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The magnetic susceptibility of conduction electrons in solids hasbeeu 

a subject of interest for.,many years" The weak, temperature-independent 

paramagnetism of the Simple metals was first explained in terms of the para-
1 2 

magnetism of a degenerate electron gas by Paulio Somewhat later, LaDdav 

showed that, because of quantum effects,· free electrons should exhibit an 

orbital diamagnetism whose magnitude is precisely one-third of their Sp1D 

paramagnetism. 'Stoner3 has given a complete treatment of the combined ertects 

in the case of tree electrons. In a solid, peierls
4 

has shown that because 

Of' 1ntertioctions between the conduction electrons and the periodic potentliil" 

of,. the crystal, Landau's result holds only when the Bohrmagneton is replaced 

by ! an eftecti ve Bohr· magneton which takes account of the interactions 'in'; 

5 terms of the appropriate effective mass of the charge .carriers. 

Al thougb much .can be· le&:l'11ed concerning the band structure of metaU' 
6 

fram the temperature dependence of their magnetic susceptibility, because; 

their electron gas is essentially completely degenerate, it is virtually' 

impossible~ separate experimentally the contribution of the conduction' 

electrons.; trom the total susceptibility in most metals with static magriet1c . . 

eusceptibi11 ty measurements 0 In semiconductors, however, this 11mi tatioD 

does not apply. Here statistics governing the behavior of charge carriers 

range over the domain of classical &S well as Fermi,.Dirac statistics and· the 
. . 
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magnetic' behs:vior of a classical gas of' qua.si-f'ree electronsoorhhoiesLis·'well 

understood. 7 Conse.quentJ.y " it is possibleinDl8JlY semiconductors ofint.erest 

to examine ~eparateJ.y the susceptibility of' the charge carriers, a prOp~ 

wb.il.clb., as we shall see; provides a significantly new approach to the stu:1.y 

of the electronic structure of semiconductors. 

The importance of magnetiC susceptibility in electronic. structure 
. 8 .. 

investigations of semiconductors was first recognized by Busch and M06ser~ 

From;o& systematic study of the susceptibility of gray or a ... tin, they Veretsble 

to determine the forbidden energy gap, the ionization energy of varioUs' aOJjiD8 

impur1ties8nd the effective masses of electrons and holes in tbis materiKl. 

The etfectiVeDess of such an approach is brought out even more forcefully 

vhen it 1s remembered that; at the, time of their work, a-Sn was available 
,", 

only in the iform of powder or pressed compacts. Consequently, the more' customary 

approach inVolving measurements of electrical conductivity and Hall ccms~Bllt 

vere rendered ineffective because of the interparticle resistance in the;,eom.-

pactect' specimens. This lim1 tation indicates the unique advantage of mpetic 

susceptibility measurements in that the carrier susceptibility is esseil~ally 

independent of transport or scattering processes. 

Since the outstanding work of Busch and Mooser, this method of' stud",;;hU 

<-been applied I to two other o!'iamolOld~lattice semiconductors: InSb and Ge? 

Analysts of the magnetiC behavior of' InSb in both the intrinsic and e%trtaatc 

rangee9. yields a forbidden energy gap of 0.262 evo in reasonable agreaeli1'f ': 

" ~ 10 wi th the value obtained from electrical measurements, and an electron" 

eff'ectioi,re mass of' ....... 00028 moo 

The magnetiC properties of' Ge have been investigated by several Yorkers. 

The first. measurements of Ge specimens of' known impUrity content were';made 
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in 1952 by McGuire over the range from 77 to 300 Ko Although his results 

suffer to some extent from:' poor sensi ti-vity, they are in quali tati va agree-
12 

ment with those reported here 0 In ,a preliminary report of the present 

work, it was shown that the carrier susceptibility ~ is of sufficient 
, c 

magni tude 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 lattice atoms was observed in high purity 

specimens 0 A subsequent analysis13 of the earlier results gives electron 

effective masses which are consistent With those obtained from cyclotron 

14 15 resonance experiments 0' Moreover, in the case of n-type Ge, the data 

suggest that ~he energy surfaces of the conduction band are beet represented 

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

minima of the E va ! curves along the [lllJ direction lie at the boundary of 
~ 'U 

the first Brillouin zone rather than within it. Recently Busch and Helfer 

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 650oKo 

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

In a subsequent paper van Itterbeek ~ al18 report' susceptibility measurements 

in the liquid hydrogen range and have observed the recombination of carriers 

with their parent donor and acceptor centers. 

In this paper we wish to summarize the results of a study of the magnetic 

behavior of a wide variety of Ge specimens o This investigation was motivated 

by a long-standing study of the effect of fast neutron bombardment on the 

semiconductivity of Geo19 It was hoped that a study of the susceptibility of 

irradiated specimens would be of value in understanding the natur.of the 
.~ .< ,;--
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bombardment induced .. ener.gy levels. Consequently, in addition to reaul ts on 

unirradiated .specimens, we include pre) 1m1nary..uinformation obtained on 

specimens expo~ed to fast neutrons. 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 ~ to:tal susceptibility of a semiconductor may be represented. as the 

sum of th'ree compooents: The contribution of lattice atoms X,A' that of the 

impurity atoms XI and the carrier susceptibility X. In the general case . c 
. 8 

each of these (!omponents has been treated in detail by Busch and Mooser. 

