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MAGNETIC SUSCEPTIBILITY OF ANNEALED AND

FAST-NEUTRON BOMBARDED GERMANIUM

D K Steven s

CHAPTER 1 INTRODUCTION

1 STATEMENT OF THE PROBLEM

This research is concerned with the magnetic
susceptibility of single crystals of germanium with
known electrical properties after having been an
nealed and after having undergone radiation damage
as the result of fast neutron bombardment The

bombardment was effected by exposure in the ORNL
graphite reactor Although measurements had been
made previously on unirradiated samples they
were carried out on polycrystalline material of
unknown impurity content and were therefore of
little value in this work Information on the mag
netic properties of electrons sub|ected to the
periodic potential of the lattice and of electrons
trapped in energy levels associated with fast
particle produced lattice disorder was sought this
information being of interest in the study of the
fundamental nature of the solid state as well as
in the study of radiation damage

2 THE NATURE OF RADIATION DAMAGE

The study of radiation damage that is the
effects produced when crystalline bodies are ex
posed to highly energetic nuclear particles is a
comparatively new field of scientific research
being a result of the successful development of
nuclear chain reactors That considerable lattice
disorder with o resultant change in properties of
the crystalline body might be produced was first
predicted by Wigner'3" in the early days of the
Manhattan Pro|ect and at one time was known as

Wigner Disease Subsequently these predic
tions were proved correct and extensive research
is being conducted in the field The result has
been the accumulation of information of great
interest to nuclear scientists and engineers and
research in the field of solid state physics as a
whole has been stimulated

See Bibliography

When a high speed massive particle (electron
proton alpha particle or fission fragment) is
slowed down in passing through a crystalline
solid its energy is dissipated by interaction with
atoms of the lattice Charged particles may lose
energy in two ways (1) inelastic collisions re
suiting from coulombic interaction that produce
excitation and ionization of the lattice atoms and

(2) elastic or biHard ball collisions with atomic
cores For uncharged neutrons only elastic col
lisions are possible The energy transferred to
an atom by a fast particle in an elastic collision
may be sufficient to knock the atom into an inter
stitial lattice site some distance away from its
original position Hence both a lattice vacancy
and an interstitial atom are created This primary

knock on in traveling through the crystal may
also displace other atoms from their positions
In addition if its velocity is sufficiently great
the primary atom may lose energy by the inelastic
process Energy loss by this process is unim
portant in the case of germanium because of its
relatively large atomic mass compared with the
mass of a neutron The original particle and the
primary and secondary knock ons may continue
to produce lattice disorder until their energies are
degraded to the extent that they can no longer
transfer the threshold energy necessary for atomic
displacement This threshold energy is 31 ev for
germanium '25' The remaining energy of the par
tide is then lost by causing thermal agitations
Seitz(39) and Slater(42> have treated the sub|ect
as a whole while Lark Horovitz(25> has calculated
the number of displaced atoms in germanium and
silicon by using an elementary method

The disordered regions produced by bombarding
particles are submicroscopic in size This dis
order is discernible by the alteration of the physi
cal properties which are sensitive to the structure
of the material In metals and alloys the plastic
and electrical properties are changed ^3 5 28' Ob
servations of changes in the density and x ray



patterns of covalent crystals, such as silicon
dioxide '54' and in the electrical properties of
ionic crystals'30' have been made Fast neutron
bombardment has been found to increase the rate
of microdiffusion in some systems'4 l0' in which
solid state reactions may occur

The electrical properties of certain semicon
ductors, namely, silicon/25' germanium/1125'
and cuprous oxide/36' have been found to be
particularly sensitive to radiation damage After
an exposure in the reactor of only a few hours
the electrical conductivity of some samples has
been found to change by several orders of magni
tude The relatively great sensitivity of the elec
trical properties of this class of materials to lattice
disorder makes these materials particularly useful
in the study of radiation effects in solids

3 THE NATURE OF SEMICONDUCTORS

Semiconductors may be defined as that class of
materials in which thermal energy is required to
release charge carriers for the conduction of elec
trical current These charge carriers may arise
from two distinct sources (1) the undistorted host
lattice and (2) tonizable impurities and lattice
defects Removal of an electron from a covalent

bond and the removal of an electron from a negative
ion are examples of the first case which gives rise
to intrinsic conduction In this process two charge
carriers are produced an ionized electron and a
vacant electronic state a hole which is mobile

by virtue of the interchange of electrons from
equivalent occupied states The second source
of current carriers gives rise to impurity or ex
trmsic conduction and only one carrier is pro
duced

The types of lonizable defects or impurity atoms
which give rise to conduction vary in nature with
the chemical constitution of the particular semicon
ductor in question In the case of ionic semicon
ductors such as zinc oxide cuprous oxide or
lead sulfide the lonizable impurity is usually a
stoichiometric excess of one of the constituent
elements If the electropositive element is in
excess as in zinc oxide the impurities give up
electrons and are called donors In the case of
cuprous oxide the electronegative component is
in excess Upon ionization an electron is ac
cepted and hole conduction takes place These
impurities are called acceptors Electron con
ductors are called n type semiconductors and hole

conductors are termed p type Lead sulfide may
be either an n-type or a p type conductor'18' as a
result of previous chemical treatment

Impurities in silicon and germanium are of a
quite different nature In these covalent crystals
of the diamond form an impurity atom from the
fifth column of the periodic table when occupying
a normal lattice site supplies one electron in
excess of the number needed to complete the four
directed valence bonds associated with its position
in the crystal The extra electron is loosely bound
to the impurity atom by electrostatic forces and
is easily ionized by thermal vibrations When on
the other hand an atom from the third column of
the periodic table is substituted in the lattice
there is a deficiency of one electron for the com
pletion of these four covalent bonds There is one
incomplete bond localized around the impurity atom
which may be detached by thermal energy and may
then accept an electron from neighboring states
and move through the crystal in the form of a hole

It is well known that lattice vacancies in alkali
halide crystals can trap electrons released from
negative ions by ionizing radiation to form color
centers (27' Recently studies of controlled mtro
duction of lattice defects by nucleon bombardment
have shown conclusively that lattice defects so
produced may behave as electron traps and hole
traps and, in the case of germanium as acceptors
Although low temperature irradiation produces
exceedingly complex results in germanium so far
as the nature and distribution of energy levels are
concerned/13' most of the complexity is thermally
unstable at room temperature and rapidly anneals
The results of irradiation at about 35°C(11} show
that fast neutron disordering produces predomi
nantly electron traps which are sufficiently low
lying to act also as acceptors in p type material
During bombardment the conductivity of originally
n type material decreases passes through a mini
mum and then increases at an appreciably lower
rate Just prior to passing through the minimum
there is a change from n top type material

Since the total conductivity a is a sum of the
contributions of both holes and electrons,

(1) a = e{ne[Le + nhH)

where e is the electronic charge \i and n are the
mobility and concentration of carriers respec
tively and tfie subscripts refer to either electrons
or holes The concentrations of the holes and



electrons are related by the equilibrium equation
or carrier product

(2) nnh =
2 (2TTyJmemh kT) _E /kT

e S

where m and m, are the effective carrier masses
e h

k is the Boltzmann constant h is the Planck

constant E is the ionization energy for the in
trinsic process, and T is temperature Equation 2
and the room temperature intrinsic concentrat»on of
electrons or holes in germanium being ~3 x 10
cm3 show that the conductivity of n type ger
manium with ne "t 10 cm" is almost entirely
due to electrons Consequently the acceptors
introduced by bombardment remove electrons until
conversion to the p type occurs after which the
acceptors upon ionization produce holes This
process is quite analogous both in principle and
theory to the conductometric titration of an acid
with a weak base

In addition it has been demonstrated that shal
low hole traps are also introduced, but these are
ineffective unless the concentration of holes is
large or the temperature is low These traps are
unimportant in n type material but are observable
in high conductivity p type material

It has been postulated' 5 ' that the acceptors
or electron traps are associated with lattice vacan
cies, while the shallow traps are associated with
interstitial atoms James and Lark Horovitz'22'
have attempted to refine these postulates by pro
posing a semiquantitative model based on the
modification of the ionization potentials of the
valence electrons of the interstitial atoms by the
dielectric constant of the germanium lattice the
vacancies being treated in an analogous fashion
As a result of this model, the authors postulate
that there are at least six localized energy levels
associated with each defect pair (interstitial
vacancy pair or Frenkel defect) to accommodate
the four valence electrons of the interstitial atom
This model will be considered more fully in con
nection with the magnetic susceptibility of semi
conductors Except for explaining the general
features of the electrical behavior of germanium
the models proposed to account for the disorder
produced electronic energy levels appear to be
oversimplified Consequently it was felt that
information concerning the magnetic behavior of
irradiated germanium would be helpful in testing
the validity of the James-Lark Horovitz model

