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Electrqn Paramagnetic Resonance
at Dislocations in Ger@anium
by
Elga Jekabsons Fakulis
Materials and Molecular Research Division
Lawrence Bérkeley Laboratory
and
Department of FPhysics

University of California, Berkeley, Ca
ABSTRACT

Tﬁe first Dbsekvationfdf the paramagnetic
resonanée of electrons at dislocations in germanium single
érystals'is;reported; Under subband gap optical
excitation, two sets of lines are detected: four lines

about the <111> axes with g”'=0.34 and 9, =1.94, and 24

 lines with g, =0.73 and g, =1.89 about {111% axes with a

six-fold 1.2° distortion. This represents the first

measurement of the distortion angle of a dislocation

dangling bond. The possibiiity that the distortion

results from a Feierls transition along the dislocation
“Iine isiaiécq;ééd1 ‘An electric detection technique was

'used;"This invalved monitoring the absarption of energy

from the microwave electric field by photo-excited

-electrons. Due to spin dependent scattering of the

~



electrons by dislocation dangling bonds, a resaonant change
_in this absorption was aobserved on each passage through
épin resonance. Eoth increases and decreases in the
absorption were observed, depending on crystal growth
conditions. The spin dependent scattering was observed fo .
pérsist far hours after the removal of optical excitation,
indicating the existence of a véfy long lifetime,-
conducting dislocation band. In a lithium diffused
germanium'cryst§l containing dislocationsg_a different
spectrum was observed, with principal g values 1.917,
1.896, and 0.855, alorig the axes -:110>~,:'«:1T§:>," and <1113,
plus equivalent sets. This spectrum is attributed to-a

| dangling bond —‘lithium ion complex. The experiments were
conducted.onva 1=-cm sterheteEodyne Spettrqmeter, Qsing
vliqﬁidvhelium‘cooled,'microwaveafésonaﬁt germanium;samples
with a high quality factor Q@ :105 . :It was the.ultfa—high
séﬁéitivityvbf'the sélf resonant samples‘coupled with.
electri&'détection of magnetic resonance which made
possible this étudy of ﬁhe very low cdncenfrations of
Adislocatiéns ocCuEriﬁg in as—grown,'as opposed to

'plasticaily‘deformed, germanium crystals. F
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‘hyperfine stchture'of the Ge

CHAPTER I - INTRODUCTION

Electron paramagnetic resonance (EPR) (1) has been
used widely, and with a great.deal of success, in the
study of defects in semiconductors. @ Valuable information
can be obtained not onky about the'identity of a defect,
but sometimes also about its mitroscopic-structure.

Corbett etal (2) give a good breakdown of the extent to

‘which this powerful technique has been utilized in

studies of a long list of semiconductors. - Of the

elemental semiconductors, silicon has been most

~extensively studied, while germanium, by comparison, has

had strikingly few reports of EFR spectra. The primary

reason for this is the inhomogeneous broadening of lines:

in germanium which leads to a reduction in signal

amplitude} The broadening results from unresolved

73 nucleus, with a spin I=9/2

and an icsotopic abundance of 7.76%, and, even mofeb
importantly, from nonunifbkm strains in the,cryétal., The
strain broadening is a direct result of the large spin -
orbit interaction in Ge. (3J) The present work shows that

these.difficulties are not ihsurmouhtablé and that we can
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expect to see the continued successful application of EPR
to the study of defects in germanium.

A number of interesting featuwres have surfaced
during the course of this work. First of all, I have
observed spin-dependent photoconductivity in the germanium
samples. containing dislocations. Spin-dependent
phbtoconductivityvarisesﬁwhen‘thEnnumber and/or- the
mobility of photo-excited free carriers depends on theirv
spin orientation relative to that of their recombination
and/or scatterihg centers. éecondly, I discovered that
the spin—dependent conductiyi;y remains long after. the
removal of optical excitation. This observation led to
the conclusion that:freekcarriers>can relax into a long
lifetime dislocation band, retaining a non—-zero,
spin—dependent, mobility. Thirdly,-the'spin—dependent
conducﬁivity aloﬁg dislocations enahled me to measure the
- g-—tensor of the dislocation dahgling bond electrons using
the method 0+ e1ectric detection of magnetic‘kesonance.

In this method the mobiléucharges are accelerated by a
microwave electric field, their absorption of energy being
directly related to their spin polarization (relative to
that;of:their scattering centers, i.e. dangling bond
electrons) througﬁ their spin—dependent conductivify. ‘The
fourth point, and perhaps the mast significant result of
my thesis is the determination of a small, véry

well-defined distortion angle of the dislocation dangling

o
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bonds. This determination was made directly from the
symmetry, multiplicity, and splitting of the lines in the
EFR spectrum. There is the intriguing possibility that
the distortion of fhe dangling bonds may be the result of
a Peierls transition along the dislocation line. Finally,
I have also observed a rew spectrum-in-a-lithium diffused- -
germanium crystal containing dislocations, arising from
lithium at dislocations.

Before going any further, it will be helpful to
briefly discuss dislocations in the tetrahedral crYstal
structuré. Dislocation lines are characterized by a. . s
Burgers vector giving the magnitude and direction of the
gisplacement of one part 6# the crystal relative to fhe
rest of the cryétal. The part of the Burgers vector
parallel to the,dislocatian is the screw_component, that
part'perpendicular~to.the dislocation is the edge

component. The two extreme cases — 100 percent screw and

-100. percent edge are illustrated in Figure I.1. In the

di amond structure, dislocation lines run along <1103

directions and often have Burgers vectors at 60°(4) .

These are the so-called &0°-dislocations and have been
studied»extensively»(ﬁ). They can.occur in at leést two
basié varieties, the shuffle set and the glide set,
depeﬁding on which =set of bonds were broken in thé
creétién of the diéldcation. If the bonds broken were

perpendicular to the dislocation line, one ends up with



the shuffle set; otherwise, one has the glide set. This
simple picture is hélpfulvconceptually, but in real
crystals one encounters many complications, the details of
which are not entirely understood. For example, one can
have kinks in dislocation lines, or, lines of the shuffle
set can become associated with stacking- faults, or, lines
of the glide set' can dissociate into partial dislocations~
- s0 long as the sum of the Burgers vectors of the
partials equals the Burgers vector of the original line.
For the purposes of discussion, the model adopted here is
that of the 60°-dislocation of .the shuffle set, pictuwed
in Figure I.Z. The,figure.shows the Burgers vector, g,
and the dislocation line, d, with its row of broken bonds.
These are the so-called dislocation dangling bonds, which
to first oraer can be thought of as sﬁ3 orbitals, each
‘containing one electron with.spin 1/72.

It has béen expedted for three decades that the
.dislocatioh dangling bond electrons should be observable
using magnetic resonance teéhniques. It was not until
1965 that Alexander, Labusch, and Sander (65‘first
observed‘electron spin Fesonance at dislocation dangling
bonds in silicon. .The silicon had been plastically
deformed to increase the number of dislocations to a
density of '\«108 cm™2. Why wasn’t something similar seen
in germanium? One possibility is that plastic deformation

.of germanium, although resulting in high densities of
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dislocations, may not increase fhe amplitude of the signal
encugh to make it observable, due to increased strain
bfoadeningr Throughout this work, only as—grown crystals
were studied,'with dislocation densities ~10% cm™2.

Without the aid of large numbers of artificially

induced dislocations, one needs several orders of

" magnitude greater'sensitivity to detect the spin resonance -

of the dislocation dangling bond electrons. This greatef
sensitivity was achieved through the use of high-QG
microwave resonant samples and electric detection of

magnetic resonance.

The:following.sections'of this thesis treat fully
the experimental methods, experimental resQIts, detailed

analysis, and conclusions.



CHAFTER II - EXPERIMENTAL
II.1 - APPARATUS

All gxperiments were conducted
superheterodyne-spectrometer described
his thesis (1), and pictured in Figure
klystron was an OKI 24V118 with output

frequency range from 22.0 to 26.0 GH=z.

¥

DETAILS

on the K-band

by J. F. Wolfe in
ilale The source
power 0.5 watts and

The power actually

reaching the sémple_could be varied over 10 orders of

magnitude using variable attenuators mounted along the

waveguide. The'signal reflected from the cavity was mixed

with that from the local oscillator klystron, an 0OKI

24V10A with output power 0.3 watts and

22.0 to 26.0 GH=z. Ampiification after

frequency range

mixing was achieved

using Kadiation Devices model ERBA-1 Brdadband'Amplifiersi

Final detection was made at the difference frequency of

the two klystrons by a Radiation Device=sz CRD-2 RF

Detector. Mixer response was peaked at 'Afl = 30 MH=z.

.
L]

Magnetic field modulation and lock-in amplification were

used.

Figures I1I.2 and -IT1.3 show the

dimensions of the



inside of the dewar and of that portion of the waveguide

inserted

into the dewar. Figure I1.4 is a blowup of the

end of the waveguide together with a cross section of . the

tunable cylindrical cavity. Optical pumping was possible

through a window at the bottom of the dewar and a hole in

the bottom of the cavity. A FEK 203 mercury vapor arc

lamp was

used with/without some combination of the filters-

'listed in Table II.1. With no filters, 0.1 watts reached

the sample. An aluminum shutter was mounted directly

beneath the cavity in the helium bath and could be rotated

from ocutside the dewar via a stainless steel rod. This,

allowed the measurement of the dark spettrum'ahd of the .

~decay of

centered
could be

measured

-limitbof

g-marker

the light-induced spectrum. The cavify was
between the pole pieces o¥'the'magnet, which
rotated in the horizontal plane. The field was

with a rotating coil gaussmeter, and had an upper

‘19 kgauss. Calibration was achieved using a

of powdered phosphorous dbped silicon embedded in

pdlyethylene, provided by E. A. Gere. All experiments

were performed with the sample immersed in liquid helium,

usually at temperatures 1.8-1.9 K achieved by mechanically

pumping the helium vapor.



