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ARSTRACT

The absorntion coefficient T of a normal metal like
any one of the thermodynamic and kinematic properties of the
metal greatlv dernends unon the state in which the metal is
found, At low enough temperatures and the metal going throudgh
electronic nhase transition, the absorntion coefficient under
the action of an axternal magnetic field is shown to assume
different values in different regions of 7, the parameter of
PT~2%, In PT=2% assoiated with aprnearance of a new spheroidal
cavity, it is found to bz low and monotonous halow a certailn
threshold value 2% while shows Giant Quantum Oscillations (GQ0)
with exponentially rising amplitude for values % > Z¥, the

t
T «he «|z[. 1In

I
PT-2% associlated with breaking of the Fermi neck the absorp-

conditions of ohservation of GOO heina k

tion coefficient shows strict dependence on the angle of ori-
entation of the magnetic ficld {0). Near ¢=0, it is found to
behave in the same way as in the appearance of a snheroidal

cavity wherecas near a critical value of the angle Gcrit

~p)E

r

shows a sharp anisotrony of the root - type (ec

+ Wherever h appears as a symbol here after in this manu-
scrint it must be read as ﬁ .




INTRODUCTION

The energy spectrum of the electrons of crystalline metal
has band character which results from iﬁs periodic nature in
momentum space., At absolute zero, metals consist of partially
filled bands, called conduction bands, which are responsible
for the metallic properties of the metal; and in this ground
state (T=0} the electrons occupy all states less than the
Fermi energy, the surface of this constant energy being the
Fermi surface, Within a given band of energy spectrum there
are gseveral singular points with critical values of energy
€x at which the topology of the Fermi surface suffers changes
and this occurs whenever under the action of external uniform
pressure or of impurity the Ferml level approaches the criti-
cal values of energy ex (i.e. whenever €p = x passes through
zero) [1,2]. A change in the topology of the Fermi surface
may be that a new split -~ off Fermi sheet appears (disappears)
or a connecting neck is broken; and this commonly results in

singularity of the density of states v{e) given by

vie)= v, € +-6§(€) )

where v, (e) is a smooth function of the energy and Sv(e) is
singular, The singularity of density of states is of the root-
type, usually termed as a van Hove - type singularity (3] and

is generally given by:




svle)= 0 (e < Ek)
/2 v %

written under the assumption that the number of sheets incre-
ases with increasing energy. V is the volume of the speci-
men, The singularities of the spectrai density v {¢) and the
dynamics of the electrons near the critical surface lead to
peculiar anomalies in the thermodynamic and kinetic character-
stics of the electron gas in a metal, the absorption coeffici-
ent of ultrasonic wave being one. Take, for instance, this
other case of the thermodynamic potential (Q) of which many
physical provnerties are derivatives. It can easily bhe shown

that at absolute zero the anomaly of @ is given by

O {e¢ < ¢

)

80 = k
~4/150 12772 (e 3 e
. Y2 v
where, 4 = =5 -z /(mlmzmj
T h
and AR Ep €y

Note that, the second derivative of the thermodynamic pot-

%

ential has a singularity proportional to 2° while the third

-
derivative has a singularity proportional to 2 ,
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‘fhus the anomalies of the thermodynamic potential at % = o
carry the name "electronic phase transitions" or "phase transi-

tions of order 2%V,

At low enough temperatures absorption of short wave-
length sound (kg > 1), where k is the wave - vector of the inci-
dent sound and g isthe .mean - free path of electrons, by a
metal can be considered as purely the direct absorption of phon-
ons by the electrons [4] of the metal and the coefficient of
absorption for such a case is quite sensitive [5-8] to a phase
transition of order 2% or sinply to the parameter Z. The
present work is devoted to the investigation of the behaviour
of the absorption coefficient by a metal in a magnetic field
in the case of electronic phase transition which results from
a change in the topology of the Fermi surface for the cases of
appearance (disappearance) of a spheroidal cavity and the rup-

ture of a connecting neck.




CHAPTER XY

ATTENUATION OF SOUND BY METALS

1.1. Ultrasonic absorption in metals

The most essential mechanism of abosrption of ultrasonic
wave in normal metals comes from the interaction of conduction
electrons with elastic oscillations of the lattice (phonons).
An ultrasonic wave being an intense flow of coherent phonons
with the same frequencies and wave vectors, when incident on
a metal creates a sequence of compressed and rarefied regions
in the lattice moving with the velocity of sound. This sequ-
ence of compressed and rarefied regions on the other hand
results in a periodic variation of the density of space charge
moving along with the wave, which is explained by displacement
of valence electrons from regions of compression (i.e. regions
of higher density of ion cores) into those rarefied. The re~
sulting positive charge in the compressed regions and negative
one in the rarefied regions establishes a periodic distribution
of the electric field which remains practically fixed at each
ingtant of time, since, of course, Vo> 8., . Here Vg4 and s
are the values of the electron and sound velocities respectively.
Being accelerated in this electric field, electrons are then
gcattered on phonons and thus transfer to the lattice their
energy gained from the ultrasonic wave. Energy is also partly
logt as Joule's heating Eg.ﬁo This in essence 1s the electron
mechanism of abhsorxrption of the energy of the incident ultra-

ound.
soun e




The attenuation of sound in metals depends on the magni-
tude of the ratio A/L of the wave length of sound and the elec-
tronic mean free path as well as on wt,T being the relaxation
time of electrons and w the frequency of the incident sound.

In case of when A« % or eguivalently wt > 1 the attenuation may
be thought of to be carried out by absorption and emission of
single quanta of sound enexrgy. Thus in this limit of high fre-
quency {(i.e. k& » 1} sound attenuation is a pure guantum pro-
cess; and the process of absorption is subject to the conserv-

ation of energy and momentum principles as given by:

B bk = Ped

and {(1,1.1)

e(ﬁ‘)= e(g) + hw

where, k is the phonon wave - vector and E the phonon momentum.
From (1.1.1) follows

e (p+hk) = e(p) + hw

which after expansion in powers of hk‘(assuming|hﬁ|¢45])

delivers

eB+hE) = e @) + nk. 2

ap

= e(E) + hﬁoﬁe




-

Comparison of this last equation with (1.1.1) shows that
w=~§.?;_which using the identities w = 27f and s =£fA may be

dissolved info

s = Vg cos 6 | (1,1.2)
: y

When seen in light of the fact that at temperatures neaf abéo—‘A
lute zero much of the interaétion of a normal metal with its
surround;ngs comes due to the abtivity.of its . conduction elec-
trons on the Fermi surface, Eq. (1.1.2) suggests that resonant
absorption of phonons is only“due;to such electrons on the
vFefmi surface which mOQe in phése-ﬁith the sbﬁﬁd ﬁéve. Since
Vo = Vg ﬁ- s’Vé being the Fermi velocity, these electrons
_ move practicaily in the plane 6f coﬁstant phase of the wave
at an angle close to 90 degrees to the vectorwﬂ {the direc-

tion of motion of these electrons making an angle of the

order of s/vF with the constant phase plane) (Fig. 1) .

-[—..'—._.—u——-—.—..——-.

5K

Fig. 1. Relation between direction of incident sound and
Fermi velocity aof electrons involved in absorption.




..7...
For incident phonon energy which normally is quite insigni-
ficant anq may be taken as only a small perilodic perturbation
the absorption coefficient under the case discussed above can
be determined using time - dependent perturbation theory,
The problem actually may be put as that, being given the comp-

lete set of solutions to the unperturbed Schrodinger eguation
He¢ =E¢_  , (1.1.3)

where ¢n are Bloch - waves in the crystal, we try to find

Y ({t) satisfying the eguation
ih 282 |1+ vy e, (1.1.4)

Here VI(t) 1is the periodic perturbing incident sound energy.
The standard procedure of solving this equation begins by exp-

anding ¥(t} using a complete set of functions as

ey = EC (®) o exp(ﬂiEg t/h) . C(1.1.5)

Substitution of (1.1.5) into (1.1l.4) together with (1.1.3)

delivers

aC
n 0 _ )
g "§€'¢n exp ( lEn t/h) -A§ V(t)Cn ¢n.exp( 1Ent/h)




Y

Multiplying this bynﬁg , integrating the result over all space

and using the orthonormality of Bloch ~ functions

< ¢m|¢n> = 61[11’1

we finally arrive at

ac

m o 0
ih = A I>icn< :pm|V(t) |¢n> exp i(E

0
m-En)t/h (1.1.6)

t

where, f ¢; V(t)¢n d3r = < ¢m|v(t)]¢n>

We shall solve (1.1.6) to first order in the parameter A .
As an initial condition at t=0 we take the system to be in a
particular state ¢k’ as that ¢ (0) = ¢k which when referred to

(L.1.5) gives:

an(O) = 6nk

where Gnk is the delta Kronecker symbol. o 7
Since departures from these values at latter times will depend

on A, we may, for first - order calculation, substitute this
into RHS of (1.1.6), This yields the differential equation

(fFor k)

oC 0 _0
ih —& = 1<¢mIV(t)|¢k> exp:iﬂ%n=Ek)t/h




which when solved vields
c (t) = _.L}:dt'< (e )| >P};'O'i (FOBFO)t/
m - ih g, o ¢ 7 BXD ISR TR M n

The probability that at a later time t, the state ¥(t) is an
eigen state of Bo with energy Eﬁ, that is, that it is ¢n is,

according to the expasion nostulate

p (6 = | luers]? = loy )]

50, the probability of transition from the initial state k

to the final state m is given by

> = _..:E'..
ksm 2

t
- E i s ¢O== O g L]
. édt <¢m!t1|¢,k> exp i (E_~B. )t/ (1.1.7)

where AV(t') is replaced by U.

The energy operator U describing an electron in an

external periodic time - dependent field is of the form

-+

U =k (ue ity e FUT (1.1.8)

> ik -f
' (ryt) e *

+
where, u = Aij (n) uij

Here the deformation tensor ujj is given by

3u 0,

u,. = %(——i + —-t) which is periodic,
i3 axj ij
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uy being the displacement field of the medium. Aij is
the tensor of deformation potential. The first term in (1.1.8)
refers to the absorptionof phonon energy while the second term
refers to emission., That means (1.1.7}, the prohahility of

transition after absorption of a phonon of enexgy from the

incident -sound wave, can be rewritten as:

1 2.t iat', 2
P, === [<¢_|ul¢,>|"|s dt' e |
k-+m 2h2 m k o
where, EO—EO—hw
p o= MK
h -2
It can be shown that
t 1AtY2 4 2 At
l édt’ e " T = - sin® (55) (1.1.9)
A2

2
Note that 1imt+°° §i§33£ is the Dirac delta function 6§ (a)
nta”

)

for, when e&fo this limit is zero while when a=0 it is infi-
nites and moreover when integrated over « in the region (-«,)
it delivers unity. Thus for large enough t (1.9) yields

mi— sin2

2

AE) = 2nt s(8) .
. ;

The probability of transition per unit time may then be re-

written as
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% 2 o, .0
Prom = B |<¢m|u|ﬂ{>| 8 (E_~huw-E, )
or even as

P -+,
pp

T 2
=5 |U§E,| G(hmgg,mhm)
where, B and B refer to initial and final momenta of the ele-

ctron.

This probability has to be multiplied by (f(g) - f(g.)h
where f(ﬁ) is the Fermi-Dirac distribution, to accomodate the
case of transitions in inverse directions. Hence, the rate
of ultrasonic energy absorption per unit volume and ver unit

time will be given by:

S 2 - -
Q = v, g;' T hmgg,lUgg,! 6(hm§§, ho) (f(g) f(ﬁﬂ)

from which the coefficient of ultrasonic absorption (ry fol-

lows by dividing this by the flux = % pA? o° s

valqjlz
6(hm§§,ﬂhm)(f(ﬁ)—f(§,) (1.1.10)

3 %

v pA2m28 pﬁ'
]

where, 0 ig the density of the crystal, A is the amplitude of

oscillations in the sound wave and & is the group velocity

of sound.
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In (1.1.10), |UO[2 stands for [U%%,Iz which can be considered
as a constant matrix due to the iimitation in the region of
interest, namely, the region near and around the critical value
of momentum. The summation of (1,1.10) has to be carried out
over all quantum states satisfying (1.1.1); and since without
a quantizing field in action the summation may be replaced by
integration using the relation

2V

an_ = Q—3‘d3p
P (2gnh)

from ,{1.1.10) we get

P=fIM0|2 8 (e, =+ the=-¢c >

3
(v) (p+a))(fe§)—f(a§+hm))d p (1.1.11)

where, |M0|2 is a constant matrix given by:

Sy 2
|M0!2 4HIU0! w

pAzQQVS(th)3

Ed. (i.l.ll) 1s the quantum formula for the coefficient of
sound absorption.
Under the legitmate assumption that hm<<gg we can

write

3f (e>)
f(eg) - f(a§+hm) = f(e§>= |f185)+hw =
er
P
af (ey) :
= = hw...__.___g...

