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ABSTRACT
| This thesis is divided into filve ohéptéré. The first

chapter begins with a discussion of the basic principles of
| eleotro;i 'spi..n resonance and ooncludes with a desoription of the
theoretiocal '1nterpret_ation of eleotron spin resonance spectra in
terms of the Spin Hamiltonian.

ﬁe first part of the second ohapter ia_é'general discus-
sion of the physical properties of diamond a.ﬁd includes reasons
for the aials.aiﬁoatim of diamond into various types. The second
parf of the chapter is devoted to a brief his'totfioal éurvey of
the developﬁenfa in the produotion of synthet:l.o d.:l.amond The
final part of the ohapter is an autline of the expérimenta which
have Ied to the identiﬁoatlon of nitrogen as.a ma.jor impurity in
patural and synthetio diamond o

The third chapter combines and deaozi'ﬂv:);é»" _s:lgme of the experi-
mental studies which have been made en dia.mnduaing the technique
of electron spin réaonanoe. Partioular emphaais is placed on
theor:l.eé wlﬁoh have been put forward to explain "i:he eleotron spin
resomance signals essoclated with substitutiomal nitrogen in
natural diamomd. Eleotron spin reaonmoe"as'aooﬁted with synthetie
diamond 15 Aisoussed under a separate heading )

The fourth chapter is devoted entirely to. a desoription of
the experiments ocarried out in this wol.'kl and is concerned mainly

with eleotron spin resonance from five different types. of



commerclally available synthetic diamond. Those resonances, which.
are due to the nitrogen and ferrcomagnetic impux'-it:l.ea, are shown to
depend markedly on the nature of the diamond as well as its tempera-
ture. Experinents on samples whioh have been treated either by
heating or crushing or by a oo;nbi.no,tion of both, are also desoribed.
In adfitiom, results are presented which were obtained from visual
examination of samples by optical mioroaooi)y'a:;;:i_ whioh supplement
the information obtained from the eleotron sp:l;h reasonance survey.
Some of the reQulta are disoussed as they are presented. The
chapter comoludes with a summary of the main features of interest
which were observed, | o

In the final chapter the results from”a ﬁamber of thé
experiments are discussed and correlated in a.n";ttempt to present
a more complete desoription: of the e:perimental pbsemtions. Some
of the t;t_ays in which the eleotron rasmss"'gﬁééinm due to nitro-

gen impurity in synthetio diamond is affected by the conditions
existing :I.n tha mter:lal are entablishad. The nature of the ferro-
magnetio additive , the conoentration of ditlpereed nitrogen, the
formation of free radioals by oarbonisatio:_: o‘r.m_eohanioal damage,
130, 15}1 and quadrapole effeots .and aooeﬁto;:_ﬂf»ﬁritids such as
aluminiun or boren are all factors which it ia suggested are
:I.tlportent. "In additiom, a mechanism is pfopoaeﬁ to explain the
disappearance of the ferromagnetic rescnmance in heated synthetic
diamond whioh is observed in conjunction with a narrowing of the
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line width from the ﬁ:l.trogen-re‘smanoe. Fimally, some ﬁraotioal
applications of the results are disoussed and future erper.ﬁﬁental
work is suggested. ' ‘

Coples of papérs published by the author are bound into the
thesis. An additional papér is inoluded which was published by
the author and his supervisor immediately preceding this work

and which is direotly related to it.



1. THE PRINCIPLES OF ELECTRON SPIN RESONANCE

Many of the results whioh are to be dlacussed have been
obtained by the technique of electron. spin resonance. For this
reason the baslc prinociples of this subjeot are presemted together
with a rather more detailed account of those interactions which
are of importance in interpreting the subsequent experimental
resulta'.- More generalised and detailed disoussion of the theories
of electron spin resonance are covered extemsively in the awvailable
15.'l:ex'a1:1:|.re.I“8
1.1. The Reaonance Condition

If an atomlc system, which possesses a resultant spin angular
mnmentum and, therefore, a magnetic moment, 18 placed in a magnetic
field, the apin degeneracy ias lifted and a splitting of the energy
lovels 1s produced. Transitions between the energy levels oreated
by the magnetio field may then be induced by an oscillating magnetic
field of suitable frequency and symmetry.

The simplest system consists of a single unpaired electron
with an engular momentum of sh/21 (3 =13) and & magnetic moment
of 24/3(s + 1)A where h s Planck's constant aud 8 is the Bohr
magneton. The magnetio field produces two levels with an energy
separatioﬁ €A H where g 1s the speotroscopioc splitting faotor and
H 1s the magnitude of the applied steady magnetic field. The two

energy levels corresvond to the el~~*rmm preocessing about the



positivé and negative directions of H. If. an ;éoillating magnetio
field of frequenoy Y is applied in a plane normsl to the steady
ma.-g:eti;: field, transitions can be induced betwéen the levels when
hy = gp H f‘or the szingle eleotron system the spin of the. elec-
tron provides the only contribution to the angular momentum; g is
equal to 2.0023 and the resonance condition 1s ‘lsatisfied for a
steady ﬁﬁ@etic field of 3,400 Oe wheny 18 9,500 M Haz. Y ocours,
therefore, in the miocrewave reglon of the eleotromagnetio speotrum
for magnetic fields above about 1,000 0Oe.

In a sa.m_ple whioch ocontains many unpﬁil.'re'(’i glectron systems,
the thermal équilibrium distribution of the ﬁhﬁai.red eleotrons
between the enérg levels created by tﬁe api)iig{i_" magnetic field 1is
desoribed by the Maxwell-Boltsmann expression. ' For the group of
single elee'tro:; gystems, the ratio of the mumber of unpaired eleo-
trons 1n the h:lgher energy state ny to the number in the lower
energy state n, is givea by _ B2 . o kT) where k i Boltzmann's con-
stant a.nd‘T is the absolute temperature. At a11 but the lowest
temperatures, hY< ET and to a good approximation 4 n = ?ﬂy where

4n = :-1_,' - n,a:nd N, =0, + 0. Transitions between the two
- ‘energy iévels-;re induced by the applied radiation and oocour with
equal pz;oba_tiiity in either direction. l?awévér; ‘as the number
changing state per seoond is proportiomal to the probability per
gecond of a change and to the population of the state, there is a

net migration of eleotron spins from the lower to the higher level.



It Pollows that 1f & sufficiently strong mechanism 1s available
which faill enable eleoctrens in the higher level to lose energy and
to relaﬁ: to the lower lewel, the population difference will be main-
tained a.nd. a continuous absorption of power from the osoillating
‘magnetic field will take place., A steady state resomance can be
observed in this case if the level of the oscillating Pleld at the
sample 1a monitored, If the relaxation mechanism does not exist
n, 11T becoms equal to n,, the system will be saturated and a
steady state rescmance will mot ooour. Partisl satursticn will
ooour wixen the zjelaxation mechanihm is péesent but is weak., A
decreass in thé emplitude of the central part of the resemance will
then be observed together with an :Lnorease i.n the reoorded line
et e
1.2, s'gin—mﬂce Relaxation

Interaoti.ons between the electren spina and their surround-
mgs can oauae the spin: or:l.entatian to oha.nge while the energy
d:lﬁ‘eronoe 13 trsnaferred to the lattice. They can, therefore,
provide the relaxation mechanism which is necessary to maintain the
equilibriun population difference. Kroﬁtgg éﬁgges;ted that, for the
oage of‘ a ﬁﬁra;apetie ion in p@tioulé.r,ﬁlé:i:i:lce phonons produoe
& vibration of the erystalline eleotris £i01d at the iom whioh cem
modulate the energ levels of the 4on. Although the phonoms camnot
interact directly with the spim but cnly with the orbital motien,



the interaotion: can take place through spin-orbit coupling in
which there is magnetio interaction between the spin and its
orbital motion.

The apins oan exchange emergy with the phonons via the above
mechanism in two ways. In the direot proocess a whole quantum
corresponding to the energy level difference is exchanged directly |
with a phonon of the same frequency. In the indirect or Raman
process energy is transferred by the ilmelastic soattering of a
thonon when the spin changes orientation. Krozhigg has derived
expreuiona fof the relaxation times which m:l.ght be expected from
these 1:le0 mecMm. For s = ¥ his expressions are of the form:

Direct Process T, ='%2:T;A% seo.

Indirect or Raman Process T, = %0‘ Ai:, seo.
where 4 = separation between the groumd state and the next highest
orbital level (in om™ ), A = spincorbit ocoupling ocoefficient,
T = absolute temperature., T, 1s the inverse of the transition
rate and is a measure of the time taken for the interaction to
restore thermal equilibrium. The broadening of the energy levels,
AY, produced by the interaction is of the order of -':-‘l . The equa-
ticas desoribing both mechanisms show that icns with small values
of 4 should have wide absorption lines. A reduction in tempera-
ture will be necessary to inorease the relaxation time and thus

reduce the line width. A typioal value of the cut-off frequenoy



-8 -

for the phonon speotrum of a oryetal is 10" Hs and at frequen-
oles of 10" Hs (X-Band microwave reglon) the intemnsity of the
phonons is very weak. Sinoce the higher frequency modes are more
plentiful but are only execited at high temperatures it follows that
the indirect process is more important than the direot process at
high temperatures whereas at low temperatures the reverse is true.
1.5. Spin-Spin Relaxation

Additiomal relaxation prooesses, which oeour through inter-
aotions betweeﬁ the spims, have the effeot of vat;ying the relative.
energies of the spin levels and oan produce a>];:ly.ne broﬁdening
(Dipolar broadening). The theory of the effect has boen studied
in d.etaif'by Van Vleoklo and by Pryce and St’e"i'rena.ll

I£ oach ion is regarded as & dipole precessing in the applied
magnetio field, (Larmor precessiom) its compoment in the direction
of the applied fileld will have a steady value whioh  will produce an
axtra magnetio fleld at the neighbouring paramagnetic icms. The
total field value at any one lon is altef'eii: Qliéhtly and the energy
levels are 6on§equent1y ahiffed. This ef‘feot varies with the
direotio;:; of the applied magnetio field amd tl_n'e'::'-'(:ontribntion of
each neighﬁmring dipole will have an angular ngendenoe of the
form (1 - 3 008”0 ) where @ is the angle be'tiilaéigi the line joining
"the dipoles and the directiom of the applied':'ﬁéld.

The rotating component of the precession can alse cause

line bdroadening by induoing transitions between spins of the same



~9 =

Larmor frequemoy thereby reducing the lifetimes of their emergy states.
L;.ﬁe.‘b:;oédening caused by a relaxaticn 'p'j;;oesa which limits
the 1ifetime of an energy state is an example of homogenecus
broadeni-jng.‘ ﬁémogeneous broadening appliéb' only to line broadening
oaused by interactions within the spin system where a single relaxa-
tien prosess 1s involved. Tt is possible to saturste the whole of
& homogeneously broadened line by applyi.ﬁé hﬁ"};éoillating_ field of
sufficient intensity anywhere within the fraqﬁaﬁey range determined
by the line width, When saturation ooours the effect is to reduce ‘
the expected power absorption and to alter the line shape. (Section 1.1)
Inhomogeneously broadened lines eocur é:l."éi:ar due to inhomo-
gemeitiée' in the megnetic field such as those"'iic'roduoed by the steady
f1eld components of the dipolar mteraotiqin"oi'-';by interaotions whieh
vary with o peﬁ.od which is long oompa.re& with ;t;he time of a spin
trensitiom., The lime shape in this case is produced by & distribu-
tion of individual lines each with their wn chirasteristic relaxa-
tion tﬁ:ea.” P;ov!.ded, therefore, thai hteraéﬁons involving oross
relaxetion processes (Section 1.5) are relatively weak, any additional
broaden:i.ng which ocours due to saturation: takes place for the indivi-
dual lixzxe'ic' geparately. The line shape and width does not change on
saturation but the expected power absorpt:l.on_fa.ll in the same
proportion ecross the whole of the line shape.



From the foregoing discussion it is éive»a;i--that dipolar
broadenimg results from two 1ine broadening effects, one of which
is an ﬁhomogeﬁebns effeot die to the steady fleld components and
the‘o'th;r. is a homogemeous effect due to the rb'é'ati.ng field compo-
nents. ' For interaotimg dipoles which are not idemtical it 1s
,_poﬁsible that the gyromagnetic rat:l.oa of -the nuclei involved may
differ to suoh &an extent that dipolar broadening 1s caused malinly
by the :l.nhomogeneous broadening effect.

Spin-spin or dipolar interaction is charscterised by a relaxa-
tion time T, in & similar mammer to spin latiics relaxatiom. In-
contrast to the spin lattice interaotiom, however, the spin-spin
i.nterao;::'l!om“:ls not temperature depandent: Mt;i;éc;ver s 8pin-spin
interaction falls off rapidly with mreéﬁﬁé distance between the
ioms, ]-Z»f onthe other hand the spins q.re'T:'roug!'.it c¢logser together
d:l.pomari bro#dening does not necaséarily 1:._mraﬁ;;' as might be

P FA,

expeoted,
1.4, Exchangg Interacti.on

If the ians are sufficiently close together the wave functioms
‘ deacribing the spin states will overlap and & Ia_.imple veoter summa-
tion of the magnetio Plelds of the dipoles at meighbouring lattice
site§ does not lead to a satisfactory deaoript:lom of the behaviour
of the system. It 1s necessary to comsider interactions between a
large number of stroengly mteraoting ions, Van Vlev::lt::"o studied



this probiem in I948 and showed that the 'spina are ooupled by
exchange forces and the effect can modify the line width oconsider-
ably.

t

When the neighbouring ions are similar exchange interaction
narrows: the observed line width at half-height and broadens it in
the wings. In thecretical terms this means that the second moment
~ of the lime shape remains oonstant but the fourth moment oha.ngea.m
lFor dissimilar ions two different tranaitibhs may be brought
togethei' and ome broader line may be produdéd. Exchange Inter-~
aotion is found in mapy undiinted paramagnetio salts aﬁd the expeoc-
ted dipolar &&deﬁng 1s often reduced by a large faotor. An
effoot of this kizd 1s observed in diamond with the rescmance from
high concentrations of dispersed nitrogem. (Seotion 3.3.3)

1.5. Cross Relaxation B

Resulte from past experimamtal studies have shown that it is
not a.:l.mys‘poés.ible to interpret masnetig rems'lc'm;ﬁoe speotra patis-
factorily with the 81d of the relaxatiom processes so far desoribed.
Spin-lattice relaxation desoribes a mochanism whereby a. spin system
remains 4i thermal equilibrium with the lattice. In contrast,
alpoler interaction describes how thermal equilfbrium between the
spins is achieved. Tt follows, therefore, that “if spin lattice
relaxation i1s reduced by lwéring the temperature of the system 80
that T,> Tp, the equilibrium botween the spins is obtained through
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dipalariintemétim rather than through tha ia%ioe and the li.né
width ofﬂ;l resomance is determined by thé d.i.po].ar interaction. For
many syé'iy;éﬁl,hin particular those in whieh adjacent rescnance lines
partially overlap, dipolar broadening does mot provide a logieal
explanation of experimemtally observed line ﬁdths. For example,
the 1ime width A H due to dipolar broadening is glven approximately
by the expression 4H~ ¥x1072%06 where N is the mumber of unpaired
eleotrm;n_ gghs_lper oo.lz In: pany msta_nqes-,‘ 1nulna.1.ng the case of
diamoni;_fhe vﬁue of N 18 not high anougﬁ to-ao’eount for observed
lime wititha. éunseqnently, add:l.t’imlr rela.xat:l;n mechanisms have
been préposea and :I.:u:vest!.gatod.]5 o

Forequal spacing of the energy le;';a:!.a of'a spin system &
Boltm&:_ distribution over the different spin levels 1s esteblished
in a time of the order of T,. For unequsl spacing the establish-
ment ofta Bt;iti;mann distribution: ocoours éelati;;iy slowly '’ 15 and,
theiefoi‘e, the spins come into equ:l.libr:h]u; withthe lattice first
with th_éh: i'es?eotive relaxation times T;'.‘ "{n"the intermediate
regiem c'i'f{".;';opréd.ma_.tely equal spaoing different -farts of 'l;he spin
system may come into internsl equilibrium in an intermediate time
Tes which 15 oalled the cross-relaxation time. Bloembergen et all’
' have ghown that mltiple fIip-flop processes of nelghbouring loms
in which the Zeeman energy is almost comserved are responsible for

this effeot and the small balance of emergy is taken up by the dipolar
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interaotion._ it 18 worth noting here that it is the higher order
torms C; D, E, and F of the dipolar Sp:i.m Hamiltonian (Sectioms 1.7
and 1.11) which account for the miltiple spin flip processes.

Cross relaxation effeots have been observed by Sorokin et 3116
for the nitrogen centre in naturel dismond. With the aid of a
suitabl& designed mlorowave cirouit they'v}ere able to disturd the
distribution of electrons in the energy levels assooiated with ome
reaonan;é 11ne-land at the game time to measﬁre changes in the
intemngities of the remaining lines as the-syatem returned to equi-
1ibrium via the oross relaxation processes. In this work similar
effects were observed in ome synthetio d:l.amornd. They are discussed
in more detail in Sectiom 4133, o
1.6. Fi.me Structure

The theory deseribed at the beglmning of this chapter referred
toa aiﬁgle uni)a:l.red-'. eleotron with a half :Lntegral spin, Ina
system, which might ﬁe for example a para.mametio ion, where the
ground atate 15 an orbital simglet with a spi.n multi.plioity of more
than 'l;wo (S > 1) , the degeneracy of the spin levels 1.3 often 1ifted
even 1n the absenoe of an applied mgmtio ﬂéld. Such a gzero-
field aplitting is 11lustrated 4in Fig. 1 ‘for the oagse of an ion
with8 = 1 1n a orystal field with an axl.a.l eomponent. The axial
field splits the triplet into a singlet and doublet. The applica-

tion of a magnetio fleld parallel to the axis of symmetry ocsuses the
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levels to diveifge_ linearly with slopes propé'rtiwdnal to the wvalues
of Mg. Allowed transitions between the levels are governed by the
seleotion rule AMg =+1 when the osoillating magnetic field is
perpendiaular fo the applied magnetio ﬂeld‘l.' Si.noe these transi-
ticns ooour at different field values the speotrum will have a fine
gtructure consisting of 25 lines. In Gertain situations forbidden
lines correspanding to AMg =*2 oan be obgerved.

When .the gero field splitting is large, the application of a
convenient magﬁetio field may never bring the 1&915 close enough
for transitions to be induced by an oscillating magnetic field in
the mierowave region. However, a theorem due to Kramers®/ states
that 1f‘—the:l.-é :I.a an odd number of unpa:l.red eleotrons in the iom,
then no eleotrio field ocan oompletely remt;vélﬁhli‘a degeneracy and |
the. bottom level ia always at least two-£old a.esenerate in spin.
-Eleotror;‘s.p!'.n ;eaona.nce 13, therefore, aiwaya fheoretioally possible
hmoh'uéaoa.. o

1.7. Hyperfine Structure |
If %l'ze" 6i'bit"of an unpaired eleoﬁbn’ éniﬁi_‘épes a nuoleus which

ﬁas a s;:l.n".a.hd, therefore, a magnét:lo moﬁ:eht, there is often a
mspetis interaotion between the aleotror; and. the nucleus which
can split the electron emergy levels. In the ‘general oas'.e the
interaoction AOJ;:prisea an isotrople part and an anisotropio part.
Isotropic splitting ocours when the orbital of the unpaired elec-
ﬁon‘ possesses s-character and the probability distribution of the
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elactron dénai.ty at the mucleus is finite. The nuoleus is quan-
tised in the magnetio field due to the eleotron and an additional
magnetic ﬁeid which will either add to &"suﬁfi;aot from the
external f1e1d is produced at the eleotron by the mucleus. If the
nucleus has & magnetlc quantum number M; in the £ield of the elec-
tron, the allowed tramsitions between the"engr”gy- levels whioh are
split by this interaction are glvem by the seleotion rules A¥ =1
and Al =o. |

F& an unpaired eleoctron interacting wi.th a single nuoleus
with a spi.n mumber I, (2I + 1) 1ines are possible. If the electren
mtmo%s with‘mqre than one nucleus the mimber_ of lines produced
and their expeéted intengities .depend on the ap:ln numbers of the
nuclei, their relative abundances, and the relative magnitudes of
th; hyperﬂ.ne interactions. For example;,—' :I.f the eleotron spin
mterao‘i:s more strongly with a nucleus w:lth apim number I, than it
does with & second nucleus with spin number I-,__";. then (2I, + 1)
lines afpear'wfxioh are each split into (ir_:;ﬁsub-oompmta.
Examples of the expected transitions are shown in Fig. 2 for the
three Oaseé of an eleoctron spin interacting with ome proton,
equaily;with two protons, and with a nueleus ;;I.._th a spin number of 1.
The th:u-dexamyle is applioable to a aubsfifufi&nal nitrogen atom
in diamond when the gteady magnetic field is applied along &
<100> directicn.