4 MAGNETIC PROPERTIES OF

SEMICONDUCTORS

Upon placing a magnetically isotropic body in
a magnetic field the magnetic induction B within
the body is given by

(3) B = H + 4mW ,

where H is the field intensity and M is the in
tensity of magnetization or the magnetic moment
per unit volume The ratio B/H is known as the
permeability (i, and M/H is the magnetic suscepti
billty per unit volume k The specific suscepti
bility is obtained by dividing k by the density and
is denoted by the symbol x Unless specified
otherwise, reference throughout will be made to
the specific susceptibility

In general, according to their susceptibilities,
substances may be divided into three classifi
cations diamagnetic paramagnetic and ferromag
netic Diamagnetic materials have no magnetic
moment in the absence of an external field and

have a negative susceptibility which is small
(<10-6) and independent of temperature and field
according to classical theory Paramagnetic and
ferromagnetic substances have permanent magnetic
moments and positive susceptibilities with the
latter being orders of magnitude larger than the
former Upon removal of the exciting field the
magnetization of diamagnetic and paramagnetic
bodres disappears whereas ferromagnetic bodies
retain a portion of their magnetization

Diamagnetism of atoms and molecules is a con
sequence of the Larmor precession of the electron
orbits about the direction of the exciting field and
is a function only of the radius of the electronic
orbits The induced magnetic moment will be of
sign opposite to that of the applied field, and it
represents an increase in the energy state of the
atom All bodies exhibit diamagnetism but it is
so weak that it is overshadowed by paramagnetic
and ferromagnetic effects if they are present

Paramagnetism is due to a permanent magnetic
moment of the atom or molecule and owes its origin
either to the spin of unpaired electrons bound to
an atom or to a resultant orbital magnetic moment
of electrons Upon the application of an external
field, the moments of these atoms tend to align
with the field but the alignment is resisted by
thermal agitation If the magnetic moment of the
atom is strong enough to cause interaction with
neighboring atoms ferromagnetism is exhibited



The latter is relatively uncommon in nature, where
as many examples of paramagnetism are to be
found particularly in the transition group elements
and their compounds

Pure well annealed crystals of germanium would
be expected to show no paramagnetic properties
at low temperature since there are no unpaired
electrons or unoccupied orbitals The magnetic
susceptibility should therefore be negative and
according to the classical theory be temperature
independent However lattice disorder and im
purity atoms having more or less than four valence
atoms could have an appreciable effect on the
susceptibility of these covalent crystals

Measurements of the susceptibility of germanium
made prior to the current work were carried out
before efficient purification procedures were de-
veloped Owen conducted measurements in the
temperature range —170 to 1000°C on powdered
material at below its melting point x was found
to be -0 30 x 10-6 at -170°C and -0 12 x 10"6
at room temperature Stohr and Klemn' ' found
susceptibilities of -0 146 x 10"6 at 183°C and
-0 122 x 10~6 at room temperature Squire'45'
reports a hundredfold increase in the diamagnetism
of germanium at a temperature (75°K) where
Cristescu and Simon found a specific heat
anomaly Recent measurements of the specific
heat of pure germanium samples however do
not substantiate Cristescu and Simon s results

Except for the studies of ferromagnetic and anti
ferromagnetic semiconductors that is the ferntes,
the only systematic study of the magnatic suscepti
billty of semiconductors is that of Busch and
Mooser ' on gray or alpha tin These authors
divided the susceptibility into three parts (1) the
contribution xa °^ tne *m atoms combined in the
lattice which they assumed to be temperature
independent (2) the contribution Xi due to impurity
atoms or ions possessing an unpaired electron
which should obey a Curie law and (3) the contri
bution x of the free charge carriers The latter
contribution consists of two components the spin
paramagnetism of the carrier and the orbital dia
magnetism produced by the spiral or the circular
path imparted to the carrier by motion in a mag
netic field

The spin component of susceptibility was first
considered by Pauli'33' to explain the small
temperature independent paramagnetism of the al

kali metals Reasoning from band theory Pauli
assumed that the band of energy levels associated
with the valence electrons was split by the action
of the magnetic field into two bands in one of
which the electron spins were oriented parallel
to the field and in the other antiparallel Since
equivalent levels in the parallel orientation are
lowered in energy by j3H (/3 represents the Bohr
magneton) and in the antiparallel orientation are
raised by /3H there will be a redistribution of the
electrons favoring the parallel band This redis
tribution will give rise to a magnetic moment of
2Aw/3 where An is the increase in population of
the band of parallel spins over that in the absence
of the magnetic field By assuming complete
degeneracy of the electron gas that is all levels
completely filled up to the Fermi level and by
using the classical distribution of states to de
termine the change in band population induced by
the two fields Pauli found that the volume sus
ceptibility due to free electrons alone is given
to a good approximation by

(4)
3 /32

~2~

where £ is the Fermi level or free energy per
electron

More recently Stoner'48' treated the problem
from a statistical mechanical approach His more
general treatment includes not only the completely
degenerate case but also the cases involving
classical statistics and transition to degeneracy
The latter two cases are of interest here because
they are directly applicable to semiconductors

The present work in general involves measure
ments on specimens in which the concentration of
charge carriers is sufficiently small that classical
statistics may be used to obtain a good approxi
motion The spin susceptibility of a free electron
or hole gas can be readily calculated by a simple
method in which the chemical approach is used
The concentration of free electrons in a classical

semiconductor without regard to spin is given by

(5) n =
e

2(27TmkT):i/2
X/kT

The electrons of one spin orientation are in equi
librium with those of the other orientation and in



the absence of a magnetic field the concentrations
are equal

(6) *.<" - 0) = ne(H = 0)

{2TTmkT)2/2 X/kT

However in the presence of a magnetic field the
energy of the parallel spin state is lowered by an
amount /3// while that of the antiparallel state is
raised an equal amount Hence

Expanding the sinh term and discarding the higher
order terms gives

2jS2W {2nmkT)in
(11) M =

kT

P2H

X/kT

e kT

The volume susceptibility as a result of spin only is

(12) AC = — =
H kT

(7) = new ne(H) =
3/2{2-rrmkT)

i

h3

2(2TTmkT)3/2

X/kT (ePH/kT -PH/kT-

where C, is the Fermi level or free energy per
electron irrespective of the spin in the magnetic
field Since n may be taken as fixed, it is evi
dent from Eqs 5 and 7 that

(8) ^/kT cosh
kT

= el/kT

By expanding the cosh term and discarding all
terms above those involving H'

(9) AC = C - C

= kT In
1

it is seen that

kT

2 -i

At T = 300°K and H = 30 000 gauss A£ =
6 1 x 10~7 ev With the use of equation 5 it is
seen that the applicable range of C °t -100°C for
carrier concentrations between 10 and 10 8
cm"3 is 0 10 > C> 0 01 ev Hence it is apparent
that the value of £is not significantly changed by
fields readily obtainable in the laboratory, and,
as a consequence the zero field value of C moy
be used without loss in accuracy The total mag
netic moment per unit volume from free carriers
is given by the product of the Bohr magneton and
the difference in concentration of the two spin

states

X/kT
kT

In addition to the paramagnetism resulting from
the spin of a free electron the diamagnetism as
sociated with the orbital motion imparted to it by
the magnetic field must be considered Treat
ment of this problem by classical mechanics mdi
cates that there is no resultant diamagnetism that
is the total moment of electrons reflected at the

boundary of the container exactly cancels the
moment of the electrons in the interior ' ' How
ever Landau'24' examined the problem from the
standpoint of quantum mechanics and found that
there is a diamagnetic contribution for completely
free electrons which is exactly one third the spin
paramagnetism Consequently the resultant sus
ceptibility for a perfectly free classical electron
gas is two thirds the value given by Eq 12 Stoner
includes the Landau term in his final calculations
More recent studies of the diamagnetism of free
electrons have been made by Sondheimer and
Wilson '44' Osborne/31' and Steele'46' in order to
check certain questionable points in Landau s work
The results of these more thorough investigations
confirm the early work in all important details

(10) = /3 [*.(H) - neW] =
p{2TTmkT) 3/2 ukT {em/kT -PH/kT

M

3/22fi{2TTmkT)
eZ/kT sinh

kT



Conduction electrons and holes in solids are not

entirely free and therefore the free electron treat
ment is only an approximation The first attempt
to take crystalline field forces into consideration
was made by Peierls'34' with application to metals
In passing over from the completely free to the com
pletely bound state the electron loses its para
magnetic character resulting from spin and the
diamagnetic contribution becomes (—e2/6mc2)72
where 7 is the mean square orbital radius It is to
be noted that this is the same as the expression
obtained for orbital diamagnetism by using classical
considerations In solids where conduction particles
are nearly free crystal forces may be taken into
approximate account in using the free electron

where p is the density of germanium Nn is the
number of lonizable impurities and / and n are
the freedom number (/ = m/n*) and the number of
current carriers per cubic centimeter respectively
In an n type semiconductor the subscript i refers
to conduction electrons and map type to holes
Thus

