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I Introdustion

The magnetic sugpeptibility of conduction electrons in solids has been
a subject of interest for.many years. The weak, temperature-inﬂepgndent
paramaghetism of the simpl;lmetals was first explained in terms df:the pare.-
magnetism of a degenerate electron gas by Pa.uli,l Sbmevhat later, Landau2
showedvthﬁt, because of quantum effects, free electrons should exhibit an
orbital diamagnetism whose magnitude is precisely one-third of their spin
paramagnetism. 'Stoner3 has given a complete treatment of the combined éffécts
in the case of free electrons. In a solid, Peierlsh has shown that bécause -
of interactions between the conduction electrons and the periodic poténtial-
of . the crystal, Landau's result holds only when the Bohr masgneton is fepl;ced
- by an effecﬁive Bohr magneton which takes account of the interactions im’
terms of the appropriate effective_mass_of the c_harge_carriers,5
_ Althpﬁgh mach can be.learped concerning the band structure of metals:
from the temperature dependence of their magnetic susceptibility,s'be'caﬂs'eF
their elegtron gas is essentially compietely degenerate, it is virtually:
impossible to separate experimentally the contribution of the conduetfoﬁ*
eleetronsifrom the total susceptibility in most metals with sf;tic magnetic
susceptibility measurements. In sémieonductprs, however, this limitation
does not apply. Here statistics governing the behavior of charge carriers

range over{the domain of classical as well as Fermli.Dirac statistics and- the
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magietic behavior of a classical gas of quasi-free electronscoriholes:is.well
understood,7 Consequently, it is possible in many semiconductors of interest
to examine separately the susceptibility of the charge carriers, a property
which, as we shall see; provides a significantly new approach to thg stuly
of the electronic structure of semiconductors.

The importance of magnetic susceptibility in electronic structure
investigations of semiconductors was fifst recognized by Busch and Moééefﬁ87
From'a systematic study of the susceptibility.of gray or a-tin, they were:sble
to determine the forbidden energy gap, the ionization energy of various' adping
impurities and the effective masses of electrons and holes in this matérisl.
The effectiveness of such an approach is brought out even more forcefully
when it is Femembered that, atvthe time of their work, Q-Sn was available
only in the form of powder or pressed compacts., Comnsequently, the more“eu;tomary
approach involving measurements of électrical conductivity and Hall constant .
were rendered ineffective because of the interparticle resistance in the:com-
pacted specimens., This limitation indicates the unique advantage of maghetic
susceptibility measurements in that the carrier susceptibility is essentially
indepenhdent of transport or scattering processes.

Since the outstanding work of Busch and Mooser, this method of study-has
been applied:to two other diamond-lattice semiconductors: InSb and Ge7 - ~

Analysis of the magnetic bebhavior of InSb in both the intrinsic and egtriasic

: rangesggyiél&s a forbidden energy gap of 0.262 ev. in reasonable agreement: '

P . 1 .
with the value cbtained from electrical measurements, 0 and an electron: =
effective mass of ~0.028 myo

The magpetic properties of Ge have been Investigated by several workers.

The first measurements of Ge specimens of known impurity content were:made

i
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- 1n 1952 by McGulre over the range from 77 to 3OOOK¢ Although his results

suffer to some extent'from"poor'sensitivity, they are in qualitative agree-
ment with those reported here, In a preliminary report12 of the present

work, it was shown that the carrier susceptibility'jtc is of sufficient
magnitude in both n- and p-type material to make a magnetic investigation
worthwhile, and, in addition, an unexplained temperature dependent diamagnetism
which can only be attributed to the latticé atdms was observed in high purity

13

specimens. A subsequent analysis™~ of the earlier results gives electron

effective masses which are consistent with those obtained from cyclotron

resonance experimentsolh’l5

Moreover, in the case of n-type Ge, the data
suggest that the energy surfaces of the conduction band are best represented

by four ellipsoids rather than eight which is the expected result if the

minima of the E vs k curves along the [111] direction lie at the boundary of
the first Brillouin zone rather than within it°l6 Recently Busch énd Helferl7
have extended the range of measurement to high temperature and, besides
observing the onset of the intrinsic process, have noticed a curious hysteresis
in the susceptibility on cycling through temperatures in excess of 650°K.

They attribute this effect to the thermal iﬁtroduction of lattice imperfections.

In a subsequent psper van Itterbeek EE<§£18

report‘susceptibility measurements
in the liquid hydrogen raﬁge and have observed the recombination of carriers
with thelr parent donor and acceptor centers,

In this paper we wish to summerize the results of a study of the magnetic
behavior of a wide variety of Ge specimens, This investigation was motivatedr
by a long-standing stﬁdy of the effect of fast neutron bombar@meht on the
semiconductivity of Ge°l9 It was hoped that a study of the suscéptibility of

irradiated specimens would be of value in understanding the natgrc»of-thg



T4

ok

bombardment induced energy levels. Consequently, in addition to results on
unirradiated specimens, we include preliminary information obtained on
specimens exposed to fast neutroms. The experimental results have been

interpreted in the light of recent ideas concerning the band structure of Ge.