It is necessary in the case of dlamond to specify the direo-
tion of the steady magnetio Pleld as the number of 1ines produced
also deiaends on the symmetry of the probabili't'ylh distribution of the
' electro;; at the nucleus., Isotropio apli.i‘:?binéﬂ only takes into
account the effeot of an wnpaired splw probability density which
is sphed‘ioally distributed about a mucleus. For non-spherical
aymmt:rj in whioh the eleetron orbital n;ay possess p~ocharacter as
well aé a=character, anisotroplc splitting can ::ocur and the spac-
ing between the hyperfine lines depends on -”tl;;'én.gle between the
steady @pgtio field and the axis of symmetry. By measuring the
magnitude of the spacings between the hypei"ﬁhe ’l:l.nes for various
momn oriemtaticns of a orystal it is possible to assess the
amount ofs and p character associated vith an unpaired eleoctron
orbital, As measurements of this type r;p:;es'a'i;t an important part
of the worl: to ‘be desoribed a more detailed theoretioal interpreota-
tiom of h;yperf:l.ne interaotion is now presented.

The simple olassieal interaction energ E between two
magnetic mements 4, and Mg is g:l.veg..byljv'?..E, = f‘-“%&-"- Jgk) £)

r r
where r is the vector jJoining the two magnetio dipoles. To obtain

a. quantum mechanical desoription of the interaction. X and.4e are
treated as operators and are defined as 4 =5,-£L and M. =52£la
where I, and I are angular momentum operators and §, and §, are

the gyromagnetle ratios of the two interacting meleons. The
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Hamiltonian (H3) for the system then becomes

m e b (I 2o 3G D)

By e:pa.nd:l.ng this expression and ua:l.ng the raising and lower:l.ng

operators IY = Iy + LIS and IT = Ix-l.Ia, the expression may be .

Hy =§LLE.E§£?(A' +B'+ C 4D +E -v-F)

where Aot Iz Ipx

written

B (I Iz &I 1)
Cot (IF Tpx + Ia ‘Igh)
p< (I, Iéz + Ilf.sza".) .
B I 1,7

Fd I|- IE

The significance of the various terms A' , B '

, C, D eto.. are best
visualised by considering which states are comnected by them.
Clearly, term A' 1s oompletely dlagomsl. On the other hand B'
s:lmltaneopsly flips one spin up and the other cne down (A single
£1ip-flop process). The remainimg terms are off diagomal and
elther flip only one ép:l.n or both simlitaneaﬁgly up or down.
Slichter has shown that the met effect of the off dlagomsl terms
is to produoe very weak ab'sorﬁti’on peéks at O and 2wy on elther side
of the resonant frequemoysl, The relaxation processes imwolved for
these peaks can be desoribed-nmierr the general' heading of éross-
relaxation. If an aoourate theéret:l.oal explanation of observed

lime w:l.dth 1'5' re,qﬁiied 1'5 my im necebsaz;y to oonéider the off
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dtagomal terms and mltiple flip-flop processes. (Secticms 1.5 and
3.2.2.) In contrast, the terms A' and B' are the only two which
have to be comsidered to provide a satisfactory explamation of
enisotroplc hyperfine splitting. )

It 18 olear from the expression for Hy that as the distance
between the two magnetic moments beoomes mﬁreasing'ly small the
interaction energy becomes infinite and, therafore, the olassiocal
interaotion: theory is no longer valid., 4 term (the fermi Contaot
torm) has to be included in the desoription of the interaction to
allow for Lsotropic splitting vhich results from the s-charaster
aasooia'i'.ed with an eleotron orbital. The mﬁﬁmental derivation
of this“ferm :I.s ocomplleated a.nd. will pot be 4noluded here. A
simpler derivation: has been suggested by Sliéh‘égrz using olassical
theary. 'When the Permi comtact term is included in the deserdip-
tion of the interaotion the completed hyperfine interaction
O'pera.to? for an unpaired eleotron with an éﬁgéfive spin number
8 interacting with a mmoleus with sptn muber I is then represented

by the ‘éxprension

55 L [3._(;-_....8.),;(1;- L)-(.S. ;_)] .

H

o p® B

L08Lt 8 §(x)s.I
. p® 3

where §(z) is a Dirso - § fumotiom.
To express the interaotion as a fumotion of spin oco-ordinates only
‘an integration over the spatial parts of the electranic wave
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fumotion 1 performed and <H) = f %) | nax

For an a.ﬁ.ally symmetrio wave funotion (as in the oase of the
nitrogen centre in diamond) <x° /rS>= <y2/r>, while terms such
as<¥> are sero. Therefore, ifol= {3 B)and A= <x?%/r5 then
(Le>=ol - 2.

Colleoting terms, .
<H> =8.Sz£ {[&mp’(o) + 2(< - 3p)] IsSs

(¢ - -] . xys,)}
that 15, <H>= AISy + B(IxSx + I,sy)
X & (0 + 2P)
-

where A =

B Bfnfafz (0 - P)
r

0 = (g’-‘)/ ’\1’ (0)/ * | \(.; character)

P = <(zg—-"ig;¢12—))>(p charaster)

The caloulatlon shows how valaes of A and B appearing in the Spin
Hamiltonian are related to the s and p character of the u_npa:l.rec:l
electram orbital,
1,8. Quadrapole Interaction

Many of the processes which ocour in.eleotrm spin resonance
-inwolve magnetio lnteraotioms. However, small intensity transi-
tions whioch are forbidden 'bj the AMI = 0 gelection rule sometimes
arise as the result of an interaction between the gradient of an
eleotrioe _ﬁ.ela. at the nucleus and the gquadrapole moment of the
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nucleus. The quadrapole moment is oharacterised by a parameter Q
which 1s a measure of the charge distribution of ﬁe nuocleus. For
nuclel with & spim number greater than % the charge distributiom
is nom~spherleal and Q is finite. The nucleus may be considered to
be elongated in the direction éf the eheﬁie ﬁ.el‘@ when Q is posi-
tive or flattened@ when ¢ is megative while still retalwing its
symatﬁ about ‘the axis of spin., If the applied ma@e_tilo ﬁeid is
parallel to the symmetry axis of the eleotrie field the interaotion
shifts all the hyperfine emergy levels by an equal amount and
hence pﬁﬂnoes no change in the observed tramsitioms. If,

howevei': the applied magnetic field is not parallel to the electrie
field the tlro éna‘a_ of interaoction oomﬁéte:éﬁﬁ'try to quantise the
nuoleus r':aill.cntfg-1-:h¢=:i:r. respective axies. It 'zi's"‘péaaiblo then for the
‘seleotiom rule A My =0 1:& be broken amd for small intensity |
'forbldden’ transitiens to osour. In sdditiom, the ahift of the
energy levels is not the seme for each lvperﬁ.ne compoment as it
dopends on: B>, In this work offeots of .this kind were observed in
ons aynthet:lo diamemd. They are d:l.acuasea :I.n: more detadl in

-

SGotiom L.I} X,
L.9. 1ne w;dth

'I'he possibinty that the 1line width of an eleotron resomance
18 determined either by homogeneous or by mhomgeneoua brosaan:l.ng

processes hag been discussed in Seotion 1 3.
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The unoertainty relatiomship _A E A t~1 suggests a line
broadening due to afin—lattioe interaction of the order of %. Inter-
actions between the spins with whioh the characteristic time T, is
asgociated alseo contribute to the width of the absorptiom line, 1In
addition, oross relaxation processes charaoterised by T, may ocour.
To a first approximation therefore, the total line width is given

R |

Line broadening due to the spin-lattice interaotion ocan be
reduced by lowering the temperature but olearly T is not tempera-
ture dependemt. Depending on the presence or absence of spin-lattice
interaction within a oross relaxation process, T, may or may not
be temperature dependemt.z'

The effeot of exohange interastion with respect to line width
has been discussed in Sectien 1.4. .

If the spin lattice interaction 1s weak (T, is long) partial -
saturation may ooour. The degree of saturation: depends on the value
of T, relative to the level of miorowave power imoident anm the
sample. To avoid saturation broadenimg, superheterodyne detection
systems are employed in which miorowave power levels at the sample
can be kept very low. . _

Additiomal 1ine broadening may be :eauaed':‘;y the experimental
apparatus. Variations of the magnetic fleld value over the sample
volume which are greater than the natural 1line width, produce a
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macroscopio distribuf.:l.om of local magnetic field and hemee can
cause lime broadening (inhomogeneous broadening). The design

and comstructiom of the magnet may be respomsible for this effect.
In additiom, sidebands produced by A.C, methods of deteotiom, in
partioular by modulatiom of the steady magnetic field, cam be the
cauge ojf an observed line broadening. Both the frequenoy and the
eapli’tud_e of the modulatiom should be at least an order of magnli-
tude less than the patural line width if acourate line shape
measurements are required. This ccnditiom is part:l.ally relaxed if
uaximm sensitivity is the criteriem.

In the case of synthetio dlamend it will be shown that line
broadening is due to a spread of looallnl;ag:eti'c:‘ field caused by
ferromagnetic impurities within the sample. Hereafter, this
pheuma '.l.s referred to as ferromg:etié broadening.

o et

1.10. F'erfomg etic Resopance
In gemeral, theorles applicable to electren spin rescnance
phenomg;s' in paramagnetic systems are réli'dei}éloped and provide a
satisfactory explanatiom of experimental cbservatioms. In direct
contradistinction resenanse frem ferromagnetioc materials is st1ll

19

not fully understood although it was disoovered by Griffiths ~ in

1946.

A theory due to K:I.i'.,'l:elil._z0

is able to ascount for both the

resonant field position and the shape of the abserptiem lines.
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Although demagnetising fields and magnetic anisotropy are teken
imto account the theory ocan only yleld quantitative results if
sagples have at least one dimension leas than the skin depth
(~1m &t X-band frequemoies). It is usual, therero::e, to utilise
samples which are either in the form of thin sheets with the mlero-
wave field applied tangential to the sheet and the steady magnetio
field epplied normal to the sheet, -'or whioh are in the form of small
spheres. If & spherical specimen with a diameter less than the skin
depth is used, the theory is oonaidez_'ab;l.y simplified as it is not
then neeessar}l to introduce demagnetising factors. However, isola-
ted spheres with diameters less than the skin depth are particularly
d.ifﬂcuzlit to produce., Bsgguleyn has o;erouhé:the problem for some
metals by prodnoi.ng colloidal auspens:luna in pamﬁ’in wax whioh
oontad.n spherioal partioles less than 100£ in d:l.ameter. The theery
of ferromagnetio resemsnce has alsc been studled in detail by
Polderzz; Howéver, there remain two outsband&gg pointe in whioh
the theory and axperi.mental observations are not recemoiled. These
are the experimentally observed high g-values and large line widths.
Thgo:jatipally, due to the olose prdﬂﬁty of the spinsg in a
ferrmépeﬁé material, exchange narrowing effects should be greater
than dii:blé;i--'l')roadening effects and narrower lines are expeoted.
Several authars™> o> have postulated othor interactioms including
spin-lattice interaction, skin effect, an interastion with
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oomduotiom electrons and anisotropio exchange forces, but with
11ttle suscess 5o far. )

In this ﬁork ferromagnetio resonances were observed with line
widths between 500 and 1500 Oe and g-values between 3 and 4. .Theae
values aratyp:i.oal of -those obtained in ferromagnetlc resonance for

which af ‘the moment there is no aat:l.afaétor'y theory.

12

1.12. The Spin Hamiltonian

]'.n order to dlstinguish betwesn the various effects so far
dincuaséd’.- and to ease the problem of in';;erpret:l.ng resonance spootra,
it 1s ognmie’:_:t to -~1mtrodgoe -the -eoneept -of'the Spin Hamlltomdan
which was developee?. by Abra_,gam and Pryoe-zso

e é..pa.rms::xetio :lm;x is taken as an eﬁhple , the wave fune-
tion whioh completely deseribes an electronio atate 1a-a.n admixture
of the spin and orbital wave funotions of the free iom suitably
modified by the enviromment of the iom. The lowest state which
experimentally is usually the most important, may be characterised
by a singlequantum number S', ecalled the effe;tive gpin. 8' 18
defined by equating the mumber of electronic transitians in the
lowest state to 23'. At temperatures when only the lowest levels
are a@preoiably populated, the pa.ramgaetio iom oan be treated as
a magnetio dipole having (25' + 1) allowed orientations in an applied
magnetic field, each energy level being assosciated with cme
orientation.



- 27 -

If, however, the energy levels have & sero field splitting
energy terms mat ba added representing aleotrostatio interaction
with the crystal field and magnetic i.nteraotian with other spins.
The aum of all terms, written as a sum pf the emergy operators: to,
be appl:i.ec'[' to fho effective spin atates:‘:la k:nown as the Spin
Hamiltonia.m. The actual energies are then thé ‘oigen values E which
satisfy ‘the operator equation Hy -= E; there ¥V is the ‘wave funotion
of the Bpin state. .

Abragam and Pryo326 demonstrated that i;ll:e. splittings between
the energy levels of a spin: system may lié"'éalo;;:l.‘atea with & Spin
Ham:!ltom.;m b;r first and second order pertu;ﬁh;iMx theory. The
reaul’t_is 'h.preoiaely the same as if ome ignofeaf ‘the orbital angalar
momentum explicitly and replaced its: effect by am anisotropio
coupling between the eleotron spin and the external magnetic field.

I}A'zt'héflc'i'ysta.ﬂ.line elootric field has axial symmstry, the
.Sp:l.mHaﬁi‘E&nﬁ.n..reduees: to the form

H=D(S8 - $S(5+1) +p(a HSg + & (HeSy + HySy))

+ ATS; + B(IgSx + IySy) + @ (I8 - $'I(T + 1))
where S“‘i-e ;I:he. effeotive electronio sp:l.hhand“I is the nuelear spin.
D represents the splitting of the Zeeme.ﬁ leveis when H = 0 (sero
field splitting) in the abaence of nucléeuu_-' interaotion and ocomes
from: tha e_ffeaf‘t of the orystal field, spinforbjf.t coupling and the

syim-spin intersction. g, and g, are the g values when the applied
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mpetio f:l.eld is respeotively parallel, ‘and perpendicular to, the
cryatauine field axis. The g-values are related to the spin-
orbit o‘onpling vwhich mixes the ground and exoited states and intro-
duces & contributicn to the electronic moment from the ctherwise
quenched orbital engulsr momentum, Values of A and B ave related
to the magneﬂe dipole interactions between electrans and nuolel
which piyoauoe the hyperfine struoture. Q' is the parameter which

measures the sﬁall changes in the apeotrém- produced. by the quaﬂra-
pole interaction, The Spin Hamiltonian provides the essential link
betwaen theory and experiment and leaves the arperimentalist with
the t&ak of meé.auring the various parameters A, B, g, D, ete.

Other terms may be imoluded in the Spin Hamiltonisn to allow
for méetie iﬁferﬁctiéna between eleotrens and for magnetic inter-
aetions,;be't;men the applied field and the ﬁholgar magnetic moments. -
In e].‘eo:k:;o'n 'aia:li.n resonance studies energles a;s;ooiated:.' with these
mterao'iims are usually suffiociently anﬁll to:‘be negleoted.
CIearlw;htl'::é ‘form of the Spin Hamiltonmian f;)::'é partioulsr case
dependa larsely on the symmetry of the eurrounﬂinga' of the
parmgnet:lo 1on. | -

Experimenta show that for substitutionsl nitrogen donors in
disnamd the g-value is isotrople and D = 0,

In additiom lines due to quadrapole interaction are very

woak, It is possible, therefore, because of the axlal ay;metry of
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the system, to imterpret the main apeotnim by usins a Spin
HamdEtondan of the form |

(sp H.S) + (ALSg + B(IsSy + LySy))
The way.in whioch A and B are related to the symmetry properties
of the unpaired eleotrem orbital has been demonstrated in
Seotiom 1.7.
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2. DIAMORDS
2.1. Gemeral Consideraticns

Diamonds have been the subject of & comsiderable amoumt of
soientific investigation as they possess some imteresting physical
propertieé a.par"l:' from their well kmown aesthetlc appeal.

Themostaitrild.ng feature to arise from early experimntsl on
natural diamond was the marked specimen dependence of the physical
properties. For this reason it is usual, when inveat:lgating_dimda'
axperimsntally, to consider a number of stones and to :ld.antify the
physical properties which are comron to partioular groups of diamomnds.
Experimental data may them be ocorrelated with easily identifiable
parameters such as shape, slse and oolour.

Although synthetic diamomds were firast produced in 1953, it has
‘'not been possible as yet to produce a orystal of gem-stome quaiity.
The exact nature of the process of dlamomd growth, whether na.tural
or synthetic, is still not fully understocd. Iwo theories have beem
proposed for natural dlamomd which is known to have a voloanio origlm,
The first theory suggests that the dlamond is orystallised at great
depths and is released when the voloanie-eruption oceurs. ‘The L
secand theory suggests that orystallisation takes place as the"moliten
material oocle after the eruption. The -au'oeea'sfu:l; synthesis of dia-
mond at high temperatures and pressures supports the first theory.
However, in order to achieve dlamond synthesis in the lsboratery,
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tempera‘hu'es of at leaat 1700°C are neoesss:ry together with presmes

1

of 50,000 atmoapheras :l.n oontrast with temperatures of 1200°C and
preasures of‘iA% afmospheres which are found in voloa.n:lo aotiom
at great a.eptha? The conditions for tha growth of diamond orystals
in the hbomtory are not therefore, an exact reproduotion of those .
wh.‘.l.oh ooour natnra.lly In addition to h:l.gh pressures and temperatures,
the produot:l.on of synthetio diamond also requires the ntrodnoticm
of a mata.l oa.talyat .urbo the reaction mixture with the reault that
relatively la.rge amounts of the metal remain as an 1mpur1ty in the
finished prodnot. Sons oare has, therefore, to be exeroiaed when
apalysing results from synthetio diamond 1f the comelusiens drawn
are to be applied in the gemeral sensé to matural stomes. Although
it 1s olearly important to oompare results for natural and synthetioc
diamond, most published work refers specifiocally to ane type orthe
other, An important part of this work is ooncerned with & detéi-ﬁi.r.na-
tiom of scme of the differences which ez:!.st betweenm na.tural a.nd h
syathetio dlamend. L
It should be pointed out that the unquestiomable exj.atenﬁo;e'of
synthetio dlamond 1s founded on three basio properties which are
camman to both natural end synthetioc diamond. These are an 1deﬁﬂesl
structure as determimed by X-ray analysis, an equal hgrd:ieus- and a
comparalile resistance to corrosion by very strong acid sohti@.
However, upon: closer examination of synthetic diamond, althoug}_;_mny i
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of the characteristics of naturs-zl diamonds: are retained, other new
features appear. for example, amengst natural diamonds the most
commom faces which appear are usually octahedral or dodeocahedral.
Cube faces are relatively rare and are always rough and pi.ttlod. In
direot contradistinotion cube faces are oommon in synthetic diamomd
and are often surprisingly smooth anci perfect. -

Many of the results published on synthetic diamond have been
presented by solentists who have had a full knwle@ge of the method
of speolmen preparation and who, in aﬁditiunr, were able to produce
orystals with controlled impurity cancentrations. The need for
industrial seourity has meant thet certain informstion of this kind
was not available far this work. | -
2.2. The Physical Properties of Diamomds
2.2.1.Structure - |

A perfect orystal of diamond oontains carben atoms dn;ly.' Each
atom 1ies at the centre of a regular totrahedron and 1s Joined to
' four others which lie at the oormers of the tetrahedron. | |

The space lattlce 1s face cemtred oublc with & basis of two
atoms at 0, O, 0; %, }, 4, assoolated with each lattice point as
shown diagrammaticslly in Pig. 3. The diagram shows ths stomlc posi-
ticns in the unit celi projected an to' a cube face. Fracticms demote
height above the ba;e in units of a oube edge. The points at O amd ¥
are on. a face centred ocudbic lattice a.nd those at i and § are on &

s ety
i b,
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similar lattice which is displaced aleng the body diagmmal by oﬁe
quarter of its length. There are eight atoms in a wnit ocell and
each atom has four nearest neighﬁm:rs\ and twelve next nearest neigh-
bours, The edge length of the wnit cell is 3.567A and the distance
between neavest neighbours is 1.544K . The demsity of diamond is
3.52 p.mn-3 ' |

Moat natural diamonds exist elther :I.n the form of octahedrs
whose faces are (111) planes or as dodecahedra whose faces are (110)
planes. The simple cube with (100) faces is often found in synthetio
diamond but rarely ocours in natural stones. In addition, natural
damonds in the form of flat triangular plates are found and are
commonly referred to as 'maoles'. The plates are bounded by (iii)
faces with a twin paashg through the centre and parallel to tim large
faces, A large amount of natural diamend 1s found to exist aar“
agglomerates of small poorly formed orystals and is known as boart.
2.2.2. Opticsl Properties and Classificatian |

Diamend has a high refractive index of 2.417 at 5890A which
makes imternal reflections possible from rear facets. It is this
property combined with a high diapersive power that glves: rise t6 |
the natural brilliance. | |

The olassification of dlamond into two types; Type I and
Type II, was first proposed by Robertson et 511 as a result of a

oonprehenaivé survey on a large number of natural stomes. Thelr
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experiments illustrated marked differences in'a wide variety of phy--
sical-properties. Type I d‘lmnds have an absorptiom peak- at a-Nave
number of 1290 om "in" the inﬁa.-red a.nd absord strongly below 30002
in the ultra~violet. They show litti_l.e, photocendnotivity and ave
birefringent. In contrast Type II diamonds bhave no 1290 cm” abserp-
tlon end are transparent down to 22504 . They are photocomduotive
and optically isotropic. Most @iamends show characteristics that
lie between these extremes of classification. However, in general
this a.pprez:l.maté method of classification is direqtly rolated to the
typea of impurities present in the orystals. It can be shomn that
Type 1 dlamonds contain relatively large ooneentrations of nitrosen
impurity which do not exist in Type IT diamends’, B

A sub-classification of Type II diameonds into Type IIs and
Type IIb was proposed by Cuters}" in 1952. He foﬁnd that am.-"iypg II
diamends exhibited semi-oonducting properties and these were classi~
fied as Type ITb. A similar classification for Type I diamonds was
mropesed by Dyer et a1’ in 1965 and was based on the é‘onﬁgu:;atim
and constitution of the nitrogen impurity in Type I specimens. Dia-
monds c¢lassified as Type Ib are discussed in more -detail in -
Seotion 3.2.5. | '
2.2,3. MM

Diamonds of gem quality have thermsl conductivities st room
temperatu:‘;-e greater than any other substance. ‘A Type Ila diamomd '
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has a thermal conduotivity which is five times greater than that
of copper at 0°C increasing to twenty five times at -175°C.

