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Abstract

An ENDOR spectrometer has been designed and constructed 
which is capable of operating at 9000 t^c/s or ?3 f OOO Me/s. 
Simple 115 kc/s field modulation detection is uped and the 
nuclear resonance power ie frequency modulated. Nuclear 
transitions ere detected as a change in the dispersive com­ 
ponent of the B.F.R. signal. Apnrt from conventional 
cryogenics allowing the use of tenperature down to that of 
pumped helium a pecond system allov.s X-irradietion of the 
sample at similar temperatures while actually in the X or K 
band microwave cavity.

Detailed K.P.H. *md KNDOR measurements have been made of 
ions and hydrogen atoms in

Tra ions on interstitial sites with eightfold cubic 
co-ordination are produced by X-irradiation of CaFp*^21 ^ 
room ternperrture. The K.P.R. spectrum observed et 20°K has 
two lines j showing poorly resolved fluorine structure., sbout 
30 G wide whore positions are described by

^ » g^H.S. + Al.g

with S « £ f I » fr f g « 3.452 i 0.003 arid |A | * (368 - 2) 
x 1C""4 cm."1

The ground configuration of Tin2 "1" is 4f15 , 2P. The spin 
orbit coupling splits the ground term by *  Q into J a * and 
J = & with J * X lowert. C » 2513 cm."1 in CaP«. The cubic«i £

field splits J » ? into two double tes f rfif r and a quartet,
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C

rg , with f« lowest. J = ^ is split into a doublet, r^«, and 

e quartet T^ 1 . Kiss (1962) hrs raeeeured directly by optical 

fluorescence the energies of r , r«   ^nr! f '. Second order 

crystal field effects sdraix to the r« groundstate an 

amplitude w « 0.048? of the r   doublet. The g value 

calculated for this groundstate is 0.022 greater than the 

experiraent&l value because of covalency. The values are 

reconciled by introducing an orbital reduction fadtor 

k * 0.991 - 0.001.

The experimental hyperfine parameter is corrected for 

the core polarisation contribution, estimated f.t + 13.7 Kc/s f

and for the orbital reduction factor, leading to an estimate
o j

of the hyperfine parameter of s free Tm ion of 382.4 Mc/s.

Comparison with Hitter's (1962) atomic beam measurements on
 » o «

the Ttn atom indicates a value of <r"^> for Tm greater by 

2% then for the Btonu This is consistent with Judd and 

Lindgren's (1961) calculations of 10.51 a.u.for TB° and 

10.95 a.u, for Tm5^.

Thulium ENDOR measurements give a much more precise

TRlue for the hyperfine parameter of 1101.376 - 0.004 Ulc/s.
16Q An apparent nuclear g value for Tm is derived of

0.756 - 0,005 (n.m.). A correction of -0.288 due to second 

order perturbation via the regnetic field and hyperfine 

interaction is calculated from Kiss 1 results for the positions 

of excited states. The resulting nuclear moment
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u « -0.234 - 0.003 n.m. is close to Hitter's atomic beara

value of -0.229 - 0.003 n.m.

Fluorine KNDOH of CaF 8 '-^ * was used to measure the

hyperfine interaction with fluorine shells l f 2 f 3 and 4. 

Only the first shell differs significantly fron a classical 

aagnetic point dipolar interaction. The first shell para­

meters ere A0 » 2.564 - 0.01 frc/s and A^ * 12.283 - 0.01 Mc/s,s p

both with the same sign. fi he classical point dipolar inter­ 

action is +9.809 Kc/s, indicating the choice of positive 

sign for A and a contribution due to bonding of 2.474 Mc/s. 

This is contrary to Watson and Freeman (1961) who predict a 

polarisation spin density et the extremity of a rare earth 

ion which is antiparallel to that of the 4f electrons.

The measured first shell parameters are adequrte to 

explain the EPH line structure SB a superposition of forbidden 

transitions in which firet shell fluorine nuclei are flipped.

The thulium arid fluorine ENDOR linewidths behave as if 

inhoiaogeneously broadened and those for fluorine ENDOR agree

with van Vleck's (1948) calculations for K.M.R. in Ca?2 .
2+The bonding of the Tm ion to its li gands is described

2+in terms of the molecular orbital picture. The Tra ground

state is expressed in terms of single f electron fi notions. 

These r-re augmented by combinations of ligand orbitals trans­

forming according to the same representations of the cubic
2+group. For Tra both n and a bonding occurs. Using the
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independent bonding model, the one-electron hyperfine 

operator is applied to that part of 1,he molecular orbital 

centred on one ligand to give expressions for the isotropic 

and anisotropic hyperfine interactions. These are functions

of the Tt f cr and a bonding parameters: £ , f , £ end«* c? s1. 
(f^f^) . The experimental results do not give sufficient

information to determine the bonding parameters separately. 

X-irradiation at room temperature of hydrogenated Ca?2 

produces interstitial hydrogen atoms (Hell and bchumacher 

196?). X-irradiation below 100°K is found to produce hydrogen 

atoms on aubstitutional fluorine sites whose 3,P,R, spectrum 

shows a resolved interaction with the six nearest fluorine

nuclei. This is described by
6

V V~- f T? p P7^   L a - A; - t - ^^^.
n=l

P where A is axial. The solution of this Hamiltonian and

derivation of the E.P.H. parameters are discussed.