II The Theory of Susceptibility in Germanium

The total susceptibility of a semiconductor may be repfesented as the
sum of t,h_ree componentss The contribution of lattice atoms X A’ that of the
impurity atoms Xy and the carrier susceptibility X - In the general case
each of {;hes‘e components has been treated in detail by Busch and Mooxaer.,8
Consequenttly, we shall confine our attention to those points of immediate interest
as regards 'Geo Our task is to obtain the carrier susceptibility a.nd_this requires
that there bé an accounting for the impurity and lattice contributions.

A, Llattice Susceptidbility

The diamagnetism of an assembly of atoms is usually expected to be rather

small (<‘11o”6

em/g) and essentially temperature 1ndependent,20 Theory is
applicable, however, only to spherical, closed;shell atoms, the resultant
diamagnetic susceptibility of a solid being taken as the sum of the atomic
contributions. - In diamond lattice structures, the covalent binding is produced
by the spa’ hybridized orbitals of the valence electroms and, because of the
directional nature of such bonds, the usual assumptions no longer. hold., It
is expecté& P ‘;‘hé'wever ; that the contribution of the cores can be obtained in
good a.ppz*bx:tﬁaﬁion by such an approach. We have computed the susceptibility

Ly

! 1
of the G&  1ion from the Hartree functions2 and the customary relation

X = Nzy e® r? | (1)

ion
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where Nfisrthe”numher of ions per gram of Ge, z; is the number .of electrons

. per ion mnd ;Elis the average of the radii squared, The value obtained is
Xion = 1.265 x 10°T emu/g. =This value would be reduced somewhat if Hartree-
Fock functions were used, but these unfortunately are pnot available.  As we
shall shcv, this value is greater than that observed for the total diamagnetism
for a pure specimen, the latter including the effect of the valence electrons
as well,%'Mbredver, the observed ZQA is appreciably tgmperature dependent.

The reasén Por this curious behavior is not yet understood. Consequently,

we rely entirely on experiment for the value of }QA

B. . The Carrier Susceptibility

The‘iesﬁlﬁs.obtained for the susceptibility of a perfect electron gas,
modifiedzhppropriately for the periodic potential of the lattice, may be
applied &1féét1y to conduction electrons,S Neglecting higher order terms in
magnetic“field, the specific susceptibility for electrons is

B 2 ®3/2 1/2,. 2y o "
K- @50 w,on W RleA ) @

" vhere g fs tﬁewﬁehr magneton, /f? is the density of Ge, a) is the statistical
weight or degeneracy of states (exclusive of spin) in the conduction band,

C= Em (2 my k)3/ 2]/&3 M(N) is the effective mass ratio for the demsity of
states expréssion (M = m /m ) and f2 is the appropriate value of the square
’of the reciprocal mass ratio tensor for orbital motion of the electrons in
the magnetic field. The function F1/2(7?)’ where 77 g‘ykT is the first

derivative of the Fermi integral

- Fy /(%) =/ [l+e °l d % (3)

22
1 /2(')2) and, by means of the tabulated functions,”  F, /2(7()

may be obtained from the electron concentration n and the relation
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n o= @, c(MiN)T)3/2 F1/2(72) (&)

For 5'suffiéiently high temperatures or low carrier concentrations

(72(»3) classical statistics apply. Under these conditions Eq. (2) becomes
X, = '(62/3f XT) 0 (3-£2) (5)

from vhic¢h it is :vident that the slope of the ,Zc vs 1/T curve is pro-
portional: to (3"a»f:)., Since n 1is readily obtained from Hall coefficient
measurements; ;e; may be obtained from Eq. (5) in the classical range.
Although ‘e heive treated conduction electrons only, analogous expressions
apply to holes in the valence band, Since the extrinsic range is the only
one of interest here,we shall not treat the carrier susceptibility in the
intrinsid'range,22

The ‘values of effective mass ratios appropriate to the density of states
(Me(n)) did “orbital motion E&e(ML(fE)"l/ 2] depend on the curvature of

energy surfaces in k-space. Cyclotron resonance experimentslh’ls

have firmly
established that for the conduction band of "Ge thé energy surfaces can be
represent"'éd"by ellipsoids of revolution whose major axes lie along the D.l]:l
k directfons, Hence, the energy surfaces are described in terms of two mass
parameters, M and M, vhich are the transverse and longitudinal effective
mass rati%g‘f’el‘épectivélyo The values of the effective mass ratios may be
obtained écrveniently by a transformation of coordinates, In the case of

N)

M ( a transformation of the momentum coordinates with respect to each minimum

e

into an fég‘tfopic coordinate frame results in the iﬁtroduetion of ‘the factor
&)e J M.ua?’E Ml into the expression for the classical partition function, 4%
is equal to the number of complete minim3.16 and takes a value of eight if

the minima lie within the first Brillouin zone or a value of four if they lie
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at zone boundary, Hence Me(N) = (M% Ml)i/3

The method of averaging used for fg 18 somewhat more complex., Here, a
similar Transformation of momentum coordinates mede in the expression for
energy inm the presence of a magnetic field requires a further transformation
of the magnetic field compoments., When the details of the cpmputation are.
carried €through, the a:ppropriate combination of principal mass ratios turns
out to b&