At high temperatures a dfamond will burn or be transformed into
other allotropic farms of scarbon. The rate and degree of the trﬁne-
formation depends on the temperature and duration of the heating as
well 8s on the emvircmment in which the hesting is carried out.®?7

In the presence of oxygen & diamond will begin to burn at about
60090_. When the oxygen oontent is reduced to correspond to a partial
pressure of 0.4 Torr diamond will graphitize at temparatulres above
700°C. Whem the oxygen content is further reduced to 10_3 Torr, ﬁo
thermal transformations take place even at 1600°C. At temperstures
above I1800°C diamend beccmes fully graphitlized even in a high vaeuum.
2.2.4. Hardness and Strength

Diamond is the hardest material known to exist in the natural
state and, therefore, has the highest number (10) on the Mohs' “soale
of hardness. However, the term hardness when applied to diamond may
refer to its resistance to wear when used as the outting edge of a
maohine tool, to 1ts resistance to wear when used as a die, or to
its reaistsnoai ;I:o grinding and polishing. In each case the rate of
wear depends on the psrticulsr circumstances in which the diemond is
employed. Regaxrdless of the teclmique used to determine a hsrdnéss
faotor, it 1s found that hardneés varies between different d1r§0-

tions on the same face, and between different faces. Although
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conflicting explanations have been given, all theories agree that
the hardness variations must exhibit the same symmetry as the dda-
mond itself. —‘It is beyond the scope of this thesis to discuss |
hardneas effeots in detail. A paper published recently by

E. M. and J. Wilks® reviews the situation and provides many
references on this topie.

Diamond has a compressive strength of 200 kg mu>, & bending
strength of 30 kg mmuz, and a modulus of elasticity between 72,600 '
and 93,000 kg mn"? . As the compressive strength and particularly
the bending strength are comparatively low, diamond is brittle. ' The
mdult_la of elastioity is higher than that of all other paterisls.

2,3: Synthetic Diamond
The physiocal properties of synthetic dlamond are probabi} nore

varied than those cbserved im natural stones as synthetie diamdnﬂ can
be growm under fairly well controlled oohdit:lons. Only & limited
variety of synthetio stomes are awvailable eoma;-c:lally. In many
cases, only specimens which lend themselves to a particular tyfo of
examination have been aeléoﬁed for study. This 1is particularly 80
for examination by optical transmission spectroscopy as the dﬁmonds
are in general coloured and oon'l;.ain many imperfeotions and Wtie'a.

The first confirmed synthesis of dismond was schieved in 1953
by A.S.A.E. (Allmana Svenska Elektriska Aktiebolaget) in Sweden,
However, olaims had been made earlier by Hennay’ in 1880 and
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Moismlo 1

1g 1896 although these were inoocnolusive. The dia-
mends produced in Sweden were less than 1 mm in sise and it was
thought that such small stomes did not warramnt publioity.

In 1947, B:-:I.dgn.anzl'2 performed & series of experiments using
new high pressure teclmiques. The results, combimed with theore-
ticasl considerations of the diamond-graphite thermodynamic equi-
Iibrium ourve, led to a successful synthesis of diamond at the
Genmeral Elootric Company in 1955. Bundy et 5113 showed that dia-
monds could be symthésised somewhere in the pressure regim:
30,000-100,000 Atm &t temperatures between 1200°C and 3200°C., At
this stage 1little information on the reaction mixture had been
released, although it was stated that a metallioc oaf&lyst had to
be included in the reaotion mixture and also that the pre'ssure'-'and
temperature of the system had to be controlled to ensure that dia-
mond was thermodynamically stsble. In 1959 Bovenkork ot a1l*’
published a full acooumt of this research. The actual transforma-

tion from carbon to diamond occurred across a thin film of o&t;f
1ytic material approximately 0.1 mm thick whioh separsted the
carbom from the diamond. The situation is illustrated in Fig. k.
It was noted that the erystal habit varied with the tempersimré of
formation. At the lowest temperatures used, cubes were predminant,
whereas at intermediate temperatures oubes, cubo-oota.hedra; or
dodecahedra were formed. Only at the highest temparatures were

octzhedra formed. No tetrahedra were ever observed.
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In 1959 the De Beers sroup15'15

in South Afrloa axmounced &
sucoessful synthesis of diamond and by 1963 hsd opened & synthetio
diamond plant which yleldsd an output provisiomally estimated st
750,000 carsts (1 carat = 200 mgm) per amoum. Although details
have mever been released; the process used for the manufacture .of
these stones appears to be very similar to that of the General
Electric Company. The three mosﬂlt commonly used catalysts are now
kmown to be irem, nickel, and oobalt. L |
Since 1959 & number of different methods have been emplojhecI
in the synthesis of dlamond. They include contributions frem the

Dutch’’ and the Japanessi®

. However, large quantitieg of &ifferenjh
types of synthetic diamond are avallable only from De Beers or the
Gemeral Eleotric Company. '

It is worth noting that the direot transformation of graphite
to diamond without the aid of a metallic oatalyst was finally
schieved by Bundy’”*20 in 1962. As a result of his work it was
possible to locats the diamomd~graphite-liquid triple polnt aad,
tﬁarefore, to complete the phase diagram for carbow. This 1s shown
in Fig. 5. "

Although the details of spscimen preparation had nmot been
made avallable, the soientific i.nvestigat:l.on‘ of synthetilo dia.mond
began soon after the announcement of successful synthesis. x-ra',?
studies on two types of synthetioc diamend manufactured by the

Geméral Electrio Company and A.S.A.E., Sweden, were made by
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1 4n1959. They found that specimens supplied by

Londsdale ot al’
the Genera.llEleotrio Company always contained single eorystal inolu-
siong of nlckel or of a nickel-rich face centred compoumd, Results
from a spestrographioc analysis illustrated tha:.t pany metallio
Ampurities were present in the dismemd. Comoentrations of nickel
wore as high as 0.2%.

The Swedish speoimens, which were not available commercially,
did net appear to contain nickel but platinum was identifiled.
However, a private OMMtion from the qupplier indicated that

platinum was not used intentiomally as a catalyst.
22

In 1961 Charette S peported the infra-red spectra of eight
synthetic diamemds made at the Adamant Research Laboratory at
Johannesburg. Optical measurements were made by Raa1%0 in the ultra
violet but emly tenf.ative suggestions were made on: the aubjeot: ;:f
their classificatiom. As a result of observations made on twenty-
six specially selected stones i:y the same laboratory in 1962,
Charette’~ stated definitely that both Typs I and Type II synthetlo
In 1959 and 1960 Tolanak& '25 atudied the surface mioro-
struoture of synthetlec stomes supplied by the General Eleotrio""""
C,ompshy and the De Beers group. Preclse opt.tq_all and gterferq—
metrio techmiques revealed features which had not ‘beeﬁ obsérved on

natural diamonds. They were as follows:-
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1. Ootahedral faces with a hopper or skeletal charscter.
2. Remarkably smooth plane oubic faces.
3. Dendritic growth characteristics.

4., Well defined growth spirals om the highly perfeot
oube faces. -

A mechanism to desoribe the growth of cube faces was propohed by
w and I.elng:"’6 in 1964 after detailed X-ray diffraction and absorp-
tion topographic measurements were made on two seleoted s_yntheﬂe dia-
monds mmfa..owrad by the Gehera.l Electric Company. It wes shown
theoretically that cube faces can form if fluotuations oeocur im the
growth rate and nickel is present.

2.4, Nitrogen in Diamond

The first indication that nitrogen exists &g a major impurity in

3 1n 1959.

Specimens were heated to a temperature of 2000?0 in a ocarbon orucilile

many diamonds: emerged from a study made by Kalser and B

and the gases released during graphitisation were analysed with a mass
spectromster., In some éases econcentrations of nitrogen as high as 0.2%%
were found. Ft_trthermore, a oorrelation between the nitrogen o:m%ent. ‘and
the intensity of absorption: in the infra-red at 1290 om  was observed.
Preoise X-rey determinations ‘of lattice parameters and deixaity
messurements on speoimens with different nitrogen ooncentrations led
Kalser and l?'omi.3 to suggest that the impurity existedv:l.n- the form of
substitutional e.n:ll not as interstitial atoms. This conclusion was
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supparted by the faot that nitrogen is a Group V element and lies
next to and above carbon in: the periocdic table, and could poasibly
be present as a substitutionmal donor 4in the dimond latticsa.
Electron spin resonance measurements made by Smith et 3127 in 1959
demonstrated that this was indeed the ease.

Perhaps one of the most interesting features of this work
concerned the concentratiom and environment of the nltrogen :I.m;sur:l.ty.
Concentrations in the renge 10'° - 10'' /o were measured and ;rere-
several orders of magnitude less than those reported by Kaiser and
Bo;md3 « As a result of this waork most of the nitrogen impwrity in
diamond was thought to be present in a non paramagnetic form and
hence would not be expeoted to give rise to an electron rescna.lnce
signal. o

Substitutiomnl pairs of nitrogen atoms wére suggested by ' '
Smith et 3.127 ag an example of non paramagnetio arrangements of fhe
nitrogen impurity. Unfortunately, at the time at which they
reported their experiments Smith et 3127 d4d not desoribe in detail
the type of diamonds which gave rise to the eleotrom spin roaolimn'o'e'- |
speotra. This infarmation has sinoce been shown to be of oonaiziéfable
sigx:lﬂoa.néa and its implication will bel d4scussed later in the

thesis. In 1960 Kemmey and Mitchel12S

suggested that the substitu-
tiomal nitrogen may be compensated eleotronicelly by aluminmdium

acoepters or altermatively may exist in diamend in an aggregated form.
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Anomolous X-ray spikes projeoting from the Laue spots for
certain diamonds observ.ed by Ramsn and Nilakantonzg led Frmk3 Q':I.n :
1956 to suggest that this phenomena oould be explained by the
presence of platelets of impurity atoms substitutionally placed in
the cube planes. He econsidered silicon to be the relevant :I.mpnﬂty.

31 g1though agreeing iw

However, in 1958 Caticha-Ellis and Cochran,
primoiple with Frank's proposal, showed that the concentration of
silicon found in diamomd is too small to account for the spike
intensities.

Following the dlscovery of high concentrations of nltregen in

diamomds, E1liot 2

in 1960 proposed the presence of platelets of
nitrogen lmpurity atoms lying :I.n.the cube planes. .

There was now suffiolient evidence to suggest that the absorp-
tion at 1290 om ' in the infre-red would not arise from isolated
substitutiomal nitrogen bub might well do so in the presence of
nitrogen platelots.-2’>> (Clearly, a large amoumt of infarmation had
been acoumlated which suggested that the nitrogen impurity in
dlanmd exists in two different forms, A direct observaticm of the
nitrogen platelets had yet to be achieved. “ '

In 1961 Evens and Phasl’* examimed the kinetios of the
diamond-oxygen reaction and applied their results in the folla'w:lng
year’ 5 to produce specimens which were sufficiently thin for examina~-

tiom by trensmisaion eleotron microscopy. They showed that Type I
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diamonds do contain nitrogen platelets on (100) planes and that
these defects are absent in Type IT diamonds. -

In order to compute the total nitrogen ccmtent of diamond and
hence to substantiate the results of Kaiser and Bond” which had
lbean obtalned from only five speocimems, Lightowlers and Daa::l3 é
in 1964 used the technique of photon activation amalysis. Their
method depended an the reasction '*N (§, n)">N. Specimens were
irradiated with high energy gamma rays obtained as bremsstrahlung
from an electrom limear acoelerator. The isotope ®x whieh is
produced by the reation decays by positron emission with & half
1ife of 10.5 mﬁ.nntes.. The results obtained from the poaitron—'
count confirmed those of Kalser and Bend” and also demanstrated the
non-uniform distribution of the impurity. However, this method
only lends 1tself to the determinatiom of total nitrogen content
and does not provide information cm thé environment of the nitrogen
in the orystal lattice. o

Purther evidence for the non-uniform distributicn of nitrogen
platelets in Type I diemonds was provided by the ultrs-violet trans-
msslon topographs produced by Takagi and Leng ! in 196%.
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3. ELECTRCN SPIN. RESONANCE IN DIAMOND
3.1. Natural Diamond
3.1.1. Irradiation Damage

Electron spin resomance was first observed in diamond by
Griffiths: et a;ll in 1954. Their measurements were concerned exolu-
sively with the paramagnetic centres produced in: natural stones by
irradiatior with fast neutrons. Subsequently, irradiation: damage
in diamemd has been studied extensivelyz'l’ although in general, thg
spectra obtained are complicated and difficult to interpret.
3.1.2. Aluminium Acceptors

In 1958 Smith et a.l5 reported a weak electron spin rescnance
speotrum in unirradiated natural diamond. A complicated apecti-uﬁ
of up to thirty lines: covering a magnetic fleld range of approxi-
mately 30 Oe was obgerved. The spectrum varied with the orienta-
tion of the gteady magnetio field fo the orystallographio a.::l.é and
the hyperfine struoture corresponded to lnteracticn bet'weem‘a.n:'
electren spin and a nucleus with a spin of -55. The speotrum was
attributed to alumnium ions oonstituting b@d aoeeptors.' At the
time of this work speotrographic atudiess had established Ithat, |
aimninium wag: one of the elements most frequently foumd in d.-l.ammd..

3.2, Substituticmal Nitrogen

3.2.1. Hyperfine Interaoction
Electron spin resomance from dispersed gubstitutiomal nitrogen

iz dlancnd vas first reported by Smith et a1’ in 1959. For a given
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nitrogen donor one of the ocarbon-nitrogen bond direotions is a
hyperfine axis and gives rise to four similar types of equally
abundant doners. For esch primitive cell oontaining a nitrogen
doner there 1s an equal probability that the dcmor electien will

be confined to any one of the four bond directions since the .’;ump
time of the electren between the four bond direotions 1s rela-
tively slow for this system below 930°G.17 For the nitrogen
mcleus I = 1 and, therefore, if the umpsired electron orbital

on the nitrogen atom only possesses s-charaoter three limes (2I + 1)
would appear in the spectrum regardless of the orientation of the
magnetic field. However, the orbital also possesses p-oha.ractef |
"and hence an anisotropls splitting ocours (Fig. 6). If the
magnetic fleld 1s applied along a <200 directiom so that it makes
_an equal angle with all Pour bond directions, the hyperfine splitting
will be the same for each of the donors. In oontrast, for the field
applied in a {111 direction (along one of the bonds) the spacing
between the th'reel lines for donors in bonds parallel to {111>
directions will be greater than that for each of the three remaining
bomds all of which make an equal angle w:lth the steady magnetio
field. Fig. 6 shows how far this orlentation, five lines are
produced with intensities in the retios 1 : 3 ¢ 4 : 3 : 1.

Fig. 7 is & dlagrammatio representation of the spectrum

‘obtained by Smith et al/. A labelled diagram showing the ;,rcsi;timl
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of the EC‘&tom in the diamond lattice which are responsible for
the 5"°‘E‘j, aod C lines, 1s given in Fig. 8. '

Donors of "N interacting with 'C muclei (muclear spin I = %;
C, in Pig. 8) were shown to exist by the appearance of a wesk
edditional hiy'perﬁno speotrum (B). In order to make quantitative
mezgurements of the relative intemsities of the resonance limes the
gaim of the detecting system had to be reduced as the low fleld
satellite (4;) of the msim nitrogen triplet was approached. Ag a
regult of the reduction in gain and the overlap of limes due %o
their finlte width, it wag not possible to observe all the B lines
and therefore they are not reproduced in Fig. 7. The intensity of
this speotrum (4 in Fig. 7) was correlated quamtitatively with the
1.1% natural sbundance of 'C within the diamond lattice. Simdler
results were obtalned for the group ‘C 1ines (Intensity 12) wh:l:;:h
were cbserved in the wings of the main lines and which were attributed
to the donor elsctron density on: the basal BC nearest neighbou:z"fatoms.
(Cp in Fig. 8). '

The results are best desoribed by the Spin Haxdltonian

H = gpH.S + AsyIg + B(SxIx + Syly)
« 2'S,T) B (Sxlx + syiy')
where S =% g = 2.0024 (isotrople); I =1
I = % is the nuolear spin of C.