At 145°K the hydrogen atoms jaove irreversibly to inter­ 

stitial sites with perfect eightfold co-ordination.

Similar results are found for 3rF2 :H but BaF2 *H &ives 

rise only to a very weak substitutional spectrum.

All the hydrogen spectra in alkaline earth fluorides 

have g values greater than that of free hydrogen and it is 

suggested that this is due to charge transfer being important.
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proton hyperfine interactions are all larger by up to 

40 MO/B than that for free hydrogen (1420 Mc/s) but this is 

only about 10$ of the increase calculated if the fluorine 

hyperfine interaction is assigned only to overlap effects. 

Charge transfer is again suggested to account for the small 

size of the increases.

Fluorine ENDOK measurements on subetitutional hydrogen

in Ca)^ give spectra in principal crystal directions which
in, N

cannot readily be interpreted. Angular plots were made (110)

and (111) planes to enable the BrlDOR lines to be identified. 

It emerges that the third and fourth shell fluorines have 

values of A equal to twice the classical point dipolar 

values and values of A0 of 1.371 - 0.01 Fc/s and 0.806 -
8

0.02 leQ/s reepectively. This is explained as a transferred

interaction via first shell fluorine 2pcr orbitals for the
2+ fourth shell and via nearest neighbour Ca ions for the

third shell. The second shell fluorines have A equal to

0.09 Bc/s less than the classical point dipolar value end A_s
equals -0.020 - 0.01 Blc/s. Overlap with excited « states on 

the first shell fluorines, admixed by spin-orbit coupling,is 

proposed to account for the effective negative bonding con­ 

tribution.

EftDOR lines due to first shell fluorines confirm the 

D.P.R. parameters. Small shifts due to the proton and splitting 

due to indirect nuclear-nuclear interaction are observed and 

agree well with calculation.
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1.1

Chnpter I 

INTRODUCTORY

The EHDOH principle was proposed and first demonstrated 

by Pefcer (1956b t 1959) as a sequel to work on nuclear 

polarisation (1956a). It is now established alongside E.P.B. 

end N.F-.R. as a standard spectroscopic technique.

This thesis reports ENDOR measurements on two impurities 

in CaF2 , Tm * iono and hydrogen ateras. The EJJDOR method was 

used in view of the following advantages:

(i) Much higher sensitivity than N.M.R. Kuclear 

transitions occur between levels with approximately the 

population difference appropriate to the electronic Boltsmann 

factor. The nuclear transition is detected by the absorption 

of a microwave photon rather than a V.B.F. photor*. Measure­ 

ments are, therefore, possible on dilute samples containing 

perhaps only 0.01^ of nuclei of interest.

(ii) Higher resolution than E.P.R. In all the systems 

studied the B.P.E. lines were inhomogeneously broadened. By 

selecting only a narrow range of spin packets and looking at 

a nuclear rather than an electronic moment the ODOR technique 

produced inhomogenoualy broadened lines only 20-30 kc/s wide.

(iii) Selection of hoat lattice nuclei near to the para­ 

magnetic centres. This allows measurement of hyperfine inter­ 

actions with nuclei which form only a small fraction of the
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total number of that species in the crystal.

?he EHDOR principle was used without great concern over 

the mechanisms involved but we &ive here notes on techniques 

which have been successful. Peher's (1959) measurements on 

donors in silicon were made using the transient "packet 

shifting" method. The spectrometer was tuned to dispersion. 

The magnetic field was set to the centre of the inhomogenously 

broadened line and a small hi&h frequency field modulation 

applied. As the unmodulated N.M.R. oscillator was tuned 

through a nuclear transition frequency a transient change in 

2.P.R. signal level occurred.

Feher derives an expression for the magnetisRtion in 

phase with the microwave field (x*) for an inhomogeneous line 

consisting of a distribution of spin packets h(lL - H ) es

+** -H ). an°

where MQ is the static magnetisation; H^ the circularly 

polarised microwave field amplitude and H the field at the 

line centre. If the magnetic field is set on a spin packet 

at H^ , of initial magnetisation BL f and field modulation. 

H^ sin « t , much larger than the epin packet width, is 

applied then, provided <*» is high enough, repetitive adiabatic 

feet passage of the spin packets within - H of H. will occur. 

In the intervals between reversals of the magnetisation of



1.3

each rpin packet it will tend to relax towardr its initial 

velue. After many cycles of H the magnetisation of spin 

packets within the saturated part of the line, although 

alternating at w f will rench an equilibrium amplitude. This 

amplitude depends on the distance of the spin packet from 

HJ end varies between zero at H. and the initial value at 

H. - H . Since lock-in detection ia being used the detected 

signal ie proportional to the component of x 1 varying at «  
o

Feher gives this as (8/*t )M. coa ^t. The chart recording 

of a slow sweep of the EPR line, therefore, follo\ve the shape 

of MX given by (1). 'This is very similar to the absorption 

lineshape, h(IL-H ) and not the derivative of a dispersion

curve. This agrees with the EPB lineshapes observed for
2+ CaF2*Tffi and CaFpiH in the present work.

Since l/« is much shorter than T n a large number of ' ia i °

cycles of field modulation is needed before the magnetisation 

of a spin packet falls to its equilibrium saturated value. 

