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ABSTRACT

Detailed investigaticns of the hydrostatic pressure dependences
07 the hole Fermi surface of antimony and the cyclotron effective masses
of antimony and potassium were made in the pressure range from 1 bar to
4.4 kbar, by means of the de Haas-van Alphen (dHvA) effect. Solid he-
lium was used as a pressure trensmitting medium. These measurements
were made using the field modulation measuring technique, medified :o
optimize the sensitivity and selectivity of the dHvA spectrometer action.
The effect of pressure on the anisotropy of the entire hole Fermi surface
in the trigona]-bisectrix‘crysta1109raphic plane was determined in de-
tail. The pressure derivatives of the extremal cross-sectional areas of
the surface were found to differ in sign and magnitude for various field
directions. The total departure of the hole Fermi surface from a perfect
ellipsoid in this crystailegraphic plane was accurately calculated at
standard atmospheric pressure (1 bar) and at a pressure of 1.08 kbar,
using the ellipsoidal-parabolic approximation. It was found that the
anisctropy and shape of the surface are greatly influenced by pressure.
The tilt angle was found to be insensitive to pressure within quoted ex-

. . i,

perimental error.

The cyclotron effective masses were derived from the temperature
dependence of the dHvA amplitude. In potassium, the logarithmic pressure
derivative, (1/m*)dm*/dP, was found to be —(O.ﬂ:O.]Z‘)xm_2 kbqr_], and

the standard atmospheric pressure cyclotron effective mass was determined

111



to be (1.211=0.005) My where N is the free:electron mass. The observed
decrease of the guasiparticle mass with indreasing pressure was analyzed
and explained in terms of changes of the band structure effects and many-
body effects‘with pressure. In antimony, the cyclotron effective maés
associated with the minimum section of the hole Ferms surface was deter-
mined to be {0.0637:0.0005) My @t standard atmospheric pressure, in agree-
ment with the calculated band structure mass ¢f Pospelov and Grachev of )
0.05 My The cyclotron mass was found to be nearly insensitive to pres-
sure with (1/m%)dm*/dP = + (0.1620.39)x10"2 kbar™'. The study of the
pressure deﬁendence of m* in these elements aTbng with a theory proposed

by Trofimenkoff and Carbotte for the pressure dependence of the electron-
phonon mass enhancement parameter, Aep’ permits the magnitudes of the

changes of the band structure mass and Aep with pressure to be deduced

in these elements.
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CHAPTER 1 _
INTRODUCTION

The de Haas-van Alphen effect {hereafter called the dHvA effect)
is a quantum oscillation of the magnéti}ation of the conduction elec-
trons as a function of the magnetic field, H. It is one of the most
pawerful methods for the determination of *he geometric structu}e of
the Fermi surfaces of pure metals, semimetals, intermetallic compounds
and dilute alloys. The effect appears as small amplitude qﬁantum 0scil-
iations, periodic in H'], in the magnetization of sufficiently pure
metallic singlé crystals. The frequeﬁcy, Fi’ of the oscillatory mag-
netization s directly proportional o an extremal cross—sectional
area, S., of the Fermi supface normal to the magnetic field; Fy = .
(ﬁc/Zwe)Si. These osc?f?ations can be observed either by changing the ,
magnitude of the dc maénetic field keeping its direcfion fixed orby chang-
ing the dHvA frequency through rotating K while keeping it§tnagn1tude
constant. - Measurements of the angular variations of the dHvA frequen-
cies have proved to be quite useful for obtaining accurate information
on the shapes and sizes of the Fermi surfaces, and was used to obtain
most of the final results for pure antimony. ‘These measurements have
had a great influence on understanding the electronic band structures
of metals (see for example: Ashcroft 1963). The precision of the
electronic band structure deduced from the dHvA measurements, depends

on both the compieteness and accuracy with which the measurements are



recorded. Therefore, it is important that complete and precise deA
data be obtained for each metal. The temperature dependence of the
dHvA oscillation amplitude contains the gradient on the Fermi surface,
that is, Ehe cyclotron effective mass, whereas its magnetic field de-
peﬁdence determines the Dingle temperature which is a measure of the
scattering of the conduction electrons at defects.

Two characteristic features of the dHvA effect should be em-
phasized. First, only the electronic states at the Fermi level and in
its immediate vicinity can be studied by the dHvA effect. This is true
;inc only these states are influenced by the depletion of Landau
~ Tevefls when a cylinder leaves the Fermi surface {see section 2 of
Chapter 2). The second feature is that all physical parameters derived
from the dHvA effect are averages over the extremal cross-section of
the Fermi surface for the field direction under consideration. Thus,
the dHvA Trequency is an orbital average cver the extremal cross-
sect%on. The cyclotron masses are orbital averages of the Fermi velo-
cities and the dingle temperatures are orbital averages of the electron
scattering rates.

‘The investigétion of the influence of hydrostatic pressure on
the dHVA effect in a metal, which is the primary concern of the present
studies, yields valuable information on the corresponding changes of
the gecmetric structure of the Fermi surface. This information can
serve as a useful tool in determining the validity of band structure
calculations (Harrison, 1965). Since the dHvA frequency is directly

proportional to the cross-sectional area of *he Fermi surface, the

.



pressure derivatives of the Fermi surface cross-sections can be derived
from the pressure dependences of the dHvA frequencies. The magnitude

of the cyclotron effective mass obtainable from the dHvA effect is ex-
pected to d%ffer from the band structure mass predicted in the one-
electron model because of mass enhancement due to many-body interactions,
that is, e]ettron-e?ectron and electron-phonon interactions. The appli-
cation of pressure infiuences *he magnitudes of the band structure mass
and the many-body mass enhancement parameters and allows one to test
many-body and band theories. The magnitude of each parameter and its
corresponding pressure depéndence s gegera]]y not accessible experimen-
tally for one metal, since experimental evidence forlsuch mass enhance-
ments has so far been Timitéd to noting the differences between the
measured masses and calculated band masses. Howéver, it is possible

t0 separate the .effect of each individual parameter by choosing two
different metals with negiigible and dominant many-body effects, es-
pecially the ejectron-phonon interaction. Antimony (2 semimet3l) and -

potassium (a simgie atkali metal) fulfill these c¢riteria and we have
choéen them to 1

ntify separately the influences of pressure on the ™
band structure mass and the many—bofy mass enhancement parameters with
pressure, respectively.

The present éxperimenta] studies have been undertqgen for two
reasons:

i) To provide precise measurements of the hydrostatic pressure
dependences of the cyclotror effective masses in pure pctassium and

antimony up to 4.4 kbar using the helium freezing method. In addition,

~
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accurate determinations of cyclotron masses at standard atmospheric
pressufe (1 bar), were obtained for both elements. The masses were
derived'from tﬁe temperature dependence qf the dHvA oscillatory magneti-
'jftion ampTitude. The Eyclotron effective mass of bure potassium at
standard atmospheric pressure has been used recently by Dunifer et al
(1984) in the analysis of spin waves in potassium. Sodium'has peen
studied previously for the préssure dependence of the cyclotron effect-
ive mass by Elliott agd Datars (1982). This was followed by theoreti:
cal calculations of the electron quasiparticle masses for the alkali
metals (1ithium, sodium, and potassium) that took intc consideration
.the volume dependence of the band mass as well as electron-phonon and
electron-electron mass enhancement parzmeters (Leavens et al 1983).

ii) To provide precise information on the influence of hydro-
static pressure on the hoje Fermi surface anisotropy of pure-antimony-
up to 4.4 kbar and to extend experimentaily the results on the pressure
dependences of a few selected sections of the Fermi surface. In no pre-
vious measurements has the pressure dependence of the aniso;pcpy of
the entire hole Fermi surface been treated specifica{]y in the pressure
region covered in the present investigation. However, there exists
experimental information on the -responses of the minimum and maximum
sections of the hole surface, to pressure (see for example: Schirber
and 0'Sullivan 1970, and Brandt et al 1978).

This thesis is crganized as follows. In chapter 2, the dHvA

effect is explained and the Lifshitz-Kosevich expression Tor the oscil-



latory magnetization is presented. Chapter 3 gives a description of

the crystal structure and Fermi surfaée of pure antimony. Also a brief
review of the previous investigations made on antimony is included in
this chapter.. In chapter 4, details of the fje]d modulation measuring
technique and how it can be used to optimize the selectivity and sensi-
tivity of the deAlexperiment are given in some detail. This includes
theory, methods, apparatus for measuring the effect, preparation, align-
ment and handling of samples and finally the solid helium high pressure
technique. Chapter 5 pre;ents results and discussion of the hydro-
static pressure dependence of the cyclotron effective mass in potassium.
The.inf1uence of the band structure effects ang many-body effects (es-
pecially the electron-phonon interaction) on the enhancement of m* with
pressure-are treated at some length. The experimental results and
analysis of the pressure depen&ence of the hole Fermi surface aniso-
tropy and cyclotron effectivg mass, are given in chapter 6. The discus-
sion and final analysis of these results are given in chapter 7. FRinal-

ly, in chapter 8, conclusions of this work are presented.



‘CHAPTER 2
PHYSICAL ASPECTS OF THE DE HAAS-VAN ALPHEN EFFECT

1. Electrons in a uniform magnetic field

'In the absence of a magnetic field, the conduction electrons

F'J
and all states with energies up to EF are occupied at absolute zero tem-

in a metal have a centinuous range of energies up to the Fermi energy E

perature. The Fermi surface separates the cccupied and unoccupied states.
The djfferent electrenic states are characterized by the wave vectors k,
and the spin quantum numbers s. According to the Pauli principle each
state {(k,s) can be occupied only once.

When a magnetic field H is applied to an electron, its motion
takes on certain characteristic features. By studying the changes which
occur in 2 magnetic field, it is possible to deduce important information
about the electronic preoperties of metals. In such a field, the electron
experiences the Lorentz force perpendicu]a} to its velocity Vv, and per-
pendicular to the magnetic field ﬁ, so that the semiclassical equations

of motion are

dk _ ,-e,~ Y :
1i -d? - ( C)VF(k) X H L) (2-])
v (K —d;—_]_'\" oY
VF(L) "X F Jka(k)] (2.2)
- tEF

where E(k) is the energy as determined in the absence of the magnetic
field. The Lorentz force causes the wave vector of the electron to

change only along the curve of constant energy (the cyclotron orbit)

6 .



formed by the intersection of the constant energy surface with a plane
perpendicular to H. The corresponding motion of the electrons in real
space can be obtained by integrating equation (2.1) with respect to -time.

This gives
- _'_e- -...-. R
k = Qis) r<H . (2.3)

Thus, the p}ojection of the real space orbit on 2 plane perpendicular to
H has the same shape as the reciprocal space orbit but is rotated by 90°
and scaled by a factor (cfi/eH).

The cyclotron frequency e at which the electrons move on the

cyclotron orbit, is given by

m.c : (2.4)

" .

where m. is the cyclotron effective mass, and ¢ is the velocity of 1light.
N .

A useful geometrical definition of m. can be obtained in the following

manner. According to equations (2.1) and {2.4), the cyclotron period TC

1s
. 2Tcm
Tc - %L ~ Ten
c
{ ey |k
= = (NCy o 2K
—? dt = (eH) ? v, . (2.5)
Hence




where v, is the component of v in a plane normal to H at the point k.
b .

e

It is given by

1. o=
V-L - ﬁ uklE(k) - (2 7)
Therafore
ok
2T D
j -.k‘IE(k)
2 ! )
= 5L 0 ak,dk
J -
2
A 38!
= E (2.8)
N ' Ep

N

where 35 is the area between two orbits of energy.E and E+38E.  Thus, m:
- is a measure of the rate of change of cross-sectional area with energy
at the Fermi surface and S is the area in k-space enclosed by the cyclotron
orbit in the plane normal to H.
The area enclosed by the cyciotron orbit can be obtafned Trom
the Bohr-Sommerfeld quantization formula

T SR
@P-dr=10('ﬁk—e—cpl)-dr
- ‘

J

2 (nty) (2.9)

where n is an integer, y is a phase factor (= for free electron) and r

) —

.

and k specify the position of the electron in real and reciprocal space,

}espective1y. P is the momentum operator and A is the vector potential
ﬁ(O,Hx,O} whose cirl gives the field H in the z direction. With the aid

of equation (2.1) and by using Stokes theorem, the quantum condition (2.9)




may be rewritten as

[ ~ ~ e ( - . - {’ ~ -
0 P-dr =< {0 r<H+dr - 0 A-dr}
J J J
e [ . f ~
=< ? redr - 0 TxA-da}
% {20-0)= %c (2.10)

where ¢ is the product of H and the projected area of the real space or-

bit on a plidne normal to H. Thus, the quantum condition becomes
— A = 2z{n+y) . ‘ (2.11)

T 1s apparent that-the areas of the cyclotron orbits in real space are
quantized. The corresponding areas in Q-space can be abtained by multi-
piying eguation (2.11) by the area scaling factor e2H2/c2ﬁ2. Therefore,

the quantization condition for the allowed areas S in k-space is

Sn = AS(n+v)
with
_ &neH
AS = e (2.]2)

This is Onsager's famous result (Onsager, 1952). It is of primary impor-
tance for the de Haas-van Alphen effect. t indicates that the cyclotron
~orbits in E-space are quantized and expand with the field so that the
areas enclosed by them increase linearly with H. It also states that
cyclotron orbits at adjacent allowed energies enclose areas that differ

by the fixed amount, AS.
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For a magnetic field H directed along the z-axis, the Hamil-

tonian for free electrons of mass, m, neglecting spin is

2.2
f :-T_ it _2&
= ip-=)
12,2 Y-
T am Pty t Py me X)) (2.13)

If Xg = pv{mwc equation (2.13) can be rewritten as
TR

= 2,2
M-k
= —-I_ I 2 + 2r"2 - Z
A= om Py T (x-x 2m

2
c(x=xq)"3 +

(2.14)

which is the Hamiltonian for a harmonic oscillator of frequency e
centred at Xg> plus an energy term varying with kz, the component of the
momentum along the magnetic field. The eigen values are therefore

722

E(n,kz) = (n+1/2}ﬁmc + ZmL n = 0,],?, e . (2.

[N ]
—
(53]
—

When the spin of.the electron is taken inte account the expression for
the energy contains an additional term, gSHoz, where g is the effective
g factor, 3 = efi/2mc is the Bohr magneton, and g, = =z1/2 is the z com-

L

ponent of the spin angular momentum

Elnaky2g) = (n41/2Ma_ +

‘.]_-: 2
5 = 5 95H . (2.18)
Thus, the energy of the elactron states is expressed as the sum of a
translational energy along the magnetic field, together with the quan-
tized energy of the cyclotron motion in the plane normal to the field.

In physical terms, the magnetic field has redistributed the zero “jeld



M

2k2/2m, into a series of quantized

parabolic band structure, E(k) = #
states arranged on f system of cylinders, the Landau cy]inde?§ (figure
2.1). For free electrons these are concentric cylinders with circular
cross-sections and axis paraliel to the magnefic field. For arbitrary
energy surfaces, theselcylinders néed hot be paraliel to H. For example,
for an ellipsoidal Fermi surface, the cylinder axis only coincides with
the field direction, when a principal axis of the ellipsoid is paralleil
to the field direction {(Gold, 1968).

The degeneracy of the electronic states is also changed by the
magnetic field. In the absence of_g;fie]Q) a state k can be occupied
twice. With a magretic field H para]ﬁei\tg‘iél the degeneracy of the

Landau levels was found (Ziman, 1968) to be

-

eH .
quz 3 (2.]/)
4 ~Hce

for states of each spin, per Landau level, for a slice of thickness Akz

of i—space normal to ﬁ, when the cylinder has a unit volume. Thus, the
degeneracy increases linearly with the field. This is a consequence of
the localization of the charge in the field. Whereas a conduction
electron in state k is spread out through the whole crystal, it is
localized on a cylinder with radius v/u_ inthe state (n,k ). At increasing
field, the effect of decreasing the number of Landau cylinders and in-
creasing degeneracy compensate, so that the number of e?e;trons can be
‘accommodated inside the Fermi surface as at zero field, considering that
the Fermi energy is field independent.

-

m)-
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2. Density of e]ectron1c states and or1q1n of the de Haas-van A]phen
osciliations ..

The quantization conditicn given by equatioﬁ (2.13) imposes
large oscillatory structure in the electronic density of states right
at the Fermi energy and in its immediate vicinity. The total density of
states for free e]ectréns in the magnetic field (Ziman 1972) per unit

energy and unit vo]d}ﬁkis given by

Hoo2m* o, 1L ek |
NL(E) = —=5— (55) T {E-(n + +Mhi™2 . (2.18)
H ()2 #  ; 2

The summation over n contains all occupied quantum states.. Whenever-the
energy coincides with that of 2 Landau 1eve1,ﬁhe density of states di-
verges. Essentially this is.due to oversimplification which-negiecfs,the
finite width of the Landau levels. 1f collision breoadening is taken

into account, the divergence disappears (Landwehr, 1969). Thus NH(E)
will drop'abruptTy each time a Landau cylinder leaves the Fermi surface.
Basically, this will occur each time the value of the maénetic field
causes an extrema]-orbit on the Fermi surface to satisfy the periodic
condition |

Kol Sex= : ;

(3=) | =0 (2.19)
where Sex i$ the cross-sectiona]'arga of the Fermi surface. With in-
creésing field, the Landau cylinders expand and leave the Fermi surface
one by.one. As a result, jﬁe electronic density of states at the Fermi
Tevel changes periodical]yé;ith the field. t this point it sh0uid be

noted that the discrete nature of the Landau cylinders is smeared out
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unless their energy separation #iw is larger than kT, wheré k is Boitzmann's
constant. Another regquirement for the agbservation of quantum effects is
that a complete orbit in E-space be performed by the e1ectrons before. they
are scattered. This can be formulated by the condition wt > 1 tr is the
relaxation time). The quantum oscillations QiTT occur in all physical
éuantities which contain the density of states and in particular the free
energy of the conduction electrons (i.e. the de Haas-van Aiphen effect).

