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ABSTRACT

A technique for studying the anomalous penetration of
radio frequency radiation through metallic crystals has been
tested using single crystals of pure gallium. It was found
that quantitative observations of the transmission of electro-
magnetic radiation through gallium single crystals could be
made. These crystals had the shape of a hollow box instead

of the conventional rectangular slab geometry.

Most notable amongst the profusion of structures seen
in a survey of transmission'effecﬁs in gallium were the
Gantmakher resonances and the Gantmakher-Kaner oscillations.
The line position, the line width, and thé line amplitude>
of several Gantmakher resonances were found to be consistent
with previously reported surface impedance data. Agreement
with other size effect data was also obtained for extremal

dimensions of sections through the gallium Fermi surface.

Gantmakher~Kaner oscillations due to limiting point
resonances were studied in detail in several crystals. A
model which waé constructed to indicate the possible size
and shape of the pieces of surface under investigation showed
quantitative agreement with pieces included in a recent
theoretical construction of the gallium Fermi surface by

Reed.
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Chapter 1

INTRODUCTION

If a metallic conductor is placed in an alternating
electromagnetic field of frequency w, which is less than
the plasma frequency m; pf the mobile chafge carriers, then
an electromagnetic field will be induced in the metal near
the surfaces extending to a depth of the order of §, where
8 is the skin depth. If the metal is very pure, then at low
temperafures (1iguid helium temperatures) the carrier_mean
free path between collisioné, 2, may be much longer than the
skin depth. At a frequency of 1 Mhz and temperature 1°K, a
typical experimental value for the skin depth is approximately
10™% cm. When & >> & the electric field distribution in the
metal is no longer given by the simple exponential behaviour

obtained from Maxwell's equations and the usual local form of

Ohm's law:

E = E(o) exp[ - G-1) 3 /24, ] Wt << (1)

where 60 (classiqal skin depth)= H(
| }—{%)_) H(o)g ’

iy
¥New T

*The plasma frequency, w_ = v4wne?/m* ”2 10'¢ rad/sec for a
carrier density n = 10*%cm~® and effective mass m* = mg,
where my is the free electron mass.




Here ¢ ié the flux contained in the metal per unit length of
gurface, E(0) is the electric field at the surface of the
metal, and H(0) is the magnetic field at the surface of the
metal.* Instead, the current density at a»point ¥ in the
‘metal is defined by the electric field in a regioE having
dimensions of the order of %£. The conductivity, g, is now

no longer a constant of the metal but rather depends on the
spatial distribution of the electric field. Under these
anomalous skin-effect conditions it is necessary to replace
equation (1) by an equation derived from a microscopic theory

(1)

which predicts a more

(1) (2)

developed by Reuter and Sondheimer

complicated non-exponential behaviour.

Because the current at a given point T is determined by
the electric field in a region of dimension & about ¥, this
gives the possibility of measuring effects due to a relatively
few carriers on the Fermi surface itself. A useful experi-
mental technique for studying the Fermi surface of é'metal
has been to look at the transmiésion through a metal slab or at
the reflection from a metal slab of radio and microwave

(3) (4)

frequency radiation For pure metals with mean free

*Throughout this thesis cgs units will be used, in which,

-
curl E = - % %%
-+ >
2 _ 4n) 1 JE
CurlH'—'—'—é——-"'a—-é—E
- S e - >
and F = eE + E-v X H

and a time dependence, e , 1s used.



paths greater than the slab thickness, in the presence of

a static magnetic field, anomalies in the surface impedance
and transmission can be used to gauge the shape of the Fermi
surface ofnthe metal. An example of a transmission anomaly

. is illustrated in the following sketch.

Metallic Slab |
oF T)ncknegs
d

t2— electron orbt

T \\WWN

~
~
™~
~
~
~
-

When the diameter of the electron orbit equals the slab
- thickness, i.e. 2R = d, there is a transmission anomaly. The

strength of the anomaly depends in a complicated way upon the

mean free path, 2(5)(6). For this reason the mean free path

cannot easily be determined from the amplitude of the anomaly.

In general size effects of this nature result from

extremal orbits on the Fermi surface. The following sketch

helps to illustrate this point.
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For a Fermi surface of general shape (see above), orbits on the
Fermi surface in any plane normal to the magnetic field, ﬁ, (that
is, at different values of kH’ where kH 'is the characteristic
wave vector along ﬁ) may have different cyclotron periods. The
dominant response of the system comes from orbits whose
.periods are stationéry with respect to small changes in kH.

These orbits are called extremal orbits, i.e. AA' orbit.

Due to a phase cancellation(7), the contribution from orbits

such as BB' is minimal. 1In other words, the contribution

to the electric field in the metal from different non-extremal
orbits tend to add out of phase and hence do not reinforce

one another. However, near the extrema the phase varies only

slowly and there is an enhanced signal from these orbits.

In a typical experimental arrangement(3)(6)(8)(lo) to
measure these anomalies at radio frequencies (called radio

frequency size effects) a metal slab is placed inside the



tank coil of an oscillator.. If the circuit is operated near
its.threshoid (marginal operation(3)(10)) its‘amplitude of
oscillation is sensitive to small changes in the quality
factor, Q, and hence is sensitive to small changes in the
resistive part of the surface impedance of the specimen. If
on the other hand, the circuit is operated in a stable mode,

the frequency of oscillation depends on the reactive part of

the surface impedance of the specimen‘b"8’¢

Using audio
frequency modulation and synchronous detection it is possible
to measure the changes that the amplitude and phase of the
incident wave suffer upon reflection since these changes
are specified by the surface impedance, Z, of the metal. 2
is defined as the ratio of the tangential electric and magnetic
fields just inside the surface of the metal. The real part
of Z, the surface resistance, measures the fraction of incident
power that is lost to the sample either through Joule heating
or through collisionless mechanisms of direct interaction be-
tween the charge carriers and the different Fourier compbnents
of the field(gj. The imaginary part of Z, the surface re-
actance, is related to the phase shift of the reflected wave,
or equivalently, to the frequency change of the exciting
resonant circuit, i.e. the inductance change of the exciting
coil, In this geometry both surfaces of the slab are excited
by the radio frequency radiation but in an antisymmetric
fashion. This is said to be a bilateral antisymmetric mode

of excitation. A fundamental drawback of this method is the



difficulty in calibrating the magnitude of the signal observed.
Although calibration is possible (see for example Cochran

and Shiffman(G)), most work reported using marginal oscillators
~gives no information about the absolute strenéth of the

observed surface impedance anomalies.

Another method, although not used as extensively, is a
unilateral excitation geometry as developed by Grimes(lo).
Rather than monitor the impedance on the driving side of the
slab, radiation is detected on the far side due to currents
carried across the sample by geometrically resonant orbits.

The experimental arrangement, illustrated in Fig. 1-1, page (8),
consists of a transmitting coil on one side and a receiving |
coil on the other side, with shielding cans around the coils

to minimize stray coupling. To achieve good shielding it

is necessary to have the shielding cans in intimate contact
with the metal slab, abcondition which is»difficulﬁ to achieve

without damaging the specimen to some extent.

This study on gallium single crystals was undertaken
to test a transmission system which enables one to obtain
good isolation between transmitter and receiver coils, and
which also permits specimens to be mounted in a strain-free
fashion. A hollow box is used as a sample instead of the
conventional single slab. Using this system a survey of

transmission size effects in gallium single crystals was made.



After the completion of this study, it was learned that
(11)

pruyvesteyn and Smets employed a similar technique to

observe size effects in tin crystals.
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Chapter 2

RADIO FREQUENCY SIZE EFFECTS

2.1 The- Gantmakher Effect

If a thin flat single metallic crystal is immersed in a
uniform magnetic field H, and is placed within a coil carry-
ing a radio frequency current of angular fréquency w, high

enough so that § << d, where d is the sample thickness, and

yet low enough so that w << W, = %%E’ where We is the cyclo-
tfon frequency then the electrons may complete many cyclotron
orbits before the applied electric field changes appreciably
in time. When the magneticrfield, H, is applied parallel to
the surface (see Fig. 2-1, page 13), the electrons will move
along helices having axes parallel to the surface. The major
part of the electron orbit will be contained deep inside the
metal where there is no high frequency field (since § << 4d).
The penetration of the electromagnetic field inside the metal
is due to electrons that "carry away" the high frequency field
from the skin layer and then reproduce it within the volume

of the metal. The electron interécts»most intensely with the
electromagnetic field on those sections éf thé trajectory
where it moves along the electric field, that is, parallel

to the surface of the metal at those regions such that v, = 0%,

The retardation of the field can be neglected, since the

velocity of the electron, v (ﬁslo8 cm/sec), is usually much

*We use the notation that z is parallel to the normal to the
surface of the metal.
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larger than the characteristic'phase velocity, wd (¢=lO3 for

1 mhz radiation and § = 10—4 cm), of the wave. The points

v, = 0 on the electron trajectory and the.corresponding points
on the orbits in k-space are called effective points. Since,
in a magnetic field the velocity vector, 3, changes on the
trajectory, there are a large number of effective points in
real space. When the electron moves along the effective
section of the trajectory in the skin layer, it acquires a
velocity increment AY. Consequently, it is the carrier of
part of the skin current Ag = - eA%, where e is the value of
the electronic charge. It is clear that the vector AV varies
along the trajectory. At the next effective point, which is
located deep inside the metal, the electron again moves parallel

to the surface of the metal and produces increments to the

velocity AV and to the current Ag. Hence, current and field

- peaks are produced inside the metal, and the distances between

them are determined by the dimensions of the electron orbit.

If the magnetic field strength is such that the electrons
have spatial orbits which just span the slab, current is carried
from one side of the specimen to the other and a discontinuity
or anomaly in the transmission occurs. It was this type of
size effect anomaly in the surface impedance of thin plates
of pure tin that was firet'observed by Gantmakher(s)(lz)(l3)
in 1962, It should be noted that this is an effect of second
drder superimposed on a larger varietion of the surface

impedance with applied magnetic field.
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In the presence of an applied magnetic field, ﬁ, the
carriers move in reciprocal space on the Fermi surface in
planes perpendicular to the direction of the field. The
projections of the real space orbits have the same shape
but rotated by 90° about . The relationship between the
dimension Ak of an orbit in reciprocal space and a dimension

Ar on a corresponding real space orbit is(l4)

2k = _e__ﬂ AT ()
he
obtained by integrating the equation of motion for a charge
e in a magnetic field A (the Lorentz force equétion) over
time. Experimentally one measures the magnetic field at which
a discontinuity occurs in the transmission. The extremal

diameter, Akext’ of the Fermi surface can then be obtained

from,

AK it = %-LHO = 0U5ITEx o ol
(&

‘where H0 is measured in gauss, and d is measured in cm. From
equation (1) it is clear that Gantmakher resonances can be
used to measure dimensions of Fermi surfaces in a direction
perpendicular to both the magnetic field and the normal to
the metal surface. Because the skin depth is finite, there
is a range of electrons having different values of X which
contribute to a resonance. Hence, the resonance has a

fractional width in magnetic field given approximately by(s),
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AH/H = $/d = 107"

for § = 107? cm and 4 = 1072 cnm.
It is this sharp variation in transmission or surface imped-
~ance which is called the Gantmakher effect or radio frequency

size effect.

(12) also established that anomalies occurred

Gantmakher
not only when single extremal orbit diameters spanned the
sample thickness, but also whenever multiples of such dimen-
sions occurred. That is, if fundamental signals occur at
magnetic field strengths Hlband H, then other signals may also
occur at magnetic field strengths.(nHl + mH2) where n and m

are integers,

| It should be noted that the Gantmakher effect is a
geometrical or spatial resonance dependent upon the thickness
of the sample. This effect should not be confused with cyclo—
tron resonances which are a temporal resonance occurring when
the period of the electron orbit is a multiple of the period
of the external driving field, that is which occﬁr whenever

w = nw,, where n is an integer.

2.2 The Gantmakher-Kaner Effecf

An important featuré of the Gantmakher effect is the
ability to generalize it to include arbitrary orientations
of the magnetic field relative to the sample surface(s)(ls)(IG).

The electrons interacting with the electric field in the skin
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layer can carry the field to a large depth (of the order of

%) either along a chain of closed trajectories(s)(l7)

or by
 drifting along the direction of the applied magnetic field,
if the Fermi surface has elliptical limiting points or

sections with an extremal value of BA/BkH(lS)(l6)a Here A

is the area of intersection of the Fermi surface with the
plane kH = constant, and kH is the projection of the electron
wave vector on the magnetic field direction. The electric

field variation along the z direction inside the metal can
(5) (15) (17) (18)

either be of the form of sharp spikes
(16) (18) (19)

or have
a quasi-harmonic distribution The form of the
distribution of the field inside the metal is determined by

the character of the interaction of the electrons with the

field. 1If the electron trajectory has places where the velocity
is parallel to the surface of the metal, i.e. v, = 0, then the
interaction is effective and a system of sharp spikes of electric
field and current are produced inside the metal. The distance
between these spikes is determined by the characteristic
dimensions of éhe electron trajectories in a magnetic field.
However, if the trajectory has no points with v, = 0, then the

interaction is called ineffective and the electric field in-

side the metal has a quasi-harmonic form.

This latter case occurs when a static magnetic field is
applied normal to the surface of the metallic slab. Gantmakher
and Kaner(16) have shown for the case a non-ellipsoidal Fermi

Surface that the wave vector depends only on the spatial
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periodicity, u, of the electron orbit, i.e. the displacement
of the orbit center along the magnetic field during one
cyclotron period. In other words, the interaction between
the electron and the electfomagnetic field is large only for
that harmonic of the alternating field in the metal whose
wavelength X is equal to the displacement df the electron,

u, in one cyclotron period. This dependence can be written,

k=21 _ aneH /A Y | (2)
—J: #C. AkH e_x‘f‘, |

where the spatial period of the current or field distribution

is determined by the extremal values u = U= In addition

to this effect due to electrons on helical trajectories,

oscillations may also arise from electrons at elliptic

limiting points*. 1In this case,

Wb = Ve T, where T; = 2
_ .
Co Uged = 20k )

e HUK

where K is the value of the Gaussian curvature of the Fermi
surface at the limiting point, i.e. K = 1 where R, and R

, v R1R2 : 1 2
are the principal radii of curvature in k-space at the limit-

ing point in question. In general, the elliptic limiting

- * The limiting points of the Fermi surface are defined as the

points of contact with tangent planes perpendlcular to the
-magnetic field direction.
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point effect is weaker in strength than that due to an

extremal helical trajectory.