II.2 - SAMFLES

I cut samples from Czochralski grown single
crystals of lightly dbped n-type germanium supplied by W.
L. Hansen and E. E. Haller of Lawrence Eerkeley &
Laboratory. Most of the samples‘were cut in the shape of
right circular cylinders using an ultrasonic.cutter: They
had diameters of 12.5 mm and heights ranging from 8 to 10
mm. The axis of the cylinder was chosen to be either a
<100 or a <110% crystal axis. A few of the samples were
rectangular parallelopipeds. Results were insensitive to
surface preparation..

Table I1.Z2 summarizes sample characteristics. Net
donor concentrations were in the range 5x10% to 8x10!3 cm~3
. Niéh the exception of one dislocation—-free sample,
dislocation etch pit densities were between 103 and 10° «:m"2
but were not uniform and should only be regarded as
order of magnitude estimates. Diverse crystal growing
conditions were selected to study which factors did or did
not ‘influence the recsults. All 8- crystals (see Table
iI.E)vwere grown in one*crystai grqwing apparatus, the
rest of the crystals in another. The growth axes of the
crysﬁals were éither £100> or <111>, the growth
atmospheres were hydrogen, deuterium, argon, or vacuuh,
and the crucible materials were éither quartz or graphite.

The typical samplé was lapped, chemically etched,
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and mounted with styrofoam in the spectrometer cavity.
whenﬂcooled to ligquid helium temperatures, the sample
itself becomes a m;trowave resonant dielectric cavity with
a large quality factor leos {(2). This high Q was

essential in achieving the required sénsitivity.:
I1.3 - EXPERIMENTAL GEOMETRY

‘Two different experimental geometries were used,

as shown in Figure II.S. Most often the magnetic field

was rotated in a plane nearly parallel to a (110) plane of

the crystal, which is the only plane containing all three -
principal directions — <100, <110», and <1113>. In the
second geometry,;the'field.was rotated in a (iOOi plane.
The orientation o?'the four tetrahedral'bonding'direétions
is indicated in the figure. The angle between the ,
magnetic field and these four axes was determined py
observing thé'angular'dependence of the electron cyclotron
resonance in the sample.

Before discussing the experimental results, 1 Will
first describe the technique of electric detection of

magnetic resonance.



CHAPTER III - ELECTRIC DETECTION OF MAGNETIC RESONANCE 1

Electric detection of magnetic resonance is:most
easily introduced.by analogy to the widely used technique
of optical detection of magnetic resonance (1). In the
latter, one observes the spin resonance of two,speties
rgiving rise to.re;ombination,luminescence.by monitoring. .
somé aspect of the luminescence (i.e. intensity or
polarizatidn) which depeﬁds on the spin polarizatibn of
thé.species;b In electric detection, instead of looking at
spin—dependent luminescenté, one looks at spin-dependent
conductivity; |

The sémple is placed in the microwave cavity of an
EPR spectfometer. Optical pumping is used, if necessary ,
to excite condqction'electrons.' if the conductivity
‘changes during spin resonance so does the abseorption by. :

the free carriers, of energy from the microwave electric

ty

field. It is this change in absorption which is detected

as a change in cavity. @&, and in general it can be of : P
either sign.v If the conductivity increases, £he

absorﬁtion increases and the Q@ decreases as far an

ordinary absorptive signal. If the conductivity
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decreases, the absorption decreases and.the @ increases as
for an emissive signal.

Dependence of the conductivity on spin
polarization can result from spin depéndent scattering
pracessés and/or spin dependent recombination processes.
"Numerous examples of this effect can be found in the
literature. Honig considered~tﬁe,neutra1 impurity
scattering of highly spin-polarized carriers in -
.semiconductorsv(z).f He suggested that Zeeman spettroscopy
of the neutral shallow donors could be carried oﬁt by
observing changes in photo-conductivity occurring duringir
changes in spin polarization. Maxwell and Honig did the
experiment for the case of the phosphorus donor in
silicon.

The basic idea involved is that the triplet
scattering cross—section (carrier and scatterer have
parallel spiﬁs) differs from the sihgleé scattering
cross~section (carrier and scatterer have anti—parailel
spins), and the percentage of triplet scattering évents is
a function of the spin polarization. The net result is
théf tﬁe conductivity is spin dependent because the
mobility of carriers is a funcfion of spin polarization..

:Fbr a more quantitative,descriptibn, consider the
following simple model. Let |

n=n++ny=concentration of mobile electrons with spin 1/2

N=N++N+=concentration. of scattering centers with. spin



1/2

p={n+-n+)/n=spin polarization.of-mobile electrons

F=(N+t-N+}) /N=spin polarization of scattering centers

Xs=singlet scattering cross section

Xt=triplet scattering cross section
- The probability of singlet scattering is given by

(NeNY+nIN4) /7 (Z2RN)Y =

(n/2(1—p)N72(P;1)+n/2(p+1)N/2(1-P))/ (2nN) =

(1-pP) /4 o ‘ | (I11.1)
The probability of triplet ecattering is

1-(1—-pP) /4=

(3+pFP) /4 . o (ITI.2)
so that the‘tqtal scattering cross section is just

X=Xs (1-pP) /4+Xt (3+pF) /4. | (III1.3)
The conductivity is proportienal to 1/X. If either one of
the spin transiﬁionS»is saturated, ie p=0 or P=0, the
change in X is.pP(Xs—Xt)/4 end the fractional change in
conductivity is

80/g=(1/ (X+AX)=1/X)/(1/X)

== X/ (X+AX)
=pP(Xt—Xs)/(XS+3Xt) (III.4)

The important points to note are that the absolute value
of the change in conductivity increases'With_increESing
poiarization and increasing spin dependence of the
scattering cross section, and that Ao can be of either

sign, depending on the sign of (Xt-Xs).

' e
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Lepine and Frejean (3J) reported spin—-dependent
photoconductivity in silicon in which the number of
carriers was a function of the spin polarization o% their
recombination centers. Instead of triplet and singlet
scattering cross—sections, one has triplet and singlet
capture croés—sections, and thus a recombination rate
depending on spin polarization. The.recombiﬁation centers
responsible were thought to be paramagnetic surface
centers.  Kurvlev and Karyagin (4,5) Dbsefved
spin—dependent recombination at surface sites in
germanium.

Spin—dependent_photoconductivity in plastically
deformed silicon was investigated by two groups
indepéndéntly. Grazhulis etal (65 observed, in p-type
deformed silicon at liquid helium temperatures, a resonant
decrease in photoconductivity coincident withvfﬁe'spin
reéonance of the dislocation spin system. They attributed
their results to the spin dependence of the scattering of
free carriers by dislocations. ‘Wosinski and-Figielski (7)
made a similar observation in n-type deformed silicon at
temperatures between 80 and Z40 kK, but attributed theif
results to spin dépeﬁdeht recombination of free electrons
at dislocations. ' Wosinski etal (8) describé a contactless
method for'méasuring the spin dépendent photocondQctivity
in which they monitor the change in Q@ ofva cavfty.loaded'

with the sampie. ‘Their contactless method isvexactly
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equivalent to electric detection of magnetic resonance.
Since conventional EPR results were already aVailable for
the silicon dislocation spin system, both groups were able
to make a direct comparison between their spin-dependent
photoconductivity spectrum and the EPR spectirum.
Spin—dependent increases in conductivity wére observed by
Szkielko (9) in dislocated silicon p-n junctions. He.
attributed his resulté<to-spin—dependentvgeneration‘of
carriers at dislocations, |

The results of the spin-dependent photo -
conductivity studies of disiocated silicon have a. direct
bearing on the work I have done on germanium. In
particular, they were of considerable aid in the
interpretation of the results to be presented in the

following chapter.

e
~
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CHAFTER IV - RESULTS AND THEORETICAL ANALYSIS

"IV.1 = ‘INTRODUCTION

fhis chapter contains the main body of
experimental results, with the exception of those fdr the
lithium—diffused‘crystals3 whichvappear in CHAFTER Q.

- I have observed two new sets of EFR lines (1) im
optically éxcited n—-type germanium sampleé éontaining
dislocétions: 24 narrow lineé (14 gaués*peak—tb—peak
derivative width), and four broad lines ( 20 to 60 gauss

peak-to-peak). Roth spectra are'associated with electrons.

- at dislocations. The lines persist for hours after
-excitation and can be of either sign. When the magnetic

field points along a <100> axis,'311v28 lines converge to

the simple spectrum centered at g=1.6 shown in Figure

IV.1., adjacent to the arsenic donor hyperfine structure.
IVv.2 - ANGULAR DEPENDENCE

As the magnetic field was rotated away from the

<100> axis, the lines proved to be highly anisotropic.
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Figure IV.2 is a plot of the angular dependence of the 24
narrow lines when the magnetic field was rotated
approximately in the (110) plane. The épectrum consists
of four main branches — two with six resolved lines each,
and two branches which appear to havé only three lines but
actually become resolved into six wheh the magnetic field
is rotated in a different plane. The overall svmmetry. of
the four branches is that of the four 111> axes, so eécﬁ
1113 axis contributes six narrow lines.  The two branches
with six resolved lines each would have become superposed
had the magnetic field been exactly in the (110) plane.
The line intensities fromvéaéh of the four <1113 axes are
in general nqt equal , thé relative inténsities being‘
sample dependent.

When the magnetic field was rotated in the
approximate (100)'p1ane; the spectrum in Figure IV.Z was
Dbserved.v Again, due to the slight'misorieﬁtation, the
contributions from the four 111> axes can be readily
identified. FEecause the lower branch in the insert had an
order.DF'magnitﬂde smaller signal than the upper branch,
only four of the six lines were seen.