Figure 2.2 illustrates the origin of the de Haas-van Alphen
oscillations. fhe‘periodic change in the electronic density of states
gives rise to changes in the free energy which are'periodic in reciprocal
magnetic field. The ‘contributions %o the free ene#gy frém different
slices of E-space normal to H vary iﬁ phase, hqwever, and are additive
only for regions of the Fermi surface cross sectional areas normal to H
are stationary as a function of the components kg of k along H. Whenever -
the Landau cylinder is tangent tc the Fermi surface at a certain magnetic
field strength e.q. H], the free energy of thg conduction electrons will
reach 1ts maximum value because the‘states on \the equator at the Fermi
surface are occupied and have the highest energy of all occupied states.
When the field increases from H3 to HZ’ the nth Landau cylinder leaves
the Fermi surface. The states on the equator of the Fermi surface are
depleted and the corresponding electrons are redistributed, cn lower t:::)'i
energy states. Thus, the free energy decreéses t0 a minimum in a smalj
field interval. With further increases in field, the Landau cylinders

\¥Urther expand, the free energy increases again and reaches another
maximum when the (n:I)th cylinder is tangent to the fermi surface. This
completes a cycle of an oscillation of the free energy of the conduction

-
13
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THE ORIGIN OF THE
" DHVA EFFECT
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3. Lifshitz-KoseviEﬁ'exDression for the de Haas-van Aiphen effect

} The theory of the de Haas-van Alphen effect is described quan=
titatively by Lifshitz énd Kosevich (1955). 1In this theory, the free
energy of the conduction electrons is calculated for arbitrary energy
surfaces as a function of. the magnetic field H. The. expression of the
osciilatory magnetization of the cenduction electrons in a'single crystal

-—

at temperature T, in spherical poTér coordinates, is determined from the

gradient o the oscillatory part of the free energy with respect to H.

t is given by

M' Hse‘!oiT =_ K {H = oy alal e - nl S Y ~ O}
i el File,0) 38 Fi{e,0)sing ~ 3o
. Fo(s,0) .

< {A (H,:,o,l)sm{Zfr(——H— - .1) +\Z]‘ :

At rth harmonic
-3 * !
Aj(H,2,5.T) = D (H,8,0)r ™2 (2:%m (2,0 )k T/etm)
H 2 *

< exp(-2v rmi(e,a)kBTD/eﬂH)

R NI SRR

x [sinh{2z rmi(c,e)ksT/eﬁH)] _

. *
x cos(z rg.(¢,0) %—) {(2.20)
3 0 .

In this equation the summation over i contains all external cross-section-
)
_al areas of the Fermi surface for given (&,8); 3 is the angle between kz

and H, and ¢ measures the angle between k, and the projection of H in

the kx—ky plane. A(H,2,5,T) and Zﬂri(Fi(e,c)/H)—yi; + 7 are the am-

plitude and phase, respectively of the quantum oscillations with frequency

Fi(e,o), for a given temperature T, magnetic field strength H, and mag-
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netic field orientation (8,5) with respect to the crystallographic axes..
The - and + are usea for a maximum or minimum section, respectively.
F.(e ¢) is re]ated to the ith extremal cross sectional area S (8,¢)
of the Fermi surface in the piane normal to H by Onsager's re]ation

{Onsager 1952)

When on]y one of the frequency components of ‘equation (2. 20) is consider-
ed, it is clear that the magnetization associated with it will show sinu-
soidal variations periodic in 1/H and with the de Haas-van Alphen fre-

quency F(%,9). These oscillations are caused by a variation in the part

of the phase

. i,
oy = ———=2m . | (2.22)

.
Here, n is a large number for most metals even with the highest magnetic

field strength which is normally used to observe the effect. Physically,

n is the number of contours of constant phase (i.e. the number of occu-
pied Landau levels) just below the Fermi level. For example, in a mono-
valent alkali metal the frequency F = 5x 108 Gauss. Thus, n = 5000 in a
magnetic field of TO“ Gauss. The fact that n >>1 makes the effect a very
.sensitive tool for studying relative changes in the extremal cross-section-
al areas of the Fermi surface. For if the magnitude of K is kept constant
and its d1rec;1on is varied, then 2 change in F of only one part in a

]arge number n can be easily detectad, since it will cause the magnetiza-

tion to go through one compiete cycle.
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Based on equation (2.20) the factors which contribute %o
determining the de Haas-van Alphen are as follows:

(1) The curvature azsi(e,e)/akg at the extremum: At T =0, the

Fermi surface is sharp, and if the electrons are not scattered at de-
fects, the Landau cylinder is sharp as well, and the expression for the

amplitude A(H,$,$,T), equation (2.20),reduces to

Ai(Hie,sz) = Di(H?e’O)
eﬁS ( O) 5:‘1.:25 (.".‘ O)'_}&
= CRRAYG( e i R R (2.23)
Y S A 2 "o
4nm.(&,0) | 3k

This is.the maximum value of the amplitude and can only be realized at
T=0 forasharp Landau cylinder. The term FSZSi(e,o)/EKﬁ! is ;he curva-
ture of the Fermi Suffacé at the extremum. It effectively determines
the number of electrons that will contribute in phase to produce the

de Haas-van Alphen signal. If the curvature is small, many electrons
will have similar orbits and the resulting de Haas-van Alphen amplitude

is large. If the curvature is large, the amplitude is correspondingly

small.

(2) The temperature: At finite temperatures, the Fermi surface
becomes slightly diffuse and the depletion of the states associated with the
cutermost  Landau cylinders becomes gradual leading to a thermal damping
of the oscillations (Gold, 1968). Thus the magnetization is reduced in

amplitude. The damping depends on the ratio ﬁw/kBT, where k, is the

B
Boltzmann's constant. The quantum oscillations are only observable if

kBT/ﬁu:<<1. Thus, a field of the order of 104 Gauss and temperatures as
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Tow as a few degrees Kelvin are required to detect the de Haas-van Alphen
oscillations. The hyperbolic sine term in equation (2.2G) contains the

main temperature effect on the'amp1itude. The cyclotren effective mass,
m*, is derived from the temperature dependence of the oscillation ampli-

tude.

(3) Collision broadening of the levels: Electron gcattering at

defects can cause similar problems. According to the uncertainty prin-
ciple, if the relaxation time of the electron is t, then its energy can
be defined only to within AE ~w1/7. If 3E » #w, the oscillatory struc-
ture will Se appreciably diminished. Thus the scattering broadens the
Lancdau levels. In a phenomenclogical approach Dihg}e {1952) described
~this broadening by a Lorentzian of width ZukBTD, where TD is the Dingle

temperature. It is related to the relaxation time - by

TD = —-_Z‘Tk <t . (2-24)

The damping 1in -the amplitude due to scattering depends on the ratio

kBTD/ﬂQ mentioned above. <1>']

is the reciprocal of the re]a;ation time,
T, averaged around the cyclotron orbit. The relaxation time may be de-
termined by studying the field dependence of the de Haas-van Alphen
amplitudes. However, these measurements may be compficated by field de-

pendences due to other causes such as crystal imperfection or field in-

homogeneity {Shcenberg, 1969).

(4) Electron spin: The effect arises from the 1ifting of spin
degeneracy by the magnetic field has been incorporated {Dingle:, 1952, and

Cohen and 'Blount, 1960) into equation (2.20) by multib1y1ng gach term by
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the fact?r cos(vrgim:/Zmo). The electron spin spiits the Landau level in-
10 systems of Landau levels shifted in energy by an amount, :(gm*/2m0)ﬁ;,
where g is the electron spin splitting %actor and my is the free electron
" mass. According to equation (2.16), an é]ectron in state (n,k2 =O,az)

has the energy

E = fluin +

-

(gm*/zmo)} : (2.25)

ro| —

1
2

Thus, there are two sets of levels with the same spacing but shifted in
phase by 2:(gm*/2m0). The spin splitting reduces the de Haas-van Alphen
amplitude accerding to the factor cos(nrgim:/ZmO). For appropriate field
directions this shift causes the oscillations in the two terms of equation
(2.25) to fall 180° out of phase, yielding zero amplitude. These are

the principai theoretical contributions to the amplitude, so far as is
known. There are also experimental influences which tend to reduce the
amﬁ]itude, such as mosaic structure of the specimen and inhomogeneity of
the magnetic field. However this does not prevent the temperature depen-
dence from being used to determine the cyclotron effective mass.

The summation over r in equation (2.20) contains the harmonic
content of the oscillations. The first; r=1; is the largest unless the
term cos(:rgim:/ZmO) interferes by giving a spin splitting zero. Note
that the direction of the oscillatory magnetization, Mi’ is not always
in the direction of the magnetic field but it deviates to some extent
by the shape of the Fermi surface és indicated by the coefficients
?Fi(e,e)/Se and aFi(e,o)/wc. ‘Nhen these cecefficients are zero (i.e. for

spherical Fermi surface), ﬁi is parallel to the field direction.



CHAPTER 3 ~<

CRYSTAL STRUCTURE AND FERMI
SURFACE OF ANTIMONY

Antimony is a semimetal which crystallizes. into\s latiice with
rhombohedral symmetry gf the A7 classification similar td bismuth and
arsenic (Dresselhaus 1970). This structure can be obtained from a
simple cubic structure by performing two independent distortions: an
internal displacement and a rhombohedral shear along the body diagonal.
The first distortion can be visualized if the simple cubic Tattice is
thought of as being composed of two jnterpenetrating face-centered cubic
sublattices, where thé_two sublattices are related by a transiation along
the body diagonal of the original simple cube.' The origins of the two
sublattices are taken at (0,0,0) "and (2u,2u,2u). Here, u is half of the
distance betweenrthe atoms. The A7 structure is generated by performing
a slight displacement of one face—cenﬁred cubic Tattice relative to the
other along the body diagonal of the cube. This displacement results in
a small reduction in the value of u = (1/4)a for the undistorted simple
cubic lattice. The second distortiqn-of the lattice is a shear along
the same body diagonal thaé 1s involved in the displacement which vields
a small reduction in the angie, « = 60°, between the unit vectors 51, 52
and 53 of the undistorted simple cubic structures. The body diagonal re-
tains its 3-fold symmetry and.becomes the trigonal axis of the A7 structure.

A summary of the parameters specifying the crystal structure'of bismuth,

21
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antimony and arsenic are listed in Table 3-1.

Since the rhombohedral primiiive cell 1s closely related to the
?ace—centred cubic lattice, the Brillouin zone of the A7 structuge is
nearly identical to that of a face-centred cubic lattice but is compressed

along 7T, the cube body diagonal.. The Brillouin zone of the A7 structure

-

along with its cross-section is shown in figure 3-1 with fmportant sym-
metry points marked with standard symbols. The sligﬁt distortion from

("

the cubic structuré\causes the L points to be centers of pseudohexagonal
faces. The T point£; however, remain centers of hexagonal faces. There
now remain the following elements of the cubic symmetry: The 3-fold axis
-TT {trigonal axis), the three binary axes, "K perpendicular %o 7T, and
The three mirror planes 120° apart intersecting para]]e]Ato the trigonal
.axis. A third axis perpendicular to both the binary and trigonal is
usually defined and called the bisectrix axis. These thres crystallo-
graphic axes (trigonal], binary and bisectrix), which are mutually ortho-
gonal, are the axes to whicheexperimental data are most frequently related.
It should be pointed ocut that, .in the mirror plane 5(7TXL in figure 3-1)
rotations from the trigonal axis TT by equal amounts in opposite senses
are not equivalent. The A7 crystal structure ;has been described by
Falicov and Golin (1865) in some detail.

In all semimetals, including antimony, there are two atoms per
unit cell, and five valence electrons per atom. Therefore, the electron
volume in reciprocal space is five Brillouin zones. However, due %0 a

small overlap between the fifth and sixth zones, an equal number of

holes (in the fifth zone) and elegtrons (in the sixth zene) are formed
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Figure 3-1.

-4

a) The Brillouin zone of antimony showing the points,
lines and planes of symmetry. TT is in the direction of
the trigonal-axis (kz). TK is in the direction of the
binary axis (Kx)’ A bisectrix-axis (Ky).in the mirror
piane completes a right-handed coordinate system. Angles
in the yz-plane are measured from the i~axis and are
positive toward T'X in the first quadrant of the coordi-
nate sygtem. T is at OO, X is at + 58° 17', TU 1is at
+75% 27', and TL is at + 107° 10, -

b) Cross-section of the Brillouin zone of antimony :Br-
responding to KX = 0. At the points H there are holes

{six pockets) and at L there are electrons (three pock-

ets).
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in small pockets, giving rise to semimetallic behaviour. It has been
established with a good degree of certainty both experimentally (see for
exampﬂéiwindmi11er, 1966) and theoreticaf1y (Falicov and Lin, 1966 and
Rose and Schuchardt, 1983) that the Fermi surface of ant1mony consists
of two sets of small pockets whose dimensions are of the order of 10 2
-the size of the Brillouin zone: the electron set having a2 tilt angle of
87.7° (Windmiller 1966) and the hole set having a tilt angle of 53°. The
tilt angles are defined by the minimum cross-sectional area of the Fermi
surfaces in the trigonal-bisectrix plane (o TTXL). The angles are mea-
.su?éd from T in the sense toward TX. The electron set consists of three
equivalent closed pockets located about L points of the Brillouin zone
and the hole set consists of six equivalent cﬁ;;;%pockets located sym-
metrically about the T points (see tigure 3-1b). The electron and hole
pockets have one principal axis parallel to twofold (binary) axes of
sy%ﬁetry, while their other two axes are tilted away from the trigenal
axis. The electron pockets enclose a volume in reciprocal space that is
twice as large as the voiume of the hole pockets. These pockets can be
rough]y approximated by a tilted ellipsoid. However, departure from
ellipsoidal shape is large enough to be measured experimentally.

The Fermi surface of antimony at standard atmospheric pressure

has been‘investigated by many workers using various techniques. Some of
gﬁese stud%es are briefly listed belew. Brandt (1967), Ishizawa (1968),
and. in particular Windmiller (1968), have made a complete study of the -
Fermi surface of antimony by means of the de Haag-van Alphen effect. The

radio frequency size effect measurements of Herrod et al (1971) have pro-
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4ided precise determination of the dimensions and shapes of the e1e5%ron
and hole Fermi surfaces. Their results are in good agreement with de Haas-
Van Alpben measurements. Cyclotron resonance experiments have been made
in ahtimony {Datars and Vanderkooy, ‘1964) which gave information about
the electron and hole cyclotron masses. The meaéurements mentioned abgve
have been compared with the thdorétieal band structure and Fermi surface
determined by means of a local pseudopotential approacé;(Fa]icov and Lin,
" 1966).  The agreement between experiment and theory seems generally sat?l;_
factory regarding the shapé and location of the energy surfaces. How-
ever, there are still discrepancies between the calculated and measured
values ‘of cross sections and for the exact orientations of the energy
surfaceslin the Brillouin zone. Recently, theoretical calculations of
the band structure and Fermi surface of antimony have been carried out
by Rose and Schuchardt (1983). -They‘tested four different types of semi-
empirical pseudopotentials. Their investigation showed that the Go]in.
type pseudopotential screened by the dielectric function used by Heine
and Abarenkov gave better agreehenf with the available exberimenta] Fermi
surface data than tﬁat of Falicov and Lin (1966).