.9 ed
P




Ak, T
1l @ B

385 kBT (eA/kBT+l)2

2
o
o+
B

(1.1.12)

where, 4 =e-~ § and 1y is the chemical potential,

In the limit as T approaches zero the function

A frpT - ,
I for A + 0 is identically zero whereas in this
(eb/kBT+l)2

same limit for A=0 the function reduces to unity. Moreover, -
~

it can easily be shown that

- A/k T

r & da
- (eA;kBT+1)2 - coshzx

where, Alk m = 2x
T

Thus we can conclude that (1.1.12) gives

Bf(eg)

v = -~ §&§(4) and hence in this case (1.1.11)
d £

takes on thépform

/

= T . . 3
I''=hoe/ |uo| 5(;—5 n) rﬁ(eg+hw e(§+q+;d p  (1.1.13)

As compared to (1.1.11) Eq. {(1.1.13) is (due to the assumption
hw <<eg) a quasiciassical formula for the absorption coeffici-
ent of ultrasonic wave; and for the case of T7=0, it may be re-

written as




Ry

T = hmflMolz 6(e§“eF)6(e§+hm”s ))d3p (1.1.14)

3
(pt+d

1.2 Absorption of sound in the phase transition of order 2%

As is mentioned in the introduction, a phase transition
of order 2% is accompanied by appearance {disappearance) of a
new Fermi shect or breaking of a connecting neck. Let us pick
this case of appearance (disappearance) of a spheroidal cavity,
just for the sake of mathematical simplicity. Near such a point

of critical energy, the dispersion may be approximated by:
2 = - =
P om = & = 2

where, of course, the energy is measured relative to €y 7 is

the measure of the size of the new cavity.

The absorption coefficient (1,1.14) when made to accomo-

date this phase transition then appears as:

2.3 2 p? G2
r = halM 12766 (e tp”/omme) 8 Loy +ihm'==ak-—%9‘ )

For|d| «|D| this takes on the form

2 3 ? <+
r = hw}”ol fa P 8 (€k+p '/Zm“‘EF) 8 (hﬂ.\"’ "EI—;{‘q)
(lL.2.1)

Employing now spvherical polar coordiantes in which case

a%p = p? sine dp de do




Eq. (1.1.15) can be rewritten as

2
r = h.wIMOIZ /p? sine ap do d¢ E= - 2) s (ho- 99%953)

which itself, after making the change of variable

X = - cos8 gives

1 )
ro= 21rhos]MO|2 ro° dp 7 axs(p%/om2) 6 (hut By (1.2.2)
=1

The integration over x after making a further change of vari-

able
Y = x4 hum reduces to
»a
l+hmm
Pa h h
m v - m _ wm wm
Ba §(y)ay o for 1+E§;-<o< 1+ T
1|hmm
ng

50 that (1.1.16) becomes (since ¢ = pz/gm)

2
_ 2rhuem 2 ~
' S lM_ol fde 8(e-7)

(l.2.3)

(1.2.4)

Notice that the requirement in (1.2.3) may be restated as

2
ny 2 2 2
_ e _ .2 h m _ rms’_ %
€=y - =P /om0 ===l

2q

which,
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of course,is in agreement with (lLl;Z).

Thus (1.2.4) delivers the absbfbtioﬂ coefficient given by:

2
2xm hu 2 _ *
=~ |M0| =T, for 7>2

r = ' - {1.2.5)
o) for %<z*

i

The above set of equatlons indicate that under phase transition
of order 2%, the absorption coefficient shows a jump AT, which
is comparable to T, itself and this jump is independent of the

parameter %, Refer to Figure 2,

."! -y

s =
v

':&K‘
Fig. 2 Absorption coefficient in the case of appearance (dis-

appeéraﬁUéT‘of‘a“spheroidai*cavity»atJ%20:—ﬁ-

The above result is calculated spécifically for the case of
negligible phonon energy hw and T30 so that smoothing of the

jump due to temperature may be ignored.
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Let us now pick this other case of phase transition of order

2% accompanied by the breaking of a connecting neck. In the
rupture of a connecting neck, let us assume that the constant -~
ene;gy su;face e(;) = g containg a conical singular point

-

P = gk. Near such a singular point the dispersion is well ap-

proximated by (when energy isrmeasured relative to the point

-+ +
P = Pt
o2 +p2  p?

where axis = 3 colncides with the axis of the neck., The above
equation stands for a hyperboloid of one sheet 1f Z>0; a cone

if 2=0; and a hyperboloid of two sheets if Z<0(Figure 3).

Fig.3. Egqual enerqy surfaces before and after breaking of neck.
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For\this case of nhase transition accompanied by breaking of
a connecting neck (1,1.14) must be rewritten in a new form.

This can be done by noting that:

p2+p2 pZ 2
P1"Pp  F3 1
gtha - e = (—me gy el byt
(§2+ % sine) 2 (:514-'& cosge) 2
2m_L ' 2mH

Assuming |&|<«|Dlthisnay be shown to reduce into:

Po sineg Pa coss
hk (s - = + :
L

)

m

]

where, s = w/k

Thus:

p2 sing% 93 cosd

. L _
6(e§+hw - a(g+a}) = i §{s )

my mH
Using this and the dispersion (1.2,6) the absorption coeffici-

ent in (1.1.14) can be restated as (for T20):

hw |M 12 p2+p2 pz pzsine-p cosb

Pty 1Py 3 Py 3

T = fe——— [ §( oy vl Z2Y8 (g~ 0 Ya'p
a 1 i My I

{1.2.7)

8 defines the angle of inclination between 53 and hk which

is arbitrarily made to lie on the(p2p3)p1ane.
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The integration of (1.2.7) is performed along the curve of inter-
section of the plane
p251ne pacose

8 - + = 0 and the surface of (1.2.6).
my m”

This curve of integration remains closed and elliptic, which
can be shown using the method displayed in pp 73-77, only for
8 < 6cor where 6,,., as evident, from Fig.3 (b), being the angle

of cone safisfies the eguation

2, 2

B, _ /Py * )

tan ecr = —— = = .
Pu Py

This using (1.2.6) for the case ep = €

2 2
P1¥P, P3 _
2m T Z2m 0
H
may be rewritten as
m oy

tan 8 = (=
cr my

The ¢alculation of T' from (1.2.7) will be simplified if first
integration over P is made; and later on simple transformation

techniques developed in pp 77 may be followed to deliver

2

- r m 2 2 m, s .
R e i ) o8l EE (e 2 y|apdg  (1.2.8)
"L Rcose L 2Rcos” 9




m
where R = 1 - mﬂ tanze
ny
27m, m, h
- I 2
and T = e i

It can be seen from this that the integral is different from
zexo when Z+(m”sz)/2Rcosze>o, and, consequently, the anomally

in the absorption coefficient should be abservable at

2 2
Z = &4, = = mys”/2Rcos" 8 (1.2.9)

So, as Z+Zc the absorption coefficient undergoes a jump equal

r!
to

o

AT = ==
R*cos8

(1.2.10)

which coincides in order of magnitude with FO’
Note that for Z<Zcr, the abgorption coefficient is equal to
zero., Moreover, from (1.2.9) & (1.2.10) we abserve that as 8
increases toward 6, the quantities 2] and Ar show increments;
and it can easily be calculated from (1.2.10) that in the limit
e;ecr" the jump of the absorption coefficient shows a root~law
increase as given by

s

e

AT

(A0 <« Ocr) {(1.2,.11)

m
/2% /ao
g
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where, AD mecrw 8

In the case of @ >0, during which the curve of integration
of courseis open and infinite, the absorption coefficient T4 O
for any value of Z. A sinple analysis shows that for any 6>ecr

there exists a value of the parameter Z at which the absorption

coefficient logarithmically diverges according to:

2
2r P
F 2
2r2 . = 9 5 L n| = 0‘
xsing (ctn 0 op=Ctn G m (2-2)
2
m, s m
iR L 2 =1
where, Z' = ~——y (1 = —= ctn )
L 2sin”e Ty

the maximum value of the absorption coefficient is attained

%
at 7 = Zcr and 1s egual to

2
rolnA(4pom”hm)

T = (1.2.12)
max wsina(ctnzecr=ctn29)15

Divergence is removed by using (1.1.11) instead of (1.1.14).
Notice that as the angle ¢ approaches the critical value, the

quantity Fmax increases and in the limit (1.2.12)-gives

r o« (0-0_ )% (1.2.13)
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1.3, Absorption of sound in the magnetic field and giant guan-

tum oscillations

The energy of the conduction electron in a magnetic field
ﬁ, which may be assumed to be directed along the 2 - axis, is
quantized (Refer to section 2,1, [é]) being dependent only on
the principal guantum number n and P, the component of the ele-
ctron momentum along the magnetic field, IYgnoring the spin spli-
tting of the energy levels (Landau levels) and assuming for sim-

plicity quadratic dispersion law of the form:

e = p/am (1.3.1)

the energy of the conduction electron under such condition may

be given as:

2
ex = he(n+k) + 5o (1.3.2)
Z,N .
el
where, & = == (Larmor freguency)

For such a case the ahsorption coefficient (1.1,.10) takes on

the form

2
rg = |MP° T ro [f(en,ﬁ
s N0 z
N

z

-f [ -
) (;nzgé)]é(en,gé

£

En,52 -hw) (1.3.3)
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where,

TZ e

' 2
2u0 |0, |7
2 0
]

VO pAZ(:)?:;

Not only that, the conservation principles stated in (1.1.1)

must now be rewritten as:

B, = B, + hK, (1.3.4)
' 2 2
a ho(n' +%) + Eﬁm = hQ(n+%)+E£-khm"
an n +3 m 2m

But, (1.3.4) under the assumption |hﬁ7|<<|52| requires that

D hkZ
h(n'-n) + —E—= = ho (1.3.5)
which since Q> w delivers the condition n' = n . This speci-

fically means that the rise to a higher Landau level (by an

electron) after absorption of a phonon of energy is improbable;
or equivalently it means that the variation in the state of an
electron after absorption will be noted only as an increase of

the momentum P Thus under thils newly discovered condition

(1.3.5) becomes

-+ (P?)

hw = hk, S
5
apz

or s = v_ cos (1.3.6)
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?his is the condition of-absoption by a metal subject to a
magnetic field, and it implies that only a small belt of elec-

trons on the Ferml surface are involved in ultrasonic absorp-’

tion(Figure 4).

Fig. 4. The belt of electrons effective in absorption.

The value of 6 is limited by 64, <§<90° where 6 satisfies

) lim
the relation

-
cos alim_f.v;TK) , (1.3.7)

According to (1.1.12), [ﬁ(en,ﬁz)" f(%f,ﬁ;ﬂ may be

hu 1

replaced by 0 5
kg cosh [(en.ﬁ ~u}/2xpT]
z

so that this




together with the conditions of absorption:

let (1.3.3) have the form

§{e_ = o€
rg = M7 3 I g onZ] (e 2 ~w)/
pz B cos (En'Pz u 2kBT|

Using the assumption lhﬁéllx igz{which can be used to expand

en,52+hﬁz in powers of hkz, the above expression may be re-

yritten as:

G(Pz” i)
FH = 4;“% I"z(hk ) Z 2 =
n h* > -
B Z ;)Z cos , (En'pz u)/szTl

(1.3.8)

Fploying now (1.3.5) undex the condition n' = n and noting

the fact that p,_ i8 not guantized so that the density of ele-
2z

ctron states along P, is given by

v (p)) = mgﬁﬂﬁi , (1.3.8) - can be changéd
{(27h) "¢ -
into
G(Qs-§2
B (27h) “¢ z N

Z 2
cosh™{(e. » =u)/ '
[ n,p, ZkBT]

(1.3.9)
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from which follows

2
Py =) % 22— By ,
B {2zh) "¢ z n 2 pha (n+k) -u
cosh
e
B
Notice that in the ahove expression the quantity Eﬂi
2k
A
is ignored from the argument of the hyperbolic cosine.
_ eH 2 2 (27h)3 . .
since, o = = and IM| € = IMOI ~5-— this same expression

can further be reduced into

h@ 1

T = T e X (1.3.10)
H O 4kBT n c h2 Lhﬂ {(nt+%) -ﬂu]
0s 2k, T

For @ »0 or egquivalently for h@ 4<kBT the summation over n in

(1.3.10) may be replaced by an integral so that we get

-

which is in perfect adre-

¢ d
T o= (Ty/2) S gt
0 cosh”™ (y- ﬂ/ngT)
ement with the discussion of section 1,2, Moreover, from

To

(1.3.10) it follows that for i large enough so that kBT «< ha ,
. h@
Ty osclllates bhetween approximate maximum value Ts Zﬂgﬁ >»> T

and approximate minimum value

hQ

exp(mahn/kBT) « T,

t

which occur whenever the value h@ (n+%) 1s close to u and far

from y respectively. Therefore, I'' exhibits very strong
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oscillations (Figure 11) termed as Gilant Quantum oscillations
{10-14] which are uniformly spaced in H™Y. The period of osci-

llations may be easily determined using the techniques delivered
in pp 64-65 as

A sketch of the Landau levels as given by (1.3.2) is drawn
below {(Fig, 5).