=(2Mt+M)/3M M.
Using #cw the reported values for the principa.l massesll,‘ 15 (Mt = 0.083

(¥)

and M, = 1, 34-), we obtain M, * = 0,216 and f’ = 54,1, If in addition we use

e =k a8 im&icat@dl by an analysis of the temperature dependence of the

susceptiﬁiiity'iof n-type Ge ,1.3 Eqs. (2) and (4) may be written
- =9 n1/2 o * ' ‘
)Cc = le.o‘264 x 102 T Fl/2(72) (2a)
_ 15 3/2
. n=2,12%10"T Fl/2(7z) (La)

The calculations of Kittel et g&lh and Hermanzu indicate t};at the
valence Yand 16 composed of three doubly degenerate, nonspherical bands and
'is therefore somewhat more complex than the conduction band, The maximum of
these bands appears to fall at k = 0, two of them coinciding at that point to .
form the valence band edge. Because of spin-orbit interactions the third
band which is nearly spherical lies below the other two by the inﬁeraetion
energy A EX TIn order to evaluate the effective mass parameters of Eq. (2),
it is nec*?e“ssary to use the energy expressions for these bands which, to a
goodl appmzzimation for Ge, are gilven by Kittel et al 1 in terms of three
curvature .pa:ra.meters, The value of (N) ‘;;';i.s obtained directly from the

clagsical partiti@n function which can be summed rigorously using the energy
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expressions, Such a sum for the two upper bands leads directly to the double
integral '
| 2 . 1/bx ‘ a0 (6)
2 "B —~ 3/2 |
{at{® 4 ey, 9}
where the subscripts 1 and 2 and the upper and lower signs in the integral

refer to the "light" and "heavy" bands respectively, the curvature parameters
are idemtical to those of Kittel et aJ]..hexcept for the factor ('!\’2 /2 mo), and
F:{62 ,y) = sinh % cosay ainaf + 8in® p3-9 cos® 22 | (7
The lower band (Band 3) gives
SN | (8)
Numerical iﬁt"‘egration of Eq. (6) using the appropriate values of the curvature
parameters  yields M3~/ 2 values of 0.0091, 0,199, and 0,0213 for bands 1, 2, and
3 respectivély., Hence |
u3/2 _ 5 208 4+ 0.0213 e“AE/kT (9)
The orbital effective mass presgnts additional difficulties and a rigorous
treatment requires an approach for each band similar to that used for electrons,
However, ‘1t waé observed in the integration of Eq. (6) that the corrections
for lack “of "'sphericity were small even for the most nonspherical band (Band 2).

C‘onsequez&tly,,. we use an approximate approach in which the error is probably

not greater than 5%. To a good approximation, even in the magnetic field,.

M°1/2 = 1/#//{ {2+ c2 (s, ?)}1/2 a £, (10)

Integration leads to Mh values of 4,80, 1.74, and 3.605 for Bands 1, 2,

and 3 respé:ctixielyo Hence

2 -l/2,3/2 ~ -AE/XT
£,= M /Mh = 314 + 1le (11)
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COnsequéntly, “both Mh(N) and fﬁ are temperature dependient through the Boltzmann
factor containing the spin-orbit splitting energy., Optical absorption of holes.
in Ge suggeaféas that AE ~ 0.3 ev., If such is the case, the mass para-
meters are expected to be essentially temperature independent in the tempera-

——

ture range used here and Mh(N)3/2 = 0,208 and fi = 31.4. A similar calculation
using the slightly different curvature parameters of Lax et a_l15 gives almost
identic&l values. A

R "~ C. The Impurity Contribution

In r"'ﬁh‘:'E"’é'“'sfi'eeixnesns used here we are interested only in the usual acceptor
and donor doping impurities of the third and fifth columms of the periodic
system, “Since these impux;ity atoms presumably fit substitutionally into thé
semicondfictor lattice s they may be treated as hydrogen-like systems to an
approximition sufficiently good for this purpose, Busch and Mooser,a. have
examined this case in detall both for the low concentration limit in which
the impurity atoms may be treated independently and for concentrations
suffieieﬁtiy hfgh that the impurity wave-functions overlap and form degenerate
impurity bands. Because of their substitutional arrangement, one expects an
appreciaﬁie‘"'c'oﬁtfibution only when they are un-ionized. Beaiﬁes the para-
magnetic “term associated with the unpaired. electron-spin, these authors show
that for aIarge dielectric constant the electron or hole orbit is of such a
size that a.n a'.ﬁ'preciable diamagnetic term may also exist in the small con-
centratiéﬂ “éé.séi o .Using the numerical constants appropriate for Ge, the low

concentration limit gives

. o =2 - -
ZI=NI E.,l’?xlo S'I‘l-3.hx1028_] (12)
where I\Tg is the concentration of un-ionized impurities of the type in question.