Experimental siudies of the changes in- the Fermi surface cross-
sectional areas caused by the application of hydrostatic pressure up o
14 kbar-] have been made with three pressure media- fluid helium, frozen-
helium and frozen kerosene gil. S&hirber and O‘Suiffvagg(1969 and 1970}
have determined the pre§sure derivatives of the de Haas-van Alphen frequen-
cles associated with the minimum sections of the hole and electron Fermi -
surfaces and the maximum section of the hole surface in the trigonal-

bisectrix plane. They used the fluid helium phase shift {up to 24 bar) and

S
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~the helium treezing (up to 8 kbar) techniques. The soTid helium technique
has been also used by Tay and Priestly (1970}, who studied the change in
the minimum section of the hole Fermi surface with pressure up to approxi-
mately 2.5 kbar. In the work of Tanuma et al (1970}, a pressure of'up to
6 kbar was produced in a kerosene-0il mixture at room temperature, with
subsequent slow cooling down, to below liquid helium temperature, at which
the frequency of the quantum oscillations of the susceptibility were mea-
sured. Brandt et al (1978) also studied the effect of hydrostatic pres-
sure on pure antimony using the frozen kerosene-gil ﬁethod in the pres-
‘sure range from 5-i4 kbar by means of the Shubnikov-de Haas effect:. Final-
ly, there have been a number of galvanomagnetic sfudies done on antimony
(under pressure) (Brandt et al 1969, Kechin 1968, and Rakmanina et al
1978). These galvanomagnetic experiments yield direct information on the
value of the carrier con®entration, by a study of the resistivity and the
Hall coefficient as a function of magnetic field. These measurements
" serve as an independent check on the results of the quantum oscillation
measurements. The results obtained from the above mentjoned experiments
will be discussed in chaﬁter 7 in connection with ‘the present measurements.
Although a1l semimetals exhibit strong similarities betﬁéen thejr'
crystal lattices, bang structures, and most of the transport properties,
the pressure dependence of antimony behaves in an unexpected manner, com-
pared with that of bismuth {Brandt 2t al, 1969) and arsenic (Schirber and
Oyke, 1971). The hydrostatic pressure derivatives of the total number of
carriers have been found to be positive in antimony (Brandt et al, 1969,

and Rokmanina et al, 1978), but negative in bismuth and arsenic. The ef-
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fect of hydrostat1c pressure on the atomic positional parameeers of anti- ..
mony, bismuth (Moros1n and Schxrber 1969}, and arsenic (Moros1n and .
Schirben, 1972),have been determined at room temperaturé by single crys-
tal x-réy diffreE£ion under hydrostetic pressures of up to 3 kbar. These -
1nvest1gat1ons have revealed that the pressure dependences of the struc-
tural parameters OT these metals have the same sign. Thus, differences
in the behav1our o; these mater1a]s w1th pressure can not be attiributed W
to the changes in Lhe pos1t1ona1 parameters

The 1nf]uence of- hydrosta;1c pressure on the cyciotron elfect1ve
mass, m*, associated with the minimum section of the hole Fermi surface
has been studied.by Brandt et al (1978) using the Shubnikov-de Haas ef-
fect. They have'reported four meagtrementg at pr;ssures of 0.4, 4.5, 7.6
and 10.9 kbars. From their tabuIated valueés we have found that m* increa-
sed by approximately 8% at 4.5 kbar and by 23% at 10.9 kbar from its
value at 0.4 kbar. This 1nd1cates that m* changes razpidly in a nonlinear
fashion with pressure. Their tabulated data showed rather poor precision
{in determining the c¥c1otroe effective masses) in comparison with the
accuracy achieved_in the present measerements. A Comparison between the
two sets of experiments will be discussed in chapter.7.

The present experiments on pure antimony have beén carried out
"to investigate specifica11y the effect of hydrostatic¢ pressure on the
hole Fermi surface anisotropy up to 4.3 kbar, and to extend experimentally
the results available on the pressure dependence of a few selected sec-
tions of the Fermi surface. On the other hand, on the basis of the pre-

sent studies of the pressure dependence of the cyclotron-effective mass in

potassium, we have- found that it is possibie to obtain a gquantitatively
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accurate description of ﬁhe response of the band structure mass to pres-
sﬁre, by ch09§ing a metal with negligible many-body effects, especially
' thé'e1ectron-phonon interactioﬁ. Anti&ény satis#ﬁes these criteria and

we have\éhqsen it to'identify'separateTy,the influence of pressure on the

band structure mass. )

-

b

-



CHAPTER- 4
THEORY, METHODS, AND APPARATUS FOR MEASURING

THE DE-HAAS-VAN ALPHEN EFFECT USING THE FIELD
MODULATION MEASURING TECHNIQUE

1. "Theory of the field moduiation technique

The field'modulation technique, introduced by §hoenberg and
Stiieg‘(1964) was used for studying the'de Haas-van Alphen effect under
hydrostatic pressure up to 4.5 kbar for pure antimony and potassium. The
theory of this measuring technique and how i+ can be applied to increage
the selectivity and sensitivity of the.de Haas-van Alphen experiment
has¢been reviewed by Stark and Windmiller {1968) and will be briefly
summarized below.

When a small alternating field, h cos wt, is_éuperimﬁosgd on a
-?arge dc magnetic field, H, the time dependence of the total magnetic
field is

-~

H(t) = A + cos wt . (4-1)

Correspondingly, the phase of the de Haas-van Alphen oscillation will

change by a small amount, ¢o.. The time dependence of SEFERE

~

8o, (t) =Tpos+h cos’ut . (4-2)

-

The total ield H(t) creates an oscillatory ‘magnetization, ﬁi’ in a
single crystal sample.  Referring cack to equation (2-20), ﬁi-can‘be

written in dn abbreviated form as

-

MT(H,e,o,T) = DiMi(H ,sfo)sin{ai * Tho5ch cos wt + weio. (4-3) |
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In this equation wi is an additive phase factor and Diﬁi is
determingd by the Fermi surtace geometry near the ith extremal; it is
proportidngi to'the extremal cross sectipna] area Si and iﬁversely
proportional to the square root of the Fermi surfaﬁe curvature

8251(8,9)/3k§,and is in t&f direction

Y i
PR e
R ] SFi(e,o) .
oyt FlE8) e %
1 E‘F.i(e,@) ~ .
* Fi(e,é)sine 30 "5 ' : (4-4)

-thre o5 = 2nF.{2,0)/R and :H is a unit vector along H. The direction of
the oscillatory magnetiZation, ﬁi’ can often be determined by inspection,
sihce it is often nearly ﬁara}1e1 to the direction of the minimum fre-
quency.

Fourier analysis of the time-dependent wave form of equation

- (4-3) yields (Stark and Windmiller, 1958)

- Cf " ) 1 N N n_— , ' i
= 2 : Jn(coi)AiM151n(’i+‘i + 2)cos(nwt) . (4-5)

In the field modulation measuring technique for measuring the de Haas-
van Alphen effect, the sample is placed at low temperatures in a modu-
lated magne?ic field ﬁ +Hc05wt, and the voItage induced by ﬁhe resulting
time rate of change of ﬁi(H,s,o,T)_in 2@ pick-up coil around the sample.is

measured. The voltage induced due to the ith oscillatory magnetization
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is given by

Vilt) = I oned (80.)A (M, -P)sin(estu, + B)sin(nut) (4-6)

1 8

n=1

Thus, V.(t) induced in the pick-up coil contains harmonic contributions
of the modutation frequency,‘ﬁ, which are weiéhted by a Bessel function
Jn(6¢i) of the first kind of order n, and by the multiplicative geome-
trical factor ﬁi-ﬁ, where ﬁi and E are unit vectors along the directions
of the ith oscillatory component and the pick-up coil axis, respectively.

At this point it.should be notég that for a.small modulation field, i.e.l

J (6.} = 6¢2 = (Vﬁai'ECOSut)n « (M,-m) . (8-7)

The total voltage at the outbut of the phase-sensitive detector

tuned to the nth harmonic nu is,

1§\~ V (H:8,0,T) = Z ned (€¢-)A-(H,€,¢,T)(Mi-P) )

B ICHER LS | (4-8)

where the sum is over all extremal cross-sections of the Fermi surface.

The dependence of Vn(H,e,o,T) on Jn(6°i) and Mi'P manifests itself as a <§
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technigue for discriminating between different oscillatory components.
This is true sinceqdn(édi) and Mi-P are generally different for dif-

ferent components. Thus, by choosing the direction of the modulation

field h, and the axis of the pick-up coil ﬁ, such that

M, eP=M.P=H.h=Hepo=o (4-9)

the de Haas-van Alphen signals corresponding to the i,j,k, and L Fermi
surface extrema can simultaneously be rejected. The present studiss of
the Fermi surface and cyclotron effective mass in pure antimony made

use of these discrimination® technigques.

2. De Haas-van Alphen experimental technique and sample preparation

The experimental instrumentation for studying the de Haas-van
Alphen effect using the field modulation measuring techniqua can ue
grouped into three elements{ the large dc magnetic field along the small
modulation field, the detection system and ;he asﬁociated detection elec-
tronics. The experimental measuring apparatus used for detecting the .
de Haas-vén ATpﬁen effect in antimany and potassium were basically

identical. However, in antimony, the dc megnetic field was horizontal

and could be rotated unifarmly arcund a vertical axis and was provided by

s
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‘\ an electromagnet. In pofassium, the dc field was vertical and generated
by a superconducting magnet. Modulation and detection coils were construc-

ted for each magnet.

2.1 Antimony

2.1.a) Methods of frequency discrimination

The major experimental problem in making de Haas-van Alphen mea-
surements in antimony is the simultaneous occurence of more than one
periodic term in the oscillatory magnetization. It is due to the fact
that the Fermi surface crosses the fifth Brillouin zone boundaries in a
number of regions and is broken up into two sets of neariy ellipsoid closed
surfaces of holes and electrons. For a given field direction, each of these
closed surfaces will in general give rise to its own oscillatory term.

The situation is made compiex since the amplitudes of the individua) perio-
dic terms are very different; they tan differ by many orders of maani-
tude and only some parts of the oscillatory terms can be observed easily.
Thus, for complete, accurate de Haas-van Alphen measurements, it was ne-
ceséary 10 use a technique for sorting out and recording sepérately each
oscillatory component.

In the present experiment the de Haas-van Alphen oscillations
were studied a§ & function of the direction of the magnetic field as it
was rotated in the trigonal-bisectrix crystallographic plane. In this
piane, there are four distinct osciliatory components. Two of them are
associated with the principal and nonprincipal electron B}anches having a

tilt angle of approximately 90° from the trigonal axis (the tiit angle
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is defined :by_th% minimum fréquency of the branch). The other two
correspond to_ihe principal and nonprincipal hole "branches. \Their
minimum frequenci®s occur at 53° and 140° from the trigonal axis, res-
pectively. The techniqués of discriminatfon presented in section 1.were
used effect1ve1y Tor separating the frequencies com1ng from various
pieces of the Fermi surface.

The_electron frequencies were eli%inated by arranging to have
their oschIatbry magnetization vectors, ﬁi’ near1§'perpendicu1ar to
the axis of:the°pick-up coil, i.e. by setting the geometrical factor

‘M -P 1n equation (4-8) to nearly zero for the electrons but nonzero
for the héggﬁ This was done by cutting the crystal a]oﬁé an axis per-
pendicu1ar to their ﬁi’ i.e. along the trigonal axis of the ant{mony
str;uéture. Thus?the princ?pal and nonprincipal hole-frequencies in
the entire plane were detected without interference'frqm the presence
Bf the electrons. Next, the nonprjncipa] hole branch was rejeéted by
uttlizing the vector direction of the modd]ation field h. }his was
achieved by setting the term Jn(do;) « ﬁi-h = 0 for the nonqrin&ipal
branch and nearly a maximum for the other. Thus, the principal hole
branch was recorded and studied separately. '

) Figure 4-1 shows the present experimental geometry used for
observing the de Haas-van Alphen effect in pure antimony. . The-pla;e
of the paper contains the magnetic field direction ﬁ, its plane of

rotation, the medulation field h, its plane of rotation, the axis of

the pick-up coil P, and the projection of the oscillatory magnetization

-

Mproj' In the present experimental set-up at least two different oscil-
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1¢tory components, in principle, can be rejected simultaneously be-

cause h and P are confined in the rotation plane of

In this plane,

the differential change in the de Haas-van Ailphen phase éai can he ex-

pressed in terms of the angle

angle between H and ﬂ) as

& (the angle between K and 5) and

sinxi + cosxi}

Fig. 4-1 Experiménta] arrangement’

(4-10)
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2.1.b) Alignment and handling of  sample

An antimony single crystal with a purity of 99.999% was cut with
rits axis along the trigonal crystallographic axig, inte a éy]indrica] form
.of aporoximately ¢ mm 1ength and 1.5 mm diameter. Antimony used in the

presenthexperiment was supplied by the Consolidated Smeliting and Mining
Company: .The presénce of the prominent trigonal cleavage plane and bindry‘
slip.lines on its surface enabled us to determine easily the crysta]lo-'
graphic directions; the trigonal axis is orthogonal to the cleavage
pIane; the binary axis is parallel to each slip line, and the bisectrix
axis bisects two adjacent binary directions. The sample was etched with
a dilute solution of nitric and hydrofluoric acids, washed with dis-
tilled water, and then fitted precisely and glued carefully inside a
cylindrical thin walled sample holder. The sample holder was made from
Ke17F to fit closely into the experimental pick-up coil. Under a micro-
écope‘the crystal was orierted in the trigonal-bisectrix crystallographic
piane, in which the trigonal axis wa$ aligned horizontally (i.g. along
the pick-up coil axis), while the binary axis was aligned wertically.
After a satisfactory alignment had been achieved, the samp}h\gelder was
glued uniformly with a thin layer of General Electric Glyptal Glue to
ensure proper rigidity of the detection system and avoid any relative
movement betweeq the sample and detection coils which could lead *o
alignment change, particularly under the appliication of high pressure.
Furthermore, x-ray pnotographs were taken, primaﬁi]y to determine mdre;

precisely the crystal orientation. The results however, were only
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consistent within 4 or :O, which was not sufficiently precise. There-
fore, the finai, most accurate alignment was determined from the sym-
metry of the de Haas-van Alphen frequencies. The principal and non-
principal hole branches intersect at the trigonal axis to form 2 single
de Haas-van Alphen oscillation. This intersection point was used as

& sensitive indicator of the trigonal direction.
g

_2.].c) Detection system and generation of the modulation and dec fields

Experiments were performed in dc magnetic fields up to 1.9 Tesla
and a temperature down 0 1.2 XK. The dc magnetic field was provided by

.08 cm. The magnetic field intensity
Yy

(93]

an glectromagnet with a gap of
was determined to an accuracy of < .2% with a Guassmeter which was cali-
brated by nuclear magnetic resonance up to approximately 1 Tesla. An
efectronic attachment for the Gaussmeter gave an electric signal at 1
kilogauss intervals of magnetic field. This signal pulse was added in
series with the de Haas-van Alphen signal and the resulting pips were
used as accurate field markers. Measurements were performed as a function
of magnetic field intensity and as a function of the -direction®of the
magnetic Tield while keeping i%s magnitude fixed. A motor and chain
drive was used to rotate thefagnet uniformly in a horizontal plane.
Figure 4-2 presentg[schematicaTTy the modulation and pick-up
conls assemblf for the field modulation apparatus. Two sets of modulation
coils were consiructed and used to generate x and y components of the,
modulation field. The direction of the resultant field could be adjusted
along any desired direction by varying the relative amplitude and phase

of an ac current passing through each set. Each pair had 200 turns of




39

- | Modulation coil

Pick up coil

Section A-A

-

Figure 4-2 Modulation and pick-up coils assembly for the field
modulation apparatus.
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number 30 copper wire and was fixed rigidly in an orthogonal configura-

" tion on the outside of the pressure cell. 1t should be noted that,

mechanically firm and regular winding coils are of critical, importance to

obtain optimum signa]éto-noisé fgtio. Thus, considerable care was taken

in constructing the coils by carefully winding and gluing them layer

by Tayer with General Electric Glyptal Glue to minimize any Lossible

vibrations of individual turns which cén generate a-great deal of noise.
The de Haas-van Alphen oscillations were detected by measuring

in 2 pick-coil wound around the sample the voitage induced by the time

rate of change éf.the sample's magnetization. The detection coils con-

sisted_of’a pick-up coil of N] turns and radius Ri closely coupled to

the sample, and a compensation coil of N2 turns and radius RZ’ The pick-

‘up and cohpensation coils were connected in series opposition with

> N,, Ry <R

1 27 1 2

and
1

2

R;N1 = RgNZ. In constructing the coils care was taken to avoid any ir-

N *N, = 1000 turns of number 45 copper wire, N
reguiarity in windings. Furthermore, proper rigidity of the design was
achieved by gluing them uniformly layer by layer using General Electric
Glyptal Glue. The coils were mounted firmly, concentrically and proper-
ly compensated. The leads of the coils were tightly twisted together,

well sEie]ded and made as short as possibTe,.to minimize further pick-up

noise.

(‘.‘
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2.2 Potassium

2f2.a) Sample preparation .
Accurate émp]itude measurements are_dbtainab]e if the samp]é
.satisfies the criteria of sufficiently high purity and of being almost }
strain free. »Thus, considerable care was reduired in,preparation and
- handling of 2 sample. This is particularly important for delicate me-
tals such as the alkalis because of their eéxtreme softness énd their
chemicai‘activify wjth'the atﬁospheric envi}onment and water. Indeed,
if the c;ysta? is composed of two or more subcrystals, which can be y
possibTe.?or sémp]es which have not béen cafefu]1y handled, the de*-
;Haas;van ATphen'amplitude will be reduced. In addition, if the pufity
-of the crystaf s not sufficiently hggh, the oscillatory structure will
be appreciably diminished.
~Potassium used in the present experiment was 99.97% pure source
material obtained from Mine Safety Appliances, Callery, Pennsylvania.
Spherical single crystals of pure potassium were grown under dry de-
gassed mireral oil. Siné]e crystals were left under the 0il whiqh.has
allowed to cool slowly from Just above the melting point (SZOC) to room
temperature over a period of several hours. A sample of unknown random

A}

orientation and a diameter of Epproximateiy 2 mm was chosen from the
[

cfysta]s that were made. Exce§§ 01l on the sample surface was drained

- by capillary action using soft paper tissue. t this point, the sample

was shiny, visually uniform and had a very thin film of\oi1 on its sur-

face. The sample holder was then fitted precisely inside the pick-up coil

for insertion in the pressure cell. Finally, the pressure cell was ciose-
. .
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ly fitted into the cryostat for-sub5&§uent pressurization. Air in the
cell was replaced immediately by helium gas to protect the sample from

oxidation.

-2.2.b) Detection system and generation of the modulation and dc field

- The Westinghouse superconducting magnet system, used in investi-
gating the influence of hydrostatic pressure on the cyclotron effective
mass of potassium, has been described by Moss (1968). It generates a
magnetic field up to'5.54 Tesla that is uniform to 1 part in 10 in 1.3
cm. sphere. Since potassium.-has a de Haas-van Alphen phase, 27F/H, of
2bout 2x10° at 5.54 Tesla, the period of the oscillation at this Field.
HZ/F, is about 17;(]0_4 Tesla. This small period fmposes stfict require-
ments on the homogeneity of the magnetic fielq over the volume of the
sample. A homogeneity better than a few parts in 10° is required in
order not to smear out the oscillation appreciably. -If different-parts
of the crystal experience slightly'differené magnetic fields, the signal
will be shifted in phase from onq:part to the next with a resultant sig-
nal r;dﬁced iq amp?itude.: This prob]anigas avoided by placing the sample
accurately at the center of‘un$formjty of the mégnetic field.