Measured values of the hyperfine sonstants were as follows:

L =40,80e., B = 29,2 Oe.
) A & 60.8 Oa-’ B = 2503 Ce,
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The results were interpreted by assuming that the unpaired
electron donated by the nitrogen is in an antibonding orbital
betwsen the oarbon and nitrogen atoms. The orbital is of thé
form § = }é', (‘#.. ~@c) (Neglecting overlap) where $, and d. are
hjbr:l.d orbits: each consisting of 28 and 2p atomic orbitals. Thus ¢
is of the fbmgﬁ-:.'- 8 + Ap. From the expreasions derived for A and
B (Seotiom 1.7) it is possible to caloulate the relative amounta
of 8 and p orbit associated with the antibonding orbital. The
‘values of the unpaired electrom probability demsities (O and P)
deduced from the experimental results are shown in Fig. 9. They
are ooﬁpared with values computed for a model in whiech the tmpairedl
electron is assumed. to be in a regular sp> type antibonding ori:ital
between the carbon and nitrogen atoms and also for a similar model
in which the bond is stretched by 10%. The stretched bond model
oorresponds to A = J7 and therefore the probabilities of finding
the electron in an s or a p orbit are § and § respectively. The
results show that reasomable agreement is obtained in the case of
the stretohed bond model. |
3.2.2, Cross-Relaxatien

The shape and width of the nitrogen re_éonanoe in diamond are
not satisfactorily explained if cmly the relaxation processes
charaoterised by T, and T; are considered. Multiple spin flip
processes: and cross relaxation effeocts which are characterised by

- Tp, (Sectiom 1.5) also have to be considered.
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The oross relaxation effeots réported by Bloembergen et ale
suggested that, for the nitrogeﬁ restma_.nce'in diamond, two spins
of the centre lime oan meke a dosmward transition while a spin .
‘belonging to each satellite line makes an upward transition |
(Pig. 10). Simple considerations of the rate at which these
processes ocould cocur were made by Sorokin et al’ in 1960. They
showed that if e saturating microwave field is suddenly applied to
one of the three lines of the nitrogen spectrum, a weak probing
microwave signal at either of the two other lines ahouldl register
a ohange in absorption: in a time Ty, . Theoretical arguments showed
that by saturating the centre line, the absorption at elither satel-
lite should drop to zero provided that Tp is muoh less than T,
and Tz, Alternatively, if either of the satellite lines are satu-
rated the intensities of the oentre lines and the remsining satel-
lite 1limes should be reduced b‘y 2 end % of their thermal equilibrium
values: respeotively. These predioti@ were verified experimentally.
In addition, 1t was shown both theoretically and experimentally that
for ocertaln cases the four spin flip mechanlam may be used to hﬁﬂ
the popalation of one of the satellite limes and to establish oomtin-
uous wave maser operation. A similar effeot has been observed in
this work from one synthetic dismond. 'It is discussed in more
detail in Seotion 4.13.3.
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3.2.3. Distributiom of Substitutional Nitrogen

The distributiom of substitutional nitrogen donors in diamond was
investigated in 196l by Samsemenkor’ He considered lime shape changes
in' different speoimens and used the meth;:d' of linear superposition to
show that the wings of the lime profiles fitted a Gaussian disi:r:l.‘bu-
tion: while the central portion had & Lorents form. He concluded that
the concentratiom of paramagnetic centres in a certain: volume of the
orystal had attained a value such that exchamge interaction was impor-
tant. Purther calculations showed that the reglons of elevated
nitrogen oontent represented about 2% of the total orystal volume.
He was unable, however, to suggest the exaot nature of the distributiom.

3.2.4., The Effect of % and'sN

11 re-oxamined the elestron "sp.tnl

In 196) Loubser and Du Prees
lresomnoe spectra of natural diamonds. Carefully seleoted stone-ﬁ, o
'whioh gave rise to marrow spectrum lines, were used. The spectro-
meter was operg.tod; at very low energy densities in the m:!.ofowaﬁ |
. &avity in order to avoild saturatiom effects and the smallest p;)ss- |
ible 100 Kiip magnetic field modulation was used to avoid broadehihg
the 1imes. A typical spectrum is shown in Fig. 11 together with a
diagram of the dlamond lattice to aid explanatiom of the resulfs.
Apart from the. lines which are spaced symmetrically on either side
of the main triplet and whioch were attributed by Smith et 81127_ to

nearest neighbours (denoted C;), additiomal lines (&) were found
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which were close to the maim 11ﬁea. These were attributed to the
intoraotliom of the 1mpai.:°e;d eleotren with B6 at other lattice
sites (Centres II, ITI and IV), In addition, lines (B) were found
and were shown to be due to the interaction of the gquadrapole
mexent of the nltrogen nuolous with the eleofr:lo fleld-gradient at
the nucleus. Finally, limes (C) due to the isotope '°N with a
nuclear gpin I = % were also identified.

The lines: (A) have sinoe been considered by other authorst 17
in more detaill and a more precise theo'retioai app:_-oa.oh to the pro-
blem has been developed. Group (A) lines were attribﬁted by o

Loubser and Du Preesl®

%o three different types of defect which
were designated centres IT, IIT and IV in dscreasing order of hyper-
fine splitting. As in the work of Smith et all, the centre II

1ines were assooiated with 'C in one of the three bast.:.'l earbom

1l

positions (Cp in Fig. 11). Loubser and Du Prees  made the assump-

tiom that the unpaired electron spent most of its: time on the

2,

nitrogen atom: but the caloulations of Bower and Symons
strated that this was not so. However, Loubser and Du Preez slso
poimted out that if the lines of centre III were attributed to B¢
in one of the carbon positicms basal to the carbem in the N-C bomi
(C3 in Pig. 11) and if the antibonding orbital gave a greater aqn.
sity om the C; carbom than om the nitrogen, the assosiation of

the lines of the C; and Cy carbons would be reversed. In either
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case the centres II and III lines would have three times the
intensity of the centre I lines in agreement with experimemnt. The
probable pesition of the *c atoms whioch gave rise to the lines of
 centre IV, was given as C,. The lines due to CB and C4 were foumd
to be isotropio and therefore it was assumed that omly the contact
part of the hyperfine interaction had a finlte value at these more
distant nuclei. This model suffered one serj.oua drawback. If it
wag oorrect, it was difficult to explain t_he direotion of the
hyperfine axis of the C atom of centre II which would have been
axpeéted-to be along the Cz-N direction. This was not the case,

The contradiotion led Bower and Sy:m:m:"2 to propose a
slightly different oconfiguration for the centre. Their model is
shown in Fig. 12. In this case it was assumed that the unpaired'
eleotron: was loceted predon!:l.namtly on the carbon atom. Lines due
to centres III and IV were assigned to G and Cp. A finite unpairsd
electrom density on the aarbdn atoms Cq was proposed as the resson
for the lines of ocentre II. In this case the hyperfine axis was ‘
parallel %o the Cg-lN bond direction end produoced a closer agreement
with experimemtal results. PFurther theoretiocal evidence in support
of Bower's results vas pablished in 1965 by Every and Schenland,l”
A moleoular orbital treatment was glvem for the nitrogen centre in
diamomd. It acooumted satisfaotorily for the quadrapole and meim

hyperfine oonstants assoviated with centres I and II.
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302-50 !!m Ib chsﬂ&ﬂo@&ionv
The imterpretation of eleotron spin rescnance speotra in

natural diamonds was now more fully understocd and it appeared that
there was little further imformation to be gained from similar
experimental imvestigations. Hq_wever, .in.the -game year, Dyer et alu"
~studied the combined optical and paramagnetio properties of a la:rge
number of diamends and the results (summarised in Fig. 13) had far
roaching conaequemces. The most surprising observation was: tha.t
only approximtely 0.1% of the total number of natural stones
examined produced the electron spin resonance spectrs character-
istio of dispersed substitutiomal nitrogen donors. In additiem,
they observed an optical absorption spectrum which had not been
provicusly reported. It was suggested that dlamonds which poaﬁessea

these characteristics should be oclassified as Type Ib. Although
natural stones of this type were found to be extremely rare it was
‘shown that the synthetie diamomds which were also examined in this
survey, could imvaxriably be classified as Type Ib. .
3.2.6. Coated Stones |

The ressem why Smith ot al’ did mot point out that electrom
spir resomance could be observed only in & very aﬁall number of |
matural diamonds was probably due to the fact that they had examined
s..'relatively_obﬁmon form of stane lmown as 'ooated dimmond'. 'l'hesa
stones consist of & olear diamond oore with an opaque overgrowth of
inperfectly grown diamond or ocat which is oftem very thick.
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Charagteristic

Characteristio |Characteristio

Type m*zﬁigg ultra-violet and | -infra-red £.5.R.

visible features | features features

I a | Nitrogen Secondary A bands Nome
in platelet absorption _ (Sutherland
form - edge et el. 1954)

(Elliott . (Clark et al. '
1960) 1956 =)
I Db | Nitrogen in I b gystem I b bands I b spectrum
’ digpersed (Smith et al.
form (Smith 1959)
et al. 1959)

II a | No nitrogen Avsorptiom Nore, only Single
struotural continuum Hntrinsie isotropioe.
defects . between 2.0 ev | bands of line (Dunocan
(Clark ot al. | and 5.4 ev dismond (Lax | 1963)

1956 b) “(Clark et al. and Burnstein
1956 b) . 1955)

IT b | No.nitrogen; Absorption I1. b bands None
asceptor Cortinuum (Wedepohl
centres.- . - between 1957) -

- (Wedepohl . 1.0 ev and
1957) . 2,0 ev
. (Wedepohl.

1957)

Cheracteristio absorption: properties of the dlamamd types.
. After Dyer et al.llt).

Fig. 13.




Clearly, a composite orystal of this type should not be used if the

characteristios so determined are presented as typloal of a single

orystal. It is likely that the diamonds examined by Samsenenkolo

were also of the eoated variety and were not Type I as specified.

These suggestions are supperted by the results of experiments

15

performed by Faulkmer - in whioh he demomstrated that the eleotron

spim resomance gpectra in ocoated diamomds arises from dispersed
substitutiomal nitrogen in the coat. The speotrum was not observed
in the core which remained after the coat had been removed. .

More recent ﬁork which 1s connected direotly with the nitrogen

centre, was reported by Cook and W};iftanlsl_:[_n 1966, An Endor study

of & Type Ib matural dlemond enabled more socurate values of the
h&pérfine conatants A and B to be quoted. These were glven as
A = 40.723 Oe and B = 29.062 Oe. | |

The above review represents work carri&l out on natural
diamsomd up to and-ineluding the period d&mg which the results
presented here were obtaimed. However, since that time, further
eipe:d.ﬁsnta:l work has: fé]:lcwed, ﬁﬁre.‘reéantly Loubser and
Van Ryneveld]'? have reported eleotron spin regsonsnce measurements
of Type Ib natural diamond in the tempe'z-ature range from 330%C to
960°C., It was shown that at temperatures of 930°C the reorienta-
tion of the Jahn-Teller distortion of the substitution=sl nitrogen
centre was sufficicntly rapid to produce isotropic lines of equal
intensity regardless of orystal orientation. -
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3.3. Synthetio Diamomd

3.3.1. General Considerations

- 'Manufaoturers of synthetio dlamond deseribe their products .
with the ald of a system of letters and numbers. The letters des-
oribe the suitability of the product for bonding by & resin or &
metal. The relative merits of the va.:"ioua:»f,'vpea' in this respeot
are not directly relevant and will not be ﬁisuuasad farther. The
numbers relate to the sise in terms of the diménsions of the sieves
through which the diamond will pass (mesh range). The table in
f‘ig. 14 relates mesh numbers and sise.

Eleotron: spin resonance in synthetlic stones was first reported
by Huggins and C:monl'8 in 1962, Only the R.V.G. type of the three,.
wlﬁoh they examined is available commercially and is prepare.d with
a nickel catalyst. The eleotron spin rescnance speotnim fron
R.V.G. diamond is shown in Pig. 15. The broad band (A) is attribu-
ted to transitiom metal impurities (mainmly #iohel). The resonance
(B) which is attributed to dispersed substitutiomal nitrogen atoms
is aupérimpoaed on the broad band and is centred very close to the
free spin g - value. |

) ‘Two other spectra were repoi'ted whioh were obtained from
apeeiaily prepared orystals. One specimen was produced with an
alnmdwium : 2 nickel catalyst and the other was prodused with a
boron: catalyst. The wide band (4) was mo lomger present in the
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aluminium : 2 nickel doped specimen and the 'd.eta;:l.l at g =2 wa-s
reduced to the extent that it was i.mpbaaible to define the struc-
ture. In the boron: doped speocimen no spesotrum ococurred at g = 2
but a droad resomance ocentred about g = 3 was obaserved. Hyperfine
atruoture was not observed when this specimen was cooled to
~173%C, but the band at g = 3 deoreased im intensity and & strue-
ture of unresolved detall began to appear at 3‘ = 2. No explanatioms
for these phenomena were offered.
3.3.2. Lime Width of the Nitrogen Resonance

For synthetio diamomd, the electrom spin resonance spectrum
from the substitutiomal nitrogen donors s often imoompletely
resolved as the 1lines are oonsiderabl‘y inhomogeneously broadensed
by the spread of local magnetic field produced by the ferromagnetio
impurities which remain in the crystals after manufaoture. In 1965
Dyer et a.lu" grew diamond orystals with a non-ferromagnetio
catalyst Brightray - 8 (78 N4, 21 Cr, 1 Fe) and examined the elec-
tron spin rescnance spectrum. Their results are shown in Fig. 16.
Although the central isotroplc line was much narrower (3.9 Oe) than
in the commercially available samples (8.0 Oe), the random orienta-
tion with respect to the magnetio field of many small crystals
produced broad satellite 1ines. Using the same typs of theory
developed by Sends'® the maximm and minimun values of the spacing

between hyperfine lines, A and B were deduced.



e

It should be ewphasised that at this time there had been mo
reports of electron spin resonance imwestigations of single orystals
of synthetio diamomd. In additiom, the line width of the nitrogen
resonance in orystals grown with Brightray - S was stlll an order
of magnitude greater than that observed in natural Type Ib é:mmonﬂ.

3.3.3. Previous Work by the Author

Firmally work which was carried out by the author20 ghortly
before the present survey was undertaken and ﬁhieh was oonfirmed
dur:lngiit, is now described. Colleotive ssmﬁles of three different
types of synthetlc diamond manufactured By the General Eleotrio
Company were examined. Eaoh sample contained the same mass of
diamond but differed in the sizes of the individual stones. The
variations in intensity of the nitrogén reé&:ihnge between the three
sampleé indicated that the distr:l.but:l_&n of the substitutional
nitrogén domors: in single stones was ﬁpn-nni.fqm. Ag in all pre-
vious :;Gpor'l:m the conclusions drawn with rqs;eot to a single stome
were extrapalated from results obtained with bulk samples.

The line shape of the nitrogen resonanoe for specimens consist-

:Lng of the smallexr stones was also observed to differ notioceably fron
-the lina shape for specimens of the larger stones. The narrowing of
the oentral peak in the case of smaller stones which contained a

high ooncentratiom of nitrogen ( > 10'°/c0), was attributed to
exchange interaction betwsen the nitrogen centres. Results subse-

quaently published by Loubser et 5121 have supported this suggestion.



3ok Summary

N This section has summarised briefly thé published work on
diamond which is most relevant to this thesls. In the case of
synthetic stones the majority of the specimens described were manu-
factured either by the General Eleotric Company or the De Beers
group. Although socme authors used atohe‘a which they desoribed as
ty'p:l.oa.l of those avallable oomero:lally, the'mjor.l._ty were
speclally selected or grown to a known specification. Apart from
the work presented in this thesis on three types of synthetlo
diammd only ome other publicationm related directly to a type of
diamond (R.V.G.) which is known to be oommeroially available.
' Although detailed information regarding the manufacture of
ayﬁthefic diamond is not disclosed, ft :I,b fé],t that investigations
oan nevertheless make an important ocontribution to a more complete
understanding of the properties of this material., Tt is inevit-
able that wide variations in physical properties will be observed
if specimens are prepared mder different oonditions and,therefore,
in order that the results obtained in this work may be compared
with those of future investigations, particular attemtion has been

given to synthetic diamomd which is commercislly available.
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4. AN EXPERTMFNTAL STUDY OF SYNTHETIC DIAMOND
4.1, Introduotion

An axperimeﬁtal study waz made of'fivq different types of
synthetic dlamond all of which are commeroially available. The
method of preperatiom is different for eaoh type and consequently
variations are observed in their physical properties. For a glven
type variations were also observed amomgst diamunda of different
ghape and sise. Many of the experiments imvolved diamands which
had been subjeoted to heat treatment. The nature of the diamomds
iai-mmdified by this treatment to the extent that significant
changes im physical properties were dsteoted.. Two rescnance lines
not previously reported for synthetlo aiaﬁuhd were obgerved. One
wag due to ocarbonisation of heated samples and the other oecurred
enly ot Yiquid nitrogen temperatures. The numerous variations in
phiaical_properties‘are clearly reflected in the results which
11lustrate that in many oczses they are typleal of ell five types of
syﬁthstio diamond. In comtrast, eertéin_yréﬁarties are character-
1stio only of a particular species. As the combination of so many
‘variables ocan lead to confusion the r;sulté of eaoh set of experi-
ments are discussed in turn. Diaouasiog at soms points is limited
until results from furtger experiments imvolving different tech-

niques have been presenfed.



4.2, e ntal A tus

Preliminary eleotron spin resonance imveatigations of sam-
ples of aynthetiq diamond were made with an X-band apeotrometer
which was oomstructed by the author. A simple trensmission cavity
wag used with magnetioc field modnlation at 5(') kli; produced by a
coil mounted inside the cavity. The mgﬁet system comprised a
Nowport 4" mgnet energised by an Advénoe power supply. This apeo-
trometer gave results which provided the basis of this work but it
was not sufficlemtly sensitive (spproximately 10' spins 0e™ 1line
wi&th) to deteot a resomence from & single synthetic diamomd. 1In
addition, the magnetic field pro&uced by the 4" magnet was not
suffioiently und form over a typlocal sample volume (approximately
0.5 co for a bulk sample of aynthet_io.diamund-) to resolve lines
ie,s's than 3 Oe wids. - 'L

The eleotron spin rescnance spsotra: préﬁented in this thesis
were obtained from a Decca XI speotroﬁpter wiﬂ.oh operates at 9270 MHg
(x.ma) with 100 kg magnetic field modulatiom. The modnlation
ooﬂa are mounted in the walls of & rootangular oavity (TE,qe) which

is used in a reflsotion mode, The k].ystron is phase locked to o
harmonio of & low nolse orystsl controlled osoillator. In addition
the effeots of cavity drift can be mi.nﬂ.nd.se& by.locking the klystrem
to the cavity. With 1 m.W. miorowave puﬁer at the cavity and for a
time ccnstant of I second, the sensitivity is 4 x 10" spins Oe™ 1ine
width, The mﬁplq tahperature is continuously variable from
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=175 to + 300°C. The magnet whioch was kindly loaned by
Dr. E. F. W. Seymour of the Sohool of Physica, University of Warwiok,
had flat pole pleces cf 6" diameter and was not a commercial désign.
The optical miorographs were obtained with a Zeiss Ultraphot II.
F&oiﬂtiem were available whioh permitted,qbsez"vation either by
transmission or reflection. The miorographs were recorded on stan-
dard Ilford plates (9 x 12 cm). Observations at elevated temperatures
wore made with a Griffin-Teller hot stage mioroscope. The sample.
temperature could be varied from room temperature to 1800°%C in an
atmosphere of argon.

Specetrographic analysis wag ocarried out on a Hilger Large

! .

Quartz Speotrograph.
Simgle crystal faces were ground a.nd‘ia‘t‘)lished with a two bear-

ing sosife lnvorporating a spindle moﬁnteﬁ in blqﬁks of Lignum Vitsae.
A device was oonstruoted whose worki.né prﬁnciples were similar to
those of & conventional sand-blasting mach:lﬁe in order to reduce the
overa:li dimensions of diamonds as uniformly as possible. A diagran
of the machine is shown in Fig. 17. By inoreasing the rete of air
flow it was possible to produce air turbulence which in turn caused
the diamonds to oollide and so to produce abrasiom.

-‘ The vacuum furnasce which wag used for the heat treatment was
not a commercial design. The heating process was by radio fro-
quency inductiom in a oylindriecal tmtelim susceptor. Specimens
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were contained in: & thoria orucible whioh was suspended inside the
susoeptor with tantalum wire. The water cooled induction: coil wa3
powered by an oscillator at 400 ki; with a meximum output of 30 KW.
The coll was mounted inside an inverted water cooled bell-jar in
whioh glasg ports were situated to enable t-eml.:emhl:m measurements
to be made with an opticsl pyrometer.

X-ray microprodbe analysis was carried out by Dr. D. Burr of
International Niokel Ltd. om an elesctron microprobe analyser manu-
factured by Cambridge Instruments Ltd, Both line and spot emalysis
were carried out with the probe operated at 15 kV.

-- Infra-red spectra were recorded by Professor J. J. Charette
of the University of Lovanium, Congo, uﬁing, a Perkin-Elmer 112G
spectrometer with the microscope sttachment model 85.