The oscillations periodic in magnetic field observed in

transmission or in the surface impedance for the normal field

~geometry are generally referred to as the Gantmakher-Kaner

effect.

In order to understand qualitatively how spatially periodic
oscillations in the electric field distribution can arise,
consider for simplicity, a transverse circularly polarized
wave normally incident on the surface of a semi-infinite slab.
The radio frequenéy electric field E+(z)_propagating in the
positive z direction (along the normal direction) with time
~iwt

dependence e , and the electric current in the metal §+(z)

both of which vary only in the z-direction, are related by

'~ Maxwell's equations,

(izi?; ( 3 + ggé Tir-(%):: —-4TﬂLanit(%)
e e
where

E, 3)= E () * LE, ()

For the case of an axially symmetric Fermi surface and specular
reflection of the electrons from the surface of the metal, the
distribution of the circularly polarized components of the

electromagnetic field in the metal can be written(l6),
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e_l:k‘?" + e—ik}) dk )
A% - 4Taw s R)
Qa

1 E
E;LL%\ f% + O) S;(

-i&utf

where —E (% R t) E(%) €

£ (o) = Q
- ¥ ta=0

- (4

i

and w and k are the freguency and wave number of the electro-

magnetic wave, and

w (K) = T (R) FiTyy CR)

where

j'(,m = v(R) E(R)

Here<5i(k), j(k), and E(k) are the Fourier transform coeffi-

cients.

Upon examination of equation (4) it can be seen that
there are two types of contributions to the electric field.
One is the contribution from the poles of the integrand in

equation (4). These occur at,

A= 4Tiw T3 (R)
CEL
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These poles correspond to modes of the electromagnetic field
(sometimes called collective modes) which propagate if k
is essentially real or which are damped if k has an appreci-

able imaginary part. The long wavelength propagating mode is

(20)(21)

called a helicon At shorter wavelengths there is also

doppler shifted cyclotron resonance absorption(zn(zz).

+ ~nt+ i 1iAn +nA +ha Aalantrans Fia1A
The cther contr cn to the electric £icld

64)

»
A Al A
R R S A S )

—~

the presence of isolated branch points* of the integrand.
These isolated branch points in the Fourier transform of the
conductivity, 0, (k), are due to contributions of electrons

. The

from those sections of Fermi surface where u(kH) = Ut

branch points in Oi(k) can be regarded as giving rise to a

long range oscillatory components of the electric field, when
the integral is evaluated using a contour integration in the
complex k-plane. These branch points are responsible for the
Gantmakher-Kaner oscillations (sometimes called single,pérticle
modes). According to Gantmakher and Kaner(23) for the case

of a single axially symmetric piece of Fermi surface and a
magnetic field directed normal to the surface of the metal;

i.e. only ineffective electrons are involved, the Fourier

* If a function, f(z),of a complex variable is multi-valued
then a branch F(z) is any single-valued function in some
domain at which every point in that domain takes on one and
only one value of f£(z). A branch cut, then, is a line or
curve of points at which the branch function F(z) is not
analytic, i.e. its derivative does not exist at that point.

A branch point is a point such that if a complete circuit
1s made about it is necessary to cross a branch cut and there-
fore the function does not return to its original value.



- 19 -

transform of the conductivity, o, (k), has a single branch point

located near the real axis on the complex k-plane.

The following development illustrateé more clearly the
reason why oscillations in the surface impedance or trans-
mission of a finite slab are observed given a periodic field
‘distribution in a semi~infinite slab. The circularly polarized

o

PR AR 4 —1l et~ o= D L S - S, Y LI . - -
UL o Litat wdadd ubcu 111 eyudilloll (4) 15 dygddll elpioyed.

notatioi

For a periodic field distribution we can write,

E'x = Eo exp [—L (ﬁ{gﬁwt)]
Ey=4E, exp [4 (hg-wt]]

and E+::,‘Ex :"_j___Y

It is clear that Ex and Ey are components of a vector of constant
length E0 rotating at an angular velocity w in the x-y plane.
This is illustrated in the following sketch. We shall call

this wave E+.

-—-(

IE+




£
P
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The electric vector rotates clockwise, and the angle

made by E, with the x-axis at any time t is,

o, = ﬁ%,. 2y

An analogous sketch shows that for E_ the electric vector rotates
anti-clockwise and the angle made by the electric vector

era bt LA A A =
YW oA Ld wd i - Ul O <«

Now energy is extracted from the electric fields by
electrons which at time t = 0 are at z and which are specified

by an angle ¢ on the Fermi surface, as shown below.

Y vp
S h.erlco\l — 5 \

Wl‘nere *VF s 'H\e eJec‘f‘ron» ve.,ocnl‘\f in “H’\e. X—Y Flo_ne_

Initially the electrié field is directed along the x-axis.
At a time t both the angle the electric field vector makes
with the x-axis and the angle the eléctron makes with the
X-axis will be changed. At time t the electron is at

(z'-2) = vzt. For the E+ polarization of the electric fiéld

the angle with respect to the x~-axis is now,

O, = /Qi(%-“?') —wh = «Qﬂf}?{'*wf
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During this time t, the angle the electron velocity makes with
the x-axis is altered by w.t. For a chargelcarrier with a

negative charge the angle on the Fermi surface of the electron
is

X = b — w it

The amount of energy picked up by the electron from the electric

field can be written(lq),

ANAE :=--€\/fn Eo ge eXP (?&/’C) COS/B GH._

where B is the angle between the electric vector and the electron

vector. But this angle is,

/§+—_:<,£4§7é -—wi‘) -+ ((5-— aJC](I)

A . 02\
Y - (w—r-wc_-/ﬁu%}]é'

¢—_‘Q+7&

where ﬂ+ = UJ-}-LDQ_"‘,&A}'}’

Analogously, for the E_ polarization,

where _Q.__ = w—;dc_"/ﬁdr,a,,

V=gt and = —8_

i

i



- 22 -

Therefore, for the energy picked up by the electron from the

electric fields we obtain, changing t to -t in the integral,
= ; \
AE__,: ="eV, Eo ge_xF (—:t/’c‘:>cos (55”_().1;{3)0[:&
-
.—:—evFEO Eexl:(—i'/’t){ms ¢ cos _Q_,_.,t + S\n¢°

——ev, Ex (cos g + NLyxsing)
(H_O_j"*)

We may now evaluate the contribution to the current using the

relation(l4)

j(/zi)

—
AE T JAS
3#' -
(27) || |
where dS is an element of surface area on the Fermi surface
in k-space. For a slice of Fermi surface in the kZ direction,

as shown below,

and ] Git) =-2e g Ko dbs 5”" AE Jdf
_ y ATz y



—235

| i
S 4, =-2e db, £ cos ¢ OE, dg
st Se% ¥ go T

2w '9_
‘.’Scosgé AE d¢ =-TTew E, T /(I+ Sl T?)

.’. Ol,l'tx = Qﬂ'e.afgf ’U};": Eo O(A?, X
Gy’ h (1 + Q> %)

Similarly, 4% 2T
4. =_2e B d SA;mgf AE, d ¢
Jry (m g PTT%
, ’E} °

and ‘é,l+ - Q\ﬂe/p‘/ﬁf p T Eo Q-_y—_”L’ O[_‘&%
) 2n)Y R (1 + L
Consquently, é)jﬂ___:Zﬂe_A'%’tk? oUln‘k

E, ()% [+t

ana ¥, = Fan"(Qs7)

. 2 <
where Y, 1is the angle between Eo and Jix®

In the Gantmakher-Kaner effect a particular slice on the
Fermi surface is picked out because for this slice Q+T'+ 0 and
the current becomes rather large. This determines a particular

value for k. For E+ and Q+ = 0

Ay = w o

wtw,
V¥
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For this value of k then, o0 is increased by Ac which is real,
and this particular component of the electric field is en-

hanced over the other components.

Now the amplitude of the field, E(k), varies as,

F(k) = cos %% e-iwt

This is because the waves for +k and -k interfere to give a
standing wave. Therefore, one expects the long range part
of the electric field which is due to the Gantmakher-Kaner
effect to vary as

cos /&’3 = co9 w:wc,)’éz

Fa
For the case of a finite slab of thickness d, effectively
one measures the electric field at d so one expects
AT = cosBd = c¢os (w"—:wc_>oL
AE?
When both polarizations are excited simultaneously one gets
an émplitude which goes like
AT =< cos <w+w¢_)ol + COS(AU_:;@L)OL
A,
&

o

— 2 cos <_cg__o_L_) cos (QA 04-)

Y “7
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Therefore, the period of the transmission oscillations is -

given by,

wed = 2Tm
= .

e teste /e

These oscillations will be periodic in magnetic field.* For

extremal helical trajectories, from equation (2},

AH= Ke (A
e >’kn ext

while for elliptic limiting points, from equation (3),

13}4 = ;llli:c.
ed IK

The amplitude of this oscillatory component of E(z)
vanishes both in the limit H > 0 and H » «, This result-
can be seen by examining the behaviour of the Fourier com-
ponents of the conductivity d+(k) and the electric field E (k).
For a piece of Fermi surface which is singly-connected and
is axially—SYmmetric with respect to the 0z axis, then for
a single slice of Fermi surface of thickness dkz, the con-

duct1v1ty can be written,

G k) o [H— a{M (w"‘w} Z]

. * The effect vanishes when wd/v, = /2 or w = v /2d. For
v, = 10® cm/sec and d = 10-2 cm, f = v,/4d = 2.5 x 10° hz.
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‘The actual conductivity is more complicated because one must

sum over all such slices so that,

c® « B[ 1+ {80 —@ruyel]

When the condition k& = W, T is fulfilled, and if w, T >> 1 the

conductivity becomes very large. However, for w1 << 1 the

c
condiition K& = W T ODViOouSly has a negligible effect on the
electric field, since near resonance (k& * wcT) is in any case
: 21TVf
negligibly small with respect to 1. Physically, Ugpr = "5t
c

u
ext

L
which carry the energy are attenuated very strongly compared

so that if W, T is small then >> 1 and the electrons.

to U, .- One should keep in mind that the electrons of helical

.pitch u are coupled strongly only to E(k) for k = 2m

Now as the magnetic field strength is increased one

obtains the condition,

,('fe_&f — 2T — 50
£ W, T

Therefore, at large magnetic field when the wave vector, k,

becomes large, Ut becomes small.

We now examine the behaviour of the Fourier components

of the electric field, From Maxwell's equation,
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2 ’*”__TT,qu:E.
LE , w B = - 5T4e

: -8
2 S ¢
one can obtain E (k). At radio frequencies, one finds that
for Ugt small, i.e. Uont << § or k > 1/8, the amplitude

of E(k) is sufficiently small that the electrons do not
pick up mich enerqgy from the electric field. Consguently,
one expects the oscillation amplitude to vanish at sufficiently
high magnetic fields. As a résult one expects the amplitude
of that part of the surface impedance of a finite slab or
the transmission through a finite slab, which is oscillatofy
~ in the applied magnetic field to vanish both for small and

for large values of the magnetic field.*

* The decrease in amplitude in the high field limit is
expected to be slower than in the limit H-0.
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It is important to note at this point that according to

(16), the period of oscillation

the Gantmakher-Kaner theory
for an axially symmetric piece of Fermi sﬁrface should not be
dependent upon the polarization of the electric field. How-
ever, the amplitude of the oscillations and cut-off fields

may change since o (k) and hence the skin depth is in general

orientation dependent.

(24), the amplitude

According to Falk, Gerson, and Carolan
of the Gantmakher-Kaner osciilations depends upon the follow-
ing factors.

1) Is there a point p, where Ivzl or more precisely I%% |

has a local maximum?

2) Ig the maximum I%%-I an extremum? That is, does

é—% = 0 as opposedHto the case in which %%~becomes
iggimal because it is increasing and P, te?minates at
Py (as for an elliptic limiting ?oint)?

3) Does A(po) = 0? |

4) Does |p,| terminate at py?

From a study based upon various models they concluded that the

strongest branch point singularity in the conductivity o(k,w)

was the square root. This occurred when there was a concentra-

2
tion of electron orbits with almost the same %% , 1.e. %-% = 0,
' : H kH
at a point of finite cross-section {A(po) = 0}, that is, when

there were enough electrons with orbits in the vicinity of Po
to give a large contribution to the donductivity. Therefore

one expects Gantmakher-Kaner oscillations to be strongest when
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there is a large group of electrons at a point of finite

cross-sections such that %% is an extremum.
H

2.3 Line Shapes

Attempts to explain in detail the line shapes of the many
singularities of the radio frequency size effect have been
made by Kaner and Fal'ko(zs) for the case of unilateral
excitation upon a metal with a spherical Fermi surface. Ex-

periments have been performed by Koch and Wagner(26)

on
potassium and the experimental lines compared with the line
shapes calculated from the Kaner-Fal'ko theory. By numerically

evaluating the relevant expressions which determine the deriva-

tive with respect to magnetic field of both the surface resist-

LI
ot '.Iil><

R . .
ance,gﬁ, and surface reactance, , lnstead of using the Kaner-
Fal'ko approximations, they repor

ment are "sufficiently in agreement to allow a meaningful

comparison".

More recently Juras(27) has attempted to solve self-
consistently the complete boundary value'problem of the radio
frequéncy size effect for a number of simple Fermi surfaces
and for different modes of excitation of the sample by the
external radio frequency field. A comparison was then made
between the theoretical field derivatives of the surface
impedance and those experimentally observed in potassium

(28)

by Koch and Wagner . This comparison was only qualitative
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since the ratio é-was approximately % ekperimentally but equal
to 1 theoretically. This seemingly small difference in the
ratio of the mean free path to the specimen thickness reduces
the line amplitudes of the surface impedance by a large factor.
Nevertheless, the gqualitative similarity in the line shapes

between theory and experiment is good not only for the primary

singularity but also for the second harmonic as well.