] The pressure cell along with-tﬁe_détection'andﬁﬁodu]ation coils
used in the préesent experimenf are sho@n'schemafi;aify in figure 4-3. The
detection coi]s.consjsteg of two colinear coils; pick-up and &ompensatién,
each having 600 turns of ‘number 40 copper wire. The’induced-vthaée in
tHe pick-up coil was detected at the second harmonic of the modulation
frequemcy. The modulation coil consisted of two layers with a total of
280 turns of number 34 coppé} wire wourd directly on the exterior of the

pressure coil.
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Atcurate'amp1itude measufementsvare possible only.if the modu-
lation field h, penetrates homogeneoue]} into the'sample. For reasons
of signal-to-noise ratio it was not possible to use modulation. frequen-- :

cies be]ow'8 Hertz The use of a Tow modulation frequency he1ped avoid
(to,some extent) skin depth problems in order to make the measured de
Haas-van Alphen amp11tude representative of the bulk of the §amp1e. If
the skin depth is‘Smaller than the samp1e‘dimeqsion, then the Beseel
function J (ée.) (it is a function of the phase change 6¢. =m~hF/H2
where F is the de Haas -van Alphen frequency, and h is the ampiitude of
the moduiation field applied along the direction of the dc magnetic
field) thae enters the expression tor the measured de Haas- -van Alphen
amplitudes will not have the same value of h in all parts'of the
samgIe and coneequent?y fhe measured de Haas-van Alphen amplitude will be
reduced and have an extra field dependence’ whieh can intreduce error

in the results.

2.3 Field modulation experimental apparatus

Figure 4-4 shows schematically the field modulation experimental
apparates used to observe the de Haas—van Alphen effect. The de Haas-
van Alphen signal from the pick-up ;oil, which contains in it 511 the har-
monic contributiens of the moduiation frequency =, was fed intoc a Prince-
ton Applied Research Corporation, model 124A lock-in amplifier. The lock-
in amplifier e]ectronic_circuit and the principle of operation of this
circuit will be stated briefly.m Essentially the electronic c¢circuit con-
sists of three major elements; the signal channel, the reference channel,

and the synchronous detector (or phase sensitive detector). The signal



channe]'gmpiifies the input signal through 2 model 116 differentiél ﬁré-
amplifier which was opefated in g _transformer coupled mode for opfimum

Tow noise performance. The ampiified signal was then fed into a selective
amplifier which functions as a varidble Q filtér.' t was operated in a
Sand pass modé, and tuned to the second harmonic 2upl The sﬁérpnes§ of

~ the selectiye amplifier was achieved by selecting the appropriate Q va]&e.
'In-this‘gtage, much of the noise and odd harmonics were rejected by filter-
ing out all but the band containing the wanted signal befpre passing it

‘ to the synchronous detector. )

The reference signal at the modulation frequency w, was sent-to
tﬁé réference channel ffom an oscillator. Essentially, the.reference chan-
nel iS-COmDOSEd of. two elements; a voltage controlled oscillator, (VCO),
and phase controls. The VCO automatfca]ly'bhase-locks tc the second har-
monic of the reference signal and drives the synchronous detector so that
the output from the signal and reference channeis is properly synchro;izedf
The RC filter that follows the éynchrgnous detector, was u;ed'to optimize
the signai-to-noise ratio. This signal from the output of the lock-in
amplifier was then pTotted on a chart recorder versus angle for rotation
diagrams or versus magnetic field intensity for field sweeps.

The two orthogonal modulation coils, used in the de Haas-van
Alpher measurements of antimohy, wére driveA at 517 Hertz. These signais
were provided by two identical ac power amplifiefs through an osci}]ator.
The oscillator output was split into three simultaneous outputs; one of
them was fed to the reference channel of the lock-in ampiifier as mentioned

above, while the other two were passed through the ac ‘power amplifiers

stabilized o compensate for dain changes of the oscillator output voltage.



CHART REGCRCER

46

.~

PHAZE SENSTIVE e
DETECTOR_ '
A
SIGRAL ]|’ RIFERTNCE ——am
] OETECTION
caiL
I
-l
===
HARZICRC 14

MCOULATION COIL

i

:

HAGNET

L
MAGRET
POWER sSu»»Ly

~

Figure 4-4

KODULATION AUPLIFIER

Block diagram for the Tield modulation apparatus.
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. 3. The solid helium high preésure technigue

3.]._ High pressure system -
Pressures of up fo 5 kbar were obtained using a Harwood Engineer-
ing Portadble Pressure Generating system. It is presented schematically in
Tigure <¢-5. Compressed helium gas, that was used as the -pressure transmit-
ting mediuﬁ, was transmitted from the pressure generating system to the
pressure cell via a stainless steel cap111ary iine (3.2 mm 0D x 0.4 mm ID)
The pressure system consists o. a two stage gas compressor; a 1:1 gas to -
011 separator (INT.1) and a 14.5:1 gas to oil intensifier (INT.2). The
separator acts as a charée pump for the intensifier. The principle of
operation of the high pressure system was descriEed by Slavin and Datars
(1974) and Altounian and Datars (1680), and will only be summarized briefly
here. |
A commercially bottled supply of helium gas was used to produce
& charge pressure of about 0.08 kbar. The air compressor provides a con-
tinuous air pressure of the air to oil booster pump (P1). Pressure gauges
G1 aﬁd GA are provided to record the 0il and air pressures, respectively.
~The air pressure can be pumped to a maximum 6f 1.38 kbar. This pressure
is transmitted to the charge helium gas thrbugh the 1:1 gas to ¢il separa-
tor. Higher pressures, up to 5 kbar,were generated in a 14.5:1 gas to oi)
intensifier. The maximum pressure gbtainable from the pressure system is
7 kbar.- The pressure in the cell is determined with a manganin resistance
“\\ ) gauge MG. The details of the constituents of the pressure apparatus are

given in the caption of figure 4%5.

The pressure cell and the high pressure electrical feedthrough are



Kev tg Figure 4-5
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presented in figures 543 and 4-3, respectively. The pressure cel] was made
of beryllium copper heat treated (2 hrs and 25 minutés at 3]5°C) to a
Rockwell hardness of RC 42. -The_p1ug and high pressure electrical feed-
through assembly were made of 316 stainless steel (Schirber and Shanfeld,
1968). They were made to fif precisely into the pressure cell. The plug
was sealed against gas feaks by tightening a bery]lfum copper screw inside
the centralilower_end of the pressure cell. The screw also provided a

solid support for the plug. The high pressure seal between the feedthrough-
and the plug was made with a Kel-F washer immersed in heavy silicone oil

which provided a tight, gcod seal up to approximately 5 kbar. The Kel-F

washer was also used for insulating the electrical feedthrough and the plug.

3.2 Method of applying hydrostatic pressure at liquid helium temperature

All the measurements were performed under hydrostatic nressures
using the heiium freezing method, and at low temperatures necessary to ob-
serve the de Haas-van Alphen effect. t these temperatures, < 4.2 K, the
helium gas solidifies at pressures above 25 bars. Since all experiments
were carried out at pressures greater than 25 bars, solid helium was used
for transmitting of pressure to a specimen. The technique of applying
hydrostatic pressure consists essentially of generating the desired pres-
sure in helium gas, as exp?ain?d in section 4-1, and maintaining this pres-
sure as the helium solidifies siowly frem the bottom of the pressure cell
towards its top. Uith the desired pressure of helium gas on the sample,
the temperature of the cell at this stage was between 80 -100 ¥. The preé-

sure cell was then cooled te tiquid helium temperature, resuiting in freezing

of the helium, about the sample. The cooling process was performed slowly




50

Scmple holder
n ﬂ/- (GIO Epoxy)

Ground wire

Bclance coil

Pision
in icr v
Sulgte (Stainless stesl)
NN S
3§
) s
ectricel /0 Kel. Fwasher
a & 5 4
feed through D\J

S

L :

Piug {Stainiess
steel)

[nsulctor—/

X

Figure 4-6 Schematic ffiagram of the high pressure electrical feed-
through aAd dHvA pick-up coil.
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and controlled so that helium solidified from the bottom of the cell
towards the capillary inlet at the top. This was achieved by heating -
the top of the cell while transferring liquid helium to the vicinity of
the bottom of the cell. In this way the deviation from_hydrostatfcity
was greatly minimized (Spain and Segall, 1971). The temperatures of both = .
ends of the cell were continuously monitored wifh,thermocoup]es during
cooiing and a temperature gradient of about 3 K wés_maiﬁtained. Selidi-
fication of th helium was completed at some freezing temperature Tm and
pressure Pm? Tigure 4-7 (Spain and Segall, 1971}, further cooling 6chur—
ing at essentially constant voTume.. This resulted in a decrease in the
freezing pressuré Pm due to contraction of fhe solid helium. Loss in
pressure in the solid helium upon cooling due to contraction was estimated
from the data of Spain and Segall (1871). From thei; measurements, a plot
.of the pressure Joss, (Pm-PO)/PG against the freezing pressure Pm was ob-
tained, and was used to find the final pressure PO on the sample. For
example, applied pressures of 1 and 5 kbar were corrected to be Q.95 and
"4.63 kbar, respectively. ;
The freezing pressure Pm was read by the manganin resistance gauge
supplied and calibrated by Harwood Engineering. A test of this gauge cali-
bration against a Bourdon type pressﬁre gauge showed consistency to within
20 up to 5 kbar. Measurement of the pressure derivative, dTC/dP of a tin
sampie, over the pressure rahge from 0 -11 kbar was' performed, in order
to check that the determined PO in the cell was correct. A Tinear fit to
TC against P gave a value of ch/dP of (4.63:0.10)x10-2 kbar'], which was
in agreerent with the value (4.73:0.10)x10'2 K kbar™! obtaingd by Jennings

and Swenson {1958) over the same pressure range. Another test of the esti-
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éstimated final pressure P0 was also madg by meashring the preﬁsure depeéf
dence of the ratio of the be]]y t0 neck ;requehcies, fB/FN,-for copper in
the <111> diregtion,using the de_Haas-van A]phen effgct. Thfs yielded a h
value of (aN-aB) of‘(]5.3:0.4)x10'4 kb;r'1'over the pressure ranée from
0.5 kbar. Here =N and g ar; the logarithmic préésure derivatives of the
 neck and be]Ty de Haaé-van Alphen frequencieé,‘respective]y. The preéghre
dependence of FB/FN is accurately kqown_from the 1ow'pressrue work of
TempeTfOn.(1974), using a fluid helium phase -shift methoé. From his-:

-

results, it was found that o« -~ = (?o.6:0.5)x10_4 kbar'T‘ which agrees
7B : -

NTUB
was expected to be constant up to = 40 kbar (Davis et al, 1968}. .Based

with the estimated value quoted above. "It should be noted that (o, -x.)

on the above calibration resuits, a maximum uncertainty in the pressure

reading was Tess than 3%.




CHAPTER 5 _
EXPERIMENTAL STUDIES OF THE INFLUENCE OF HYDROSTATIC

PRESSURE ON THE ELECTRON CYCLOTRON EFFECTIVE MASS IN
: ;:S. ~ POTASSIWM .-

¥ .- _— .
I. Introduction . '

A ,
. Precise measurement of thE.EyE1otroq effective mass 1s possib}e
] fromlfhe temperature dependence of fmevamplitqde of the Qe Héas-van Alphen
(aHvA) effe&t (Gold.]968). This is partfcﬁ]ar]y'suifébTe for potassium

. S et
with only one dHvA oscillation (Shoehb;rg and Stiles 1964). The measure-
‘-mgnt s of interest because téz,cyelotrqn mass is the band mass renorma-
1ized by many—body'effééts, égbééia11y.ihe e1eEtrbn-phonon interaction.
~The‘épp1ication'0f pressure changes the magnitude of ‘the terms and 21lows
oné tq_tesf many-Eody and bgnd theories. In this chapter we proﬁide pre-
Cise experimental.measureménté of ghe hydrostatic pressure dépendence of
the cyclotron effective mass, ﬁ*, in pure potassium up to 4.4 kbar. In
addition, ‘accurate determination of m* at standard atmospheric pressure
was obtained which has been used recently-hy Ounifer et al (1984) in the,
anaiysis of spin waves in potassium. The cyclotron effective mass was de-
rived %rom the temperature dependence of the dHvA osci11§}ion amplitude.
Sedium was studied previously for the pressure dependené; of the cyc]étron
effectivé mass by Elliott and Datars (1982). They exp]ai;éd their measure-
ments in terms of changes in the band mass and the é1ectron-phonon mass

enhancement parameter with pressure. This was followed by calculations of

the electron quasiparticle mass for *he alkali metals that took into account

>4
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e
the volume dependence of the band mass as well as electron-phonon and
eIectroh-e]ectron mass enhanﬁement parameters {Leavens et al 1983). .
The caloulations made use of the volume dependeﬁce of the band mass
ldetennined by Witk et 2l (1979). The inclusion of the three terms
gave reasonabie agreement with the measured pressure dependence of the
mass fn the limit of staﬁdérd aﬁmospheric pressure. We discuss first.
the variations of the electron-phonon mass enhancement with pressure
since it is the largest term. Contributions to the preésure dependencek
of the effective mass from the band mass and electron-electron interac-
tion are also considered. Finally, we compare our results—with pre-

dictions of the theory of Leavens et al (1983).

A
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2. Experimental resuits and analysis

The electron cyclotron_effective mass meé;urements of random-
1y or{ented pure po;assium samgles were performed uéing the fie1d-modu-
Tation meésuring téchnique deSc;iped in chapter 4. The induced vo]tége
in the pick-up coil was detected at the second harmonic (2w) of the 8 Hz o
modu]atfon freguency. Réferring back to equation (4.8), it is é]ear
that the de Haas-van Alphen signal associated with the second harmonic

after phase sensitive detection can be expressed as

V(2a) = ZmA(T,H,TD)JZ(Go)sin(Z—-;f- fu) (5.1)

. & -~
where'ggT,H,TD) is the dHvA amplitude and™ is a phase constan:t. Here,

Jz,iige second . order Bessel Tunction, is a:function of the phase- change
do = ZnhE/H2 where F is the dHvA frequency and h is the amplitude of the
mgdu]ating field applied along the direction of the dc ﬁagnetic field H.
The amplitude of‘the modulating field was chosen s0- that J2 was at its
first.maximum.

Experimental measurements of the cyclotron effective mass de-

-

rived from the temperature dependeﬁce of the dHvA amplitude were performed

.with four samples at the highest available field of 5.54 T provided by a

Westinghouse supefconducting magnet. The temperature was controlled and
measured between 1.2 and 2.1 K by regulating the vapour pressure'of_he—
Tium wi;h a ﬁrecisiOn pressure géuge. The accuracy of the gauge was
checked by measuring the vapour pressuré at the X point of helium. The
measurement corresponded to a temperature that was within 0.15% of the

accepted value of 2.172 K.
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The expression of the de Haas-van Alphen amplitude (equation
2.20) may:be‘rewritten'as. o ) :
. o | X .

ACT,H,Tp) = (D(H)T/vH)exp(-14.69m*T /m H)cos(mgm*/2n ) x

(sinh 14.69 m#T/mOH)‘1,' _ : ts.zj
‘where D(H) is ﬁhé maximum value of the aﬁp]jtude which can. only be
."rea]izedlaf T =0 for sharp LandauAIeve1s, TD is the Dingle temberéture
and g is the spin'sblitting'factor. In the case of potassium for which |
(m*/mo).>1, the appfpximatiqn‘sinh(x) = e*/Z%;an be made with an error

© of less than 0.25% if x > 3. Therefore & plot of the dHVA amplitude

versus temperature T according to
- AT - In(A)-(16.69 m*T/m H) (5.3)

gives:a straight line with a slope of (-14.69 m*/moH), wherer@qf/mo) is
the cyclotron effective mass normalized to the free electron mass. The
slope was aetermined by the method of least squares. An exampie of a
lTeast squares fit tc all data points of In(A/T) ;érsus T for a mégnetic
field of 5.54 T and pressure of 2.56 kbar is shown in figure 5-1 with

m* = (1.191:0.007)m0. M

The measured hydrostatic pressure dependeﬁce of the cyclotron
effective mass for three potassium samples in the pressure range 0 -4.4
—

kbar is shown in Figure 5-2. The weighted least squares fit to all data

points yields

-

1/m*(dm*/dP) = - (0.71=0.12) x 10°2 kbar™



L1

Figure 5-1

Loéarjthmic plot for the determination of the cyclotron
effective mass in potassium at a pressure of 2:56 kbar.

‘The Tine is a linear least squares fit to the data points.
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Figure 5-2 A plot of the cyclotron effective mass (m*/mo) of potassium
VEersus pressure up to 4.4'kQar. The line is a least sguares

Tinear fit. The different symbols refer to different samples.
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‘The intercept of m* vérsus_P graph torrequnds to a@ standard atmespheric

pressure (1 bar) mass of (].209:.003) m,-. Tﬁg)cyc1otron effective mass of
two sémples was measured at a pressure‘Qi\léff:>/ The measured values were
(1.2]0:.005)m0 and (1.214:.004)m0. An average of these two values a1ong
“with the intercept at P = 1 bar gives

wr = (1.21120.008)m_ .

