﬂ Datars and Vanderkooy (1964), _
Windmiller (1966), ‘Ta'naka‘et al.(1968), _Herod et al. (1971))

‘together with the pseudopotentlal band structure calculatlons

of Falicov and Lln (1966) show that the electrons are located

- in three equlvalent\pqgkets centered at the p01nts L of the

Bryﬂlou1n zone, thus possessing a center of inversion, while
the holes are located in six equivalent pockets centered at
points on the mirror plane ¢ near f. .The pockets are
roughly ﬁllipsoid;l with deviatieﬁs that can be measured ex-
perimeﬁtally.

The right handed cartesian coordinate system is conven-
tionallf used to represent the data. The z-axis is chosen
parallel to the trigonal axis, the x-axis is chosen parallel
$o a binary axis, and the y-axis ie chosen parallel to th:
bisectrix of the other two binary axes. Thus each set of
carriers, for'example, will generate tmm>extremun1cross—
sectional areas (dHvVA frequehcy branches) in the trigonal-
bisectrix plane, a principal branch associated with the
principal pockets having either 2-fold symmetry about the
binary exis, mirror symmetry, or both and two non-principal

branches associated- with the pockets generated from the

principal ones by rotations.of 2120° about the trigonal axis.



CHAPTER - v
SN
EXPERIMENTAL METHODS

e

1. MATERIALS

’ Antimony samples for g-factor and absolute phase mea-
Vol .

surements wéie prepéred from 99.9999% pure Sb. The Sb crys-
tals were spark cut into cubes with a side dimension of 0.2
cm for the field-modulation technique and 0.4 cm for use
with the torque magnetometer. The crys?als were handled
with extreme care in all phases of sample preparation.
Extensive x-ray photographs were taken to ensure that the
samples used were stgain—frée single crystals.

The alloyS*wer; prepared from 99.99993% pure Sb ahd Te
following the method used to gréw Sb{sSn) alloys (Dunsyorth
and Datars 1973). The appropriate amount§'of Sb and fe were
placed in a carbon coated vycor tube. The carbon coating
prevented the alloy from sticking to the tube after melting.
To prevent evaporation, the tube was evacuatéd and filled
with argon. Single crystals were grown using a hérizontal
reverse multipass zone melting technique.

The diJk}ibution_constant ko, defined as the ratio of
the concentration of tellurium in the solid to the concentra-
tion of telluriﬁm in the liquid, is 0.025 as determin%d from

.

the phase diagram. The effective distribution constant keff
was_calculated to be 0.09 for experimental growth conditions.

! °
Due to the qflatively low valué of kéff’ it was found, using

12
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“the equations of Braun and Wang (1961), that seven passés

were enough to give a uniform tellurium concentration in

the alloy except at the last molten zone. The alloys were

- annealed at about 600°C for 1 week under an argon atmosphere
to further homogenize the tellurium concentration. The

samples were spark’cut from the ingot into“cubes_of about 2

. 3 .
mm per side. The samples were oriented by back reflection

“

~

Laue photographs.
If Co is the nominal concentration of Te, and Cf isg
the final uniform concentration, then (Pfann 1966)
(% o1y [Tv-1
eff

C. = co/{1'+

3
£ L

where L is the total length of the ingot, and & is the lengt
of the molten zone. For the experimental conditions £ cm
for all samples and L = 12 cm for‘samples f and 2, and L = 10
cm for samples 3 and 4 respectively.

The exact Te contentwas determined by atomic absorption
spectroscopy. The results from atomic absorption together
with the predicted concentrations of Te from [IV-1l] are tabu-
lated in Table 1 - ' The agreement is very good. Attempts were
made to prepare samples with higher concentrations of Te but
it was found that not all the Te went into the solid solution,

because of the low so0lié solubility limit of Te in Sb

(Abrikosov et al. (1959).
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‘Table 1. Tellurium concentrations of samples studied

Sample Nominal | Cf‘(wt. %) Te conc. Te conc,
el from tweny (e ) atomic
absorption absorption
1 0.15 - » - 0.056 0.057 . 0.054
2 . 0.20 0.074 / 0.074 0.071
3 0.30 . 0.099 0.099 1 0.095°

4 ‘0. 35 T 0.116 1 0.114 0.110

2. "EXPERIMENTAL TECHNIQUES . ﬁ

The dHvVA measurement§ were done with the samples in a
%5 k0e Westinghouse super§onductinq magnet at a,saﬁple tem-
perature range between 1.1 and 4.2 K. The dHVA oscillations
were detected for the alloy studies by ‘the low-frequency
field-modulation technique hsing apparatus described previous-
ly (Pouléen et al. /1971)).The modulation frequency of 517 Hz
£hat_was used was low enough gof complete penetration. of
the modulation field into the sample because of the high
magnetoresistance of Sb. All the dHVA frequencies were detec-
ted at the second harmonic of the ﬁodulating frequency. The
temperature was determined by measuring the ligquid 4Hé vapour
pressure above the sample space with a Texas Instruments
precision gauge. The data were collected on magnetic tape§

o

and Fourier analysed by computer. The dHvA amplitude at the

desired frequency was calculated from the sine and cosine
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- Fourier componehts of that frequency. The cyclotron mass' \
.. was calculated from the tempe&ature,dependence of the d4HvVA .)

émplitude:at constant field. fhe Dingle température was
found from the field variation of the dHvA amplitude at
'cénstant temperature.

In the field modulatian technique, a small oscillating

magnetic field h = ho coswt is applied parallel to, the laréc

d.c. field HO’ wher% w/2% i8 the modulation frequency. The
total field H = H_ + h_ coswt.. The first term of [II-6] then

becomes
. 21TFi ' - _11) 2 a, B
Mi "—'. Ai(HO,T)31n (W - 211"( + 47 [LV—2]

where Ai(HO,T) includes all the other field and tehperature
dependent functions of [II-6]. The expression_[IV—Z]'for

the magnetization, as ho << Ho’ can be expanded to give

- .