It should be emphasized that Juras' calculation assumes
wT = 0 and therefore does not include the possibility of an
electron orbit encountering a change in phase of the electric
field while passing many times through the skin layer.

Experimentally,'Gaﬁtmakher and Tsoi(29) have noticed line
shapes (in potassium) which look approximately like those

calculated by Juras when the condition £ d is satisfied.
However, when the sample thickness is increased such that

%2 < d, a distinct change in line shape is observed.

Although the above theories qualitatively explain the
dependence of line shape on the mean free path, they do not
handle the condition £ < d. The behaviour of the size effect
line for this case has not been studied and consequently

requires additional investigation.

Cochran(30) has suggested that the line shapes of trans-

mission signals are related to the line shapes of surface

- lmpedance signals. For transmission into a box he proposes

that,
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AT = — As/ZZQ.

where AS is the change in the skin dépth, and a is the width
of the transmission cavity, and AT is the change in trans-
mission. Since AS§ is related to the surface impedance, a
comparison between transmission line shapes and the line

shapes predicted by Juras can be made.



Chapter 3

TRANSMISSION THROUGH A SLAB

3.1 Transmission Ratio Coefficient

A simple and elegant method for investigating Gantmakher '
size effects will now be presented. This is the transmission

of electromagnetic radiation through a thin metallic plate.

ILet the specimen of thickmess d, form one side of a
rectangular cavity as illustrated in Fig. 3-1. The other
three sides are assumed to be infinitely thick or of such
thickness that no radiation effectively passes through them.

(30)

It can be shown that for this geometry the transmission

ratio coefficient, T., can be written

—E; = H; < :él& (;x (£L5
1Tj Ao

where Hi is the magnetic field inside the cavity, H, is the

0
alternating magnetic field outside the cavity, "a" is the width
of the transmission cavity, A is the free space wavelength of
the radiation, and Gx(z) is the component of the electric

field in the slab along the direction x, generated by a radio
frequency magnetic field of unit strength applied at the sur-
face z = 0. This expression explicitly indicates that the

transmission ratio is a quantity proportional to the electric

field distribution in the metal at z = 4.

This relationship indicates in general terms what quanti-

ties are measured. The following development evaluates the
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transmission ratio, Tc' in terms of measurable experimental
bies : : R >
quantities for the classical case in which j = ¢E, where ¢

is the d.c. conductivity of the metal.

Taking the time variation of the magnetic field to be

e—lwt, Maxwell's equations can be written,

cux’ E = -—% %}g

CKTI H = ﬁﬂfg +
N |

YE

P

where U is the permeability and 3 is the current density.
Let us apply these equations to the rectangular box of Fig. 3-1.
Taking A to be a function of z only, being polarized along vy,
and E to be a function of z only, being polarized along X,
Y
YA
(.‘_UJ'I H-"»'—-;__HY A
'

—_—

Cur' E = EE%X ;?
%

“‘.é_.._E.X = =M };_H’Y = Awg_.HY = A.,w& Ho
c it c «



e C

But :LEX = AWM %&Y = — il ‘f’le‘E,x:—— 'ﬁ/'uu;f_LTEx
3' ¢

In the thin wall of the box (Fig. 3-1) the electric field

will be of the form

N Y
E,Gy= AT+ B 7

0
w‘r\ere /R::U Pl N

The constants A and B are found from the boundary conditions.
At the inside metal~vacuum interface the electric field must
satisfy the general Maxwell equation,

¢ dt

(o

where & is the flux through the closed curve C, around the

E,
inside of the cavity. In the infinitely thick sides ﬁi = %%,
i

where E; is the electric field on the inside of the cavity,

and H; is the magnetic field on the inside of the cavity™.

* H, in the cavity is uniform since we assume 2 << 1.

A
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. ﬁ% H. (bt 2a) - l:(P;eLAOL-{» Be_"&i) = —u d (ab H)
| '3

| 5’_%&.,3 H/:

A-B

Eas
B |

I

l
cos kol — AL sinfd.
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For large kod, which is the case in our experiments,

iR
-7;_ = :2-51_
|+ A

Also, for ka >> 1, which is the case in our experiments, then
1 + AKX -ika

CTox 2 L i e

Lt e
Ra. Aljoc
This is the expression obtained by Cochran(30). This formula,

which is in error by less than 1% for kod > 3 can be used to
evaluate the transmission ratio coefficient in terms of measur-
able quantities. It must be emphasized that the above develop-

ment is only valid for the local case ¢ << §.

This expression for the transmission ratio will be
compared with experiment in order to check the calibration

of the apparatus.

3.2 Transmission Amplitude for the Gantmakher Geometry

In our experimental geometry a unilateral mode of

excitation is employed. Consider now the following sketch.

E@#) — 'l
—— 1

s
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An electron making a pass through the skin layer at time t
eE (t) At
m*

changes its velocity by , where At is the transit

time (see above), m* if the effective mass, and E(t) = E(O)e'-lwt

is the electric field at the surface. The probability of the

electron making n such passes will be exp( Zﬂn

), where 1 is
the mean collision time, and W is the cyclotron frequency of

the electron. For a circular orbit this probability can be

written as exp/( ngd) Now after the nth pass the electron
-2miwn

w
C

the phase change of the electric field during the time required

will be in a field given by E(t)exp ( ). This represents

for the passage of the particle.

For an electron initially in the skin layer, that part
of the electric field which is generated by the carriers which
contribute to a Gantmakher resonance at the back side of the

slab, can be expressed as,

AE() < E(t} e.xp( Wa[) + B QXP( 3110[)QXF<— 3_’_%_@_)—}-
| E(i)exp( E’ITJ)QXF( LF’TAw) C .

S AEW)Y » | e.xp( ‘%
E(t\ | — Q__XP (._ %) e,)\P( Q!\AU))
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For 62 = o, the above equation can be written,
c
- |
S, = AEW) o exp 32 . (1)
E&) ’I — exp (- ’I_T%) exp ("Q\TF,{_.OQ)

Since the transmission experiment measures a quantity
proportional to AE(d) the amplitude of the Signal observed
depends on w, d, and &. Figures 3-2 and 3-3 show.the frequency
dependence of the Gantmakher amplitude factor So while Fig. 3-4
and Fig. 3-5 illustrate the real and imaginary parts of the
Gantmakher resonances factor respectively, as functions of the
mean free path. Fig. 3-6 and Fig. 3-7 illustrate the real and
imaginary parts respectively of the Gantmakher factor multiplied
‘ by a phase factor eiﬂ/3. Fig. 3-8 illustrates the mean free
path dependence of the absolute value of the Gantmakher ampli-

tude factor while Fig. 3-9 illustrates the mean free path

dependence of the phase of the Gantmakher amplitude factor.

The frequency dependence of the Gantmakher amplitude factor
can be illustrated by the following development. From equation

(1), and for 0T >> 1 and % << 1

S, < [
| = CI- T+ Yeos ame —isin 27T )

Since  exp (- ’Tt‘oL/ZLQ) = |

It_is readily seen that the real part of this expression will
1 3
-2",_2",0 s e
The behaviour of the real and imaginary parts of S0 is shown .

be a maximum for o = 0, 1, 2, ... and a minimum for a =



in Fig. 3-3.

In our experiments us¢CIO7/sec. Taking T ’P=10-9 sec we

find wt << 1. Therefore, we are working in the regime indicated
in Fig. 3-2. For this experimental geometry in which the
magnetic field is accurately parallel to the sample surface,

it is well known that Azbel'-Kaner cyclotron resonance will
occur for o — ne . Fig. 3-3 0oL ovnly indicates a maximum
transmission corresponding to the cyclotron resonance condition
but also for w << W, Consequently, the radio frequency size

effect, which satisfies the condition w << W is related to

the 0th order Azbel'-Kaner cyclotron resonance.

Since many of our experiments are performed in the regime
w << w, and d/% << 1, it is interesting to consider this case
separately. We can write equation (1) as;

S, =< [
| — (l“ﬂ%f—-.‘)(l- QTr;w_Lf+...)

Jo S

o

< o aﬂugﬁ
P S

w

For a circular orbit Vf = ch and at a Gantmakher resonance

2v
R.=§—Sod=.___F_
2z w
c
JoS, = !
(o) preo

m Tt

we T oo

¢ * (N

= wr (1-awT)

ade

27 Cl+ o2 T?)
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From this expression it is seen that at wt = 1 the amplitude
ISOI drops to j% the value which it has ig the limit wt << 1.
Therefore, by adjusting the frequency of the electromagnetic
radiation until the amplitude of a characteristic anomaly falls
to L of its previous value, one can determine the mean colli-

V2

sion time, T, for this group of electrons.

It is important to note at this point that both

and imaginary parts of the electric field at the surface will
be carried across the slab. In the process of traversing the
slab each part (real and imaginary) will undergo a phase shift,
¢, such that each component will have a real and imaginary part.
Therefore, it is reasonable to expect that the shape of the
signal transmitted, which represents the electric field at

z=d in the metal, will be somewhat different from the electric

field distribution at the surface of the slab.

For this reason, a calculation of line shapes is not as

simple as simply multiplying Juras' calculation by our So

factor. One must also take into account this phase factor, ¢.

According to Haberland and Shiffman(3l)

this phase factor; ¢,
is-approximately 60°. The effect of this phase factor on the

Gantmakher amplitude factor is shown in Fig. 3-6 and Fig; 3-7.
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3.3 Relation Between Transmission Anomalies and Surface

" Impedance Anomalies

It was stated in section 2.3 that the change in surface
- resistance, AR, and the change in surface reactance, AX, could
be related to the change in transmission, AT. According to

(30)

Cochran one might expect

A% = —2ie AG () (2

w

where § = §_. + i§

% R is the skin depth and.é;Uz) is the compon-

ent of the electric field in the slab along the direction X ,
~generated by a unit radio frequency magnetic field, Hy’ applied
at the surface z = 0. The surface resistance, R, and surface

reactance, X, are related to the skin depth in the following

mannher¥,

Z=RoiX = - ¥hiw (8, +455)
cl

Since the change in transmission, AT, is

AT =42 AG () = 4¢ A8, (d)

2ZNe Wwa.

AT = *‘Aﬂé&//elcx

Consequently, line shapes predicted for AX and AR should be

then

* The negative sign in Z = R - iX is due to the time factor

e~lwt jinstead of elwt which is used in conventional circuit
theory.
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directly related to transmission line shapes.

Real AT = — Ady — o AX

[}

oo ?Tf“o.w
a.

Thus it is possible to check Cochran's hypothesis, equation

(2), by comparing the amplitude of a transmission anomaly with

that of a surface impedance anomaly.



Chapter 4

PHYSICAL PROPERTIES OF GALLIUM AND ITS FERMI SURFACE

Gallium is a compensated metal(32) which has a base-

centered orthorhombic crystal structure. There are 8 atoms

per unit cell(33) although the primitive cell* contains only

4(34) The melting point of gallium is 29.8°C. The super-

conducting transition temperature, Tc, is 1.1°K. The lattice
(35) o
4

T = 2.35°K are

-+

constants a
o= 4515 A

b= Y4g8| fo?

[+

e = 7.4318 A

From these constants one can construct a Wigner-Seitz unit
cell which has the form of a right hexagonal

cvlinder. The boundaries of the Brillouin zone in reciprocal

Space are at,

,QX = 277/&. = |.3916 X 6% e,m“"
&Y: XW/l = L4003><KF e

k= 2m/c = 0.9232 X 10° et

* A upit cell is any cell that will cover all space under the
action of the crystal translation operations. A primitive
cell is a minimum volume unit cell.
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One corner of the cell is at k= ky = k, = 0. The Brillouin

zone is shown in Fig. 4-1.

Gallium has a complicated Fermi surface comprised of
many separate sheets, some of which are very complex. There

exists a large body of experimental data including magneto-

resistance measurements(32)(36), de Haas-van Alphen measure-

ma“+=(37)(38), radio fregquency size effect meas1rew°pts(6)(39)(40%

HT=r R ~.—— wola

magnetoacoustic effect measurements(4l)(42)(43)(44)

resonance measurements(45)(46)(47)(48), and d.c. size effect

measurements(49). However, the shape of the Fermi surfaces

, cyclotron

of most of these bands is not well established. Because of
the complexity of these surfaces and the approximations involved
in the Fermi surface model calculations* comparison of theoret-

ical(so)(Sl) and experimental results is very difficult.

Most recently Reed(sz) has derived a model for the gallium
Fermi surface using a local semi-empirical pseudopotential

calculation without spin-orbit effects. From this calculation

Reed obtained six closed electron sheets, one closed hole
sheet, and a large multiply-connected hole sheet. Pictures
taken from a model of Reed's Fefmi surface constructed by

R. Douglas at McMasfer Univeréity, are shown in Figs. 4-2,
4-3, 4-4, ahd 4-5, A comparison of Reed's results with exist-

ing data gives good agreement with the larger pieces. Recent

. * Models based on single—orthogonalized—plane wave (OPW) and
~augmented-plane-wave (APW) calculations.
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(53)

work by Cook and Datars , using an induced torque method,
are in excellent agreement with Reed's multiply-connected

hole sheet.

Reed mentions that all of the Fermi surface pieces which
appear in his calculation can be found in the data but notes
that the data suggests that one or more very small pieces may
missed.