This value was used by Dunifer et al (1984) to analyze spin waves in po-

‘tassium.
3. Discussion , ~

A comparison of values of the cyclotron effective mass at
standard atmospheric pressure measured by various workers using different
methods is given in fabTe 5-1. . Values by Grimes and Kip (1963) and Walsh
(unpub?ished) were obtained by Azbel-Kaner cyclotron resonance. Elliott
- and Datars (1982} and Knecht (1975) measured the cyc]otron‘mass in pure
potassium from the dHvA effect. Paul and Springford (1978) alsc used
the dHvA effect but measured the mass in samples of potéssium a]onéd
with 0.147% and 0.327% sodium. The effective mass from a specific heat
measurement was obtained by Martin (19705.

Qur prasent result is in agreement with other measurements
within combined experimental errors except for the mass reported by Paul
and Springford {1978). The‘difference between our result and Paul and
Springford's value might not be significant because they are jyst out-
side-floted experimental errors. However, there are considerable dif-

ferences between the two experiments: different modulation frequencies,
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Table 5-1

Reported values of the electron cyclotron mass of potassium
at standard atmospher1c pressures

Source . ‘m*/mo
Grimes and Kip (1963) SRR 1.21 0.02
Walsh (unpubliéhed)‘ . 1.21720.002
Knecht (1975) : 1.22 *6552
El190tt and Datars (1982)° 1.21520.005
Paﬁ1 and Springford (1978) _ 1.230:0.015
Martin (1975) 1.24 20.05

Present work | 1.21120.005

potassium alloy and pure potassium samples, an attempt to measure aniso-
tropy in their work, a weighted average of all measurements made for a
large number of orbits over the Fermi surféce in their work and an average
of_s?veral standard atmospheric pressure measurements with randomiy orien-
téﬁ‘sémpIES in our work. The last difference may be the most important
because their weighted average is higher by approximately 0.4% than the
average of the valuescthat are showr™ Thus, an unweighted average of
their mass measurements yields a value c}oser to, and not ocutside experi-

mental error from, the value found in the present work.

The electron quasiparticle mass of a simple metal can be expressed
as

T* = mb(1 +Aep)(] +Aee) (5.

w
(53
—
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where L Aep and Aee are band structure mass, electron-phonon and’
electron-electron mass renormalization parameters, respectively. Since
potassium has q]most a free electron nature, the band structure mass,

My 5 is expected to be almost the same as/;he free electron mass. A cal- |
culation by Timbie and White 11970) indicates that m = 1.01 mé in potas-
sium and experimental measurements of the 'spin splitting factor g made

by Knecht (1975) reveais that_mb is about 1.0 mo.f The coﬁtribution from
the electron-electron interaction is also small accordihg to Rice (19588)
who pointed out that Coulomb shifts in the energy spectrum of a single
particie are small and nearly constant yieﬁding a maés changé of the
order of 5% (i.e. Keé = 0.06). On the other hand, the contributfon due
to the electron-phonon interaction has a greater influence on the magnis ,
tude of the cyclotron effective mass. The appropriate orbital averages
of the Nocal interaction‘parameter Aep in potassium was estimated at the
three principal symmetry directions <100>, <110> and <111> to be 0.135,
0.134 and 0.135 by Paul and Springford (1978). Their estimation was
based on calculated values of the electron-phonon mass enhancement para-
metersuderiyed by Leavens and Carbotte (1673). The orbital average of
the Tocal interaction parameter Aep is particularly suitable for dHvA
measurements, since dHvA gives a value of m* whiéh is averaged over an
extremal orbit. The values of Yep = 0-135, A, = 0.06 and m_ = 1.01 in
equation (5.3} predict m* = 1.215 My which is in good agreement with our
“measured value. |

We pow.examine to what extent the changes of many body effecfs
and band structure effects with pressure influence the variation of the

cyclotron effective mass as a function of pressure by first coensidering



63

-

the pressure dependence o? the electron-phonon mass enhancement para-
meter. Studies by Trofimenkoff and Carbotte (1970) have .demonstrated
that, when a metal is subJected to a hydrostat1c pressure, the electron-
phonon enhancement () p) decreases s1gn1f1cant1y as a resu]t of general
stxffen1ng of the lattice. The parameter'kep is rg]ated to the
a (u) (m) spectrum by
: -ﬁ” |
hep = 2 | P (0)F(w)/w d - (5.4)
0
where F(w) is the phonon‘density of states as a function o% energy and
az(m) is the electron-phonon coupTing‘parameter. The expression derived
by Trofimenkoff and Carbotte (1970) for the pressure dependence of
2

& (w)F(w) has the form

2

o8 (8w)F(8w) = (B/5%)a W)F (w) | © (5.5)

-

where 3 is related to the volume change under pressure and the average

Grineisen parameter e by
g=1- (AV/VO)YG . (5.6)

B is a measure of the change of the pseudopotential with pressure and

is assumed to Fé 1 since deviation from this value is caicu]aued ;; be
sma]i{ The e1ecbron phonon mass renormalization parameter at Zero pres-
sure, >b, is taken be 0.135 in this discussion {j.e. the average

value estimated by Paul and Springford 1978). It should be noted, how-
ever, that this parameter is insignificantly affected by crys*al orienta-

tion (Paul and Springford 1978 and Trofimenkoff and Carbotte 1970). From
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equations (5.4) and (5.5) the electron-phonon renormalization parameter
at finite pressure is expressed in terms of its value at zero pressure,

Y

= a8l |
Xap = Ag/BT - (B

The pressure derivative of the cyclotron effective mass is

. (mm)ame/dp™= (1/ (1o ))ar /P (5.8)

To‘calcu1ate dkep/dP, we need to know the ﬁressure dependences of
the volume V and Yg- The variation of;the voelume V in potassium up to
10 kbar from 4.2 to 300 X has been determined recently by.Andersdn and
Swenson (1983) ﬁsing the piston-d%splacement method. They represented
their vb1ume-préssure results with a reduced equation'of state (second
order Murnaghan relation) which is based on 2 Tay]or‘s expansion of the

isothermal bulk modulus (BT) in terms of pressure,

_ ) n 2 . .
BT(P,T) = BO(T){T+BO(P/BO) +1/ZBOBO(P/BO) +--f-f . (5.9)

The above equation is integrated to'give

2+(8 -7} (P78 ) /T '
T * [EEETrET | (5-10)
! o O_J <:‘\\
where Vo (297 K, P =0) = 45.557 cn’/mole and r2 = (B; -285%;) > 0 with

8 37.03£0.06 kbar at T = 4.2 K. The parameters B; = (BBT/SP)T and

(328T/3P2)

Lo
1]

were evaluated at T=4.2 K to be 4.06-.03 and
T ‘

-0.041+0.006 kbar'}, respectively. These parameters were used in equation

. - . ..
(5.8) to obtain the change of (AV/VO)w1th pressure up to 5 kbar. The
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pressure dEpendencé_pf {G up to 32 kbar for potassium has been Qetermined
by Boehler (1983) through measureménts of the adiabatic pressure deriva-
tives with temperature. They concluded that Te = YOCV/VO)Q with q =i-»‘

ahd Yo = 1.27 at_a preésure of ]_bar and a temperature of ZSOEE Based

on their results, the pressure dependence of Yg Was cglculatea up4to 5 kbar.

The pressure dependence of AV/VO, Yg and Yep determined in the
above wqy'are presented in taETe 5-2 for the pressure range 0°-5 kbar.
A plot of the calculated e]ectkbn-phonon mass, normalized -to ixsdvalue
at a pres;ure of 1 bar, m;p(P)/mep(O) =-[(1+iep)/(1¥ko)]ﬁ- along'wfth
the measured m*(P}/m*(0) versus pressure is shown in Figure 5-3. . The,
- calculated plot indicates a departure'from linearity. This basicaliy‘
results from the functional form of Rep given by equqtiOn 5-7. Such devia-
tion from 1inea}ity cannqt be distinguished due to thg,experimenta]
uncertainties shown in Figure 5-3. The éradient of the tangent of the

calculated plot in Figure 5-3 at'2 kbar yields dkep/dP and we find that

(1/(143))(dr /) = -0.62x1072 kbar™! . (5.11)

This calculated va]ue agrées within;experihenta] uncertainty with our
measured value for (1/m*)dm*/dP of ;(0.71:0.12)x}0'2 kbar™ !, The small
difference between the observed and predicted pressure derivatives of
(m*/mo), particularly at pressures greatef than 2 kbar, is attributed

to changes of electron-electron and band structure effects with pressure.

—
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- o Table 5-2
| Calculated pressure dependences of AV/VO, g and Yep
: " /"'

.?Eﬁii‘)’m N AL g f “Pep
0 1.27 135

5 1.31 125 a3
1.0 2.53 1.24 127
1.5 3.68 -, .22 124
2.0 477 1 121
2.5 - 5.81 1.19 .'11_8
3.0 - | 6.77 © 1.8 116
3.5 LT I PR T AR L !
4.0 8.58 1.16 112
45 . g3 s .10
5.0 10.23 1.14 .108

The‘satisfactory agreemént between the measured and calculated
pressure dependence of the cyclotron effective mass suggests that any
change in the band mass with pressure should be compeﬁéated by an opposite
change in the electron-electron enhancement parameter with pressure or’
.that the pressure dependence of bofh are small. Indeed, studies by
Trofimenkoff and Carbotte (1970) and Seiden (1969) have demonstrated that
the Coulomb interaction term is nearly insensitive to pressure and can be

considered as a constant. On the other hand, calculation of the volume

-\
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Figure 5-3 A p]ot_qf the cyclotron efféctiQé mass normalized to its
vdlue at standard atmospheric breséﬁre m*(P)/m*(0) versus
pressure up t05$54 kbar. The solid Tine is a weighted

. C Téést squ@res linear fit tp the experimental data points.

_The dotted 1ine presents the-ca]cy1ated m;p(P)/mep(O)

vaiues versus pressure.
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dependence of the band mass in potassium by Wilk et al (1979) 1ndicatés
that m increases frﬁm 1.086 my to 1.118 mg between 0 and 4 kbar. This
- change along with the change in electron-phonon mass ‘enhancement yields
(T/m*)dm;)dP =+ 0.27 x 10'2 kbar'1. This value is in definite contrast
with the observed experimental va]ué. It should be noted however that
the calculated value of ms at standard atmospheric pressure is higher
than that expected from -the Fermj surface of potassium which is free
“electron like to within 0.25 (Lee and Falicov 1968 and Lee 1970) and

is greater than\the va]ge_meaSured.by'Knecht (1975).

The influence of pressure on the band mass can be studied in a
metal with negligible many Body effects, especially the electron-phonort
interaction. Antimony satisfies these criteria and we have completed -
mezsurements cn the hydrostatic pressure dependence of the cyclotron
efféctive mass'in antimony -(will be presented'?n the next chap.er).

Thg reSUTts obtained indicate that m*/mO is nearly independent of pressure -»
within the quoted experimental error. Thus the pressure dependence of

the band mass in antimony with nearly ellipscidal Fermi surface is small

as predicted from band theory and it is reasonable that the band mass

in potassium is insignificantly influenced by pressure. \.

The pressure dependence of the electron quasiparticle mass in
potassium has been studied recently by Leavens et al-(1983) in which the .(

pressureé variations of the band mass, A and kee renormaiization para-

ep

metérs have\Eiij—fiipn into consideration. The pressure derivative of
-’ : '

*ap was determined from afirst principle nonlocal pseudopotential scheme

with B =1, while the pressure dependences of the band mass and Aee were

/
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estimated from the theory of Wilk et al (1979) and MacDonald et al (1980),

respectively. The compressibility K = 2.7% was taken from the experiment
of Monfort and Swensen (1965) and their calculated Grineisen parameter

was v, = 1.4. According to their theory {]/(1+Aep)}(dkep/dp)p=0 was
determined to be -1.134x 10’2 kbar_]. If we take g T 1.4 and use equation
(5.4) we find that /(10 ) Hdig /0P) = -0.97x10 2 kbar™! which is about
175 lower than their calculated value. They also estimated (1/mb)dmb/dP
and 1/(103 )2 (d, o /d/P) to be 0.648x10™% and -0.27x1072xkvar ™, respec-
tively. us the changes in band mass and the electrép-electron renorma-
Tization Jare of cpposité sign. It should be noted that the large contri-
bution calculated for (dlee/dP} is due to considering m_>1. These three

b

contributions yielded {i/m*)(dm*/dP) 0.76x107% kbar-l, which is

P=0
agreement with our measured value. However, a large departure of m*/mO

versus pressure from linearity was reported by them. The value of

(1/m*)dm*/dP at 2 kbar was calculated fc be;—0.4x10-2 kbar-], which is in
lower by about 40% from our avérage vaiue of -0.71x107¢ kbar™ !

In conclusion, the present experimental results provide evidence
for the mass enhancement due to many bedy electron-phonon interactions;
since it was found that the pressure dependence of the cyclotron effec-
tive mass is significantly influenced by'the pressure dependence of the
electron-phonon regprmalization parameter. The changes in the band
structure mass and electron-electron mass enhancement with pressure are

small and are of opposite Eign.



CHAPTER 6

EXPERIMENTAL RESULTS AND ANALYSIS OF THE PRESSURE DEPENDENCE
OF THE HOLE FERMI SURFACE AND CYCLOTRON EFFECTIVE MASS OF
PURE ANTIMONY

1. Pressure dependence of the hole Fermi surface

The influence of hydrostatic pressure up to 4.3 kbar on the
geometric structure of the hole Fermi surface was investigated in the
trigenal-bisectrix crystallographic plane of pure antimony. Four 0sil-
latory components exist simultaneousiy in this plane. Two of them are
associated with the principal and nonprincipal electron branches, while
the other two correspond _to the principal and nonprincipal hole branches.
The osciilatory component associated w{th the principal hole branch was
isctated and recorded separateiy, while the others were rejected by the
use of the spectromgter techniques explained in chapter 4.

Since ife influence of pressure in the pressure region investi-
gated was expeéi:d to be small, special care was taken to account for the
effect of pessible chapige of sample orientation dde to the application
of pressure. This was done by perferming rotation experiments before
applying pressure, during compression and after rempva] of pressure.
Figure 6-1 shows an examp]e'of a recorder trace of the quantum oscilla-
tion of the de Haas-van Alphen effect (dHvA) associated with the principal
hole branch as a function of the direction of the magnetic field as it
was rotat;d in the trigonal-bisectrix crysta]lograph%c plane at a pressure

of 1.08 kbar. Rotation measurements were taken at a temperature of 1.2 K

70
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and a magnetic field of approximately 1 Tesla. The strength of the magne-
tic field at which the rotation experiments were performed was set as Tow
as possible but such that the desired oscillations could be easily followed.
The primary reason for working at low magnetic fields was to eliminate |
problems associated.with‘possib1e changes of sample orientation with res-.
pect to field caused by the torgue at high field. Also, working at Tow
Tield gave a higher number of oscillations in the rotation diagrams and
consequently a higher density of points on the graph of the angular depen-
dence of the dHvA frequency, which was the end product of the rotation
diagram. As can be seen from the rotation diagram presented in figuré
6-1, the effect of mixing between different oscillatory components of

the Fermi surfack is of no consequence. This demonstrates the effective-
ness of the spectrometer techniques used which provided a good quality
sin@]e de Haas-van Alphen oscillation resulting in no ambiguity or comp-
lication in the anmalysis.

The field rotation diagrams map odt directly the relative changes
of the phase of the de Haas-van Alphen oscillations with respect to scme
reference poiﬁt. Each recorded escillation means that the phase of the
dHvA signal has changed by 2=. If n oscillations occur, the dHvA fre-
quency, F, at the new crysta11ographjc orientation is related to the

reference frequency, Fr, by the equation
/
< Fle) - F(

<>

) = nK
AN

where H is the strength of the magnetic field.. The reference frequené}

s : . *
was chosen to be the one at the minimum cross-sectional area of the hole



Figure 6-1

~

A recorder trace of the quantum oscillation of the de Haas-
van Alphen effect associated with the principal hole branch
as a function of the direction of the magnetic fjeld as ft
was rotated in the trigenal-bisectrix plane at pressure and
magnetic fieid:strength of 1708 kbar and = 1 Tesla, respec-
tively. The size of the dHvA siQnE? in the first two and

the third traces was reduced by approximately facters of

6 and 4, respectively.

2
k
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Fermi surface. The advantage of taking this reference frequency is that
the éffect of angu1ar uncertainties is minimized becausé‘the phase of the
oscillations in the close neighborhood of this direction‘is a slowly vary-
ing function of angle with dF/ds =0 right at the minimum section of the
braﬁch. Also, the accuracy in measuring the reference frequency is opti-
mized because fhe amplitude of the oscillation at that particular direc-
tion is the 1arge§3 and its damping with dec}easing field is relatively
smail be;ause of_?$s small effective mass. |
The reference frequency was measured by counting the number of
oscillations as the magnetic field was swept over the widest available
raage of 1.9-0.4 Tesla. The frequency is defined as; F =m{]/[H1I-1/;H2[}—1
units of Tesla, where m is the observed number of osciilations between
magnetic fields H.l and H2. Therefore, a piot of m against 1/H yields
a straight line with slope F. The accuracy of the measured frequency .
was 1imi$ed by the number of oscillations and the accuracy of the magne-
tic fie]é readings which were calibrated by nuclear magnetic resbnance
to wiﬁhin < 0.2% up to 1 Tesla. Figure 6-2 shows an example of a recor-
der trace of the quantum oscillations of the magnetic susceptibility as
-*a‘functjon of magnetic field strength with the magnetic field along the
minimum section of the branch at a pressure of 1.08 kbar. In figure
6-3, the observed number of oscillations was plotted as a functicn of
reciprocal magnetic field strength. All data points were fitted by a
least squares method. The absolute frequency measurements were made at
various pressures up to 4.3 kbar. All measurements were accurate to

within < 0.3% determined by the method of least squares.