Conseqaeutly, we shall confine ~ attention to those points of immediate interest 

as regards. Ge. Our task is to obtain the carrier susceptibility and this requires 

that there'be an accounting for the impurity and lattice contributions. 

AD Lattice Susceptibility 

The d1aii.8.gnetism of an assembly of atoms is usually expected to be rather 

« - ... 6, /) 20 smalll0' emu. g and essentially temperature independent. Theory is 

appl:1cabl~,however, only to spherical, closed=shell atoms, the resultant 

diamagnetic '8~ceptibili ty of a Solid being taken as the sum of the atomic 

contributforiS. . In diamond. lattice structures, the covalent binding is produced 

by the 8/';' hybridized orbitals of the valence electrou and, because of the 

d1reetiona~nature ofauch bonda, the usual assumptions no longer, hold.. It 

is expec:rtedSl however, that the contribution of the cores can be obtained in 

good appri:>x:f:iDattoD by such an approach. We have computed the susceptibility 

of the G~4+ ien from the Rartree functions
2l 

and the customary relation 
22 X ::: NZi e r (1) 

ion 6 2 mc 
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where N'1s the.number of. .ions per gram of Ge, ~ is the number .of electrons - . 

per ion .at:i,d 1'2 is the average of' the rad!i squared.. The value obtained is 

Xion = 1 .. 26; x lO~7 emu/go This value vou.ld be reduced somewhat if Bartree .. 

Fock f'unOtiollS were used, but these unfortunately are DOt available •. As"ve 

shall shOW, .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.. More<5ver, the observed x'A is appreciably temperature dependent~ 

The reasl1n:for t:qis curious behavior is not yet understood. Consequently, 

we rely entirely on experiment for the value' of 't A .. 

B •. ~ Carrier Susceptibility 

The~esUlt8.obtained for the susceptibility of a perfect electron gas, 

modified~appropriately for the periodic potential of the lattice, may be 
.... 5 

applied directly to conduction electrons.. Neglecting higher order terms in 

magnetic field, the specific susceptibility for electrons is 

X .... (~2/3 P k) tc) C M (N)3/2 Tl / 2(3_f2 ) F /' (71) 
c ~ e eel 2 "( (2) 

, where ~fs the 'Bohr masneton, ;:> is the density of Gej) CUe is the s.tatistica.l 

weight o~degeDeracy of states (exclusive of spin) in the conduction band, 

C ... r; ~2 iDa k)3/~,lb.j ,~N) is the effective mass ratio for the density of 

states expre'ssion (M ... m~ fmo > and f; 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 F li2( 7'( ), where ?( ... (/'l!:!r, is the first 

derivs.ti"lii Gfthe Fermi integral 100 . 

")./2 r: *"'11-1 , 
Fl/2{'1) = :x Ll + e J d-x 

22 ' The values of. F 1/2( '?) and, by means of the tabulated functiOns, F If2( '? ) 

(3) 

may be o~tained from the electron concentration n and the relation 

.f .. · 
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n = CtJ e C(M~N)T)3/2 F 1/2 ( "l) (4) 

For "sufficiently high tempera.tures or low carrier concentra.tions 

<1Z<-3) clasSical statistics apply.. Under these conditions Eqo (2) becomes 

;tc = . (fJ2 /3 ! leT) n (3-f ;) (5) 

from whidh it is evident that the slope of the ;t.. va l/T curve is pro-_ c 

portiona..l' to (3";"f2 ).. Since n is readily obtained from Hall coefficient 
_e 

measurements'; ~ may be obtained from. Eqo (5) in the classical range .. 

A1though 'we(:hs.Vie treated conduction electrons only I analogous expressions 

apply to boles in the valence band o Since the extrinsic range is the only 

one of interest here)Ye shall not treat the carrier susceptibility in the 

intrlns:lcf,"range" 22 

The~luea of effective mass ratios appropriate to the density of' states 

(Me (N» ~",~rbital motion' ~e(M)={f;)-1/2J depend on t~e curvature of 
,h •.• ' • • 14 15 

energy surfabes in .!:",space. Cyclotron resonance experiments ' have firmly 

establi8~that for the conduction band of Ge the energy surfaces can be 

represented by ~lliPsoids of revolution whose major axes 11e along the ~l~ 

! d1reettoitS~-'B:enceJ) the energy surfaces are described. in terms of two mass 

param.eterB,Mt,· and ~ which are the transverse and longitudinal effective 

mass ratto~'re~ectively" The values' of the effective mass ratios may be 

obtained =CorlvelCilently by a transformation of coordinates" In the case of 

Me(N) a tranSformation of the momentum'cOOrdinates with respect to each m.1ntmnm 

into an fj()t~OPiC coordinate frame results in the introduction of the factor 

aJe J ~ a; Ml into the expression for the classical partition function" ~ 
. 16 

is equal to the number of complete minima and takes a value of,eight if 

the minima lie within the first Brillouin zone or a value of four if they lie 

~ I'" ~ ";--, ,:'" ~' 

,'!" 
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at zone .boundarYD Rence Me (N) = (~ M
I