_ 2nFi _ 2%F, —
M, = Ai(HO,T)[SLn( H_ - 2n¥+v/4)cos(acoswt)—cos(.Ho - 2ny+n/4)
x sin{acoswt)] :" [IV-3])
27F.h
where a = .o,
H 2
o

Equation [IV-3] can be further, K expanded into its har-

monic components in terms of Bessel functions (Goldstein et al.
: ' dM,
EEi which is proportio-

nal to the dHvA signal detected is given by

1965}. For secohd harmonic detection,

dM, 2111’_.1 _
= 4wAi(HO,T)J2(a)sin( T - 271y +-w/4 + 7). [IV-4]

o
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P
To obtain'an‘expression for field and temperetﬁ;e de-
pendént_terms of the dHvA ampliﬁudes, each term in [II-6]

should be multiplied by its correspondlng second order Bessel
. 2TrFlh . '

function,’ JZ(__;_ﬁ——)' | \

(o] . )

-

)
]

For'the g—feptor measuremenég, the ‘dHvA effects we}e
also detected using a torque magnetometer in addition to the
fleld—modulatlon technlque. The torque method is an 1deal
method for studying low dHvA freguencies. »fhe oscillatory'
torque, as measured by the torgue magnetometer, is obtained
by differentiating the free energy as given bf [II-2] with.
respect to 8, the aﬁgular variabie in the plane normal to the

axis about which the torgue is measured. The resulﬂ is

- *
20, ary azpi -1/2 = Troem Tp/H
T. = (=), = —lF TvH — L = ot
* 36 H ae BkH2 ext r=1 rl/zsinh(ram T/H)
rram” 2nrF. _
X cos( g )sin( T 1 - 2rry + w/4) [IV-5]

Equivalently as T = MxH, the. torque on a sample in a
magnetic field,meaéﬁres the component of magnetization perpen-
dicular to both the field direction and the axis 'of suspension

of the sample.
-]

AF.T Ja2a 1"1/2 gp . —rem*r /H cos(FLIT gm )
M = - i ___l _i By €
1 vH BﬁHz ext 36 r=1 rl/zsinh(ram*T/H)
l2an. .
x sin{ - 2rry + nw/4) . ) [IV-6)

H
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It is clear that the torgue or the perpendicular Fom—
. ponent of the magnetization vanishes at symmetry and frequency

aF . , !

extrema directions where §§£ = Q..

The'torque magnetometer used in the measurements Qas
constructed by E. Verge. A ‘block diagram is shown in_Pigure
2. The self-balancing torque ‘magnetometer differs from con-
ventional magnetometer design in that the pick-up coil -is
stationary and parallel to the superconducting magnet whereas
the modulatigg coils necessarv for position control and
orientation are a pair of mutually perpendicular rotating
coils with the sample loéaﬁed.in the centre. This arrangement
has the advantage that it permits dHvA measurements in an
angular vériation of 8 = $100° in any desired plane.  The
torque on the sample or the normal component of the magneti-
zation is detected as an error voltage required in a feedback
process to balance the‘torque. In this feedback process,
ﬁée error signal is divided by the magnitude of the field H
and multiplied by sinf and cos® for the t;o modulation coils
respectivelv. This process insures that the sénsitivity and
the compliance factor of the torque magnetometer are constant
for all angular positions and magnetic fields. All torgue |
data were taken by sweeping the magnetic field at fixed
angular positions. However due to its versatility the
present magnetometer can also be used as a vibrating sample
maghesgmeter in both sweeping field at fixed oriente;ion or

during crystal rotation at fixed field.
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3. PROCEDURE FOR DETERMINING g-FACTORS

In principle, the simplest method for-determining the
g-factor is to measure the absolute amplitude of the dHvA
fundamental frequency. Experimentaily this is the most”
difficult method because it requires a knowledge of the

cyclotron mass,the‘Dingle temperature, the curvature factor

-and a reliable calibration of the detection apparatus. This

-~

method can only be applied to materials having a simple‘deA

»

'frequency spectrum and a nearly spherical Fermi surface

that gives reliable and accurate curvature faqtors. In fact
this method of absolute amglitude has only been applied
successfully to the alkali metals (Randles 1972, Knecht 1975).
In order to avoid these limitations, the g-factors
are extracted from the harmonic content in the oscillation
waveform. This method was suggested by Shoenberg and
Vuillemin (1966) and applied to the noble metals by Randles
(1972) and Alles et al (1975). 1In this method the ratio of
the deA fundamental amplitude to the second harmonlc is

measured. "From [II-6] this ratio is

*
Mo s T sinh Camrr/m . (1V-7]
A2 sinh (am*T/H) -
where G = cos{ng)/cos{2nS). In the field modulation experi-

ments the right hand side of [(IV-7) also includes the factor
‘ 2., a 2 . . * .

JZ(ZHFhO/HO')/J2(4“FhO/HO )., Knowing m~ and TD, the quantity

G can be calculated without a knowledge of curvature factors

and the calibration of the detection system. Figure 3 shows
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the behaviour of G as a funétion of S. ‘In_the absence of -
absolute phase measurements for both|the fundamental and
the second harmonic only the absoluté value of G can be
calculated. As shown in Figure 3 an ambiguity exists, as
n:s will givé the same harmonic amplitude ratio as é
when n is any-integer. This é&ves several possible g-values
consistent with the measured amplitﬁde ratio. Spin-zeros,
orientations where the first harmonic amplitﬁde is zero, are
‘

very useful in selecting posé‘%le g-values because S must
be an“odd half-integer and g cag be narrowed down to twe
possible values in most cases. The ambiguity can also be
reduced ifl |G] < 1. |

i Anothek method for measuring the g-factors is the
~direct observation of spin-splittings. In the torque method,
at sufficiently high magnetic fields.the spinesplittings can
be directly observed and the g-factors could be calculated
without a knowledge of the Dingle temperature. If the diva
peaks are spliE bf an amount § in units of (1/H) and the

corresponding peak separation in (1/H) of the fundamenﬁél dliva

frequency is 1/F, then

2= n t SF [1v-8]
m

. - ' 7. . -
where n is an integer, m_ 1s the spin-mass defined as

ms/m0 = 2/g9 (Cohen and Blount 1960). One can write

‘3; (n + 8F) . - {Iv-9]

32
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Here again the same ambiguity exists as any .integral
A ‘ _

 value for n will be consistent with the experimental data.

The advantage, of using all three different methods,
the torque—harm;nic ratio, the fielgd modulatio.: -harmonic ratio,
and the dlrect observation of spin- spllttangs is that the non- -
linear effects discussed below affect the three methods dif-
ferently and therefore agreement among them is a strong indi-

catlon of the reliability of the conclu51ons drawn from the

experiments. ' ' -

4. NON-LINEAR EFFECTS

In meésurements of cyclotron masses, Cingle temperatures
and g-factors using the harmonic ratio method, the temperature
and field dependence of the dHvA amplitude is investigated.
Therefore, care must be taken to exclude or take account of
any effects that change the.deA amplitudes from that given
by the Lifshitz-Kosevich theory. These effects include magne-
tic breakdown, magnefic interaction, and non-linear-effects

introduced by the experimental condltﬁons and sémple imperfec—

thI‘lS .

4.1 Magnetic Breakdown

The phenomenon of magnetic breakdown drastically changes
the amplitudes of the dHva oscillations. This effect does not
happen in semimetals and will not be discussed here. For a

review see Stark and Falicov {1967).