Figure 6-2. A recorder trace of the quantum oscillation of the magnetic

susceptibility as a function of magnetic field strength with
the magnetic field direction along the minimum section of

the hole Fermf surface at a pressure of 1.08 kbar.
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Figqre 6-3 A plot of the number of the de Haaé-van Alphen oscitlations
versus the reciprocal of magnetic field strength, o
along the minimum cross-sectioﬁa1 area of the principal hole
Qranch in the trigonal-bise&trig plane at a pressure of
.T.OS kbqr. The solid Tine is a weighted least-squares

Tinear fit to the data points.
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Frequency measurements made along several crystallographic direc-
tions by a field sweep procedure were compéred with the rotation measure-

ments, i.e. the relative measurements, to check the consistency of the

results. Table 6-1 gives values of absolute and relative frequency mea-

surements at standard atmospheric pressure {7 bar) and a pressure of 1.08

- kbar. Good agreement within estimated experimental uncertainties was

obtained. At this po1nt 1t should be noted that the re]atwve measure-
ments yield about an order of magnitude better accuracy than the absoTute
measurements._The reason for this, is that the frequency 7s much greater )
than the mageitude of tHe magnetic field and accurate Qa]uesof Hare not
as important as for absolute measurements.

In figures 6-4 and 6-5 are plotted the angular cependences of
the frequencies of‘the de Haas-van Alpheh oscillations of the hole branch,
in the trigonal-bisectrix crystallographic plane at pressures * 1 bar
and 1.08 and 3.89 kbar. At P = 1.08 kbar, all frequencies in the
angular region from 10° - 110° are decreased below their values at
standard atmospheric pressure, while in the anguiar region from 150° -
180° they are increased above their values at standard atmospheric presﬁ
sure. t & pressure of.3.89 kbar, all frequencies are decreased below
their values at P = 1 bar. At -standard atmospheric pressure the fre-
quencies associated with the minimum and maximum sections of the hole
branch were determined to be (61.8-0.1) Tesia and (19622) Tesla, respec-

- . 0
tively.” Their tilt angles occurred at (52.5%:1°) and (150%:2%), respec-

tively. These angles were measyfed from the trigonal axis in the sense

of a rotation from T towards TX.
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Figure 6-4 A plot of the angular dependences of the de Haas-van Alphen
frequencies of the principal hole branch in the trigonal-

bisectrix plane at pressures of 1 bar (e) and 1.08 kbar (+).
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Figufe 6-5

A plot of the angular dependences of the de Haas-van Alphen
frequencies of the principal hole branch in the trigonal-

bisectrix plane at pressures of; 1 bar (e) and 3.89 kbar (a).
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At th1s stage it should be po1nted out that before the app]xca—
t1oa 0: pressure the observed de Haas-van Alphen amp11uudes in the angu- .
]ar-reg1on from 110° - 150° were cons1deraply smaller than those observed
) in‘the'angu]ar region from'15Q° - 180°. This is due to the occurrence
of two-spin splitting zeros at.about 1J6° and 147° measured from 7T in
the sense toward ©°X (win&miTTer 196%). Also, a slight decrease in the
;mplitudes of the signa]s,was.observed between successive pressure mea-
surements. This indicated that the crystal quality decreased between
different measurements at various pressures. The observed decrease in
thé amp]itudés was most Tikely to be caused by sample strain oroduced
during the process of freezing the heljum in the pressure cell or cool-
ing of the sample. The redugction in the amplitude did not affect'
significantly the overall quality of the data except in the angular re-
gidﬁ around the two spin splitting zeros where the amplitudes of the
. signals dropped to below the no{se Tevel. Also, we were not able to
observe the maximum frequency.éf the branch at,prgssures Greater than
1.08 kbar. Primerily, this is due to the fact that the size of the
Signa1 associated with the maximum sec®ion of the branch is thessmaliest,
because of a re]ative]} large effect%ve mass.

The spectrometer techniques used to resolve and record senarate-
ly the desired oscillatory component helped a great déa] to accurately
study the speﬁiffcrbehaviour of the anisotropy of the hole Fermi surface.
Figures from 6-6 to 6-9 demonstrate the inft 1uence of pressure up to -
approximately 4.2 kbar on the anisotropy of the rate of change of the
extremal freguencies, AF/F(0): Here :F is the difference between the

measured frequency at a certain pressure, F(p), and the observed one
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Figure 6-6 A plot of the anguiar dependences of the rate of change

of the extremal freguencies, aF/F(0), of the principal

. hole branch in the trigonal-bisectrix crystallographic

plane at & pressure of 1.038 kbar. \
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Figure 6-7 A plot of the angular dependences of-the rate of change
of the extremal ?Tequencies, AF/F(Q), of the Urinc{pa]
hole branch in the trigonal-bisectrix crystallographic

plane at a pressure of 2.34 kbar.
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Figure 6-8 A plot of the angular dependences of the rate of change
of the extremal frequencies, AF/F(0), of the principal
hole branch in the trigonal-bisectrix crystallographic

piane at pressures of 3.15 (@) and 3.56 («) kbar.
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Figure 6-9

A plot of the angular dependences of the rate of change
of the extremal frequencies, AF/F(Q), of the principal
hole branch in the trigonail-bisectrix plane at pressures

of 3.89 (») and 4.19 () kbar.
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at standard atmospheric pressure, F(0). The final analysis of these
graphs will be discussed in the next chapter. e T

Before going on to describe our experimental results on the
influences of hydrostatic pressure on the minimum section of the hole
Fermi surface, 1t is appropriate to discuss the method used in determi-
ning the tilt angle and its pressure dependence. Here, the tilt angle
s measured from the trigonal axis in the.sense of a rotation from °T
toward TX. In figure 6-10 is plotted the tilt angle o% the hole Fermi
surface in the trigonal-bisectrix plane versus pressure up to 4.3 kbar.
Th%s graph demonstrates that the tilt angle is nearly insensitive to
pressure within quoted experimental errors (< ;]O). A 2.5° difference
between the determined angle before tHe application of pressure and the
one measured after the application of a pressure of 4.3 kbar, appeared t¢
be caused by slight crystal m.sor1entat1ons which arose from the application
of pressure. This was proven by redetermining the tilt angle at pressures
of 0.3 kbar and 1 bar after gradual removal of pressure.

The tilt angle was determined carefully froem rotation diagrams
and also fyom absolute frequency measurements versus angle. The rota-
tion spedd of the e1eciromagnet was adjusted to be at its slowest pos-
sible speed.\This way it was possible to 'map out clearly the change of
the de Haas-van Alphen phase as a function of the magnetic field direc:-
ion, £, as it was rotated in the trigonal-bisectrix plane, which was
rather flat _arcund the minimum section. The mid peint of the flat
portion, that is at ehich dF/de is expected to vanish, was a measure of
the tilt angle. To check the accuracy of the rotation diagram measure-



Figure 6-10 A plot of the tilt angle of the principal hole branch
in the trigonal-bisectrix crystallographic plane ver-

SUS pressure up to 4.5'kbar.

~
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- O .
ments, about five absolute frequency measurements at ] steps at each

-

side of the determined minimum section were made. From a graph of the

measured F versus ;, we were able to specify the t11t angle with an ac-

i

curacy of better than =1%.  Note that the plot of F versus & was useful
in estimating the angular error in the measured tilt angle, |
The hydrostatic pressere dependence of the minimum frequency of
the hole Fermi surface is shown in figure 6-11. A1l measurements were
mede with the magnetic field along the direction of the minimum section.
The data points indicate that. the Trequency decreases with increasing
pressure in a nonlinear fashion up to 3.8 kEar. quever, when we
made a linear fit to this region, a weighted least squares fit to all

data points yielded
1 _ Y -1
?-(dF/dP) = - (0.9120.07)x107° kbar

It is also evident that.the rate of chanée-of the freeueﬁcy with pres-
sure becomes 51gn1f1cane1y slower in the pressure region from 3.4 kbar

The pressure der1vat1ve of the frequency reached its minimum value at
(3;7_0.3) kbar and then started to ckange s1gn with further increase in
pressure. N

The pressure dependence of the de Haas-van Alpﬁen freqdency at

161° measured f:qm °T in the sense toward 7X, that is 11° from the maxi-
‘mum of the branch, was determined. In figure 6-12 is plotted the de Haas-
van Alphen frequency versus pressure up to 4.2 kbar. It is evident that
the frequency increases with increasing pressure up to 1.08 kbar and

then started to decrease with further increase in pressure up o approxi-

mately & kbar. The Tinear least-squares fit to the data points up to



s

Figure 6-11 A plot of the minimum frequency of the principal hole
branch, in the trigonal bisectrix plane versus pres-
sure up to 4.3 kbar, with magnetic field along the
minimum cross-sectional area of the branch. = is a

point taken after removal of pressure.
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1.08 kbar yielded & pressure derivative, (1/F)dF/dP, of (2.3:0.T)x10-2
kbar-]. As can be seen from figure 6-12 and at pressures above 1.08 kbar
the frequency is.not a linear function of pressure. However, when we
made a linear fit in this region, a weighted least squares fit_yieided,
(1/F)EF/dP = - (1.4 20.3)x1072 kbar~

The frequencies presented in Tigure 6-12 were estimated from
rotationcdiagrams taken at various pressures and at constant magnetic
field by counting the number of bscillations as a function of magnetic
fiefd direction with respect to the reference freguency. At this point
it should be_pointed cut that the high freqﬁency measurements can be.sub—
ject to a sigrificant error associated with a po§sib1e slight misorien-
tation of the sample due to tﬂe application of subsequent pressure.
This is true, because the phase of the de Haas-van Alphen osciliation is
2 rapidly changing function of angle in the neighborhood of the maximum
¢f the branch. Therefore, the sample alignment was checked thoroughly
thfough careful determination of the $ilt angle, as explained before. We
observed a small upward or downward shift " in the tilt anglie wfth pres-
sure (figure 6-10). For this reason, it was necessar} to remove any rela-
tive offset between various experirents before evaluating the frequencies
from the rotation diagrams. The measurements presented in figure 6-10
were useful in estimating the angular uncertainty. The standard deviation
{which is taken tc be the angular error) of the data points shown in
this figure was calculated to be 0.64°. This caused an error of about
- 1.2% in the High frequency region at magnetic field of 1 Tesla. t should -

be noted, however, that the uncertainty in the frequency measurements



Figure 6-12 A plot of the de Haas-van Alphen frequency at 11° from
the maximum of the principal hole branch in the trigonal-

bisectrix plane versus pressure.
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caused by a slight crystal misorientation decreases as the frequency
decreases and becomes insignificant at the minimum frequency of the

branch.

2. Pressure dependence of the cyclotron effective mass

The cyclotron effective mass, m*, measurements right at the-
minimum cross-sectional area of the principal hole branch in the
trigonal-bisectrix crystallographic plane were derived from the tem-

perature dependence of the oscillatory magnetization amplitude, A(T), at

S .
and covered temperature range of 1.2-4.23KT TheSe measurements were

. . . . 1

a fixed magnetic field strength of 1 Tesla, provided by an electromagnet, 51

performed using the conventional field modulation technique introduced

in chapter 4 with second harmonic detection. -
Referring back to equation (5.2), it is clear that the ampli-

tude of the oscillatory magnetization, A(T) is proportional to

-1
)

*
- . a m
T{sinh 14.6% ﬁ;

x|

Since m*/m0 < C.1, in the case of antimony, therefore, it was necessary
to use tHe full expression for the de Haas-van Alphen amplitude in déter—
mining m*. Expressing the hyperbolic sine function in equation (6-2) in
terms of its two exponentials, that is sinh x =(e*-e™*}/2, the above

proporticnality can be written as

% *
cniP m Ty o mT . 5
inis {exp(-2x14.68 mOH)], 14.66 X + constant . (8-3)
Therefore, a plot of 2n{A/Tlexp(-2 14.69(m*TﬁmOH))I} :inY versus T

will yield a strajght line of slopé -14.69(m*/moH), where m*/m is the.
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cyclotron mass n?rma1ized to the free electron mass. Since m*/mO is
not initially known, a first approximation to it was obtained from the
_slope of 2n(A/T) against T at fixed magnetic field strength using the me-
thod of least squares. This approximate value of _m*/m0 was used in a plot
of nY ‘against_T:' From this slope a second apﬁroximatiOn ;o m*/m0 was
obtained. Thus, the iterations were performed until this slope became
constant. Three examples of the least sguares sinh fits to experimental
data points of in(A/T) versus T for a magnetic field of 1 Tesla and
pressures of 1 bar, 1.65 and 3.2 kbar are shown in figure 6-13, with
cyclotron effective masses of (0.0635:0.0002}50, (0.0645:0.0004)m0 and
{0.0644:0.0005)mb, respectively.

The measured hydrostatic pressure dependence of the cyclotron
effective mass in the pressure rang% from 0 =4 kbar is presented in.
figu;e 6-14.. The Qeighted leaBt sguares fit to é]] data points yielded

dm*/dP = (0.1:0.2)x10_3 mo.kbar-] and we found that

2 1

= (0.16=0.39)x10"° kbar~

The intercept of m* versus P graph corresponds tp a standard atmospheric
pressure mass of (0.0635:0.0006)m0. The cyclotron effec??ve wass at

standard atmospheric pressure was estimated before app+¥ing pressure and

after removal of pressure. -The measured values were (0.0635f0.0002)mO and
{0.0641:0.0009)m0.‘ An average of these two values along with the intercept

at P = 1 bar yielded
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Figure 6-13

Logarithmic plots for the determination of the cyciotron
effective mass associated with the principal hole branch

in the trigonal-bisectrix crystalTographic'p1ane at pres-

sures of; a) 1 bar, b) 1.65 kbar, and c) 3.2 Kbar.

The solid Lines are the 1east;sqdares sinh fits to the
experimental\data points of 2n(A/T) versus temperature,

T, at a magnetic field of 1 Tesla.
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Figure 6-14. A plot.of the cyclotron effective mass (m*/mo) associated with
the minimum cross-sectional area of the principal hole branch
in the trigonal-bisectrix crystallographic plane versus pres-

! . -

sure up to 3.7 kbar. The line-is a least squares linear fit.
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CHAPTER 7

DISCUSSION: ."PRESSURE DEPENDENCE OF THE HOLE FERMI
SURFACE- AND CYCLOTRON EFFECTIVE MASS OF ANTIMONY

. ’ F] . - . s :
1. Pressure dependence of the hole Fermi surface anisotropy and shape

The response of the hoie Fermi surface anisotropy to the in-
fluence of hydrostatic pressure can be divided ' into two regions as fol-
lows.

i) The pressure region from 1 bar to 2.44 kbar

This region was investigated by determining the anisctropy of
A F/F(0),5F %= F(P)-F(0),  at pressures of 1.08 and 2.44 kbar. Figure
6-6 in Chapter &, indicates that aF/F(0) is strongly angular dependent.
For small Eross-sections, i.e. from 10° = 1000, the average of AF/F(0Q) =
~-1.8%, while for 1§rge cross-sections, i.e. from 150° - ]800, the average
of &F/F(0) = +1.2%. The corresponding average logarithmic pressure de-
rivatives, (]AF)dF/dP, are -1.7¢% l<t3ar"I and 1.1% kbar_l, respective1y..
The anisotropy of iF/F(0) at a pressure of 2.44 kbar, figure 6-7, is
qualitatively similar, but of djffefeﬂt magnitude to that observed at
P = 1.08 kbar. The average 3F/F(0) for small (10° = 100°) and large
(1500-1800) sections for a pressure of 2.44 kbar is -2.5% and +0.9%,
respectively. The corresponding average logarithmic pressure derivatives,

! and +0.93 kbar™ ", respectively. The signifi-

{1/F)dF/dP_.are -1 kbar
cant cha1§z=:ith magnetic field direction in the magnitude and sign of

) ssure derivatives suggests that the surface changes anisotropy
and shape under pressure; It elongates along and near its maximum prin-

95
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‘cipal axis and shrihks along and near ité minimum principal axis in this
pressure region. |

If is of interest to investigaté to whaf-extent the shape of the
hole Fermi surface'changes with pressure. This was done by explicitly
determining the deviation of the surface from an e]]ipsoida] shape (which -
. 1s a reasonable approximation to the ;étual shapg) at standérd atmaspheric
Pressure and at a pressure of 1.08 kbar. These calculations were made

on the basis of an ellipsoidal model using the formula
—--""'-—/‘_ . .