During this period the detected signal at w is larger than 

the final value and at the beginning of the saturation of each 

spin packet is proportional to (4/^)1$^. This is the basis of 

the ENDOR effect in this system. The induced nuclear transi­ 

tions shift off-resonance, uneaturated spin packets into the 

saturated part of the EPR line. Similarly spin packets are 

reiaoved from the saturated region to "cool off". There is a 

consequent transient increase in the detected EPH signal
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which decays with oharacteristic tine T,.

In Fefoer's sample T, WPS so long (many minutes) that 

there was no poosibility of observing other than a transient 

KMDOR effect. However, in many other situations T, is much 

shorter; in the present work it is in the millisecond region. 

The packet shifting way then be performed repetitively by 

modulating the JJ.M.R. oscillator, giving much greater 

sensitivity. Spin packets are continuously shifted into and 

out of the saturated part of the 11FR line. While off 

resonance they relax and are available for use on the next 

modulation cycle. Clearly the cycle tine must be long enough 

for the saturated spin packets taken off resonance to relax 

but short enough that the transient change in EPR level 

occupies an appreciable part of the cycle. The ITKR oscillator 

may be amplitude or frequency modulated with lock-in detection 

of the ENDOR signal. Frequency modulation makes adiabatio 

fast passage of the nuclear resonance possible. Both systems 

should reproduce the MIR lineshape either directly or 

differentiated.

FeKer observed that with ^NDOR of ligands the nearest 

neighbours gave an increase in EPH signal while sore distant 

nuclei gave a decreaee. We found the same effect for both 

Tm and hydrogen in CaF2 . It is shown strikingly in Fig. 4.1. 

For H //[lOO] the nearest neighbour fluorine hyperfine E.P.R. 

components are separated by only 2.6 Mc/s and the corresponding
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El transitions (line? la) h^ve t^e same phsse ee more 

distant fluorines. However, for II // [110] the EPR separations 

are 10 Mc/o end the corresponding KNDOR linee have reversed 

phase, '"'hie might be explained PS follows. When the hyper- 

fine interaction is large the nuclerr transition brings a 

fresh spin packet into the saturated p?rt of the EPR line 

giving an increase in EPR signal. If the hyperfine inter­ 

action is so sinall that the spin packet in question is 

actually in the saturated part of the line then the nuclear 

trpnsition merely causes an interchange of partly saturated 

spin packets. Being in contact with the unicrowrve field 

they should have a definite phase relationship. The nuclear 

transition upsets thio, leading to P reduction in ma^r^ 

tion and EPR signal. It wee found that such SfcDGR signals 

were considerably stronger thrn thone from nearest neighbours. 

Mclrvine, et. al. (1964) give evidence that the EHDOR effect 

for lerge hyperfine interaction is not due to dephasing of 

spin packets.

Seidel (1961) end Doyle (1962) used "stationary" EEEQR 

in the investigation of alkali halide P centres. In this 

method the EPR absorption nignal is monitored arid excitation 

of nuclear transitions causee a steady state change in EPR 

signal. Ho field modulation is used and the iiNDOR signal is 

detected at the frequency of amplitude modulation of the 

li.M.K. oscillator. Seidel obtains good agreement with
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experiment for a model in which the nuclear transitions 

effectively reduce the electronic relaxation time T, 

I
i 
\/

The saturated electronic transition is between levels 

A and C. Relaxation between the nuclear levels A and B is 

assumed non-existent or very slow. Levels B and C are

coupled by a relaxation process characterised by T-»T1 .s -i
^his inr.y occur through croas relaxation or by uncorrelated 

electronic and nuclear relaxation processes. Inducing the 

nuclear transition A«-»B puts a second relaxation path 

A - B -* C in parallel with T^ and increases the EPR absorp­ 

tion. For P. short T* a Iprge ETTDCR signal may be obtained 

provided a large enough JJMR field, II2 , is availeble. Seidel 

found for alkali h&lide P centres thrt an amplitude of 

severe! gauss could be used.

For the nucleer transition A«->B the spin lattice 

relaxation time is effectively ?,. For a nuclear transition
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probability P^ induced by the N.M.R. field the effective 

electronic spin lattice relaxation time T-,* is given by

T,* is thus independent of the saturation of the EPH 

transition and is the same for all spin packets. The 

magnetisation under irradiation by Hp can be described by 

Portia 1 (1953) saturation equation with r? 1* in place of T,. 

The relative change in magnetisation due to the irradiation, 

the E!0)OR signal, is shown to vary with Hp and the microwave 

field H^ according to

s, v 2 u ^ n s 3 ' i v w t1 n* 
8 ve Hl >I 7 VH H2 1 1 I 2N

The increase of BNDOR signal \¥ith H-^ or H^ levels off 

as each becomes large. The maximum KNI50H signal is

Ax" T,max _ 1
v »v ~ r^™
^ max 3

showing the dependence on T» as a relaxation peth in parallel 

?/ith TT . For small ^ the EHDOR signal is independent of T» 

since the relaxation bottle-neck is between levels A and B. 

For large H2 T, is the limiting factor.