(16) X = Xa + X, + Xs + Xc

= Xa
F

3pkT
(3ND - nj2)

For a pure intrinsic semiconductor y is zero and
the number of holes equals the number of electrons
By using the carrier product of Eq 2 x becomes

(17) X Xa
/32

3pkT [6 - /* - H]
2{2TTmkT)3/2 -E /2kT

p g

h%fh)3/2
The effect of fast neutron bombardment might

be expected to alter the magnetic susceptibility
of germanium in one or more of several ways
The lattice disorders produced by fast neutron
bombardment and cold work have been shown to

have a similar effect on the plastic properties
of some metals The results of measurements
by Bitter'6' and by Honda and Shimizu'20' indicate
that the susceptibility of copper is sensitive to
cold working in at least one case it changed from
negative to positive and returned to negative after
annealing However in copper there are no co
valent bonds to be broken in the disordering
process as there are in germanium

From Eqs 14 and 15 it is apparent that the
contribution of the current carriers to the total

susceptibility is paramagnetic if the freedom number
is less than -y/3 zero if it is \/3~ and diamagnetic
if it is greater than y/3~ A change in the number
of caVners by bombardment would affect their con
tribution to the susceptibility accordingly If the
carriers are trapped as unpaired electrons in s like
orbits a paramagnetic contribution could be ex
pected and if they are trapped as pairs with op
posed spins only a very weak diamagnetic con
tribution would be found The results of this work

have been carefully scrutinized in the light of
these various possibilities

treatment by means of an effective mass m a
quantity of the same order of magnitude as the
electronic rest mass This method of approximation
is better the more free the charge carrier and begins
to break down as the carriers become more tightly
bound This approach is very convenient in the case
of germanium where it gives a reasonably good
approximation

In a manner similar to that used by Busch and
Mooser ''' the specific susceptibility of an impurity
semiconductor may be written as the sum of the
contributions of (1) the diamagnetic susceptibility
of germanium atoms combined in the lattice X
(2) the paramagnetic susceptibility Y; of the un
ionized impurities with an odd number of electrons

(13, x, . il »„_ - „,,
(3) the paramagnetic susceptibility of the charge
carriers as a result of spin xs

(14) Xs = — «,
5 pkT '

and (4) the diamagnetic contribution from orbital
motion of the charge carriers caused by the mag
netic field

(15)
3pkT



CHAPTER 2 INSTRUMENTATION

1 MAGNET AND CONTROLS

An Arthur D Little Inc Bitter type'7' of elec
tromagnet was used When supplied by a 25-kw
converter magnetic fields in excess of 25 kilo
gauss were obtainable across pole faces 5/4
in in diameter separated IK inches Figure 1
shows a general view of the magnet and the other
apparatus pertaining to the work Figure 2 is a
close up of the south yoke with the north yoke
backed away to expose the south pole of the
magnet (the truncated cone) Extending over the
pole face are the cryostat sample tube and the
Dewar for maintaining the field control crystal at
constant temperature Not shown in either figure
are the 25-kw amphdyne converter power unit and
the yoke coolant pump and heat exchanger The
magnet is mounted on a sheet steel housing (to
allow room for necessary plumbing) which in
turn rests on critically loaded heavy duty vi
bration stripping

Control devices' ' permitted the reproduction
and maintenance of magnetic fields in the range of
5 to 25 kilogauss with a precision of better than
0 05% The output of the power unit was ad|ustable
and it stabilized to approximately 1% constancy
The Hall voltage produced across a germanium
crystal located in the pole gap provided direct
field control by regulating an auxiliary current
flowing in trimmer coils located in the magnet
yokes The latter device although having limited
field correcting range was operated in conjunction
with the power unit controls and thus provided
control over the entire range

In operation the voltage drops across various
components of the control system were measured
with a potentiometer and ad|usted to values de
termmed by the field desired The ultimate refer
ence for reproducing given fields was therefore a
standard cell Since the method does not require
an exact knowledge of the value of the field but
rather only the reproduction of previously selected
fields an exact calibration of the field is not

necessary

Figure 3 is a plot of H2 vs z the radial distance
from the axis of the magnet under five conditions
of magnet excitation the arrow indicates the edge
of the pole face A gap of 17. in was used through
out all this work These data were obtained to

locate the region of maximum force (maximum

gradient of W2) for Faraday type measurements of
magnetic susceptibility The measurement of the
Gouy force on an 0 008 in dia platinum wire was
used to determine H

The shape of the H dH/dz field as determined
for only one condition of magnet excitation is
shown in Fig 4 This plot was obtained by the
measurement of the Faraday force on a 5-mm ger
manium cube The two plots (Figs 3 and 4) were
used to locate the region in the field wherein the
germanium samples were to be suspended for the
determination of the magnetic susceptibility

2 BALANCE CHAMBER AND ASSOCIATED

GAS VACUUM EQUIPMENT

In essence the balance chamber consisted of an

iron bell |ar system mounted on the south yoke of
the magnet as shown in Figs 1 and 2 for Fig 2
the bell |ar was removed to expose the balance
The cryostat sample tube hangs from beneath the
bell |ar plate into the pole face region Although
the magnet is of a closed loop design stray fields
are generated outside the loop when it is operated
at high fields The bell |ar (hereafter referred to
as the tank) and the bell |ar plate (henceforth the
plate) were fabricated from mild steel and then
annealed to provide magnetic shielding for the
balance However only partial magnetic shielding
was obtained The plate supports were made of
angle iron with sections replaced with brass bar
stock to eliminate easy magnetic paths from the
magnet to the bell |ar system The tank plate
and other iron or steel parts in the region of the
balance and sample tube were cadmium plated to
reduce the likelihood of contaminating samples
with ferromagnetic surface impurities

The plate was 17 in in diameter and 1 in thick
Holes through this plate accommodated multiple
Kovar to-glass seals for balance chamber thermo
couples and electrical lead throughs to the balance
The balance beam rest mechanism was actuated by
a rod that extended through the plate and was
sealed with a brass bellows Extension or com

pression of the bellows by turning an outside cam
imparted vertical motion to the rod inside the
vacuum chamber In the unlocked position the rod
made no contact with the balance or its inter

mediate mass plate
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Fig 4 H dH/dz (relative) vs z

heat transfer characteristics of helium do not vary
appreciably with pressure at pressures above 75
p Hg and buoyancy effects are negligible An
uncalibrated thermocouple gage was sufficient for
pressure indications Since it was not feasible to
completely outgas the system a dynamic pressure
of 100 p was employed The valve to the pumping
system was ad|usted so that when the valve to the
helium system was cracked and a minute helium
leak was maintained a pressure of 100 p as
indicated by the gage was obtained

All magnetic measurements were made relative to
oxygen gas at a pressure of 760 mm Hg at room
temperature Oxygen pressures were ad|usted to
that value as indicated by a manometer previously
calibrated against a Fortm type barometer Since
accuracy to only 0 5 mm was required the call
bration at atmospheric pressures (735 to 745 mm)
was extrapolated to 760 mm

The gas system is shown schematically in Fig
5 Tank oxygen was passed through a palladium
catalyst to bum out traces of hydrogen and then
through a solid CO, acetone trap to remove water
before entering the balance sample system Ac
cording to the manufacturer s claims the product
should be 99 7% pure with nitrogen being the only

10

impurity other than hydrogen Analyses for total
oxygen indicated 99 % after passage through this
train Because the magnetic susceptibility of
oxygen is higher by a factor of 200 or more than
that of any gas other than nitric oxide only the
total oxygen determination was needed for these
calibrations Before entering the system the
U S Bureau of Mines Grade A helium to be used

was passed through an activated coconut char
coal trap in a liquid nitrogen bath to remove any
oxygen present Between runs this trap was
warmed to room temperature and the absorbed
gases were pumped off

3 CRYOSTAT

The cryostat may be described as a continuously
pumped metal Dewar equipped so that the temper
ature of the lower part of the inner tube can be
easily maintained at temperatures between 90 and
300°K By using an exchange gas helium in this
case the temperature of a sample suspended there
in could be controlled Figure 2 shows the cryostat
suspended in place below the plate