23

4.2 .Magnetig Interaction

| The correct magnetizing field in the Lifshitz-Kosevich
equation [11.6] is not the applied field H but the total
induction field B. The replacement of H by B has a negligible
effect on the slowly varying _coefficiénts of the amplitudes
Aps but the phase is significantly modified. |

M=z A sin[2wr/{
r

7] [Tv-10]

+1
o]

H+4|M -

The resulting modlflcatlon of the amplitude becomes

appf201ab1e as kAl approaches unity, where k = szF
) H
or in other words when the amplitude of the oscillations is

2
comparabl{\Jto the field spacing g~ of the oscillations.

Phillips and Gold {1969) have solved (IV-10] for the case
kAl < 1 by a scheme of successive approximations. The.

result for terms involving only first and second harmonics is

_ . . -1 1,.2 .- L
M = A;sing + A251n(28 + 3 ny i_kAlsanB [Tv-11)

where 8 = 21r(E - ¥) ¥ 7. In this limit the fundamental

amplitude is unchanged but the sgcond harmonic is modified by
ka ‘
1 .. . . .
a component of amplitude f2 R times the ideal Lifshitz

*

Kosevich term and of phase differing by % T. Substituting

for k, A, and M2 results

| 2,2 |2 |71/2
£ = 4Y2 n°)\TF 3°A sinh{2am*T/H) G [IV-121
2 H5/2 aki ext sinh (am*T/H)

f2 is independent of TD and for the limit am*T/H >. 1 varles

as T/H >/2 50 that at very low temperatures and high magnetic



24

fields this cofrectiéﬁ term is”greatly reduced in this limit

(kA1<'l}. Equation tIVe12] also shows.that f2 is provortional
to F2, i.e. magnetic:interaction effects can be neglécted for
 1ow dHvA frgggenéies. In fact f2 for the case of Sb is of ther

3

order of 10 ° at 1.3 K and at 2 T. Whereas for potassium

f2 “ .5 at the same temperature and field values {Randles
1972).

For the limit kAl?l, the oscillations become markedly
distorted from a sine curve. - The amplitude of the fundamental
is still unchanged but the second harmonic amplitude is now
- given by % kAf and temperature dependences of dHvVA amplitudes

T rather than T
sinh{ram*T/H) sinh{ram*T/H)}
as in the Lifshitz-Kosevich theorv.

are now determined through

Under certain circumstances, namely for a relatively
high and isolated dHvA frequency the magnetic interaction ef-
fect can be a help rather than‘a'hindragce and provides an
independent g-factor measurement'(Windmilier 1973). This is
because the second harmonic of LK and MI amplitude terms differ
in phase by % and hence f, can be measured and [IV-12] solved
for G without a knowledge of the Dingle temperature. However,
for samples not’ in the form of long cylindrical rods, the R.H.S.

of [IV-12] should be multiplied by (1-N), where N is the

demagnetization factor.



25

4.3 Magnetic Field Inhomogeneity

The standard theory for the dHvA effect assumeé a
magnetic field which is homogeneous over the sample. Linear
inhomogeneity makes the dHvA phase Zﬁ'g vary.over the sample
and thus cause the reduction of the dHVA amplitude; Hornfeldt
et al. (1973) have shown that for cylindrical samples the
dHvA amplitude in the presence of an inhomogeneity in the mag-

netic field that produces a linear field gradient AH over the

sample length 2L is given by:

- - 3 -
M=A Ildsln2ﬁ g [Iv-13]

The amplitude reduction factor I, is given by

1
. J. (TuR/L) -
_ sintv "1 -
) I, =2 TV nuR{L (Iv-14]
where v = F ks , and u = (igf A4 , R is the radius of the
' H2 98 max H2

sample. For Sb and the present experimental conditions, L and
R are of order .l cm, AH as determined from NMR calibration
of the superconducting magnet is less than 1 Gauss. Thus

v~10? and u < v, so that I, = 1.000.

4.4 Non-linearity in the Field Modulation Technique

There are two major causes of non-linear effects that
change the harmonic amplitude ratio in the field modulation
technique and these should be overcome or accounted for in the

calculations. y
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One of the”éffécts'occurs when thefe is incomplete
sample penetration of the modﬁlating'fieldi If the skin'depth
6 is smaller .than the sample dimension then the Eéssel function
J (Zwth/H } in the expression for the measured dHvVA amplitudes
will not have the same value of h in-all parts of the sample
and the measured dHvA amplitudes will have an extra field
dependence which can introduce errors in the résults. To over-
come this problem a sufficiently low modulation frequency'is
used to insure complete sample penetration. o

The magpétoresistance tensor components of Sb at iow
temperatures are-measured by Bresler and Red'‘ko (1972). The
worst case or the smallest value for the skin depth can be
estlmated from the smallest component of the magnetoresistance
tensor. This has a value of 1.38x10"% ohm-m at 1.5 K in a
magnetic field of 10 kOe. The resulting lower liﬁit for the
ékin depth is 2.6 cm for a modulation frequency of 517 Hz.

The samples used in dHvVA modulation Eechnique were roughly
in cubic geometry with a side of about .32 cm.

The other effect is the so-called FM-AM effect described
by Alles and Lowndes (;973). This effect is present G%enever
there is a high dHvA fregquency fl and a low dHVA frequency
f,. The TM-AM effect is a periodic amplitude modulation (AM)
of the high‘frequency oscillation (FM) with the period‘of the
low frequency oscillation. This results in a swing Aa in the
M
oH
of the low ffequency oscillation. 1In Sb, the dHvA frequehcies

argument a of the Bessel function Jn(a) given by gﬁ = 4m
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are all relatively low so that 4w %g << 1. Moreover in the

present investigation almost all of the data are carried out
for the dominant low freduency portions of the. dHvA frequency

branches.

-
/

4.5 The Torque-Interaction Effect

.

In the torque method non-linearities are introduced by

the torque interaction effect {(Vanderkooy and Datars 1968). It
ociurs when the torque on the sample causes an épprecfablé
twisting of the sample. If the elastic compliance of the

sample about the direction of suspension is n = %%, the torque t

is given by
Lk

: F |
T=-3=A sin (2w ﬁ)'- [IV-15]

For a torgue 71, the angle 6 changes from its equilibrium
position by an amount A8 = nt which changes the initial fre-
quency Fo to F(6 + A8). Equation [ IV-15] then becomes

2TTFO + 21 3F

T = A 51n(*§—— 5 35 nT) . [Iv-16]

N \
This is similar to the case of magnetic interaction and

can cause non-sinusoidal solutions and influences the harmonic

3F
79 ¢

Vanderkooy and Datars (1968) give an expression for the

L]
amplitude ratios for ’%E > 1.

ratio [ of the torque interaction to the magnetic interaction
contributions to the dHvA amplitude,

2
T oo NVH £

4T

[IV-17]
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where V is the sample-yvolume, and the dimensionless parameter
. . > }

£ depends on the geometrylof the Fermi surface. An estimate of

5

_ , . .
I'is- 10 at H = 20 kOe for the estimated values n ~ 10 Rad/dyne-

cm, §

ax ™ 1 (for ellipsoids with b/a>2), V « .05 cm3. This

value for T suggests that in the torque method the torque in-
teraction is much more important“than the magnetic interaction
contribution. Nevertheless, as the magnetic interaction contri-

bution was estimated previously to be less than 10_3, the

P
torque interaction is also negligible under the present experi-

mental conditions for Sb. This would not be true if large

. samples had been used.