An ingenious ENDOR technique has been used by B^ims (1965)
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using spin echo detection of the LTT? signal. A 90° microwave 

pulse turns the spine into the equatorial plane where they 

precesc for a time T with a distribution of phases relative 

to the microwave field. A second 90° pulse hns an effect, 

which varies with the phases of the individual preceseing 

spins, from turning them back to their original alignment to 

turning them to the nntip^rallel alignment. The overall 

effect is to lerve a sinusoidal spectral pattern of periodicity

/ in place of the original smooth lineshape. A third 90° 

pulse turns this M pattern into the equatorial plane where 

phase convergence leads to emission of a stimulated echo 

signal a time T later. The ENDOR effect is obtained by 

applying a pulse of N.M.R. power between microwave pnlr^r ? 

and 3» When the frequency is such PS to induce transitions 

of nuclei coupled to the preceesing spins the population 

difference between the two spin states is altered leading to 

a reduction in the periodic component of the magnetisation 

pattern M . The spin echo following the third pulse is thus 

reduced.

Since it does not depend on the balancing of relaxation 

times this ENDOR technique should be very sensitive in any 

system in which spin echoes are obtainable. N.M.H. frequencies 

as low as 200 kc/s have been used without difficulty. One 

disadvantage is that for small hypcrfine interactions there 

are blind spots in the detection of nuclear transitions but 

these can be shifted in frequency by altering T.
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Chapter 2 

EXPERIMENTAL APPARATUS

2.1 Spectrometers

The 'i spectrometer was very similar in conception 

to thnt of Williams (1961 and Baker and Williams (1962)) 

and was designed in terse of a high sensitivity X-band 

E.P.R. spectrometer using 115 kc/» field modulation detec­ 

tion. (Boviers, Kaafer and Knight (1957); Llewellyn (1957)). 

A detailed discussion of sensitivity considerations hes been 

given by Peher (1957) and a rather shorter treatment of the 

salient points by Goldsborough and Msndel (I960). The 

nuclear resonance part of the equipment WF>S designed ini­ 

tially to be used with the X-bnnd spectrometer but could 

readily be coupled into a complementary K bond E.P.K. spec­ 

trometer constructed by Mr. J.K. Pilbrow (1965). In fact 

rauch of the work reported here was carried out at K band.

Both spectrometers were designed for use with reflec­ 

tion cavities ^nd used magic-T bridge detection, enabling 

the £,P»R. dispersion or absorbtion signals to be dis­ 

played. More than usual stability of microwave frequency 

is required for L to avoid unhelpful changes of E.P.H. 

saturation conditions during lengthy measurements. The .. 

band source, by L.F.i;., Boston, U.S.A., consisted of a 

Verian V5b klystron stabilised by reference to a tunable
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discriminator cavity of inv^-r. The nominal instability
B was not greater than 5 in 10'. mhe K bend source was a

Mullard R96G2° klystron stabilised to » reference cavity 

using a 0.5 Mc/s P.M. stabilisation eye tern (George ?>nd 

Teeney (I960)). The aeneured instability was 1:10^ over 

one hour. This type of klystron is rrther sensitive to 

magnetic interference which causes a hit.ii level of , . 

noise, so the cooling fan had to be mounted some three 

feet away. This also reduced mechanical noise from air 

turbulence. The complete answer, which would pleo have 

produced greater frequency stability, is to immercie the 

klystron in a tbermostatted oil bath.

Pig. 2.1 shows the block diagraia of the ENT>OR spec­ 

trometer, applicable to both frequencies. The N.M.K. 

oscillator is frequency modulated at sosie low audio fre­ 

quency over a fraction of the EMDOR linewldth. When a 

nuclear transition frequency is traversed this causes a 

modulation at the audio frequency of the D.C. output fro® 

the 115 kc/s ph?ne.e-sensitive E.P.R. detector. After 

passing through a narrow band tuned rmdio amplifier 

(General Rrdio Type 1232A) and phase Pdjusting network 

this audio signal is phase-sensitively detected &nd dis­ 

played on the chnrt recorder with a suitable time constant 

of up to ten seconds.

Magnetic field was ne^ured by a Hewport Instruments
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Type P Nuclear ietoraeter using protone for X bend 

fields and 'Li for K bond, 'he probe was fitted with a 

 Ball p.' ir of coils supplied by a variable, low voltage, 

50 c/s unit to enrhle oecilloncore display of the resonnnce 

signal without affecting the .C. field et the ample 

position.

2.2 The K.M.H. rvstem

Two frequency ranges were covered as followss-

5 kc/s - 50 We/81General iiadio Type 1330A

Bridge Oscillator. Output }W. ?*t 50Q.

250 Mc/8 - 960 Mc/s:General ,iadio Type 1209B

Butterfly Oscillator. Output iW. at 50O.

Both oscillators were adapted for frequency modulation 

by connecting two G.E.C. Type SVC3 V^rinble C-pacitance 

Diodes "b^ck-to-bpck M across the tuned circuits t driven 

fro® a Dewe Type 440A Audio Oscillator. (Fig. 2.2) Bias- 

sing voltage WPP derived from n stabilised power supply 

via a variable potentiometer to enable fine frequency 

control for ndjusting to the centres of 1 , lines.

The ouuput of the Bridge Oscillator, used for the 

fluorine EK T' rH measurements was raised to 3$. by an I.P.I. 

Type 500A Mstributed amplifier with P. r^nge of 0.22 to 

220 l^c/s. nen required the power could further be 

increased to 14W by an E.M.I. Type 2C distributed amplifier
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coverinf +*r rm^e up to 100 Me/«, with * renieitive load. 