Figure 6 is a schematic representation of the
device F indicates the inner or sample tube
which down to a point about opposite J is made
of copper nickel tubing with a wall thickness of
0 010 inch Below this point it is a copper tube
/& in in outside diameter and 0 035 in in wall
thickness The 9/2 in long copper nickel section
serves to isolate thermally the lower section A
hollow donut shaped refrigerant vessel G is sus
pended in the continuously evacuated space be
tween the sample tube and the outer |acket H At
J the refrigerant vessel is thermally connected to
the copper sample tube by a 0 002 in thick flat
copper foil ring soldered across the annular gap
separating the two parts Immediately below this
copper foil an electrical resistance heater K is

clamped to the copper sample tube Three copper
constantan thermocouples, No 30 B S gage, are
soldered to the outside of the copper sample tube
one near the bottom (couple 2) one opposite the
sample (couple 3), and one |ust below the heater
(couple 4) The temperature of the sample tube is
determined by the temperature of the refrigerant
vessel the thermal resistance of the copper foil
and the heat influx from room temperature radiation
and the heater winding The Dewar vacuum is
maintained by continuous pumping with an air
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cooled DPI VMF 10 oil diffusion pump and a
Welch Duo Seal 1405, forepump

Heat transfer across the Dewar vacuum and room

temperature radiation streaming down the sample
tube maintain it at 1]°C above the temperature of
the refrigerant vessel (-196<:C) when the latter
contains boiling liquid nitrogen at atmospheric
pressure Ten watts of electrical energy through
the heater will raise the sample tube temperature
125°C above the refrigerant vessel temperature
By continuous pumping of the refrigerant vessel
when filled with liquid nitrogen sample tube
temperatures as low as 65°K (-20SPC) have been
obtained At liquid nitrogen temperature there
appears to be a temperature difference down the
copper sample tube of approximately 1°C although
the difference between couples 2 and 3 is less
than 0 1°C Experiment indicated that the temper
ature of a dummy sample agreed to within +0 ]°C
with the temperature indicated by couple 3 in the

temperature range from 89°K to room temperature
when the pressure of the helium exchange gas was
above 75 p Hg as indicated by the uncafibrated
thermocouple gage

The thermocouple and heater leads were clamped
to the sample tube and refrigerant vessel walls and
brought out through hollow multiple Kovar glass
seals in the top of the cryostat wax was used to
provide the vacuum seal between the wires and
Kovar tube walls Liquid nitrogen was blown into
the refrigerant vessel down one of the vertical
pipes visible in Fig 2

4 THE BALANCE AND ITS ASSOCIATED

CIRCUITRY

The balance constructed for this research uses

an electromechanical transducer as the balance

point indicator an electromagnetic load measuring
device and torsion fibers for suspensions instead
of knife edges The assembled balance is shown

11
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of the microformer to indicate the balance position
of the beam This device is visible at the far end

of the beam in Fig 7 and is shown schematically
as D in Fig 6 The microformer is a transformer
with a movable iron core and twin secondary coils
which are mounted axial ly and separated by the
primary coil The secondary coils are connected
so as to electrically oppose each other and when
the iron core takes a position that causes equal
induction in each there is no resultant signal in
the secondary circuit A slight change in the core
position will cause unequal induction and a re
sultant signal will be produced the phase of which
is dependent upon which coil is receiving the
greatest induction With proper circuitry the de
vice is capable of signaling movements of the core
of the order of microinches

In the present application the iron core with
mass of the order of 1 g is suspended from the
beam down the axis of the microformer The latter

is mounted on a system of adjustable levers off the
base of the balance The position of null signal is
used as the balance point of the beam The elec
tronic circuit used is shown in Fig 8 the micro
former being designated by E MT Condensers C,
and C2 are chosen to correct any lack of electrical
symmetry in the two secondary coils The sensi
tivity of the device is dependent upon the outputs
of the secondaries being exactly in phase with each
other The meter M in the phase detection section
of the circuit is a 25 0 25 microammeter which indi

cates the beam position the balance point being 0
Switch S2 is a gam switch which operates in fac
tors of 10 In the high gain position a 1 fig change
in balance load causes a meter deflection of ap
proximately 5 microamperes

The force of interaction between a current carrying
conductor and an independent magnetic field is
used to counterbalance and measure changes in
loads on the balance If it is assumed that the

independent magnetic field is uniform or that the
conductor maintains a fixed position this force is
proportional to the product of the current times the
field The coil from a 5 in speaker (B in Fig 6)
is attached to the balance beam while the perma
nent magnet C and its yoke are mounted on the
balance base The current flowing in the speaker
coil is ad|usted until the beam has returned to the
null position as indicated by the microformer At
balance the coil is always in the same position in
the field and as a consequence the force of inter
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action is proportional only to the current This
assembly is shielded from stray magnetic fields

Figure 9 is a schematic circuit diagram of the
direct current supply to the balance arm coil The
magnitude of the current is determined by measuring,
on a potentiometer the voltage drop across a
standard 100 ohm resistor in series with the supply
A reversing switch permits the measurement of
both positive and negative changes in the balance
load The main beam suspension provides current
leads to the speaker coil This ribbon is not con
tinuous being broken in the middle and electrically
insulated from the base and the beam One leg of
the circuit is connected both to the ground and to
the beam however to avoid electrostatic distur

bances to the balance

In order to determine the balance characteristics

calibrations were conducted by using 1 and 10 mg
class M riders The balance response was found to
be linear within the error of the measurement and

the calibration was found to hold for a period of
ten days at constant load to within 0 1% when de
termmed by using the 10 mg weight The current
response was found to be 0 2518 ± 0 0002 ma per
10 mg

The main suspension ribbon was fabricated of
Elgiloy Its proportional limit is approximately
two and one half times that of material previously
used and thus a thinner ribbon could be used with

out sacrificing strength As the torsional restoring
force of a twisted ribbon of rectangular cross section
is a power function of its thickness small re
ductions in thickness are of importance in the pre
sent application Ideally a ribbon material with
no resistance to torsion would be desired In this

respect the principles given in U S Patent No
2 238 3801 ' were incorporated in the design of all
the suspension fibers The ribbon material was
twisted into a helical form and heat treated so that

it would retain this shape and to increase its hard
ness Upon incorporation in the balance the ribbon
was clamped in an untwisted stressed condition so
that when the beam was rotated through small angles
the stress in one of the sections of the support
was increased and the stress in the other was re

duced According to the patent the choice of the
proper angle of pretwist would result in a net ef
feet of no resistance to torsion for small deflections
around the equilibrium position No extensive
tests were carried out to determine the effect of

this feature on the balance sensitivity
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The yoke on which the beam was mounted was
machined from type M Lavite an inorganic material
whose coefficient of linear expansion closely ap
proximates that of the Elgiloy A beam rest mecha
nism visible in Fig 7 was incorporated in the
balance to limit beam rotations and to protect the
suspension fiber when samples were changed
This beam rest mechanism could be operated from
outside the vacuum system

Samples were suspended from a universal |0int
consisting of crossed torsion fibers so that the
load to the beam was effectively applied at a point
The sample lever arm was therefore of fixed length
Samples were hung from this system on 0 001 in dia
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molybdenum wire The center of gravity of the
balance arm was adjustable by using a weight on a
screw at the suspension head

Figure 10 is a plot of the reciprocal of magnetic
susceptibility in arbitrary units of a ball of plati
num wire (approximately 100 mg) vs absolute
temperature measured by using the equipment des
cribed above Lack of adherence to a straight line
would indicate failure of one or more units of the
equipment to operate properly The solid circles
represent preliminary order of magnitude measure
ments while the open circles represent data gathered
by using the techniques developed for the work on
germanium
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CHAPTER 3 EXPERIMENTAL PROCEDURES

1 FORMULAS AND EQUATIONS(241)
The force exerted on a body suspended in an

inhomogeneous magnetic field (the Faraday method)
is given by

dH

0)
m

p dz

where F is the force in the z direction measured in
dynes m and p are the mass in grams and the
density of the body k and k- are the volume sus
ceptibilitiesof the body and its surrounding medium,
respectively H is the field in gauss and dH/dz is
the field gradient in the z direction When the body
is suspended in a vacuum k. equals zero and the
expression reduces to

(2)
m dH dH

- — kH = mxH
p dz dz

where x ls ^e specific susceptibility Subtracting
Eq 2 from Eq 1 and solving for H dH/dz (the spe
cific force) gives

dH

~dz~
(3)H-w

The effective value of H dH/dz fora given volume
in the field is a function of the setting of the field
controls of the magnet and is essentially inde
pendent of the properties of the material (for other
than ferromagnetic matenals)occupying the volume
Thus for each setting of the magnet controls
H dH/dz is obtained by measuring the forces exerted
on the sample when suspended in a vacuum and
when suspended in another medium of known sus
ceptibility the quantities used in this evaluation
are designated by an asterisk in the following
equation for x which was obtained from Eqs 2and
3

pv "0
(4) X =

F* - F* p*
0 v r

Therefore after calibration under specified con
ditions that is those conditions under which k-