4
od,
S AN e b
S Py AR
- Q) D S
S \—{
L :Zf S
N _§/\ N
' ™~
L«/\ . S .
Pro | A

Fig. 5. Origin of Giliant Quantum Oscillations,.

_—

As has been triled to explain earlier, 1t is only those elec-
trons with momentum P__ satisfying the condition (1.3.6)

which can participate in ultrasonic absorption; and for low
-enoughAtempe#atufeéhtheirwenergf”is close to the Fermi level

found in the narrow striﬁ of eneréy indicated in Figure S.




B

Then whenever on merges into one of the allowed segments on
the Landau levels marked in block the absorption coefficient

FH rises to a large value and drops to a real low value other-
wise. That means as the magnetic field is continously increa-
sed broadning the gap between the Landau levels, the absor-
ption coefficient passes through peak values periodically which
in effect produces the Glant Quantum Oscillétions digcussed
earlier. Notice then the fact that for abservation of GQO, u

has to he large enough so that the condition

kBT«hQ << | (1.3.,12)

is satisfied.




CHAPTER 11T

GIANT QUANTUM OSCILLATIONS IN THE

PHASE TRANSITION OF ORDER 2%

2.1. Quantization of the energy levels of the conduction elec-—

tron in the magnetic field

It was mentioned at the beginning of section 1.3 that
the energy of the conduction electron in the magnetic fleld is
quantized. The guantized energy levels given by (1.3.1) for
the simplest case of quadratic dispersion law applied in the
free electron model may be derived quite simply using the

SchrSGinger equation

iy = ey : (2.1.1)

where the Hamiltonian Owerator in this case is

f =k = ﬁz/zm B being the generalized mome-
ntum introduced as

P=p ~ % A (p = - 1hy = kinematic momentum)
Thus

1 e o, 2 , :

Ba (~ ihv - 3 A)® ¢= ep,which after expans-

ion delivers
-29-
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? 2
h 2 ihe e’ 2,
I Voy + “ro (v .K)ap + ?mcz ATY=¢l

For the arbitrary cholce of R = (0, Hyx,0) this again may be

rewritten as:

2 2
h 2 ihe 3 e 2.2, _
i "'?‘:'r'n‘ v IIJ “1-"1_[7&*‘5—— (HX)Q) + " (H X )III--E:‘,U
nc
2 3 d 32
which, since v° = 5t - 7 simplifies into
X 3y~ 3z~
2 .2 ' 2 2
S W P O OO S NI - TV N « W A
2m 3 2 * o5 (- ih 3y ¢ HE R o’ = ey

(2.1.2)

We now look for the solution of this equation in the form:

b(E) = ¢(x) expi(p ¥/ + p,2/n)

Substitution of this into (2.1.2} produces

n? 0% ) L efu’ .. Py2 o
T 2m 2 5t  (x= gﬁz)-¢(x) = (e )¢ (x) (2.1.3)

o 2me

Hote that (2.1.3) is very similar to-the Schfodinger equation for a

one dimensional Harmonic - oscillator:

. h2
2m

2 2 '
X - ,
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whose eigenvalues are given by

fl

€ he (n+%)

n

where, w = (k/m)%;and notice that there is a shift of origin

Cp
by Eﬁz .

The quantized energy levels of the electron in the magne-
tic field is then easily observed from (2.1.3) by comparison
with (2.1.4) to be:

2
Py

€n’§z = hq (n+k%) + T {2,1.5)

vhere, Q = lﬁ%ﬂn (cyclotron frequency)

Ags pointed out at the beginning,the above derxivation is made
for the simplest case of free electron model; but the appear-
ance of discrete energy levels for a fixed valweof D, is a
nroperty to be expected even for an arbitrary electronic spec-
trum which might be complicated if the traijectory of the cond-
uction electron in momentum gspace is a closed curve. Since

¥ »> hQ is the legitmate condition for ultrasonic absorption and
observation of GQO, the relevant states have high guantum num-
bers n, Hence the guantized energy levels of an electron with
an arbitrary dispersion can be determined using the Semiclas-

gjcal Bohr - Sommer £f£eld quantization rule stated as:

fpy A0, = 2vh (ng+y) (2.1.6)
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where Qi and p; are conjugate coordinates and momenta of the
electron; and the n, are integers. Making no distinction bet-
ween gquasimomentum and momentum, which aviods the considera-
tion of quantum - mechanical transitions, (2.1.6) may be re-

written as:
fpydy = 24h (n+vy) (2.1.7)

the integral being taken along the classical trajectory of

the electron. But a glance look at the form of Lorentz' Force

¥

d i [e{ ar
T - ow M
which may be.traneformed into
an = J—i—L ar xH (2.1.8)

-

shows that trajectories in momentum space and real space are
rotated with respect to each other by angle of 900: and for
the magnetic field directed along the Z -~ axis, which is acco-

rding to our interest, we from (2.1,8) find the relation
d=T—r-c d
Y erx-.

Substituting this into (2.1.7), we finally arrive at

- 2n|elhH _ ;
§pydpx = (n +v) (2.1.9)
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where now the integral is taken along the electron trajectory
in momentum space. The expréssion on the left side is simply
the area enclosed by the orbit in momentum space 8. The cond-
itions defining the closed orbit may be found straight away

from Lorentz' force:

B _ Lol g

dt
Dotting this expression with V = éf we get that gf = 0 which

Ip
indicates the idea that in the magnetic field the electron
moves along a constant energy surface 8(5) = gonstant. More-
over dotting this same equation with H gives (since 140)

-+

3
l(%%)zl =0 where (g%)z is a component parallel to H. The last

result shows that the projection of the momentum of the electr-

on along the magnetic field is retained, i.e.
P, = constant

Thus, the intersection of the surface ey ° constant and the
secant plane P, = constant defines the curve of the path of

the electron in momentum space under the action of the magnetic
fiecld. Depending on the topology of the constant energy sur—
face and the direction of the magnetic field, this trajectory
may be either closed (determining a finite motion) or open,
which passes continously through the whole E ~ space (and deter-

mines an infinite motion). From {(2.1.9) we then can write
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s(e ) =2ulelby (2.1.10)

which can be employed to find the quantized energy levels of
the conduction electron with an arbitrary dispersion., Eqg.

(2.1.10) is known as the Lifshitz - Onsager guantization rule

and is quasi-classical in nature as the following steps demon-

strate. From (2,.19) follows:

pe = 22lelHh (2.1.11)

3s
C(-é--g

But also from the perpendicular component (perpendicular to

the secant plane) of Lorentz force:

b ), .
= =-|—51 [V xf] (2.1.12)

follows {after integqration):

C dp
T, = —g { T (2.1.13)

where TH is time of rotation

The integral should be taken over the closed contour L of the

path on the secant plane(Figure 6).
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Fig,6, The secant plane.

Notice that a"strip of area in the secarit plane is given by

Asring =é dPJ_ dpv which using

= de : - =f_ 2=
4) dpv = v, reduces into Asring JL v, d?'L

Thus the total area of the secant plane is given by

e dp
S =é [i‘ -,}—'L-].ds

It implies that

[+*4

s _ }'dp.l.
e AY
L..L

from which we discover that

_ 2% _ 2=nleln
Q—-'I_'E—
C(BS)

2¢c
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Comparing this with the cyclotron frequency of a free particle

- lelH .
w o= e we identify:

%% (%%) = m* (2.1.14)
as the effective cyclotron mass. Thus the expression (2.1.1l1)

takes on the form

But, quantization is possible for Ae « ¢ = g so that hi<« e,

F F
This last ineguality establishes the fact that Lifshitz - Onsager

gquantization rule is classical.
As a demonstration of how (2.1.10) may be used to find clas-

sical energy levels, let us pick the case of the quadratic dis-

persion law given by

2
, ‘6(3) = Lzm* . The constan_t energy surface e(ﬁ) = const.

in thiscase is spherical (Figure 7),

2

Fig.7. The constant energy surface of the type B—-—; = const.
2m
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¥Yor the magnetic ficld directed along the %= axis the
curve of the orbit of the conduction electron is as shown

above, in Figure 7,

2 2 2
P p p
. XL ¥ .20 L oo -
From, o + 5 5 e= constant, where P.o is

itself a constant shows that the orbit is circular with radius

V(2m e - ng } so0 that the area of orbit is:

N

7 (2me - P.0 ) = S(EB:PZ)

Thus according toc (2.1,10) one can write

2 _2nie{lhH

w(2m*e ~ pzo) = - {n+%).

(y = % for guadratic dispersion law)
From this follows the expression for classical energy levels
2

o on'

En i ey + hft (n+%)

vhich is in accordance with (2.1.5),

2,2. Conditions for experimental ohservations of GQO in PT=-2%

The conditions of GQO without PT-2% are indicated in (1.3.10)
which for the case of T=0 may be rewritten as:

kpT «hf << ¢ (2.2.1)

FQ
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The second inequality imposes the condition that GQO is obser-
vable only and only when the characterstic size of the path of
the electron in the magnetic field exceeds substantially its de
Broglie wavelength Ap

i.e¢, Ap% r (2.2.2)

B 4

Actually it can easily be shown that (2.2.2) dissolves into

hg « Ep »
Integration of (2.1,12) for the magnitudes of P and x,
cp
glves r= Eﬁ£ . On the otherhand the de Broglie wavelength is
given by: ‘g = %%E . Using these relations (2.2.2) may be
rewritten as:
cp
2wh <« 4
Pr el
oY as:
22h P, IC
VF [elH
But since l%$§ = g , it further reduces into:
PivVa
hfd << e
or equivalently into
h << EF

which proves the statement.
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The requirement (2.2.2) means that the force set up by the
field is small as compared with the interatomic oxr crystalline
force; and it varies only slightly at distances of order <a»>
or is sufficiently smooth. The above statement can be shown
to be correct as argued below. For an electron on the Fermi
surface, pF-h/a, and therefore, from the expression of de

Broglie wavelength A = h/PF follows: A, ~a, Thus, (2.2.2)

B B

rewritten as

cp
o)
‘g € TolH
c(h/a)
takes on the form aaaﬁﬂ?r—- from which follows
H «—Sh (2.2.3)
la]a®
The quantity *-EQ? = H, is the crystal field and is of the

ela”
order of 108 - 10? OQerested. Thus observation of GQO is pos-

sible for fields much less than this value which proves the
statement. ©Notice that since magnetic field intensities-rea—
lly attainable in laboratory conditionsg are of the order 10ﬁ
Oerested, (2.2.3) is delibrately satisfied. Moreover, tempe-
rature is seen to smear out oscillations as is evident in the
discussion of sec.l.3. Thus, as a conclusion, one can state
that the conditions for experimental obsgervations of GQO in
pT-2% are the same conditions in (2.2.1) except that ep NOW

has to be replaced by |7| =|epugk| which is the parameter of
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phase transition of order 2% so that we get:

kT €ho <« |2] (2.2.4)

Actnally, for large values of |Z| (2.2,4) reduces to (2.2.3).

But on top of (2.2.4) we have also to consider

hw « Ep and hw <« hQ {(2.2.5)

stated in sections 1.2 & 1.3 respectively (used actually to
find the quasi - classical expression of the absorption coef-

ficient) as additional conditions for abservation of GQO.

2.3, Derivation of the formula for GQO in pT-2% and arbi-~

trary dispersion law

Fg. (1.3.8) was specifically derived under the assumption
¢# the.quadratic dispersion law as given by (1.3.1) or equiva-
lently of (1.3.2). The direct application of (1.3.2) in the
deriration of (1.3.8) is observed in the equations (1.3.3) and
(1.3.4). But as the following steps demonstrate it can be
shown that (1,3.8) also applies to an arbitrary dispersion law.
As was mentioned in section (2.1), the Lifshitz - Onsager quan-
tization rule can be readily applied to find quasiclassical
encigy levels of the conduction electron in the magnetic field,
Aecoeding gquadratic dispersion'(not exactly as in 1.3.1), (2.1.10)

pefore and after absorption of phonon will take on the form:
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> Z2relh
S(en’gz;pz) = (n+k%)
and {(2.3.1)
1 > 2T!eHh 1 L
S(sn'g' ' pd) s (n +%)

respectively.