~ e o~
ava L=l =y

In summafy, it appears that Reed's recent calculation
presents the best picture of the gallium Fermi surface to
date. It has determined the number of Fermi surface pieces
as well as their approximate sizes and shapes. An attempt
will be made to compare aspects of our experimental data with
this model. We shall also discuss the results of Munarin,

(36)

Marcus, and Bloomfield with respect to our data, as well

as comparing our Gantmakher resonance data to those obtained

by Haberland, Cochran, and Shiffman(40)

(39)

and to those obtained

by Fukumoto and Strandberg
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Fig 4-1. 'BrillouinvZohe for Gallium



Fig4-2. Model of the Gallium Fermi Surface






Fig 4-4. Model of the Gallium Fermi Surface



Fig 4-5. Model of the Gallium Fermi Surface



Chapter 5

EXPERIMENTAL

5.1 Specimen Geometry

Gallium single crystals in the shape of rectangular

slabs were used. The slab thickness was 0.038 cm for most

of the crystals examined. Thicknesses of 0;076 cm and 0.114 cm

were also used. The length and width of the crystals were

3.18 cm and 0.95 cm respectively.

A crystal was mounted on a rectangular metal trough using

three separate methods as illustrated in Fig. 5-1.

a)

b)

In the first method complete single crystals cavities
were grown from the melt, that is, the thin slab and
the thick walls were a continuous piece of single
crystal gallium (Fig. 5-1A). The three thick walls
had thicknesses of approximately 0.16 cm.

It was found that the thick sides transmitted abpreci—
able radiation to the interior of the box. To over-
come this difficulty the thick sides were electroplated
with copper on the outside to a thickness of approxir
mately 0.05 cm (Fig. 5-1C). This plating was accom-
plished by placing the crystal in a bath of copper
sulphate solution to which had been added alum and

sulphuric acid*. By continually rotating the specimen

* The actual recipe used was, 1800 g. of copper sulphate;
108 g. of potassium alum; 279 c.c. of sulphuric acid; and
9 liters of distilled water.
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an even deposition of copper was obtained. Layers
of nail polish were applied to those areas of the
crystal which were to be kept copper-free. The nail
polish was subsequently dissolved in acetone. 1In
too large a number of instances the copper plating
was found to make relatively poor contact with the
gallium crystal so that the radio frequency currents
were not shorted out by the layer of copper.

c) Thus, it was necessary to proceed to the method of

specimen mounting illustrated in Fig. 5-1B. In this
case the gallium crystal was soldered to a rectangular
trough made of high purity polycrystalline copper.
The copper trough had a thickness of approximately
0.012 cm. This thickness was adequate to ensure

that the transmission of 2 Mhz radiation through the
‘copper sides was negligible at 4.2°K. On the other
hand the copper walls were not so thick as to induce
appreciable stresses in the gallium crystals upon
cooliﬁg. As an added precaution pure gallium was
used as the solder and the copper trough was annealed

before the crystal was attached to it.

5.2 Experimental Arrangement

5.2.1 Coil Ssystem

The crystals were mounted on a rectangular sample holder

(central spedimen mounting post of Fig. 5-2). A smaller
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circular post, upon which was wound a pickup coil, could be
" moved along the length of the sample holder by means of a
micrometer screw located at the top of thé'cryostat. This
adjustable cylindrical coil was set near the center of the
crystal by locating the position of minimum transmission.
The diameter of the secondary or pickup cqil was 0.32 cm
while its length was approximately 1.1 cm. A total of 145
turns of #40 gauge copper wire were wound over the 1.1 cm
length. The secondary coil, when attached to the amplifiers
via approximately 7 ft. of coaxial cable, was tuned to a
frequency of 1.74 Mhz at liquid.helium temperatures. The

quality factor Q, of the coil at 4.2°K was 100.

A primary or transmitting coil was wound on a cylindrical
mount which was then fitted over the specimen (see Fig. 5-2).
The cylindrical primary coil had a diameter of 1.64 cm and a
length of approximately 2.2 cm. A total of 87 turns of #36
gauge copper wire were wound over the 2.2 cm leﬁgth. The
resonant frequency of the primary coil at liéuid helium
temperatures when it was attached to the signal generator
via approximately 7 ft. of coaxial cable, was 1.74 Mhz. The

quality factor, Q, of this coil at 4.2°K was approximately 50.

The mounting post and framework for the primary and
secondary coils were made of celoron, a substance similar to

micarta, a resin-bonded cloth laminate.

To minimize the electrostatic coupling between the primary
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and secondary circuits, a cylindrical copéer shield of length
8.25 cm was placed between the primary and secondary coils

(see copper shield of Fig. 5-2). The charging currents due

to electrostatic induction could then flow mainly in the
shield, and the interior of the shield constituted a nearly
field free enclosure despite the voltage drop along the primary

coil.

5.2.2 Dewar System and Magnetic Field Generator

The experimental configuration as illustrated in Fig. 5-2,
was suspended from Cupro-nickel tubing inside a conventional
glass double dewar system. It was found necessary to remove
the silver film from the tails of the dewars because eddy
currents induced in them provided a coupling between the
coils and therefore .degraded the degree of isolation which

" could be obtained between primary and secondary coils.

A solenoid, 6.0 cm in diameter and 10.0 cm in length,
was wound upon the outside.of the nitrogen dewar tail such
that the specimen was located at the center of the coil system.
This solenoid, having 76 turns of 0.206 cm 0.D. water cooled
copper tubing produced a steady magnetic field along the
length and parallel to the surface of the specimen. The
solenoid had a coil constant of 8.2 gauss/amp and was capable
of producing a maximum magnetic field of approximately 300
gauss. The field was calculated to be uniform to within * 3%

over the length of the specimen.
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Fields perpendicular to the axis of the specimen assembly
were provided by a large water cooled Helmholtz pair capable
of generating a maximum field of 1100'gauSS. This Helmholtz
pair had a coil constant of 10.65 gauss/amp. The field homo-
. geneity for these coils was measured to be # 0.04% over the
length of the specimen. The Helmholtz pair'could be rotated
about a vertical axis and therefore, could be used to provide
a magnetic field whose orientation varied from normal to the
plane of the specimen to parallel with the specimen width.
Current for both these coils was supplied from a 100 ampere
current regulated power supply manufactured by Spectromagnetic

Industries Ltd. (Model 6003).

The earth's magnetic field was compensated to within
0.05 gauss by means of two mutually perpendicular pairs of
Helmholtz coils which contained the magnetic field generators

described above (see Fig. 5-4).

5.2.3 Alignment and Calibration of Magnetic Field

The location of the plane of the specimen surface and
consequently, the location of the orientation of the crystal-
lographic axes with respect to the magnetic field, was deter-
mined using the éymmetry of the transmission versus field
diagrams with respect tovangle of field oreintation setting.
This, of course, could only be done using the big Helmholtz
coils. It should be noted that in all the specimens used to

align the field, the principle axes of gallium lay in the
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planes of the specimen surfaces. Hence, the location of one
axis direction was sufficient to align the crystal. Using
this method, the field could be aligned to within 0.5° of

a principle axis.

The solenoid employed to produce a vertical magnetic
field, was calibrated to 1% by means bf a Bell gaussmeter
{Model §620). Thce H pair was calibrated by means of
a nuclear magnetic resonance signal produced by protons
(presumably protons in the celoron specimen holder). At a
frequency of 1.74 Mhz this nuclear magnetic resonance
occurred at 408.5 gauss. This calibration standard provided
a field accuracy equivalent to that of the frequency accuracy

(approximately 0.2%). Examples of proton resonance signals

are indicated in Fig. 6-62, 6;63, etc. and 5-9.

5.2.4 Control and Measurement of Temperature

Temperatures between 4.2°K and 1.2°K were obtained by
pumping on the helium bath by means of a Stdkes' mechanical
pump. The temperature was monitored by means of a %5
Ohmite carbon resistor which had a résistance (including the

watt

lead wires) of 107 ohms at room temperature. The resistance
of the carbon resistor at low temperatures was measured by
means of a simple 33 cycie Wheatstone bridge (see Fig. 5-3).
In order to measure temperature the carbon resistor was
calibrated against the vapour pressure of liquid helium.

The vapour pressure of the bath was measured using a mercury
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manometer for pressures down to about 20 mm., An oil mano-
meter was then used to measure preSsures below 20 mm. of
mercury. The vapour pressures were converted to temperature
using the T-58 scale(54). No corrections were made to account

for the hydrostatic head of liquid helium because temperatures

were required with an accuracy of only * 0.01°K.

Temperatures could be held within * 0.05°K by adjusting
the pumping valve but this was not critical since the position
of a Gantmakher or Gantmakher—Kaner size effect does not
change with temperature. The amplitudes of these resonances

however, do depend upon temperature.

5.2.5 Signal Detection

The electronic equipment used in this experiment was
simple. A bloék diagram of the experimental configura-
tion is given in Fig. 5-4. Details of manufactured electronic
equipment are presented in Table 5-1, while circuit diagrams
of equipment that was constructed are given in Figs. 5-5,

5-6, and 5-7.

A 1.74 Mhz signal was applied to the primary coil, which
was placed around a gallium crystal, from a Tektronix signal
generator. The signal generator was placed in an enclosure
made from 35 mil thick copper. This enclosure was found to
be necessary in order to shield the apparatus from direct

radiation from the oscillator. The signal transmitted through
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Table 5-1

Electronic Equipment

Tektronix constant amplitude signal generator - Type 191 ﬂ

~ operates between 350 khz and 100 Mhz and also at
50 khz

- maximum output of 5.0 v into 50 Q load

- when load impedance very large (i.e. open circuit)
maximum output is 10.0 v
(Tektronix Ltd., Beaverton, Oregon)

Tektronix amplifier - Type 1121

- provides a gain from 100X to 0.2X

- frequency response from 5 hz to 17 Mhz
(Tektronix Ltd., Beaverton, Oregon)

Hewlett Packard general purpose amplifier - Type 465A

- provides a gain of 10X or 100X with 50 Q load

- frequency response from 50 hz to 1 Mhz
(Hewlett Packard, Palo Alto, California)
Moseley 7005 AM X-Y recorder
- single pen type
- sensitivity from 0.4 mv/cm to 4 v/cm
(Hewlett Packard, Palo Alto, California)
Spectromagnetic current regulated power supply - Model 6003
- maximum current of 100 amp

(Spectromagnetic Industries, Hayward, California)
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the specimen was then received by a pickup coil, amplified

by means of wideband amplifiers*, filtered**, rectified, and
plotted on an X-Y recorder as a function of magnetic field
strength. Care was taken to ensure that all the electronic
equipment was grounded to a single "quiet ground" point.

The grounds of the primary and secondary coils were connected

to the copper enclosure containing the signal generator.

An important aspect of the apparatus was the use of a
tuned secondary coil. It Was tuned to 1.74 Mhz.at 4,2°K
The fact that it was tuned enabled one to use the quality
factor, Q, of the coil to obtain a gain of 100 (at heliuﬁ
temperatures) in signal to noise of the small transmitted
signal. 1In a typical experiment the signal of interest was
much smaller than the background signal due to direct pickup
of the field_generéted by the primary coil leaking around the
ends of the specimen. Generally the apparatus was driven
at such a level that the voltage through the detector meter
was of the order of several volts. Since transmitted signals
of the order of millivolts were observed on the X-Y recorder,
the background signal was approximately 100 to 1000 times
larger than the transmitted signal. As a result, this back-

ground signal had to be bucked out by means of the circuit

* At 1.74 Mhz the Hewlett Packard wideband ampllfler no longer

had a gain of 10X or 100X but rather 8.8X or 88X.

** High pass filter A was found to be only 82% efficient, i.e.
passed 82% of the voltage, while filter B was 100% efficient
at 1.74 Mhz.
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illustrated in Fig. 5-6. (See zero offset).

The minimum detectable voltage was approximately
0.14 pv referred to the input of the lst amplifier. This
corresponds to a change in transmitted field, AHi, of
1.1 x 10'-9 gauss. The quality factor, Q, of the secondary
coil has been included in this figure (see Section 5-3

1.
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this gives ATminﬁt’lO—g*o The limitation on the sensitivity
of the system was found to be noise in the amplifiers.

Fig. 5-8 illustrates this conclusion. The lower trace is the
noise level of a signal fed directly from the signal generator
to the rectifier, then to the zero offset circuit where the
signal was offset to the point where it could be ovserved

on the most sensitive scale of the X-Y recorder (Y = 0.4 nmv/cm
scale). The upper trace is the noise level of a signal from

the signal generator which has now passed through the amplifiers
and high pass fiiters before being rectified and plotted on

the X-Y recorder. The output of the signal generator has

been adjusted so that the signal level through the rectifier

is the same for both cases. It is clear that the amplifier

* Although, the minimum, ATy;n is 10 2 in this apparatus, this
represents transmission into a cavity. According to Cochran(30),
if one were transmitting into a vacuum ATyin would be equiv-
alent to, '

21a
Pl el
ATtree ™ N ATcavity
: 4
— 3 x 10 AT .
13 cavity

= 3 x10°
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noise is 2 to 3 times larger than the signal generator noise.

As mentioned previously the signals that we detect are
small compared to the background. From the following vector
diagram it is clear that we measure that part of the trans-

mitted signal which is in phase with the background signal.

——
€

P

e

4é/?ﬁ T

B Z Total g@nu’

Here B represents the magnitude of the background signal
and gT the magnitude of the transmitted signal. Clearly,
after B is bucked out of the total signal then the resultant

signal is approximately that component of the transmitted

signal, gs, which is in phase with the background signal B.

Furthermore, from transformer theory one expects the
background signal, B, to be a signal which is in phase with
the applied radio frequency magnetic field. We therefore
expect to measure a transmitted signal component which is
in phase with the applied radio frequency magnetic field.

The following experiment was performed to verify this con-

clusion.
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A comparison was made between the phase of the pickup
signal, corrected for phase shifts through the amplifiers,
and the phase of the signal generator volfage. It was found
that these two voltages were approximately 77° out of phase.
This phase difference depended critically on the tuning of
the oscillatory frequency to the resonant center fréquency v
of the secondary coil. The accuracy of the phase shift
measurement was approximately * 15°. Consequently, one can
say that these voltages were approximately 90° out of phase.
Thus, the background or reference signal was found to be
approximately in phase with the driving radio frequency
magnetic field, as expected. Hence, we detect the real part

of the transmitted signal.