With the X b* nd e^vitier the N.K.H. pov.er w? s fed dovm one 

Yertic^l rod peering through the cavity end the 115 kc/8 

field modulation current p^srec auwn the other. r:he K bend 

irradiation cr-vity h^d only » single modulation loop encir­ 

cling the sample so r* choke of a few microhenries wpa in- 

srerted between the 115 kc/8 oscillator ^ nd the loop while 

the >. .^.K. opcilleior pov/er VPS coupled on directly, "'he 

Butterfly Oscillator w- a matched to the -oduletion rod or 

loop by e "lire-^tretcher 11 . : "he Bridge GE;cillM;or %rs 

approxiiap tely matched vith lengths of co?-xirl c-^ble. This 

could bo done by observing on e Tektronix hi^h frequency 

oscillorcope the waveform in the cavity. ncer certain 

matchin^ condition "'tronej second nn thiri? v " >*r onicg 

were produced. In the c?ee of the CcPpiH 1. . this 

feature we r uced to obeerve trpneitione outride the rr-n^e 

of the oecillrtor.

A sample of the .... .... pov/wx ^ss ti-*.t:u vir? a loosely

coupled tr«-:--' c f^TT-o-r fn-r frequency PP r-ure^pTit on a Rohde 

find Schv.arz riyp^ W.l.K. frequency meter. This coi^ld in- 

dic?3 te on e meter bert frequenciee of up to 330 kc/e with 

ite o^n internally c;enerRtea fci^n'l. tic meter op 

off a iiul^e-cou. ircul/^ -rd, 'herefore, -^ d the 

modulus  . "^f rtpvl-tloTi of a frequency modulated 

after adjustment for zero be- t v.-ith the carrier. This
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gave a quick indication of the depth of frequency modula­ 

tion on the N.M.K. oscillators.

The Ii.i-:.Ji. oncillf.-tor v/r-s swept by driving its tuning 

rrtpchn^il nm with n Y<» ^rip-p synchronous ^otor. fi v,^-^ riotors 

are pvailable in a wide r^nge of output rpeede nnd, rfter 

<-tartin£, will rim on frequencies betweer pbout 30 c/s ? nd 

150 C/B. ""hey were driven by a variable frequency power 

-»-o ,.ive a choice of sweep speeds.

2.3 Cavities

rrhe standard X-bend cavity was identical to the quartz- 

filled ^EQ^I design of 'illiatns, and wne fitted with vacuum 

cap for immersion into refrigerant. A second X-band cavity 

nnd cryostat were designed to nllow v -irrndiatj «r« of the 

sample *t low temperature (Fig. 2.3). T'he cevity was sus­ 

pended below the helium can in the main vacuum ©pace of the 

cryoet^t, ?--nd the radiation passed through the 3 ^B. hole 

in the bottoro of the cavity which had negligible effect 

on the Q. The cavity was unfilled and the ^EQ-,-, cylindri­ 

cal node WPS chosen because of its high ,. It had to be 

made rather longer than optiraum (diameter = length) to 

bring to & minimum the diameter of this rather large mode 

which cuts off ->t 3.9 cms. diameter ft 9.5 kMc/s. Initial 

tuning nt roon tenpernture w?s effected by screwing the 

cavity body on the thread ^t the top. The cpvit3r wr-s 

silver plrtea inside and protected from oxydrtion by a
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2.6

further gold pi ling* This? rr-ieed the Q to over 5000 

pt roc- enper^ture v.ith a lar : ,e le in plr-ce. ~he 

K b;-lid c^vir,iep were rdeo of the ' ^QT T cylindrical node 

^f implated copper with low tempers u^-e of about 

50000 lib row).

re following general point mry be made regarding 

design of cavities at different frequencies, '"he ;dgn^l 

obtained fro?; the detector of a spec; ' when tuned to 

-* on vrri.-r r- -r (

V fcQ

where . iss --iie imaginary p^rt of the ;t.P. susceptibility 

per unit volume of the e^ple, Q is the unloaded Q and t} 

is the "fillin factor** i

    (2)

"cavity

where H, is the micros v« mu^netic field amplitude, II is 

improved by using a larr« ** pi e ^n ^jie region of ^i^heet 

microwave field Intensity in the sm^lle&t possible cavity. 

At X band where maximum sample eiae can be the limiting 

factor, it may be better to uee the j K, ., ., cylinuricel mode 

This has e cut-off diameter of only 2.7 cms. • t 9.6 ki,c/s 

which for f-b-i- 11 samples ffif^y more th^n compensM*- f^r the



rather lower Q. This arraiment is particularly strnru- for 

X irradiation induced centres, sue;, 2 : ^ w^ere only 

part of the crystal is lieble to contain centres. The 

" Jlll IRO^ G *1PB U * 1U ;i GtieG i-Gv. rita fje that the maxinum micro 

wave magneto f 1 *!M ^   r --o^oee the V~ J ^ 

rllowinc; the cample to be nerrer the X ray eource.

On the other hand, t Q band frequenciee dielectric 

loss in ihe sarple becomes imports nt f^nd f unle^e needle- 

like, a normal e ample in a ^oil mo^ e CPV- - will extend 

well into the region of high electy-ic field, o'^fjlng ^ v«- 

acceptelle loee of Q. However, if the c&vity diameter in 

increased to about ^wice thnt which gives mnximun ^ f th« 

length is al?o reduced ^o about half find a conveniently- 

shaped sfiaple can be accommodated v itho 1 4 excessive loss 

of Q and probably with improved filling factor.