The conservation of energy and momentum principles (1.1.1)

are now rewritten as:
e (2.3.2)

But, because .

hy «_

A

o o -+
gygh’gzl and |hk, | «|p,]

-

the second part of (2.3.1) may be eXpanded as

3S (e » ,E ) 3S8(e. » r§ )
S ") = s 2 ) 2Py F ks M
€ 'y L, P = 8{¢ + P + hw +
o 2 n,p, "2 aenrgz apz
> >
38(e_ > +p.) 3S(e_ + ,p.) de_ =
which since n,p, @ - n.p, "2 n.p,
hkx = hk

ap > sz




may be rewritten as

ae(_ P.)
oy + 1P, 7 n, z
Sleptesp,) = Slen, 3 /Py) * 53 = [ ho + 5. hk_]
: z
or as aS(en 5 ’gz)
> 1 - Fim
= A+ .3,
S(ﬁnzgérpz) S(En’gzrpz)+ aen’g ﬂwlvéhkz) (2 3)
z

Substituting (2.3.1) into (2.3,3) we finally get

._).
BS(anygz,pz)
“n) = 2 (hw + V_hk,)
n,p

ZreHh (n
C

Z

which may be rewritten as

eth __ (n'-n) = he +Vv_hk
2z
aS5(e. > +p )
n,p, % c .
N (53) {(2.3.4)
¥l Z
._).
1 aS(en’ﬁz:PZ) ,
Letting 5 ( T = m" analogqus to (2.1,14), Eq. (2.3.4)
) nrpz
will reduce into:
efh (n'-n) = hy + v hk_
m" ¢ :

or into

he® (n'-n) = he + v hk_ (2.3.5)

—)
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el

where, 0%= (Larmor Freguency)

moc
For a magnetic field which 1is sufficiently large we have the

conditions

hs <« h@

and {Vzhkzl « he satisfied; these conditions themselves
being in accordance to condition (2.2.5). Consequently condi-
tion (2.3.5) can be satisfied only when n'=n just as in
saection (1.3); which then makes it possible to rewrite (2.3.5)

as:

Using the relation w=ks this mav be reduced to

|Vz| coso = s (condition of absorption)

which is exactly Eg. (1.3.6) for s being the angle between the
incident souné and the magnetic field directed along the z-axis,
Now, after this, to arrive at the expression for the absorption
coefficient all stepts after (1.3.6) may be repeated except of
ona minor change, namely, the substitution of m”for m and hence

redefins ¢ as:

el
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with this done, the absorption coefficient (1.3.3) reduces to

exactly (1.3.8) which proves the stutement that (1.2.8):
m”w
8§ (p_- -5 )
Z
he % fdp .z
H 0 Ak, T 5 Yz P .
B cosh [(sn'E? ”)/ZkRT]

is apwnlicable to any arbitrary dispersion law.

The above expression may be integrated over P, to gives

n -2
r., =T % cosh (e = u) o, (2.3.6)
H 0 4k T o [ n,P,0 ZLBT]
where,
_ me My } my, s
Pz0 kK, k coss = cosd

Be. (2.3,6) may be made to accomadate the case of phane tran-

g'tion of order 2% by simply introducing the naramater of PT®;:

Iy = Tq 7% & cosh [(sn’pzouz)/ZkB'I‘] (2.3.7)

BEg. (2.3.7) is the required formula for GQO in pT=2% and ari:il-

tre—~ dispersion law.




CHAPTER TIXI

Tz ABSORPTION COEFFICTENT TN THE MAGNETIC FIELD ITH THE

APPEARANCE OF A SPHEROIDAL CAVITY

3.1. Validity of the expression. for GQO in the case of pT-2%

It has already been stated in section 1.2 that near the
point of critical energy where a spherical egqual energy sur-
fece appears (d!sappears) the dispersion law 1is approximated

M w
o,

€ (1)

Under the action of the magnetic field directed along the

% = axis it transforms into:

2
Y = - 4L
en,pz x hg (nt+%) + Pz/Rm
are ~ €eH = My
hare, no @ d 0, >

This when inserted into (2.3.6) delivers

_ ho -2 hq(nt+k)  %-2%
Ty, = Tn wpm £z cosh © [ - T (3.1.1)
H ¢} kBTn 2kBT ZkBT
2 mg
and 2% = pof, = e
7 2m 2¢08°0
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In the limit as H»?, the summation in (3.1.1) may be replaced

by Integration so that

o

hg  © ~2 B0 (x+Y) _Z=%"
r. = I'. < == . cosh - Jax ,
3] 0 kT o [2kBT KT
Charge of wvariable
_ ho(x+y) - (2=2%) __he
= 2K @y = g7 4

sinplifies the above expression into

o

_ . ne oy KT
T o WT J esh * (=) dy

khe-(2-2%)
kT

s as H+O or equivalently €0 this may be replaced by

As “T~ intagral on the RHS is a table integral |15| (Dwight #

679.20) the above exvression simplifies into

Iy = P043 tanh v . which gives
Z-7Z

ZKBL
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r. = ﬁa/z {(1+tanh fﬁgT)

. (3.1.2)

But, under a further restriction of T = 0, BEaq. (3.1.2) shows

a jump of the ultrasonic absorntion coefficioent as given by

Iy if 77

0O if 0<z<s¥

and it, of course, is in perfect agreement with (1.2.5) which
was derived hy V.N., Davydov and M.I. Kaganov. Thus this esta-
blishes the fact that (2.3.4) is undoubtdly valid as a formula
of GO0 under phasge transition of order 2%. |

Investigation of I, near % = 2% and discussion of results

Once the validity of (2.3.f) or equivalently (3.1.1) is
established then it becomee reasonable to investigate the con-
secuences of applyving these formulas to the various regions of

Z* (3.1.1) simplifies.into;

Nz

interest. Near the point %

ho 2 h&(n+k)

= P iy & cosh —— il
H 8] dkBT n szT

r (3.2.1)

The summation of (3.2.1) can be performed using the poisson
summation formula [16] . For an arbitrary function £(x),
where n<x<n+l, a complex fourier expansion can be made as:

© N
fix) = ¢ 2uiky g, e

Ko
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where the coefficients g, are written as

n+l ~2uikE
= f f£(£) e de (3.2.2)
n

Ri%

For the case x»n+%, (3.2.2) is replaced by

o 2nik (n+k)
fin+y) = 2 @ 9,
k :

e

2nikn nik K
Since e = 1 and e = (~1)"", this further reduces into:

8

Fint+y) = ¢ (=l)qu

o=

which in using (3.2.2) takes on the form

Kk o n+l “Zﬂikg
=109 1 EE e ag{

fF(n+k) = %
k n=o

L=

Replacing the bracketed term by

1) =2ﬂik€
S EE) e ag
6

and summing over all possible wvalues of £ it results in

~2nikE

1r
£(£) e dag

£ f(nty) =1 (~1)"
n

koo

o 8




which may be erxnandes as

= -1 " ~2gikE o 3 =2rikE
v £in+k) =/ £(5) |1+n (1) e + I +D)7e |ag
n o Ir=zerco =1

NMoting that the cosine function is even and the sine function

ig odd, this further simplifies into:

SF(nty) =f £(x) +2 & (-1)5 JE(x) cos 2nkx dx (3.2.3)
n O F=] o

which is the Poisson summation formula.

Tn case of large values of the magnetic field so that hg »-]%T

(3.2.7) may be used to rewrite (3.2.1) as

= T 4;: = L/ B o2z (-1 Mmse'kx)dx] (3.2.4)
: n* 0 2 hox ) k=1 o 2 hox

cosh (= cosh” (55, )
2% v T ?.‘rfBT

RBoth inteqrals in (2.2.4) are table integrals and according

to alreadv mentioned formula in Dwight # £79.20 the first term
on RHS gives T./,. HMoreover according to Frdelyi (Tables

of inteqral transforms) pn. 20#2, the cosine transform of sech’

is given bv

w

y =D .
S Sechg (av) cos{xy) dy = %na ‘x cach(kna lx) (3.2.5)
0 £ - .




Pewriting the integral of the second tern as:

(7]
KT o, AmkTk
cos (2rkx) dx = mrEw fSech™y cos (- LY) dy
2 haox | het o ' h&
5 cosh EEQT)

wha b , . P
TNEEe, %gﬁa = v, (3.2.5) mavy now he readily annlied to it so

I
that we get

"
o (3] [‘l ,T r ? ,,‘:

2 cos (2mkx) _ Bpt o AwkTRy R Tk,

f Ax =~y (=) esch ( o)

¢ 2 hox : : s

cosh (*5']_;*-.};

z

Consequently the second term on the RHE of (2.2.4) reduces

into:

Po A;QT (2 > (_1)k 7.cos {2nkx) ax ]
BT T k=l COth(Eﬁg )
B EkgT
L e el
= 2r.0 o (2T, ) & e
g E"ho T sinh EfszkB)
*. hﬁ .
Thus the whole of (3.2.4) may now he rewritten as
" kpm o« (hl)k}’ .
Ty, = Pofs + 20 17 (=) I Rgge— (3.2.6)
4! Y 2 0 ho' 4 2“23”"'{'}‘%
' sinh( )
Tk he

27 (Hﬁﬁh): y, (3.2.6) may be rawritten as




B

o
= ';‘
Tp = Toh ¥ Tq f

which since X

¥
X3
- k
} == [ S At
sinh Xy, %y, c
may be transformed into:
¥
= s
Py = To/a + T b { 1)?”
Q= O 2
Y=l 5+xk

This on the other hand upon substitution of the value of Xy,

delivers:

J K
o =1Y
et et Rl
H 0 o ;.1 > Fd 5 o
s+[2n” 521]7 &

which may be rewritten asg

z 1 L h 2
=15 3/5y" (—E}%T)

r., = ro/g + Ty ﬁ:

H 1 o
n
en the substitution:
2 2 3/. 4 na |2
3’ 2 Mot (2 C(3.2.M)

kT
)




is made the ahove exnras:

R (-1 "
FI’? £ I‘(\/_,}‘?-P',.“ a I "y (3.2.0
' c k=1 a“"+k
“or the summation

of the series in (3.2.8) we can emnloy the

idea in Murray®. Sniecel (op len) [17]

® I s of the residues of noscrz £(z)
2{=1) £k} =
=00

at the noles of £(z)

To make uge of this statemant.

(3.2.9)
form:

o

has to he put in the

R O L
= 1 o e
Ty = To/ag ¥ Iy 2/, B ==, 7
Y=g bk a
9 ca (-1 |
=Tga/, I ) (3.2.9)
Y kmew g 4k
- 1 . .
If we now sat f{z) = —x—=5 , this furction has simple noles
a
at 2 = 4+ ai and % = -ai
. cac 5 ' v
Ther the residue of IZESIE at, say, 2 = +ai is
ade’”
. , 7uai =5Ona ! i
lim zoai zcel)mescnz. | mesc m(ai)
{21 {z+ai) 2ai
_ =i

Z2ai sin hna

=1
~ 2a sinhna




- P

. . cson?
Tn the sare way it can be shown that the resicdus of ﬂ«%wﬂﬁ

a“+u”

N . . W
at 2 = =-ail is aiven also LY sy B8O that m'ﬁthe sum of
g g s given al Y 5aainhan °

the residues} hecomes 1/ mith this as the result

a sinhpma ~

of summation of the series, (3.2.9%) takes now its final form

as”s

r. =r_mna/ (3.2.10)

H 0 2sinhwra

ror large values of a (or lexge magnetic field) one can write

Ta

~ i .
sinhra = ~5- a0 that under such a2n assumption

(3.2.10) mav be rewritten asg:

=T3

I‘H = I'O T3 e

which after suhstitution of the value of <a> beacomes:

- . 1, b8 - 1, he
Py = I‘O /(3/5) ("1"[*) ('}ZT;?) Exn v (3/2) ("n)(-]_c‘;l-) « Tye

(3.2.11)

Notics then that near the noint 2 = %* and for the case of

he > kT the absorption coefiicient is exnonentially small.
1f now we consider the oprosite case of kBT » hQ or

equivalently a « 1 (near the same point 7% = 2*¥} in which

case sinh (ra) = wa, (3.2.10) delivers:

r, = Pcf5 (3.2.12)




H
a

.8
!

and the ahsorntion reefficiznt 13 seen to be a congstant.
Actually, the same result counld have heen obtained unon apnli-

cation of the Fuler-Maclaurian formula:

L Aoareg

g Lty 189
5A AR (faalschitz 1£93)

I E(ntk) = [ F(x)dx
Q x:::o

n

to Eg. (3.2.1). The formula is anplicable under the condition:
| £ (n+%4+1) - F(ntk) | <« £(n+h)

which actuallv is ecuivalent to the condition

} «< 2k_1q
182 2p

Comparison of Egtns (3.2,11) and (3.2.12) shows that, near
2 = 7¥ in hoth cases of ricz of the values of H or T from
minimal values, the absorntion coefficient given hy (1.2.5)

is smeared, the stronger effect heing that of the magnetic

field H. The actual smoothing of the jumn Iy at 4 = Z*{;.e.