4.3. Sample Speoificatiom - |

0f the five different types of bﬁnthetie diamond used in this
work thres were manufactured by the Generall_.léleotrie Company of the
U.S.A. and are desoribed as M.B.G. (Metal Bomd Grinding), H.B.S.
(Motal Bonding Saw), and R.V.G. (Resinous Vitrified Grinding). The
other two types were produced by the i}e-Beer; Organisation and are
designated M,D,A. (Metal Diamomd Abrasive) and R.D.A. (Resin Dismend
Abrasive). The general appearance. of all five types of diamond is

illustrated in Fig. 18.
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to be broadened to the extent that they appeared as a single iso-~
tfép_io lime, Experiments with heated samples which are discussed in
Seotiom 4.7 ver':l.fie?gl that this was so. It is also important to note

that the lines: from the R.V.G. sample weré fhs narrowest of all five
types. |

- As far as the author is aware, o staps were taken by the
manufacturers to exolude nitrogen from the reaotion mixture in the
prepara:’tiom of R.D.A. diamond. There was no ‘reascn to suppose,
therefore, that the mean ooncentration of nitrogen impurity in
these orystals should be less than that in the four other types.
However, the intensity of the nitrogen resonances indicated that
th:l.s' might have been the case. Previous work]_' had demonstrated the
variation in amplitude of elestran spin»lzjers-onance signals with size
of Iapeai.mn.,' In this case, h&wever, the".ai)‘e;:tra: were representa-
‘.tive of stonea whose d:l.men_sions were within fhe mesh ranges 35/80
(177,14 to 3504 ) and; therefore, the appsarance of the suppressed
resom.nce due to this effeot was not expeoted. The R.D.A., sample
poss:lbly oontad.ned aluminium or boron which o&n cause & rednotion
in the intensity of the nitrogen reaomnoe.z ‘

The spectra alao illustrated tha.t tha imtensity of the broad
resonance could not be correlated with the broadsn:l.ng effect om
the nitrogen lines, For example, the...broad-resonanoe was very
intense for the R.V.G. diamond but the nitrogen lines were sharp.
The reverse was true for R.D.A. diamond. These results suggested
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that it was unlikely that a defect ocourred in the diamond which
was joimtly respansgible for the broad resc_m'm;oe and the broadening
effeot of the nitrogen lines. o
4.5. The Nature of the Ferromagnetis Additives
""" Variations in the broad rescnance suggested that different
types of ferrumagﬁetio catalyst were used in the manufeoture of
each of the five different types of synthetic. diamond. However,
with the exceptiom of R.V.G. diamond which was known to cunt#in
nickal,z the nature of the additives was unkﬂown. An'attempt was
m#ds, therefore, to determine the eomé;éiéi;; of the diamonds using
the technique of X-ray micrcanalysis. o

The intensity of the broead rosognnoe suggeated that concentra-
tiana of ferromagnetic 1mgurity might hnva been as high as 10%°
atoms en™, In additiom, experimnts omied out by Kamiya and
Leng® in 1964 demonstrated the presemce of nickel rich surface £ilms
and Ni-rich glcbules in some synthetio diamonds. Although the
ééuipmsnt'raqnired to caxry out the X-ray mioroanalysis‘was not
readily available, Dr. D, Burr of Inte;patio;nl Nickel Ltd!, kindly
éggeed to assist. A copy of his report on ;ge"york 15 inoluded
bverleaf where it can be seen that neither_i;on nor nickel could be
1dent1fied Unsuccessful attempts wore made to identify other
matallia substances which may have been present. After further
discussion with Dr. Burr and his colleagues it was clear that the

results oould not lead to any positive oonoluaians.



" INTERNATIONAL NICKEL LIMITED
Development and Researech Department

D, 5024 REPORT NO. 1

MICROANALYSIS OF SYNTHETIC DIAMOND

HISTORY

Electron spin resonance studies of the atruoture of synthetio
dismonds at the University of Warwick have led to the suggestion that
the surface layer may contain nickel, which. is present in the catalyst
used in the manufacturing process.

SAMPLES

Synthetic diamond particles were supplied and miocroanalysis was
requested for nickel and iron at the surface.

EXPERIMENTAL PROCEDURE

Particles were inserted in aluminium disecs by presaing onto
olean glass or tantalum sheet, and examined in the mioroprobe analyser
at 15 kV. Line and spot analyses were performed.

RESULTS

No indication of the presence of nickel could be obtained. -
Several records showed very smsll intensity maxima at the wavelength
appropriate to iron, but the effect was not reproducible and ocould
not be definitely distinguished from background radiation.

CONGLUSIONS e

No nickel or iron was detectable in the samples. The limit of
detection in a relatively large volume 1is~0.01 wt.%, but if the
elements are present only in a volume small compared with probe
dimensions, the limit is correspond:l.ugly h:\.gher.

DJE/FiiMo
Auguat 9 1966 .
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4.6. YVigible Tnolusicms

" The coloured photographs (Fig. 18 Page 84) show that many dark
inclusioms are visible in synthetio diamond, As the majority of
fﬁé synthetio diamonds examined in tﬁié”womk were ferromagnetio it
was thought that the incluslons ccmprised sgeregates .of:ferromagne-
tio impurity. The results of the X-ray mleroanslysis did not
sapport this suggestion. In adﬂitiﬂﬁ Bimiiar izolusions which were
not ferromagnetic were readily vis:l.bié in natural dlamond. The
. true nature of dark inclusicms in synthetio dlamond was mot there-
fﬁre obvious. A simple but oonvinei#g exférimmnt demonstrated
beyond reasonable doubt that the visible inclusioms were ferro-
m@etic.
o To provide a means of examining the inmolusions a diamond
containing & dark inolusion which was oléérlj visible, was ground
on a scaife to expose parallel dodeoahe‘d-r&ih}aces. To produce such
a speocimen the scaife was charged ﬂthf natural dismond powder of
dimensions less than 1. Although a siﬁéle polished face proved
to be extremely difficult to obtain, the problem was partly eased
as & result of advice kindly given by experts at Culver Diamonds Ltd.,
.Liohf:leld. However, no information v;am_gvaiigble on methods of
producing the aeoa'nd parallel fam on such ama.ll stones (~420u).
The first face was ground using a conventional soldered dop to hold

the diamond. It was not possible using this devioce to reverse the
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bi'ystai and so to preserve the correot orientation. As an alterna-
tive method, the crystal was cemented with the ground face adjacent
to the flat end of a brass rod which was then lowered on to the
scaife so that the prinoiple axls of the diamend was perpendioular
to-the_ face of the gocaife. Gresat oa:.-.e._ ﬁé&_té_be exercised to
ensure that grinding was allowed to continue at shert intervals
8o that the heat produced did mot oreck the stone. o

" Pig. 21 shows an optieal micrograph taken with trenmsmitted
light. The sketoh illustrates the experimemtal arrangement.  The
dark imclusion 1s visible and extends into the crystal as shown by
the boundary AB, During the grinding procéss, the orystal broke
arowsd the inclusion in a direction parsllel to the grinding lines CD
which accoumts for the extension of the imclusion sbove the orystal
surfsoce. The strong attraotion of the hoiﬁ:aiom to a pair of
méxetiaed tweesers EF indicated that it '“.»-, ferroma_gnetio'. As oan
be seen from the sketeh, the attrastiom was suffioiently strang to
allow the speoimen to be held im a harisontsl plane without further
support. Apart from the 1m1ua:l.on, no other rsg:l.m of the orystal
waa attracted to the tweesers. ﬂm d.ark parﬂmtor on the m:l.oro-
' g'a.ph was c&used by the edges of the oryatal

| The :I.mlus:l.ow was d:l.saolved in oornoentrated hydrooklorio
ao:ld but due to the smll oonoentration of metarllic ions in the

solution, i.t wag not possible to 1d.en1:ify the iens by ohem:lcal
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amalysis. There was no longer any doubt that the dark inclusioens
were aggregates of ferromagnetic impurity although their composl-
tion was unknown, |

4.7. The Effect of Heat Treatment

Lonsdale et alu in 1959 showed that the anomalous X-ray
spikes which ocour cn' the Laue spots from synthetic dlamend can be
removed by heating the diamemd at 1500°C in vaouo. They suggested
that the metallic inoclusions melted and were d_:i._apers_ed. It was
possible, therefore, that similar treatment might give rise to
aignificant changes inm the electron spin resonance spectra, and at
the same time oould possilily provide a means of identifying the
ohém:l.osl composition of the evaporated met&liio impurities by
alicw:l.ng them to recondense in a nmore oonoen‘érated form. With the
aid of a vacimm furnace samples were heated for a few minutes‘at a
tan:perature of approximately 1500°C and a pressure of 5 x 10 > Torr.
The effect an the electron spin rescmance si:éctrm was very promounced
and 1s shown in Fig. 22 for a bulk sample of M.B.S. 35/40 diamend.

Two distinet features are apparent. The broad resonance
was removed and the nitrogen Iines a,pfeargd to be muoh charper.
Similar results were cobtained with all five ji:yp,ea_ of synthetio
diaﬁmd. The effect of heat treatment was, therefore, to either
remove the ferromagnetio ‘additive from the orystals or to reduce

it to a form whioch no longer produced a broad regonanse. The
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first alternative seemed more likely as a significant loss in
weight ocourred after heating., In addition, discolourations

- which were characteristic of the type of diamond appeared on the
;ruoibl‘eﬁr. For R.V.G.. and the three M-type diamonds the colour
6bserved was green but for R.D.A. it was a very dark blue. »The
residue on the oruocibles was dissolved in ooncentrated hydro-
chloric acid and the resulting solutioms _yeré subJeoted to
chemloal analysis. Although the oonqentrétiops of metal ions

were small positive results werd obtained. The resldue from:
R,D.A. pamples was found to contain cobalt unlike the residue from
B, V.G. dlamond which, as expected, contained nickel. The metal
from all three E-type diamonds was mentiﬁeé as a mixture of iron
and niockel. No other elements were detéoted.

At this point the inmvestigation had established that the
effect of heat treatment at 1500°C was to remove either part or
all of the ferromagnetio additive. However, ‘neither the mecha-
nisms imvolved in the process nor the eﬁ_‘eotk of temperatures less
than 1500°C were known. This being so, orystsls which had been
heated at various temperatures between 800°c -a.nd 1500°%C were
examined with an optiocal miocroscope. _ |

Although it was not possible to mék_e Ag-atsd.led observations
of speoimens as they were being heated, the results of an exmina-

tion of a crystal after :I.th temperature had been raised to
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approximately 1200°C for a few minutes, were found to be partiou-
larly significant. The optical micrographs in Fig. 23 which were
all recorded with reflected light, show the main features of
imterest. The first photograph is one of a typioal :(1.11) face
pﬂor to any heat treatment. The dendritio ﬁatm‘re of the surface
is clearly ﬂsible. The same face, after the orystal had been
heated in i:he mamner desoribed, is shown in the second miorograph.
The appearance of dArk res:l.o:q_‘é can be seen superimposed on two
Iines whioh are pa.éallel to the edges of the crystal face and
which were caused by oracks at the orystal face. The remaining
dark regions were of particular i.n:tarost-‘ Qnd' therefore were studied
in more detail. The results are best 'de‘aot_-i-bed by referring to
‘miorographs 3 and 4 which were reoo:;ded with. inoreased magnifica-.
tion., By focussing the mioroscope altemateiy on the orystal sur-
fade and the top surface of the dark ‘_regions:the majordity of them
were found to be hillocks wﬁioh extended at least o4 from the
orjstafl face. Although the tops of the h:l.llooks showed a definite
pa.ttarn it oould not be identified with a known orystal symmetry.
A geries of experiments were oarried out to investigate
" the nature of the hillocks and their associated patterms. The
experiments showed that the hillooks adhered to magnetised
tweezers in a manner similar to that preyi_qn_sly deseribed for

imolusions inside the diamomd., In addition, it was found that
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the hillgoks oould be dissolved in boilimg aqua-regia. The sur-
face which remained (micrograph No. 5) appeared rough and pitted.
It was ooncluded, therefore, that the hillooks comprised ferro-
magnetic material which prior to tﬁe heating procesas existed
iﬁ;i.de the diamond probably as dark wvisible imelusions.

| The eleotron spin rescmance limes of the nitrogen resonance
remained broadened af;l;er this treatment and 'ths broad resonance
vfé.s present. Only when the d.u.monﬂ wq.s“ liaé.;ad to 1500°c in vaouo
did the width of the ni_trogen resonance deorea.sg and the broad
feaomnce disappear. | |

It was possible with the aid of a hot 'stage microscope to

control the temperature more aoour‘ately end to observe the extru-
sion of the metal as the temperature of the specimen was inoreased.
The diamond was contained in an atmosphere of argon' for the
examination as the windows of the cell in which the. diamond was
situated were not sufficiently rigid to withstand the exoess
preasure caused by evacuatiom. The design of the optical system
reétriofea the thickness of the wj_.ndawé. 1This technique had the
e.dvantege that more than ome orystal :faoe'm-m;d be observed at
'l:he same time. Conclusive evidence .w'ag 65taj.ned to show that in
the majerity of cases the diamonds oracked .1';lo expose (111) facea.
In addition the extrustion process took place in ‘two distinet

stages.
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At temperatures of appruximntely‘BOOOC migration of material
through the crystal occurred and it became opaque. As natural
diamond remains transparent under the séme conditions the obgerva-
tion is attributed to graphitisation and the formation and migra-
tion of ferromagnetio globules. At this stage no metal appeared at
the surface. A further inoresse in temperature was required to
rélﬁase the metal to the surface. The production of a orack which
immediately preceded the release of metal in-aomn cases produced
sufficient disturbanoce to make movement of the whole diamond
clearly visible. The release of strain eneréy stored in the stone
as & result of the growth of the metallie inélusiona provides an
acceptable explanation. Both processes ocoﬁrred very rapidly and
it was not possible to study the mechanisms involved in: more
detail, -

| As it was suspected that the aﬁdﬂenyéleavage of a diamond
due to expansion: of the metallic inniusioné produced small frag-
ments of diamond which might be resp&néible for the observed
patterns on the hillocks, mixtures of diamond and metal were
heated in vacuo at a temperature of 120990;‘ It was found that
for eitﬂer iron or nickel or for a mixtufe éf_both, the metals
melted to form a globule and the diamonds floated to the surface
whére they remained approximately half immersed. The result was

to produce a plece of metal whioh tended tp”be hemispherical in
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shape with the majority of the curved surface encrusted with
diamonds. (Fig. 24) The process of heating the metals alone,

' pi‘;dnced very smooth surfaces and patterns om the hillocks could
not be reproduced, The patterns were mosflli;robably due to small
Ex;;gnents. of diamond which had float'eélr :izg the suljface of the mol-
tem metal. The fragments probably resulted from the heating
process which caused cleavage of the_‘ ci'ystal. Additional

~ evidenoe for this conclusiom was obtained _b;"',perfarming scratch
tes-ts on plate glass. The metal failed to make any impression
on 7the glass but an inverted hillock produced a scratch with
comparative ease, '
L.8. Experiments with oxidised aamg]:es_

An alternative and somewhat more quanfita:bive investigation
of _the composition of the ferromagnetic additives was carried out
by 'oﬁ.dising known weights of each type of diamond. Larger

. quantities of residue were obtained by this method and conse-
quently a more detailed chemical miyﬁig_ was possible. |

The weights of thel residues ob:hai.ne@rfrom complete oxidation
of_ectual weights of two samples were compared One of the samples
consisted of stones as supplied by the manufacturer and the other
of atones which had received the heat trégtﬁi,ent. It was found
that approximately 70% of the ferromagnetic additive in & bulk

gample of synthetic diamond could be _removed by heating the stones
in vacuo at 1500°C for 15 minutes.






- 106 -

With the exceptlion: of the R.V.G. residue, the electron‘spin
resonance speotrum essoclated with the residues obtained after oom-
pPlete oxidatiom was found to be identical with the appropriate broad
spa.otr'um from unheated stones. No signal was obtained from
the l'f..,v.,'t}.= residue. A negative result was also obtained from a
powdsred sample of nickel oxide. In the process of oxidatiom, the dia-
mond residue had probably been oxidised to form a simllar compound.

Although no further information concerning the nature of the
additives was obtained by oxidising diamonds manufactured by the
General Electric Company & sigmificant result was obtained from the
R.D.A. and M.D.A, dismond. A small pumber of white orystallites
apﬁeared in both the residues. The fl.a.rgesﬁ ‘qua.ntity was obtained
from the R.D.A. semple. At first the orysté.llites were thought to
have come from the roof of the furnace in which the diamond had been
heated or possibly from the alumina 56&‘&3 whi.oh were used as
comtaimers. By repeated trial both these péssd.bilities were eliminn-
ted. It should be rointed ocut that relative].y large quantities of
diamond had to be d.estroyed in order to obts.i.n oorreapundingly
small a.mounts of raaidue. For this r_e_aa_on ;t_w_aa not possible to
obtain a sufficient quantity of orwsfa;iite:q for chemiocal analysis.
A more detailed é;uiié'étive snslysis wes carried out by spectro-
graphic analysis on all five types of diamond before end after

oxidation.
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4.9. Spectrographiec Amalysis

A Hilger quarts speotrograph was used in the analysis, The
spectral region from 2600} to 50003 was oovered and was selected
becauge it included the major portion of the sensitive lines of
the elemants which prelirinsry examination h'a.,d shown were present.
‘Eaoh sample was ignited at a current of 7 amps with an eleotrode
separation of 3mm. _

For the majarity of samples, copper electrodes were used im
preference to carbon: eleoctrodes as the latter would have g_iveh
rise to strong oyanogen bands and would have tended to obscure
the principal lines assoclated with some of the expeoted trace
eleﬁents. Separate tests were made with oaxrbon: electrodes to
determime 1f copper was presemt. The a.ro:method was ugsed as the
exitation process was suffiolently emergetio to give detectable
speotra for most elements. A »'

The method also hed the advantage that the sample did not
need to be treated chemically with the associated risk of

listed in Fig. 25. The most sensitive li.ne; end the appropriate
checking 1ines for each element are slso given in Fig. 25. A spec-
trum -of each element was r_eobrded on & separate plate and compared
with the apeotra obtgined from each type of dlamond and its
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Most

Cheok

Element Sensitive ,
Aluminium 3961.53 394,03
Antimony 3267.48 31232,52
Arsenic 2860.46 2898.73
- Barium 4554..0)

Beryllium 3130.42 3131.06
Bismath 3067.73 2897.98
Caloium 4226,73 2899.78.
Chromius 425434 4274..80
Cobalt 3453.51 3405.12
Copper 3247.55 3273.96
Germanium 3039.08 3269.50
Gold 3122.8

Irom 3719.9% 3734, 1k
Lead 4057.83 3683.4.7
Lithium 4602,99 3232.67
Magneaium 2852.13 3096.92
Manganese 4030.76 4033.07
Nickel 343477 3524..54
Potassium: LOL7.22 4O4LL.16
Rubidium 4215.58 4201.81
Scandium 4246.85 3613.8
Silicon 2881.59 3905.52
Silver 3280.67 3382.89
Sodium 3302.94 3302. 3%
Strontium 4,607.34 4LO77.71
Titanium 3349.41 3371L.46
Tungsten 4,008, 76 4294..62
Zimo 3345.51 3302,56
Zircomium 3391.98 . .. 3438,23

Pig. 25.

i
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assoclated resddue om a Hilger comparator. The analysis was semi-
quantitative and no sttempt was made to determine the absolute
quentities of the impurities present in the samples. Part of a
typloal speotrum showing predominately Iron and Nickel lines is
shown in Fig. 26 together with the results of the amalysis, The
results were the same both for the diamonds and their assooclated
residues. .

The imtensitles of the spectral lines suggest that those
elements olassified as major oomstituents were nwoed inten-
tionally by the manufacturer into the reaction mixture. It has
been mentioned previously that R.D.A. samples probably oonteined
aluminium or boron. (Page 88). The amalysis established the
existence of aluminium but in adﬁ:l.tion suggested that silicon was
present. It is likely that silicon might have arisen from the
pyrophilite used in the diamond presses. If this is so, it is
aifficult to understand why it should not have been present in the
samples manufaotured by the General Eleotrio Company. A logleal
‘explanation 1s oleariy not possible without more detalls of the
manufacturing process. | o

The results also suggest that_ohrand.uﬁ; is the only addition
to irom and nickel required as a major constituent to produce the
larger M.B.S, diamomd rather than the M.B.G. dismond.
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4.10. Simgle Crystal Studies

4.10.1.The & lation: between electron spin resonance
and oxystal habit i

The intemsity of the nitrogen a.nd the broad resonances from
bulk éanpleh indicated the possibility of obaerving these resonances
in simgle diamonds. Spectra were easily deteoted in almost all of
the M.B.S. 35/40 diamonds, although for these stones the spectra
showed marked variatioms, Each orystal without exception gave risge
to a broad rescnance, but in some omses no nitrogen resonance could
be deteoted and some correlation betweoh electron spin resonsnoce
phenomena and general appearsmoe waa.anfigipated, Only a very small
number of the four remaining types of diamund. gave detectable
resonances and therefore the M.B.S5. dlamond was seleoted for
speclial oconsideratioen. -

With the aid of a emall magnifying glass (xI0) it was posaible
to divide a bulk sample into four main yot;ps_.@, B, C, and D. The
stones in group A had a pale greenish-yellow colour and only & few
dark inolusions were visible. Group B_-oonté,ined; stones with &
large number of imcluslons and appeéred e':ll.i‘izer blagk or very dark
green., Group C was lmtermediate be{;wgen gr,bgps A and B, The stones
in group D were & sub-sectionm of C but with an almost perfeot cota-
hedral habit., They were comparatively rere.and enly 20 were obtained.
The stomes of all groups were attracted to a permament magnet.
Speotra were recorded individually for samp}ea; of 50 stones from



each of the groups A, B and C and for the 20 stones of group D.