2«4 Cryogenics

Two metPl cryostai.0 were designed fnd congtn4cted f 

one to allow simple immersion of the etanderd »b> iAu cevity 

system in refrigerant, pnd the other to allow low tempera­ 

ture irradiation of the eample insitu. The opportunity 

waa taken to raake some improvements on defii£;np currently 

in use and ealient point? of design are given below.

The irradiation cryoB*^t is p^ovn in Fig. ?.4. v-rays 

are fired upwards through an aluminium window in the outer 

can and directly into the cavity suspended below the helium
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he outer p^rt of the cryost* t conni tin, of nitro­ 

gen annulus rnd ou j vncUv, jacket could "be oved at 

the 0-rir*£ joint Pt the top nd could be used in conjunc­ 
tion fit*! r»i+hr:.T« •-:,- , , - ••- band heliu a-c^v,, uy 

assembly. All electrical ^eehrniml connections -pre 

nade to the manifold at the top of the helium c-°n which 

also provided the point of support for the cryostfit, 

Screw adjustment of the rupport pemx i.-ccd accurrue p.li 

reent of thf> pftia^le for fluorine ENTx^T? ^er^u^^^^n^s. °" 

dip.net er pumping line from the manifold -^llov;ed for 

purapinr on the refrigerrnt for lower terper?; ture^.

design of efficient containers for liquid helium 
+,r **-. + *& by Wexler (1957).

Efficient he^t exchT.ge rourt be enrnrpd "hrt.wpn-n the 

cold fPB le f vln{; the cryostat ^nd her t being conducted

in. ^'he latent her-t of liquid heliuis rt 4..2°K is 

only 2.7 Joules per cc. liquid where?? F the hert ab­ 

sorbed in raisln/r t.h^ -r^^ulting ^ae to roow ,m:pere- 

ture is 210 Jouler per cc. liquid.

(b) Hert rf dieted into the heliun should be of the seise 

order r^ he- t conducted in. '"h^re is no point in

a^kin^ one much smaller than the other.»
(c) Rpdiftted he^t c»n be frre^tl^ rr^ncrd h-r careful prep­ 

aration of met'l surfpcep.

(d) The effect of finite thernrl conductivity on the tern-
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p«T- f.urp <">f irtioii nhi<»ldr etc. in contrct v.-ith 

refri nt at only one c ..be insportr-nt,

, si: :, for the helium cf-.n is fixed <-iif?- her t redi?-ted 

from the ritro. <•-.»•• c^ rnd r?u ir^ion shields ; t 77°K is

It ie ^ood enough to ur* 4 * -.roxir-; tion

where <r is -tefen'e conetpnt 9 e in the erciawivity of the 

surface with the le? ~t erdsrivity r^nc the area of 

heliurr OPT surface. Wearier found for rorrnr ^t 77 K thpt 

e can be reduced to 0.02 by careful polishing. However, 

in normal use it will rapidly tarnish to m e of 0.15» 

This effect c^n be much reduced b^ ^uld plating, giving 

en initirl e of about 0.03 vhich does not rise very rapidly 

with tirae. For the cryo&tet in Fig. ?.4, using this vrlue, 

radiated hert should be 7-10 mW into the helium.

Wexler considered the cplculr-tion of the length of 

exit tube from the helium cnn to give a pprticul/ ••» ^ 

of hert conduction into the helium, assunlni1' T5«?rfect 

thermrl contact between theerser^ing £,es ?^nd the tube 

and s thermal conductivity for the material of the tube of 

(a + bT) ni per- 'vure r K.

The required Ien0t> i *• given by



(1+ ,
(4)

Where ft i- 4-t - f -»r- ' sectiui^l ertr "' "" tub*. 11s; 

nC is the therrr'l cfrj-^rl tv rr-r flt»:-r&r. v t r .-- ^ ., 8

emerging per second (equ; IB %11 >: 10* J sec"" (°K) for 

B totr-1 hert input of 14 mV;)j g is the hent conducted in 

multiplied by (nC )" ; T, and i'g are ^fee tenperatures of 

the top end bottom of the tube respectively.

If conducted he.^-t lo sf»t RCUP! to r^fl^ fte^ Vo-t of

7 mW| T2 » 77°K ^nd 1*^ « 4°K; the exit tube arid wajregitide

•tc. f are treated as a tot-1 crosn section of steinlees
2 steel of 0.75 cm rnd the iiit.rxul conductivity of stain-

l"---6 steel is t»k^ p^ -?.?« +1.21" .cmC!:)" then 

the lengtl required is about 50 ens. Tue to the nitroren 

annulus of the irradiation cryost?t being rernovsble it 

was not possible to tie the helium tube to 77 K rt any 

point, which to soree extent reduced ,i-~ cryor f '' performance. 

Efficient ne~t exchrn^e WPS secured by a seriee of baffle 

pistes on the waveguide deplaned to encourage turbulence. 

They also prevented the helium seeing the room temperature 

radiation fr~ the top of the cryostst.