4.6 Crystal Imperfections

Finally there are non-linear effects that depend on
érystal imperfectiions. These include latticelstrain and mosaic
structure. 1In general, these effects are rather difficult to
treat quantitalively, but as these effects are all field de-
pendent they produce ﬁon—linearities in the Dingle plots.

Thus all samples exhibiting non-linear behaviour in the Dingle
plots were discarded. (Crystal imperfections were sometimes

_ ©
deﬁ%cted, during crystal orientation, by the X-ray diffraction

Laue photographs from an examination of the structure of the

Laue spots and these samples were also discarded).



5. INFINITE FIELD PHASE - | Y
The harmonic amplitude ratioé or spin—splittings can
only provide the absolute value of G. However from absolute
phase mea;urementslon the fundamental and second harmonic oscil-
lations one can obtain the infinite field phas@cwhich can haﬁe
two possible values depending whether the spin-splitting term,
cos(nrs)is‘positive or negative (Coleridge and Templetoh,71972).
This procedure reduceg drastically the number of possible g-

factors obtained from harmonic amplitude ratio measurements.

The total phase, ¢T’ at a positive peak of the dHvA fundamental

oscillation is given by

+

F o1 - 1 7
-E-G-E—y-}-% :  [1v-18]

where ¢H is the local phase, and the last i sign corresponds

to the‘spin—splittinq term being positive or negative respec-

tively. In antimony the extremal) areas are of maximum area, and

taking y = % the total phase becomes
¢ = — - = - = _ - [1IV=-19]

The infinite field phase, ¢0, (when % = () can have the
values - % or - % depending whether the spin-splitting term
is positive or negative respectively. The local phases % - N,

where N is Landau level number, at the positive peak are

plotted -against %. The intercept of a least squares fit at

]

= 0 then gives the infinite field phase ¢ -



CHAPTER V'

EXPERIMENTAL RESULTS

The dHvA measurements wefe made in tge trigonal-
bise¢trix and trigonai—ﬁinary planesf Figu;es 4-7 show the §
dHvaAa ffequencies as a function of angle for the four ai%oy-
samples in the trigonal-bisectrix plane. The oﬁerall guality
of the data decreased as the-telluriumlconcentfation increased,
since alloying raised the Dingle ﬁemperature.' The trigonal-
bisectrix plane cpntains the minimum principal frequencies
of the hole and electron branches. The hole‘freqﬁencies de-
crease and the electron frequencies increase as Te atoms
are added. The decrease is about 20% that of pﬁre Sb values

and the increaSg is about 25% with the addition of .110 at. &
.Te. !

¥

Figure 8 shows the cyclotron masses at the principal .
: et
electron and hole %ima fregquencies in the trigonalﬂbisectrix
plane vs. concentration of Te and Sn. The Sb(Sn) data were
obtained previously by Dunswortﬁ and Datars (%973).' The hole
mass decreases Qith increasing concentration of Te while the
electron mass increases. Tabie 2 summarizes the data at the
-principal electron and hole minimum frequencies. The hig&
values for TD suggest that the Landau level broadening is the

result of dislocations produced in the crystal while alloying

and thermal ;ycling. TD for the hole minimum of samples 1 and
| 30

[T R

L e
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2 was investigated first, while, for sample 3, TD at the
electron minimum was determined first. During the orienta-
tion of samplé 1l prior to the measurement of TD at the'electrgn
minimum,'a malfunctioh iﬁAthe rotatign mechanism caused some
damage to the crystal. This explains the relatively high TD
for this sémple. As thé Dingle temperature depends on the
history of the crystal as well as impurity scatﬁe}ing, conclg;
sions about Dingle tehpératurés for different carriers could
notlbe made.

Figure 9 shows the dHvA freguencies in the trigonal-
bisectrix and the trigonal-binary planes for pure Sb obtained
by the field modulation technique for g-factor measurements.
Due to the high sensitivity of the £echnique it was possible
for the first time to detect the high frequency electron branch
in the vicinity of the bisectrix axis in the trigonal-bisectrix
plane. The harmonic amplitude ratios were obtained for both
the pfincipal (P) and non-principal (NP) hole branches, while
fof the electrons only the principal branch was investigated.
Using the torque magnetometer a smaller frequency range was
w?gtudied: the harmonic amplitude ratios could not be determined
at orientations where the torque vanishes near symmetry and
"frequency extrema directions. It should also be pointed out
that the low frequency oscillations are dominant in the torgue
method and this érgvented accurate measurements of harmonic ampli-
tude ratios of the high frequency poftions of the hole and

electron branches.
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Table 2. dHva frequenc1es, cyclotron masses and Dlngle Tem-
peratures in. Sb{Te) Alloys

Te concentration at. 0.000 0.054 0.071 0.095 0.11l0
Minimum electron freq. C

(Tgs;a) in trig-bis 68.0 75.8 81.5  85.0 86.0
plane (’?

Cyclotron mass (mg)

electron minimum 0.080 0.085 0.087 0.090 0.091
Dingle Temp. (K) i _
electron minimum 2.3 7.7 .7 6.1
Minimum hole fregq. :
{(Tesla} in trig-bis 61.5 56.1 51.8 50.6 49.9
plane

Cyclotron mass (m_) '

hole minimum o] ' 0.063 0.058 0.056 0.056 0.055
bingle Temp. (K) 2.5 5.4 5.2 6.4 -

hole minimum
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Typical Fourier transforms are shown in Figs. lb and-
11 for field directions at 10° and 26° from the trigonal axis
in the trigonal- blsectrlx plane respectively. - The amplltude of,
the second harmonlc, 2H, with respect to the fundamental amplll
tude H, in Fig. 11 is three times. that in Fig. 10. This is
caused in part by a change in the g-factor. .

Figures 12 and 13 show typiéal Dingle plots for the
field modulation and the torque method resﬁéctively. The plots
arestraighﬁlines ruling out any phase smearing processes which
produce a{field—dependent T,-

In the. torque method, at sufficiently high magnetic
fields, greater than 40 kOe, the spin-splittings wgre directly
- observed for several orientations and the g-factors were inde—
pendently calculated. Figﬁre,ld shows such"a‘spin—splitting
recorder tracing for holes at 148° from the trigonal axis in
-the trigonal bisectrix plane.