In section 5.3 an "experimental" expression for the
transmission ratio coefficient, TC, is obtained. This

(30)

expression is entirely real in form. Cochran's expression

for the transmission is,

Tom 2 G (d) = 22 Hlo) E ()
2T 2T a.

where H(O) is the magnetic field at the surface of the

specimen, A is the free space wavelength, "a" is the cavity
width, and Ex(d) is the electric field at the inside of the
cavity. Since our experiment measﬁres the real part of Ty

then the signal observed represents the imaginary part of

Ex(d).
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It cén further be stated that the signal observed is in

phase with the surface reactance. This can be easily seen
if one recalls that the surface reactanqe, X, 1is defined to
be due to that part of the magnetic flux contained in the
skin layer which is in phase with the driving radio frequency

magnetic field.

-

5.3 Calibration of the Transmission Ratio Coefficient

In section 3.1 an expression for the transmission ratio
coefficient, T was obtained. This expression, which was
valid only in the classical limit, where 3 = OE, was written, '
iﬂ&dL ol
T. = 2e | ~
[+ D
where A = |+ 2/}, —ika
where "a" and "b" is the width and the length of the cavity
respectively and "k" is the wave vector. This coefficient

can be evaluated if the resistivity of the sample is known.

The quanfities that are measured experimentally are
(1) the current and voltage applied to the primary coil, and
(2) the voltage detected at the output terminals of the
secondary coil. The figld developed by the primary coil, Hy.
at its center can be written, »

HO = _ﬂr_m\_/g_ Mo cos B (N
1o Lw
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where L is the inductance of the primary coil in henrys,
V_ is the applied voltage from the oscillator in volts,
np is the number of turns per centimeter of the primary

coil, and 6 is the angle indicated in the following sketch.
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The equation for the magnetic field at the center of a thin
solenoid has been used to obtain equation (1). The signal
from the secondary coil is due to the time rate of change
of flux through the turns of the coil. The actual tuned
circuit consists of the inauctance of the secondary coil
shunted by the coaxial cable capacitance (approximately

200 pf) plus the amplifier input capacitance (approximately

10 pf). This is illustrated in the following sketch.
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We can therefore, write the pickup signal, ey, as,

eS:QS NS lo-?gfl_é = QS NS AS W, HJ_ 70’8
- £

where Q. is the quality factor of the coil, N is the number
of turns on the coil, As is the cross-sectional area of the

coil in cm2, W is the resonant frequency of the secondary

coil, and

D
in

the voltace

.
1 12 VeLtTa

s 2

- - 1Ta ~ P, — IR
il whe tuj_u oL Llie

secondary coil. Hence, the transmitted field is given by,

H;L:"- /Oges_ )
h& s Wo X5

The transmission ratio can now be written,

'T;: _HA" = /OqLe’s
Ho L’"TI—NSAS QSVP ’Y\F cos 2

- This then, is the "experimentally" determined transmission

ratio value.

The inductance of the primary coil was obtained from a
plot of the impedance of the coil as a function of frequency.
For a tank circuit the position of maximum impedance, Z

max’
has a value equal to Qpr. Since the quality factor, Q_,

P
and the frequency, w, are readily determined, the inductance
can also be determined. It is important to note that the
inductance depends upon whether or not a specimen has been

mounted in the sample holder since the inductance is a measure

of the flux contained in the primary coil. A hollow box
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specimen excludes most of the flux from its interior under
circumstances of interest to us. As a result, the primary
inductance is reduced by the insertion of a specimen. It

was this reduced value that was measured,

In order to calibrate the system a rectangular box made
of 0.013 cm (5 mil) high purity polycrystalline copper was
inserted as a specimen. The box was such that only 3 sides
were actually 0.013 cm thick. The 4th side was silver soldered
to the other three in a fashion indicated in the following

sketch.

,/4//7[////1/{{/{/1//72»:;~M deef' So‘der

| >

5 mil
COfPer Fol

Com:er Spec\men Geome‘h“Y.

Effectively only 3 sides of the box transmit radiation. The
transmission ratio was then calculated at room temperature and

at liquid nitrogen temperatures using the "experimental

expression”,

—TA.==' IOqLeg
T N A Qg Vp mp cos ©
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and the "theoretical" expression which is wvalid in the

classical limit,

_ 3{
2+ QQ."'A.QQ.

However, for our experiments ka =~ 200 at room temperature

and at a frequency of 1.74 X lO6 hz.

»J%oLE

.‘. T = 3 Aie
- o

The "theoretical" expression has been multiplied by a factor
3 since 3 sides are effectively transmitting. The following

- parameters were used in the subsequent calculations.

(s%) e
£, (RT) = 17x107" fL em

£, () 9 _ 0.2ax107° ) em
o = 0.7 ¢m
Ny = 145
\/F = 10 volts
Q. (RT) =20
Q. (N) = Yo

As = 0.08 em™
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L (RT) = 3,5’)(/0-5‘ "\enrYg
L(N,)= 3.4 X107° henrys

coS 6 = 0077 | s

Table 5-2 gives the results of these calculations.

It is clear that excelient agreement exists between the
observed and theoretical transmission ratios. The signal at
nitrogen temperatures is due in part to the leakage around
the ends of the specimen. From the results of this éimple
experiment one can estimate a value for the degree of isola-

" tion between the primary and secondary coils. The value is,

A : -4
H,._ (Ieakaje_) fx(?S’“‘f?) X0 =3.0XI10

o

The above copper box was used as a specimen in a test
made at liquid helium temperatures to determine if transmission
through a péssive specimen varied with magnetic field. The
results of this experiment are shown in Fig. 5-9. At 4.2°K
the skin depth, §, of the polycrystalline copper is approxi=-
mately 1 mil. Therefore, the expected "theoretical" trans-

mission ratio through the copper walls is approximately



-

; Experimental Theoretical
Temperature
Transmission Ratio Transmission Ratio
R.T 1.5 x 1073 1.6 x 1073
N, 7.8 x 107° 4.8 x 107°

Comparison of Theoretical and

Table 5-2.
"Experimental" Transmission Ratios

for a 5 mil Copper Box
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4 x 10711,

Since the mean free path is so short in poly-
crystalline copper, one expects to see no variation with
magnetic field in the transmission through the 5 mil thick

- walls. The increase in signal which is observed in Fig. 5-9
represents a change in transmission, AT, of approximately

5 x 1078, This small change is probably due to the change
in primary inductance or in the secondary Q value. These

parameters would only have to change by 1 part in 107 to give

the observed change in signal level.

5.4 Preparation of Gallium Single Crystals

The gallium crystals were prepared from 99.9999% pure
gallium supplied by Alcoa International Ltd., Toronto, Ontario,
using a method similar to that described by Yaqub and Cochran
The gallium, since it has a melting point of 29.8°C, was easily
liquified and then injected, by means of a syringe, into a
Plexiglass mould. The liquid gquickly cooled below the melt-
ing point forming a super-cooled liquid. A seed crystal having
the desired orientation was then brought into contact with
the liquid in order to begin crystallization. The seced
crystal had been mounted on a goniometer and aligned by means
of Laue back reflection photographs. It was possible to align

the crystallographic axes parallel to the specimen edges to

within 1° of arc. X-ray photographs of typical crystal orienta-

tions, using Cu K-a radiation and a film to specimen distance

of 3 cm . are shown in Fig. 5-10. The notation used is

indicated in the figures.

(49)

i

§:
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After the gallium had crystallized, the mould with the
crystal was placed in a bath of isopropyl alcohol for several
hours. The isopropyl alcohol had the effect of releasing the
vgallium crystal from the mould. Special care was taken to
avoid scratching or bending the crystals. Crystals with
mirror smooth surfaces were obtained in this way. The same
procedure was followed both for specimens in the shape of

slabs and specimens in the form of hollow boxes.

In the case of the hollow box crystals the center section
around which the specimen was formed was constructed of
five sections. A solid rectangular rod of Plexiglass formed
the core. Four thin rectangular slabs of Plexiglass were
then placed tightly about this central section. This geometry
enabled one to pull out the center core aftef the gallium had
crystallized. The thin rectangular slabs could then be re-
moved from the inner walls of the crystal or if this proved
difficult the thin slabs were dissolved away in acetone to

avoid the risk of damaging the specimen.



Three Oriented






Chapter 6

EXPERIMENTAL RESULTS

6.1 Comments on Specimen Configuration

In‘discussing the results obtained using gallium single
crystals, a notation for labelling each crystal unambiguously
was established. A crystal labelled Xy indicates that the
X-axis of the crystal is parallel to the normal to the sur-
face of the slab, whereas, the Y-axis is along the length of
the crystal. In our experimental arrangement the Y-axis was
always parallel to the direction of the radio frequency mag-

netic field.

It was mentioned in section 5.1 that three specimen
configurations were used to test the transmission technique.
Briefly, these were,

a) a hollow box made of a continuous)piece of single

crystal gallium,

b) a box identical to the akove eXcept that the three

thick sides were electroplated with copper,

c) a hollow box formed by soldering a rectangular slab
of single crystal gallium to a rectangular trough
made of high purity polycrystalline copper.

The first method, using a continuﬁus piece of single crystal
~gallium, was found inappropriate for the following reason.
Because of the long mean free path in high purity gallium at

low temperatures (of the order of several centimeters),
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transmission solely from the thin side was obscured by radi-
ation penetrating the thick walls. Penetration of the radio
frequency radiation occurred even though the thicknesses of
these sides were approximately four times that of the thin

side.

An attempt was made to eliminate transmission through
the thick sides of the box by electroplating them with copper
of a sufficient thickness to shield the gallium from the radio
frequency radiation. By comparison with data taken using the
third method, it was found that perfect shielding for all
magnetic field orientations was not always possible even |
though the gallium surfaces were clean and a freshly prepared
copper sulphate solution was used. The copper did not always
short out the radio frequency currents flowing in the gallium
because of the resistance between the gallium and the copper

layers.

The third method, whereby gallium slabs were soldered to
a three-sided copper trough, provided the desired unambiguous
transmission versus magnetic field curves. As mentioned in
section 5.3, there were no peaks in transmission which could
be'attributed to the copper trough. The following
figures, except where noted otherwise, illustrate the results

obtained using this method of mounting the crystals.

It was noticed during the experimental investigation
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"that certain crystal orientations had a tendency to crack
when the crystal and copper trough were cooled to liquid
niﬁrogen temperatures. These crystals had the C-axis perpen-
dicular to the slab surface (called C crystals). An exami-
nation of X-ray photographs of the seam between the copper
and gallium revealedfthat the gallium solder puddle assumed
an orientation different from that of the crystal. Since the
coefficient of thermal expansion is quite different for
Qarious principle directions in gallium(35), stresses are
created along the seam at low temperatureé. Table 6-1 gives
these coefficients for the temperature range 297°K to 78°K

(reference Barrett(35)).

These stresses were evidently large
enough to cause the crystal to crack. To minimize this
problem a technique was developed in which the gallium solder
puddles along the trough edges were kept at a temperature
just above the melting point. The crystal slab was then
lowered onto the trough such that the solder puddle and
crystal made intimate contact. Because of the latent heat of
the rectangular slab, the molten pools of gallium solidified,

taking the orientation of the slab without destroying the

specimen.

6.2 Magnetic Field Parallel to the Slab Surface and

" Parallel to the Radio Frequency Magnetic Field

When the static magnetic field is applied parallel to

the sample surface and parallel to the radio frequency
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AXIS DIRECTION Mean Coefficient of

Thermal Expansion (°K"l

)

o (297°K + 78°K)

a -3.7 x 107°
b -3.3 x 10°°
c ~1.6 x 107°

Table 6-1. Coefficient of Thermal Expansion

in the Temperature Range 297°K - 78°K

= AL ox~1
& T L AT

(reference Barrett(35))
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magnetic field, Gantmakher resonances can occur (see sectionl
2.1). The experimental results for this field geometry are
~given in Figures 6-1 to 6-22 (page 99). The change in trans-
mission ratio has been plotted as a function of applied

magnetic field strength.

These sharp changes in transmission are superimposed %

might expect this background to be similar to that observed by
(6) |

Cochran and Shiffman .

AS
(em)

! Y

\\\\\\,ﬁ,//// F!(ﬁauss)

Indeed, this general behaviour of the background is noticed

in all the crystals examined.

Fig. 6-6 andA6—8 have been included to illustrate the
effect of re-examining a crystal after it has been stored in
a jar of isopropyl alcohol in a refrigerator for a period of
approximately 6 months. These results are to be compared with
Fig. 6-5 and Fig. 6-7 which were obtained from the same

crystal but taken after it had been freshly prepared. It is
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clear that much detail has disappeared in the case of the

refrigerated crystal.

Fig. 6-21 and 6-22 illustrate typical results obtained
using a solid gallium box crystal whose thick sides have been
electroplated with copper. These results are to be compared

with Fig. 6-19 and 6-20 which are the results obtained using

tir

the standard method of moun

nnting a rectangular slab on a

rectangular copper trough (Note: the thicknesses of the
crystals for these two cases are different). Although certain
transmission features appear in the diagrams using both
methods, it is clear that these methods do not give identical

results.

Before proceeding further, it should be emphasized that
this experiment does not measure the derivative of the trans-
mitted signal but the signal itself. Most of the previous
surface impedance measurements have used a modulation tech-
nique and therefore measure a derivative with respect to
megnetic field. Consequently, a comparison of our results
with this data will necessarily be indirect. Koch and

(28)

- Wagner have demonstrated that for computation purposes
the position in magnetic field of a transmissioh peak or
Gantmakher resonance should be measured at the leading edge
of a resonance derivative. This position, B,s is illustrated

in Fig. 6-23 (after Lyall(56)) which shows an example of a

Gantmakher resonance in a gallium Ac crystal. It is also
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customary to measure the width of a resonance line, ABO, from
peak to peak. Again, this convention is illustrated in

Fig. 6-23. For comparison purposes then; a derivative of our
direct signal was estimated and from this derivative, values

of Ho and AH determined.