)1/3 c> 

The method of' averaging used f'or ~iS somewhat more complex" Here, a 

similar transf'ormatien of' momentum ceerdinates made in the expression f'or 

energy itt'the presence of' a magnetic f'ield requires a further transf'ormation 

of the magnetic f'ield components" When the details of' the computation are 

carried through, the appropriate combination of' principal mass ratios turns 

out to b6" 

t! :: (2 ~ + M. )/3 Mt
2 

M " --1 1, 

Ustihgnow' the reported values f'or the principal masses14,15 (~ = 0.083 
~, ,C (N) 2' 

a:D.d MI =""1(4), we obtain Me = 0 .. 216 and f' = 54010 If' in addition we use . 
e ~ 

CUe = 4, i!±iIS' t.nd1cated by an analysis ef' the temperature dependence of' the 

susceptfb1l.1 ty of' n-type Ge, 13 Eqs" {2} and (4) may be written 

1- = 4026 x 10-9 Tl/2 F /' (.,,) (2a) 
c 1 2 '( 

tti··, 
, 15 -':\/2 () n = 2012 x 10 T"" Fl / 2 '1. ( 4&) 

14 24 
The calculations of' Kittel et al and Herman indicate that the 

valence b8Jiid' is' composf!d of' three deubly degenerate, nonspherical bands and 

, is therefore somewhat more cemplex 'tb.a.n. the conduction bando The maximum of' 

these ba:ads appears to f'all at ! = 0, twoet them coinciding at that point to . 

f'om the valene-e band edge 0 Beca1l.J.lSe of' spin=orb1 t interactions the third 

band which ie nearly spherical lies below the other two by the interaction 

energy fj. l!r-~ In order to evaJ.u.ate the ef'f'ective mass parameters of' Eq. (2), 

it is ne~lJ8'ar1 to uee the energy expressions tor these bands which, to a 
. . ~ 

good appi'ox1maticm. tor Ge)) are given by Kittel et al in terms of' three - -...-

curWatureparam.etereo The value of' ~N):/ie obtained directly f'rom the 

classical partition f'unction which CaD be summed rigorously using the energy 

I· 



.. 

co 8 -

expressions. Such a sum for the two upper bands leads d1rect17 to the double 

integral. 

~/~' = 1/4:ir1k d .n.. 
, {"' -"- i "" .... ~t;) 

- lA 

(6) 

where the subscripts 1 and 2 and the upper and lower signs in the integral 

refer to'the "light" and "heavy" bands respect1ve17, the curvature parameters 
14 

are idedtical to those of Kittel et al except for the factor (~/2 m ), and 
o 

'g(l!)- , p) = sin 
4 ~ cos21 sin2 f + sin

2 29- cos2 l9 (7) 

The lower band (Band 3) gives 
3/2 -3/2 

M = A 3 (8) 

Numerical: 1D.tegrat1on of Eq. (6) USing the appropriate values of the curvature 
, .'" 3/2 

parameters: yields M' values of 0.0091, 0 0 199, and 0.0213 for bands 1, 2, and. 

3 respectively' 0 Hence 

(N) /' -AE/lr!r 
M 3 2 = 00208 + 000213 e 

h 
(9) 

The orbl~ effective mass presents additional difficulties and a rigorous 

treatment requires an approach for each band s1m1lar to that used for electrons o 

However,'lt wa~ observed in the integration of Eq. (6) that the corrections 

for lack tof ('spher1city were small e'Yen for the most nonspher1cal band (Band 2) • 
. 

COIl!.8equeDtlY" 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~~~2 = 1/~ ± J B2 + C2 g(/9-, 111/2 d 1l.. (10) 

, , .' ." -1/2 I. I. 
Integration leads to Mh values of' '+080, 1.7'+, and 3.605 for Bands 1, 2, 

and 3 respectively. Hence 

f'2 = M-l / 2/M3/ 2 
h h h 

"-' 3104 + 14.1 e - fj,E/lr!r (11) 
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Consequently, both \. (N) and ~ are temperature dependent through the Boltzmann 

factor eontaining the spin-orb1 t splitting energy. Optical apsorption of holes 
,25 

in Ge S'Qggest8 that Ll E ....., 0.3 ev 0 If such is the case, the mass para-

meters are expected to be essentially temperature independent in the tempera-

(1)3/2 ~ , 
ture range used here and Z\. = 00208 and I'h = 31)". A similar calculation 

us1l:ilg the slightly different curvature parameters of Lax et al15 gives almost 

identicil'va1ues. 

C" The Impurity Contribution 

In ~e-s::Pec1mens used here we are interested only in the usual acceptor 

and donor' dOping impurities of the third and fifth columns of the periodic 

system. ;:g1nce" these impurity atoms presumably fit substitutionally into the 

semicondtl.~tor lattice, they may be treated as hydrogen-like systems to an 
~, " 8 

approxlDittion sufficiently good for this purpose <> Busch and Mooser, have' 

examined this case in detail both for the low concentration 11mi t in which 

the impu::it:y atoms may be treated independently and for concentrations 

suf'ficieiitiy Mgh that the impurity wave-functions overlap and form degenerate 

impurity'b&ndso Because of their substitutional arrangement, one expects an 

appreciaMecontribution only when they ,are un-ionized. Besides the para.­

mag:tlLetic lr.te:tm associated with the unpaired electron-spin" these authors show 

that for a':large dielectric constant the electron or hole orbit is of such a 
,:: '.'. , .. , 

size that' an appreciable diamagnetic term may also exist in the small con-

centratiOb>cas~oUsing the numerical constants appropriate for Ge, the low 

concentrctt0n1imit g1ves 
;'" 

"' 
y 0 r -25 -1 -28l 
~I = HI ~017 x 10 T - 3.4 x 10 .J (12) 

o ' 
where HI is the concentration of un-ionized impurities of the type in question. 