Misalignment was an aid in unténgling the narrow
lines, but near perfect alignment was needed to be able to
track the broad lines over a large range of g values. The
spectrum of broad lines appears in Figure IV.4, There is

one line per <111 axis, but for perfect orientation in a

i
s
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(100) plane there are two pair of eqguivalent <111 axes.

IV.S — DETERMINATION OF THE g TENSORS

N
|

I found that all the data could be described using
an effective spin Hamiltonian Containihg on1y the
,electréni; Zeeman interaction term:

# =8H.§.8 . | (IV.1)
Here Bis the Bohr magneton, ; the maghétic field, a'the
spectroscopic splitting tensor (dQe to orbital
contributions, g is not in general isotropic.), and g the
effective spin (defined so that the number of levels in
‘the lowest group of states equals 25+1). Recall (2) that
the 28+1_Eneréy ievels are giQEn by

E(mg)=BmgHg (Iv.2)
with _

9=SART (g, CDS?(.QI)+922 cosz(ozn g32 cos?(03)) | (IV.3)
" where the g; are principal g values of the g tensor and 0;
are the angiesﬂH makes with thé.principal axes of the g
tensor. mg can assume all values fromvrSJtD;+S at integer
intervals,_consequéntly the'energy4levels are eqqally
spaced. A microwave field ﬁicos(2mft) is applied as a
-perturbation to induce transitionsvbetween theée levels.

‘ ‘;(ft)=;£lcos<2nft)=eﬁl.‘5-§cos(2’nft> ‘ (IV.4)

A Spih starting out in state mg at t=0 has a probability,

to first order in time dependent perturbation theory, of
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being in state mg" at time t given by

pimg,t)=H2 fotciﬁnsljtl(t-‘)l mg "> exp (i (E(mg)—E(mg
*yyts/mrdes|*

= <@gl Ims’ > Zsin® (E ((E(mg) -Etm ")) /A=2n

.f)/2)/((E(ms)—E(ms’))/ﬁ— 2nf)2 _ (IV.3)
Since the local field is not exactly the same for each
spin, there is.really a distribution of states peéked‘at
E(mg) and E(mg®). The transition probability per unit
time averaged over the distribution of states is given by

wimgrmg ' =6 (£) |<ag| gl Img™>] %/ c2m)? , (1V.6)
where G(f) is a line shape function normalized so that.
é&(f{df=1. .Recall that in the anisotropic case mgis no
longer ahprojecfion of § along ﬁ,.but-rather along an axis
Z with direction cosines .

(gllg cos 0, 92/9 coéoz, g3/g9 cos0j3)
with respect to the principal axes of the g tensor. It
will be the.éompdnents of ;1 normal to 2 which will
generate a ndn;zero matrix elemént between states mg and met
1. When g is axially symmetric,

g(0,)=SART ((g,; -g,*lcos®(Oy)+g *) . =« ~ (IV.7)
where 0, is the angle the magnetic field makes with the
symmetry axis. A plot of 92 against cosz(Ol) then yields
a straight line and the principal g valuesvcan be
determined. Figure Iv;S is such a plot for the four broad

lines where the symmetry axes are the four <111> axes. A

least squares fit to a straightviine vields
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9,=0.34 and g, =1.94 .
This large anisotropy in g corresponds to a ‘41 kgauss
spread in the spectruﬁ at a frequency of 25 GHz .

The g tensor for thev24.narrow lines is arrived at
in the same way. By inspection I found that the 24 line
spectrum is identical to one resulting from spin 1/2 sites
with the 24 symmetry axes,

<1113%a<110%,, , o IV )

where i= 1 to 4 and k= 1 to &6, subject to the condition
illl}i-<110}k=0, with a=0.021. The significance of a will
be discussed in section IV.8. The prinéipal g values,
derived exactly as for the broad'lines, are

g,~0.73 and gl=1.89 .
A comparisoh with g values for other defects in Ge appears
in Table IV.1.

f used computér siﬁuiation of spectra to verify S
the identification of the symmetry axes. All simulations
Qere made for tHe case of perfect crystal alignment. I
chdse & coordinate system with axés QIOO}, 4010}, and
<001%. For the first geometry, E is in the (11Q) piane
and

H=H<sin (8) //=T, —sin(8)//Z, cos 8 :
where 8 is the angle avmakes with respect to the 4601}
direction. There are six.symmeﬁry~axes'derived frDm>the

4111 > auis. The unit vectors for these six axes are

A - o,
1Dlﬂ=(<111>//3+a<11o>//§>/SQRT<1+a2>
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B =(<1113//3-0<1105//2) /SORT (1+a?)
=(<{1113//3+a<1013//2) /SART (1+a?)
Qulﬂ;<<111>//§-a<301>//§)/saRT(aéa’)
§D1H=<<111}//§¥a<oi1>//§)/SQRT(1+a2)

2 - . = f-—\f'-'T' 2
6uln—(&1111/ S3=a011>/Y2)/SAQRT (1+a%)

The: cosine of the-angle-between‘ﬁ and each unit vector is

=(asind+1//3 cos6) /SORT(1+a?)

> A
C,=cos (H,2)

2
‘=(—asinb+1//3 cos8)/SERT(1+a?)

> A
C3=CDS(H,3)

=(-a/2 sing¢ (1//3+a//2)cosb) /SART (1+ a?)
+> A
.Ck=cos(H,4)
=(a/2 sin8+(1//3-2//2)cos8) /SERT (1+a2)
-+ A : .
Cg=cos (H,3) -
=(a/2 sin8+(1//3+%//2)cosH) /SART (1+ a?)
> A
C6=COS(H,6)
=(-0/2 sind+(1//3-a//Z)cos8) /SERT (1+a?) ,
The six lines associated with the <111 direction are then
calculated using the equation
; 2 2 2, 2
gk(e)=SQRT((g"—gl)Ck+gl) . _ {IV.9)
with k=1 to &6 and the experimentally determined principal
g values. The six lines associated with the <111>» axis

“are identical to the ones just calculated.

Unit vectors for the six symmetry axes related to

. the <111> direction are

LS



A i
=(1//32111>+8//Z<1103) /S0 +oct
1[111] ( 111 //Z41103) /SORT (1+at)
éﬁll]= (1/¢Y3<111>-08//341103) /SORT (1+&?)
. o -
3[111]=(1/ 3<11134+2//2£101 ) /SERT (1+&?)
A -
4ﬁll]=(1_/f2?--::111.‘:-(1//5'-:2101})/SQRT(1+0(*)
vé[inf (1//3<111542//2<0115) /SORT-(1+&%)
A - -
6[1-1-1]= (1//34111 5=0//2<0113) /SORT (1+&%)
The cosine of the anglefbetween H and each unit ‘vector is -
C,=(-2//% sind+1//3 cos8) /SERT (1+a2)
=C2 |
Cy=(-2//& sinb+a/2 sin8+1//3 cos8+A//Z cosd) /SERT(1+d)

C,=(-2//& sin8- W2 sin8+1//3 cosé- /T cos8) /SERT:(1+d)

=C6
The g values ére again calculated using equation (IV.9).

The six unit vectors associated with the <111

vdirection»are |

gt.T.]=('1//ZT 1113+ &/ /F <;10>-)/S@RT(1+0<1)

ﬁt,,—,]=(i//§ 2111 3= /Y2 <110>) /SART (1+al)

é\‘[.T.]=_(1’/./§ <1T13+4//F <0113) /SORT(1+x?)

| Q[m]:‘( 1//3 <1113~ Q//3 <0113) /SERT (1+a2)

§[,,—,]=<1//§ L1113+ /YD <1C)1}')/SQRT(1+0(,")

2[,7,]=(1//:7-'. 1T15-0 /2 <:Io1>¢)/SaRT(1+x‘)
the angle between H;and each unit vector is

- The cosine of

C1=(2//3 5ine+1//3 cos6) /SART (1+«?)

Co

C,=(2/Y& sin8-a/2 sing+1 /3 cosB+a/Y3. cos8) /SART (1+6)
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C,=(2/VE sino+&/2 sine+1/YS cose-a/vV/Z cos8) /SORT (1+)
=C,
'The g values are again calculated using-eduaiion (IV.9).
Figure IV.6 shows the simulated spectrum of the 24 narrow
lines for the magnetic field in. the (11Q) plane.

In thé-secondfgeometrf,,thEﬂmagnetiC'field'is-
rotated in the (100) plane and

H=H<0,cos6,-sind> .

The cosine of the angle between H and each of the six axes
derived from the <1113 direction are

Cl=(cose(1//§—§//§)—1//§ 5in8) /SERT (1+&?)
Cp=(cose(1/V3+a//2)~1/Y/3 sine) /SORT (1+a®)

C3=(1/VZ cose-sine (1/VI+a//2)) /SORT (1+ &)
C,=(1/V3 cose-sine (1//3-a/VZ)) /SERT (1+ah)
c5=4coge(1//3-60/5)—sinex1/J3¥u/f§))/SQRT(1+«2>

€, =(cose(1/VI+0//F) ~sin 8 (1/V/3-a/VZ)) /8ORT (1+x?)

6
The exhressions for the six aves derived from the L1113
are iaéntical to these.
Thebcosinefof:thEAangle between H and-each of the:
six axes derived from,the <111> direction are
C,=(cose(1/¥Y3-a/VD) +1 /T sine) /SART (1+x?)
Co=(cos8(1/V3+a/VZ)+1/V3 sine) /SORT (1+a?)

c3=<1/J3 cose—-sin 8(X//2-1//3)) /SART (1+&?)

=(1/V/= cos8+sin6 (/V2+1//3)) /SART (1+al?)