0 v
Fn - F0 v

Vk„
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and p are known the susceptibility of the sample
may be determined at any temperature by measuring
the force exerted upon it when it is suspended in
a low vacuum Since the actual value of H dH/dz
for the volume in space occupied by the sample is
measured the geometrical shape of the sample is
unimportant provided the sample is magnetically
isotropic the position of the sample in the field
need not be determined precisely and the sus
pension length is not critical

The force exerted on the sample was determined
by measuring its apparent change in weight when
the magnet was energized In the description of
the balance sec 4 of chap 2 it was pointed out
that load counterbalancing forces were applied to
the beam by a measured direct current / flowing
in a speaker coil—magnet assembly and that the
force applied was proportional to this current
Since the ratio of forces applied in this manner is
used in the determination of x the proportionality
constant cancels and the ratio of currents may be
used Thus by this method tedious calibrations
of the balance and the possibility of the calibration
changing with load (the samples were not all of the
same mass the range being from 0 6 to 1 2 g) were
avoided The essential requirement was that the
balance maintain its response characteristics
throughout a given series of measurements (approxi
mately 32 hr) Equation 4 in its particular appli
cation to this research takes the form

(5) X =

/* - /*
0 v

which for a given sample hanging in the field and
a given setting of the magnet controls reduces to

(6) x = av

Since the saturation magnetizations of ferro
magnetic materials are orders of magnitude larger
than the magnetic moments induced in para and
diamagnetics by fields obtainable in the laboratory
traces of impurities that exhibit ferromagnetic
properties can alter the apparent susceptibility of
the sample appreciably In order to include ferro
magnetic materials Eq 2 takes the form'2*

dH
(7) F = mxH + mp

dz s
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dH

dz

dH
= mx H —

dz

for rrij « m

where mj and a are the mass and specific satura
tion magnetization respectively of the ferromag
netic impurity and y and x are tne apparent and
true susceptibilities respectively of the specimen
Dividing Eq 7 by mH dH/dz gives

(8)
m.a

I s

X +-
1

T= x

and it is found that by making several measure
ments of x at different fields and plotting the
apparent susceptibilities against the reciprocal of
the field the intercept at infinite field (1/tf = 0) is
the true susceptibility of the body independent of
ferromagnetic impurities The slope of the plot is
an indication of the degree of purity of the speci
men From Eq 8 it is apparent that one part of
ferromagnetic iron (a = 200 ergs/gauss) in 107
parts would alter the value of an apparent suscepti
bility of 10~7 by approximately 1% if it were
measured by using a field of 20 kilogauss

2 METHODS OF MEASUREMENT

The specimens used for this work were prepared
by the Physics Department of Purdue University
Lafayette Indiana Single crystal ingots were
grown by slowly withdrawing a seed crystal from
the melt ^the Kryopolus method) Samples in the
form of /2 cm cubes and plates cut from ad|acent
portions of these ingots were provided It was
assumed that the plates were representative of the
companion cubes and they were used for all con
ductivity and Hall coefficient measurements Upon
receipt the cubes were cleaned mechanically by
using fine metallurgical polishing paper (0/4)
and they were etched in a bath composed of 40%
hydrofluoric acid 20% nitric acid 15% glacial
acetic acid and 25% water After washing drying
and weighing the samples were annealed in a
vacuum at 450°C for 60 hr followed by programmed
cooling to room temperature

A suspension which consisted of a length of
0 001 in dia molybdenum wire was tied to each
specimen in such a manner that when the speci
mens were suspended from the balance one of the
planes containing a set of the parallel diagonals of
opposite faces was perpendicular to the field
All the suspensions were approximately equal in
length (±1 mm) Since the combined Gouy and
Faraday force on this suspension was less than
0 01% of the Faraday force on the sample it was



unnecessary to apply suspension corrections to the
measured forces

Immediately prior to placement in the equipment
the specimen and its suspension were washed with
hot 6N hydrochloric acid hot distilled water and
c p acetone Subsequent measurements on all
specimens indicated that the cleaning procedure
was sufficient to remove all detectable ferromag
netic impurities Following this treatment the
sample was transferred into the equipment with
neither it nor the lower part of its suspension
being touched After suspending a sample from
the sample hook on the balance the position of a
movable counterweight on the balance arm was
adjusted until a current of 15 pa or less in the
speaker coil—magnet assembly brought the beam to
balance The bell |ar was then closed and the
system was pumped down overnight

The relative Faraday forces acting on the sample
when it was suspended in a low vacuum and when
it was suspended in oxygen were measured at room
temperature for five settings of the field controls
The low vacuum consisted of a helium atmosphere
maintained at a dynamic pressure of approximately
100 p Hg The oxygen pressures were maintained
at 760 0 ± 0 2 mm Hg as indicated by a calibrated
mercury manometer During this series of measure
ments care was taken to conduct the vacuum and
oxygen measurements at a given field control setting
and at the same temperature ±0 1°C From these
data the room temperature susceptibi hty was calcu
lated by using Eq 5 and by taking the volume sus
ceptibihty of oxygen'41* as kq = 0 1434 x 10~6 at
20°C and 760 mm pressure The volume suscepti
bihty of oxygen at temperatures other than 20°C was
calculated from this value by assuming a \/T rela
tionship '2' Since there was no trend as a function
of field that was indicative of a ferromagnetic

impurity the room temperature susceptibility of the
sample was taken to be the weighted average of
the five values obtained

The measurements of the susceptibility of a given
sample of germanium as a function of temperature
were all made at the same setting of the magnet

field controls The proportionality constant C of
Eq 6 was calculated for this setting by using the
room temperature susceptibility and the / obtained
in the manner mentioned above This value of the

proportionality constant was then used in con|unc
tion with the / s measured in a helium atmosphere

v r

to calculate the susceptibilities at other tempera
tures Temperatures below room temperature were
obtained by introducing liquid nitrogen into the
cryostat refrigerant vessel and then adjusting the
input into the electrical heater on the sample tube
until temperature stability at the desired temperature
was obtained Temperatures below 88°K were
obtained by pumping on the liquid nitrogen filled
refrigerant vessel until the system reached thermal
equilibrium After the overnight pump out approxi
mately 16 hr was required to make the necessary
measurements for the calculation and construction

of each susceptibility vs temperature curve
Upon completion of a temperature run the sample

with its molybdenum suspension was removed from
the equipment and stored in a pyrex tube Samples
to be irradiated were carefully rolled in aluminum
foil along with the suspension wire packed in an
aluminum tube and irradiated in a water cooled

hole in the ORNL graphite reactor The cubes
were irradiated singly and the electrical resistance
of a companion Hall crystal that was located ad|a
cent to the aluminum tube was continuously re
corded throughout the irradiation The electrical
resistance and the Hall coefficients of these com

panion crystals were measured as a function of
temperature before and after irradiation by J W
Cleland assisted by E Schwartz After irradiation
the susceptibility cubes were stored at room tern
perature for 48 hr to permit decay of the induced
radioactivity They were then removed from the
aluminum tubing and foil with care being taken to
preserve the wire suspension washed with hot 6N
hydrochloric acid hot distilled water and c p
acetone and remounted in the equipment The
measurements of y as a function of field at room
temperature and as a function of temperature were
then repeated
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CHAPTER 4 EXPERIMENTAL DATA

1 SAMPLE CALCULATION

A representative set of data obtained for a cube
of germanium (Sb 5A I) is given in Table 1 The
atmospheres in which the sample was suspended
while the measurements were made are listed in
column 1 and the pressures of these atmospheres
are given in column 2 In column 3 are the temper
atures of the cryostat sample tube at a point ad
|acent to the sample As pointed out earlier these
temperatures have been found to correspond to the
sample temperatures ±0 1°C The interpolated
values of the current necessary to bring the balance
to null with the magnet off and the sample in place
are listed in column 4 These values were ob

tamed by noting the time at which this current was
measured before the magnet had been turned on and
after the magnet had been turned off and inter
polating for the value at the time at which the
magnet on current was measured The currents
necessary to bring the balance to null when the
magnet was in operation are given in column 5 The

algebraic differences between columns 4 and 5 as
listed in column 6 represent the incremental
balance currents necessary to counterbalance the
Faraday forces exerted on the sample by the field
The average values for given sets of data are
listed in column 7 The negativity of the values
listed in columns 6 and 7 indicates that the force

exerted on the sample was in such a direction as to
reduce the load on the balance the negative value
is a general indication of a diamagnetic substance