In obtaining the diamagnetic term it is assumed that the effective mass of 



" 

'" 10 -

the bound carrier is equal to the electronic mass and germanium has a dielectric 

constant of 16010 In the case of impurity bands, eqUations analogous to E.q. (2) 

are obtained which contain the effective mass ratios appropriate to the 

impuriti 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"lJri,pur1ties are essentially completely ionized over the entire tempera:.; 

ture range (70;to 300oK). 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 bombardment introduced defects is necessary and the 

only one ~vailable at present which is to any extent Justified is that proposed. 
. ~ ~ 

by James and Lark-Horovitz.. This model, which has been tested experimentally, 
I' • 

requires ~t each interstitial and each vacancy be responsible for two locall~ed 

states in the forbidden bando When these defects are present in equal con­

centration there are two vacant states capable of trapping conduction electrona 

in n-type' Ge: one which lies below the middle of t1ieforbidden band and is"'-' 

therefore capable of acting as an acceptor in p-type Ge and $nother.:m:uch(1D.orei·~·: 

shallow ope whiph has been experimentally located at 0.2 evo below the conduction 
~ . . 

band 0 .On irradiating n-type Ge with a high initial electron concentration nOj'''''':!:'. 

both leve1sare to some extent occupied until the concentration of defect pairs 

becomes equa~ to one-half nOo Further irradiation favors population of the 

lower acceptor state until all electrons are trapped therein and conversion to 

. p-type occurs. Therefore, at the minimum. conductivity, essentially all of thee:: 

electrons are trapped in a state that has been tentatively identified' 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 paramagnetic contribution equal to that for n free spins should result o o 

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 estimated above for a 

hydrogen-~ike i~urity and the diamagnetic contribution is expected to be 

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

of much smaller magnitude and temperature dependence would resulto Such a 

condition-may exist even for relatively short .. irradiations if .the defects al'i!;:";;: 

highly 10ea,l1zed in :the region of the primary (fast neutron) collision. .,\. 

In this picture 1ihe vacancy should be occupied by two electrons' at the 

conductivity minimum. Here the diamagnetic contribution might be appreciable. 

Both thecoulombic repulsion of the electrons and their relatively loose biDa1ng 

(they presumably fill two of the four half -filled orbi talsr'extetld1qg' into:; the 

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

to makea:quant1tative estimate of their contribution on the basis of present' 

knowledge; 
~. 

III Experimental 
~. '", 

The ~etic susceptibilities of single crystal cubes having edge lengths 

of approximately 5 mm were measured by the Faraday technique using a balance 

sim1lELr to th8.t" of McGuire and Lane. 27 In order to increase the balance 

sens1tiv1ty-the
C

photo-tube optical system was replaced by a linear differential 
~ . " .. 

transformsr and 'the beam suspension was fabricated out of Elgiloy rather th~ 

nichrome or phosphor bronze •. The sample cubes were suspended from the bal~ce 

on 00001 If ;.di&me1:;er molybdenum vire into the fringing field of an 'Arthur D. Little 

.,.. . ...,­. , 
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electromagnet,' the field of whIch 'Co~ be controlled am reproduced to 

approximately ~"Ol~. Sample temperatures were taken as those of the 'walls 

of the cc:1pper, 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 force exerted on a body of volume v and volume susceptib1lity)l 

suspended'in an" inhomogeneous field H 1s given by 

FO = G (d(~~)l "7 Jt1 

Wher~ ~~ is the volume susceptibility of the surrounding medium and 

"(10) 

v~ 

is the gradient of the field squared at the sample" The susceptibility of an 
. {!, 

irreguJ..a.rlY shaped body is gIven by the expression 

~ = tF::Fo jde o (11) 

where F is the' force experience by the body when suspellded in a vacuum and _ 
v 

F is the iforce experienced when suspended in a medium. having a susceptIbil:l:ty o . 

deo • 

In tl;is wOJ!'k F v was measured at four values of the field ranging from 

12 to 20 !dio-oersteds" OJCtgen was then ad.m1tted to the system, the measure­

ments repea.ted. at the same field settings, alld ;;,e calculated for each fIeld 

value" A systematic trend of d{ with field was considered an 1ndication 61' 

ferromagnetiC, contamination ~d the sample was recleaned" Othel"Wise, the 1 

calculated values were averaged to obtain the absolute value of the room 

temperature' sUsceptibility of each sample" USing this technique the absolute 

+ ' 
accuracy of this point is ;"o.9~. The susceptibilities at other temperatures 

were dete:rmined ,relative to thIs room temperature point with a preCision of, 
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tbol~. 

Carrier concentrations were obtained from> Hall. coefficient and 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~ Hall 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 chamber in the Oak Ridge Graphite 

. 0 
reactor. The irradiations were carried out at "'" 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, X is below the c 
limit of detection in the temperature range employed.. Consequently, values 

of' ~ obtained on high purity specimens should yield X,A for Ge directly .. 