Cy
" C

5=(cose(1/J3+avJ§)—sine(a//§—1/¢§>>/S@RT(1+«1)
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Cg=(cos6(1/ S-a/VZ) +sin8(X/V2+1/Y3) ) /SORT (1+2)
Likewise for the <111 direction. The g values are again
calculated from equation (IV.9). Figure IV.7 shows fhe
simul ated spéctrum when the magnetic field is rotated in

the (100) plane.
IV.4 - DEFPENDENCE ON OFTICAL EXCITATION

Neither the four line spectrum nor the 24-line

. spectrum was seen prior to illumination of the sample.

13
Radiation from the J00° K window was sufficient to induce

both épectra, but.the effectiveness of this mode of
excitation was sample dependent. EBetween 10 and‘iboo %
enhancement could'bé'achieved with a mercury vapor arc
lamp through é 2 mm thick room temperature Ge filter,_the

size of the enhancement being>samp1e dependent.

Typically, samples in which the window radiation was least
-effective underwent the largest enhancements. The

intensity of the light had a pronounced effect on the

shape of the lines. Figure IV.8 shows the e+fe¢t of
placing.a-lobdb neutral_density filter in frontvof the
lamp. The lines were absent durihgvillumination-with the
tofally unfiltered arc lamp, but were masiimized after such
iliumination. Fresumably, the holes created while pumping
above the band~ga§;combine with dangling-bonds»tb cause

extinction of the signal.



I first attempted to study the excitation spectrum
by placing a spectrometer in front of the lamp. No
conclusive results were obtained in this way, probably
because the intensity of the light getting through the
spectrometer was too small to make a substantial. change .in

the signal. So instead of the spectrometer 1 used the set

of long pass filters listed in Table Il.1.: Each-long pass -

filter was used in conjunction with the Ge filter and the
20 db neutral density filter. The size of the arsenic
hyperfine structure was monitored to check for any changés
in coupling of the mode to the cavity. The results are
shown in Figure IV.?; Enhancement sets in at a. photon

energy of about 600 meV.

IV.S — EFFECT OF MICROWAVE FOWER

Early in the study, analysis of the spectrum was
hampered by the extreme asymmetry of the lines. The
asymmetry could be decreased.by:decneasimg;thewmicrowave
"power going into the cavity, but the lower limit of the
apparatus was 0.5 X 10~ % watts. Installing additional
attenuators along the waveguide had a pronounced effect on
the shape of the lines. Figure IV.10 shows one of the
broad lines at (a) 0.5 X 10_'8 watts and at (b) 0.3 X 10'6

watts. At low power the ambiguity as to the sense of the

"



line is eliminated. Figure IV.11 compares several of the

[N
w

narrow lines at (a) 0.5 X 1078 watts and at (b) 0.5 X 1077

watts. All samples showed qualitatively the same
behavior, but due to variations from sample to sample a

quantitative study was not attempted.
IV.6 - LIFETIME -

Since optical excitétion was required tominduce
the lines, it was of interest to study the decay of the
specter after the'removal of the excitation source. Im
general, the signal amplitude decfeased during the first
20 minufes after closing the shutter and then levelled
off. In one ¢a§e I:monitored the signal for three hours
S0 minutes,:and.once it had levelled o?f-it showed no
signs- of erther'decay. - The percentage drop in theffifst
20 mihutés was samplevdependent but.typicélly fell into
the range 60 to 80 %. Time>dependences'for‘twoisamples at
oppoéite ends of this range are piotted in Figqfe V.12,
I checked for the electron cycléfronerSOnance éigna1 to
make sure tﬁere were no light leaks. EFR of an equally
long-lived photo induced esxcited state has been reported

- for dislocated Si (9).‘



IV.7 - RELATION TO DISLOCATIONS

This section will cover the collection of
experimental evidence indicating that these two new
spectra arise from electrons at dislocations. The first .

piece of evidence is the failure to observe the spectra in

a dislocation—free sample. - All the other  characteristics =

(see Table I1I.2) of that sample Qere the same as for-
crystals which‘did'give-the new liﬁes; in particular, I
observed normal shallow donor hyvperfine structure and
cyclotron resaonance signals.

Further evidence that the new spectra_ére tied to
dislocations is the large discrepancy between the line
intensities from each of the <{11i1:> ages; as mentioned in -
Section IV.2. This behavior is explicable for a
'distribution of spins on line defects, but not point
defects.: If the spiﬁs were distributed on isolated point
defects, the {iilk directions, being equivalent, would
each have a probability 1/4 of being occupied, and one
would. see very nearly equal:contributions from the four
axes. In the case of dislocations, however, once they
begin to nucleate in the plane perpendicular to a given
~axis, it would require energy to turn out of that plane.
The result is a preponderance of dislocations in one
plane. The line intensity from one of the <111’ axes was

typically five to 10 times that of the others. The



extreme case was the vacuum grown crystal, in which I
cbserved a signal exclusively from one axis. Another
int?resting case was the {111> grown crystal, in whiéh I
observed no signal from the growth axis, i.e., no
dislocations run perpendiculér to the growth axis.
AdditionalAevidence linking the new spectra to
dislocations isithe\symmetny of the 24‘1;ne spectrum. The .
expression fqr the symmetry axes given in Section IV.3
specifically relates each <111 axis to the three <110>
axes perpendicular to it. As mentioned in Chapter I,
dislocation lines in'tﬁe tetrahedral structuré rgntalong
<11C} directions, .so the results are consistent with a
model in which the signal. is due to dislocation dangling
bonds which are nearly perpendicular to the dislocation

lines.

Yet another connection to dislocations is seen in -

the sign reversal of the lines in crystals grown in

hydrogen and/or deuterium atmospheres. For normal EFR

magnetic dipole-absorption lines, as detected by the
magnetic field of the cavity, sign reversal could result
from spin population inversion created by spin dependent

relaxation processes in the optical pumping cycle. - This

interpretation however cannot explain the persistence of

the lines for hours after removal of optical pumping and

after repeated passage through spin resonance. The signal

reversal can be understood within the framework of spin
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dependent conductivity and electric detection of magnetic
resonance. Figure IV.13 is a blowup of a dislocation

line, showing schematically triplet and singlet scattering

of two photo excited electrons by dangling bond electrons..

As described in Chapter III, the relativelmagnitude‘bf the -

singlet and triplet scattering cross sections determines.

the sign of the-lines.: ' According to this model, crystals-- -~

grown in hydrogen and/or deuterigm'have a larger singlet
scattering cross section, while the opposite is true for
‘vacuum Qr.argon grown crystals. Although this difference:
is most likely due to the .presence of hvdrogen at
disldcaﬁions, the detailed mecﬁanism by which the hydrogen
changes the scatfering cross section is not known at this
time. .The fact that the effect persists long after the

decay of free carriers, as evidenced by the decavy of the

electron cyclotron resonance signal, suggestsithaf some of

the electkons.may get trapped by dislocations and still
retain some mobility along the dislocation lines (10). It
is these mobile electfcns-which may be giving rise to tﬁe
four line spectrumg- although the pdss#bilitybthat:a
different scattering'center’is-fesponsible has not been
ruled out.

One may aréue that not a single . piece of evidence
" presented thué’farvis‘verylconclusive as to the 6rigin of
the lines. When taken together, however, they build a

cbnvincing argument for the interpretation that the



spectra are the electrically detected magnetic resonance
of electrons at dislocations. The next step is to try to -
deduce from the results something about the microscopic

structure of the dislocations..
IV.8 — DISTORTION OF .THE DISLOCATION DANGLING. BONDS

Returning to expression IV.8 for the symmetry axes
of the dislocation dangling bond spectrum, the quantity a -
is a measure of the deviation of the axes . away from -a.
111> direction. Figure IV.14 shows the six possible tilt.
directions associated with the <1113 axis. Since the.:
anisotropy of the g-tensor recults from the anisotropy of
" the orbital contribution to g, the g-tensor symmetry axis
coincides with tﬁe dislocation dangling bond axis.  Let §
be the angle between the aislocationgdanglihg bond and .the:
<111>‘difection. Tﬁen

cos § = 1A/3 <1113 AWVT <1115+.021//Z
<1I0>)/SQ§T(1+.0212) ' | C(IV.L10)
or ‘6‘= 1.2

The 1.2° tilt'of the dislocation dangling bonds
could be an intrinsic distortion chafacteristi;"of the
dislocation Orbit could be the result of a Peierls-like
instability. In the case of intrinsic distortion, there
are several geometries, éhown'in FigUrE'IV.IS,Aconsistent

with the data: (a) All dangling bonds in a given



dislocation are tilted in the same direction, and along

the dislocation line. (b) The dangling bonds are tilted
alternately in opposite directions along the dislocation

line. (c) The dislocation dangling bonds are tilted in

the direction of the Burgers vector. In principle, one -
could test for this possibility by selectively inducing .
dislocations:- in one direction and then observing the tilt
direction in the EFR g-tensor axis.

The distortion shown in Figure IV.15(b) could
alternatively arise from an instability with respect to
dimerization of a linear chain of charges and/or spins.
Feierls (11) considered the problem of a linear chain of
atoms with lattice spacing "a&" and one electron per site.
The’electrons i1l one half the energy band shown in
Figure IV.16(a). Distorting the potential slightly by
dimerizing the chain, ie increasing the lattice spacing to
"2a", halves the basic cell in reciprocal space. The
distorted potential opens a gap in the energy band
resulting in the two bands in Figure IV.16(b). Treating
the distortion as ‘a perturbation 'yvields for the size of
the gap

V(T /2a) =< ¥ ( "/Ea)ldvl' Y (= /2a) > (IV.11)
where o6V is the change in potential caused by the
distortion and the Y are the wave functions for the
undistorted chain. The effect of the gap is to lower the

energy of some of the states in the lower band, and to
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raise the energy of some of fhe‘states in the upper band,
the mean value remaining unchanged. Since only the lower

band is occupied, however, there is a net reduction in

Aenergy and this is what drives the instability.