To obtain a value for G (G = cos(ﬂS)/cos(2nSJL for each
position the dHva amplitudes for the fundamental and second har-
monic frequency prior to Fourier analyses were multiplied by their
appropriate field-dependent correction terms. It was found ad-
vantageous not to include the Bessel function term in.the field
modulation method by choosing the data between appropriate but
different field limits for the fundamental and second harmonic
in such a way that both data cover the same Bessel function values

throughout. This was necessary to avoid multiplying the experi-
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Fig. 12 Hole Dingle plot (field modulation method) for
field direction at 41° from the trigonal axis in
the trigonal-binary plane.
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YTig. 13 Vtole Dingle plot (tofque'nethod)‘for field direction
at 98° fror the trigonal axis in the trigonal-
bisectrix planec.
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mental ampiitudes by large faqtoré near Bessel zeroﬁﬁgnd at
the same time taking advantage of a maximum numbér of oscilla-

-

tions.

Reliable and accurate absolute phasé measurements are
generally done when there éxisps a single or ﬁell isolated dHvaA
frequen;y. rThe torque magqgtometer provided an igeal‘technique
in measuring infinite field phéses for the‘electrén frequency

branch in the trigonal“hisectriiﬁplane at a field direction

where the dominant dHvA hole frequency passes ﬁhrough its

3F - )
minimum, i.e. 355 = 0 in equation [1V -5) and the hole oscilla-

tions disgppear. At this position tﬁe infinite field phase for
electrons, ¢0, as shown in Fig. 15, wa;‘found to be -.56:.Q§
indicating that the spin~splitting term'for electrons is neéative
at this orientation.

- Absolute phase measﬁrements for the holes, on the other
hand, were done using the modulation technique at field direc-
tions whefe the hole frequehcies are .dominant and no other dHVA
oscillations virtually exis;. The total phase in the case of

the modulation'technique has an additional phase change of 1

3
when detecting the dHvAa signai at the second harmonic of tﬂe
mbdulation frequency according to equation [IV-4]. However,
in-ordér to use expression [iv-19] for the Fatal phase, the
" local phases were measured at the ﬁegative peaks of the dHva
“oscillations. The measurements were done at three different
field directions near the principal branch frequency minimum

-in the trigonal-bisectrix plane for the principal hole branch.

'The';esults, an example is shown in Fig. 16, give ¢ = —-58.05,

s L

i
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whi;ﬂusgows that therspin-splitting term of holes is also
négative These results, combined with the fact that most of
the measured harmonlc amplitude ratios A /A2 (1nclud1ng, of
course, those at the spin zeros) are less than unity, indicate
that the possible g-factors for both e;eétrons and holes should
lie on the two solid branches of Fig. 3 that intersect the -

S (= l gm*) axis. It is evident that in the Case of antimony
absolute phase measurements on the fundamental deA oscillations
alone were suff1c1ent to resolve the g- factor ambiguities,
Absolute phase measurements of the second harmonlc would not
have helped because the second harmonic would have yielded a
negative spin—splitting term for all possible values of g.

- Finally, one has to consider a theoretlcal approach or make

use of exlstlng rellable spin resonance data to _single out

the correct g-factor from the branches having a negative
spln-Spllttlng term,

Figures 17 and 18 show the hole and electron g—factor§
respectively determlned in the two Planes by the three different
techniques; torque harmonic ratlo, field modulation harmonic
ratio, and spin—splittings. Results are given for the first
two possible g-factors. The q—factor results are also given
in tabular form in Table 3 for selected crystallographic direc-
tions. For comparison the g-factors obtained by McCombe and
Seidel (1967) from spinnspllttlngs ln the magnetothermal oscil-

lations are also indicated in Table 3.
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-

-Tpe remarkaple agreement betweén the three methods
suggests the validity of the LifghitzéKosev;Qh theory fo;'
‘Sb and the absen@e of any non-linear effects, discussed previously
in the preseﬁt:ékﬁériment. The slight discrepancy betwéen
the torque agd the field modulation data could be the rqgult
of orientation errors. - The error is less than 0.5° for the

modulation method and about 2° in Q:i\ffrque methad.

"
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CHAPTER VI

DISCUSSION OF ALLOYS

1. RIGID BAND MODEL ' o

when a small amount of impurities is added t§ a pure
metal; the rigid band model assumes thaé'noichange will occur
in the band structure and states that the electron concentra-
tion ﬁill be raised or lowered by'ZCNo, where Z is éhe valence
difference between host and impurity, C is Ehe atomic concen-
tration of. impurities, and N  is the number of host atoms per
cm3. In terms of Heine's parameter (Heine 1954)

A:A m c m

o]

[VI-1}

where A—Ao is the change of Fermi surface area from the area Ao
Qf the pure metal, DO(EF) is the density of states in the pure

metal at the Fermi energy, and Fo and mo* are the dHvA frequen-
cy and cyclotrbn mass :espectivelQ in the pure metal.- If m*

is a function of EF then (A—AO) is expanded in a Taylor series

in E up to second order to give

*
mec m m * + m*(c)

[o] QO
_ [ ] [vi-2]
o Afe F D, (BFT 21“0* .

R =2

where m*(c) is the cyclotron mass of the alloy. The : signs
in [VI-1] and [VI-2] indicate whether the Fermi surface area .

increases or decreases on alloying. Equation [VI-2] can be

.53
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rearranged to give ' " \
‘ * * * :
F~-F ‘ m ZC m + m {c) —
©= 1.85x10° 2 (9O ) [VI-3)
F : F *
-7 0 o] 2m
o
where a value of DO(E ) = 4.67x10-2/at0m/ev was used (McCallum

*
r -

. and Taylor 1967; Zebouni and Blewer 1967). If m*(c) = m

Heane s result given in ([VI-1] is obtained. The rigid band model
F-F

can be treated by plotting o agalnst the concentration c. a

plot of (F-F )/F Vs concentratlon is shown in Flgure 19 where
the rigid bandg prediction of [VI-1] is shown by the solid lines.
The dashed lines.are the results ﬁrediéted by the mass dependent
R of [VI-3]. The agreement is quite good for the electron and
hole branches of Sh-Te alloys.