The lowest field Gantmakher resonances in AB and Ac

r Ma~nharnm A=A Cld £ (6)
CALANA w2 ldl bt ’

3

-

1

, and Lyall(56). A

Haberland, Cochran, and Shiffman
comparison of the position of the resonance in magnetic field
and also of the line width of the resonance is presented in
Tables 6-2 and 6-~3. Since the position of a resonance in
magnetic field will scale with the thickness of the specimen,

we have computed the guantity Hod. This value should be

constant as predicted by the relation,

Akexf = 0.15]9% X 10° Hod om

With regard to the line width, it is known that the resonance

will have a fractional width,

AH . 4
H, 4

Therefore the guantity %E % o %H dfl/3
' o o

should be constant.
It is this latter quantity which has been used to compare

line width data.

In section 2.1 it was shown how extremal dimensions of
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Figures (6-1) to (6-22)

Transmission through gallium single crystals in which

H and the d.c. magnetic field are parallel. Note that the

rf

CB crystal was twice as thick as the crystals used to obtain

data for the other orientations.

H0 || Hrf
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Author Crystal Hod £ AH d §1/3
Thickness | (gauss-cm) (Mhs) Ho
(cm)
This work 0.038 0.32 1.74 0.25
Cochran and
Shiffman (6 0.0394 0.324 2.0 0.16

Table 6-2.

Comparison of Line Position and Line Width

for the Lowest Field Gantmakher Resonance in

AB Crystals
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Author Crystal Hod _ f AH d fl/3
Thickness j(gauss-cm) (Mhz) Ho
(cm)
This work 0.038 0.20 1.74 0.13

Cochran and

Shiffman(®)| 0.0394 0.2 2.0 -
Haber

e o (a9 0.017 0.20 1.0 0.12
yall (°0) 0.0261 0.202 7.0 0.13

Table 6-3. Comparison of Line Position and Line Width
for the Lowest Field Gantmakher Resonance

in AC Crystals
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TABLE 6-~4. Fermi Surface Dimensions as Deduced

from Gantmakher Resonances

8

. g.AKext ; 0.15194 x 10° H,d ol
2 2
. | AR(107 cenh)
Crystal along whien Resonance
AK is Haberland Strandberg
measured This work ct al}39) Fukumoto(38)
Ag C Fig.6-2 (1) 0.21
(2) 0.46
(3) 1.5 |
(4) 4.5 4.7 4.8
An B Fig.6-5(1) 0.14 0.13
(2) 0.32
(3) 0.46
(4) 0.6 0.6
(5) 0.75 0.72
(6) 0.84
(7) 0.95 1.0
(8) 1.5
(9) 1.85 1.8 1.8
(10) 1.9+2.6
Fig.6-4,
6-5(11) 3.9
B, C Fig.6-10(1) 0.2 0.2
(2) 0.46
(3) 0.72 0.7
(4) 0.81
(5) 1.35
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Table 6-4 continued

By c Fig.6-10(6) 1.7
(7) 2.1
(8) 2.6
(9) 3.2
(10) 4.4
(11) 5.0 4.8
B, A Fig.6-12(1) 0.08 0.09
(2)  0.43 0.58
(3) 1.0 8
(4) 2.5 2.5 ‘
i
Cp B Fig.6-17(1) 0.14 0.09 b
(2) 0.25 0.21
(3) 0.29
(4) 0.42 0.4
(5) 0.52
(6) 0.58
(7) 1.0 0. 0.9
(8) 1.55 1.5
(9) 1.7+2.4 2.1
Fig.6-16(10) 3.4
Cy A Fig.6-20 (1) 0.4 0.39
(2) 0.75
- (3) 1.7 1.6
(4) 2.0
(5) 2.6
(6) 3.1 3.0
(7) 3.6
0.05
0.13 -
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Fermi surface could be calipered from Gantmakher resonances.
Since it is resonable to assume a center of symmetry for all

pieces of the Fermi surface, the guantity

AR = ARt = 01519 % 10° By em™
g v A

has been determined. Fermi surface dimensions corresponding
to some Of the most prominen
are presented in Table 6—~4. Data obtained by Haberland

et al(40) (39)

and by Fukumoto and Strandberg are also given
in this table. All the on-axis data of these above mentioned
authors are shown. It should be noted that Ho was taken at
the leading edge of the transmission anomalies. A derivative
was not estimated. For comparison purposes, the dimension of

the Brillouin zone in the A-B plane is,
g -
Ak~ LEX10T em”!

6.3 Magnetic Field Perpendicular to the Slab Surface and

Perpendicular to the Radio Frequency Magnetic Field

In this magnetic field geometry it is possible to ob-
serve Gantmakher-Kaner resonances (see section 2.2). The
experimental results are given in Figs. 6-24 to 6-50
(page129). Again the change in transmission has been plotted
as a function of applied magnetic field strength. Fig. 6-37

is included to show the effect of tilting the field 15°from



|
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the normal direction in a Bc crystal.

Indeed, when the magnetic field was directed normal to
the surface of the crystal, oscillations periodic in magnetic
field were observed*. These Gantmakher-Kaner oscillations
were observed in each gallium crystal studied. The periodic

oscillations were usually superimposed on a non-monotonic

Ao ~ + 1. 1 AT A vt A A
) A5 NN Ade CALL DL AT 3D /14

’.J.

variations of small amplitude. In some cases several oscil-
lations, each with a distinct period, could be observed in a

given crystal.

*Similar oscillations, periodic in magnetic field, were first
seen by Gantmakher and Kaner in tin crystals(16).
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Figures (6-24) to (6-50)

Transmission through gallium single crystals versus
applied magnetic field. The d.c. field is directed along
the specimen normal. Note that the CB crystal used was

twice as thick as the other crystals.

HO#L H i Normal to the plane
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Gantmakher~Kaner Periods

Observed in Gallium Crystals

Crystal Thickness Period M rin
(cm) Reference This Work una(36)
et al. *
AB 0.038 Fig.6-24(1) 7.35
(2) 59
(3) 103
(4) 147 222
AC 0.038 Fig.6~26 (1) 14.8
(2) 83 135
(3) 65 209
BA 0.038 Fig.6-30(1)
(2)
(3) 5.9
BC 0.038 Fig.6~35(1) 9.5
(2) 120
CA 0.038 Fig.6~42(1) 20.6
(2) 29.5
CB 0.076 Fig.6-46(1) 0.7
(2) 1.35
(3) 4.0
Fig.6-45(4) 11.7
(5) 35
(6) 32

*periods adjusted to correspond to a

crystal of our thickness.
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Table 6-5 gives a summary of the Gantmakher-Kaner
periods observed in gallium crystals. Only those periods
which are reasonably clear are included*. For comparison
purposes we have included periods seen by Munarin, Marcus,

and Bloomfield(36)

in magnetoresistance measurements.
Oscillations in magnetoresistance are actually manifestations
of oscillations in the conductivity. These oscillations in

the conductivity, called Sondheimer oscillations, have a

period given by,

AH $=QJT~w*CfV§ ::iig; oA wl_
ed sec® ed. ékH L+ Sec 6

where m* is the effective mass of the electron, 6 is the angle
which the field makes with the sample normal, Gz is the pro-
jection of the electron velocity along H averaged over the
- orbit, and d is the specimen thickness. Since the peridd
varies with specimen thickness, we have adjustéd the periods

seen by Munarin et al. in order that they correspond to a

sample of our thickness.

The most clearly defined oscillations were observed in
BA and B, crystals. These oscillations appear as the magnetic
field is increased from zero, grow in amplitude until a maxi-

mum occurs, and then slowly decrease in amplitude until they

* Periods which were clear in the original transmission versus
magnetic field recordings, but not necessarily obvious in
these reproductions, are also included.
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disappear at sufficiently large magnetic fields. The ampli-
tude envelope of these oscillations is shown as a function

of magnetic field in Fig. 6-51.

When a By crystal which was 3 times thicker than the
standard thickness (0.114 cm versus 0.038 cm) was investigated,
it was found that more oscillations occurred in the thicker
crystal and thal the amplitude enveclope changed clightly in
shape. A comparison of the envelope shape for these two BA
crystals of different thicknesses is shown in Fig. 6-52. The
increase in the number of oscillations seen was found to be
directly proportional to the increase in the specimen thick-
ness. At a frequency of 1.74 Mhz, 39 fringes were seen in

the 0.038 thick crystal whereas approximately 114 fringes

were observed in the 0.114 cm thick crystal (117 if the number
is extrapolated to zero magnetic field). See Fig. 6-33. The
ratio of the crystal thicknesses was 3:1 and the ratio of

the number of fringes observed in each case was approximately

2.9:1 (exactly 3:1 if 117 fringes is used for the thick

crystal).

Because there is an envelope to the amplitude of the

oscillations observed in BA and BC crystals, it is reasonable

to characterize these oscillations by the field at which the

amplitude is a maximum. We have called this field Hm. An

investigation was made to determine if this field value, H_,

m
varied with radiation frequency. The results of this study
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crystal are given in Fig. 6-53. A frequency depend-

1/3

on a BA

ence is clearly indicated. The data appears to favour a w

dependence of Hm on frequency. We have chosen to plot Hm

versus (L)l/3 1/3

1/

since the proportionality of H to w (i.e. k

to w 3) is characteristic of the anomalous skin effect.
Similarly, we have plotted H as a function of w2/5 because

(24)

Falk et al have suggested this dependence.

When the magentic field was tilted away from the normal
direction but in a plane perpendicular to the radio frequency
magnetic field, it was noticed that the period of the oscilla-
tions changed. Fig. 6-54 shows the variation of the period
for the B, oscillations with rotation of the magnetic field

A
in the B, C plane.

Although the same Gantmakher-Kaner period did not appear

in the B, and B, crystals, 5.6 * 0.02 gauss for the B

A C crystal

A
and 9.5 t 0.01 gauss for the BC crystal, both periods appeared
in a BA,C crystal. The notation for this BA,C crystal, means
that the B-axis was normal to the surface of the sample (the
A, C plane), but that the A-axis and C-axis were rotated such
that neither axis was parallel to either the width or length
of the crystal (see Fig. 6-38). At low fields the character-
istic Ba oscillations predominated while at higher values of
the magnetic field, oscillations characteristic of the Be
crystai predominated. We have called the field at which

the oscillations change character the "crossover field", Hx'
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Hx was found to be ffequency dependent. The data, given in
Fig. 6-55, appear to favour a w2/5 dependence over the wl/3

dependence.

Figs. 6-47 to 6~50 show the results obtained from an
electroplated gallium box having a Cy orientation. These

results are to be compared with the results obtained using
the standard method whereby the cryetal ig soldered to a
rectangular copper trough (Figs. 6-44 to 6-46). It is impor-
tant to note that the crystéls are of different thicknesses.

It is clear that fundamental discrepancies exist in these two

separate results.

Measurements of the amplitude of the Gantmakher-Kaner
oscillations as a function of temperature were made in order
to determine the temperature dependent part of the electron
mean free path. These measurements were made on a BA,C
crystal, and the amplitude measurement was made at the position
of maximum amplitude of the oscillations characteristic of
a By crystal. The results of this investigation are given

in Fig. 6-56. Clearly a T2 temperature dependence is indicated.

The data can be fitted by the relation,

ACT) = #5 exp(-0.216T?)
A+2°K)
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6.4 Magnetic Field Parallel to Slab Surface But Perpendicular

to the Radio Frequency Magnetic Field

In this experimental configuration one expects to see
a minimum change in transmission ratio with magnetic field.
The actual experimental results are given in Figs. 6-57 to
6-75. For several crystal orientations data has been included
to show the elfect of tiiting the magnetic [ield several

degrees into the surface of the metal (see Figs. 6-61, 6-66

and 6-68). Clearly, remarkable changes in transmission occur.
The data taken on the B, . crystal has been included
14
only for interest (Fig. 6-67 and Fig. 6-68). The data obtained

from an electroplated gallium box specimen with a CB orienta-
tion, again is included for purposes of comparison with data
obtained from a similar crystal which was soldered to a
rectangular copper trough. It is important to note the dif-

ference in thickness for these two crystals.
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Figures (6-57) to (6-75)

Transmission through gallium single crystals as a
function of d.c. magnetic field. The d.c. field is normal
to the r.f. magnetic field but in the specimen plane. Note

that the Cs crystal was twice as thick as the other speci-

mens,

HO—L ey but in the specimen plane
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Chapter 7

DISCUSSION OF THE RESULTS

7.1 Gantmakher Resonances

7.1.1 Introduction

It is clear from the results presented in Tables 6-2 and

6-3 that there is excellent agreement between Gantmakher

and that re

other workers. The width of the low field line in the AB

crystal appears to be approximately 50% wider than that
(6)

observed by Cochran and Shiffman However, the experiments

on re-examined AC crystals indicate that the line width may
change with "aging". Therefore, we attach little significance

to this result.

7.1.2 Fermi Surface Dimensions

Table 6-4 contains Fermi surface dimensions as deduéed
from the major Gantmakher resonances seen in our experiment.
This data compares very favourably with that given by Cochran
and Shiffman(G). As noted by these authors the resonance line

shapes varied from the simple form predicted by Fal'ko and

(25) (27)

Kaner

and by Juras to large complexes as seen in A

C
and C, crystals. We also observe that the relative amplitude

of the peaks in the AC complex did not change with temperature,
thus indicating that this may be due to a complicated piece of

Fermi surface.
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Data from Haberland et al.(40)

and Fukumoto and Strand-
berg(39) have been includéd in Table 6-4. We have correlated
all dimensions indicated by these authors with those dimen-
sions observed in this work which compared most favourably with
respect to magnitude. TaEle 6-4 illustrates the good agree-
ment which was achieved by this correspondence of data. Accord-
ing to Haberland et al.(4o) and Fukumoto and Strandberg(39)

these particular Fermi surface dimensions can be correlated

with bands 5, 6, 7 and 8 of the gallium Fermi surface.