A completely analogous situation arises when one
considers a linear chain of spins coupled by nearest
neighbor antiferromagnetic exchange. In this spin—-Peierls

transition (12) the uniform antiferromagnet is unstable

‘with respect,to'spih lattice dimerization into an

alternating antiferromagnet. Fincus (13) has shown this

~explicitly for the X — Y model of antiferromagnetic

exchange. Such a dimerization would again resQIt in the:
distortion shown in Figure IV.154(b).

It is unclear at this time which, if any, of these
Feierls transitions is taking place along the dislodétions

in Ge. Grazhulis, Kveder, and Osipyan (14) observed a

dramatic drop in the.mégnetic susceptibility of the

diélocation Spin.system in silicon at T=50 K. They
interpreted this drop as being due to an instébility with
respeét to the pairing of neighboring dangling bonds to
form singlet pairS'(S%Or.' Un{ortunately5vthe usé of the

Ge sample as a high @ cavity precludes such a.temperature

‘dependence study in my case.

The results described thus far are totally
different from those observed for the lithium difquedv

crystals, which I-will present next.
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"CHAPTER .V .— LITHIUM AT DISLOCATIONS IN Ge

The behavior’of“}rthrUm'fnJGe*iS"of”both“;“'“f
technological and fundamental interest and has been
studied in some detail (1 - S). Lithium is a shallow
donor, and as an ihterstitial impurity, it diffuses
rapidly, but can also be.trapped at defects to form
shallow donor complexes (for example, Li0). Reiss et al
(1) postulate ion pairing between lithium iohs and
adceptor siteé-in dislocations. ;Clearly if the litﬁium
were to bind to the dislocation dangling bonds, one would
'nq longer expect to see the dangling bond EFR spectrum
deécribed in Chépter IV.  When studying a lithium diffused
Ge crystal containing dislocations, I did in fact observe
a totally different spectrum, arising from lithium at
dislocations.

Two samples, one - dislocation free cut from boule S

-2) cut from

- 29. and one containing>dislocationsv('V103 cm
boule 370, were first saturated with lithium by diffusion
from the surface at 400° C. The lithium was then out

diffused for several days at 200° C until a net donor

concentration S1013<:m‘3 was achieved. After the out



diffusion, virtually all the free lithium has left the
crystal and one is left with lithium bound at defects.

Crystals grown from quartz crucibles have oxygen
concentrations NIOI“CHFBand some of the lithium is
present in the form of the LiO compléx; This complex
gives rise to an EFR spectrum (S) with an axially.
symmetric g —'tensor;'ab;ut'the four <111 axes. The
principal g values are g, =0.83 and g, =1.91. This four
line spectrum is the only lithium related spectrum
observed in the lithium diffused dislocation free sample.

The dislocated sample had an additional spectrum:
superimposed on the four line Li0O spectrum.  The angular
dependence of the combined spectrum appears in Figufe V.1,
The large number of closely spaced lines (not resolved for
all angles) together with imperfect crystal orientation:
made énalysis of the épectrum difficult. I deduced~the:”
principal g values as follows. I used computer simulation
(see Appendix) to reproduce the.main,features of fhe
épectrum. In particular, the parts of the spectrum near
‘g=1.9 have near zero slope-and 50 are practically
unaffected by siight>sampléWmisbrientation; "Those parts
were fitted quite well by taking for principal axes
<1ib}, <112, and <111}.(plus equivalent. sets) and.
superposing thE'LiD spectrum. This éorresponds.to one
axis along a danglingvbond (due to thE'pFESEHCE’of

lithium; it is not really a dangling bond any'more),'one:
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axis along a dislocation pefpendicular to the dangling
bond, and the third axis perpendicular to the other two.
The principal g values are 1.917 + 0.002, 1.896 ¢ 0.002;
and 0.8355 * 0.010 respectively. This g tensor very.
accurately reproduces the upward displacement of the lines
at 35° with respect to the lines at 90°. After the
displacement,.fhe,lowest\dislacation‘linE’atw359~Canuno
longer be resolved from the LiO line so that only two
lines are seen as opposed to three at 90°. Thé presence
aof the Li0 spectrum leads to some ambiguity about whether
or  not tﬁere is a tilt of the dangling bond axis. xThe
splittings caused Ey‘such.a tilt could easily be . .
camouflaged by the LiO lines. If there is a tilt, it
would have to be £0.3° The lithium-has apparently
"suppressed the distortion and has.resulted instead in the

1% nonaxiallity of .the g tensor. To obtain a.higher
degree of accuracy in g tensor deterhination one could_
repeat these experiments on a’spectrbmeter operating.in:a;
higher band of frequencies.

The guestion arises .as to whether or.not the.lines. ...
associéted with the lithium .at dislocaticns have been . . ..
electrically detected. . Had they been reversed in sign the
bahswer would have been clear, but they were not reversed. .
Also, optical pumping Qas not required to induce the
spéctrum. In spite of these facts, there are still some

indications that electric detection may be involved.



Cohsider a mddel in which_positive lithium ions are
located at dangling bond sites. In the neutral
configuration each ion has a shallowly boqnd electron in
some roughly hydrogenic orbit. Rather than being
scattered throughout the bulk, these donors are lined up
along the dislocétions.resﬂlting.in considerable overlap .
of the donor electron.wave function and consequently &
conducting path along the dislocations, with the
conductivity again being spin dependent.

The evidence supporting this model is the
observation of an electron cyclotron resonance signal for
the optically shielded dislocatéd crystal. comparable to
that for the optically pumped dislocation free crystal.
The shallow donor electrons are evidently being |
accelerated along dislocations by the microwave eiectric
fieid unfil impact ionization into thE'condu&tion band
takes'place., This can also explain why I did not observe
any broad iihes from the spin resonance of the mobile
electrons. Aboye band gap light does not destkoy-the-
dislocatiaon — lithium épectrum.asvit does the dislocation
:aangling bond spectrum. In the latter case, the dangling
bonds are presumable consumed by holes, whereas in'ﬁhe
former'case the.positivé charge of the lithium ions repels
holes thus breventing the énnihilation bf the dangling

bonds.

To summarize, 'I have compared the spectrum of a



lithium diffused dislocated Ge crystal to those of a

lithium diffused dislocation free crystal and an ultra

pure dislocated crystal. Due to the absence of the \

dislocation dangling bond spectrum in the dislocated
crystal containing lithium, -and the presence of a new.

spectrum which is absent in the dislocation free crystal,.

it is reasonable’ to cOncludegthatplithiumLionswvery likely:. ...

become bound at dangling bond.sites: Electrons are so
shalldwly bound to these ions that they are easily
promoted by the microwaves into the conduction band,
resulting in abstrqng electron cyclotron resonance signal

in the absence. of optical pumping. 

“i
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CHAFTER VI - SUMMARY AND CONCLUSIONS

Using the ultrasensitive tebhniQues-of high @ self i
resonant samples and electric detection of magnetic
resonance, I have been able to study Ge crystals of low
dislocation densities. This has the advantage of allowing
me to look only at dislocations formed during crys£a1  -
growth, ie those which can be considered "naturally
occurring”. When studying dislocations created Qia
plastic deformatidn, one has always to wbndér how their
propertiesvcompére to thdse of the:héturally occuriing
"varieties. This question does not‘arise,inithe present
work.

To summarize the results of the study, I will
begin by-remarking”that I saw.no'paramagnetism in the
ground state (ie in the absence. of optical excitation). .

- There are two eqqaliy-ac;éptable explahations for this.
The first is that the spins are all ﬁaired,.leaying an S5=0
;anigufation. The‘second is that the spins are so few in
numbe thaf they can dnly be electrically detected, this
requiring the prior introduction'of current carriers. -

I did observe paramagnetic centers in optically.

e¥xcited crystals. Some of these centers had the symmetry



of the dislocation dangling bonds, with a six-fold 1.2°
distortion. The others had the symmetry of the <1113
crystal axes, and may be photoexcited electrons conducting
along dislocations. . 1 saw no evidence of the
superparamagnetism (. strings. of spins coupled to form S.> . 3
1/2 species) reported by Schmidt, Weber, Alexander, and
Sander (1) for dislocated Si..

I used electric detection to ocbserve thé'spin
resonances. This was possible only because of the spin -
dependent conductivity of the photoexcited carriers. I
observed this spin dependent conductivity to persist for .
hours after the remdval of excitation.

| Finally, I showed that the same techniques could
be used to study the interaction of impurities with
dislocations. Specifically, I found that lithium diffused
into a crystal: led £D‘an:entire1y new dislocation -
spectrum. This suggestsvthat-thellithium is located at
dangling bond sites. Alsoc, the presence of the bulk LiO
spectrum opens up the possibility of studying the
comparative rates: of bulk and.dislocation diffusion. ... ...

The resultsrpkesentéd in this thesis i1llustrate
the pawer of the EPR technique in the study of
semiconductors. Not only can it provide us with
microscopic structural information, but when coupled with
electric detection, it can also tell us something about:

charge transport within the crystal.



EFILOGUE

I will take this opportunity to give the reader an
historical view of this research. Froféssoh Jeffries had
‘the idea to try to observe the effect excitons bound to
shallow donors.would have on the shallow donér hyﬁerfine
structure. I tried very hard to observe an effect. in
Both-silicon and .germanium. My attempts were
unsuccessful, possibly ﬁue to the short exciton lifetime.