In obtaining thq diamagnetic term it is assumed that the effective mass of
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the bound carrier is equal to the electronic mass and germanium has a dielectric
constant of 16.1. In the case of impurity bands, equations aﬁalogoua to Eq. (2)
are obtained which contain the effective mass ratios appropriate to the

impurity band. . There is no way available at present for evaluating these mass
ratios.

In nearly all specimens used here the ionization energies are so small

that the impurities are essentially completely ionized over the entire tempera--
ture range (70-to 3OO°K)° Therefore, the impurity contribution discussed above
is not of immediate interest. For the irradiated specimens, however, an
estimate of the contribution of the trapped carriers is important. In order °
to do this, a model of the bowbardment introduced defects is necessary and the
only one available at present which is to any extent Justified is that proposed
by James and Lark-Horovitz.26 This model, which has been tested experimentally,l9
requires that each interstitial and each vacancy be responsible for two localized
states 1n the forbidden band. When these defects are present in equal con-
centration there are two vacant states capable of traﬁﬁing conduction electrons'
in n-type Ge: ome which lies below the middle of the forbidden band and 1s'"
therefore capable of acting as an acceptor in p-type Ge and another much more:
shallow ope which has been experimentally located at 0.2 ev. below the conduction‘
band. On 1rradiating n-type Ge with a high initial electron concentration n° ,»uw
both levels are to some extent occupied until the concentration of defect pairs
becomes equal to one-=half npo Further irradiation favors population of the

lower accépfbr étate until all electrons are trapped therein and conversion to

- p=type occurs. iTherefore, at the miﬁimum'conductivity, esgentially all of the~
electrons afe trapped in a state that has been tentatively idenéified‘as one

corresponding to a singly ionized interstitial atom. If the defects are randomly
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distributed and their associated wave functions do not overlap appreciably,

a paramegnetic contribution equal to that for n° free spins should result,

The diamagnetic contribution depends on the radial extent of the wave functions

of the trapped electron. Since the interstitial ion has a residual charge, the

electron orbit will be considerably decreased over that éstimated above for a

hydrogen-1ike impurity and the dilamagnetic contribution is expected to be

quite small. Should the defect functions overlap, a paramagnetic contribution

. of much smalier'magnitude and temperature dependence would result., Such a

condition'may exist e;en for relatively short.irradlations if the defects aress

highly localized in the region of the primary (fast neutron) collision. S
. In this picture the vacancy should be occupied by two electrons: at the *

conductivity minimum, Here the diamagnetic contribution might be sppreciable,

Both the coulombic repulsion of the electrons and their relatively loose binding

(they presumably £i111 two of the four half-filled orbitals:.extending’ into:the

vacancy) would tend to produce a large orbit. Unfortunately, it is not possible

to make‘a;qnéntitative egtimate of their contribution on the basis of present:

knowledge: -

III Experimental
The ﬁagnetke susceptibllities of single ;rystal cubes having edge 1eng§hs )
of approxfmatelﬁ 5 mm were measured by the Faraday technique using a balanc?
gimilar té ﬁhht%of MeGuire and Laneoz7 In order to increase the balance i
sensitiviﬁi;tﬁeLphoto-tube optical system was replaced by a linear»differen£ial
transformer and ‘the beam suspension was fabricated out of Elgiloy rather then

nichrome or phosphor bronze.. The sample cubes were suspended from the balance

on 0.00l",diamé;er molybdenum wire into the fringing field of an Arthur D, Little
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electfomagnét;‘the field of which could be controlled and reproduced to
approximately -~ .Ol% Sample tempgratures were taken as those of the walls
. of the cdpper sample tube adjacent to the specimen, helium at a pressure of
125 microns of Hg being used as an heat exchange medium,

The absolute value of the room temperature susceptibility of each sample
' was measured using oxygen at a known pressure and temperature as a calibrating.
agent., The f‘c;rce exerted on a body of volume v and vplmne suseeptibi‘lity- X

suspended in an inhomogeneous field H is given by

[(X X)}vvaa (10)

where x ie the volume susceptibility of the surrounding medium and H2
is the gradignt of the field squared at the sample, The susceptibility of a.n

irregularly shaped body is given by the expression

£ | e ()

vwhere F 1is the force experience by the body when suspended in a vacuum and . '

Fo is theiforce experienced when suspended in a medium having a susceptibility

X,

" ..

In 1:1;13 work Fv wag measured at four values. of the field ranging from
12 to 20 kilo-oersteds. Oxygen was then admitted to the system, the measure- -
mente repeated at the same field settings, and 2‘6 calculated for each field
value. A systematic trend of 2‘6 with field was considered an indication of
ferroma.gnétic_ contamination and the sample was recleaned. Otherwise, the ' ™¥
calculated values were averaged to obtain the absolute value of the room
temperatuﬁs' susceptibility of each sample., Using this technique the absolute
accuracy of this point is 1'06% The susceptibilitvies at other temperatures

were determined relative to this room temperature point with a precision of .



$0.1%.

Carrier concentrations were obtained from Hall coefficient a.nd con-
ductivity measurements obtained on control specimens which were cut from
the original ingot adjacent to the susceptibility cube. In several cases,
when inhomogeneity in the impurity distribution was suspected, H=all plates
were prepared from successive ingot slices cut radial to the cube and
perpendicular to the direction of growth. The average concentration obtained
on these plates was used.