All samples @ﬁ a broad resmance with an apperently aniso-
tropic g-value and a variable intensity. No oorrelatioz;s were
detected between the samples, o

Each stone from groups A, B, and C gave a nitrogen resonance
with an isotropic g-value, a line width gf .8 Oe, and a shape which
was more nearly Gaussian than Lorentzian. The intensity varied
between astones by a faoctor of approximately 5 but a direot correla-
tion with the group to which it belonged did not appear to exist.

For the octahedra no trace of a n:!?trogan regonance could be
found. Furthermore, & bulk sample comprising the whole group failed
to produce a resonance in the regiom of g = 2, These orystals were,
therefoere, the only type in which any noticeable. correlation existed |
between an eleotron spin resonance and the general appearance.

The absence of an eleotron resonanoe"from the octahedra
suggested that the number of substitutiomal nitrogen atoms in
these stones was at least 2 orders of ﬁm@;;ltude smaller than the
number in the common cubo~-ootahedrs. As faxr as the author is aware
& common catalyst 1s used in the mhuf;:ottife of M.B.S. diamond and
therefore 1t seems umiikely that the ootahédra oontained sufficiently
large amounts of boron or aluminium to ooniﬁ;_etely suppre'ss the
nitrogen resonance. (Sectiom 3.3). Alternatively, these diamonds
may have been formed at temperatures which were sufficlently high to
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allow the formation of n’on-parmgnetio nitrogen platelets by
diffusion., If this were the case it should be possible to identify
the nitrogen impurity by an absorptiom: peak in the infra red at
1280 om™' as this technique would respond to the total n\ﬁnbar 61’
nitrogen atoms. Due to the small size of the orystals, the
speclalised equipment required to take advantage of this method
was not z.'eadily available. In this resgpect the author is grateful
to Profeasor J. IJ o Charette of the University of Lovanium, Congo,
who made infra-red measurements on the octshedra. He found that
only two _djamonds were sufficiently transparent to be iﬁvestigated’-.
The spectra were compared with a reference speotrum from & ocubo~
oota:hedrc‘m whioﬁ had previcusly been examined by electron spin
resonance and was knowm to contain deteotable amounts of s_ﬁbstitu—
tional nitrogem. The results of the investigation are shown in:
Fig. 27.‘ | -—

... Barlier experiments had led Dyer et 316 to suggest that
peaks at 1129 cm' and 1345 o' together with a broad ssddle between
the..peaks were probably produced by isolated nitrogen donors. In
addition they.showed ths.i;. & peak at 1280 em”' within the .broad
gaddle 1a. assoqiated.with..s non~-paramagnetio .form. of .nitrogen.. .
In the .case of_the ootahedra, but not for fhe cubo-octahedrs, the
poaks at 1129 om™ and 1345 om® were 1ikely to be sbsent. Fig., 27
shows that the expected behaviour is observed. In neither oase
was & peak at 1280 om™' detected. It seems, therefore, that only
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substitutional nitrogen is present in the cubo-ootahedrs as the
electron spin resonance measurements suggest and that no signifi-
cant amount of nitrogen in any form 1s present in the octahedra.
These results provide strong additiomal evidence for
assigning the absorptionm pesks in the infra-red at 1129 om™ and
1345 om™ to isolated substiﬂﬁ@l n:l.tfogen doners. In addi-
tion, they suggest that for substitutiomsl nitrogen in M.B.S.
diamonds there is a direct correlation between electron spin
resonance and infra-red speotra. Perhaps the most mteresting
result :ls.‘the definite correlation which seems to exist between
the nitrogen content and the erystal habit. A ocomparison of the
amounts of nitrogen in the ootahadr& and cubo=octahedra suggests
that nitrogen impurity in diamond probably encoursges the growth
of cube faces. The source of nitrogen a.nd”itsa distribution in
the reactiom mixture remains unknown. The '_expla.nation for produc-
tiom of ocotahedra: may be that they are f&rﬁe& in regions of the
reactian Me where the oconcentration of nitrogen is relatively
low. A non uniform distribution of nitrogen might oococur if the
temperature is sufﬁoientllj'_high, in aome r.elgions of the mixture
to enable nitrogen to di'fﬁse_ out of the dlamond at a higher rate
than the growth process is taking place. Inu-dar to ciarify the
problem experiments would have to be performed.with orystsals

grown in a oontrolled environment.
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4.10.2. Orientation Effects

The ability to deteot an equfron resonance from a single
synthetic diamond leads directly to an investigation: of the varia-
tion of the spectra with orientation in the steady magnetic field.
Experiments: of this kimd have been performed by Loubser and Du Preezs
on the nitrogen centre in 1arée natural Type Ib diamond but not on
a single synthetic diamond. Dyer et 3,16 quoted values of the hyper-
fine cnn_ata.nts for .synthetie diamond by examining bulk semples and
applying the theory developed by S’ands-7 to evaluate the constants
for a large number of ocrystals in random orlentation. The results
were obtained from crystals which .hla.d been produced witi: 8 non=-
ferromagnetic additive Brightray-S (78 Ni, 21 Cr, 1 Fe). The
resulting reduotion in 1ime width provided greater resolution and
enabled more accurate quantitative measurements to be made. In
this work single diamonds were used and amlarger reduction in
line width was obtained., '

Tt is olearly important to determine if the angular varia-
tion of the nitrogen resonance is the same: for aynthetic and
natural diamond and also if any angular correlations are associa-
ted with the additionrl resonances in .aynthie.tj,c diamond. The
mein difficulties involved in dgtemining'fﬁese properties arige
due to the small size of available specimsns. The largest syn-

thetic dlamond available for this work (M.B.S. 35/40) in which
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the average ooncentration of n:l.trogén donors is approximately

10ng omﬂB ocontains only 10'4 unpaired spins. As the nitrogen lines
are broadened by the ferromagnetic impurity the resomance lies
within a magnetic field spread of approximetely 100 Oe, the
gensitivity of the spectrometer muat be, therefore, at least

10'2 spins 0e™ line width in order to detect a resonance. Difficul-
. ties are also encountered in the ocontrolled manipulation of amall
damomds .

To study orientation effects in a single diamond the most
convenlent axis of rotation is a ;ﬁe passing through the centre
of a diamond perpendicular to (110) plames. It is then possible
to rotate the corystal about this axis and to align the magnetio
field parallel to the three lirinci_in ‘planes (100, 110, 111) in
turn. The diamond should be mounted with a (110) face adjacent
to the flat base of & sample tube, Howeﬁ;, this was not possible
with the M.B.S. diamonds unleas they were ground to expose a
(110) face. A diagram which illustrates the form of the oubo-
ootahedra is given in Fig. 28. It cam be seen that the (110) faces
are not visible. Tﬁe (100) faces are bounded by edges which are
in <110> directions and the (111) faces are bounded by six edges.
If the diamonds are ground to provide al‘oonven:lent axis of rota-
tion they are redused in volume to the oxtqnt that the total

number of spins becomes too small to detect. As an alternative






-119 -

the base of a sample tube was ground at l.S° end a diamond was
cemented with a cube face in oontao{: witﬁ f_he ground surface.
Although centrolled manipulation of such small specimens

(~ 0.5 mm diameter) proved extremely diffioult, electron spin
resonance apecotra. were recorded for a large number of diamonds at
known orientatioms. -

In general Type Ib na'tursi diamonds have no preferred shape
and it is neeessary to orlentate specMa_ by X-ray methods. TFor
the regularly shaped M,B.S. diamond correct orientatiom was poss-~
ible by visual examination. The bré:_ad resonance was investigated
by aligning a diamond with the magnetic .field parsilel to a [100]
direction and by recording the eleotron resonance spectra for
10° rotatians from this orientation’; Tﬁe intensity, shape and
apparent g-value varied with the rotation but it was not possible
to assoclate the variation with orystal synimetry. Additional
tests on a number of single orystals established that wide varia-
tions occur but that coincidence is not necessarily obtained at
the same orientation. Extremes in fhe var;:qtiqns of the speotrum
-for a single diamond are _:I.llugtrate:i i.n Fig..29. It seemed unlikely
that the centres responsible for the .b;foad .resonance had a
preferential shape and lay in any .pérti_culg.i .plane.

The nitrogen resonance was recorded. for .three orientations

corresponding to the stesdy magnetlic field allgned parallel to the






three principal orystal planes. Although the expected anisotropic
splitting occurred the lines were broadened by ferromagnetio
imolusions to such an extent that they were not oclearly resolved
and, therefore, i1t was not possible to measure the hyperfine con-
stants accurately. This problem was overcome by using heat
treated samples. (S'ectio:_n! L.7)

After heating at 1500°C in vacuo the stones of groups
A, B, and C (Section 4.10.1) were reclassified into two groups.
Group 1 contained stones which were still attracted to & permanent
magnet whereas those in group 2 were not sc‘: attracted, In all
cages the intensity of the nitrogen :es@ce remained unchanged
but the lime width from group 2 had been reduced from 8.0 * 0,5 Oe
to 3.0 X 0.5 Oe. Group 1 gave a width which was slightly less at
6.0 £ 0.4 Oe. |

Having reduced the width of the nitrogen limes it was now
possible to measure the lvﬁerfipe constants more accurately with
& stone from group 2. Flgs. 30, 31, and 32 show nitrogen spectra
obtained from three crystals. One of these had not received the
heat treatment whilst the other two were fr.om__g'dups 1l and 2. The
g-value im each case was 2.0024 * 0.0005 (isotropic) and the
-hyperﬁ.ne constants were A = 41,0 i_O.L,Qe__and B = 28,9 * 0.4 Oe.
These values are consistent with tfxoae obtained from natural
diamomd.
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had approximately the same intensity as the nitrogen resonance.
It ocourred at a g-value of 2.0023 and had a width of 5.8 £ 0.5 Oe.
Consideration of the heating oconditioms and of the previous work

on the s’u‘b,‘jeota’g

suggosted that the resomance ocould be attributed
to the usual free radical produced by carbonisation. Prolonged
boiling im aqua~regia did not.remove the resonance but it did
disappoar when a small amount of th'e surface was removed by uniform
abrasion: with naturel diamend powder ‘contained in an air blast.
Speotra to 111\13'&81‘.0 the effeot are given in Pig. 34. The origin
of the carbon which provided the free radical wag most probadbly

the d.i.a.momi itself. An alternative explanation would require
carbon enrlched aggregates of additive., ... .

I12. Spatial Variation of concentration of substitutiomal nitrogen

Imediately preceding this work the author' predicted that the

cancentration of substituticzmel nitrogen in synthetio diamond varies
inversely with the mean radius of the sample. In order to verify this
prediotion by more preoise methods than had been previously employed
an attempt was: made to reduce uniformly the sise of a bulk sample.
The machine previcusly desoribed was used. (Seotiom 4.2)

A preliminary investigation was disappointing. The stomes
beoame coated very quickly with metal from the walls of the
enclosure and a prolonged air blast produced no further grinding

action. It was necessary to remove the di‘_amonds after intervals
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of & few minutes and to dissolve the metal coating in aqua-regia.
After repeated trials the stones became almost spherical (Fig. 35).
However, the reduction im meem diambterﬂwag téo small to produce

a significant change in th§ intensity of the nitrogen resonance.
'The‘res:l.atanoa of spheriocsl diamonds to abraslon seemed to increase
markedly and further reductiom 1§lsiza was not possible.

Visual examination of the heated samples from group 2
revealed that some of the stones had become friable in their outer
regions and these were, therefore, subjected to the grinding tech-
nique. 3 mgm of diamond with a mean dlameter of 90 was obtained
from approximately 1 gm of M.B.S. 35/40 diamond (mean diameter
4604). The intemsities of the nitrogen resonance from the two
gsamples of ground and unground d;amﬁnd of ;qual mass were expeoted
to vary by at least & faotor of 3 if tho>diatr1butian of the donors
previously proposed by the a_.uthor1 ;gs ogf}eot. The results,
sh&wn in Fig. 36 oonfirmed the expected behaviour. The lime width
was reduced to 2,0 * 0.3 Oe and the ghape of the satellite reso-
nanoces was»mura‘paaﬁed.which suggested ﬁ#gquer compenent lines.
It is also of interest to note that‘the.oéntgul peak was symme-
trical due to the vemoval of the orystal surface and therefore of
the free radiocsl mentioned in the preceding.sectiom. The narrow-
ing of the central peak was expeoted due to exchange lmteraotionm,

(Seotian 1.4).
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4.13. Eleotron Spin Resomance at Low Temperatures
4.13.1. Quadrspole Effects " |
A;I.tliough tlie nitrogen lines wo__:}e 'oa_aj_.ly saturated at liquid

'nﬂ.trogen temperatures: 1t was posaiﬁle under these conditions to

observe hyperfine lines mi_.d-way between the outer lines and the
central isotropic line. (Pig., 37) These were very weak and oould
ouly be observed when a diamond was aligned with the magnetic field
parallel to (100) planes. Similar lines have ‘been .cbserved in
natural t?.:l.a.lnmmi.5 and have beem attributed to quadrepole interaotiom.

Unsuccessful attempts were m;de to ohserve additional lines
due to 25N which also have been detected in.natursl dismond®. Two
additiomal effects whilch had not been reported and which are of
particular imterest, were alse observed at 1iquid nitrogen
temperatures. |
4.13.2. A New Regonance Line

An: additional resona.ﬁoe was o_bserve& in a1l types of syn-
thetic diamond with the exoception of the p,ﬁtapedraa_ of group D.
Below -5}?0 a single isotropio 1:~Ln;e. with a.'w_i.@th of 6 Oe appeared
at g = 2.0310. At this time there ha.a been.no. reports of such a
réaana.'nce and, therefore, the eleotron“spi.,n resomance apebtm of
all four types of natural diamond were re-examined. In order
to inorease the probability of &etéoting the new line bulk samples

wore used wherever possible. It was es_tabl:lshed that as the
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resomance oould only be obgerved in synthetio and not natural
dlamond it was assoolated with the ferromagnetio additive. The
change in intensity of the rescmance was partioularly rapid in
the region of -73_°C but approximated to the usual -;'- dependence
at lower temperatures. In heated samples the intensity remeined
unchanged but the line width was reduced by .the same emount as
the nitrogen lines and suggests that the brosdening mechanism is
the same for both resomances. 4 digtri]:uti;on.of Jocal magnetie
field by aggregates of additive which are removed by the heating
proocess provides a logical mechanism. A typlcal resonance 1s
shown in Fig. 38.

Loubgser and van Ryneveldlo oliserved_the same resomance
independently at approximately the same time and reported their
work. As a result of measurements on diamond grown with and
without nickel additive they attributed the line to the presence
of dispersed niokel although its form waa-;:ot certain. If these
results are combilned with the work reported here a number of
intereating problems ar:l.s'e. In diaimands wﬁioh were grown with
additives other than nickel the intensity of the rescmance would
be expeoted to be relatively small or even.non existent. For
example, the R.D.A, diamond was..foﬁnd to contain large amounts of
cobalt but no niokal., In ocontrast, the R.ﬁ.t}_. diamond oontained
nickel only. However, the intensity of the resonance was approxi-
mately the same for both types of diamond. ci‘em-ly, 1f niokel is
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present, the amount whioh gives rise to the resonsnce ig in all
cases very small and therefore may only be & part of the total
nickel content. '

The resonance oould not be observe;i from the ootahedra of
group D (M,B,S, dismond contsining iron and nmiockel), Furthermore,
the abgence of a nitrogen resommoe. in these stones suggested that
in: order to produce the isotropio resomance both nitrogen donors and
dispersed nickel may need to coexist, The possibility that the ocon-
centrations of both impurities in the ootahedra n;ight have been
sufficiently low to prevent_ deteot:im*.by,pieotron spin resanance
should be noted. Clearly, further.experiments to resolve these pro-
blems satisf=zotorily would require dlamonds with kmown impurity ocon-
centrations and as these were not available no further progress was
made, |
4.13.3., Cross Relaxation Effects: Inversicn

It haz been mentioned .in Sec“::l.o:n 3_..?..".2.. that in speocial oases
it is possible to imvert the population_of.i one._of the satellite:
lines of the nitrogen resonance and to ._e_gfaﬁliah continuous wave
mager operation. Sorokin ot a1} An: 1960 showed that the effeot
can only be observed in diamonds which give additional resonance
lines due to impurities, For thaaev._dd.amanﬂa‘,‘:l.nteraion\ of the low
fleld satelllte was obtained yith a speoclally designed microwave
oirouit in which it was possible to saturate only the central line
and at the same time observe either of the satellits lines. In
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this work using a c;onventional alaoltron_ai:.‘;n resonance spec~
trometer in which each resonance lime is imdividually recorded
as f.ha magnetic field is swept thrm_:lgh,the resonant value 1t was
not possible to observe the three nitrogen lines simultaneously
and at tﬁe same time to saturate any one line. Neverthele's'a‘ an \
invergion effqot wag obgerved, The spet;tﬁm is shom in Fig. 39.
Unlike Sorokin's results: in whioch the low field satellite imverted
whilst the high field satellite remained unchanged, the central
line appea.red to lnvert whilst the low field ..sa:telﬁte remained
unchanged. -In addition the high field satellite appeared to be
saturated. Unfortunately, the effqlc.:_t was .not reproducible and
after many repeated trials it was observed only three times in
one synthetlo diamonmd which had been heated at 1500% in vacuo.
Cansequezit'ly, the effeot could not ;:g__emiped in detail.
4olh. Experiments with Crushed Samples

Line widths narrower than any previoualy reported in

synthetio diamond were observed in heated smples of group 2.
Although line widths of 3.9.0e. Iere reported by. Dyer et 9.16 in
samples of synthetic diamond grown. with a non-ferromgnetic
oatslyst Brightra.y-s this value is_at. Ieaat an..order of magni-
tude greater than the lower limit.of 0.3 -Ooizqwh:lch,.‘ia observed in
patural dlagend. It should be noted.that.te.date no satisfactory
explanation has been offered to explain line width variations in

natural coated stones. - No detalls of spin concentrations were






-139 -

glven by Dyer et a16 but it is unlikely that in the case of diamomds
grown with the Brightray-S, the concentration exceeded 20" sping om >
For spin oconcentrations less than approximately 10° an® dipolar
broadening would not be signifiosmt and it is diffioult to see why
the lines should not have been narrower. .

Experiments carried out 1n'the present investigatiom on samples
of synthetic diamond of mean diameter 450u which had been crushed
psst a: 24,0 mesh sieve (664.) and heated in vacuo at & temperature of
1600°C have shown that lime widths oan be reduced to 0.5 Oe. In
samples whioch had been orushed, olea.ned 4n aqua-regia, but not heated,
line widths of 1 Oe were observed. It is rea.aonable to suppose that
1f the sample is orushed to smaller d_:l.mansioma, the width may be
reduced even further. |

. These results suggest that if. synthetio diamond is orushed
in addition to being heated, the Eg&egafes of ferromagnetic
additive which would otherwise melt and rémain in the diamond, will
be able to gain access to a surface and so be able to evaporate.
The larger amount of additive extraoted would produce & rednotion in
the spread of local magnetic field within.,.t_;he .diamond with & oo~
sequent reductiom in the observed width of.any inherently nerrow
resopamce. It seems reasonable.to. suggast,_.thmfofe.; that in
samples: growm with Brightray-S 'feri'.omgmt:l'.c.,.éompounﬂs were formed
which ogused the lines to:'be broadened. The same mey be true for

some natural ccated stones.



As the broadenimg effect of the ferromagnetio additive was
not confined to the nitrogen résona_goe but extended to the reso-
namee associated with dispersed motallic ioms, the variation of
the line width of this rescmance with femiaér;turt; oould be
investigated more preoclsely by using the 'orus_hec_l samples. The
width varied from 5.7 £ 0.4 Oe to 1.2 & 0,1 Oe over the range
-60°% to -100°C and appeared to be a Ilinesr funotiom of imverss
temperature over this range. Below -160"0 .and ag the temperature
a.pproaohéd -1-77°C, the 1ime width .tended .towards a congtant value
detormined by the small amount of additive still present in the
dismomd,

4.15. Summary

All avallable types of synthetioc dlamond were ferromazgnetic.
The ocharacteristios of the broad elqotrom' épin* resonance speotrum
and the width of the nitrogen rescuance seemed to be determimed
largely by the nature of the ferrqmgﬁétie additives.