The temperature dependence of ;t, for two n-type specimens (n = 1 x 1013 cm-3 

and 1 :x 1014 cm-3) are shown. in Fig. 1 •. Because of the absolute precision 

f'rom one curve to the. other of only ±0.6~, the curves were adjusted to 

correspondence at 1500 K. As expected, the pOinte for both:apecimens:f!all .' 

essentially.. ;OIfi:,tp,e, same line. 

( As mentioned above I the atomic diamagnetism is expected to be only 

slightly temperature dependent. In contrast, the curve; of Fig. 1 exhibit 

avery appreciable temperature variation. Normally a relative increase of 

, j" 



- 14 -

diamagnetism of the SIlUlle order·as·the cubical expansion coefficientm1ght be 

expected.. For Ge" however, the dependence is1nthe . opposite direction and 

the relative change is an ord1!r-ofma.gn1tude grea.ter than the expansion 

coefficient (dlog X/dT = 2.3 :x 10-4 at 300oK)o Although we assume that 

the nature of the biming in the diamond-lattice is responsible, the reason 

for this cur1()~ behavior is not yet known. In order to investigate this 

. ( 14 -3) point further, a specimen of high purity silicon nN10 cm am a gem 

quality diamond were examined. The silicon specimen gave a )C!! T curve 

which is quite similar to that of Ge while for the diamond )C is. temperature 

independent within experimental error (±O.l~) in this temperature range .. 

B. N -type Germanium 

The diamagnetic susceptibility!! temperature curves for a number of 

n-type Ge specimens of known elec1tiron concentration are shown in Fig. 2. 

Also shown for comparison is the curve for a high purity, zone refined n-type 

specimen (n <:. 1014 cm~3) 0 In every case except the latter the ·contribution 

of the extrinsic electrons is evident. 

The values of X are obtained for each specimen by subtracting, point· c 

by point, the susceptibility of the high purity specimen. The resulting values 

for three of the specimens is shown in Fig. 3" in the form of - X vs lIT curves .. . c-

The' curves are essentially linear in the high temperature range as predicted 

'DyEq" (5).. Toward lower temperature the curves begin to falloff' ill\iicating 

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 liT) linear slope. The third column lists the values of n obtained on 

28 comparison Hall specimens appropriately corrected. for impurity scattering 

and carrier degeneracy.29 After such corrections the values of n vere found 
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TABLE. I 

Sum:mary of results obtained on n-type Ge. The- sample numbers correspond 

to the numbers on .the curves of Figs 0 2 and 3. Columns 2, 3 and 4 list the 

slopes of the X vs lIT curves in the classical (linear) region, the electron c-

concentrations and the values of :r2 respectively • 
. ' e 

- [d ~ Id( lIT)] 
a 

Sample n 
c cl 

lb 4.85 x 10.8 3.1 x 10
16 

2 46 .6 1. x 10 7.5 x 1017 

3 1.,45 x 10-6 1.3 x 1018 

4 4 -6 .57 x 10 5.0 x 1018 

5 5.59 x 10.6 1.3 X" 1019 

, """', ,"'ow 

f2 
e 

"",,43. 

52.6 

31.6 

26.4 

14.0 

a Values of n were obtained from. the Hall coefi"ictent and conducti vi ty .. -. 

curves as a function of temperature,correct1ons for1mpurity scattering 

and, where necessary, carrier degeneracy being ~e (references 28 and .29). 

b The electron concentration of this specimen'was appreciably temperature _ .~w 

2 dependent. Therefore, the observed value of fe might be expected to be 

, somewhat smaller than its true one. 

,; 

;;·~.1 
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to be temperature' :independent' over- the-entire' range"'to '" 5~' with the exception 

of sample 10 In the fourth columnve'list the values of' ;?'obta1ned from the 
e 

slope and values of no ,These values are accurate to about 15%. -2 It i8 interesting to note that for the purer specimens agreement of fe 

with the expected· value of 54 is quite reasonable, while with increasing 

'2 30 donor concentration the value . of f decreases markedly.. Herring has pointed 
e 

out that. the, presence of an impurity band which is expected to overlap the 

conduction band at high donor conoentrations would be expeoted to change the 

effective mass of the carriers when the overlap beoomes appreciable. 

Except for sample 1 of Table I, the ~ vs liT ourves of the n-type c-

speoimens depart from linearity toward the higher liT values, exhibiting a 

downward concavity. In the case of samples 2 and 3 this curvature oan be 

accounted for quite adequately on the basis of transition from classical to 

Fermi-Dirac statistics provided 6J = 4 rather than 80 With this value of e 

~e' Eqo (2) yields an acceptable fit to the data over the entire temperature 

range. The results of this analysis have already been reported13 and these 

have been taken as evidence that 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 cyolotron resonance results 

- were not successful nor could a suitable correlation be obtained by using 

'E~o (2) and the experimental values of ~ while treatingM~N) assn adjustable 

parameter.. The experimental ourves falloff more rapidly at low temperature 

than those calculated, in a manner which suggests that the effective mass 

decreases with increasing liT. In view of the postulated effect of an over-

lapping donor band mentioned above, this behavior is not surprising since , . 
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f'or a mixture of' coIlduction states the average: ef'f'ecti ve mass ,ndgb.t well 

depend on the post tion' of' 'the Fermi-level" 