‘ k -7 . j
(Amz~2 ) <«< B ]by a amall magnetic field (hf «:knT can be
calculated usina the second ordex anoroximation of sinh a in

(3.2.10} i.e.

or cach 7a = = 12




Thie when substitiuted inte (3.2,10) delivers

vhich unon replacement of the value of a2 from (3.2.7) further

reduces into

ro/s [1- = (E?,f)'g] (3.2.13)
i R
Bee (3.2.13) ds the recuirad eouatdon vhich estimates the
amount of emearing made by a small maenetic field,

As it is fully explainad in section 1.3, the elec~
trong that are rigorously involved in ultrésonic absorntion
are those whose velocities satisfy condition (1.3.6): and
whenever a section of the Landau - level consisting of elec—
trong with momentum D,

20
strin of width kPT {(FPigure 4} tha ahsorption coefficient as-
o]

satisfying (1.3.6) merges into the

sumes a larce value, As the magnetic field is uniformly incre-
ased this behaviour of absorntion coefficient is veriodically
repeated which according to tha Ylanguage of section 1.3 is
termed as Giant OQuantum Oscillation. The region 7 = 2% cor-
respondes to electrons with Terml velocity nearly along the
magnetic field H (arbitrarilv directed alono the z—~ axig);

and it consists not so anwreciakle numher of electrons sc that
neay this threshold of enerayv the coefficient of ahsorption

ig not exrmected to show necurlisr behaviours.




8§~

This is the whole content of informations delivered hy Eatns.
(3.2.10 hi3). Néte that the ahsorntion coefficient depends on
the number of Landau levels below Z so thét if the condition
h§ x»kBT is imnosed on ton of 2z = 2* (kBT is the width of the
strip) the absorption coefficient will he exponentially small,
An increment of the ragnetic field or even a shift of the para-
meter 2 will aggravate the situafion By taking away the effect-

ive section on a Landau level far out of the &trin as can he

easily observed from Eatn. (3.2,11) (Pigure B).

h
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Fig. B: Arrangement of Landau levels for 2 = 2% and the case

m ~ hQ ~dhq
ha > kB.z. 4""'}(1"!! o LT €xXn (kBT )

"B

On the otherhand, if hé <<kBT, the numbe; of Landau levels
below Z will bhe numerous so that the effective sections on the
different Landau levels almost form a net with overlapping pro-
jections on the P, = axis in such a way that the process of

absorption is passed swothly amona levels for changes of hQ




Ly

(ha «kuT) or 7 thich results in a uniform absorption coef-

ficient just as Fa, (3.2.12) predicts (Fioure o),

EWE

Fig. 9: Arrangement of Landau Levels for g = 2 and hq <« kBT

Ty = Ty/n) : o -

3.3 Investigation of TH in the renion o<z<z* and discussion

of results:

In section (3.2), the behéviour of the absorntion coef-
ficient near 7 = 2% was thorougkly discussed. In this section
we pigk another region, namal?; the region 0<2<%¥*. Tor an arhji-
trary value of 7 but still kBT «:Z; (3.2.3) mav be imvosed on

{(3.1.1) to nroduce:

-7 hax 7%

e ,’)
ZkBA ZLBT

(ix +

.. =T —ng ? cosh
E 0 4kBT 5 "‘

¥
ha 2 ko« =2, hox 7~7
+ 2.(1‘0 ZF;T Eﬂfwl) feosh “( 2K, T - 2k5T ) cos (Inkx)dx

0




vhich may he rewritten as:
Y

-3
np -2 hax | %=7
- R S _hax ax +
Ty = To 3w 5 eo%h G o
o 2113'.]!_}:
® ¥
sar. B2y me g (=T s 2 ax

0 ThW B -
i vl ° 2 hax 77

cosh™ ( -2}

k. T 21 T
R B

Using the usual change of variahle

_ hpx 7

e

2}{9‘1‘ 2k I?T

and the technicues emnloyed to find (2.1.2), Ea. (3.3.1)

simnlifies into:

4nkTki
75> ot k5 2 h@
Ty = Ty [l+tanh(§F—ﬁ)] 4T, Re £ [(~1) Sech®y e
’ ) B N k=1 *
A
2kBT
g7
X v+ Fpom idv (2.7.2)
¥ T
Now sinhce
v, =y
cshy = 2 H;f

for v»0O, we can write

v
ey/2 < cshyce?




Qe

or 2/, 2 (st
o e
=7
Y, 22, (eost) ™ 2
3 e

Thus one can make the associated anoroximation

1 ;gﬁﬁy,‘mmmlggg4

oosh™y -
*® @ 4 tkTk *

_ g7 ¥ B, %7 o
PH-PO/2|l+tmﬂ1(§E;T)| Ty & Reﬁ=f=l) exp [-45 “(ngT )i X
X ‘f exn {7+ ﬁﬂ%%EBi)y dy (3.3.3)

g0 ¥
S T
R fﬂkaB 7]
o AmeTk exn (24 —pa=1)y
put, eXp ( =2+ e i)y dv = ok
/ “gmz* o AnkThy W%FET"
P TR ‘B

- s
2k8“

Since exn{iy) is finite & exp(2y) is infinite for y»«, this

last expression finally gives

ﬂﬂkaBi g .
Y )(2knT)
AT T

T TThe

exp (=2+

@0 that (2.3.3) may now he put in the form:




~50-

® 4 kTk
Lo . 5 7" L B 40
Iy = To/a [l+tan}( )|+p0 Re kzsl( D7 exp —45 (ZkRT)i
4ﬂkaP mx.
exp {2+ —pg——1) (?y 'I‘
X 4 kTk
T
2« By
hQ
This simplifies into:
xp (o Z
' =T
. /? [1+tanh(2k ,,1)] + rOgRe }3_: 1( 1) e kaB
S T

(3.3.4)

Let us now consider the region 0<%Z<%¥. Making the substitu-

tion |Z~3*| A, (3.3.4) may be rewritten as:

N ~a/kpT e (~1y ¥

r _rT / [l-—tanh 5T T] + (I’O/z)ge Re Z_ IRk

H 0’2 B k=1 B
Ar—pg— D

On multiplying and dividing the argument in the summation by
2 kTk_1i

1+ ——Tﬁrii- this further reduces into:
= 1-tanh ¥ " /T -1) (l+2“ i
Ty = Ty 2 [ an 7, T] T Agg e Re 7
k=1 A gkiil?
£114

h™ @
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Taking only the real part we may from here write

/[ 1-tan 7] ) “A/kgt 2 (-nk
r,. =r -tanh 2_7T| + 7T ke
H o2 B o’ 2 r=1 41?zszzsz
14+
2 2
h™ @
or . oK T (fl)khzﬂz/énszsz
Iy, = I'y/o [l-tanha/ +(T(n/H)E e T -
H 0 ZkBT.] 0 k=1 (h2“2/4ﬂ2T2k2E)+k2
2,2
Letting g g 5 = a2 (3.3.5)
dn Tk
this gives
-A/k T © k
B 2 ~1)
r. =T/, [1-tanha 4, o] +T./5Ee a® &1 —5
1~ To/2 2k, 0 k=1 a+k?
(3.3.6)

This is in exactly the same form as Eq. (3.2.8) and successive
techniques used to derive (3.2.10) may bhe employed to derive

a similar expression from (3.3.6), namely,
-A/k_T
_ - A B~ . Ta
Iy = Io/2 [1-tanh ““ZkB'T'J_”'o/ 2te [~%+ sermmval

which upon substitution .the value of <a> from (3.3.5) delivers:

-A/k T
- B bn
Py = To/a [1-tanh.A/2kBT]-+rO/4 £e [c14 —2 " 1
2kBTs:th _?_}?;f

(3.3.7)




v

Eq. (3.3.7) is actually the expression for the coefficient of
ultrasonic ahsorption in the region 042<Z%., A more exact for-
mula may be obtainaed by consideriﬁg (3.3.7) near A=0. At this

point and moreover for the condition hf »>kBT s0 that

hQ
ZkBT
ha e
sinh 55— =
ZkBT 2

eq. (3.3.7) becomes:

= ha B” -
Ty = To/2 + To/4 & [-1+ KT e J

Comparison of *%ig formula with that stated in (3.2.11) shows

that &= 2, Thus (3.3.7) put in more exact form assumes:

-A/k. T
B E'l+ h{ ]

hg
ZkBTeﬂJﬁlﬁﬁgT

Iy = "o/ [l-tanh A/szT] *To/p e

(3.3.8)

This being the general expression for the absorption coefficient
in the region 0<%<%* it can be shown to reduce to known expres-
sions already derived, For instance for small magnetic fields

{hQ <<kBT) in which cases

sinh hQ - hQ

Ou = AL M r
2kB_ _ 2kBT




=63~

(3.3.8) dissolves into:

Iy = To/2 [l_tanhA/ZkBT]

which near A = 0O (ZEZ*) itself dissolves into I, = T _/
| H o 02

and this is in exact agrrement with (3,2.12). Moreover, for

the case A= O and hg » k5T, in which case

h{}
2k_T
2k 2
B
eq. (3.3.8) takes on the form

_ hg
kT

- hf B

Iy Po/g (kBT) e < Ty

which i1s in good agrrement with (3.2,11)

Finally for the condition hg <<kBT in which case

sinh =28 a2 _he (hﬂ/ékBT)a
ZkBT ZkBT 6
h{ - 1 hg 2
so that E les (me—)
?.kBT sinh(hq/ 2kBT) 6 ZkBT

and a further condition of 4 €<kBT in which case

A
tanh -z—k—-—,f +0




564.,

(3.3,8) transforms into:

I, o= o/ [1- % (-z-l%g;,f)z ]
But, this last expression is in a reasonable agreement with
(3.2.13).
The region 0<7<2* is in direct contradiction with condition
{(1.3.6) . Thus in this region the absorption coefficient should
remain of no particular property, low and monotonous which is,
of course, rightly nredicted by (3.3.8). Note that as 2 is
increased starting from zero towards 2z° the value of &A= Isz*I
decreases 80 that PH shows considerable growth toward increas-

ing value of Z. 1In other words,l monotonously increases from

H

P . at 2=0 to Tm at 2=z” (Figure 10). The extremum values

miln ax

follows from (3.3.8) directly by suhstituting A= O and %Z=0 as

a result of which we obtain

. . he
ZkBT sinh -é—k—lﬁ-

and

*
~z%*/
_ z¥ kpT
T = Iy/p (I-tanhg—g) + (T ~I15/2) e B

min ZkBT max

respectively.
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Fig, 10: Dependence of FH on % in the interval 0<Z<%”

3.4 Investigation of PH in the region'zﬁ*-Z* and discussion

of results-

Earlier,'in section 3.3, Eq. (3.3.2) was derived as an
expression of the absorption coefficient for an arbitrary value
of 7Z; &and it may be employed here without any reservation.
First we try tq evaluate the integral, Since A E’kBT the inte-~
Qral

o

4ﬂkaB
J‘ Sech y cos E"'—"}_'l—n-—-— (y+ 2k T)J dy )

-8/
ZkBT
can be rewritten as

o

4ﬂkaB

_{mSechzy cos [-‘"‘*}—{*ﬁ—-—- (y 2k T)] dy




G

which after expansion gives

® 41k Tk 4TkTk *
2 B B ,%~%
/ Sech®y cos w—m—— Yy cO8 - (H—t=) | Ay
- ha [ 2kBT 1
o ATk Tk 47Tk Tk *
2 B B ,2-7Z2
-=£m5ech y sin 5 Y sin E oo (ZkBT)] dy

But, the value of the second integral between symmetric limits

ls zero so that we are left only with

w© AnkTk dnkTk *
2 B B ,2-%
inech y cO$ ——p=—y cos [ e (szT)] dy
w AnkTk
_ Zakp 2 B
= cos == {mSech y cos [(—gz=vl dy

The integral is already evaluated in section 3.2 and using

this result the above expression simplifies into:

' 2
47kTk 217kTk
m 2rkA B ) B
2] 5 o8 S (~—p—=) csch (-—HE-—)]
2 2
AT kTk 277k Tk
- B 21kA B
(—pg ) cos (5g7) osch (—gg—)




= J =

Using this result Egq. (3.3.2) may be rewritteh as

Ty = Iy/2 [1+tanh (;,k T)j +

PA

EH%ﬂmB
ae~

(3.4.1)

St} esch(

In case of when A x»kBT (or equivalently, since Z >» 2%, when

2 » k_T) under which tanh =P = 1 (3.4.1) delivers
B ok T
4w2kBT o . ’r ks zn%ﬂkB
Ty = Tg T ( ne ) ;zfml) k cog (=== Y ) csch(-Tﬁr—A
(3.4.2)

From this we discover that in the limit A » kBT the presence

of the magnetic field introduces the oscillatory term

2

ATk P o 2n1 an ka
I'= T, (——Eﬁ——d ;Lf 1) Ky cos ALY csch(«-qa———)

on top of the threshold value of absorption coefficient -~ f

(1.2.5), so that the whole of (3.4.2) bhecomes osclllatory.