A The . change of total carr ier concentratién was calculated
from the dHva frequencies using the ellipsoidal approximation. 1In

“this approximation, the carrier density of one type is given by

n = (8/3 %) (e/hc) /2(F FyFs) 172 p [VI-4)

where p is the number of ellipsoidal pockets, and F and F

1 Far 3
are the three pPrincipal frequéncies. Since the maxmmum extremal
frequencies were not detected experlmentally, it was necessary Eo
estimate the carrier concentration n{c) of the alloy by assuming
that the relative lengths of the major and minor axes of the

Fermi surface remain the same in the alloys. In this case

-~

n(e) = (F/r 13 % [VI-5]
where n, is the- carrier density in puré Sb, and F and F are
the minimum branch frequencies in the alloy and pure Sb respec-
tively. Table 4 shows the total elect;on and hole carrier

densities. The total change of carrier density is compared

-

AT

3
-
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with the number of. Te atoms added. The ratio of the carrier
density change to the Te density is shown in the last row. The

average value of this ratio is 1.15. The deviation from the rigid.
/

Table 4. Carrier densities in Sb(Te) alloys and change}of
density from that of pure Sb

Te concentration at. % 0.000 0.054 0.071 0.095 0.110

Number of Te atoms 0.00 1.71 2.24 3.0l 3.48
-3 . -19
- {em Tx10 ) -

Number OflglECtrons. 5.55 6.53 7.28 7.75 7.89

(em 3x10 )

Number of holes

5.52 4.81 4,27 4.12 4.03
(em™3x10719) | - g

rotal change of carrier - 1.69  2.98  3:60 3.83

density (cm ~“x10 }

.Total change/no. of

Te atoms - ¢.99 1.33 L 1.19 1.10

band prediction can be attributed to the approximations made in
calculating the carrier densities. If the Tigid band model

holds exactly, the results suggest thap the axial ratio for the
electron pockets decreases slightl¥'fith conceritration. The de-

crease is less than 1% for the higﬂgét concentration.

2. BAND SHAPES

In the case of Sb and its alloys it is expected that both
hole and electron bands will interédt with neighbouring‘bands
having nearly the same energy. The energy surfaces are ellipsoids
but the cyclotron magses are energy dependent. This is described

by an ellipsoidal, non parabolic energy band of the form
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2 T x2 kzz kzz‘
-E + F E = — 4 + — . ‘ [VI""S]
o / g my . m, R S

where Eg 1s the energy gap separating this band from another

. band near jit.- The cyclotron mass for an orbit in the xy plane’y

a0

©

is given by

x*
(. m = mb(l + 2E/Eg). [VIi-7]

where m, is the band edge mass. The cross-sectional area is

@A = nmo(l + E/Eg)E. . ) [VI-8]

Combining [VI-7] and ivi-8]

2 _ 2 -
*< — m + (4“)(mo/Eg)A p ‘ [VI-9]

m
o

since A is proportional to the dHvVA frequency F,

m? = m %y 46 /E)F (VI-10]

where the value of Eg is in meV, and F is in Tesia. Equation
[VI-10] was tested for the électron and hole minima as shown
‘in FlgUl 20. The data points are réasonably well fltted to
a least squares line. The slope of tn; line gives ; value of
the k*p matrix element Ep(= Eg/mo). Théqmatrix element is
7.1 eV for the holes and 4.8 eV for the’electrons. This mayl
be compared to the,Sb(Sn) result for which Ep is 7.1 ev for
holes and S.E eV for electrons. These values compare with 20

eV for 111-Vv semlconductors (Ehrenreich 1961) and 8 ev for

Bi (Sb) (Lllett et al 1966).
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CHAPTER VI

DISCUSSION OF g-FACTORS

1. THEORY OF THE g-FACTOR IN SOLIDS

In a solid, the g-factor will denart from the free -~
electron value of 2 %023 as a result .of spln orbit 1nteractlon
and many-body effects. In semimetals and their compounds this
departure is almost entirely dué to spin-orbit interaction,
whereas in the alkali- and noble metals the many-body effects
arising from the Coulomb interaction between electrons as well
as from. electron-phonon interactions give the major contrs bu- %5
tion to the observed g- factors {Randles 1972, hnecht 1975).

The spin-orbit interaction occurs well inside the ion -
- core. The magnitude ofrthe interaction in the solid is then

comparasie to that of the isolated atom. - The gjfactors of

conduction electrons in solids' is determineé by the spin-orbit

splittings of the valence electrons. The theoretical treatment
. starts with the one-electron Hamiltonian |

2

H o= g; + v(r) + w9 | | (VII-1)

HSO is the spin-orbit Hamiltonian given by

p
"
W€ o A ovir) xBes (v11-2]
4mc

where ¢ is. the Pauli spln operator and V(r) is an effective

<potantml

59



L b = B Y, {vi1-3)

: [ _ik.T '
Ykns = P € “xns ' (vir-4j

- -
+

where 2 is the volume of the unit cell, the index s, s = 1,2,"
‘distinguishes the two sgin states and ukns is a periodic two-.
component functionf The problem is usually treated in the
effective-mass approximation for the conduction electrdps, i.e,
one considers only states in the neighbourhood of the energy
. minimum in the conduction band {n=0, s=l1)}. ﬁéasuring k from
the position of the minimum and for small k (setting Eo(o) = 0)

the effective~mass Hamiltonian gives . ’ S

oo~ .
Eo(k) * 5= keask, (ViI-5)
The components of the inverse effective-mass tensor a,
can be expressed as (Luttinger and Kohn 1955)

<01|vi|ns><nslvj|01>+<01]vj|hs><ns|vi|01>
BB

n..-Gij+m z

. [VII-6
i3 E ( ]

*

In the presence of an external magnetic field H, the

one-electron Hamiltonian becomes

2 . -l
= 1 (3 . €A H =, 3 . @A i -
H 3 (P + e +-V(r) + ——Qd'm —!-c OsVVX(P + e ) + BH-o (ViI-7])

where A is the vector potential and 8 is the Bohr magneton.

In the effactive-mass apptoximatiOn, this Hamiltonian gives
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. . _1 - a ._ e - - - ._ .
<0s|H|os'> = m(P. + g Adrat (P + = A S5 =<0s|uf0s™>+n [vII-8]

where P ='ﬁk is- the crystal mOmentum, and A = % ﬁKEC where

;é = 15 1s the crystal coordinate operator. The second

term in [VII-B] shows that the electron carries with it a

magnetic moment

Toehy, g ‘ [vI1-9)
where
T = -8o [VII-10]
and
<ns|ukfns‘> = - % <ns|rxP|n's'> [VII-11)

r and P are the poéition and momentum operator respectively.