, It is of' course possible "that impori ty band' overlap might also explain 

the curvature toward low temperature of'sam,ples 2 aDd 3 which has been 

attributed to carrier degeneracy. In f'act Debye aDd Conwel131 have examined 

the dependence of' donor ionization , energy on donor concentration.1n n-:type 

Ge and, within the limttations of necessary assumptions, have shown that th~ 

ioni~tion energy becomes zero for net donor concentrations in the neighbor­

hood ~f' 1.5 x 1011 cm-3" If'the ionization energy can be taken as ~ index 

of' band overlap, this would indicate that a mixing of' donor and conduction 

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

32 . 
~h1pley have made, ~cEill'efu1a.nalysis of the i temperature dependence of' the 

Hall coefficient of' a specimen containing .a net donor 'concentration of 

6 
18 ~3 ' , 

201 xlO cm and they f'ind an ionization energy of -0.005 ev" Rence the 

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

to the band' edge than 0.005 ev. For the temperature range in question; since 

effects of'carr,ier degeneracy are not excessive, we expect the donor states 

to exert only a. small infiuence on the effective mass of' conduction electrons 

far these 'specimens. In f'urther support of' the choice of' Ct.) = 4, Debye and e 

Conwell f'ind that an average effective mass ratio between 0.2 and 0.5 gives 

the most consistent fit to all their data. The average effective mass 'ratio 
: . * (N) 2/3 

arising f'rom the density of states expression is M = M (GJ) • This 
, ,. e e e 

gives average mass ratios of 0.,51 and 0.85 for CIJ values of 4 and. 8 respectively" 
e 

In order to establish the value of ci) conclusively, it is necessary to examine 
e 

the behavior of J, on a higher purity sample (n ".:! 1011 cm-3) in the<;:r.~e :,of,:lower 
c ' 

te1l.t{)eratures. 
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c. P .. Tne Germanium' 

Measurements- aimila.r to those on n-type material haTe been carried 

out on several p-types~les. The temperature dependence of diamagne~ism 

is shOwn in Fig .. ; and the, .. ~ VB liT curves in Fig. , for representative c- _ 

'SpeeiDIeDS.. T.b.edataare summarized in Table IIo The values of f~ wi thone 

'exception (sample 2) are considerably smaller than the value of 31 .. 4 

indicated by cyclotron resonance. Again, as for n-type material, this 

~epar~Ure from expectation apparently increases With increasing acceptor 

co~~eritration. Since the deviation seems to set in at a much lower carrier 

concentration than m:n-type material, it is possible that the critical 

acceptor concentration required for the formation of an overlapping impurity 

baruf is smaller than for donors. However, even for 8 x 1016 acceptors cm-3 

',' 2 
~sample 1 of Table II) the f is only ,.,." 20 and for such a small acceptor 

h , 

eonc~ntration an overlapping band does not appear likely. Consequently, we 

eonclude that the discrepancy between observed and expected f2 values is real. 
h 

rrhe' rea.son for the lack of ,agreement is unknown. It is possible that ,the 

,energy-surface curvatures in the valence band are sufficiently complex that 

-me °cyc1otron resonance results obtained at 40 K are no longer applicable in 

-&i1~"temperature range. In this connection, it is noteworthy that a detailed-

analysts of the field dependence of the p-type Ge Hall coefficient,l3 although 

!u agreement with the general features of the valence band as revealed by 

c;yelotron resonance, also fails to give a quantitative correlation. The 

resUits of this analysis indicate that the fraction of holes in Band 1 is only 

~02 ot'the total whereas the ratiO of effective masses indicates a value of 

0.0450 A smaller than expected population of Band 1 would also explain the 

deviation reported here. 
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TABLE II 

SWDIIIS.ry of results obtained on p-type specimens. The _sample· .numbers 

correspond to those given on the curves of Figs. 4 and 5. Columns 2, 3 

and 4 list the classical slopes of the X VB l/Teurves, the hole con-_ c-
- 2 

centrations, and the values of fh respectively • 

Sample. [d Xc/d liT] . 
. _. a" 2' 
p fh 

cl 

1 5.2 x 10,..8 8 ·,16 7-. x .;t.O 20 

2 1.7 x 10 -7 1:. 9:''-x " 1017 26 

3 2.8 x 10-7 4.4 x 1017 18 

4 302 x 10-7 -, -'17 
501 x 10 20 

5 2.9 x 10-7 5~4:~~-:i~17' 18 

6 200 x 10 ... 6 
5_o3?t~¥> 

18 12 

-:~ • if-e*'... 

t 

a Although impurity scattering and carrier degener~cy corrections were 
"', ,'1, .,. ... : 

made in obtainill.g these values, the magnetic field. dependence of .Hall .. '- .. 
• :,- t., j • '!, • ",.I 

coefficient, which is known to be appreciable fn'p-type Ge (reference 31), 

was not accowlte<i" for"explici tly 0 The error-inVOlVed, however, should 

not be large. 

',," ..... 