Ty
The resulting oscillations are expected to be giant for the

additional condition hf x»kBT as (2.2.4) predicts. The ampli-

tude of oscillation can be estimated from an actual evaluation

of (3.4.1) in the limits indicated.
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Using the technigues employed in section (3.2) we can

frist write

2 FkTk 2n2kaB 2

B
Wi csch  (

e ) = 53

where a2 is given by (3.2.7).
Using this result (3.4.1) takes on the form

* - azcos(zﬂkﬂ)
YA A k Hl
3§fﬁ)l + 2PO £ (=1) 57
TR k=1 a“+k

T

g = Tg/2 | L+tanh(

under the condition tanh A _ & 1 on effect this further red-

ZkBT
uces into
2 ,
© x & cos (Ziff)
Ty = Ig + 21'0 I (-1} 55 (3.4.3)
k=1 a“+k”

The series in (3.4.3) rewritten in the form

o cos 2m kA
oy -ty -]
=) a“+k
or as:
2, © yoos (GEEL)
- % 4+ a /2 T {=1) ey
w2em 05 a“"+k”

may be summed using the formula in Murray R.Spiecel as indic-

ated in section (3.2)




If vie choose

277 A

: f{2) = cos (m_ﬁ“)/32+22

the function  TcscT 7% cos (__g_} has simnle poles

a2+Z2

and at 2 = -=ai,

The residue of the function at 2 = +ai is given by

(Z~ai)T cscw? cos (2;3 )
lim s o
Z—)—ai (. al) (Z+ai)
i Tcacmal cos (= “ﬁgi)
2ai
o (2TaAl
T COoS ( - hﬂ )
Z2aj sin wai
: 27ahl - “ﬂaA
But, cos (= oy } = cosh ( o -)
andd sin(ral) = 1 sinh{wa)

s0 that the residue at 7 = +ai finally bhecomes

coah (?"aﬂ) cosh (‘QSA

Jai (iqinhna) = = /5 sinhwa

RO

at 2 =+ai

]




=70

In the same way the residue at % = -ai can also be shown to
be
T ah
cosh (23%~)
=% h 1
2a sinh 7a

As the result (3.2.3) vroduces

2nahA

ainh na

cosh (

2
= oe B
Py = T * 2 T, -% + a /z(n/a X

3
coO Sh (ﬂ%
T =T Ta hil ]
H 0 ' ginh 7ma

Substituting the value of <a> from (3.2.7) this gilves

p
COSh(—g“ ?g“%‘)

o x
roe gt sy & B
T

oo

. 1 ho
ginh (-1? ‘/3/2.1,:“?‘5“)
B
which mav be rewritten as

exp(Y6/m) + exp =.(176/1r)k9——,-f

A
T
kB‘ B

= 1 hg
Ty = T = V3/3) &)

exp Yn A3/,) (%) ~axo-1/1 /(3/2)%

(3.4.4)

But 1t is alreadyv indicated that GO0 is ohservable under the

conditions kBT < hQ <« A.

rrom this follow the statements

=8 /k,T

. ~ha/k.T
e =0 = @
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a (PR AL
and éﬁEf. > 5
These statemants imnosad on (3.4.4) finally deliver

T = T4 % (Y3 )( ) exn (uw)A/k T

kFT K QKA
” (3.4.5%)

Eo. (3.4.5) is an estimate of the amplitude of oscillations
under the conditions kRT «< h@ «A ; and we then conclude that
under these conditions the absgorntion coefficient P shows
Giliant Quantum oscillations with an exnonentially rising amnli-
tude (in 2) which is in line with the ideas of Gurevich and
othar authors of S00. The oscillations are periodic in inverse
magnetic field (1/H) and in the parameter 2.

The veriods of GO0 of the coefficient of ultrasonic absorption

in inverse magnetic field (1L/FE) or in the parameter (Z) are

anA

easily extracted from the period of cos (=——) . HNote that

. eH .
for 2 » %% we have A = %; and sincef = me We can write

ZulkA

cos ‘—*}1_(2—*) = CO S[zﬂk(z) (ITIC]

eH)

_ s (anch) 1
= cof ch H

But,

: IpkZme ]
?nk?ﬁc) 1 cos[:;ﬂgzﬂﬁ &y + ZEKEEE A(H)J

cog (————- i

where, A(L/H}) is the wneriod in inverse wmagnetic field. Thus

we conclude that

2ukZme _
B )A( ) = 21k




-] D

1 eh
A — = A 3. 406
or (n) mes ( }
wvhare of course 7 = EF - Eku But for 2 1 in which case
ao= &, the period can be rewritten as
1 . _eh
A(ﬁ) = ﬁEE;
For the case A=% we can also write
]
cos (22%%) =  Cos (%%§ 4
But,
' 271k 2l 2k
——ne = f 72 4+ {
cos ( hgaz) cog | he Y AZ)

where AZ is the vexiod in the parameter 7. Thus we notice that

Irk

e B, = 2
we Z 2y

or

AZ = h@ (3.4.7)

nder the conditions of GOO as qiven by (2.2.4) the “will be
effective” sections are regularly nlaced with non-—overlanping

nrojections as shown in Figure (11).
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Fig. 11: Arrangement-of:zandau levels in GQO

So, as the magnetic field 1is increased which causes the up-
ward movement of the levels and shift of the projéctions to
the right, the absorption coefficient rises and falls between
maximum and minimum values.periodically together with periodic
passage of the projections throggh P,o as just (3.4.1) predi-
cts (Figure 12).
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Fig. 12: Giant Quantum Oscillations in 2%
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T .
H,max is estimated by (3.4.5) and the estimation of

FH min <20 be made by referring to the work of 7.V. Ivanova
4
and M.I, kaganov [18]. In this work, it is shown that at

T = 0, for the conditions,

*
7 »>7

z*x> h&

and ot » l(r = Relaxation time of free electrons) all of
them being in accordance with those required for GQO, the abso-
rption coefficient I'ye which for low temperature is due to

scattering from defects and impurities, is given by

3 2y 1
Ty T (w) -
€0
where, T = To /(1{)
eq = energy of order of the Fermi energy of the main band
o = Relaxation time of electrons from the main band

Hence, without loss of generality we can take up the above men-

tioned result for the estimation of T .. 1l.e,
Q, 1 %
r = 1, () 2
H,nmin 0 "w’ T €9

It may be interesting in addition to know why the amplitude of
oscillations increases with increasing magnetic field. At

H = 0, the allowed statesg are distributed (in p-space)
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uniformly inside the Fermi sphere and correspond to the eleme-
ntary volumes (2nh)3. For clarity, these volumes can be deno-
ted by points spaced a distance 2rh from each other along the

axes Py +P and P,- The points £1ll a .circle of radius

y
2 2 =

/(pF - Pz) where Pp = /(ZmaF) in any section p, = constant. A

uniform filling of the Fermi sphere by the points depicting

the allowed states corresponds to a guasi-contionous energy spe-

ctrum (Figure l3a).
2 Py

'Fig. 13a: Section of the Fermi sphere by p,=0
Fig. 13b: Allowed orbits

Under the action of a magnetic field along the Z-axis, the dis-
crete levels given by h@{n+%) become the allowed values of ener-
gy and these energy levels determine the discrete allowed orbi-
ts of electrons in the planes P, = constant of p - space.
(Figure 13b). Thus application of the magnetic field does not
change the number of states in the plane but draws them onto the

nearest orbits with radii:given by

P, = Y (2mhQ (n4%)) .
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As the areas located between any two nelghbouring orbits is

the same (can be noticed from 4.1.1), the deqree of degeneracy
2rhom

(2mh)
entirely identical to each other in all nlanes p, = constant.

in each allowed orbit is 2 9 The orbits considered are
This meang that all allowed states in the Permi surface in the
magnetic field are condensed on the surface of coaxial cylind-
ers parallel to the P, - axis. The total number of states con-

densed onto the n~th cylinder will then be

gnmhe v2me - (n+}) ha)

n (27h) >

when the magnetic field is increased to the extent that

€p = (n+%)hp the cvlinder crosses over the Fermi surface in
which case, as the above eguation indicates, the cylinder gets
depopulated from its electrons. These electrons are redistri-
huted onto cvlinders of a smaller radius which are located in-
side the Fermi sphere.

This process may also be observed in light of what hap-
pens to the Landau levels (parabolas). An energy state with
the given value of P, on a parabolae with the rmamber n corre-
sponds to all states on the discrete orbit with the same numbher
which is lecated in the plane p, = constant and hence has a

multiplicity equal to 2 Eﬂbﬁﬁz . The length ©of the paraholae

(2¢h)
_hetween two symmetrical points corresponds to thelength of the

n-th cylinder. Since the energy of an electron on the parabolae

e e
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is only dependent on p,r as in the model of a one dimensional
gas the density of states on the parabholae can be written as
Armhg

5
vn (e = S oo L e = (n¥h)hal-k

The total density of states of the the total electron system
is then found by summing the above expression over all Landau
levels. Notice that the density of states on the n-th para-
bola has én infinite singularity at e= (n+%)ho(n=g,1,2--~).
With an increase of the magnetic field the distance hQ between
the singularities grows and the infinite maxima on the curve
of vn(e) pass in succession through the Fermi level. Each
time the bottom of a next Landau parabola coincides with the
Fermi level, an infinite singularity of the density of states
appears on the latter, which in turn causes a singularity of
all thermodynamic and kinetic characterstics of the electron
system, the absorption coefficient being one, which depend on
the number of electrons on the Fermi level. The periodic rep-
etition of these singularities at an increase of B is physic-
ally the cause of the oscillating effect of the magnetic field
on these parameters. As the magnetic field is not expected

to excite electrons outside the Fermi level, .a L.andau narabhola
as it clears off .the Fermi level gets denopulated of its elec-~
trons which get redistributed among lower pvarabolae, which are

still under. This eventually increases the number states in
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the cffective section on the next parabola so that the abso-
rption peak now apnears with larger amnlitude and this conti-
nues as the parabolae onec by one skin over the Fermi level

in the process of increasing the macgnetic field.

One noint that must not be forgotten is the fact that
the Fermi level is itself a function of the magnetic field,
Tt can be shown that the Fexmi level increases with increas-
ing magnetic field., This could have cormplicated the discus-
sion of GNO had it not been for the condition of obhserving
them, hft «2 ~ep for large %, where e% is the Fermi energy
without magnetic field. TFor the condition stated above the
relative variation of the Fexmi energy in the magnetic field

f
can he shown to be proportional to a small parameter (23—) .
€

F
For that reason, in magnetic fields for which h «:eg, the

Ferml enerqgy can be assuned practically constant and ecqual to

E0
1




CHAPTER IV

INFLUENLE OF RUPTURE OF THE CONNECTING NECK OF THE FERMI

SURFACE ON GIANT WUANTUM OSCILLATIONS

4.1 Derivation of the formula of GQO in PT 2%

Aé already vointed out in secﬁion {1.2) the dispersion
law near a conical point at which the Fermi - neck_breéks is
well'éppfoximéted by (}.2,6). Below is made the deécription_
of thé'characterstics of the absorption coefficient Pﬂ'ih re-
léfion to the:ébgye phenoﬁenon. To this end, we staft 6ut ;
wiﬁﬁ,the_éséﬁmption that ‘the critical momentum g, is at the
conic pbint'sefving_as_origip_of.the momentum space in which
Athg-éonstant eﬁergngurface ;(p) = &y is drawn. This assump=
tion actually simplifies the labor of mathematical manipu-
‘lations. Leét'us also:éésume that'?he magnetic field is made

to lie on the py—pz piane ﬁéking an angle 6 ﬁi#h the pz-axis

so that H = (o,Hsin6 ,Hcoss) (Figqure 14).

4H ?.1_
':ﬁ,

)

Fig.14: The constant energy sur-
face just before rupture of the
neck; and orientation of the mag~
—f» netic fleld and incident sond.