The currents listed in the last column are of

interest in the calculation of the susceptibilities
and the determination of the constant C in Eq 6
of Chapter 3 The first and second figures in this
column are It and /* respectively and as such are
useful in determining the value of the suscepti
bility of the sample at room temperature and in
calibrating the equipment for the determination of
the susceptibility at other temperatures The
value of the volume susceptibility of oxygen at
296 3°K may be calculated from the 293 2°K

TABLE 1 DATA FOR GERMANIUM*

SAMPLE
PRESSURE

TEMPERATURE OF

SAMPLE TUBE

(°K)

BALANCE CURRENT (ma x 10)

ATMOSPHERE Magnet Off Magnet On Difference Average

°2 760 mm 296 3 -1 7624

-1 7623

-1 7619

+0 4282

+0 4292

+0 4297

-2 1906

-2 1915

' -2 1916

-1 7612 +0 4303 -2 1915 -2 1914

He 100 p 296 3 -1 6842

-1 6855

-1 6860

+0 0689

+0 0674

+0 0665

-1 7531

-1 7529

-1 7525

-1 6865 +0 0662 -1 7527 -1 7528

He 100 p 101 -1 7884

-1 7887

+0 0340

+0 0343

-1 8224

-1 8230

-1 7888 +0 0343 -1 8231 -1 8228
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value' ' by assuming proportionality to 1/T for
constant pressure

293 2

296 3

= (0 1434 x 10~6) (0 9791)

= 0 1404 + 0 0004 x 10-6 cgs units

Since the coefficient of expansion of germanium' '
is small (a = 5 92 x 10~6) the density of ger
maniunv ' at 25°C may be used for the density
at the calibration temperature

p* = 5 3234 ± 0 0025 g/cm3
By substituting into Eq 5 of Chapter 3 it is found
that the susceptibility at 296 3°K is

0 17528

-0 21914 - 0 17528

0 1404 x 10-6

5 3234

= -1 054 x 10-7 cgs units
The constant C of Eq 6 of Chapter 3 that is

used for the calculation of the susceptibility of
this sample at other temperatures is

Xr -1 0540 x 10-7
C =

/ -0 17528

= 6 0133 x 10-7

Therefore, the susceptibility at 101°K according
to these data is

*«>' = C/"ioi
= (6 0133 x 10-7) (-0 18228)

= 1 0961 x 10-7 cgs units

In point of interest H dH/dz may be calculated
from these data if it is assumed that the force

current response of the balance is 38 93 dynes/ma
(cf sec 4 of chap 2)

2 ERRORS

The absolute calibration of the equipment is
dependent upon the use of oxygen as a standard
and therefore can be no more accurate than the

value for the volume susceptibility of oxygen The
uncertainty of the value (0 1434 x 10 ) is ap
proximately 0 3% The pressure of the oxygen was
maintained at 760 mm Hg as indicated by a call
brated manometer equipped with a vernier Errors
from this source would be less than 0 03% The

temperature of the gas at the time the calibration
was made was known to within +0 1°C and if a

1/7" dependence of the volume susceptibility of
oxygen is assumed an absolute error of less than
0 06% was contributed from this source The ma|or
uncertainty in the standardization was the purity
of the oxygen According to the manufacturer s
specifications the gas had an analysis of 99 5%
oxygen 0 2% hydrogen and 0 3% nitrogen Prior
to its being admitted to the pumped out suscepti
bility equipment the gas was passed over a pal
ladium catalyst to burn out the hydrogen and through
a solid carbon dioxide—acetone cold trap to remove
the water The calibrating gas should have been
99 7% oxygen Analysis indicated only that its
purity exceeded 99% Since the susceptibility of
oxygen is higher by orders of magnitude than that
of any gas other than nitric oxide the suscepti
bility of which is less than one half that of oxygen
only the total oxygen present need be known Since
exact knowledge of the analysis of the calibrating
agent was not available no corrections for im
purities in the standard have been made Therefore
on an absolute basis the reported susceptibilities
may be as much as 1 3% high or 0 3% low

Since the same source of gas the same purification
train, and the same pressure and temperature meas
uring devices were used throughout this work the
relative accuracy is not sub|ect to the absolute
uncertainties of the standard The precision of
the data shall be considered from two points of

H-
dH

~dz~

p* F0 - Fv p* 'o ~ 'v
.

\oo yoj
m K* m k*

5 3234 x 38 93 -0 21914 - (-0 17528)

1 098 0 1404 x 10-6

= 5 896 x 107 gaussVcm
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view (1) the determination of the room temperature
susceptibilities of the samples and subsequent
location of the y vs T curves relative to each
other and (2) the determination of lower temperature
susceptibilities of a given sample relative to the
room temperature value

The error in the location of the y vs T curves
relative to each other is primarily determined by
the error in the quantity (/* - /*) since /* and /*
differ by approximately 25% In a typical determma
tion / was measured under a given set of conditions
with a precision of approximately ±0 04% exclusive
of errors in the controlling conditions that is
pressure field control pole face temperature, etc
The latter effects were usually apparent and the
errors contributed by them were found to be less
than ±0 15% Furthermore, the effect of these errors
was usually consistent throughout a given set of
data (an example of the effect can be seen in the
alternate sets of data for the low temperature portion
of the curve for sample In 8 in Fig 12) Thus the
total uncertainty in (/* - /*) is ±0 6% and is the
determining uncertainty in the placing of the curves
relative to each other

The precision in the determination of the sus

ceptibility of a sample as a function of temperature
relative to its room temperature susceptibility is
dependent upon the reproduction of conditions
(field) the measurement of / upon setting the con
ditions and the measurement of the temperature
The measurement of the temperature was found to
be the least source of error in that the suscepti

bihties of the samples were found to change less
than 0 05% per degree change in temperature
Temperatures were measured with an accuracy of
±0 2°C Experiment indicated that with continuous
operation the reproducibility of a given field was
±0 1% or better and was the main source of error

in determining the X vs T curves Upon reactiva
tion of the equipment after an overnight shutdown
reproducibility in the determination of a suscepti
bility at a given temperature was 0 15% Since in
most cases the points determining a given curve
were obtained in a continuous run the maximum

relative error in the location of any point is ±0 1%
In the general case the error is approximately
±0 05%

3 TABLES AND PLOTS OF DATA

Table 2 lists the germanium samples studied in
this research, their type and carrier concentrations
as determined from Hall coefficient data obtained

by J W Cleland and the period of irradiation to
which some of the specimens were subjected
Table 3 is a tabulation of the results obtained by
calculating the room-temperature susceptibility of
each sample from /£ and /* data obtained at five
settings of the magnet controls For each sample
the room temperature susceptibility was taken as
the weighted average of the five values The aver
age values are given in the seventh column of Table
3

Tables 4 and 5 are tabulations of the calculated

susceptibilities at temperatures other than room

TABLE 2 CARRIER CONCENTRATIONS AT ROOM TEMPERATURE AND IRRADIATION TIME

PURDUE
BEFORE IRRADIATION

IRRADIATION
AFTER IRRADIATION

CONCENTRATION OF

SPECIMEN

NUMBER
Type of

Ge m n um

Carrier

Concentration

(cm"3)

TIME

(hr)
Type of

German um

Carrier

Concentration

(cm"3)

TRAPPED CARRIERS

(cm"3)

ln-2B P 54 X 1017 47 P 4 5 X 107 9 x 1016

ln-8 P 2 1 x 1017

ORB 78 P 1 9 x 1014

ORD 7D n 1 3 x 1014

Sb-5A n 59 x 1016 167 P 80 x 1016 1 4 x 1017

Sb-7 n 1 3 x 1018 118 n-p 3 8 x 1016 1 3 x 1018
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temperature obtained by using the average values
at room temperature as references in accordance
with Eq 6 of Chapter 3 The data tabulated in
Tables 4 and 5 are plotted in Figs 11 and 12

The letter I in the sample number indicates an
iiradiated specimen For instance ln2Bandln2B I
are the same specimen, the latter number being
used to designate the sample after irradiation

TABLE 3 ROOM-TEMPERATURE SUSCEPTIBILITY DETERMINED AT VARIOUS FIELDS

ROOM TEMPERATURE SUSCEPTIBILITY (-y X 107)

SAMPLE Field (kilogauss)
Average

TEMPERATURE

(°K)
1 13 15 18 21

In 2B 1 058 1 057 1 059 1 058 1 059 1 058 292 9

In 2B 1 1 048 1 054 1 057 1 054 1 054 295 2

In 8 1 048 1 048 1 049 1 046 1 053 1 048 297 3

ORB 78 1 073 1 067 1 058 1 061 1 060 1 060 294 4

ORD 7D 1 051 1 054 1 049 1 048 1 050 1 050 298 3

Sb 5A 1 051 1 051 1 057 1 061 1 058 1 056 292 9

Sb 5A 1 1 054 1 057 1 054 1 054 1 054 296 3

Sb 7 1 054 1 059 1 053 1 053 1 051 1 053 297 3

Sb 7A 1 055 1 049 1 053 1 051 1 052 1 052 295 4

The letter I after the sample number indicates that the data were taken after irradiation of the s mple