It is clear from Table 6-4 that this experiment detects

many Fermi surface extrema not reported by Haberland et al.(40)

and Fukumoto and Strandberg(39).
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7.1.3 Manifestation of the Transmission Amplitude Factor

It is appropriate at this point to comment on the interest-
ing behaviour of the resonance labelled (l11) in Fig. 6-10 in
the BA crystal. At 4.2°K a very large resonance is observed.
However, at lower temperatures T = 1,3°K the resonance has
decreased in amplitude by almost an order of magnitude. A

similar effect has been reported by Haberland(57)

(31)

and Haberland
and Shiffman An examination of Fig. 3-4 suggests é
possible explanation for this phenomenon. According to Fig. 3-4
the amplitude of a Gantmakher oscillatién depends criticaliy

on the mean free path and oﬁ the cyclotron frequency of the
electrons on the particular piece of Fermi surface under
investigation (in other words, the electron effective mass).

If we are dealing with a very small piece of surface, that

is, m* << m, then % << 1. It is clearly seen that if at

c
4,2°K the mean free path is such that the amplitude factor

is near a maximum value for one of the curves % << 1, then
‘ c
upon increasing the mean free path slightly (by decreasing

the temperature) a marked decrease in the amplitude factor

can occur. This indeed may be the situation for this reson-

ance,
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7.1.4 Comparison of Transmission and Surface Impedance

Line Shapes and Amplitudes

Juras(27) has made a theoretical calculation for the
line shapes of the Gantmakher configuration radio frequency
size effect. These results are for a specimen of thickness

d = 0.156 cm, and the mean free path, £, equal to d, which

-1 Mhz. Results are given for the surface resistance, R, the

3R aX
—a—I-_-I- and -B—H— as

functions of the external magnetic field. Although the line

surface reactance, X, and their derivatives

shapes are for bilateral symmetric and bilateral antisymmetric
excitation, the unilateral line shape can be obtained by tak-
ing the average solution. Since our experiment measures a
signal proportional to the surface reactance, X, (see section
3.3), we shall restrict ourselves to the case of the unilateral
line shape for the surface reactance. In Juras' paper he uses
an e-iwt time dependence, as we do, but he defines Z = R + iX
whereas we use Z = R - iX. However, as indicated.in section
3.3, AT = -X. Therefore, the line shape applicable to the
transmission experiment can be obtained by simply averaging
the antisymmetriq and symmetric excitation line shapes. This
result is shown in Fig. 7-1. It is important to note that
this line shape is for a spherical Fermi surface. An examina-
tion of our data, in particular Figs. 6-3, 6-5, and 6-10,

reveals a striking resemblance to Juras' predicted line shape.
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It was mentioned in section 3.3 that the change in
transmission was related to the change in skin depth by the

relation,

The results obtained by Lyall(56) and Haberland et al.(40) in

the investigation of the low field Gantmakher resonance in

Ac crystals are shown in Fig. 6-23 (page 122). The resonance
has been plotted in terms of %%n Consequently, the amplitude

is calculated in units of cm/gauss. A comparison with this

data can be made if the quantity é§-is determined from our

AH
. . _ AS _ AT
experimental results. Since A§ = 2a AT, then N 2a Nk
Using the experimental values,
a = 0.7 cm
AT = 4.8 x 1077
AH = 0.15 gauss
daT -6
we calculate I ~ 3 x 10 “/gauss. Therefore,
max

QJLQJ
mo»

~ 4 x 10"6 cm/gauss. This is to be compared with
max

as
Eﬁi value of 4.9 x lO_6 cm/gauss and Haber-

Lyall's maximum
land's value of 2.2 x lO—6 cm/gauss. It is important to note
that these experiments were done at different frequencies

so one expects the values to be slightly different since the

amplitude will depend upon frequency (reference: Gantmakher

amplitude factor, section 3.2). Nevertheless, an order of
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magnitude agreement is clearly obtained.

Similarly, the amplitude of the low field Ay resonance

indicated in Fig. 6-3 (page 102) can be compared with that
(6)

given by Cochran and Shiffman . A calculation similar to
' dad _
that for the A, resonance above gives Tl T 1.5 x 10 6 cm/

max
= 3.8 x 10°® cm/gauss
max

gauss as opposed to the value %%|

given by Cochran and Shiffman. Again, reasonable agreement

is achieved.

On the basis of these calculations it can be said that
Cochran's(30) hypothesized relation between surface impedance
anomalies and transmission anomalies is certainly a good first

approximation.

7.1.5 Aging Effect

The results on an AC crystal, which was re-examined after

being stored in a refrigerator for a period of approximately

6 months, show a marked change in transmission character.

Much of the detail present in the original data is now miss-
ing (see Figs. 6-5 to 6~8). The once extremely sharp low
field Gantmakher resonénce now has rounded edges both at the
onset and departufe of the resonance. Similarly, the once
sharp system of peaks in the higher field complex has all

but disappeared. This phenomenon of resonances’becoming in-
distinct is characteristic of a decrease in the electron mean

free path. Similar results in the change of line shape with
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ﬁean free path have been obtained by Gantmakher and Tsoi(zg)

in potassium crystals. An example of a change in the mean
free path is illustrated in Figs. 6-4 and 6-~5. Here the

mean free path has changed due to a temperature change. The
low field resonances which are clearly seen at T = 1.3°K have

almost disappéared at T = 4.2°K.

A possible explanation for this "aging effect" is that
oxygen has diffused into the gallium over the period of
refrigeration and for some reason this has reduced the mean
free path. 1If this hypothesis is éorrect, all gallium
specimens should be stored in a vacuum or in an inert atmos-
phere. It is known that the low field magnetic susceptibility
of gallium for crystals grown in air is different from that

of crystals grown in an atmosphere of helium gas(58).

7.2 Gantmakher-Kaner Oscillations

Crystals

7.2.1 Gantmakher-Kaner Oscillations in B, and BC

7.2.1.1 Introduction

Inveétigations of B and BC crystals in the normal field
geometry revealed several Gantmakher-Kaner periods for each
crystal. Our attention will be directed only to the most
clearly defined oscillations. These were the oscillations

in a B, crystal with a period of 5.6 + 0.02 gauss (period (1)

Fig. 6-30) and those in the B, crystal with a period of
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9.5 £ 0.01 gauss (period (1) Fig. 6-35). In section 2.2 it
was mentioned that for an axially symmetric piece of Fermi
surface, in this case symmetric around the B-axis, one would
expect the B, and B, crystal to give the same Gantmakher-
Kaner oscillations. The period of the oscillations should

be identical although the amplitude and cut-off fields may

be different since the skin depth is orientation dependent.

An investigation of a B
A,C

characteristic of both Ba and BC crystals appearing together.

On the basis of this result it seems probable that two distinct

crystal revealed oscillations

non-symmetric pieces of Fermi surface are involved in the
Gantmakher-Kaner phenomenon. It appears that the amplitude

of the oscillations due to piece (1) is strong when E (the
electric field) is parallel to C but diminishes rapidly with
the direction of E away from C. Similarly the amplitude of
the oscillations due to piece (2) is strong when E is parallél

to A but diminishes rapidly as E is directed away from A.

7.2.1.2 Possible Shape of Fermi Surface Pieces

For the sake of convenience we label the oscillations

seen in the B crystal as G--K)l and the oscillations seen

in the B crystal as G—K)z. Now one sees G—K)l oscillations
in a BA crystal but not in a BC crystal. An explanation may

be that the electric field which lies along C in the By

crystal (and along A in the B, crystal) does not couple to

C

the electrons responsible for B oscillations. The following
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model helps to illustrate this point.

E T AC

L ) > B

=

Fle.ne_ oF 'H)C, F&Tmf Sbg\“Fa\ce_. lleS in 'H'IE’. A)B Pla-ne_

If one has a disc in the A, B plane then electron velocities
are predominantly along C. Therefore, an electric field

directed along A would not couple to this piece of surface.

Similarly, one sees G—K)2 oscillations in a B. crystal

but not in a By crystal. The following model illustrates

a shape of surface which would produce this result.

Her T 2 C

oy

E/ —>H

Plane oF fhe Fermi Surface les in the BC qune_
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In this case electron velocities are predominantly along A.
Therefore, an electric field along C, as in the case of a

BA crystal, would not couple to this piece of surface.

However, if the electric field was equally inclined to

both A and C axes as in the case of a BA c crystal, it should
7

couple to both pieces and thus oscillations characteristic
this

1 nheorvad
S o aa.

1
- v

A

maximum amplitude at a field which differs from that corres-

Fig. 6-51 indicates that the B, oscillations reach their

ponding to the maximum amplitude position for the B, oscilla-

C

tions. Therefore, oscillations characteristic of the BA

crystal predominate at low fields while those characteristic

of the Beo crystal predominate at higher fields.

If the pieces of surface are thought to be approximately
ellipsoidal in shape, then according to Gantmakher and Kaner(l6)
these oscillations are limiting point resonances. Accordingly,

a value for the Gaussian curvature can be determined for these

pieces of surface. Using the relation given in section 2.2,

o{sQTI—c'h
‘eAHlf‘K‘

we obtain K =z 3.1 x 10 1% cm? for the B, crystal, and
K~ 1.1 x 10—12 cm2 for the B, crystal. Here, K =1
C Rle

where R, and R, are the principle radii of curvature in

k-space.
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So far we have indicated the Fermi surface pieces to be
disjoint discs. However, flattened ellipsoids or flatten
cylinders as shown in Fig. 7-2 would produce the same effect.

We have indicated the surfaces to be disjoint since a com-
bination of the pieces, such that a "butterfly" shaped piece

is formed, no longer gives rise to the limiting point resonances
on the central belly. This "butterfly" shaped surface could,
however,.give rise to extremal helical trajectories, that is,

a maximum in %%ﬁ' However, the velocities of the electrons

from that belt of surface having an extremal %%H’ would be in

a direction that would not account for the oscillations seen

by us. Therefore, we believe the pieces of surface to be

disjoint.

7.2.1.3 Electron Effective Mass and Size of Fermi

Surface Pieces

The oscillations which we observe are due to a group of
electrons whose displacement in the field direction becomes
maximal during one cyclotron period. This phenomen can be

understood qualitatively from the following diagram.
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Fig 7-2. Shapes Which Would Produce the Oscillcfioﬁs

Observed in By and B Crystals
o | |

B
___..)H
A
A V&!oél'hes
, ?t‘eolommcm'H’)/
Ve ouf‘fes aL'ohj 'H«e.
Freo(ommom'HY C.-mxls
C a_’onj ’Hue_
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'T‘ L \\) s

" The displacement of the electrons during one cyclotron period
is indicated as "u". Clearly u = % where n = integer. For

a limiting point resonance,

LL.=?l§L = V. 20T
n

where Ve is the Fermi velocity of the electrons at the limit-

ing point along the magnetic field direction. We can therefore
write
c Ho = 2:”~VF

-m* e

n
oL
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or 2Z£? = ngl Zﬁf}
™m QAT me Vg

We take Vp = 108 cm/sec and obtain
¥l - o0.006
V2248 BA
for the electrong inveolved in the BA nscillations, and
o = 0.0|
m g

for the electrons involved in the BC oscillations.

*
We expect in general, that the ratio % is related to
the dimensions of the Fermi surface. Roughly speaking the

dimension should be given by

* | *
Akz/u'Ffm = MV o

R k- om

mv

But eﬁf-ﬁﬁlos cm—l, i.e. the Brillouin zone dimension. There-
* -—
fore Aka&% 2~ 10 2 of the Brillouin zone dimension. This
1

result also follows from K =

RlR2

7.2.1.4 Number of Oscillations and Significance of

Oscillation Shape

The displacement of the electrons in one cyclotron period

has been written,



As the magnetic field is increased more and more orbits are
fitted into the slab thickness. Now this system of peaks of
alternating fields and currents will be spread over a finite
distance of the order of the skin depth. Clearly then only
a certain number of orbits will fit within the slab before
they begin to interfere with each other. The following

calculation illustrates this viewpoint.

For a Bp crystal the skin depth at 1 mhz is approximately

5.7 x lO—4 cm for current flow along the C-~axis according to

(6)

Cochran and Shiffman They have assumed diffuse scattering

and taken,
3 ‘
57 = c

TTTw

2
w/;z-é?g*j\
"z

If one assumes that each field and current splash is separated
by‘a distance of the order of §, then the number of fringes
observed should be of the order %, where d is the thickness

of the slab. For a thickness, d = 0.038 cm, one should

Observe,

m o= d = A Pr‘\nj&S
4 |

Experimentally, at a frequency of 0.918 Mhz, approximately

32 fringes are seen.
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This explanation is more clearly illustrated by the

following sketch.
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At sufficiently high magnetic fields, oscillations will no
longer be observed. Using the above argument one would expect
to see more oscillations in a thicker cyrstal and the number
of oscillations should scale directly with the thickness.

This in fact was observed in B, crystals. The number of

A

oscillations scaled almost exactly with the thickness (see

section 6.3).
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So far we have indicated that the number of oscillations

should be of the order,

"Tg
Now, if the shape of the particular piece of Fermi surface
is rather simple, i.e. one which has cylindrical symmetry,
and if the interaction of the electrons with the electric
field is ineffective (as we have assumed for the BA and BC
crystals), then one expects to observe oscillations in
electric field which have a sinusoidal line shape. However,
for an odd shaped piece of surface, such as a "butterfly™
etc., there may be several limiting points or several points
of extremal %% . In this case there may be a set of oscilla-
tions charactegistic of this one piece of surface. For
example, in Fig. 6-30 we have labelled several periods in
the BA crystal as period (1), period (2), and period (3).
In fact this set of periods may be due to a single odd shaped
piece of surface. This type of behavior has been noted and
analysed by Nagerezhpykn et al.(59) in cadmium. Conseguently,
the line shape of an oscillation, such as the BA and BC
oscillations, may indicate the shape of the electron trajectory

around that particular piece of surface. One expects the

first few oscillations to reflect the form of the trajectory

most accurately.
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7.2.1.5 Frequency and Field Dependence of the Oscilla=-

tion Envelope

The position in magnetic field at which the Gantmakher-
Kaner oscillations have a maximum amplitude is difficult to
obtain analytically, according to Falk et al.(24). However,

its frequency dependence can be obtained, although the results

S o Ve -
Wi

—~ e
la. il rao \._y.a.l

about the direction of the magnetic field and has a square
root singularity in the conductivity, a frequency dependence

for the maximum amplitude position of w2/5 was predicted.