One cube, together with its control specimen, was given successive
exposures to fast neutrons in a fission cheamber in the Oak Ridge Graphite
réactor. The irradiations-were carried out at o~/30°C and susceptibility

and Hall coefficient measurements were made after each exposure.

IV Results

A. High Purity Germanium

- For extrinsic carrier concentration <:1016 cm’3, )ﬁc is below the
Limit of detection in the temperature range employed. Consequently, values
of X obtained on high purity specimens should yield XA for Ge directly.
The temperature dependence of X for two n-type specimens (n = 1 x 1083 em™3
b

and 1 x 10% cm’3) are shown in Fig. 1.  Because of the absolute precision
from one curve to the other of Snly ¥0.6%, the curves were adjusted to
correspondence at lSOoKQ As expected, the points for both :aspecimens f£all . -
éssentially on<the.same line.

_ As mentioned above, the atomic diamagnetism is expected to be only
slightly temperature dependent. In contrast, the curve: of Fig. 1 exhibit

a very appreciable temperature variation. Normally a relative increase of
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diamagnetism of the seame order-as the cubical expansion coefficient might be
expected. For Ge, however, the dependence is in the opposite direction and
the relative change i3 an order of magnitude greater than the expansion
coefficient (4 log X /4T = 2.3 x 1074 at 300°k). Although we assume that
the nature of the binding in the diamond-lattice is responsible, the reason
for this curious behavior is not yet known., In order to investigate this

4 cm'3) and a gem

point further, a specimen of high purity silicon (anOl
quality diemond were examined. The silicon specimen gave a )ﬁ'zg T curve
which is quite similar to that of Ge while for the diamond A ismtemperature
independent within experimental error (to,l%) in this temperature range. |

B, N-type Germanium

The diamagnetic susceptibility vs temperature curves for a number of
n-type Ge specimens of known electron concentration are shown in Fig. 2.
Also shown for comparison is the curve for a high purity, zone refined n-type
specimen (n <’,lOlh cm°3)o In every case excepﬁ the latter the contribution
of "the extrinsic electrons is evident. |

The §alucs of }K; are obtained for each specimen by subtracting, point -
by point, the susceptibility of the high purity specimfen° The reéulting values
fpf'threerf the specimens is shown in Fig. 3.in the form of -'}% vs 1/T curveé.
' The curves are essentially linear in the high temperature range as predicted
by Eq. (5). Toward lower temperature the curves begin to fall off indicating
a transition from classical to Fermi-Dirac statistics. In Table I we have
summarized the data on n-type Ge. The second column lists the high temperature
(low 1/T) linear slope, The third column lists the values of n obtained on
comparison Hall specimens appropriately corrected - for impurity scattering28

29

and caxrier degeneracy. © After such corrections the values of n were found
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TABLE T

Summary of results obtained on n-type Ge, Theieamyle numbers correspond
to the nmumbers on the curves of Figs. 2 and 3. Columms 2, 3 and b list the
slopes of the )Cc ve 1/T curves in the classical (linear) region, the electron

concentrations and the values of fi respectively.

Sample - [;.2%/&(1/Ti] o1 na' | A fz
1° 4,85 x 1070 3.1 x 10?6 Q«ha.
2 1.4 x 107 7.5 x 1017 52,6
3 1.45 x 1078 1.3 x 1010 31.6
4 4,57 x 1070 5.0 x 1018 26,4
5 5.59 x 1070 vl,i #9ioi? ko

o

& Values of n were obtained from the Hall coefficiemt and conductivity---
curves as a function of temperature,correctiohs’for”impurity scattering
and, where necessary, carrier degeneracy beiné made (references 28 and 29).

b

The electron concentration of this specimen wds dpprecisbly temperature

dependent, Therefore, the observed value of fi might be expected to be

- somewhat smaller than its true one, B
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to be temperature independent over the-entire range to ~ 5% with the exception
of sample 1. In the fourth column we list the values of";E'obtained from the
slope and values of n, . These values are accurate to about 15%.

It is interesting to note that for the pﬁrer specimens agreement of fi
with the expected value of 54 is quite reasonable, while with increasing -
donor concentratién the value of fi decreases msrkedly. Herring3o has pointed
out that the presence of'an’impurity'band which is expected to overlap the
conduction band at high donor concentrations would be expected_to change the
effective ﬁass of the carriers when the overlep becomes apprecisble,

Except for sample i of Table I, the )Cc vs 1/T curves of the n-type
specimeps depart frqm linearity tcward‘thé higher l/T values, exhibiting a
downwafd concavity. ’In the case of samples 2 and 3 this curvature can be
accounted for quite adequately on the basis of transition from classical to
Fermi-Dirac statistics provided a)e = 4 rather than 8. With this value of