It was ering one of these attempts, however, that
I_decided to inQesiigate a biur of nondescript wiggles in
the Specffum downfield‘from {he,shalldw dénbr hYpErfine_'
-structure.'vThEQE'ultimatély became the subject of this:
thesis. I found that when operating at the lowest
possible microwave deer-some fairly'symmeﬁric lines
emerged and’the gignal to noise ratio improved

considerably. It was then that I. noticed the reversed

"sign of the lines. It also became élear'that there was a
large number of lines - the harder I tried, the more lines
I Séw.- Finally I had a plot of the entire angular

distribution of 28 lines, for two different sample

orientations.' Then I'was faced with the task of
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determining the origin of the. lines and the form of the
spin Hamiltonian. A long étring:of sa@plevdependenée
studies ultimately zeroed in on the role of dislocations
and the corresponding g — tensor.  The final huwrdle was to
figure out the excitation/decay properties of .the lines
and their sign reversal. The relevant clues surfaced in
the papers-on'spin“depéndeniwphbtufconduttivity“ﬂw%““““
sil;Con.

One final remark...l did attempt electron nuclear
double resonance .in gerTanium, with no success; " The
attempts were made .without the.benefit of .a signal. ..
averager, howeVEﬂ,.so,this,problem may merit furtheE.“”“;

study.
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I have listed here one entire computer program to

illustrate how 1 produced computer simulations of the EFR
spectra. This program was written to run on UC Berkeley®s
UNIX Basic - Flus in conjunction with a DTC 302

printer/terminal. It is designed to calculate and plot g

as a function of magnetic field direction for the field in

ei ther tﬁe $100) or (110) blane, when givenbthe principal
g values g, - g2 « and 93 . The principél axes of thevg
tensor built into this program are 31 n <111 (or

equivalent), g, u <110> or <101> or <011> (ie any of the

three dislocation lines in the (111) plane),'andA$3

perpendicular to 6, and 61 . Also built into this program

is the option to tilt %, away from <111>.infthevdifectioﬁ

of the dislocationW1ines:”.Thé*amount.of tilt is variable

and is specified by;the parameter vl thrdugh the relation”
cos(tilt angle)=1/SQ@RT (1+v1¥ )

whére vl corresponds to alpha in the text.:  The tilt can

be thought of as: a rotation of 8, and az'about 63 by the

tilt angle. |

To_uée the prdgram one must first create the



following input file:
vn1,§1,52,h1,h,v1,v,f1,f2
11,1i2,1i3
HOWx1,y0O, vyl
91,92,93
c$(ji8), n2, cl1$(j8)

Explanation*offliné'ﬁhé{,37741

nl= number of data sets to be plotted (ie number of

nondegenerate {111 axes)

width of plot in units of 25 cm

si
s2= height of plot . in units: of.\88.cm

hl= incrémentvo$»hbrizonta1'variabIE'%degrees)

h= distance between horizoﬁfal»tiékmarks
vi= alpha |

V= :distance bétween-&ertical ti&kmarks
f1= 1

2= 1

Explanation of line two:

")
k3
n
CI

1Z3= 0 for (100) plane, 4-F6r (110) plane
Explanation of line ‘three: -

x0= smallest value of horizontal -variable-
1= largest value of horizontal'vériable
yO= smallest value of vertical variable

vi= largest value of vertical variable



Explanation of line four:
gl= principal g value for axis g,
g2= principal g value for axis g,
g3= principal g value for axis.aj
Explanation of line five through line 4+ni:
c$(;8)= "." for plot character .
nZ2= number of points in branch ;8
cls(j8)= "g values:"
jé ranges from 1 to nl in integrélisteps.
One also needs a Flot fi;e, which is also listed.
This Plot file can be made executable via the command
"chmod +:x Flot". Then to run the program oné just typesﬁ
"Flot Input® where-Iant is just the name of the iant

file. The program listing follows. .



cet plotl.bes

16 ! - gcnerel plotting routlnr

15 rem plots besca on 3 principed g velucs
200 ¢im x(277,1) ,y(277,1),¢5(2)

22 cef fnr(x)=int(x)+int (Z2*(x-int (%))} .

25 princ chr$(27);"E";cnr$(27);"e";

36 open "zwerkl" fer inpuc g filc 1

av input %1,nt,sl,s2,nl,h,vl,v,qi,9z2

5G wl=l/sar (1+v1**2) '

52 wz=wi/sar (2)

54 wi=vl*wl/ccr(Z)

bt £1=590*c] :sZ=16€3%cs

tk  input #1,11,3i%2,:°

S it 13=b then r=(454hl)/hi e¢lse r=(Si+ll) /il
1t  input sl,2%e,xi,yt,vi

11€ inpuc #1,97,9¢,498 l47 i @ porellici
122 gosub 3000 1 - o tickmarks .
124 shell "stty nl1" | - alters return & linefeed
126 gosub 4000 ! - 4o axes

12¢ tor jt=1 to ri

140 gosub 1000 | - %o data input

170 rext j8
195 cleoso 1
1Lt shell "stty -rl" - uncltere return & Iinefccd

- 190 princ chr$ (it) ;che$ (1) ; ,
26¢ print "noriz-cxis tickmerke “;h;" cpory, frem Y;x5;" to "ixo
216 princ “"vcrl-cxis tickmerks ";v;" cpert, from ";y5;" to “;yi
215 print “elpha=s";vl

236 if{ i3=1 then prirt "“(11L)"

217 if i12=6 thcen print “(1lui)"

2z¢  for j=1 to ni

23w print cl$(i);ag7;g98;c¢

246 next J

4L print chr§(27);"2";

56u  goto 6LGL v

1bbw ' - @geta ingut subreouvino

1Ll ccf ins(x)=sin(x*pi/ltl;

le2t cct tnc(x)=cos(x*gi/ltl)

114¢ inpuc #1,c%(jb) ,n2,cl$(GL)

1145 print chr$(27);"C";c$(38) ;chr$ (27);"EY;

115¢ ! - ipputs plot cherecter, #caue pee.

1199 go to 1300

1200 if j8=2 then 125Q

1264 i=14k

1265 y(i,1)=scr ((c7*wl*(tnc(x(i,1))*(1/scr(3)-vl/scr(z))-

tns(x(3,1))/scr(2)) ) **24 (c6* (Ins (3 (1,1)) *wi-Lnc (¥ (1,1)) * (w2Hil)) ) **2_

+(gS* (tnc(x(1,1))42%tne(x(1,1)) ) /scr (L)) ** o)

LY
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12¢8 1=2+4k

121¢ y(i,1)=scr ((g7*wl* (fnc(x i,1))*(1/sqr (3)+vi/sar (2))-
Lns(x(i,l))/sqr(3)))**2+(g&*(fnc(x(i,l))*(wE-wZ)-fns(x(i,l))*wE))**Z_
+(g9*(fnc(x(i,1))+2*fns(x(i,1)))/sqr(b))**Z)

1214 i=34k

1215 y(i,l)=uqr((g7*wl*(£nc(x(i,l))/sqr(3)-fns(x(i,l))*(l/sq:(3)+
vl/sqr(2))))**2+(98*(ins(x(i,l))*w2+w3*(tnc(x(i,l))-tns(x(i,l)))))**2_
+(g9*(2*fnc(x(i,l))+ins(x(i,l)))/sqr(C))**Z)’ .

1219 i=4+h :

12Z€ y(i,l)=sqr((g7*wl*(tnc(x(i,l))/sqr(3)—tn5(x(i,l))*(l/sqr(3)-
vl/sqr(2))))**2+(98*(wj*(inc(x(i,l))ftnS(x(i,l))1—w2*tns(x(i,l))))#*2 P
+(gb* (2*Enc (x(i,1))+Ens(x(1,1))) /8 (€))**2) ‘ B
1224 1i=5+4l _

1225 y(i,l)=uqr((g7*wl*(tnc(x(i,l))*(l/sqr(3)—vl/sqr(2))—‘
fns(x(i,l))*(l/sgr(3)+vl/sqr(2))))**2+(98*(fnc(x(i,l))*(w2+u3)+
fns(x(i,1)) *(wz=w3)))**2_.

+(gs* (fnc (x(i,1))~fns(x(i,1)))/sqr (6))**2) .

122% 1=0+L

1230 y(i,l)=sqr((g?*wl*(fnc(x(i;l))*(l/sqr(3)+v1/sqr(2))—_rf
fns(x(i,l))*(l/sqr(3)—vl/sqr(2))))**2+(98*(tnc(x(i,l))*(w3—w2)—_

fne (x(1,1)) * (w24w3)) ) **2_ '
+(99*(thc(X(ill))-inS(X(ill)))/SQI(G))**ZY

1235 go te 1St

125% i=14k

1251 y(i,l)=sqr((g7*wl*(fnc(x(i,l))#(1/5qr(3)-vl/sqr(2))+
fns(x(i,l))/sgr(S)))**2+(g&*(fnc(x(i,l))*(—w2—w3)—fns(x(i,l))*wZ))**:_
+(g9*(£nc(x(i,l))—2*fns(x(i,l)))/sqr(ﬁ))**:)

1255 i=Zz+k

1256 y(i,l)=sgr((g?*wl*(tnc(x(i,l))*(l/sér(3)+vl/sqr(2))+
fne(x(i,1))/ear (2)) ) **2+ (cS* (fnc (% (i,1)) * (w3i-w2)+tne(x(1,1)) *w3)) **2
+(ge* (frc (x(i,1))=2*%tns (x(1,1)))/sar (6)) **2) B
1265 i=3+4k

izZéil y(i,l)=sqr((g7*wl*(tnc(x(i,l))/sqr(5)+£ns(x(i,l))*(1/sqr(3)—
vl/sqr(Z))))**2+(g&*(w3*fnc(x(i,l))+ins(x(i,l))*(w2+w3)))**2_
+(gS*(tns(x(i,l))—Z*tnc(x(i;l)))/sqr(b))**Z) : ‘

12¢5 i=4+4}. '