(60)

Experimentally, Weisbuch and Libchaber found for the

[111] direction in copper, that the field at maximum amplitude

varied as wl/B.

Results from measurements made on BA crystals indicate
primarily a wl/3 dependence although a w2/5 dependence is
possible. These results are illustrated in Fig. 6-53. A
frequency study of the cross-over position, Hx’ in a B
1/3

crystal revealed a similar or w2/5 dependence.

According to Falk et al.(24) the amplitude of the Gantmakher-
Kaner oséillations should fall off as H2 as H~» 0. An examina-

tion of the results for BA and B, crystals reveals that the

C
amplitude decreases almost linearly with H at low fields.
Consequently, we may conclude that the surfaces we are in-

vestigating, do not have a simple cylindrical symmetry about

the direction of the magnetic field, in agreement with the
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conclusions of section 7.2.1.3.

" Thickness

The amplitude of the Gantmakher-Kaner oscillations for
the case of a limiting point, according to Gantmakher and

Kaner(lG), should vary as,

/ﬂ = & e_Xfl[;_'CL/CQ:]
| L=

where £ is the mean free path and d is the specimen thickness.
In our experiments very pure gallium crystals were used. As

a result, & >> 4, and exp[-d/2] &£ 1. Consequently, an examina-
tion of the oscillation amplitude in crystals of varying thick-

nesses will reveal the thickness dependence.

Experiments were done on B, crystals with thicknesses of

A
0.038 cm (15 mils.) and 0.114 cm (45 mils.). The transmission
signal versus field plots are shown in Figs. 6-30 and 6-33.
The ratio of the amplitude of the oscillations at the maximum
amplitude poéition was found to be approximately 5:1. At
other field values this ratio was considerably less. Accord-
ing to the Gantﬁakher—Kaner theory for limiting parts which
gives d2 dependence this.ratio should have been 9:1. A linear
dependence. on thickness would give a ratio of 3:1 while a d3/2
dependence would give a ratio 5.2:1. It appears that our

3/2

results are more consistent with a d dependence which



- 209 -

according to Gantmakehr and Kaner is characteristic of extremal

helical trajectories.

" Free Path

Measurements of the amplitudes of the Gantmakher-Kaner
oscillations as a function of temperature were made in order
to determine the temperaturé dependent part of the eleclion
mean free path. The results of the measurements made on a
BA,C crystal are indicated in Fig. 6—5@. The amplitude measure-
ment was made at the position of maximum amplitude of the
oscillation characteristic of a B crystal. This position was

found to be independent of temperature.

The amplitude of the oscillations should vary as,

A r\/l‘\ ( f
o L) eXx — L= E
A P17

where d is the specimen thickness, C(d) is a constant and

-1 1
L= <VHT = {__/1()_ +

NI e i
ﬂT)g AT

where 20 is the mean free path due to impurity scattering,
and £(T) is the temperature dependent part of the mean free

path, 2. Therefore,
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,@Amﬁa%cwa%~%T*

5
= by — L BTT

WL Lo i ACT) ?:_ Lo ACTY = Lo AGE2°K)
A2°K)

4 [ =T

A plot of the logarithm of the relative amplitude a(m) as
A(4.2°K)
a funciton of temperature led to a value y = 2 (as shown in
Fig. 6-56). The curve was fitted by the relation _Aam
_ 2 A(4.2°K)
45 e 0.216T . From this plot a value of %~= 0.216°K2 was
2

determined and hence B = 0.176°K"~ cm. Therefore, the electrons

which are responsible for the B, oscillations have a tempera-

A
ture dependent mean free path for this particular piece of

Fermi surface given by

| = + 577"

1 =1
L A
At 4.2°K and for %,= 1l cm, % Q:lo—z cm.

2 . . s
The T~ dependence is characteristic of electron-electron

scattering processes. Gantmakher and Leonov(6l) mention that
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a T2 dependence is also possible for electron-phonon inter-
actions (instead of the normal T3 dependence) if there is

large angle scattering.

7.2.1.8 Comparison of our Results with Theoretical

" Models and Other Experimental Data

In previous sections it was concluded that oscillations
in BA and B crystals resulted ffom two disjoint pieces of
Fermi surface. These pieces were both indicated to be small
with respect to the Brillouin zone dimensions. Theoretical
calculations have been made recently by Reed(sz) and a model
of his calculation constructed (see Figs. 4-2 to 4-5).

Besides this theoretical calculation recent de Haas van Alphen
measurements by Condon* are of particular interest. These

results are reproduced in Fig. 7-3 (page 213).

Directing our attention to Condon's data, we note that he
observes several flat disc shaped sections labelled B, y, and
§ periods. De Haas van Alphen data gives information about

extremal areas normal to the applied magnetic field. This

area can be written,

A/@\ ZNTQF - ‘?.SS'XIO7 F co”®
Fe

* Condon's results are included in Reed's paper(sz).
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where f is the freqguency of oscillation.

We wish to determine whether a correspondence can be made

between our data and Condon's. We therefore require two

pieces, one of which has a maximum frequency in the C direction

and minimum frequencies in the A and B directions to corres-

pond to our BA oscillations. The other piece should have a

. . . s .
AanAd mindmitm FuAasirAam~S Ao
v the A directicon and minimum f£rcoguencics

maximuim

in the B and C directions to correspond to the surface causing

B oscillations. The requirement for the By

satisfied by the piece in Fig. 7-3 labelled as y period.

oscillations is
How—

ever, a correspondence with the B, oscillations can not be

C
constructed from this data.

An estimation of the size of the piece of Fermi surface

corresponding to the y period can now be made,

For H parallel to the a-axis: area 7< 4.8 x lOl3 = 1 bc
For H parallel to the b-axis: area ~ 3.2 X lOl3 = T ac
For H parallel to the c-axis: areal1l3 X lOl3 = T ab

Therefore, assuming an ellipSoidal piece,

a=5.25 x 10° cn™?t
b=17.9 x 10° cmn™t
c=1.8 x 10°% cn?t

These values indicate that the length of the piece of surface,

Ak, is approximately 1/20 of the Brillouin zone dimension.

This dimension corresponds roughly with our estimated value

of 1/100 of the zone dimension.
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It is also possible to correlate these dimensions with

the results of Haberland et al.(4o)

. The A2 contour indicated
by these authors give the following dimensions for this piece

of surface.

bX 7 x10 cn

cx2.2 x10° —

Resonable agreement with Condon's y period surface and hence

with our surface corresponding to B, oscillations is achieved.

A

A further correspondence between these surfaceé and our
postulated surface can be made by calculating the Gaussian
curvature of the limiting point from Condon's data and com-
paring it with our experimentally determined value. The
Gaussian curvature for an elliptic limiting point can be

calculated either using the mathematical relation,

K = "3/” .,
S+ ) § ~

where y' and y" represent the first and second derivatives of

the curve at the limiting point, or by using the following

geometrical argument,
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For small ¢, the radius of curvature in the B, C plane
/ .

AQ = R,Sm¢ = R,¢

= L+R‘CGS¢”R|: L)’R)(I—COS¢\>

y =
=< L~R,¢?‘/:L
. s 1\Z 2 o L A%
4.( AZ,) = -—l\\b\.’u
ard (k1) = RE$S
1\ - 2. a
:5 Q%Eg) -+ Cﬁgl) = l = l'“ jiLgfl + Igigé
L= c* b c
and. i€|::'_££% A 4;[ X IOS’<:nf_'
b

Similarly, for the radius of curvature in the A, B pléne

FLL:: ~ ‘3~f5‘X IC)Q cm !

b
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* K= _| _ 075X 107" em®

RiRz
. ~12 2 ,
Experimentally, we observed K = 3.1 x 10 cm- . From this
- calculation we conclude that the surface may be distorted

slightly from elliptical in shape.

This piece of surface characteristic of By oscillations
is indicated by an arrow in Fig. 4-2. ‘'this small eliipsoidal

shaped section has been labelled by Reed as a 6h zone on T.

Similarly in Fig. 4-3 there is another flattened cylinder
shaped section indicated by an arrow which may correspond to
our surface characteristic of Bo oscillations. This piece has
been labelled as a 7e¢ saucer along U by Reed. From Reed's

table of experimental and theoretical data we can again calculate

the Gaussian curvature.

13

For H parallel to the a-axis: area = 48 x 10 = gbc
For H parallel to the b-axis: area=xf 6.8 x 1013 = fac
For H parallel to the c-axis: area” 4.1 x lOl3 = mab

Therefore, again assuming an ellipsoidal piece of surface,

a = 1.36 Xv106 cm_l
b=29.6 x10° ecm 1
6 -1

5.04 x 10" cm

(0]
il

Using a geometrical argument to calculate the radii of

curvature in the B, C plane and in the A, C plane gives the
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results
2
et 6 -1
Rl—b———'2.64 x 10 cm
o2 '
R, = & = 0.37 x 10° cm™L
2 c

Therefore, the Gaussian curvature,

K = %= 1.02 x 1072 cm?.
R, R,
. ' -12 2 . .
Experimentally, a value, K= 1.1 x 10 cm” is determined.

Clearly, remarkable agreement exists. We therefore attribute

the surface characteristic of BC oscillations to the 7e

saucer along U designated by Reed.
7.2.2 Comments

7.2.2.1 Gantmakher-Kaner Periods

Table 6-5 presented a list of Gantmakher-Kaner periods
which were selected "visually" in a trial and error fashion
.from a usually complicated’tfanémission versus magnetic field
plot. This selection of Gantmakher-Kaner periods would, in
future, be best accomplished by first digitalizing the data and
then performing a Fourier transform on it. This procedure

would pick out individual peirods in a clear and unambiguous

fashion.

It should be noted at this point that the correlation
of Gantmakher-Kaner periods to properties of the Fermi surface

may be complicated by the existence of harmonics that have
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been excited by the fundamental Gantmakher-Kaner excitation.
This phenomenon has recently been reported by Perrin et al.(62)
to have been observed in single crystal copper plates. In
essence, the fundamental excitation is capable of exciting
harmonics which have periods that are entire fractions of

the fundamental period. Consequently, periods that are

representative of harmonics do not indicate sections of Fermi

surface different from that described by the fundamental period*.

7.2.2.2 Shape and Position of Envelope

In the course of experiments on BA aﬁd BC crystals it
was found that neither the shape nor the position of the
oscillation envelope was temperature dependent. There was
however a slight dependence of the envelope shape on specimen
thickness. This dependence is seen in Fig. 6-52. Although
the position of maximum amplitude has not noticeably changed,

the amplitude of the tail section of the envelope is seen to

decrease more slowly than for the case of the thinner crystal.

7.2.2.3 Variation of Oscillation Period with Angle of

Magnetic Field

The variation of the oscillation period in a B

2 crystal

* The fundamental period will result from relatively large

pieces of Fermi surface.
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with rotation of magnetic field in the B,C plane is indicated
in Fig. 6-54. The vation of period with angle has been best
fitted with a sin26 dependence, where 6 is measured from the

normal position. The significance of this dependence is not

known.

7.2.2.4 Complementary Oscillations

So far we have directed our attention solely to Gantmakher-
Kaner oscillations in BA and'BC crystals. An examination of
the shape of the postulated piece of surface characteristic
of BA oscillations reveals that in general this piece of
surface will be stongly coupled to the electric field when-

ever the electric field is parallel to the C-axis. The model

surface is illustrated again in the following diagram.

/ | F{§?BA Qrwrgh&l?'
y; —

e

Ay A [ Ay erystal §

es in the A)B F’O“"Q‘

- S'u.r Fac.&
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This condition is satisfied for both a BA crystal and a AB
crystal. Therefore, the piece of surface should be coupled

to the electric field for both crystals and oscillations
characteristic of this piece should appear in both crystals.
The periods of oscillation should have the same order of
magnitude. Reference to Table 6-5 reveals that an oscillation

with a period of 7.35 gauss appears in an A, crystal. This

B

is to be compared with the period 5.2 gauss seen in the B,

crystal.

Similarly BC and CB crystals siiould be complementary.
Reference to Table 6-5 reveals that an oscillation with a

period of 4.0 gauss appears in a B, crystal. This is to be

Cc

compared with the period 9.5 gauss seen in the B, crystal.

Cc

7.2.2.5 Reference to the Results of Munarin et al.

As indicated in Table 6-5 the periods observed by

Munarin et al.(36)

are clearly larger than those observed
by us. Evidently they are observing oscillations characteristic
of larger pieces of surface. It is also interesting to note

that we see many more Gantmakher-Kaner periods than do these

authors.




Chapter 8

COMMENTS AND CONCLUSIONS

A comparison of the results obtained using a gallium
box whose thick sides have been electroplated with copper with
those obtained using a rectangular box constructed by solder-
ing a crystal onto a rectangular trough, clearly reveals that

the electroplated gallium box technique is not reliable.

In certain crystal orientations a noticeable linear
variation of the transmission with magnetic field occurred
at sufficiently high magnetic field strengths (see Fig. 6-65).
In this case the applied magnetic field was pérallel to the
current direction but perpendicular to the radio frequency
magnetic field. We have attributed this phenomenon to a
magnetoresistive effect in the crystal. The following argu-

ment supports this conclusion.
(63) .
that the resistance

generally increases by an additive term proportional to H2.

In the low field limit it is known

éian
f 2
CLﬂdL ﬁ’”‘?o = ‘4“?0 H )

«g':-: —fo‘(l‘f'O(Hz)
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But the skin depth varies with resistivity. For a local

conductivity this relation 1is,
2
A
.o 5 varies as H

Consequently, it is possible to experience a linear increase
. n (1)
in transmission with magnetic field if 1334 >> 1 and if
0
p(H) « H2, and if one assumes that the field is sufficiently

large that the skin effect can be described using a local

conductivity.

In fact measurements made by Yaqub and Cochran(49) on the
longitudinal magnetoresistance in gallium tend to support this

conclusion.

In conclusion the use of a hollow box as a sample instead
of a simple slab in the bilateral excitation geometry provides
a very simple and convenient means for making gqguantitative
observations on the anomalous penetration of electromagnetic

radiation through metallic crystals.
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