3
- 2“ = ) a -
rns;n's'ik) = n I “kins * 3k “kn'st 9t [(VIr-12] .
3 k) = 20 | hk ar 1
Pns.n's'( ) = T | “kns Yknt g1 a4 (VII-13]

Using the fact that the periodic functions u form a

kns
complete set of orthonormal functions i 5F kns MY be expresscd

in terms of Yng* This leads, after some manipulation, to the

‘result (Adams 1952,1953)

r ettt W™ or— —=: II-
“ns;n's im (En's' Ens? )
Substituting this result into (VII-11)
oy " nwip 1 N
<os|y |os's = - S, <OS|P|ns">x<ns"|Blos'> [VII-15]
L 21Ccm ns" , Eo-En

<08|1]|0s'> can be expressed as a linear combination of the unit

Ll
s
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matrix and the 3 Pauli matrices, so that

(
~ = 1
- <Os|u|os'> H=%8TF G.. H. g. (VII-16)
2 1343 7175

has the eigenvalues

E ="t 3 gBH [vII-17)

with the effective g-factor given by

g= 125 A 172

. G, ,G,
ij2 173 i

32] (VII-18]

where A, are the direction cosines of & with fequct to the
coordinate axes. The quantity Qij‘a g Giicjz is a second ?ank
symmetric tensor and can be diagonalized. TIf its principal
components are gi and x; are the direction cosines of H with

respect to the principal axes of Oij' then

Y ;o 172 |
g = [Rizgf + Aézgg + A;zggl . (VII-19)

From the g-factor, one can define a spin-mass, ms}

(C6hen and Blount 1960)

m
3
m

o

(VII-20]

Qin

The occurrence of sméll energy gaps points to small
spin masses or large g-factors. This is because ﬁl can be-
come very_large when there is a small gap since r is proportio-
nal to the reciprocal of a gap (see [VII-14]). This orbital
magnetic moment( HR' arises from interatomic circulating cur-

rents, in other words, from electron orbits extended over

v
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several atomlc sites. To obtain an estlmate of g- factors in the

presence of strong spin-orbit coupling, one can write edv for

" the circulatingcurrent,rwhere 0v is the spread in the orbital

velocity which is given by the uncertainty principle

« Z . ; . - . _ek
m*évéx = 4, the orbital moment is Wy 2c 8xév T

a g-factor of nb whlch is large when m* is small.

giving

'©2. APPLICATION TO ANTIMONY

P et e e - 8 8

L]

The k=0 conduction " band for electrons is at'the‘point
L in the Brillouin_zone.which is a mirror plane and possesses
inversion syﬁmetry (2/m). The Fermi surface is nearly._ ellip-
soidal with a center of symmetry and the calculatlon of g-
factors can be carried out using the method of ‘Cohen and Blount
(1960) for bismuth. For the holes, however, the k=0 conductlon
band does not possess inversion symmetry ang one cannot use
this method.

The vaionce band closest to the conduction band is
considered. This one level approximation is valid yhen the
gap, Eg, between the conduction and valence bands is small com-
pared to the spin-orbit energy A. This means that only this

single level contributes to the &ij and This is true if

% ,
all the ®ji dre large. From the cyclotron mass data of Datars

and Vanderkooy (1964) one obtains the following values of the

: ¢
electron o.
ij

uxx = 10.75

= " .9
ayy 3




where
gonal
tence
orbit

. valid
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Gy, = 11-?,

uyz = .835 o

4 o, T a ., =0
X, ¥, and z stand for the binary, bisectrix and tri-~
directions. The small value of uyy indicates the exis-
of another nearby valentce band contributing to the spin-
interaction. Thus, the method of Cohen and Blount is

— C . o
only at orientations where “yy does not contribute to Uy

and hence the g-factor. This is true for such planes that

contain-the bisectrix axis. Therefore, the calculations wlll

. be done only for the trigonal-bisectrix plane.

The method of Cohen-and Blount for Bi is followed with

two modifications. Firstly, as the uij for Sb are much smalle

r

than in Bi, the §i5's in [VII-6] are not neglected. Similarly,

in the calculations of u, the spin maghetic moment g is not

ignored. Secondly, both spin-split valence band states |al> a

nd

|a2> are considered at energieé Eg and Eg+A from the conduction

band -|01>, i.e. the problem is treated in the two-level approx

mation. The g-factor in the trigonal-bisectrix plane from

Equation [Vﬂ-lB] is

2,.2 2
= {)xz(c;zzmzy ) + A, (Gucy‘+ zyny+szny)

1/2 . '

Y YY yz Yx .

The Gij's are calculated from (VII-15} and- [VII-16].

i=-

From

group'theoretical-considerations, the only non-vanishing velocity
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matrix elements that enter [VII-15} are (Cohen and Blount 1960)

<01|v la2>, <01|v |al>, ana <01|v,_|a1>

.. using [VII-6].

which in turn can’ be expressed in terms of ulj

The results are

_1 _ _ 2 — — 1/2 _
gy“{il(“zz L) (o, ~1)[£° + Tla, D (@ ~I1T £+4] (VII-22)

S _ v 1e2 2 | .
9z = 5l ey -1 (o, ~1) [E7 + 4) (viz-23]
i | - .
where ;s B+a B Y2 7
£=1 Eg Y E+a) :

In Sb the valence band is the 5p level. Thus it has
the same electronic configuration as Sb III. The\5p level splits
into pl/2 and p3/2,1evels with an atomic spin-orbit splitting of
.81 ev. (Lang 1930, Kane 1957). For non-cubic crystals, for
éxample‘orthorhombic,the splitting is 2/3'of;the corresponding
cubic structure (Falicov- and Golin 1965). The renormalization
factor for the spheiical (atomic) to .cubic systems can be easily
found from the known spin;orbit splitting of a material having
identical electronic configuratidn . In the case of Sb III, this
material is Sn II for which A{atomic) = .525 eV. (Lang 1930) .
and A(solid) = .48 eV (Carddna et al.1967). The spin-orbit
splitting, 4, for Sb is then i

-

«©

aw .8l xfx 3 = 49 ev. i}

4

The energy gap, Eg, for Sb determined from the magneto-
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reflection experiments of Dresselhéus and Mavroides (1963) is
.10 eV, Using these values for 4 and Eg, Equation [VII-21)

becomes:

g = {7.62 cos2(180-0)+34.8 cos(180-6)cos (30-6)+313 cos?(90-8] /2

(VII=-24])

where the angle 8 is measured from the trigonal ax}s‘in thé\same
sense as in Fig. 9. The g-values calculated from Eqﬁdtion
[VII-24] are plotted together with the lower set of g-values,
determiﬁed from the field modulation experiments éo as to mini-
mize errors due to crystal ﬁisorientétion. in Fig. 21, It is
clear that the agreement is very good with this choice  of g-values.
It should be mentibned that Equations [VII-22], [VII-23] and
{VII-24] reproduce the result of Cohen and Blount m_ = m*,
also shown for comp&risqn p@rposeé in Fig.fls, if one neglects
the contributions of the spin-split bands |02> and |a2>. 1i.e. by
putting A=0 and multiplying the reéult of the g-factors by 2
since now the pair of levels |0l1>, |02> and |al>, |a2> are

identical.