The volume of the nitrogr^ e-^ ^ ̂ t be adequate to 

outlast the heliup. "he rsdir-tion inmit w^s c?lculr-tcd 

as 3 W. f tekin^ e fs 0.03- A surprisingly large amount of
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he.' t ir cor?Huntrr <*rrp."Ti +he rii^rnrpn f illJ r tvbpr. our 

Btainlesc steel tubes one en. in di .er f 0.03" wall 

thickness ."" 20 cms. lone will conduct 6 " due to the

n-tiior Irsr^e the? "' conductivity oi bxainleee steel as

it ^ppropchee roor- Sniper.- wo*-. r°r

(°K}~ and 400 m& CES" (°K) at roorr terrrcr- 4 urc. f;'he

. tent he?-t of nitrogen is 160 J.(cc}"" .

If rndie.tj.on falls uniformly a rate q per unit

on a cylindricpl rr^iKOiuu shield of thertrial con­ 

ductivity K ft.nd one end of which it + 1 ^ rrfri^erarit 

t rature TQ, the tei perrture of the othc4r end will rise 

to

0

where 1 ie the length md urore eectionrl arer» of the 

walls, 'i'he dependence on 1* should be noted. This is of 

significance in the teil of the cryo^t^t \\here the cavity 

is surrounded only by radiation shield. At 77°K no trouble 

is caused by uain^; norm.- 1 comnerci 1 copper but for a 

rp.dirtion shield at helium temper- ture only hirh purity 

copper should be used because of the large fall in the 

thermal conductivity of normally pure copper.



2.12

DO G-

Baker, J.j«., & yVillinmr;, P.I.B., 1962, Proc.koy., oo. A.2.6

Bowers, *v.,,,., .ka^i^ .0.-, :;./•.., & Knight, ..x>.^* t 1957, J. ci» 
Instruo. T̂4, 49.

Feher, G., 1957, Bell yet. Tech. J. JjS, 449.

George, , ,J. f & Xeaney, B.T*, I960, Sey.; ei.Inetrnm. 
997.

o.r., & Mandel, ^., l^ou, vr . ci. ,InetruiB 
, 1044.

Llewellyn, P.M., 1957, J.i-ei.I 

Pilbrow, J.E., 1S?&5» Thfeeie, Oxford. 

Wexler, A., 1957, J.App.i-faye. 2£, 1463 

Williams, F.I.B., 1961, Thesis, w



3.1

Chapter 3

DIVALEKT THULIUM IK CALCIUM PLUOKIDE

3*1* Introduction

The pr rasnagnetic resonance epectrurti of Tra "*" in 

CeJg w^s reported by Hayes and Twidell (1961). Single 

crystals of CaP^ containing 0.05"' diemagnetic Tar ions 
were grov^n by the ^toekbnrger method* X-irradiation for 
a few hours t roois temperature converted a proportion 
of the Tar* ion? to Tra * whose paramagnetic resonance 
spectrum could be observed ?>t tetiper? tures of 77°K i^nd 

below. The mrtln features of this epectrurr! were described 
by the ieotropic spin ;iamiltonian<

m gSH.S, 1 * AI^.S.' (1)

i 50 with T, the nude; r spin of the 100(;v pbund--nt Tm f equal

to i, ?» « i f g » 3.453 - 0.003 nnd |A| = (368 - 2) x 10~4 
cm. .

The crystal structure of CaPg (Pig» 3.1) consists of 
two interleaved face -centred-cubic lattices of F~ ione rnd 
one of Ca * ions, e*»ch with a lattice constrnt of 5»4^1 8.
This aay be visualised ae e single cubic array of F~ ions

with every other body-centre occupied by a Ca ion. The
2+ 2-f Tia ions are located s^bstitutionally at Ca sites and

the nature of the E»I'.R. spectrum indie- tes th?t the
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charge compensating defects necessary are remote from
2+ those ions converted to TBJ by X-irradiation.

Highly snisotropic K.P.H. speotrn of thulium ions 

in CaPp hav« also been observed recently by Forrester 

and $ioLsughlttn (1965) as a result of special growing con­ 

ditions, though the valence tstete of the thulium is un­ 

certain. Of three anisotropic spectra obtained the prin­ 

cipal one hfif the axes of its g tensor alon^t the direc­ 

tion [110j, [TlOj and [OOlj.

Charge compensation mechsniems for rare earth ions 

in Ca?2 have been discussed by ^widell (1963) r?nd a review 

of experimental results on *11 the trivelent rare er>rth 

ions in GR?O hse been £iven by THerig, v/eber md Wnrrhrw

(1964).

At 20°K the cubic E.P.R. spectrum of Tm2* in Ca?2 

consists of two, inhomoteneously broadened, strong lines 

which can readily be saturated with the microwave power 

available. Vhe spin-lattice relaxation time of about 

1 m.sec. under thene conditions ensures thnt adiabntic 

fast passage of the spin ppckets occurs with 115 kc/s 

field modulation. For these reasons CaF^jTa "*" is a

suitable system on which to attempt ?n EN^Oh investigation 

The choice is supported by the following considerations:- 

1) Accurate atomic beem mersurenents of the hyperfine 

interaction for the ^Tm atom h^ve been made by Ai
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(1962). Since Tin2* differs from the ftors only in the loss 

of two 6s electrons it will have the erne crounfi etate in 

a magnetic field pnd its properties may be eonprred direc­ 

tly, n accurate determination of the Tm * A value will 

•how the effect of the 6s electrons on the 4f wavefunctions. 