1260 y(i,l)=uqr((g?*wl*(tnc(x(j,l))/sqr(3)+tns(x(i,l))*(l/sqr(3)+v
vl/sqr(2))))**2+(98*(w3*£nc(x(i,1))+tns(x(i,l))*(waw2)))**2_
+(g%*(1n:(x(i,l))-2finc(x(i,l)))/sqr(é))**Z)

1270 i=S+k

1271 y(i,l)=sqr((g?*wl*(tnc(x(i,l))*(l/sqr(3)+vl/sqr(2))4
tns(x(i,1))*(l/sqr(3)-vl/sqr(2))))**2+(gS*(fnc(x(i,l))*(wz—wz)-
tns(x(1,1)) * (vztwZ)) ) **c_ '
+(99*(fnc(x(i,]))+fns(x(i,l)))/sqr(6))**2)

1275 i=64t
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127¢ y(i,1)=scr((g7*wl*(fnc(x(i,1))*(1/scr(2) -vi/scr(2))+
fns(x(i, 1))*(l/°or(3)+v1/°Cr(2))))**L+(QH*(inc(x(1 1)) * (wzawl)+
fre(x(1,1)) *(w2—wz))) **2_ v
+(g9* (fnc(x (1, ]))+fn°(k(1 1)))/scr(6))**
1280 co tc 15t :
13686 ! - determines x
1231 if il=1 then 1400
3z0 fer i=l to nz.
1325 fg=(i-1)*r/n2
1220 x(i,1)=te*n: . .. ..
134¢ next i
1359 gotc 156y
14(( ! - inpute x
18t if iZ=1 thcn -létu - -
1861 | - cetermincs y
1802 1=nz/r
15C3 n=n¢-]
1545 tor k=i to n steg 1
1506 if iZ=¢ then 1Zit @ oo
181¢ it j&€=2 ¢c to 1534 - v
1515 if je=Z go tc 154¢ -~ "
1519 i=1+k . »
152y y(i,l)=sqr((g?*wl*(fnc(x(i,l))/sqr(3)—2*fns(x(i,l))/sqr(ﬁ)))**2+
(g8*w3*(2*fns(x(i,l))/sqr(2)—£nc(x(j,l))))**2_
+(99*(fns(x(i,l))/SQr(2)+fnc(x(i,l)))*2/sqr(b))**2)

. 1524 3=24k

1525 y (3, 1l)=scr ((¢7*w1*{(fns(x(i, 1)) *(vi/2-2/scr(t))+
frec(x(i, ]))*(vl/ucr(2)+1/"cr(g))))**24(ot*(tnc(\(l 1)) *(we=wl)d
fne (¥ (i,1))/sar (2)* (W2+42*%w2)) ) **2_
+(co* (fns(x (1, 1)) /sar (2)+fnc(x(1, 1)))/°c1(6))**2
152% i=3+k .
1528 y(1,1) =sgr ((g7*wl* (fnc(x (i, l))*(l/qu( )-vl/sgr(2))-
tns(x(i,l))*(4/°qr(6)+xl/2)))**44(g *(fnc (x(i,1)) * (wetws )+
tns(x(i,1)) *(wz-2*2)/eqr(2)) ) **c .
+(g9*(tne (x(1,1)) /gar (2)4 fnc (x{171)) ) /egr (8))**2)
1521 cc tc 156 0 o
1824 i=14i.

1525 y(1i, 1)=°ox((C/*VJ*(A/cor(G)*in (x(i,L1))+fnc(x(i,1))/sqr(3)) ) **2+
(g8*wi* (2*tns (x(1i,1))/sqgr (2)4+tnc(x{1, 1))y **e_
+(g9*(fns(x(i,l))/sqr(Z)—fnc&X{i;l)))*Z/SQr(G))**Z;
1829 i=2Z+¥
154€ y(i,1)=scr ((g7*wl*({nz(x(1, 1))*(2/scr{c)-vi/2)+
fro(x(i, 1)) *(1/scr (2)+vl/ecr(2)))) **2+(gu* (Inc(x(1, 1)) *(wi-wl)-
fne(x(i,l))/scr(2)*(wet2 s )))**2_“,

+(g9* (fns(x(i,1)) /cer (2)~-tnc (21(1,1)))/cgr () ) **2)
1344 -i=34k
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1545 y(i,1)=sgr((a7*w1*(fns(x(i,1))*(2/car (¢)+vi/2)+
fnc(x(1,1))*(1/ccr(3)-vi/scr(2))) ) **24 (ao*{Inc{x(i,1)) * (wz+wl)H
£fns(x(i,1)) *(2*w3-w2)/sqr(2))) **2_
+(g9* fnC(x(xll))-fns(xcz.l))/sqr(z))/sqr(s))‘*2)
1546 go tc 1Sl
184¢ i=14+ :
1880 y(i,1)=ccr ({gr*w1*(v1*fnc (x(i,1))+Enc(s(i,1))/scr(z)))**2+
(go* (w2*2*fne (x(1,1))/s5ar (2)-w3*tnc(x(i,1)))) **
+(a%*2*inc (x(1,1))/sGr (6)) **2) 7+
1554 i=z+k - v
1555 y(i,1)=sqr ((g/*1*(fric(x(i,1))/sct (Z)-vLi*ths(x(1.1))))**z+
(ao* (w2*Z*fnes (x(1,1)) /ecr 2 )+wJ?£nc(k(4 1))))?*2;;; C e
+(go*2*frc(x (1, J))/ecr(u)) o o
1558 1=3+n .
15660 y(i,1)=scr((g7*w1*(fnc(x(i, 1)) *(l/cscr (3)4vi/sqr(Z))-
v1/2*Ens (x(1,1)))) **24(gE€* (InCi(x(1,1)) * (we-ivl) -
fne(x(i,1)) *wze/scr(2)))**2 -
+(gS*(sgr (2) *fns(x (1, l))/z+tnc(>(1 i))/~CL(()))**2)
1564 i=4+k
15€5 y(i,1)==sqr ((g7*wi*(¢1/2%Ene(x(1,1) )+inc(x(1,1)) *(1/scr (2) =
vl/sgr(2)) ) ) **2+(g8* (fnc (3 (1y1)) *(w2+ws) -Lns(x(1,1) ) *w2/sor(2)) ) **Z_
+(g9* (sqr(Z)*ins(x(i,1))/z+tnc(x(1,1))/sqr())) **2)
156y i=b+Kk
1576 y(i,1)=sor ((c7*wl*(v]l/2*ins(x(1i,]1))+Enc (2 (1, 1))*(l/cq1( )+
vl/sar(2))) ) **2+4 (@8* (fnc(x(1,1)) *(wz-wi)4Ens(x(1,1)) *w2/sqr (2)) ) **Z
+(g9* (fnc(x(i,1))/sar (€)-sar(2)*inc(x(1,1))/2))**2)
1574 i=€+4k ’ ‘
1878 y(i,1)==sqr ((g7*wl*(fnc(x(1,1))*(1/scc(5)- .-
v1/scr (2))-vl/2*tne (% (1,1))) ) **2+(g8* (fnc (x(1, J))*(w4+wi)
w2*fne (% (1,1))/sqr(2)) ) **2_
+(g9* (fnc (x(i,1))/sqré) -sqr.(3)*ins(x(i,))) /2)) **2)
158 for j=1l4k to nZ/r+tl.- - '
15¢2z (3.1)=fnr ((x3,1)-xc)/(x~ x()*01)
y(3,)=ftne ((y(j,1)-yL)/ (yyb*s
1585 gosub StiLk ’
1590 nexc. .
. 1565 shell "slccp "
15%6 neoxt k
15¢¢ go 17ui
16ti. ! - inpute y
17vis print chr$(evrjs o
bt recurn
30Lwrem - conputs tikmerks
el ki= 1nt(x]/h)+1rt( xn/r)
34t for i=1 wo ki ..
285 x (1, »)-Lnr((( inc(- x~/h)+1 1) *hexl)*c )/ (x1-%0) )
306k necxt



3665
3170
31¢&6
3168
3209
2205
3360
ALt
L2
4¢25
4620
4b4u
4050
IY
4e7€
4CEu
409
410t
4111
41246
41 3%
414¢
£15L
4160
41€5
4175¢
4184
41¢CH
L2014
421C
42206
4276
424¢

4250

426t
621u
Gzt
439¢
41
4372t
4350
4241

o
4351

45tL
Stul
50110
S5LIu

x5=-int (-xt/h) *h:xe=x5+(kl-1)*n
k2=int (yl/v)+int (~yi/v)+3

for i=l to kZ
y(i,C)=inr(((-int(-yu/v)+i~1)*v—yb)*52/(yJ-yC))
ncxe i

y&=-int (-yi /v) *viyé=yS+(kz-1)*v
return
rer excs stkroutinc

print chr$ (12);chrs(e);

rem - verticel cxis
=kziy(kz4l,k)=cZ:y (i, L) =c

it y(kZ,.6)=yl-yi oo 41li

c=y (GF1,0)-y(J,v)

il ¢=ir then 450

for i=i tc G

princ ".";chr$ (i) ;-

nexe i

if y(j,u)=¢ tncn 4ive
for i=1 tc 15

grint * Yo

noexi i

print chrs(i2);
J=i-1

gote 4ulc

rcm - heriz. oxis

w (O, ) =tox(k141,0)=cl

it x(4,6)=0 thon =1 clse j=u
C=x(341,0)-x(3,+)

if ¢=C then azéi

fcr i=} tc ¢

princ " "

nexi i

if i>=kl1 then 4230

tor i=i tc iZ

prirt chrs(et):".";

noxe 1 :

for 1=1 two ¢

Print chrs (i) ;

nexe

3=34 1

il j>Ki thin 4<<

acto 4t

prine chrd(27);che$ (L) aonrs (1))
LCTulrn

! - supor ploc sthreuiirnd

Je=y
x(a,l)=L:y(u,l)=u:x(nzﬁl,l)=L:y(n2+1,l)=h

L8



Gl=x(32,1)-x(32-1,1) :c1=

5656 cbs(cl)