Py




. (e
- n

-0 =

Y
¢ is the angle the magnetic field # makes with the arbitra-

-3
rily directed wave vector x of the incident sound.

The absorption coefficient can be fully determined from (2,3.7)

provided the disversion € p is known under the action of
320

the aoplied magnetic field.

The dispersion law can be obtained from the Lifshitz -~ Onsager

guantization rule (2.1,10} which in case of gquardratic dis-

persion law under consideration may be rewritten as:
) = ~£2%¥3Lgh (n+%) (4.1.1)

o -~ [
where, (e } is the area of the curve of orbit of the ele-

;‘;z
ctron which is the intersection of

e(g) = gconatant
and ,
PZ = gosntant

Depending on the toplogy of the Fermi surface the orbit may

be either closed or open; and in our case the orbit if closed
will be elliptic for an arbitrary orientation of the magnetic
field as the following geometrical consideration makes it clear.
A geometric definition of the cones is usually given as follows:
"Let F be a fixed point, called the focus, and 'd’ a fixed line

not through the point, called the directrix (Figure 15).
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Fig. 15: The locus and directrix

"A conic is the lows of a point p such that the ratio
of the distance FP to the distance of P from the line 'd' is
a positive constant, e, called the eccentricity; it is a para-

bola when e=l, an ellipse when e<l and a hyperbola when e>1".

Thus: Fp/Dp = constant, is the geometric definition

of the conics.

Fig. 16: The right circular coneoand the cutting plane 7.




Moy, all conic sections can be shown to be nlane sections of

a right circular cone (to which our constant energy surface
corresponds at thenoint of breaking of neck EF=Ek) (Figure 16).
Consider then this right circular cone with vertex 0 and a
section MV of the cone by a plane 73 V is the noint of the
curve MVN on the intersection DVKL of rand the plane perpendi-
cular to ™ through the axis OA; K is the intersection of ™ on
oA, and C is the voint in which the bisector of the angle KVO
meets OA, The noint C is at the same distance <r> from the
element OV of the cone and from the line of symmetry KV of the
curve MVMN; and the nerpendicular from C upon KV is normal to
the plane wn, being in a plane nerpendicular to n . With C as
center and <r> as radius describe a sphere; denote by F the
point where it is tangent to the vlane of the section and by
B the point where it is tangent to the line OV. Since the
cone is right circular, this sphere igs tangent to each eleme-
nt of the cone, and all the points of tangency are on a cir-
cle BE. DG is the line of intersection of the plane of the
circle and the plane w; this line is perpendicular to BD.

Let P be any point of the curve in which the plane cuts the
cone, and PHO the element of the cone through P, H being its
point of tangency to the sphere. Since PF and PH are tange-
nts to the sphererfrom an outside noint 0, they are equal, as
shown in solid geometry. Since all elements of the cone make

the same angle with the plane EEB, itsalf being a cross - section
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the line PH makes with this plane an angle eaual to VED,

From P we draw PG, verpendicular to DG, which being parallel

to the line KFP makes the same anale with the plane of the
circle EHR as the latter line, that is the angle VDB. If we
denote by Q (not shown in figure) the foot of the perpendicular

from r on the plane of the circle, we have

PO

Pi sin VBD
_ PO

PG = sin VDB

Hence we get
PF _ PH _ sin VDB

PG PG sin VBD °

The angle VBD is the complement of the angle AOB, and the angle
VOB is the angle which the plane of the section makes with the
plane of the circle EHB, which is a plane normal to the axis

of the cone. Since these angles do not depend in any way unon
the position of the point » on the curve, it follows from the
last ecuation that g% = gonstant, and thus the curve is a conic
F heing the focus and DG the directrix. TFor the curve to be

én ellipse, the plane must intersect all the elements of the

cone; that is the angle VDB must be less than the angle VBED,

in which case the constant of the ratio is less than unity, as
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it should be.
When the angle VDB is equal to the angle VBD, that 1is, when
the line VDL 1is parallel to thé element OE, in which case the
cutting plane is parallel to OE (Format of the cone) the above
ratio equald +1, and the section by the plane is a parabola
which corresponds to open 6rbit‘-~

In additibn, whén the angle VDB is zero, the section is
a circle (closéd orbit) whereas when the angle VDB is greater
than ‘the angle VBD such that the ratio is greater than +1,
the section is one part of a hypetbola (open orbit). The det-
ermination of the area of the closed orbit (ellipse) is better
made in a reoriented set of axes so that the p; - axis is
along H. The reorientation can, of course, be effected using

the transformation matrix:

1 0 0

0 coub 3ind

0 —-sing coss

which transforms the primed axes into the unprimed ones. As

a result of transformation we get:

Y T Px
- 31
Py Py cose + pé siné
and Pz = Pz cose - p§ sing (4.1.2)




w5 =

Substitution of (4.1.2) into (1.2.6)

v 2 [ v 2 [ s B 2
. = Py +(pzsinefpycosa) “Lpzcose pysine)
my my m
pt? 2 2 2 2
o _ X 2, co8”8 sin 0, 2,8in"6 _cos O
4= 5 T Py s = "m0 P Bm TTEm )+
A 1 N : 1 )
1. 1
nTgji s A —
+ 2PZPV51H9C039(2m + 2m) .
: 1 ]
cos’p cos%

Factoring out from the second and third terms

2m i Zm_L
respectively, this further gives

Péz 2 cos% my 2 pézcos 8 o M
Z2 = —5— + 12m (E_ - tan’o )+ 5o (tang——=) +
e il 1 1 i
. s m, +m,
+ P,Pysing cose ( - )
1
From here follows
2
p;zcos 8 m 2 9;2 p'zcosg (m“ 5
g4 o (-~ tan%e) = X 4 ! - tan0) +
Eml ny 2m, 2m” my
¥ 1 —
+ ng{ sinb cost ( m, My .

cosze (Tﬂ
2m my

terms, this further reduces into:

Factoring out = tanze) from the second and third

2
o'“cog™s m p! 2 m
Sz 1 2 s cos‘y , M 29 4 2
B 4 Bz (== = tan g )= + (— = tan® ) {p)  +




e

L 1 ]
+ : - x pz_pyslnﬁcose(m -
2 ™y 2 : AT
cogB(—- ~ tan”e)
my |

Adding to botﬁ sides of the eqguation

2 2 o
'2-tan e(ml+m") cos®e M 2
P ™ X Tom G~ ten 8)
2 ] 2,2 o 1

Ty ( m, - tane)

this mav be changed into:

p; cosze my 9 2 sin%a(mi+m”)2
2 (5 - tan'e )4 ;
L 1 2,00 2
2m m; (— = tan’0)
i tmy
p'2 2 m
cos il 2.e 12
= i+ B30 (= - tanOpy
Lo !

where,

T
o, tanﬁ(ml+m”)

¥ — ] +
Py = Py my 2
ml(ﬁl - tan”8)

This last equation may be rewritten as

P 2, m
AT 2; + g;s e(ﬁﬁ - tanze)‘ja'2
S Y
where, _
p; cos% n 5 p'zsina(ml+m”)2
% o= e (=2 - tanp )+ (4.1.3)
cr 2m_L m” 2 m" ~
' 2m, m; (—- = tan’g)
Iy
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The area of the closed trajectorv of the electron in the mag-

netic field is then from here given by Tab where,

a = K?Ql(z+zcr)]%

2m (Z+Zcr)
m
cosze(ﬁu - tanze)

and

N

h =

thus:

Y,
[ ]% {Zm”(Z+ZCr)
Y =wi2m, (Z+2__) m
(212 y 4 cr cosze(;£~ tanza)
1

S

%
(mlmﬂ) (Z+Zcr)

27 (4,1.4)

m 3
cose(mi = tan20)°
my

The area of trajectory should necessarily be positive so that

from (4.1.4) follow the conditions:

0
%z + Zcr>
or
z > Zcr
m
and L tan26>0
My
2 My
or tan™ 8 <-— (4.1.5 a,b)
my
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From (4,1.5 b} we donclude that there is a critical angle 9
above which 'y cannot grow to 80 that the Bohr - Sommerfeld or
equivalently the Lifshitz - Onsager quahtization rule is appl*
ied; and this value of the critical angle is given by

’rﬁ

fan2 ,!!.. '_ —1-}“11 X
tén Ocr = m, OF 04 = tan (ml)_ (4.1.6)

Eq. (4 1 6)'can even be obtained through pure geometrical argu-
mene Figure 17 shows that since the plane of orbit is suppo-
sed to be peroendicular to the magnetic field H, the orbit re~
mains closed and ellintic for --even past the angle of conee'-

which acéording to the formula ih pp. iq is glVen by

¢>PE‘ ] ﬁ N - (_)%

mﬂ

Fig. 17: The angle of cone 8’

Notice that, as argued in pp 8[-34, the orbit continues to
be closed and elliptic until when it becomes parallel to the

format of the cone. For such a case, the field ﬁhwill stand
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nernendicular to ithe format of the cone. Then the angle @

under such a situation is the critical angle Scr, If the angle

6 pasges this limit the orbit becomes open. Hence we come to

the conclusion that 8! andwacr are comnhlementary angles to each

other from which consequently follows (4,1.6).

LIntarms of (4.1.Ff) it is possible to rewrite (4.1.3) as

L
(m_Lm”) (Z"‘Zcr)

S, = 27
(”’Zcr) coge(tanzeCTHtange)

%

and according to (4.1.1) this again delivers

% toan
(mlmu) (z+.ucr) _ ?'ﬂ'lelﬂh(n.},%)
- c

2n
- A
cosB(tan?‘ecr"tanze)2

from which we get

2 %

2
tan"8 __~tan” &)
_ JelBh ‘ ( cr L
= > {n+%) coso (mlm”)% = By

<)

Using now the fact

with £ taken as origin; the above expression may be put in

s

-its final and required forms

2 2,.% -
|| Hh (tan”® ~-tan®e) o
20 (mlm”) X
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Eg. (4.1.6) is actually the dispersion of the electron under

the action of the magnetic field; and it wmay be rewritten as

En'pzo = 999 (n-]-lz-) = ZCI (4.1.8)

where, (tanzﬂ "tanze)%
Q0 oH cr

= <= Cosd (4.1.9)
€ (m—m”) €

Finally substituting (4.1.8) into (2.3.7) we find the for-

mula for the absorption coefficient r._ under pT-2%; namely,

H

o htg (nth) - (7+%

)
_ ho -2 cr
'y = Tg Wgcosh [ szT . 7 (4.1.10)

Egtn (4,1.10) indicates the fact that Iy shows anisotropy in
that it assumes different values for different orientations

of the magnetic field in the interval

<0 <0
© - cr .

4,2 Investication of the characterstics of FH near the bound-

aries of the interval o0<06 <6,

X
’ ,

Let us consider first the case that gapproaches zero i.e.
the magnetic field is almost parallel to the axis of symmetry

of the neck. In this case (4.1,3) may be rewritten as

3
7 = -I:E-
‘ar 2m

1
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which gpon using the condition of absorotion p; = m”s/cos¢

may he transformed into

2
m, s
A "'——LI-T
cr 2cos
m”s2 .
But, — = z" as defined in pp 48, Thus in the limit
2cos”¢ .
indicated above 2~ = Zcr

Moreover, in this limit, (4.1.9) reduces into

_ on AN,
QB = —— %
(m_;_m")
which further simplifies into
el
g = —— =0 1if (4.1.6) is emnloyed.

These new values of 2 and { may now be used to find the

r

form of PH from (4.1.10) in the limit as 6 approaches zero,

namely,

s cosh™ 2 [hﬂ(n+%) _ Z2+3*

= ] (4.2.1)
H 0 Tk, T p 2k T 2k T

Fg. (4.2.1) is very similar to (3.1.1); and hence in this limit
of ® approaching zero, all results of chapeter III may be tota-
11y transferred.

In the other limit of 6 approaching ecr.we start out the
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investigation of the characterstic of FH by first finding the

Fu_ ) vis 1li Jsing p o= mys :
values of S or and 99 in this limit, Using n, IW;JCOS¢ ve

can rewrite (4.1.3) as

m% =° 2 m m? 92 2, (m,+m )2
I cos” 0 AL 2., sin”o L
Zar” 7 () (G - tante)d 5 | 7) 2 2.}
cos ¢ L i cos s Zm”mL (tan”ecr=tmne
m
2 2
2 2 : 2 2 m, (1+—=)
s c0529 My ™y 2 Mys sin’e Ly
or = P ( 1 ) ("r'['l"“) (1“ “‘DT" tan 9) T ( ) ) 2 2
.cos” 4 A ! i A cos ¢ Zmﬂml (tcm"ecr—tan‘e)
mH52
hfter factoring out 5 this reduces into
2cos
m
2 (1+ -Ihy?
mys 2 oo 2 2 L -
Zop T *———E—[ cos” 8 (1= ﬁ—tan 8)4sin 6 5 3 J
- 2cos” ¢ i (tan“ecrﬁtan“e)

Upon using (4.1.6) this finally delivers:

2 ) 2 2 2 2 -2
. 1~ \ - .
m cos 8 (1l-tan ecrtan 8) (tan ecr tan™® ) +gin Uﬁta&% ?