Gy, Eq. (2) ylelds an écceptable £it to the data over the entire temperature

3 and these

range, The resul$s of this analysis have already been reportedl
have be;n taken as evidence thap the minima of the E vs k surfaces lie on or.
within kT of the zone boundary., Attempts to fit the more impure specimens
(4 and 5 of Table I) within the framework of the cyclotron resonance results
.- Were not successful mor could a suitable correlation be obtained by using
.1E;ﬁ (2) and the experimental.valﬁes of ;E while treating,MiN) as an adjustable
parameter., The experimental curves fall off more rapidly at lowrtemperature
than those calculated, in a manner which suggests that the effective masss

decreases with increasing 1/T. In view of the postulated effect of an over-

lapping donor band mentioned above, this behavior is not surprising since,-
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for a mixtu:e of conduction states the average effective mass.ﬂight well
depend on the position ‘of the Fermi- 1evel

. It is of course possible that impurity band overlap might also explain
the curvature toward low temperature of samples 2 and 3 which has been
attributed to carrier degeneracy, In fact Debye and Conwell3l have examined
the dependence of donor ionization energy on donor concentration in n-type
Ge and; within the limitations.of necessary assumptiohs, have shown that the
ionization energy becomes zero for net donor concentrations in the neighbor-
hood of 1.5 % lO17 em 30 If the ionization energy can be taken as an index
of band overlep, this would indicate that a mixing of donor and conduction

gtates,might also occur in samples 2 and 3., In this regard, Johnson and

Shipley32 have made & careful analysis of the, temperature dependence of the
Hall coefficient of a specimen containing a net donor concentration of
2,16 x_lO18 cm°3 and they»find‘an ionization energy of -0.005 ev. Hence the

: ionization energies of the specimens in question are expected to lie closer

to the band edge than 0.065 ev. For the temperature range in question, since
effects of carrier degene:acy“are*not exces;ive,}we expect the donor states

to exert only a small influence on the effeéfive mass of conduction electrons
%or'ﬁheSe specimens. In further support of-t?e chd%ce of CU; = 4, Debye and
Comvell find that en avérage effective mass ratio between 0.2 and 0.5 gives

the most consistent fi%.to all their data, The average effective mass ratio
arising from the density of states expression is M* = M(N)( 0) )2/3 This

gives average mass ratios of 0.51 and 0085rfor c;; values of h and 8 respectively.
In order to establish the value of Ci’ conclusively, it is necessary to examine

the behavior of }5 on a higher purity sample (n 1047 ¢ 3) in the.range: af. Jower

temperatures.
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C. P-Type Germanium

Meagurements similar to those on n-type ﬁﬁterial have been carried
out on several p-type-sqmples. The temperature dependénce of diamagne@ism
is shown in Fig. & and the - 2% vs 1/T curves in Fig, § for reprfifntative
specimens, The date are summarized in Table II. The values of fi_with'one
exception (sample 2) are considerably smaller fhan the value of 31.h4
indicated by cyclotron resonance, Again, as fSr n-type material, this
départure from expectatiog apparently increases with increasing acceptor
concentration. Since the ﬁeviaxién'seems to sét in at a much lower carrier
concentration than in'n-type materisl, it is possible that the critical
abcéptbr concentration required for the formation of an overlapping impurity

Band is smaller than for donmors.. However, even for 8 x 1016 3

acceptors cm”
(sample 1 of Table II) the ;3.15 onlyrav'ao and for such a small acceptor
‘éoncentration an overlapping band does not appear likely. Consequently, we
¢onclude that the discrepancy between observed and expected ;ilvalues is real.
The reason for the lack of agreement is unknown. It is possible that the
.€nergy ‘surface curvetures in the valence band are sufficiently complex that
Ehé;cyéiotron resonance results obtained at 4°K are no longer appliceble in
éﬁi@”témperature range. In thié conﬁéction,'it is noteworthy that a detailled-
épalysfs of the field dependence of the p-type Ge Hall coefficient,33 although
In agreement with the general features of the valence band as revealed by
é&élotron resonance, also fails to give a quantitative correlation. The
f%ﬁﬁifé of this analysis indicate that the fraction of holes in Band 1 is only
0502 of the total whereas the ratio of effective masses indicates a value of
0,045, A smaller than expected population of Band.l would also explain the

deviation reported here,
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TABLE II

Summary of results obtained on p-type specimens., The sample numbers
correspond to those given on the curves of Figs..#.andzs. Columms 2, 3
and 4 list the classical slopes of the )fc zg-l/T’éurves, the hole con-

) 2
centrations, and the values of f

h respectively. :

o ,

Sample [d x./a l/T] i p | f‘i
1 5.2 x 1070 7.8 x.1016 20
2 1.7 x 107" 1.9+%°1017 26

3 2.8 x 107 4. x 1087 18
y T 32 x 1077 " 5 1x '"1017 20

5 2.9 x 10771 5.4 x 1017' 18
6 2,0 x 1076 5.3:x.10" 18 12

I

& Although impurity séa£téring and carrier dégéﬁéf&éy corrections were

| made in obtaining these values, the magnetic field dependence of Hall
.coefficient, which iabgﬁown to be appreciable in p-type Ge (reference 31),
was not accounted for explicitly., The error invoived, however, should

not be large,
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Attempts to fit the Zc vs 1/T curves of Fig. § for s'amples' 1, 2, and 3
of Table II according to Eq. (2) with experimental carrier masses reveal that
there is a significant concave downward cufvature toward high 1/T values which
fy too great to be explained by either tremsition to Fermi-Dirac statistics,
Migher order .terms in H in the susceptibility equation, or a combination of
these, Since analysis of Hall coefficient and resistivity data for these
specimens .indi;:atés that the hole concentrations are essentially constant