The effeot of heat treatmsnt im vacuo was to remove the
broad resonance completely and to narrow the nitrogen lines: to
varying extents. There was, however, no oémelatior.l between the
extent of the narrowing and the retentj,dmtbt....forrompetio pro-
perties. By hegting glone,,,lihe w:i_dtha. .w'e-:;_;q‘,.reduoe& to 3.0 Oe,
Klthough this value Wwas greater than that observed in maturel Ib

diamond, it was possible to make fairly acourste measurements on
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a simgle orystal and so to obtain values for the hyperfine
constants which were in agreement with fhosa previ.cnllsly obtained
for natural diamomd. |

Lime widths approaching the l;m,slles:t- values observed in
‘natural diamomd were obtained by oruah:l.ng and heating synthetic
diamomd. However, further measurements _on single orystals with
the improved resolutiom of lines wers not posaible due to the
reduced size of the stones. |

As well as removing the broad resonance the heat treatment
also gave rise to free radiocals on or near the surface of the
diamonds. In addition, some stones became more friable and
consequently their aige could be reduced and thé variation of
oconcentration of substitutional nitrogen with mean radius of
sample could be studied in & most direot way.
| A resonance not previously reported was observed at liquid
nitrogen temperatures.
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5.  FINAL DISCUSSTION AND CONCLUSIONS

Unlike natural diamends, which may or msy mot contain: nitrogen
impurity in deteotsble quantities, each type of synthetic diamond
ouni&ine& deteotsble amounts ofpnit;ogan_ﬁith the exception of the
ootshedra. The origin of the nitrogen impurity remsins undetermined
and it i3 not possible to ‘expll;_l:l_.n__‘l';he affinity of diamond for
nitrogen. As the nitrogen is substituticmal and not interstitial
in form it is unlikely that it diffuses inmto the diamonds after they
have been farmed. In this respeot an investigation into the possi-
bility of forcing nitrogen imto matursl Type Ib dismends st high
pressure would be imterestiig. |

In order to investigate the existence of nitrogen in the octa-
hedrs, experiments are being develbped-to @etermine .the tetal
nitrogen content of synthetic diamenmd sgmpiegu Unlike natural
stones which may contadn 100 times as much nitrogem in platelet
form oompared with the substitutionsl nitr;gen content, synthetic
dismond apﬁears to either contadn very sma;ll:mdetepta:ble amounts
of nitrogen (as in the case of the ootahedrs) or fairly large con-
centretions (as high as 0.01%) most of which.is in the substitu-
tiomml form. Present‘ m_ethoasi_ of,synthesiér‘ do, therefore, almost
certaimly differ from the natural processes in at least some

respeots.



The nitrogen resonance has been shown to be influenced by
the nature of the ferromagnetic additive, the ooncentration of the
nitrogen impurity, free radicals produced by carbonisation or
mechanical damage, the presence of % ana l"-N., quadrapole inter-
action, smd acceptor impurities such as aluminium. The most notice-
gble differences in speotrz from the different types of gynthetio
diamomd &iae aé a result of the wvarious types of ferromgdetié
additive used in manufaoture. As well as produoing a charaoter-
istio broad resonance the effect of the additives 1s to broaden the
nitrogen lines to varying extents. The rqaulta show that in the
cane of a n:!.ckal__adﬁitiye the line widths are similar to those
obtained from natural coated stones. The effeot of iron and ohro-
mum is t§ increase the line widths oonsiderably. Diamonds
oontaining aluminium and cobalt were found to exhibit spectra whose
lines wex:'a broadened to such an extent that they could no ionger be
resolved. In order to provide a satisfactory explanation of the
ferromagastic brosdening effects a detailed kmowledge of the ferro-
magnetio o,o_ngle:;as within the orystals is neoeasai'y. &g far as the
author ,i|s gmﬁe; little or neo information: is available w_hicﬁ
d.esoribe; ‘the pﬁssible formations of metallioc compounds at ltha_
presaure;_ and témperaturea used in the diamond resoticm. Further-
more, it has not been possible to determine the nature of dlspersed
" metallic icns im the dlamond: lattice. It 4s hoped that future
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investigations will olarify the situation. However, the present
work has suggested that relatively small amounts of farrompefio
iwpurities might easily glve rise to signifioant broadening of

the nitrogen lines. The variation in line wldth obgerved in coated
natural diamond is probably due in part to the .presenoe of very
small qqantities of metallic impurities whose nature remains

~ undetermimed.

The nmoﬁst lines so far observed oocur in naturel Ty'pe Ib
damomi, It would be interestimg, therefore, to use the technique
of qpeetfographio analysis to determine the relative lmpurity
concentrations in natural Type Ib and coated stomes. As natural
Type Tb stones are rare, it was not possible to earry out such an
experiment in this work. |

' When: the nitrogen lines becoms broadened to suol; an extent
that they temd {:o merge, any additional resonance whioh ooocurs in
the reglom of g = 2 will elearly &ffect. the shape of the spectrun
as a whole. Thé effect may be small but ocould limit the soeuraoy
with whié:h fhe l;;yperﬁne constants of the nitrogen resonsmce are
determimed, |

'l‘he p_:_-o_du;tiom of a free radiocal which gave rise to a
resona.ng; at g.=- 2,0023 is of particular interest. Its ex:!,,s"i:enoe
ocan be ldentified by the assymetry it produces in the central pesk

of the nitrogen resomance. However, the concentration of the free
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radicsls may be just sufficient to produce an apparent g-shif't of
the nitrogen resonance without necessarily giving rise to a notice-
able dlstortiom. i ‘ _

The resonance associated with the free radical is almost
identioal to that observed in natural Type ITa diamend for which no
explanetion has as yet been offered., Natural Type IIz diamonds msy,
‘i:horefore, contain similar centres. The results: of a spectrographic
emslysis of & nstural Type IIs dlamend are not imoonsistent with
this suggestionm in that impurities were not detected apart from
those found im the majarity of synthetic diamonds. Nevertheless,
the possi.b:l.lj,ty of an alternative centre being responsible for a
8lmilar ;'eaoganoe cannot be exeluded. The enhanocement of the cen-
tral pesk obtained with crushed specimens clearly indicates an
aitemative machaniam for the productiom of & free radical. Ho-wev_er,
im the c;tsg of orushed speolmens the free radlcals decay and it 1s
_unlikely that the surface offects in Type Ila diamends are respons-
isle for the 1s&gqp1o_une at g = 2 (Fig. 13).

Secandary effects @ue to exchange interaction are more notice-
able in .smll stones. Additiml evidence has been obtained in this
work to support the suggestion that the eoncentration of gubaf:_i.-
tutional nitrogen varies inversely with the mean radius of a stane
although the average ooncentration over a sample remsins approxi-

mately constant for all sises. For smaller stones the ocontribution
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to exchange intermotion ineoreases and produces & deteotable narrow-
ing of the central peak. It should be pointed out that 1n_ general
the smaller synthetio diamonds supplied by manufasturers comprise
mixtures of orushed stones. The diamonds used :Ln this work had not
been subjected to any treatment by the manufacturers apart from the
usual oleaning processes.

Prévious_ electron spin rescnance investigations have .shbwn that
moha:nisﬁmr other than those so far menticned give rise to additional
lines in the nitrogen spectrum. Isotopio varlation of ocarbon: and
nitrogen provides an exsmple” although umless the lines are narrow
and the coneontrwtion of subatitutional nitrogen is high, the lines
canmot 'be resolved on socount of the low natursl abundamces. A
further mmple is illustrated by the spectrum in Fig. 37 whioh shows
q_qmdraycie lines obtained from a éynthetio dlsmond. In this case &
high miorowave fower level i1s used so that the main lines are rediced
by aatura.fion, and the quadrapole lines are more easily detected.

It has né_t been possible to resolve lines from G|5 - N4 pairs in syn-
thetlo dlamomd. The intensities of the lines are suall and are
expgctgd. to ocour very olose to the mrin lines, The line width in
aynthetic dlammmd is larger then the expected splitting and the
effect canmot be detected. o

Por samples in whioh aluminium is present & spectrum due to
bound aluminium soceptors is expected in the regiom g = 2. Previous
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vork® has shown that in patural dismond the spectrum ocmprises
between 14 and 30 lines in a total magnetic field spread of approxi-
mately 30 O, The number of lines depends on the orientation of
the d:l,a.nop_d to the steady magnetio field. If a spectrum of this
type 1s superimposed on the nitrogen spectrum and is of & lower
intensity than the nitrogen resonance the shape of the central peak
would be altered to a greater extent than that of the s&teili‘i:e
lines. Furtherﬁore, the g-value of the aluminium resonance would
be slightly shifted relative to that of the nitrogen resonance »
(AL. g = 2.0023,N, g = 2.0024). A combination of the two spectrs
could eaglly lead to & base line shift on either side of the
central peak of the nitrogen triplet. An effeot of this kind 1s
notioceable when bulk samples are used. In additiou': a displacement
of the basge line of the nitrogen spectrum ocan be produced by tl;e'
tall of .the broad resonance. The degree of shift is d.etem:l.n_ed' by
the type.of additive used. For example, in the oase of R.V.G.
diamond the bage line. of the nitrogen speotrum is situated cn a
fairly horisontal portion of the broad rescmance and therefore only
szall shifts are observed (Fig. 20). .In ocontrast, all M-type
diamonds gs.ve_.riae to significant shifts (Fig. 19). ..

‘The most. imteresting and significant results have probably.
bean .obtained from heated samples.. Any mechanism which is..proposed
ag apn explamation of the observed effeocts of heat treatment must
account for the variable extent of the narrowing of the nitrogen
lines end also for the disappearance of the broad rescnance together
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with a reduotion or loss of the gross ferromagnetic property.
The following mechanism ascounts for the experimentsl observatious.

_ X-ray measurements by Kamiya and Lang’ provide evidence that
synthetic diamonds whioh have been produced with a niockel oatalyst,
comtain nickel rich surface films with particle diameters less than Iu.
With the exoception of the gross inclusions previously diacuéserl, the
oatalyst was found to exist primarlly in the form of aggregates of
veryi.ng_pizea which are located preferentislly in the outer regloms
of the diamond If the broad resonamce is attributed to agaxregates
or part:loles wh:l.eh have at least one dimension of the order of or
less than the miorowave skin depth (1.4 ), the contribution from the
larger aggregates and imclusioms is expected to be small as only
their onter r'egiuna aere offective, In contrast, it has b;en ahown
that the atiraotion of diamonds to a permanent magnet 1s determimd
mainly by gross imclusions,

Aftar h_e_ating in vacuo at 1200°c the larger aggregates are
able to melt and exert pressure on the diamend so that & distribution
of dmck; 1s produced aleng {111} cleavege planes through which the
additiye‘my esoape. The formation of spherically shaped globules
of molten catalys‘t is most probably due to surface tension effeots.
The inability to wet diamonds with any type of material is & well
known h:l.pdermcq in the diamond tool industry. Although the_melting
points of Ni, Co, and Fe metals lie in the range from 1455°C' to
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1535°C, the required depression of the melting point can be obtained
if the aggregates are enriched with carbon. At this stage the broad
resonance would not be expsoted to change signifioantly., o

Two processes oogur if the temperature is ralsed to 1600°C.
-vIn the first process, aggregates of molten additive which have
reached the surface of the orystal, evaporate. The results ‘indicate
that on ‘aversge approximately 708 of the total amount of sdditive is
removed ‘by this process. In the second process it is suggested that
the smaller particles coalesve locally but remain trapped within the
diamomd. There is no longer a suffioient number of pn-t:l.o]:.ea present
whose dirémnaioﬁé are small enough to produce an observable 'bi-d'ad .
resonance. .Diamonds which atill contain aggregates of osta.lyst |
remain attracted to a permanent magnet and the nitrogen reaomnoe
may atill be significantly broadened although less so than in the
unheat,ed._orys,ta]v.s'. " The experiments involving orushed aspecimens have
illustrated quite clearly that the majority of broadening is due to
gross hulusioﬁs_ which can be removed by heating. For the astones of
Group 2 which are not noticeably attraoted to a permanent mg:ét '
most of the aggregated catalyat probably gains aocess to the surfane
by any of & nmnber of extansians of the proposed meohanisms. The
mgn:l.tude of the broadening and the gross ferromagnetio affeota‘ a.re,
therafore, oorrespondingly leas.

For reasons given previously (Seeotien 4.13.2) it is not
possible to explaim in: detall the exlstence of the additiomal
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eleoctron reaonance which appears at lower temperatures., However,
it 1s olear that some-of the additive also exists in the diamond
both before and after heat treatment in a more dispersed form which
has quite different properties from the aggregated additive.
Attempts were made to anneal this type of defect but even when the
temperature was raised to approximately 2000°C and the diamond
began to graphitise very rapidly no change was observed.
5.2. Praoticsl Applications " .

'],‘_ble‘rgaultg. of this work might easily lead to some praotical
applications in the diamond manufaoturing and tool industry. Past
reports'*'5 have imdicated that diemonds can be produced which are
free of nitrogen impurity. Unfortunstely, no details of the catalyst
or of the diamomd were given. It would seem from the work reported
here that in the csse of M.B.S. diamend the absence of nitrogen:
fmurs_‘i:l_:e growth of ootahedral orystels. Clearly, it is advanta-
geous to_lbe able to oontroi th‘;a ghape of synthetioe d:l.amomi.' |

In: most prsoticml applications of diamond in: grinding tools ,
the stones haye to be securely fixed withim the host medium. For
this reaaon, mnufaoturere provide different types of synthetio
diamond. whieh beeause of thelr shape and mechanioal proparties 1end
themsalvgs_to different types of bomding systems., The ofﬁq;enoy
of & particular bond is determined primarily by the nature of the

dismond surfase. It has been ahdwn that metal may be diéplsoe&
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from synthetio diamonds and may exist in the formation of an
improved bond to the host medium. The experiments involving heat
treatmemt of mixtures of metal and diamond (Fig. 24) illustrate
the feaslbllity of this suggestliom.

A sgcand method of treating the surfaces of a diamopd im
order to mnke them more chemically sultable for bonding might well
be gohi.et‘red‘ with orushed specimens. In this ocase, immedistely
aﬁ'.;z_' orushimg, the sur'fa-ooa'v are likely to contain free radicals
due to broken bomds and are consequently chemically wvery active.
Before tﬁe free radicals deosy they may be used to form & strong
bond to & material whioh i.n turn would lend itself to bonding to the
host medium im & way which is superior to normal dreot bonding
- between f.he diamond and the host medium.

The degree of friability of a synthetic diamond sample 1is
determined by tﬁe method of manufaoture. This property is desir-
able forlindns,trial use and samples are avallable which have a
range of frisbility indices. Heat treatment simllar to thet
dssnribecyi. in th:i.s work might easily lead to a convenient method
of prodnc.r.-l.ng diamonds with these charasoteristios. |

The gross imoclusions which have been shown to scontain ferro-
mgxatio.mterial tend to weaken the orystals and in this respeot
they assist in producing a more friable type of diamond. This
charaoteristic might however be more directly and usefully employed.
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The variation in the hardness of diamond with oryam direotion is
well known and en appropriate orystal alignment within a diamond
grinding wheel would lead to greater efficiemoy. As & result of
the large number of diamonds employed and their small sise, no
attempts to orlentate the orystals have been made. However, if
diamomds oould be produced which ocmtained aggregates of ferro-
megnetic materdal arranged &g laminae in preferred plames, the
application .of & magnetio field might well provide & mesmns of
ocantrollimg their orientation within the grinding wheel.
5.3, Fufure work

.'ﬂ;é.neaul;.a..px_-esented here suggest that metallio impurities
in synthetie dta.monﬂ can exigt either as large visible imeclusioms
or &s ﬂiapggsa& metallic ioms. In both cases, however, knowledge
of the pl;waicﬂ |propert:|.ea of the impurity 1s limlted snd experi-
 memts to investigate the defects im more detail would therefare be
inportmt Preli.m.nary experiments with oleaved orystals have
demonstrated that gross imolusioms can be extrscted for ologer
examination., |

The dispersed metallio ioms present & more challenging pro-
blem bgtﬁ,_ﬁ;om the experimental and the theoretical _v:l.tﬁpdintn.
The intensity. of the resomance which ocours at Iiquid nitrogen
temperatures and whioh has been attributed to the dispersed ioms,

indicates that the camcentratiom may be as low as: ome part per



- 154 -

millioxr., Consequently experimental methods of detectiom are limited.
In this respeot, it is hoped that further electron spin réaonmoe
imvestigations combimed with additional non-destructive techmdques
such as X-ray fluorescence amalysis, will provide a c¢learer umder-
gtandimg of the physios of synthetic diamomnd.

- Ludwig and Womilmry6 reported an eleotron resomance from
dispersed :_d.okei ioos in germanium which is similar to that observed
im gynthetio d:l.amnﬂ but which shows hyperfine structure at -271°C.
Pr'ov:lsio:.: is Beﬁg made to examime heated synthetic diamonds at
similar t:e;nper_étures. |

 In order fo eptablish that the smount of substitutional
nitrogen in natural dlamonds is often several orders of 'mmitﬁde
less than the total nitrogen oontent, the total nitrogen content
was determined by gag fusiom amlysia.7 Similar memsurements on |
synthetic diamond would be of interest partioularly on the octahedra
whick would seem to be Type Ila.
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ABSTRACT

Three distinet and known E.8.R. spectra, which are obtained from fivo
commercially available types of synthetic diamond, are discussed. The
resonarnces are due to dispersed substitutional nitrogen, small aggregates and
dispersions of ferromagnetic additive,

Heat treatment in vecuo at 1200°%c causes the migration of a significant
amount of the additive from the interior to the surface but does not, inarkedly
affect the 1.8, R. propertics.

Heat treatmont i vacuo at 1500°c removes largor quantities of the additive
and nlgo that resonance which may reasonably be attributed to the smail
aggregates of additive. An additional line is observed at the free-spin
¢-value.  In n'certain selection of heated stones the line width of the nitrogen
rosonance is narrowed to 3-.oe and the symmetry properties of the resonanco
may bo studied more precisely.

The behaviour of perfoct octahedral stones does nol. appear to correspond
in all respects to that of the common cubo-octahedral diamond. The
appearance and mechantcal properties of heated stones are also discussed.

§ 1. INTRODUCTION

‘'HE paramagnetism of unirradiated natural and synthetic diamond has
been studied extensively using the technique of electron spin resonance.
A particularly fruitful aspect of the work has been the identification and
investigation of dispersed substitutional nitrogen donors in natural stones
which are classified as Type Ib. The paramagnetism arises from the
unpaired electron provided by the nitrogen atom which can be considered
as localized predominantly in an anti-bonding orbital along one of the
four C-N bond directions (Smith et ¢l. 1959). The main feature of the
spectrum is a hyperfine triplet due to interaction with the nitrogen nucleus
which has a spin of unity. The g-value for the central line is 2-:0024 and
the interaction is partly anisotropic with hyperfine constants 4 =40'8oc
and B=29-20e (Smith et al. 1959). The separation between the central
peak and each satellite line varies as (A2cos®f+ 32sin? §)120e, where
§ is the angle between the C-N bond direction and the applied static
magnetic field. The spectrum for a single stone containing many such
donors can be deduced if it is accepted that each bond direction is occupied

T Present address: Department of Physics, Plymouth College of Technology,
Plymouth.
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with equal probability. Only when the applied field is parallel to a [100]
direction and every bond in the diamond is at the same angle to the field,
are three symmetrical lines of equal intensity and separation observed.

The line width for homogeneous Type Ib natural diamond can be as
small ag 0-30c. These stones are rare compared with coated diamonds
in which the substitutional nitrogen exists only in the coat and line widths
vary from 2 to 6oe. The narrowness of the lines combined with a
sufficiently high concentration of nitrogen has enabled the above model
for the donor to be further tested by permitting measurements in the
regions between the main triplet. Resonances attributed to interactions
with the nuclei of BN(/=1) and nearby BC(I/=1{) in their natural
abundances have been detected and discussed by Loubser and du Preez
{1965). The existence of quadrupole interaction (Loubser and du Preez
19465}, dipolar (Samsonenko 1965) and exchange effects (Loubser ef ;. 1965,
Smith ef ¢l. 1966) has also been demonstrated. The basic model for the
dispersed substitutional nitrogen donor seems to rest on a firm
experimental basis although the complete distribution of the unpaired
spin density over the nearby carbon atoms is the subject of further
discussion at the present time (Every and Schonland 1965, Bower and
Symons 1966). It is now realized that the spin density is greater on the
carbon atom of the C-N bond than on the nitrogen atom.