F(g) = (Acos®s+ B)™E (7.1

- where & is measured from the principal axis (Windmiller, 1966). The
present experimental results for ﬁ = ]{08'kbér and for standard_atﬁos-
pheric pressure were used to determine the origin of & and the parame-
ters A and B. The origin of the angular orientation, &, and the value
of (A+B) were caltulated froh the direction and magnitude of the mini-
mum frequency of the hole branch, respectively. The parameter B was
deduced from the magnitude of the maximum frequenéy. Fits of equation
(7.1) to-the data for standard‘atmospheficﬂpressufe and a preésufe of

1.08 kbar_ can be expressed as

(239.9 cos®e+26.19) ix10%  at p

2

m
—
<
L—]
n

1 bar (7.2)

5+26.33) %16 atp

-n
—
(4]
[
1]

(234.9 cos 1:08 kbar  (7.3)

In figure 7-1 is plotted the angular dependence of the deviation of the
shape of the hole surface from a per?ect ellipsoid at pressures of

bar and 1.08 kbar in the trigonal-bisectrix crystallographic plane. The
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deviation F(s)-Fexp(e), {s tﬁe difference between the calculated fre-
quency F(&) based én the ellipsoidal model, aqq the observed fréquency
Fexé(e). It shéu1d be noted that in figure 7-5, the angie 5 is measured
'frpm the minimum section of the hole surface.

The total deviation from an ellipsoidal shape at standard atmos-’

pheric pressure and a.pressure of 1.08 kbar was determined to be 8% and

%, respectively. Based on this, it can be stated that the hole surface
- . in the trigona1'bisecfrix plane changes shape and deviétes gven more
from an-ellipsoidatl shape under pressure. The calculated increase in
the total deviation from an ellipsoidal shape also suggests the possi-
bility that fhe tilt angle of the maximum sectibn cf the hole Fermi sur-
face is shifted slightly under pressure. However, experimentally we
were not able to single out this shift, since the de Haas-van Alphen
osci]]atibn beyond the .direction of the maxiﬁum section at a pressure of
1 bar, i.e. 150° from the trigonal axis, could not be cbserved for the
reason mentioned in the previous chapter. Brandt et al (7978) have
reported a change in éhe direction of the maximuh frequency of the
Shubnikﬁv—de Haas oscillations of thé hole branch in the trigonal-
bisectrix plane in the pressure region from 5- 14 kbar.

The particular choice of the experimental data obtgined at a
pressure of 1.08 kbar to be used in the calculations explained aone was
made for the following reasens. Firstly, both the minimum and maximum
'frequehcies of the branch were experimentally accessible. Secondly, the

alignment of the crystal did not change appreciably at this pressure

(see figure 6-10). This minimized the error in calculating the para-

-



Figure 7-1 Influence of pressure of 1.08 kbar on the deviation of
the observed freguencies of the principal hole branch
from an ellipsoidal hode] in the trigonal-bisectrix
plane. The deviation F-Fexp is plotted versus angle at
a pressure of- 1 bar (e,m) and a pressure of 1.08 kbar
(0,) . @ and o refer to the angular region from 52.5°
(inimum frequency direction) - 0° {trigonal direction)
- ]48.50, while m andc refer to the angular region frem
52.5° - 20° (bisectrix direction) - 148.5° of the hole
branch. Tﬁe direction of the minimum section (52.50)

1s taken to be the origin of angle.
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meters A and B and simultaneously overcame any pogsible conflict in
describing the response of the shape to pressure. This is of critical
importance since the effect of pressure of 1.08 kbar is expected %o be
small and comparable to the systematic error which could be cause&-by
slight crystal misarientation.

‘ It is quite clear from the foregoing dichfsioﬁ, and g]so from
the previous studies made on the Ferms surface oF antimony {see for
example Bfandt, 1667) that the energy dispersion of the hole Fermi
surface deviates from the ellipsoidal-parabolic nature. The ellipsoidal-
paraboiic approximation can only %e considered as a first approkimgtion
to the actual Fermi surface. This model presents simple analytic ex-
hressions for the constént-energy surfaﬁe which enables one to determine
in a clear and simple way a variety of general features such as the
carrier concentration, and the shi%t n the Fermi energy due to the ap-
plication of pressure. According to this model, the cyclotron effective’
T mass is energy independént; and the energy is a quadratic function of
wave vector. In_the princiﬁa] axis system of the ellipsoid, it is ex-

~r

pressed as

(7.4)

E is the Fermi energy, K1,2,3 are the wave vector components along the
major (1,2) and minor (3) axes of the ellipsoidal and my, m, and my are
the energy independent components of mass ténsor along the principal axes.
Also, based on this model, the ratios o the extremal cross-sectional

areas of the ellipsoid to their.associated cyclotron effective mass,



N\, _ 100

S{g)/m*(8), are equal for all céystal]ographTC orientations. Thus any
departure from equality specifies the extent of any deviation from a
parabo]1c nature.

The availability of precise experimental information on the mag-
nitude of the cyclotron effective mass (Datars and Vanderkooy, 1964 )
along with the present results of- the extremal frequencies of the hole

———
Fermi surface permitted us to estima?e the quantity (HZS/Z*m*) along
the crystal axes (trigonal, bisectrix and binary) and the principal
axes of the ellipsoid (1, 2 and 3); 1, 2 and'g'refer to the principal
axis pa}al]el to the crystal axis of the wo-fold symmetry (binary-
axis), the principaT axis parallel to the maximum section of the branch
~in the trigonal-bisectrix plane which is tilted 150° from the trigonal-
axis and the principal afis parallel to the minimum section of the sur-
face which is tilfed 52.5° from the trigonal-axis in the same crystal- -
}ographic plane, respectively. Table 7—1‘presents our calculated values
of ﬁZS/va*. As can be seen, the maximum departure from equality occurs
ét axis 2. The Jargest percentage deviation was de;erm1ned to be 37,
When experimental values of the anisotropy of m* as a function of pressure

!

become available it will be possible to make judgements about the changes

m

{(if any) in the energy dispersion, £{k), in relation with pressure.

ii) The pressure region from 3 to 4.2 kbar

The experimental data shown in figures 6-8 and 6-9 describe the
anisotropy of 2F/F(Q) at pressures of 3.15 and 3. 56 kbar and 3.89 and

4.19 kbar, respectively. The data presented in Figure 6-8 indicate that
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alil ex;rema] sections of the ho]é Fermi surface decrease with increasing
pressure, except at the trigonal axis, and the relative'deckease of~the'
small sections (10° = 1000) is higher than for the large sections (1600-
1800). The averages of AF/F(0) and (1/f4dF/dP in the anqular region from

10° = 100O were estimated to be -2.8% and -0.9% kbar_], respectively.

<o

Thus, the rate of decireass of aF/F{0) for these small sections’ decreases
appreciably in comparison with its rate at lower pressure, particularly
at the smallest cross-sectional area of the branch. On the other hand,
the major change at this particular pressure is the change jn the sign of
the pfg;sure'derivative of the large sections (1600— 1770). To our pre-
sent knowledge this is the first observation of a change in sign of the
pressure derivatives of the large sections in this angular region. For
these large sections, the average AF/F{0Q) along with (1/F)dF/dP are
estimatéd to be -2.1% and -0.7% kbar ) respectively.

Figure 6-9 shows the angular dependence of AF/F(0) at pressures
of 3.89 and 4.19 kbar. At P = 3.89 kbar, all indicated extremal sections
of the branch continue to decrease, while at P =°4.19 kbar, all cross-
sectional areas of the hole Fe}mi surface show an apparent tendency to
increase with further increase in pressure. Qualitatively, this connects
with the high pressure work done by 8randt et al: (1978) on éhe angular
dgpendences of the Shubnikov-de Haas cscil®tions in the pressu}e region
from 5-11 kbar.< Their results indicate that all extremal secgions of
the branch increase with pressure.

Table 7-2 summarizes the results obtained on the hydrostatic

pressure dependence of the hole Fermi surface anisotropy in the trigonal-
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/
bisectrix piane. In no previous measutETEg;§/has the pressure depen-

dence of the anisotropy of the entire Aote_Fermi-surface been measured’
spec1f1ca]1y in the pressure range covered in the present exper1ment
However, there exists experimental information on the behaviour of the °
o cross-sectional areas at the minimum and maximum sections of the

branch with pressure. Also, to our present knowledge no theoretical

predictions exist for the pressure dependence of the anisotropy of the

. Fermi surface of pure antimony.

2 - Pressure dependence of the minimum frequency

X

X The reéuTts of our careful study of the influence of pressure

up to 4.5 kbar on thelminimum frequency of the hole Fermi surface

in the t}igona]-bisectrix plane were shown g»fpMtcally in  the

previous chapter in figure 6-11. A nonmonotonic change in the frequen-
Cy with increasing pressure up to 4.5 kbar is cTear]ylevident. If fol-
lows from the analysis presented in Chapter 6 of the experimental data

in figure 6-11 that the weighted 1éast squares fit to all data poiats

up to 3.89 kbar yields a pressure derivative of (O 91=0.07)x10™° Kbar_].
Because of the observed nonlinear feature, we have determined the
weighted Jeast squares-linear Tits to the data points up to 1.67 and 3.15 -
kbar. This was dong in order to make a consistent comparison with the

results of other investigators in different pressure regions. This analy-

> . . o . . - -2 -
s1s yielded pressure derivatives of -(0.7220.08)x10"* kbar™ ! and

1

-{0.8420.07)x10™% kbar™! at 1.67 and 3.15 kbar; respectively. Also, it

18 apparent from figure 6-11 that the pressure derivative reaches its

B %
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lowest value at (3.7%0.3) kbar and then the Trequency starts to increase

' fairly rapidly with pressure. An extrapolation of the data points ob-

tained at pressures greater than 3.89 kbar indicates that the frequency
approaches its initial standard atmospheric pressure value at a pressure
of approximately Skbar.

Table 7-3 presents a éémpéfison of the experimental values of the
pressure derivétives of the minimum“frequency obtained by various. authors
using different methods. Scﬁirber and 0'Sullivan, (1969),studied the
hydro§tatic pressure dependence of the minimum section in the trigonal-
bisectrix plane by means of the de Haas-van Alphen effect.* They deter-
mined (1/F)dF/dP to be -(0.30:0.15)x10-2 kbar_l, iﬁ s01id helium up to

2 kbar™! in fluid helium up to 24 bars using

3 kbar and -(0.60.2)x1¢"
the phase shift technigue. The figure obtained using the solid helium
technique does not a;;ee.with our measured value in the same pressure
range. The difference .is significantly larger than the guoted experimen-
tal error associated with either mea;Lrement. On the other haéd their
measured value using the phase shift method is in good agreement with

our estimated pressure derivative at 1.67 kbar. -The nonmonotenic fea-
ture of the pressure dependence of the frequency a]oné with the change

of sign of the pressure derivative were first observed by Schirber and
0'Sullivan (1970). They reported that the minimum section returns to

its initial véIue at approximately 5 kbars, and continues to increase
with further increase in pressure at a rate (1/F)dF/dP = 1%. This is

consistent with the present measurements. However, our results, whether

for the magnitude of the pressure derivative or for the shape of the

~
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frequency versus pressure, are specified with significant}y improved

precision. L

Tanumz et al {1970) reported an experimeﬁta] study of the .

pressure dependence, of .the dé Haas-van Aiphen oscillations associated

with the minimum section of the hole Fermi surface using 2 mixture of

-

“kerosene and'oil‘és a preésure transmitting medium. They reported 2
continuous decrea%e in thé_frgquency with ingreasing pressure up to 6
kbar at a rate {1/F)5F/dp = -0.82x107¢ kbar~ . The rate of decnease
they reported is in agreement with our measurements up to 3.89 kbarl

However, we sees d?screpancy atl pressures greater than 4 kbar in which
. . 7 A\
they showed 0.827 decrease and we have observed a definite increase with

increasing pressure.

Branct et al (1978) studied the influence of hydrostatic pressure

— "
on the Fermi surface of pure antimony using the kerosene-0il method in

-

the pressure range from 5 - 14 kbar by means of the Shubnikov-de Haas

effect. They reported that the minimum section of the hole Fermi surface

passes thr0ugh 1ts zero pressure value at 5 kbars and increases Tinearly
_ . . -2
with pressure up to 14 kbars at a rate (1/F)df/dP = +(1.0:0.15)x10°°

-1 . . . -
kbar . This rate of increase is in reasonable agreement with extrapo- -

lation of our measurements. The measurements made by Brandt et al (1978)

supported an investigation made by Minina and Lavrova (196%) on the pres-

‘2
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sure dependence (9-14 kbar) of tﬁe Shubnikov-de Haas oscillations of the
minimum section using the same pressure technique.
We now turn_to ourrmeasurements on the pressure dependence of
: thé tilt angle of the minimum section of the hole Fermi surface:which is
Aresented in the previous chapter in ffgure 6-10. The present measured
tiit angle (52.5=1.0) is in excellent agreement witﬁ the atmospheric
Pressure results of both Windmiiler {1966) and Herrod et al (1971)
within combined experimental error. It js evident from this figure that
the 111t angle does not change appreciably with pressure within our
Guoted experinentai error, < = 19, Experimentally this agrees well with
-.bo;n low and high pressure 1nvest1gau1ons made by Schwrber and 0 Su]T:van
{1870) and Brandt et al (1978), who repgrted no significant change in the
tilt angle with pressure up to 8 and 14 kbar, respéctive]y. On the other
hand, a computer analysis based en the relaxation time approximation of
the pressure dependenﬁe 0T the galvanomagnetic coefficients up tc 10 kbar,
carried out by Kechin (1968) indicates a change in the tilt angle of
= -3% and -5% measured in the sense from 7T towards TX at pressures of 4
end 10 kbar, respectively. Such change is large enough to be detected
easily from our rotation diagrams, since our angular sensitivity is good
encugh to detect a change much less than their prediction. Thus, the
prediqtion of Kechin is not confirmed by our measurements.
Ne-have ca]tu]ated the hole Fermi energy, E?, as a2 function of N
pressure by employing the ellipsoidal-parabolic model and by using
experimentally determined pressure dependences of the éyc1otfon effective

mass and the de Haas-vaﬁ Alphen frequency at the minimum of the hole
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e

branch. However, based on the 1T1ustrat1on made in the previous sec-
tion, it is 0bv1ous that the use of the e111p501da1 -parabolic model will
give only approx1mate values. In this que]-the.Fenn1 energy, EF’ is
related to the cyclotron effective mass, h*, and the'de Haas-van A]phenki

frequency, F, by &

E. = é%%—s . ' - (7.5)

Since-the cyclotron effective mass is a1most insensitive to pressure (see"

Figure 6-14), the change of E w1th pressure is ma1n1y influenced by the

pressure dependence of the de Haas-van Alphen frequency in the pressure

region investigated‘ Table 7-4 shows the calculated pressure dependence

of the hoTe Ferm1 energy up to approximately 4 kbar. The weighted

least squares fit to EF es a function of pressure up to 3.89 kbar'yields
d!

d

-(1:0220.08) mei.kpar™! (7.6)

3. Pressure dependence of the cvc]otrOn eff ect1ve mass

A comparison of exper1menta1 and calculated values of the cyclotron
effect1ve mass at standard atmospheric pressure, determined by various:
1nvest1gators u51ng different methods, is presented in table 7-5. Values
by Brandt e;__l_(1966), Windmiller (1966), Dunsworth and Datars (1973),
and Altounian and Datars (1975), were derived from the temperature depen-
dence of the de Haas-van Alphen effect. The effective mass determined
from‘the measurement of the cyclotron resonance frequency was obt a1ned by

Datars and Vanderkooy (1964).. The theoretical value of m*/m0 was

estimated by Pospelov and Grachev (1983),_who carried out a calculation
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of cyclotron masses in antimony using the pseudopotential scheme of
Falicov and Lin (1966), which does not take into account.exp]icitly
many-body effects. ‘ ]

Qur presént result is in good agreement with other measurements
within combined experiﬁental errors, wherever they are quoted, except
for the value reported by Windmiller. The difference between our esti-
mated value and Windmiller's result is significantly outside combined
experimental error. He used the Tirst approximation of the expres-
sion of the de Haas-van Alphen amplitude as a function of temperature.
The mass was deduced from the logarithmic fit of the de‘Haas—van Alphen
amplitude versus temperature. A least squares fit of the present ex-
périmenta] gata points. of a plot of 2n(A/T) against T yields m* =
(0.069:0.001)m0 which is in agreement with Windmilier's value. Thus,
the discrepancy is due to his use of the firs? approximation.