560k €Z=y(j<,1)-y(jz-1,1):62=cbe (C2)

567¢ &=53.5-san(C2-.1)/2-sgn(¢1-.1)

5CEh  pl=t:pi=i ! - pl=p2=) cn lest move
569¢  if ¢l<=7 then pi=:

516¢  if «2<=7 then pe=l

511¢ wl=(cl-7)*pl47:m2=(22-7)*pz+7

512¢ cl=¢l-ml:a2=cz-rc

513 f=1-int((j24.1)/(n241)) ! - f=0 i1 j2=nz+i

Si40 print chr$ (c-4*pl*pe*f) ;chr$ (64+E*ml4n2);
~815¢ it pl+p2<l.5 thon 56ul

51C8 if jZ=nz then jZ=nZ+i:cc to 565

51%. rcourn '

gLéLl enc

ccot pic.

cat Sl>zworki
beeic+<<'mery
run plcl

bye

'merk

o
T

f=1 cchcrvise

k9
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- TABLE II.1 — LIST OF FILTERS

Germanium filter — 2 mm thick
Neutral density filters - 3, 10, 20, 30 dE
- Long wavelength pasé‘filteré -

S WaVelength SUZ"Waveiength Transmission Material Size Thickness

A 3.4600 - 3.5400 - 90% Ge 1"D . 040"
B 2.9060 o 2;9495,.-- 63 Ge ' 1"D  .OZ7"
C 2.4340 2.5087 - 80%  Saphire 1"D  .060"
D . 2.0500 ; 2.1100  gox - Glass "D .040"

Wavelengths in microns.
Transmission at maximum.

Long pass filters purchased from Valtec Corporation.



Boule

Number

139

400

370

Growth
Axis | Atmosphere
L1005 Hy
<1003 Ha
{100}‘ ‘H;
L1003 H1
{1Q0}' Hy
<100%] Hp; 4Dy '1:1
{100 D, -
CL100x Vacuum
<111 Ar -
<100 Hy

fAHLE I11.2 - SAMFLE CHARACTERISTICS

Crucible

Quartz

Quartz
Quartz
Buartz
Quartz
Quartz
Quartz

Quartz

Graphite -

RQuartz

Dimensions
Shape

12.5mmD (o
8x10x10mm R
6x8x10mm R
12.5mmD C
12.5mmD C
iZ.SmmD C
2.5mmD C
12.5mmD c
12.5mmD C

12.5mmD C

4x10x11mm R

12.5mmD C

Orient~-

ation

<1005
<100
<110

<100

<110

%110

C: Right circular tylinder R: Rectangular parallelepiped

ND~N

o wt

rS

A

f— e o ot e s s e ——— ]

XIOn‘

X 10'?
X 10'?
X 10/
x 109
X 10/?
X 10/?

X 102

X 10'3]

1Etchpits

(cm'l)

2x103
2x103
6x103
5x10%
1x104
1x104
5x103

1xi04

Diameter

b e e e

Donor



TABLE IV.1 - SPECTROSCOFIC SFLITTING FACTOR IN Ge

CENTER _ ~ 9

s g.| giso* ‘ Q< 100> Reference

4-line spectrum . 1.94 0.34 1.59 19,1
24-1ine spectrum - o 1.89 0.73 ‘ | 1.60 Iv;i
Substitutional F 21.93°  0.83°% 1.563 1.647 IV.3
SQbstitutionaL As C1.92%  0.875  1.570 1.647  IV.3
Substitutidnai:Sb' , » . 1.561 1v.4
‘Substitutional Bi , 1567 s
Surface Sb . 1.917  0.83 o 1.636 IV. 4
Li0 Complex 1.91  0.85 - 1,67 V.5
Intrinsic Surface s£até 1 . 2.008 o IV.L6,7
Intrinéic Surface State 2  2.003 _ _ IV%6,7
Conduction Electrdn - 2.07° 0.98c ¢

1.71°€ 1.78 Iv.8

'&: Determined From'expefiments on stressed crystals.
c: Calculated values. ' '

¥:  Isotropic value.giso=1/39” +2/39 V -

19



FIGURE CAFTIONS CHAFTER I

Fiqure 1.1 Dislocations of the screw and edge types.

Figure I.2 Germanium crystal structure including one &0°

~dislocation line,d, with its row of dislocation dangling

bohds, and Burgers vector, b. See reference I-7.



FIGURE CAPTIONS CHAFTER II

Figure II.1 Block diagram of the apparatus.

Figure I1.2 Dimensions of the interior of the helium

dewar. The inner can. is surrounded by & vacuum and a
liquid nitrogen shield (not shown).

Figure II.3 Dewar insert showing waveguide, radiation

shields, stainless steel tuning and coupling rods,
microwave cavity, and aluminum shutter.

Figure II.4 Blowup 6f the tunable cavity showing position

of sample.

Figufe 11.S5 The two experimental geometries used. The

orientation of the four <111> axes relative to the plane
of rotation of the magnetic field is indicated for (a) H

>
in (110) plane, and (b) H in (100) plane.
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FIGURE CAPTIONS TO CHAFTER 1V

Figure IV.1 Derivative curves of EFR in As doped Ge

(Boule S-17, Ny =N = 8 X 10 em-3 ). Magnetic field is

~ —

oriented along a <100X> direction. T =2 K, £ = 25.16 GH=.
Note the sign reversal of the new lines as compared to the

As hyperfine structure. Dislocation density A2 X'IO“ cm'l

Figure IV.2 Angul ar dependence of .the g—-tensor for the

narrow new lines in a sample of P doped Ge (EBoule 518, ND

-N 102 cm™3) as the magnetic field is rotated in a

A=
plane-tilted N3°  from a (110)1p1ane.' Insert éhows tﬁe
continuation of the lines for low values of g near <110>.
No data were taken for g{l, corresponding to H>19 kG, the
limit of the magnet used. T = 2K, ¥ = 26.06 GH=z,

-2

dislocation density ~v10%  em . The dashed line shows a

portion of one of the four broad lines.

. Figuwre IV.3 Angular dependence of the g—tensor for the

narrow lines in a sample of As doped Ge (Boule S5-17, ND —NA

=8 X 10'3 cm’3) as the magnetic field is rotated in a

plane tilted ~3° from a (100) plane. Insert shows the

N

continuation of the lines.for low values of g near <110

T =2k, f = 24.37 GHz, dislocation density =2 X 10" (:m‘.2

The dashed lines show parts of two of the four broad.

lines.

Figure IV.4 Angular dependence of the g-tensor for the




65

four broad lines in a sample of As doped Ge (Boule 5-17, ND

-N, =8 X 10'% cm”3) as the magnetic field is rotated in

the (100) plane. T = 2K, f = 24.36 GHz, dislocation -

density =2 X 10" cm-2 .

Figure IV.S Flot of a? vs cos?e for the four broad lines,

o, N :
where 06 1is the angle between H and a <111 axis. The
straight line means g is axially svmmetric about the;'
“111x"'s. g, = 0.34 and g, = 1.94.

Figure IV.6 Computer simulation of the 24 line spectrum

for ﬁ in the (110) plahe..

Figure IV.7 Computer simulation of the 24 line spectirum

> .
for H in the (100) plane.

_Figufe IvVv.8 Dependence of line shape on excitation

intensity, (&) ten times the intensity of (b).

Figure IV.9 Comparison of the amplitudes of the arsenic

hypérfinE‘structure {(—o—) and the dislocation lines
(—x—) as long pass filtérs of successively higher
energieé are used. Filters are indicatéd along the energy -
axis - at theirVSOZ wavelength energy.

Figure IV.10 Effect of microwave power on the broad
7

lines. (a) S X 107° watts. (b) 'S X 1077 watts.

Figure IV.11 Effect of microwave power on the narrow

=8

9 watts. (b) S X 1078 watts.

lines. (a) S X 10~

Figure IV.12 ' log Amplitude vs time after closingioptical

shield. () boule 139 (.) boule S—i? (o) arsenic

‘hyperfine structure for comparison.



b6

Figure IV.13 - Spin dependent scattering of photo excited

electrons (bold arrows) by dangling bonds along a

dislocation line.

Figure IV.14 FPFrojection of the Ge crystal structure onto

the (111) plane. The heavy lébelled lines are the 110> . -
axes in that plane.’ The six arro@s, not to scale, are
projectionsvof six of the symmetry directions of the

g—tensor for the narrow new lines.

Figure IV.15 Several possibilities for the projection of

- the dislocation dangling bonds onto the (111) plane. The

dashed lines are dislocations.

Figure IV.16  Energy bands for a linear chain of atoms,

one electron per site, for (a) uniform spacing "a" (b))

e

dimerized chain, lattice spacing "2Za'".
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"FIGURE CAPTIONS — CHAFTER V

Figure V.1 Angular dependence of the EPvaines observed

for the lithium diffused Ge sample (Boule 370) ;ontaihing
dislocations as the magnetic field is rotated in the
approximate (110) plane. Insert shows the continuation of
the lines for low values of g near <110:>. ND-ﬂvA =1£H3¢53
. Dislocation dénsity ’b103 cmfl. T=2 K. £=23.49 GHz.
Fointé aré measured values. Lines are computer simulation
based on perfect crystal alignment and g valueé quoted in
the text. Solid lines: lithiUm at diélocations. Dashed
iines: Li0o coﬁpléx. _DeQiations from calculations can be
aétounted ¥or by-éssUming a misorientation of =1°. 'Note
that lines degenerate for perfect alignment can become

resolved for other orientations.
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