In the case of synthetic diamond, such detailed and direct measurements
have not, to our knowledge, been made, although most commercially
available stones are Type Ib with averaged concentrations of paramagnetic
nitrogen which can be as high as 102 percm3. One important reason
for this is the generally greater line width which may obscure both
variations in the hyperfine interaction and any intermediate lines.
Although the small size of the stones is a factor, it is not as important as
might be supposed owing to the apparent linear variation of nitrogen
concentration with the reciprocal of the radius which has been reported
by Smith et e¢l. (1966). For very small stones (usually less than 100 4
diameter for commercially available specimens) exchange effects will
begin to affect the shape of the recorded spectrum.

The increased width has been attributed to variations of local magnetic
field produced by the presence of ferromagnetic additive used in the
manufacturing process. 'Direct evidence for the effect was presented by
Dyer et al. (1965) who recorded the nitrogen resonance from a bulk sample
of diamond grown with the non-ferromagnetic additive Brightray-S,
which econtains Ni, Cr and Te in the proportions 78 : 21 : 1. They found
a width approximately the same as that obtained from natural coated
stones (3-90e). The shape of the satellite resonances and the enhancement
of the central isotropic line agreed with the theoretical predictions of
Sands (1955) which apply to a large number of randomly orientated stones.
We shall show that it is possible to obtain reduced line widths of 30e by
suitable heat treatment and selection of commercially available samples.
The symmetry properties of the nitrogen resonance may then be studied
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directly in the larger single stones where the signal to noise ratio is a
maximum. A further reduction in width to 20e can be achieved by
grinding the heated stones.

Perfect octahedral MBS 35/40 stones do not appear to contain detectable
paramagnetic nitrogen nor do they give the isotropic resonance at low
temperatures reported by Loubser and Ryneveld (1966).

In addition to the nitrogen resonance, a broad resonance is observed in
synthetic diamond at room temperature which can extend from zero
ficld to helow the free spin g-value. The effect has been reported
previously for bulk samples by Huggins and Cannon (1962). They
showed that the characteristics of the spectrum dépend on the nature
of the ferromagnetic additive used. It is of interest to study a single
stone to establish if a relationship éxists between this resonance and a
particular crystallographic axis.

The heat treatment referred to above has the effect of removing the
broad resonance for each of the five types of commercially available
diamond which we have investigated. The resonance may reasonably
be attributed to additive in the surface and near surface regions where it
exists in high concentration and from which a majority is extracted by
the heat treatment. As the width of the nitrogen resonance is reduced
significantly in only a limited number of stones, it appears that the form
of the ferromagnetic additive which produces the broad resonance is
either not the major cause of the broadening or, if it is, only a proportion
is effective.

A further effect of the heat treatment, certainly in the largest MBS
stones, is to produce a single isotropic line at g =2-0023.

§ 2. EXPERIMENTAL APPARATUS

A Decca X1 spectrometer operating at 9270 Mc/s with 100 kefs field
modulation was used to record the electron resonance spectra. The
sample temperature could be varied continuously down to 87°k. The
magnet had flat pole faces of 6in. diameter and was not a commercial
design. S

The optical micrographs were obtained with a Zeiss Ultraphot II.

§ 3. OBSERVATIONS
3.1. Ferromagnetic Additive

Figures 1 and 2 show typical electron resonance speetra of bulk samples
of the same weight of MBS, MBG, MDA, RVG and RDA type synthetic
diamond as supplied. The MBS, MBG and RVG is manufactured by the
General Electric Company and the MDA and RDA by the De Beers
Organization. ‘The numbers after the type letters refer to the size range
in terms of mesh number and in microns. The largest stones of each type
were used in order that any contribution to the nitrogen resonance from
exchange effects in the central cores was kept to a minimum (Smith ef al.

-
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1966). In each case a sufficient number of stones were present to ensure
that the spectra did not change when the sample was rotated.

The characteristics of the broad resonance and the intensity and width
of the nitrogen lines are similar for MBS, MBG and MDA diamond (fig. 1).
The ferromagnetic additives are, therefore, expected to be similar for each
type.

Fig. 1

MBG 60/80 250177

MBS 35/40 500/420

MDA 40/60 420/250

MAGNETIC FIELD Oe
0 p 2 3 b 5 6 x103

Typical ES.R. spectra of bulk samples of MBG, MBS and MDA synthetic
diamond as supplied.

A qualitative indication of the identity of the additive was obtained by:
heating the samples in vacuo at 1500°c for a few minutes. A sufficient
amount of the additive was cxtracted from the diamond in this way and
was analysed. An alternative and somewhat more quantitative indication
was obtained by oxidizing known weights of each type in air and analysing
the residue.

The results of these tests suggest, as expected, that nickel and iron are
present in MBS, MBG and MDA diamond. In addition a very small
number of white crystallites appeared in the residue from the MDA sample.
A spectrographic analysis indicated that they contained aluminium and
silicon as the major constituents.
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The characteristics of the spectra from RVG and RDA diamond (fig. 2)
are clearly different from each other and from the MBS-MBG-MDA group.
The RVG stones are known to contain predominantly nickel additive
(Huggins and Cannon 1962) in similar concentrations and as the nitrogen
lines at g =2 are narrow, it seems that the 8 oe width of the MBS-MBG-
MDA group is not due to nickel.

Fig. 2

RVG 40/60 420/250

RDA 40/6Q 420/250

MAGNETIC FIELD Qe
0 ) 2 3 i 5 B %103

Typical ES.R. spectra of bulk samples of RVG and RDA synthetie diamond
as supplicd.

The residue from the RDA diamond contained a relatively high
concentration of cobalt. A larger number of the same white crystallites
were also obtained. We attribute the single line at g=2 to a resonance
from dispersed substitutional nitrogen which is broadened by the additive
to the extent that the component lines are not visible. Evidence for the
identification was obtained from observations on smaller RDA specimens
and also from the effect on the larger specimens of heat treatment in vacuo
at 1500°c. In the latter case a proportion of the additive was removed
and three lines appeared. The intensity of the resonance at g =2 was less
than for the other samples which contained between 108 and 101 nitrogen
atoms per cc averaged over the sample volume. The aluminium probably
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causes a suppression of the nitrogen resonance. In the case of MDA
diamond the eoncentration of aluminium is not so large that the nitrogen
resonance is affected in a significant way.

For single MBS 35/40 stones it is possible to observe both the nitrogen
and the broad resonances. These diamonds have well-developed faces
and permit unambiguous orientation by visual examination. A single
cubo-octahedral stone was aligned with a [100] direction parallel to the
applied magnetic field and the broad resonance was recorded for 10°
rotations from this orientation. The intensity, shape and apparent
g-value varied with the rotation. It has not been possible to associate
the vartation with the crystal symmetry. Additional tests on a number
of single stones established that wide variations oceur but that coincidence
is not necessarily obtained at the same orientation. 1t seems unlikely
that the centres responsible for the broad resonance have a preferential
shape and lie in any particular plane.

3.2. Substitutionnl Nitrogen in Single Stones

The nitrogen resonance was recorded individually for 170 MBS 35/40
stones which had been divided into four groups according to their
appearance. The stones in Group A had a pale greenish yellow colour
and only a few dark inclusions were visible. Group B were very dark,
being either black or very decp green, and contained a large number of
inclusions. Group C were intermediate between Group A and Group B.
Group D were a sub-selection of C but with an almost perfect octahedral
habit ({111} faces visible). There were 50 stones in Groups A, B and C
but only 20 in Group D as these are comparatively rare. The stones of
all groups were attracted to a permanent magnet.

Each stone in Groups A, B and C gave a three line resonance having an
isotropic g-value, a line width of 8 oe and a shape which was more nearly
(zaussian than Lorentzian. These parameters do not, therefore, depend
on the criteria adopted for the classification of the stones. The effect of
variations in orientation is not casy to measure dircctly with a width of
this order. The intensity varied between samples by a factor of
approximately 5, but a direct correlation with the group to which it
belonged did not appear to exist. The broad resonance was present in
each stone but again no correlations between the groups were detected.

For Group D the broad resonance appeared on each occasion but no
trace of a nitrogen resonance could be found. A sample of the 20
octahedra also failed to produce a resonance in the region of y=2. The
number of dispersed substitutional nitrogen atoms which are paramagnetic
is, therefore, at least two orders of magnitude smaller than the number
in the common cubo-octahedral diamonds taken from the same batch,
assuming a line width of 8 oe. '

An additional resonance, which has none of the characteristics of the
broad resonance, can be obtained from most synthetic but not natural
diamond. A single isotropic line with a width of 6 oe appears at g=2 at
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temperatures below about 220°k. The resonance was observed recently
by Loubser and Ryneveld (1966) and independently by ourselves. The
change in intensity is particularly rapid in the region of 200°k but
approximates to the usual 1/7 dependence near liquid nitrogen tempera-
ture. As a result of their measurements on stones grown with and without
nickel additive, Loubser and Ryneveld (1966) attributed the line to the
presence of dispersed nickel, although its form is not certain. We find
that the line is present in each of the five types of commercially available
diamond used in this work, with the exception of the octahedra of Group D.
Although the measured width is 6 oe, the line has probably been broadened
by the same mechanism which broadens the nitrogen lines, and the
inherent width is less. Smaller widths have been observed in stones
which have received the heat treatment referred to below.

It is possible that both nitrogen donors and dispersed nickel must
co-exist to produce the isotropic resonance. Alternative speculation
would be that these stones contain nitrogen in either platelet form or
bound to an acceptor-like impurity, which may be dispersed nickel, or
that the nitrogen concentration, as well as the concentration of dispersed
nickel, is so low that they are Type 1la. At the present time we are not
able to make significant measurements on the octahedra other than by
electron spin resonance.

3.3. Some Effects of Heat Treatinent

Approximately 709, of the ferromagnetic additive in synthetic diamond
may be removed by heating the stones in sacuo (5x 10-3torr) at 1500°¢
for 13min. The percentage estimate was made by comparing the weights
of the residues obtained from complete oxidation of equal weights of two
samples. One sample consisted of stones as supplied and the other of
stones which had received the heat treatment.

The broad resonance was removed by the heat treatment for each of the
five types of commercially available dinmond. The effect is illustrated
for a bulk sample of MBS 35/40 in fig. 3.

After the heat treatment the stones of Groups A, B and C were
reclassified into Group 1 and Group 2. Group 1 contained stones which
were still attracted to a permanent magnet whereas those in Group 2
were not so attracted. In all cases the intensity of the nitrogen resonance
had not c¢hanged but the line width from Group 2 had been reduced from
80+ 0-50e to 3-0£0-30e. Group 1 gave a width which was slightly
less at 6-0 + 0-40e.  Prolonged heat treatment in vacuo at 1500°c did not
reduce the width of either group further nor did it atfect the behaviour
of the stones towards a permanent magnet.

Clearly any mechanism which is proposed to explain the effects of heat
treatment should account for the difference in the width of the nitrogen
resonance and in the attraction to a permanent magnet, between the
stones of Group 1 and Group 2. At the same time it should explain the
absence of the broad resonance in all heated stones.
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Fig. 3

MAGNETIC FIELD Qe

0 ] 2 3 tx 103
| 1 | { |

The effect of heat treatment in vacuo at 1500°c on the E.S8.R. spectrum of a
bulk sample of MBS 35/40 diamond, (¢) before heat treatment and
(b) after heat treatment.

Figure 4 shows a typical spectrum from a stone of Group 2 for three
orientations with respect to the applied magnetic field. The g-value is
2:0024 + 0-:0005 and the hyperfine constants are 4 =41-0+0-40e¢ and
B=289+0-40e. These parameters are consistent with those obtained
for natural Ib diamond.

A bulk sample of stones of Group 2 was ground by diamond powder
contained in an air blast. Approximately 1%, of the stones were uniformly
reduced in size such that their mean diameter lay between 80 4 and 100 p.
Figure 5 shows the nitrogen resonance obtained from 3 mg of the sample
before and after grinding. The width is reduced .to 2-0 +0-30e and the
shape of the satellite resonances is more peaked which suggests narrower
component lines. The intensity is increased after grinding owing to the
increase in concentration which oceurs towards the centres of the stones.
The concentration of nitrogen is not sufficiently large that exchange effects
are expected to modify the spectrum in a significant way. Detailed
orientation checks have not been possible with these stones.
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Fig. 4
Ho 11 ficg)
H, 0 o]
— 269 Qe —
Hy I [n]
41008 —
130 Oe 525 Oe

E.8.R. spectra of the substitutional nitrogen in a single crystal of MBS 35/40
diamond of Group 2, at fixed orientations to the applied magnetic
field, after heat treatment 2n vecuo at 1500°¢.

Fig. 5
—13-Q Oe
a
b
1525 Qe
— 20 Oe

ES.R. spectra of equal weights of heated MBS 35/40 diamond {) before
grinding (size range 420 p to 500 i} and (b) after grinding (size range
80 4 to 150 ).
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§ 4. DiscussIionN

The behaviour of the broad resonance, and the variation in width of the
nitrogen resonance after heat treatment, in synthetic diamond which
contains ferromagnetic additive, may be accounted for in the following
way. ' B

The additive would seem to exist primarily in the form of aggregates of
varying size which, with the exception of a humber of gross inclusions, are
located preferentially in the outer regions of the diamond. If the broad
resonance is attributed to those aggregates or particles which have at least
onc dimension of the order of or less than the microwave skin depth (1 p),
the contribution from the larger particles and inclusions is expected to be
small, as only their outer regions are effective. The attraction of the
diamond to & permanent magnet and the near random distribution of the
local field over all the nitrogen centres contributing to the resonance, is,
therefore, a necessary consequence. Thex-ray topographic measurements
of Kamiya and Lang (1965} on synthetic diamond containing nickel
provide cvidence that the surface metal is in the form of particles less
than approximately 1/100 p diameter. '

In addition it is interesting to note that the width of the nitrogen
resonance is greater for those diamonds which show a high effective g-value
for the broad resonance. The variation in magnitude of the effects under
discussion amongst the five types of commercially available synthetic
diamond may be explained to a large extent if the concentration and
identity of the ferromagnetic additive which they contain is considered
in conjunction with any previous heat treatment.

After heating in vaeuno at 1200°c, the larger aggregates are able to melt
and to exert pressure on the diamond so that a distribution of cracks
is produced along {111} cleavage planes through which the additive may
escape. It is important to note that although the melting points of Ni,
Co and Fe metals lie in the range 1455°¢ to 1535°0, the required depression
of melting point can be obtained if the aggregates are enriched with carbon.
The broad resonance from the small particles would not be expected to
change significantly with the treatment, nor by the subsequent removal
of additive from the surface. Heat treatment at 1500°c may be supposed
to extend the above process in a restricted form to the small particles,
which probably coalesce locally and produce microcracks containing
additive. It is clearly not possible to suggest a detailed mechanism on
the basis of the present results.

The broad resonance would not be expected to occur after heat treatment
at the higher temperature due to the increased dimensions or pessibly the
different shape of the aggregates, but the stones may still be attracted to a
permanent magnet and the nitrogen resonance may still be broadened.
Such behaviour is pronounced for the majority of stones (Group 1). For
the stones of Group 2 we presume that most of the aggregated additive
has been able to gain access to the surface by any of a number of
straightforward cxtensions of the proposed mechanism. The magnitude
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of the broadening of the nitrogen resonance, or indeed any other resonance, -
is, therefore, correspondingly less and the stones are not noticeably
attracted to a permanent magnet. Some of the additive also exists
in the diamond in a more dispersed form which has quite different
properties. .

The apparently anomalous behaviour of perfect octahedral MBS 35/40
diamond would seem to warrant further investigation particularly as a
large number of these rare stones was not available for this work.
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Abstract. An improved method for the removal of aggregates of ferromagnetic
additive from synthetic diamond is presented. Electron-spin-resonance linewidths
are reduced as a consequence and may approach 0-5 Oe,

Electron spin resonance from substitutional nitrogen in diamond (type Ib) has been
extensively reported (see, for example, Smith er al. 1959, Loubser and du Preez 1965). The
principal feature of the resonance is a three-line spectrum due to a hyperfine interaction
between the unpaired electron donated by the nitrogen atom and the nitrogen nucleus
(I=1). The linewidth varies from specimen to specimen and has a lower limit of about
0-3 Oe in the case of natural diamond which does not contain regions with unusually high
concentrations of nitrogen donors.

Synthetic diamond, in contrast to the natural material, is invariably type Ib. Metallic’
inclusions are present and arise from the additives (iron, cobalt, nickel, etc.) used in the
manufacturing process. The structure of the inclusions and their effect on the diamond
lattice have been studied by x-ray methods (sce, for example, Phaal and Woods 1966). As
well as producing anomalous X-ray spikes projecting from the reciprocal lattice points of the
synthetic diamond, the inclusions, on account of their ferromagnetic properties, give rise to
a spread of local magnetic field and hence to a broadening of the nitrogen electron-spin-
resonance lines, For commerically available specimens, which have not been heated in any
way except for the cleaning processes used after manufacture, the linewidths vary between
approximately 5 Oe and 30 Oe, depending on the type of additive used. Dyer et al. (1965)
reported linewidths of 3-9 Oe in synthetic diamond powder which had been grown with the
non-ferromagnetic additive Brightray-S (78 % Ni, 21 % Cr, 1% Fe)}. It is unlikely that this
width was caused by dipolar broadening, but rather by a significant ferromagnetic effect from
aggregates of additive in the grown diamond which did not reflect the original composition
of the Brightray-S. Smith and Angel (1967) obtained a reduction from 8:0 to 3-0 Oe in
MBS 35/40 synthetic diamondt by heating the specimen in vacuo to 1500°C. Under these
conditions the larger aggregates melted and exerted sufficient pressure on the surrounding
diamond to produce a distribution of small cracks along the {111} cleavage planes through
which the metal could evaporate. It was shown that, for a bulk specimen, approximately
709, of the ferromagnetic additive was removed by the heating process and that the residual
width could reasonably be attributed to aggregates of additive which remained in the
diamond after the heat treatment.

In recent experiments it has been possible to reduce the width to 0-5 Oe, and so to ap-
proach closely to the narrowest lines obtained from natural diamond. The reduction was
achieved by crushing a bulk sample of synthetic diamond, which consisted of stones with
a mean diameter of 460 um, past a 240 mesh sieve (66 ,u.m) The sample was then heated
in vacuo (50 utorr) to about 1500°C and cleaned in boiling aqua regia. Intermediate line-
widths of about | Oe were observed in specimens which had been crushed, sieved and cleaned
in aqua regia but not heated. It is reasonable to suppose that if the sample were crushed to
smaller dimensions the width might be reduced even further.

t Synthetic diamond with dimensions in the range 420-500 pm manufactured by the Genera[
Electric Company, U.S.A., for use in saw blades using a metallic bond.
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As the broadening effect of the ferromagnetic additive is not confined to the nitrogen
resonance, but extends to all other resonances, more precise electron-spin-resonance
measurements can be made on synthetic diamond using the treated samples, provided that
the limitation of small stones is acceptable. It has been possible, for example, to observe
a variation with temperature of the linewidth of the single isotropic resonance at g=2-0310
which was first reported by Loubser and van Ryneveld (1966) and which they attributed to
dispersed nickel. The width between maxima on the derivative of the absorption varied
from 57+ 04 to 12401 Qe over the range 213-133°k, and appeared to be a iinear func-
tion of inverse temperature over this range. Above 213°k the intensity was nearly two
orders of magnitude less than its value at 96°k, and the resonance could not be detected
with certainty. In addition the low-field satellite of the nitrogen resonance tended to
interfere with the measurement at the higher temperature, although its effect could be
reduced by using higher values of microwave power so that the nitrogen lines were pre-
ferentially saturated. Below 133°K and as the temperature approached 96°k the linewidth
tended towards a constant value determined by the small amount of additive still present in
the diamond.

The success of the method presented here in reducing the widths of the nitrogen and nickel
resonances in synthetic diamond provides further support for the suggestion that aggregates
of ferromagnetic additive are responsible for the broadening. The results of semi-quan-
titative measurements by spectroscopic analysis on a range of the treated samples also agree
with this conclusion. It would now be interesting to enquire if the variation in linewidth
between various natural stones containing substitutional nitrogen is due to ferromagnetic
impurities.
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