—

over the temperature range in question, it appears that fla1 decreases to some

a—

extent with decreasing temperature, Although the contribution t6 fi of the

third valence band is temperature dependent through a Boltzmann factbr. con- -

tﬁiﬁing the sj;in-,orbit splitting energy, it was indicated above .tha;t this is

not ‘éxpected to introduce appreciable temperature dependence in this tempera-
turé ‘range because of the.large value that has ‘been 1ﬁdicated for AE.

R

D. Bombarded Germanium

7 "The effect of fast neutron bombardment on the magnetic susceptibility

wis investigated on one n-type séécimen (sample 2 of Table I). The suscepti-
bif‘lfty was measured as a function of temperature after each successive
exposure:: and representative results are shown in Fig. 6. The combined carrier
abd “Ympurity (defect) susceptibilities were obtained by subtracting the values -
of a pure specimen atv each ten;perature and this, designated as A)(, 18 plotted |
against l/T in Fig. 7. The data are summerized in Table III. Column 1 lists
the integrated fast neutron flux, Column 2 the linear slope, the electron con-
centrations obtained from an analysis. of the Hall coefficlent and resistivity
is given in Column 3 and in Columr k4 the values of fz obtained from the slopes
are given. r]'."he reciprocal mass ratio is in good agreement with the expected -

value of 54 and the scatter gives a good: indication of experimental error.

[4
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Also shown in Table III are the values of n calculated from the slopes assuming
;i = 54, The variation of n with exposure is compared with the conductivity g—
in Fig, 8. Values of n. obtained by the two ‘methods (Columns- 3 and 5) show a
variation with exposufe which is quite similar to that of O,

"'EXMtion of the X vs 1/T curves obtained after long exposure (mot
shown in Fig, 7) reveals that, although the curves are quite linear at low
teﬁi’erélture, there 1s a merked upward concavity at high temperatures (low 1/T).
This behavior may or may not. be real, Altho;ugh it is possible that exposure
lias decreased the temperature dependence of DCA in the high temperature region,
thus introducing an spparent curvature into the AXvs 1/T éurves, this. behavior .
may: aled be explained as being caused by a variation of the sample suspension
length with temperature, The thermal expansion of molybdenum, though small,
is’ ‘Bu‘;'fficlient between room and dry ice temperatures to move the specimen into
a"“""]_‘.owe‘r‘ region of H ag/ dz provided the position at room temperature were at.
the maximum field square gradient, More careful measurements are necessary
before this effect can be interpreted, In any event; since molybdenum is a .
high ‘temperature metal, its expansion coefficient is quite small bélow 200°K
ahd “the’ tempera.fure dependence of AX in this ré.nge (70 to éOOOK) should be
valig, ~

Tt is interesting to note that there is no indication of the temperature
dépendent paramagnetism expected to result from unpa.‘ired electronéo In Fig, 9:
wé€ dotipdre the X vs T curves for a pure sj:_ecimen (curve 0) and the two
15ﬁée’sevt*’fexposures {curves I and II) for which essentially all electrons have
béeri"trapped. For clarity, Curve O has been displaced downward by 0.7% in
order to avoid, congestion; Also shown (Curve 0', dashed) is the expected

X vs. T curve relative to Curve O for a specimen containing 7.5 x 1017 unpaired
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TABLE III

Summary of results obtained on n-type specimen (sample 2 or Table I)

irradiated with fast neutrons.,

The integrated fluxes are listed in

column 1, Columns 2, 3 and 4 1list the classical slopes ; the electron

2 _
concentrations, and fo values respectively. -Column 5 gives the values

electron concentration o, caluclated from the classical slope assuming

2
£, = 54,

Exposure N Rk —_ VnM —
Neutrons/cm? x 10717 - I:d AX /d 1/T] em=3 -x'}0°l7 fi em™3 x A‘10'17
.72 1.13 x 1076 5.17 59.0 5.68
1.27 5.33 x 1077 2,72 53.0 2.68
1.61 2,28 x.1077 1.33 7.0 1.15
1.8k 1,57 x 1077 .85 50,k .79
2.07 ) 1.25 x 1077 e k2.5 63