'( 

" 'j 
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Attempts to fit _the ~c!! liT curves of Figo .5 for samples 1, 2, aDd 3 

of Ta.ble II according, to Eq., (~) With experimental carrier masses reveal that 

1ffi.ere 1s a significant concave downward. curvature toward high liT values which 

fs" too great to be explained by eithert1"ans1tion to Fermi-Dirac statistics, 

higber order -terms ,in H ,in the susceptibility equation, or a combination of 

these. Since analysis of Ball coefficienta.nd reSistivity data for these 

specimens ,indicates that the hole concentrations are essentially constant -" ~ 2 
6ver, the :temperature range in question, it appears that fh decreases to some -
eiX'tent 'wit~ decreasing temperature.. Although the contribution to r: of the 

~ird valence ,band is temperature dependent through a Boltzmann factor con- , 

tii.:biing the spin"'!orbit splitting energy, it was indicated above ,that this is 

nOt-~expected to introduce appreciable temperature dependence in this tempera­

tU::i"i,r8.ilge because of the, large value that has been indicated for A E .. 

1r-i" D.. Bombarded Germanium 

, :-: ' ',,; ,The effect of fast neutron bombardment on the magnetiC susceptibility 

wis---1nvest1g~ted on one n-type specimen (sample 2 of Table I). The suscepti­

btlfty was measured as a tUnction of temperature after each successive 

exPosure:: and representative ,results are shown in Fig. (5. The combined carrier 

aDcr:-lmpuri ty (defect) susceptib1li ties were obtained by subtracting the values 

of a pure specimen at each temperature and this, designated as A~ is plotted ' 

against-liT in Fig" V. The data are sU1lllD&rized in Table III" Column l. lists 

t~e fnt~grated fast neutron flux, Column 2 the linear slope, the electron con­

centratlonso~~ained from an analysiS of the Ball coefficient and resistivity 

is given in Column 3 a:D,d in Co11.llll1l 4 the values of ;: obtained from the slopes 

are gi.veno Tbe reciprocal mass ratio is in good agreement with the expected 

value' of' 54 and the scatter gives a good indication of experimental error • 

. 
~ 
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Also shown in Table III are the values of n calculated .from the slopes assuming 

i2 = 540 The va.riation~ of n 'with exposure is compared with the conductivity a­
e 

in Fig 0 a" Values' of .n. obtained by the· two methods . ( Columns· 3 and 5) show a 

variation with exposure which is quite similar to that of cr- .. 
EXamination of the X!! lIT curves obtained after long exposure (not 

8how.n 1n rig.. 7) reveals that, although the curves are quite linear at low 

t'eiuperature, there is a. marked upward concavity at high temperatures . (low lIT)" 

This' bebav10r mayor may not. be real.. Although 1t is poss1ble that exposure 

has decreased the temperature dependence of 'XA in the high temperature region, 

thuS introduc1ng an apparent curvature 1nto the.c1it!!, lIT curves, th1s behavior 

may: a1s6 be explained as be1ng caused by a variation of the sample suspension 

ltingthWtth temperature.. The thermal expansion of molybdenum, though small, 

1s 'sufficient between room and dry ice temperatures to move the spec1men into 

a'~+ower region of H dJ!1 dz provided the posi t10n at room temperature. were at 

t6e maxtmum field square gradient.. More careful measurements are necessary 

bt;r'ore this effect can be interpreted.. In any event, since molybdenum .1s a ' 

bigh'temperature metal, its expansion eoeffieientis quite small below 200
0

K 

aDd 'the:; temperature dependence of ~~ in this range (70 to 200oK) should be 

vSJ:1([;c 

It.is 1nteresting to note that there is no indication of the temperature 

depeiident paramagnet1sm expected to result from unpaired electrons. In. Fig.. 9 

w(J"c'Gmpare the X .!! T curves· for a pure specimen (curve 0) and the two 

lOngest >"eXposures( curves I and II) for which essent1ally all electrons have 

beelf"trapped 0 For clarity, Curve 0 has been d1splaced downward by Oo~ in 

oro.er to avoid, congestion.. Also shown (Curve 0 f, dashed) 1s the expected 

t !!, T curve relat1ve to Curve o for a specimen containing 705 x 1017 unpaired 

,).:.:"~'.<;" ~ ~ :-..' (:, ~.~,: k. 
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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 list the classical elopes, the electron 
2 . 

concentrations, and fe values respectivelx. ·Column 5 gives the values 

::ectron concentration ~ caluc1ated from the classical slope assuming 
2 

f = 54. e 

Exposure 
Neutrons/cm2 x 10-17 - [dtlX./d liT] 

n 
cm-3 x 10.17 "1 nM 

cm-3 x 10 .. 17 
e 

.72 1013 x 10-6 5.17 59.0 5.68 

1.27 5.33 x 10-7 2.72 53.0 2.68 

1.61 2.28 x 10-7 1.33 47.0 1.15 

1.84 1 .. 57 x 10 ... 7 .85 50.4 .79 

42.5 .63 
,'- , 

--- - 1.25 x 10-T 2.07 ~8i 

2.30 8.0 x 10-8 _ .45 48.5 .40 ... ,.,"._: 

3000 1.1 x 10-8 .06 

" (~ 
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spins per cm3 .. ,It ,is clearly -evident, that such a para.ma.gnetic term,is not 

present ,in the irradiated specimezis.. This is taken as evidence that the 

levels responsible for removing electrons are so dense that they have 

broadened into degen~rate bands.. At a conc~nt~a.t1on'of 7.5 x 1017 this 

dGes not appear too likely, especially in view of considerations concerning 

the singly ioriized interstitial atom as discussed above.. Consequently, we 

ten~atively conclude that the defects are not randomly distributed but rather 

are to a large extent localized in the region of the primary collision of the 

f£tet 'neutron. The latter s1tuationwould produce localized regions of high 

d~ect-Ievel density which could be described effectively in terms of degenerate 

impurity'bands. In order to establish this point to any degree of certainty 

i~ is necessary to examine lower concentrations of trapped electrons. This can 

be d:onequ1te effectively by extending the range of measurement to liquid 

he"litim temperatures 0 Apparatus is being constructed to this end. 