3, COMPARISON WITH. SPIN RESONANCE DATA

Spin resonance experiments yield values of the spin
mass ‘and provide additional evidence for resolving the existing
~ambiguity in the g-factor determined from dHvVA experimends.'
This comparison is particularly important for cases where no
theorctical calculations could be performed, as in the casL for o

the antimony hole Fermi surface. ‘Before discussing spin reso-



Fig. 21 Electron g-factors in the trigonal-bisectrix
plane. Experimental: e, field-modulation
data. Theoretical: ope-level approxi-
mation (Cohen and Blount 1960); —-=-=-- two-
level approximation (this work).
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. _
nance éxperiments, it is beneficial/to present a physical pic-
tute of the existing ambiguity. For antimony, the higher and
lower'g-faegor branphes shown in'Fig.‘2l correspond to. the
effective mass m* being larger or smdller than the spin mass
‘ms' respectively. The energy level diagram for a few Landau
levels including spin—gplitting is shown for the two cases in
Fig. 22. It is\evideht that for a dHvA-type experiment the
two cases are identical, so that there is an ambigﬁity. In a
resonance experiment, on the other hand; transitioné of‘type
1,2,3 and 4 are expected to occur. Type-1 transitions afe
qjust cyclotron resonance transitions taking place between
successive Landau levels having the same spin state. Tyée—z
transitions are pure spin-resonance, while type-3 and 4 |
transitions involve both an orbital and a épin transition. It is
clear from Fig. 22 that only transitions of type 2 and 4 can
discriminate between the two cases. Extensive spin resonance
experiments on Sb were done by Datars (1962). The sign of
carriers and details of the Fermi surface were not yet deter-
mined, so that some readjustments were necessary in interpreting
the spin reson&nce‘data. At a generhl field direction up to
five cyclotron mass branéhes may coexist which make assignments
of spin resonance data ra;her difficult. Thus comparisons will
be made only at the two symmetry directions. _ oy
For the magnetic field parallel to the trigonal axis
the observed type-4.transition gives an effective mass, My of

. 057 m for holesﬂ From the energy level diayram E, = E.+E

4 2 71
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N /

. - v
CASE I 'm*<m, CASE I ni>m,
Fig. 22 Possible transitions between spin-split Landau
: levels for m*<m_ {Case I} and m*-‘ms, (Case IIX).
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or equivalently

. 1 l i ‘ . T
=4 Ip ~ [vII-25)
4 ms m

! Eli_,-

and using the value of the effective mass at the trlgonal direc-
tion [VII-25] is solved for mg . The resultlng g-factor is

15.0 in excéllent agreement with the lower branch g-factor

value of 14.5 corresponding to case I of Fig. 220 ﬁofeover,

the transition observed at 8.1 kOe is an electroﬁ type-2
transition giving a g—féctor of 3.0 also in good agreement with
_ both the observed (lower branch) and the calculated g-factor.

At the binary-direction,-thgmobservad type 4 transition

gives an effectlve mass, 4, of .0452 mO for the nﬁn-pr1nc1pal

o .‘w -'l
" hole branch. stng (VII 25] the spln mass 1s found to be L.123

m, or a g-factor of 16.3. The lower branch g-factor value for
~the non-principal holes is 16.5. 1In addition to the type-4
transition, the type-2 transition observed'yiélds a spin value
of .63 m, or a g-factor of 3.2 for the p;incipal hole branch.
The corresponding experimental value is about 4 for case I. ~ ™

Thus the spin resance results show that the lower set of

g-factor valuces for holes should be used.

"Finally, the small dlscrepancy between theory and ex=-
periment (Fig. 21) may‘be due to an overestimation of A, the
influence of a third endrgy level and/or many body effects. Since
the magnitudes of these effects are not known at the present time,

one cannot draw any conclusions about the contribution. of many

body effects on the g-factor of Sb.
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CHAPTER VITI
coucwsxons-" e

‘ The diiva frequenc;ea. cyclotron masses, and Dingle

temporatutes of Sb(To) alloys thh up to 0211 at.% Te were

' measured. In the coneentration rnnge of study, the dlectron

.. and” hole frequenc;es increaﬁed and decreaaed. ruspectxvoly.'

as the concantrat;on of Te was incroased*\ These chanqes are
well accounted for by tha rlgid band theory. Figures 8 and
19 summarize the change of cyclotron mass and deA.froquency

with ooncentxation of Sn aﬁd Te. The change in mass for

‘ both alloy qystems is O\plained by nonpnrabolic enerqy bands.

The change in frequency is explainod by a mass dependent
riqid-band model except for the holos ‘with high®tin concentra=
tion. The results of qb(Te) and Sb(sSn)’ show the validity of
tho rigid band model for impuritiea with a valence difforence
of one. This confirms the prodictions about alloying made
by Stern (1972). ' .

) The change in é;clotron nags with[ccncentration gives
direet indication of the nonparabolic nature of the bands. Tha
difforenca in the rate of hass. chanhe of alaetrons and holes

Kok
turth ;uggests gifforent band shapes for the two carriers.

AQgellipsoidaljﬁgnpurabolxc band gives n good git for the cyclo-

‘\»_' L , g
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tron mass data. }Pho kep mgtfix element is 7,1 eV for holes -
and 4.8 oV for electrons. = - T - o - L “
Eétimates of the Fermi aurf#ce volume iﬁdicate that
each Te atom contributes a conduction eloctron to the alloy.
The g-factors for electrons and holes were doduced .
‘from the harmonic content in ‘the oscillatxon waveform obtainod
. by the torque and field modulation tochniques. Direct obsorva-
t;ons of spin-splittinqs at sufficiently high mngnetic fields R
in the torque ‘method provided an independent measurement ot )
the g-f§ctor§.“Tho pxc&llont ngrégﬁent-botﬁgon these three
methods suggésts the validity of 6 Litshit:-xosevich equation

AN, _ | \
field phase measurements on eleoctrons and holes indicate that the

for antimofly and the absence of Wt;;linenr-effects. Inginito"
spin-splitting torms are negative for both car}iors‘ 63}\\x
reduced the number of q—factors that are roasonable to just \

A thooreticnl g-factor calculation in the &ffoctiva mnass approxi-
mation ror the conduction oleetrons. which possess invoraion
 symmetry, waa carrﬁpd out. The theoretical treatment is baaed
“on the. mothod of Cohen and Blount (1960) for bilmuth. However

‘ as the spin-orbit gap Ain antimony ia smaller than that of

bilmuth the,calculat;ons were done in the two-lovol appxoxima-

tion. The roaults are in excallent aqreemont with th& 1ower‘

aet of Qloctron g=factor valuea. Thoae resulta are also in good ﬁ§

agreemont with electron spin resonance data (Datarn 1962)

Spin roaonanco data for holel also indicnte\that the lower set of

7
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the hole g-facﬁors is the correct one. The g-factors at the
binary, bisectrix and trigonal directions are found to be
le. 16.8, 3, 5 and 4. 5, 18.0, 14.5 for the principal branchos

of elactrons and holnsdrespoc;ively.
_d*""‘—“"g_”"“ )
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