2.30 8.0 x 107 hs 48.5 4o
3.00 1.1 x 10"8 ceme . .06
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spins per cm.3° It is clearly evident that such a paramagnetic term-is not

present in the irradiated specimeﬁs, This is taken as evidence that the
levels responsible for removing electrons are so dense that they have:
broadened into deéénéfaﬁé bands, At a concén%fétidﬁnbf 7.5 x 1017 this
does not appear too likely, especially in view of considerations concerning
the singly ionized interstitial atom as discussed above. Consequently, we
téntatively conclude that the defects are not randomlj distributed but rather
are to a large extent localized in the region of the primary collision of the -
feést neutron. The latter situstion would produce localized regions of high
defect-Tevel density which could be described effectively in terms of degenerate
impurity bends, In order to establish this point to any degree of certainty
1f*is_nécessary to examine lower concentrations of trapped electrons. This éan
be* done ‘quite effectively by extending the range of measurement to liquid
helium temperatures, Apparatus is being constructed to this end,

o V Summary

=" - The results have revealed a number of points of interest regarding the
magrietic behavior of Ge. Tie first énd most unexpected of these is the tempera-
‘ture ‘dependence of the susceptibility of high purity specimens. That this is
a common property of semlconductors of.the diamond-lattice type is suggested

9 It should

by a similar behavior of Si and an indication of such in InSb,
. be noticed, howeve?, that diamond itselfl has a temperature independent sus-
ceptibility. In view of its existence in the lower melting members of the
gréup (both elements and compounds ), it would be worthwhile to re-evaluate
. tH€ results obtained on @-Sn in the light of such a behavior.

‘The magnetic behavior of n-type Ge is cbnsisﬁent with expectation based

on results of cyclotron reéonanceo The appropriate aversges of electroh mass
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y b
ratios are in reasonable agreement with those obtained by the Berkelgyl and

L"IncolnvLa.boratoryl5 groups for the sﬁaller values of n. At the large n-values
the effective.masses'increaee markedly which is probably due to a Aegenerate
donor band which overlaps the bottom of the conduction band. Fitting the
data to theory in the range of transition from classical to Fermi-Dirac statics
Buggests. that the energy surfaces of the conduction band are represented by
féur rather than eight ellipsoids of revolutidn in g—spaceoA
' In p-type Ge, agreement with cyclotron resonance experiments is not as

cénvincing, We find that gemerally the values of gg-are smalle;.by at least
30% than the predicted one. The results of a detéiled snalysis of the Hall
éoéffiéient«field dependence in p-type Ge ylelds results which, aléo fall to
yield quantitative agreement°33 It is possible that the complex band shapes‘
yi€ld different effective mass ratios at'tempe:gturesrappreciably‘abové the
temperatufe of 1liquid helium at which the cyclotron resonence measurements
weYe made, A temperature dependent effective mass is to be expected because
ofthé lowering of Band 3 by spin-orbit coupling., However, if the energy
.lowering 1s ~+0,3 ev as is indicated by optical sbsorption date, such a
temperature dependence would be negligibly small., It is interesting to note
in“this comnnection that an examination of hole mobilitth also indicates a
variance ‘between theory an experiment which could be explained if the effective
nass were temperature dependent, A more careful study of the hole susceptibility
particularly at lower temperature is necessary to clear up this matter,

“ "Studies of fast neutron'bombarded Ge reflect only tﬁe decrease of electron
coficentration and reveal no spin paramagnetism which would be expected if the
eléctrons . were trapped unpaired in localized states, This behavior is in-

- terpreted as indicative of localized fluctuations in the density of* fast
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neutron introduced lattice  defects,
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- Figure 3

Figure 1:

o

Figure 5:

Figure T:

FIGURE CAPTIONS

The diamegnetic susceptibility of two high purity germanium
specimens as a function of tempeiature, For comparison, the
curves are addﬁsted‘to correspondence at 1500K°

The diamagnetic susceptibility vs temperature curves of four

n-type germanium specimens. Curve O is that for high purity

.. germanium while the numbers of the other curves correspond

to the sample numbers of Table I,

The cerrier diamagnetiém vs reciprocal temperature for n-type
germgniuﬁ. Thé.curve numbefs reféflto'the samples numbers
listed in Table I, |

The diaﬁagnetig susceptibility vs teﬁperature curves of three
pmtypé specimens and one high purity n-type specimen, curve O,
of gérménium. The numbers of the other curves correspond to
the éﬁmpie nﬁmSers of Table II.

The cérriér diamagnetism vs reciprpéglAtemperature for p-type
germanium, The numﬁers refer to the sample numbers listed in
Table II,

The diamégnétié susceptibility vs temperature of a fast neutron
bombarded nmﬁype gepmanium specfmen.listed as sample 2 in
Table I. The exposures are indicated on the curves. The curve
of a pure specimen is shown for comparison.

The carrier plus defect susceptibllity vs temperature of the
fast neutron bombarded germanium sample after the indicated ex-

posures,



Figure 8:

Figure 9:

The electron concentration and'conductivity v8 integrated fast .
neutron flux of the bombarded specimen,

The diamagnetié susceptibility vs temperature of the bombarded
specimen after irradiation into the intrins;c région. Curve 1

is for the specimen with spproximately 5 x 1015 electrons per

_cm3 remaining in the conduction band at 300°K. Curve 2 is after

. ; 1
the specimen has becoOme p-type and has less than 10 2 carriers
per cmd at 300°K. Curve O is for a pure specimen, displaced

downward by 0,Th for clarity, Curve O is curve O to which has

been added the expected paramagnetic contribution of 7.5 x 1017

3

unpaired spins per cm™,
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