The pressure dependence of m* associated with the minimum section

t al (1978) using the

of the hole Fermi surface was studied by Brandt
Shubnikov-de Haas effect. In theiﬁ work, the temperature dependence of
the‘osciliation amplitude was measured only at temperatufes of 4.2K and
2.1K.  From these two measurements m* was deduced. Their tabulated data
of m* versus pressure showed rather poor precision in comparison wifh

fhe precision achieved in the present measurements. At pressures of 0.4

kbar and 4.5 kbar, they reported m* to be (0.075:0.004)m. and (0.081=

0
O.OOS)mO, respectively. This indicated that dm*/¢P = + (1.9:3.3)><'i0'2
mO.kbar'], which is aporoximately two orders of magnitude larger than

the value obtaired in the present experiment.
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Th;re:is no pressure dependence of cyclotron mass in the ellip-
soidal-parabolic model. The néxt available model which hag a pressure
dependence of the cyclotron effective mass is the-e]]ipsoida]—nonparabo]ic
model proposed by Kane (1957). For this model, the energy dispersion
relation has the form . . y
E2

=E+ . (7.7)
g

where 1, é“aﬁa 3 refer to the principal. axes o? the eIIHpsoid and the

m’g argégﬁ%‘band-edge effective mass components along the principal axes.
The;éuﬁfgggs of constant energy for this model are‘sti]1 eT]ipsoida1,

bu} the energy dependencg‘is.modified by the term EZ/Eg- Eg is the
énergy gap separating this band f;pm'another band near it., The non-
paraboldc energy surface leads to the energy depeﬁdence of the cyclotron
effective mass, m*. The cyciotron massxfor an orbit in tgg\z}igonal- -

bisectrix plane is given by -

m* = mb(] + 2E/Eg)- | (7.8}

_ . !
whe're_mb s the band-edge mass in units of free electron mass. The

extremal cross-sectional area is
= 27 . ' .
S = ;E'mb(] + E/EQ)E ) (7.9)
Equations (7.8) and (7.9) can be combined to give

2_ 2 . -
*Eamot (4/~)(mb/59)s . (7.102,

m
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Since S is directly proportional to the de Haas-van Alphen frequency, F

therefore

2 _ 2
m*- = mb

+ 0.46(mb/Eg)F (7.11)
where F is in units of Tesla, and Eg is in meV. The validity of this
equation was tested by Dunsworth and Datars (1973), and Altounian and
Datars (1975)." They interpreted their experimental results for the
cyclotron effective mass as a function of the de Haas-van A1phen-frequency
. In tin and tellurium pred aptimony in ‘terms of the nonparabolic, but
ellipsoidat=energy surface. Their results lend support to equaticn (7.1])
and permitted them to deduce the parameter E /m They ob;aTned E /m 7.3
and 7.1 eY. for antimony-tin and ant1mony teT]ur1um al]oys\ respect1ve1j
for the minimum section of the hole Fermi surface. The average value for

the two alloys will be used in the following analysis.

r L]

Now we test the extent of the validity of equation (7.11) as a
functioh of pressure. If we assume, for a moment at least in the pressure
reg10n 1nvest1gated that the parameters My and mb/E are insensitive to

pressure, the derivative of equation {(7.11) with respect to pressure

A

yields

dm* _ " g
<5 = (0.23/m )(mb/Eg) T - (7.12)

O the basis of Dunsworth (1573) and Altounian's {1975} average value
of Eg,/mb = 7.2 eV, and the ﬁresept experimental values of dF/dpP =

- (0.56=0.04) Tes]a.kbar_] and m* = (0.0637:0.0005)mb, ?E“folTows from
equation (7i12) that,
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’ - _ »
%E; = - (0.28:0.02)x1073 mg-kbar L (7.13)

I@ should be noted that the estimated uncértainty in the cailculated va-
Tue of\dm*/dP come from approximéte1y 7% and 0.8% errors in the measured
vajues off&F/dP and m*. This calculated value predicts a small change
in m* with pressure which cannot be distinguished because of the scat-
ter of the data points iﬁ figure 6-14. Thus, the observaed value of
dm*/dP of (0.1:0.2)x]0'3 mo.kbar'] is in reasonable agreement with the
predicted value.

Finally, it is interesting to compare the pressure dependence of
m* for antimony to that obtained for potassium. FOr potassium, we have
seen that the contribution to the mass from the eTectron-phonon interac-
tion has the deminant influence on the magnitude of the mass enhancement.
This is in contrast with antimony, where the electron-phonon interaction
is expected to be neg]igib]e.! In fact the measured m* at standard at-
mospheric pressure, (0.0637:0.0005) Mg is only a few percent (3 6%)
larger than the calculated band structure mass, 0.06 My (Pa§pgl9v and
 Grachev 1983). The experimentally determined logarithmic pressure
derivative of the cyclotron mass, (1/m*)dm*/dP, for potassium was_found-
to be - (0.7120.15)x107% m_.kbar™!, which is approximately five times
larger than the value for antimony. The theoretical analysis made 1n.
connection with the pressure dependence of m* for potassium showed that

the observed decrease of m* with increasin ressure is mainly affected
g

by the pressure dependence of the electron-phonon interaction and the
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pressure dependence of the Sand structure mass and the electron-electron
renormalization are insignificant. In contrast and on, the basis of this
analysis, a small enhancement of m* with pressure is expected to be seen
in antimony, that is the pressure derivative of m* should be influenced
by Jjust the band structure effect. In fact, the present measurements
confirmed this\::ay: Thus, investigating the effect of pressure on the
.ch]otron'effective-mass of antimony helped natufETTy to exclude the
contridbution from the electron-phonon interact%on and to identify se-
parately the pféséure depen Qfe of the band structure mass which turns

out to be nearly insensitive to, pressure as predicted from band theary.

’

Ve
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' CHAPTER 8
CONCLUSIONS

Detailed investigations of the hydrostatic pressure dependence of
the de Haaé:van Alphen effect in potassium and antimony were carried out
using the helium freeziné method up to 4.4 kbar. These measureﬁents were
madg using the field modulation measuring techniﬁue at éagnetic fields
of ué to 5.54 Tesla in potassium and 1.9 Tesia in-antimony and at tempera-
tures between 1.2 and 2.2 K in potassium and 1.2 and 4:2 X in antimony.

- The éemperature dependence of the dHvA osti]1ation'amp1itude was
used to determine the cyclotron effective mass:-m*, imr potassium. The
logarithmic pressure ‘derivative of the cyciotron éffective mass was found
to be —(O.71:]2)x10;2 kbar™! wifh a standard ‘atmospheric pressure effec-
tive mass of (1.2]1:0.605)m0. The observed enhgncement of m* with pres-
sure was. explained and analyzed by ca]cuIaE{ng the pressure dependence
of the e]ectron-phdﬁon mass renormalization parameter, hep’ which is ex-
pected to be the dominant term responsible for the mass enhancement in
a simpie metal such as potassium. These calculations were made on the
basis of a theory proposed by Trofimenkoff and Carbotte (1570). Accord-
ing to their_theory, Aep is related to the Grineisen parameter, g o
and the volume change, 2V/V with pressure through equation (5.7). The

pressure dependence of Y5 and the change of volume with pressure were

determined from recent experimental studies made by Boehler (1983) and

117 . ’
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Anderson and Swensen (1953), respectively. On the basis of this ana]ys1s,'
'the calculated logarithmic pressure der1vat1ve of the electron- -phonon

mass renormalization parameter, (T/m )dm /dP was found tp be -0.62xi0 -2
kbar'] in good agreement with Lhe measured logar1ehm1c pressure der1vat1ve
of m* within quoted experimental uncertainty. This suggested thet the
pressure dependence of the electron quasiparticle mass is sxgn1f1cant1y
1nf1uenced by the pressure dependence of the electron-phonon mass renorma-
lieatidn parenger. Simultaneously, this analysis confirmed that the
changes of the band.structure_mass and the electron-electron mass enhance-

ment parameter with pressure are small and are of negative sign. This -1

. -
~—

is the first reported measurement of this pressure dependence and prpvide§==
experimenta1 evidence for the e]ectrpn—phonon mass enhancement and its
response to hydrostatic pressure (Abd €£1-Rahman et al 1985).

- A separate experimen;ai identification of the pressure dependence

of the band structure mass was made possible by studying the influence of
hydrostatic pressure on the cyclotron effective mass of antimony. The
many-body e%fects are expected to be insignificant in antimony, and on

the basis of band theory the band structure mass is expected to be insensi-
tive to pressure. - The present measurements of the hydrgstatic pressure
dependence of m* and its magnitude at standard atmospher1c pressure con-
firmed this view. The observed difference between the measured m* at
pressure of 1 bar, (0.0637:9.0006)m5, and the calculated band structure
mass (Pospelov and Grachev 1983) was found toc be less than 6%, indicating
small many-body effects in comparison with that found in simple metals

such as potassium. It should be noted however, that if the error in the
- .
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calculated value could be taken into account the observed difference of
6 might become Tess sigmifigant. The Iogqr1thm1c pressure derivatiye

of m* was found to be +((J.IES:O.39):-:]0—2_"%:2}‘5};'-E indicating a very small

.change with pressure as predicted from band theory, and provides evi- |

dence for the insignificance.of the electron-phonbn many-body interac-
tions in antimony.

| The -1e]d moduTat1on eechanue modified to optimize’the SETEC;1V1-
ty. and senswu1v1ey of the dHvA spectrometer was successfully applied and
used to study the effect of pressure on the hole Fermi surface of anti-
mony . 'ﬁ was shown that the dominanf osciiTatory comporent can be-eli-
minated-by a‘pnoper choice of modulation angle allowing the observation
of weaker signals. A second osciliatery component can be rejected dy
ar?énging‘tonhane the axis of the detection coil lie in the plane perpen-
dicular to .the undesired oscillatory component. The use of these spec-
trometer techniques provided a good qualtiy single dHVA oscillation re-
sulting in no embiguity or complication in the analysis.

The pressure dependence of the anisotropy of the entire hole

branch_in the trigone]—bisectrix plane was determined spec{fica]1y up
te 4.2 kbar. These measurements showed that the rates of change of the
extremal frequencies, AF/F(0), of the entire hole branch with pressure .
are strongly angular dependent. In the pressure region from 1 bar
to 2.44 kbar, the pressure derivatives of the extremal frequencies were
found to differ in sign and magnitude for different fie]d directions.

In the pressure region from 3- 4 kbar, all extremal Trequencies de-

creased below their values at standard atmospheric pressure. The effect




120

of pressure on the shape of the hole Fermi surface was determined
through accurately calcu?atiné the'departurerf the surface from an
ellipsoid ﬂsing the el1ipsoida1:9arabo]ic approximation_at'standard
atmospheric pressure and at\i_épégsure bf 1.08 kbar. The total deviatﬁon
wasca1CpTatedrto be 8% and 9%, respectivelyf Based on these observations
it can be as;érted that the anisotropy and shape of the hole Fermi Qur—
face in the trigonal-bisectrix plane is gfeatly.inf]uenced by pressure.
The pressurerdependence up to 4.3 kbar of the minimum Trequency
of the hole Fermi surface was found to decrease with increasing pressure
" in a nonlinear fashion up to 3.89 kbar at an average rate {1/F)dF/dP =
(O.SH:O.O?)xTO'2 kbar']. The pressure dérivative of the fréqﬁency rea-
ches its minimum value at (3.7<0.3) kbar and then changes sign with
further increase in pressure. For pressures Lp to 4.3.kbar the tilt
ang]e-o% the hole.Fermi surface was found tg.bé 1n§ensitive;to pressure
within quoted experimental error. ~This reéu]t agrees with previous ex-
perimental investigations devoted to the oscillatory properties of

-

_antimoﬁy“under pressures 'of up to 14 kbar (see for example Brandt _j;_j_
1978), but disagrees with‘ihe\analysis of the da]vanomagnetic measure-
me:r}ts (Kechin 1968). L e |
The hole Fermi energy was founa to decrease.ﬁith increasing pres-
sure up to 3.8% kbar at.a rate of dEE/dP = - (1.02=0.08) mey:kbar-?/’l
This was calculated on the basis of the e]?ipsoida]¥pérabo]1c'modei
ugfhg experimentally measured préssure dependenges of the dHvA frequency

and tfle cyclotron effective mess associated with the minimum section of

the hele Fermi surface. This model can only - be considered as a first
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approximation to the actual Fermi surfacé-and so yields just approxi-
mate values.

Detailed studies at higher préssures on thg specific changes of
the an{éofrgpies_of the extremal cross-sectional areas of the Fermi sur-
face and their associated cycIotron effeétiﬁe masses with pressure ére_
needed in order to c]ar1fy the response of the energy band struc;ure
to pressure., These w111 provide valuable information wh1ch night be
useful in developing an anaiytical expression for the energy dispersion
relétion, g(k), and its pressure.dependence. The development of
such morelcomprehensiVé band models is of critical importance in. order
to-explain the effect of pressure on the electroﬁic band structure in
aﬁtimony.

K

! . -



. E ' - 22

REFERENCES -

Abd E1-Rahman A A ETTiott M and Datars W R 1985 J. Phys. "F: Metal
Physics 15 859° o

Altounian Z and Datars W R 1980 -p;n. J. Phys{ 58 370
Altounian Z and Datars W R 1975 Can. J. Phys. §g 159
Anderson M S and Swenson ¢ A 1983 Phys. Rev. B 2§ 5395
Ashcroft N W 1963 Phil. Mag. § 2055

Boehler R 1983 Phys. Rev. B 27 6754

Brandt N B, Bogdanov £ V and Minina N Ya 1978 Sov. Phys. Solid State
20 77 . '

Brandt N B, Minina N Ya and Pospelov Yu A 1969 Sov. Phys. JETP 28 889
Brandt N 8, Minina N Ya and Chen-Kang Chu 1967 Sov. Phys. JETP 24 73
Conen M and Blount E I 1960 Phil. Mag. 5 115

Cracknell A P and Wong X C 1973 The Fermi surface (Oxford: Clarendon)

Datars W R and Vanderkooy J 1864 1IBM J. Res. Dev. 8 247

Davis H L, Faulkner J S and Joy HW 1968 Phys. Rev. 167 601
Dingle R B 1952 Proc. Roy. Soc. (London) A 211 500
Dresselhaus M S 1970 Proc. Intern. Conf. on Physics -of Semimetals and

Narrow-Gap Sem1conductors (Dallas, Texas) ed. Carter D L and Bate R T
pp 3-33 :

Dunsworth A E and Datars W R 1973 Phys. Rev. B 7 3435

Qunifer G L, Mace D A H and Gambles J R 1884 J. Phys. F: Metal Physics
(to be published) .

Elliott M and Datars W R 1982 4. Phys. F: Metal Physics 12 465
Falicov.L M ard Golin S 1965 Phys. Rev. 137 A871

Gold AV 1968 Solid State Physics ed. Cochran J F and Breach Vol. ]
pp 39-126




123

Grimes C C and Kip A F 1963 Phys. Rev. 21 691

Harrison W A 1965 Pfoceed1ngs of the First International Conference on
The Physics of Solids at High Pressures (Un1vets1ty of Arizona, Tucson,
Arizona) -

Herrod R A, Cage C A and Goddrich 1971 Phys. Rev. B 4°1033
Ishizawa Y 1968 J. Phys. Soc. Japan 25 150 .
_ Jdennings L D and Swenson C A 1958 Phys. Rev. 112 31

Kané-E 0 1957 J. Phys. Chem. Solids 1 249
Kechin V V 1968 Sov. Phys. Solid State 9 2828
Knecht 8 1975 Low Temp. Phys. 21 691

. Landweher G 1968 Physics of Solids in Intense Magnetic Fields ed.
Ha1demenakis ED

Leavens C R and, Carbotte J:P 1973 Caﬁ. J. Phys. 57 398 .
Leavens C R, MacOonald A H and.Taylor R 1983 . Phys. Rev. 5 27 1352
Llee M J G 1970 Phys. Rev. B 2 250 |

Lee M J G and Falicov L M 1968 Proc. R. Soc. A 304 319

Lifshitz I M and Kosevich A M 1955 Zh. Eksperim. Theor. Fiz. 23 730
[English translation: Sov. Phys. JETP 2 636 (1956)]

MacDonald A H, Dharmawardana MUWCand Ge]dart DJW 1880 J. Phys. F:
Metal Physics 10 1719

Martin O L 1970 Can. J. Phys. 48 1327 ‘

Minina N Ya and Laerova VYV 1969 Zh. Eksp. Theor. ?iz 57 354
Monfort C £ and Swenson f-A 1965 J. Phys. Chem: Solids 26 291
Morosin B and SChirber J £ 1969 Phys. Letters A 30 512

-Morosin B and Schirber J E 1972 Solid State Communications 10 249
Moss 4 S 1968 Ph.D. Thesis McMaster University

Onsager L 1952 Phil. Mag. 43 1006



b . 124

- -

Paul D McK and Springford M 1578 J. Phys. F: Metal Phxsics 8 1713
Pospelov Yu A and Grachev G S 1983 J. Phys. F: Metal Physics 13 1179

Rakhmanina A V, Venttsel V A, Likhter A I and,ﬁhdney AV 1978 Sov.
Phys. Solid State 20 1835 . ™

‘Rice TM 1968 Phys. Rev. 175 858 S e

Rose J and Schuchardt R 1983 Phys. Status Solidi -(Germany) b nz
no. 1 213 :

Schirber J E and 0'Sullivan W J 1969 Solid State Commun. 7 709
Schirber J € and 0'Sullivan W J 1970 Proc. Intern. Conf. on Physics of

Semimetals and Narrow-Gap Semiconductors (Dailas, Texas) ed. Carter D L
and Bate R T pp. 57-61, in J. Phys.Chem. Solids 32 Suppl. 1 57 1871

Schirber U ﬁ‘and Van Dyke J.P" 1971 Phys. Rev. Lett. 26 245_

Seiden P E 1989 Phys. Rev. 179 458 )

Shoenderg D and Stifes P J 1964 Proc. Roy. Soc. A 281 62 z
Shoeberg D 196% Phys. Kondéns. Materie g1

Slavin A J and Datars ¥ R 1974 Can. J. Phys. 52 1622

Spain I L and Segall S 1871 Cryogenics 1126

Stark R W and Windmiller L R 1968 Cyrogenics 8 272°

Tanﬁma S, Minomura S, Fujii G and Datars W R

1
Conf. on Low Temperature Physics {Kyoto, Japan)
Tokyo (1970) p. 587

970 Proc. Twelfth Intern.
, Acad. Press of Japan ~

Tay C Y and Priestiey M G Actes_Co]]oq. Int. No. 188 139
Templeton I M 1974 Can. J. Phys. 52 1628 )
Timbie J P and-White R M 1970 Phys. Rev. B 1 2409

Trofimenkoff P N and Carbotte J P 1970 Phys. Rev. B 1 1135

Lalsh M 1934 (unpublished).



125

Wilk L, MacDonald A H ahd:Vosko S H 1979 Can. J. Phys. 5710865
Windmiller L R 1966 Phys. Rev. 149 472

Ziman J M 1972 Principles of the Theory of Solids Second Edition
© (Cambridge University Press, (ambridge)