2

8
it
2, L 2 2

2cos ¢ (tan'ecr - tan e}

which in the above mentioned limit of 8+ecr simplifies into:

2 2 2 2
, 3} _?HS sin Bcr (L+tan Bcr)
‘er  Z2cos?y

9 -0
cxr

m, %
But, from tan ecr = (EI) we get
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gino = ﬂimm.g,
’ cr
(m1+m”)

gso that the above result may come out to be

2
mys m m’
bop = 2 d [nxﬂm (1+ m’ )2J
2cos"p (0 ~08) LM +
or
2 m
_ 5 (ﬁﬁ>2 (m,+ m,) (4.2.2)
2cos‘¢(8cr=6) 4 1

Moreover, in this limit of 6 approaching 8y (4.1.9) may be

rewritten as

%

(6 .~-6)
Qe: 'e'ECOSG mg_r:._....__
} C Cr e m )%

)

m, %
But from tang = () we get
cY ml
mll5
€0S 6, ¥ ™ , which when applied to
2
(ml+ mﬂ)

the preceeding equation finally gives

% X
m (g ..—0)°
ag = S 2 ex (4.2.3)

py 3,
(ml.+ m”) (m” . ml) :

Thus using (4.2.2) and (4.2.3) Eq. (4.1.8) takes on the form

% %
m,* (6 . —6)
. eih "L cr .
— (ntk) - 2. (4.2.4)

€ "
MPRO S ey my )




-0 -

50 that the absorption coefficient in this limit is given by

LY L
m?? (60 _~a)=
aHh 4 cr ~
h —2 a (m_L+m”);§ (m_Ll m”)‘!ﬁ (n‘*‘%) (Z+Zcr)
Ty = Ty 7w »cosh r T ]
B B
(4.2.5)

Notice that from (4.2.4) can be extracted the statement

% ok
eHh, M4 (6,,78)

de = en+l“€n= ( e )

1 T
(my+r) * () ™

from which, since, Ocr =g follows the inequality

he « en’pzo

the inequality invites us to use the Euler - Maclaurian form-
ula to complete the summation in (4.2.5) regardless of the
magnitude of the m~gnetlc field, The Euler-Maclaurian for-
muila is an approximate formula to the summation of the series
of the typme f(y+%). Congider an analytic and continous func-
tion f(x) with continous derivatives. This function may be

expanded over Ax as

c 1 c 1 c 2 e
f(x) = f(xi) 1 f'(xi) Axhs= f"(xi)(ﬂx) +
c
vhere, Ax = x - %/

and xi = xy +%
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If £(x) is now integrated within one interval (xi,xq4+1) it

gives:
Xyl X4+l X4+l X3+l
‘f £(x)dx = j‘f(xi)dx +|f £(x$) Ax dx+%\f £ (x§) (ax) 2ax
Xi Xi X3 Xi

Performing the integration then delivers

Xi+1 2 Xqi+1 3 +1

"l " 1
{ £ ax = £ef) e (2 AR TRy g (1§ (0% i
X3

X4 Xj

i)

eyt + 04 £ (%) [0 3- (-1 3

£(x3+k) + 1/, £ (x5)

Performing the inteqration over all other intervals and taking

& sum of these will eventually produce

X7 Xg Xi'l'l Xb
A A + £ F(x)ax + =emmm + r° £(x) ax
a Xy X Xy
b b c
= ¢ E(xqi+%) + 1/24 T £" (Xl)
a &
Thus we conclude from here
b
b b
£f(x) dx = % £(x+}) + oy &£ (xg) axg (4.2.6)
a &
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where ARy = 1

w oo oL N f" (xf) "'f“(xi)
and £ (x{) =f (x4) (since | - | «1)
f (Xi)

But, since AX; « we can make the replacement

o

ve " ' x=b
£ (x)axg =S £ (x) dx = £ (x) |
a

it s Ro

X=a

We then finally get the required formula from (4.2.6), namely,

the Ruler-Maclaurion formula:z

b b 1 X=b
$ £(x+%) = f £(x)dx - 53 £ (%) |
a a .=a

“then this formula is applied to (4.1.15) one gets

> L
o - m, (6 . ~0)"°
r, =1, 28 f cosh™2 &k = er K—2 "2 dx
H 0 Ak, T S tmy ) ( ) cx
o m m”) m, my,
2kBT
% ~g) % oo
(eHh ®y L(ecr 6) X=Z=% ) X
= o == | COS
24 dx 2kBT =0
The integrated part may be expanded as:
L
m32 (6 __=0)"
1
egh % = - ¥ iloy
1 3 (m +mg,) ~ (m, m, )
= (57) (-2) cosh ~ ( )y X

2kBT
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ehh ML (0 p0) X7 ein M (8007 e
i i i
€ (m, +m,)? (m,m,)? cr {(r, +m )%(m m, )"
x | sinh( L 17 ) % 1 L
ZkBT ZkBT »=0

But, since kBT « %, this integrated part gives zero in both

limits so that the preceeding equation after a change of vari-

able
Y vk
eth ™1 (Ocr 0) -
c ;5 % Xx=2 Zcr
(ml+m”) (m_]_m”)
Nl
2kBT
reduces into:
2k T o
Q .
Ty "o 4kh'i"“‘ ( . . ) f'“ cosh™ %y dy
B elth mﬁ (ecr“e)' — ——EQE
: 2k T
c X 5 B
(m +m, )~ (m my)
which upon integrating delivers
2k_T 72
. ha B cY
' = To Tk T ( T _,0)35) tanh 2T + 1]
" eHh 8l cr
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Using (4,2.6) and Q= ﬁgé this may be rewritten as:
1
L
tanecr(l+tan28 %+
Ty = To/a . [1+ tanh 2 pra S5y 2.
cr

Motice that a formula similar to (4.2.7) was derived by V.N.
Davvdov and M.I. Kaganov for the ultrasonic absorption coef-~
ficient in the case of Zero magnetic field as expounded in

sect:ion (1.2) pn (18-2..}),

Since \ N
m (6 —-6)~ 2 2
EHE o = egh . y g () 5 y GO (my4my)
(m, +m,) ° (m;m,) 2cos™y b ,m0) " T

approaches « in the combinad limits

H+o

and 6+m80r
(4.2.7) may be shown to reduce to the exact form of (1.2.11),

namely, P, T po”

H 0 in this case,.

Eg. (4.27) shows that with increasing of the angle g that is
in approaching the angle ecr the absorption coefficient reve-

als the same rise Py = l//(e as in the absence of the

-9)
r
magnetic field. The latier means that there exists a band of
values of 0 where the effect of GQO wvanishes. This is because

in this bhand the growth of TP of the type (4.2.7) dominates
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over the effects of GRO in the rupture of the connecting neck
at pT-2%, It should also be noted that at angles very close
to the critical value Oor * the obtained formula is invalid,
and not hbecause of failure of the classical quantization com-
dition, but first of all, since the limit point to which the
ellipse contracts as =2 is located very far from Pe where
the dispersion law (1.2.6) is valid., Since, however, the value
of 2 oy depends on m”s2 which is quite small when measured in
energy scale, formula (4.2.7) is applicable right up to angles
very close to ecr' Then one can state that in all cases when
the Fermi surface has a narrow connecting neck (and not only
in pT-2%) a relative sharp anisotropy of the ultrasonic abso-

rption should be observable in the magnetic field.




SUMMARY AND CONCLUDING REMARKS

When ultrasonic wave is incident on a normal metal at
low temperatures some of the wave eneray gets attenuated. The
process of absorption in this case is identified as some kind
of electron phonon interaction: and in the limit of ki » 1
(ultrasonic wave), where <k> is the wave number of the incident
sound and <> is the mean free path of the electrons, it is
purely a ocuantum vhenomenon. The conservation of energy and
momentur principles together with the fact that theincident
phonon energy is gquite negligible as compared to the electron
energy require that it is only a small belt of electrons on
the Fermi surface which move in phase withthe incident sound
tﬁat are involved in sound attenuation. Since the process
of absorption is mentionaed to be guantum, the ahsorption coef~’
ficient of this pocket of electfons may be determined from
time -~ dependent perturbation theory as (1.1.14).

The absorption coefficient, like all other kinetic and
thermodynamic characterstics of the metal, shows an anomaly
during a change in the topology of the Fermi surface which
usually results in singularity of the density of states.

Anomalies associated with the topology of the Fermi
surface are conventionally termed as electronic phase_fransi—
tions or phase transitions of order 2%. Assuming guadratic
dispersion, in both cases of appearance Qf a new spheroi@gl

sheet and breaking of the Fermi neck, when there is no apn-
lied magnetic field, the ahsorption coefficient shows a
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jump of the type (1.2.5) and (1.2.11) respectively. An appl-
ied magnetic field quantizes the energy of the electron into
levels known as Landau levels. In thils case it is expected
that £1. (Larmor frequency) is much greater than w (freguency
of incident phonon) so that phonon ahsorption does not chandge
the level of conduction electrons. This fact together with
the conservation principles still puts the same requirement,
as in the case of no magnetic field, for the absorption of the
incident sound.

In case when h@ « k_T and for quadratic dispersion law

B

the absorption coefficient T shows a change of the type (1.2.5)

H
- whereas for hg »»kBT it oscillates with an amplitude propor-
tional to the magnetic field.

The peaks are periodic in inverse magnetic field with
the period as given by (1.3.11), The oscillations of PH in
applied magnetic field are termed as Giant Quantum Oscilla-
tions (GQO) and the condition of observation of GQO in experi-
ment can be given as kBT << hf <<u,where y is the chemical

potential.

In the present work GQO are studied in pT-2%. It is

shown that observation of GQO in experiments in pT=-2% is pos-
sible only for kpT < ho <« 2], where % is the paramcter of

pT=-2% defined as Z=u-e¢ The condition for ultrasonic absor-

kﬂ
ption mentioned earlier is shown to persist even in this case

with the absorntion coefficient how taking on the form as in
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(2 3,7) the validity of which is checked in that for an aovplied
magnetic field directed along the Z2-axi s and quadratic disper-
sion law it reduces to already known formulae such as, (1.2.5)
under the proner limit of H+p. As the absorntion coefficient
PH lg sensitive to the parameter 2, its characterstics are inve-
stigated in the varjous regions of Z. In pT-2% associated with

appearance of a new sbheroidal covity, depending on whether

%
7

h¢

hQ x»kBT or hQ «:kBT the absorption coefficient near 7 %
where 2% is a threshold of enerqy as indicated in (3.1.1), is
shown to be small exnonentially and constant as given by (3,2.11)
and (3.2.12) respectively the declination from the constant -
value baiﬁg quite small and »nroportional to o2 for small enough
magnetic fields. 1In the region 0<%<Z* which is in direct con-~

tradiction to the condition of absorption, T, is shown to re-

H
main low .and monotonously rise towards increasing Z. But in
the case of 2 »-Z*, the absorption coefficient is found to
show GQO with exponentially rising amplitude (3.4.5), The
periods of the oscillations in inverse magnetic field and the
parameter 2 are as given in (3.4.6) and (3.4.7) respvectively..

The conditions for the observation of these oscillations are

derived to be

kBTufﬁ he « |2].

In pT=2% associated with breaking of the Fermi neck and an .-

arbitrarily oriented magnetic field (but with quadratic .
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dispersion law still) T is found to show strict dependence

H
on the angle of orientation (6) of the field with the Z-axis,
and it is shown that it vanishes beyond a critical value of
the angle Ocr(as given by (4,1.6))where the orbit of the ele-
ctron ceases to be closad, Near 0= Q, PH is discovered to

Lhe in similar form with the one derived for the appearance

of a new spheroidal cavity; whereas for the other case of

8 = Gcr’ FH is shown to be inversely proportional to (ecrue)%
indicating that in this particular limit there is a band of
electrons on the Permi surface which out match thoge resno-

nsible for GQO so that T, shows the indicated sharp aniso-

H
tropy.

Finally 1t may be commented that the knowledge of the
period of GQO is guite important in that it leads (according
o 2.1.10} to the knor Iadge of area of cross-section of the

Ferml surface which on the otherhand gives a valuabe infor-

mation about the metal which is under investigation.
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