TABLE 4 MAGNETIC SUSCEPTIBILITY VS TEMPERATURE FOR n TYPE GERMANIUM

ORD 7D Sb 5A Sb-5A 1 Sb-7 Sb-7 1

T(°K) -yX 107 T(°K) -yX 107 T(°K) -yx 107 T(°K) -yx 107 T(°K) -yX 107

298 1 0500 293 1 0560 296 1 0540 297 1 0528 295 1 0520

203 1 0715 201 1 0769 203 1 0750 203 1 0782 205 1 0747

166 1 0794 166 1 0846 166 1 0824 168 1 0857 167 1 0831

121 1 0881 121 1 0944 121 1 0925 121 1 0953 122 1 0928

101 1 0915 101 1 0981 101 1 0961 102 1 0982 101 1 0970

88 1 1004

1 1014

88 1 0984 86 1 1001

66 1 0957 69 1 1046 65 1 1013 84 1 1013 67 1 1023

Sample number
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TABLE 5 MAGNETIC SUSCEPTIBILITY VS TEMPERATURE FORp TYPE GERMANIUM

In 2B In 2B 1 In 8 ORB 78

T(°K) -y X 107 T(°K) -y X 107 T(°K) -y x 107 T(°K) -y X 107

293 1 0580 295 1 0540 297 1 0480 294 1 0600

202 1 0805 205 1 0786 207 1 0789

167 1 0917 172 1 0878 186 1 0750

179 1 0784 164 1 0875

122 1 1064 124 1 1032

1 1027

122

139

1 0918

1 0886

122 1 0956

101 1 1144 101 1 0984 101 1 0993

88 1 1190 88 1 1146 89

88

1 1020

1 1027

88 1 1010

79 1 1171 66 1 1088 66 1 1041

72 1 119

*Sample number

UNCLASSIFIED
SSO A 78

DWG 202 0

^*^' <^^v.
\^\

Sb 7

Sb 7 (IRRADIATED)
Sb 5A

Sb 5A (IRRADIATED)
ORD 7D

200

TEMPERATURE ( K)

x I 08

UNCLASSIFIED
SSD A 782
DWG 20220A

x?
'^vx* W

^
\ VvV

1 28
1 28 1 (IRRADIATED)
ORB 78
Sb 5 A 1 (IRRADIATED)
1 8

200

TEMPERATURE ( K)

Fig 11 Magnetic Susceptibility of n Type Fig 12 Magnetic Susceptibility of p-Type
Germanium Cubes Germanium Cubes
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CHAPTER 5 DISCUSSION OF RESULTS

1 GENERAL TEMPERATURE DEPENDENCE

OF THE SUSCEPTIBILITY

It is readily apparent from the susceptibility vs
temperature curves of Figs 11 and 12 that a common
property is exhibited by all of the measured speci
mens there is a decrease in the diamagnetic sus
ceptibility with increasing temperature Regardless
of the nature of the curvature of the individual

curves at low temperature they all appear to
approach the same slope (~2 4 x 10 cgs units
deg ) near room temperature Since this slope is
a common property of all the curves, independent
of the impurity content of the sample it may be
assumed to be an intrinsic property of the host
lattice exclusive of disorder impurities orcarners
The slopes are listed in Table 6

TABLE 6 SLOPE OF yVS T CURVES AT

ROOM TEMPERATURE

SAMPLE ^X10"
At

In 2B 2 56

In 2B 1 2 60

ln-8 2 43

ORB 78 2 47

ORD 7D 2 31

Sb-5A 2 29

Sb-5A 1 2 31

Sb 7 2 53

Sb-7 1

Average

2 47

2 44 cgs u its deg"

The equation for the specific diamagnetic sus
ceptibility of an assembly of spherically symmetri
cal atoms is given by

(1)
N

n 6mc2

where N is Avogadro s number, A is the atomic
weight c is the velocity of light e and m are the
charge and mass of the electron respectively, and
72 is the mean square of the atomic radius If it
is assumed that effects resulting from covalent

binding may be disregarded and that the atoms may
be regarded as spherically symmetrical Eq 1
yields for germanium

y = —8 x 10~8 cgs units
The only manner in which temperature may affect

Eq 1 is through 7 Differentiating Eq 1 log
anthmically with respect to temperature gives

(2)
X dT

1 dr2

j2 dT

the right hand term of which is equal to \ the
coefficient of cubical expansion a which for
germanium is 18 x 10—6 deg- Hence

dx
dT

1
-5= 1 2 x 10

which is smaller by a factor of approximately 20
than the observed relative temperature variation

24 x 10_n

1 05 x 10-7

It is to be noted, also, that the variation is in the
wrong direction since by Eq 2 the diamagnetism
should decrease with decreasing temperature

There appears to be no theory available to ex
plain this behavior The Peierls' ' theory is not
applicable to solids with completely filled energy
bands such as those under discussion A similar

temperature dependence of the diamagnetism of
gray tin wasnotconsidered by Busch and Mooser' '
when determining the contribution of the intrinsic
carriers If such an effect exists in gray tin and
if it were not accounted for, its neglect would lead
to a smaller apparent forbidden gap width because
of an apparently smaller temperature dependence
of the carrier concentrations

A second general conclusion which may be drawn
from an inspection of Figs 11 and 12 is the com
plete absence of a sharp increase in the dia
magnetic susceptibility of germanium at 75°K '45'
a temperature at which Simon and Cristescu
found an anomaly in the specific heat curve Sub
sequent measurements of the specific heat have
failed to confirm Simon and Cristescu's unex

plained results In this work the susceptibilities
of seven samples were measured at temperatures

-1= -2 3 x 10-4 deg
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below 75°K (as low as 65°K in one instance) and
no indications of deviations from smooth curves

were detected There appears to be no theoretical
basis for expecting the reported anomaly

2 IMPURITY AND CARRIER CONTRIBUTIONS

2 1 Estimate of the Effect Before attempting
to analyze the results further it would be desirable
to check the limit of applicability of the equipment
for detecting contributions to the susceptibility of
the charge carriers The magnitude of the contri
bution may be calculated from Eqs 14 and 15 of
Chapter 1 by which the susceptibility for carriers
is

(3)
j32rc
^ i

ZpkT
(3 - /?)

The results of such calculations for various as
sumed values of the freedom number / at 300 and
100°K for germanium with a carrier concentration
ni = 1018 cm-3 are

yc (cgs units)

At 300°K At 100°K
U

0 25

1 0

-10
39 x 10

2 6 x 10" • 10

\/3 0

2 0 -1 3 x 10-10

40
-9

-1 7 X 10

-9
12 x 10

78 X 10' • 10

-3 9 x 10' .10

-9
-5 1 X 10'

Since the relative precision of the y vs T points
for any sample is approximately 0 1% it is evident
that it would be possible to detect the effect of
carriers on the y vs T plots except when the
freedom number approached \f3~ However because
of the lowerprecision in locating the curves relative
to each other (cf sec 3 of chap 4) it is not
possible to determine by subtraction absolute
differences in the carrier contribution from speci
men to specimen with any degree of precision It
is evident that the value of the freedom number
plays an important role in the magnitude of the
carrier contribution For ff = y/3^ no contribution
would be observed

Figures 13 and 14 are plots vs \/T of the point
by pointdifferences of the y vs T curves for n and
p type material The choice of ORD 7D as the
reference curve for n type germanium and ORB 78
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for the p type germanium will be explained below
The precision indicated on each figure is the
relative precision which is of interest when the
slopes of these curves are studied As explained
above the absolute accuracy is lower by a factor
of approximately 6 and as a result, the values of
Ay considered individually are of questionable
worth However it will be shown that the slopes
are of great interest and therefore they are listed
in Table 7

2 2 p Type Germanium The susceptibility vs
temperature curves for p type germanium are shown
in Fig 12 The purest specimen (ORB 78), whose
hole concentration is approximately 1 9 x 1014

o

"b

x

<

o

"b

<

X

<

UNCLASSIFIED
SSD A 783

DWG 20222A

(Sb 5A IMORB-78)

(Sb 7) (C RD 7D) 1

\ ~~--~*
( »—-""or"

7 1) (ORD 7D)

1
X

>

/ 1 PRECISION PER POINT

/
•

10

10"
( K)

Fig 13 Ay vs 1/7" of n Type Germanium



UNCLASSIFIED

SSD A 784

DWG 20221A

Fig 14 Ay vs 1/T of p Type Germanium

TABLE 7 SLOPE OF Ay VS 1/T CURVES AT

ROOM TEMPERATURE

CURVE

A(Ay)