,'" V 8umma.ry 

, The results have revealed a number of points of interest regarding the 

ma:gnetic{ behavior of Geo The first and. most unexpected of these is the tempera­

ture'dependence of the susceptibility of high pur1:t.y specimens • That this is 

a eommon property of semiconductors of the diamond-lattice type is suggested 

by- a sini1lar behavior of 8i and an indication of such in InSb o
9 ' It should 

. be noticed" however, that diamond itself has a temperature independent sus­

ceptibility.. In view of its ex1etencein the lower melting members of the 

group (both elements and compounds), it would be worthwhile 'to re-evaluate 

tbe' resuits obtained on a-8n in the light of such a behavior. 

:The magnetic behavior of n-type Ge is e'ons1stent with expectation based 

on results qf cyclotron resonance.. The appropriate averages of electron mass 
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rat~oa are in reasonable agreement with those obtained by the Berkeley and 

L'1nCOlnLaboratory15 groups for the smaller values of n. At the large n-values 

tfie effective .masses'increase markedly which 1s probably due to a~egenerate 

donor band which overlaps the bottom of the conduct1on band.F1tting the 

data to theory in the range of transition from classical to Fermi-Dirac statics 

s.uggeats . that the energy surfaces of the conduction band are represented by 

fdurrather than eight ellipsoids of revolution in !-space • 

. Inp-type Ge, agreement with cyclotron resonance experiments is not as 

cOnvincing.. We' find that generally the values of ~ are smaller by at least 

3~ than' the predicted one.. The results of a det~iled analysiS of the Hall 

cdefficientfield dependence in p-type Ge 'yields results which, also fail to 

yireld quantitative agreement.33 It is possible that the complex band shapes 

yieIa different effective mass ratios at temperatures appreciably'above the 

temperature of liquid helium at which the cyclotron resonance measurements 

were- made. A temperature depenc1ent effective mass is to be expected because 

o:r'''th~ lowering of Band 3 by spin-orbit coupling. However, if the energy 

.loweftngie I'VO.3 ev as is indicated by optical absorption data, such a 

temperature dependence would be negligibly small •. It is interest~ to note 

:br'--th1s connection that an examination of hole mobilit;4 also indicates. a 

vati.8.D.ce-betw~en theory an experiment which could be explained if the effective 

maia were temperature dependent. A more careful study of the hole susceptibil1 ty 

partiCularly at lower temperature is necessary to clear up this matter 0 

.·c·~Studies of fast neutron bombarded Ge reflect only the decrease of electron , 

cODc:entration and reveal no spin paramagnetism which would be expected. if the 

ele~on8 were trapped unpaired in localized states. This behavior is in-

. terpreted as indicative of localized fluctuations in the density o~faet 
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neutronintrod:l1c1!d' latttc,,' det'e'cts" 
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cerning much of the early work connectea. with this problem. 
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Figure 1: 

Figure 2: 

Figure 3: 

Figure ~: 

Figure 5: 

Figure 7: 

FIGURE CAPTIONS 

The diamagnetic susceptibility of two high purity germanium 

specimens as a function of temperature. For comparison, the 
. 0 

curves are adjusted to correspondence at 150 K. 

The diamagnetic susceptibility!!' temperature curves of four 

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

.germanium'while the' numbers of the other curves correspond 

to the sample numbers of Table I. 

The carrier diamagnetism!! reciprocal temperature for n-type 

germanium. The curve numbers refe~' to the samples numbers 

listed in Table I. 
, 

The diamagnetic susceptibility!! temperature curves of three 

p-type specimens and one.high purity n-type specimen, curve 0, 

of germanium. The numbers of the. other curves correspond to 

the sample numbers of Table II. 

The carrier diamagnetism VB reciprocal temperature for p-type - . , 

germaniUm. The numbers refer to the sample numbers listed in 

Table II. 

The diamagnetic susceptibility!! temperature of a fast neutron 

bombarded n~type germanium specimen. 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 susceptibility!! temperature of the ' 

fast neutron bombarded germanium sample after the indicated ex-

posures. 
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Figure 8: 
.. 

Figure 9: 

The electron concentration and conductivity!! integrated fast 

neutron flux of the 'bombarded specimen. 

The diamagnetic susceptibility!! temperature of the bombarded 

specimen after irradiation into the intrinsic region. Curve 1 

is for the specimenwtth approximately 5 x 1015 electrons per 

cm3 remaining in the conduction band at 300oK. Curve 2 is after 

; 15 
the specimen has becomep-type and has less than 10 carriers 

per cm3 at 300oKo Curve 0 is for a pure specimen, displaced 

downward by Oo~ for clarity. 
I 

Curve 0 is curve 0 to which has 

been added the expected paramagnetic contribution of 7.5 x 1011 

unpaired spins per cm3
0 
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