A(i/r)

A(Ay) Zpk

A(l/T) jg2

(Sb 5A)-(ORD 7D) -2 2 X 10-8 -5 6 X 1017

(Sb-5A l)-(ORD 7D) -2 4 x 10-8 -6 1 x 1017

(In 2B l)-(ORB-78) -2 9 x 10-7 -7 4 x 1018

(1 2B)-(ORB 78) -3 0 x 10-7 -7 7 x 1018

(In 8)-(ORB 78) -1 8 x 10-7 -4 6 x 1018

cm"3 yields a curve which (1) is concave down
ward whereas the curves of the more impure speci
mens (In 8 In 2B, In 2B I) exhibit an upward curva
ture, and (2) is essentially parallel to the curve for
the high purity n type specimen (ORD 7D) If it is

assumed that the impurity and the carrier contri
buttons to the susceptibility of ORB 78 are neglicji
ble (according to Eq 3 a freedom number of approxi
mately 100 would be required to make the carrier
contribution y = —10— ) the susceptibility vs
temperature curve of this sample may be taken as
that of the pure material Upon subtracting this
curve point by point from that of a more impure
sample, the sum of the unionized impurity and the
carrier contributions should be obtained These

contributions represented as excess diamagnetism
(_Ay) are plotted as a function of reciprocal
absolute temperature in Fig 14 The results are
given for unirradiated specimens In 8 and In 2B and
in addition for irradiated specimens In 2B I and
Sb 5A I the latter being converted from n to p type
by bombardment The carrier concentrations and
bombardment histories of these samples are given
in Table 2 It is obvious in every case shown in
Fig 12 that the sum of the impurity and carrier
contributions is diamagnetic The sum as given
by Eqs 13 14, and 15 of Chapter 1 is

B2
(4) Ay = X,.c = ^TTZ (3N„ - »//2)he 3pkT

The derivative of this equation with respect to
1/T if /, is assumed temperature independent
gives the relation

(5)
^(Ay) *y,

B'

3pk
(3N„ V2> - —

dnh

d —
T

The data reveal that «,/? > 3 N» and causes the
first term inside the brackets to be negative Since
dnJd{\/T) is always negative the absolute value
of the slope should decrease in magnitude with in
creasing 1/T This behavior is borne out by the
data

The freedom number for the holes /,, has been
calculated for the In" series of samples by using
Eq 5, and the results are tabulated in Table 8
Because of the large relative error involved in this
calculation the values are probably not accurate
to better than approximately 50% Also listed in
Table 8 are the other necessary parameters [nh,
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TABLE 8 CALCULATED FREEDOM NUMBER OF HOLES IN GERMANIUM

SAMPLE 1/T nh dnh/d(\/TY NA
rf(Ay)

d(VT) /*

In 2B

In 2B 1

In 8

3 5 X 10-3

3 5 X 10"3

3 5 x lO-3

5 35 x 1017

44 x 1017

2 06 X 1017

-5 6 x 1019

-6 x 10"

-2 2 x 1019

8 x 1017

7 X 1017

3 x 1017

-3 0 x 10~7

-2 9 x lO"7

-1 8 x lO"7

5 5

6 4

65

These v lue were calculated from Hall coefficient data obtained on compa ion crystals by J W Cleland

dnh/d{\/T) NA and d(Ay)/d(1/T)] obtained from
Hall coefficient data and the Ay vs 1/T curve

2 3 n Type Germanium The y vs T curves for
n type germanium are shown in Fig 11 In contrast
to the p type curves all show a concave downward
curvature Sample ORD 7D is a high purity (n ~
10 4) n type sample and the curvature of its —Ay
vs T plot is practically identical with that of
ORB 78 Sample Sb 5A has an electron concen
tration at room temperature of 5 6 x 101' cm-3
and in this case, calculations of impurity and
carrier contributions would indicate that, even under
favorable conditions of freedom number and temper
ature, the carrier contribution to the susceptibility
would be of the same order of magnitude as the
experimental uncertainty Hall coefficient measure
ments on sample Sb 7 indicate a carrier concen
tration of about 1018 However the behavior of
the resistivity of the monitoring crystal during
bombardment indicates a rather large anomaly and
the carrier concentration of the susceptibility cube
may be lower by an order of magnitude This may
be the reason why no contribution was observed for
this specimen

The —Ay vs 1/T curves for the n type suscepti
bilities (Fig 13) were constructed by subtracting
the values for ORD 7D at different temperatures
from the values for the more impure specimens in
the same manner as for p type germanium It should
be noted that the experimental uncertainty (1 x
10° cgs units) is an appreciable portion of the
over all temperature variation Therefore no attempt
has been made to make detailed calculations of /
except for Sb 5A In this case, it was found that
/ ~ 4 which is probably not more reliable than
an order of magnitude
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It was pointed out above that Sb 7 was an anomal
ous sample The —Ay vs 1/T curve for this sample
also shows a strange curvature but because of
the large uncertainty of the Ay values, this is
probably not significant

It should also be kept in mind that if / = ^l/3~
any contribution of the impurities and carriers to
the susceptibility would be small since Nn ~ n
However the mobility of electrons is larger than
that of holes in germanium which indicates that

Ie > fh '" v,ew °f tne 'ar9e value of fh obtained
in the preceding section the possibility that / =
\J3 does not appear likely

3 IRRADIATION

The results of irradiation appear to be incon
elusive primarily because an insufficient number of
samples was studied The slopes of the high
temperature portions of the y vs T curves appear
to be unaltered by irradiation The arguments set
forth in previous sections of this chapter lead to
the conclusion that the temperature dependence of
the host lattice is not appreciably altered by
irradiation A more conclusive statement would

require data taken at a higher temperature since
the curves appear to approach parallelism |ust
below room temperature

What appears to be an effect of irradiation is
evident in the low temperature portion of the In 2B
curves, Figs 12 and 14 There is a smaller in
crease in the diamagnetic susceptibility at low
temperatures in the irradiated case as compared
with the unirradiated case This is to be expected,
since conductivity and Hall studies of irradiated
germanium'13' indicate an increase in the activation
energy of holes upon irradiation



The anticipated radiation effects on the magnetic
susceptibility of Sb 7 were not observed However
the anomalous behavior of the companion monitoring
crystal and the appearance of the —Ay vs 1/T
curve would indicate that the sample was not
homogeneous and thus not representative of n type
germanium According to the arguments set forth
in Section 2 1 of this chapter if the electron con
centration of sample Sb 7 were lower by a factor of

10 than the assumed concentration, the effect would
fall within the uncertainty of the experimental
measurements By the same token, the assumed
electron concentration of sample Sb 5 is not suf
ficiently great to cause a detectable effect

Samples with a higher carrier concentration sub
|ected to longer periods of irradiation are necessary
for a more definitive study of the effect of fast
neutron bombardment

CHAPTER 6 SUMMARY AND CONCLUSIONS

A balance was designed and constructed that had
sufficient sensitivity and precision to measure
differential forces of 10"3 to 10-4 dynes in the
presence of 1000 dyne forces exerted in the same
direction

Accessory equipment for the measurement of the
magnetic susceptibility of germanium was also
assembled

The magnetic susceptibilities of six annealedand
three fast neutron bombarded single crystal cubes
of germanium were measured as functions of temper
tures from liquid nitrogen temperatures to room
temperature

High purity germanium has a diamagnetic sus
ceptibility of (1 05 +0 01) x 10"7 at room temper
ture

The diamagnetic susceptibility of the germanium
lattice is temperature dependent it decreases
linearly with increasing temperature in the room
temperature range The average slope of the nine
samples studied is

_Ay
AT

-1= 2 44 x 10-11 cgs units deg

The anomalous behavior of the susceptibility at
75°K as reported by Squire was not observed in
any of the samples studied

The contributions of the unionized impurities and
of the current carriers to the susceptibility were
detected in the case of p type germanium the con
tributions were diamagnetic at Iiquid nitrogen
temperatures The freedom number for holes ap
peared to be of the order of 6 in the cases studied

The detection of the contributions of the unionized

impurities and of the current carriers to the sus
ceptibility of n type germanium is questionable
although the contributions appeared to be dia
magnetic

The effect of fast neutron bombardment was de
tected in one p type sample Relative to the un
irradiated specimen the effectwas thatof decreased
diamagnetism at low temperature and was in accord
with predicted results from Hall coefficient and
electrical conductivity studies

The radiation effect was not detected in n type
samples presumably because of insufficient con
centration of carriers and suspected mhomogeneity
Therefore the nature of the radiation produced
electron traps was not discernible These results
indicate that further work in this field would require
the use of n type specimens with higher carriercon
centration and of longer periods of irradiation
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