The hyperfine constant and the nuclear moment c«n be 

measured separately in an LI.'UK experiment t enabling in­ 

formation to be obtained on the v^lue of (r~ • for the 

divelent ion. Bro^d, partly resolved striioture on the 

EPR linee reduces the accuracy of determination of the A 

velue to only 0*5^ but an ENTCR me.' eurement will give more 

than sufficient accuracy. The positions of excited crys-

tal field ntatea of Tm in CaFp ere available f roin the

optical fluorescence measureisents of Kipa (1962). These 

enable corrections to the hyperfine interaction due to 

the crystal field to be crlcul; ted, rp ther thnn eetiranted 

from the apparent ehift in g-v^lue, which could le;>d to 

incorrect results. (See sect. 3«3(i) ^nd Hayes and 

Twidell).

2) There are features of the EPR spectrum not included in 

the npin Hamiltonian (!)• . nen tiie jnetic field ie 

along [100 ] or [110 j crystal directions a prrtly resolved 

aniso tropic superstructure is observed which is markedly

different nt K band from X band (Fig. 3.2). This is due
2 +to interrction of the Tm ion with the eight nearest-
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neighbour fluorine nuclei ? t P distance of ?.36 X but is 

unlike the "8ftelli;e" structure reported by is^ker, n-y^s 

and O'Brien (I960) for other rare e^rth ions, Ce 3*,

and Gd in CaF«. Timil^r superstructure wre observed in
"3 +

the X band spectrum of Yb^ in CaFp by Low and Hanon 

(196?) but in. tliifi. ease it does not chrnge significantly 

on tOir^ to K b- nd (Iwidell) ae does Tm ^^ Low --nd Ht
• 

suggest three poeisible explanations of the Yb^ super­

structure, favouring one in which the ei^ht ne^reet 

flourines are distorted into two unequrl tetrahedra. 

Accurate fluorine E1IDOR measurements on CaPJTia "*" woiild
2+ shed li^ht on the interpretation of the Tin and

f; and --Iso net a rrdnimim limit to_jthe dis-
2-f 

tance from the Tm ion of sny charge coF;pens?8ting defect,

if it is -m interetiti&l ?~ ion. (Hayes and i'widell,

Ble^ney, Llewellyn ? nd Jonee (19>6)).
2-f 

3) ?he interaction between the Tffi ion ^nd the eight

t fluorine nuclei is partly due to covalent bonding 

of the 4f electrons. Considerable work has been carried 

out on the bondin; of 3d ions in various fluoride crystfile 

where the interaction is generally large enough to give 

resolvnd BPK lines, (e.g. Hall, Hayes, Stevenson and 

Wilkins (1963, a, b)). '.he r^re earth ions have received 

c< -atively little attention <• nd H methods ^re needed 

to give a sufficiently accurate determination of the rnther



•mall interactions. Since the electronic configuration 

of Tm "*" consists of one hole in the 4f uhell which may 

be treated fp.irly simply, one iBi0iit nope to intc; :.-ct the 

measured parameters in terms of a bonding; theory similar 

to thi.t applied to the 3d group. 

4) Another term omitted from the spin Hasiiltonian of Kayes

and Twidell was - g-fLH.I where z is the 9Tm nuclearw "~ n
g factor. They were able >:o deduce the nuclear moment 

«s |i* | « 0.24 - 0.01 BHH. but had to «•** a v? lue of <r""*> 

interpolated from values given by Judd end Lind^ren (1961) 

ior Tm and Tin . By meceurin^; the nuclear Zeer.en energy

by inducing a nuclear transi uion the nuclear nous en t may 

be deduced directly. rim provides sn exactine test 

of the fi&BGK technique for doing this since the hyperfine 

energy is approximately 1000 Mc/s while the nucleer Zeeroen 

energy at K band is only 2.8 ^c/s.

The TIB * crystal field ground raanifold gives rii e to

an apprrent h.^I term as euf-ge^ted by B^ker ^nd Bleaney 

(195B) t arising froir. the combinec effect of the hyperfine 

interaction nnd the »agn«xlc field. The magnitude of this 

terra maj' be calculated 9 usin^, the energies of the excited 

states given by Kiss, to give experimental tert of theory

and the finrl result may be comprred - ,1th Hitter's atonic
169 beam me:-rurement of the niider r moment of *
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ft. 2 '.'iaple Crystal Field Theory
1*5 2+ riife electronic confi^ur^tion t 4f , o- c Ta ion

say be treated conveniently 13 single 4f hole. ...pin- 

orbit coupling givee ritse to two manifolds 9 £ » S- and 

£ » *r with £ = i lowest and separated by &£ where £ is 

the effective apin-orbit coupling parameter. ^; ith Ell 

rare earth ions the effect of the crystal field, relr tive 

10 spin-orbit coupling, is c mailer than ie typical of the

iron group. It hos been suggested th^t this is due to
2partial screening of the crystal field by the closed 5s

and 5p shells. However, Burno (1962) has calc " •! 

the effect ftrid sho'.vn th t if the crystal field is wricien

as V » SB ra r,-n Y 13 then the effect at the 4f electrons c n
of distortion of thf? 5s nnd 5p distribution is equivalent 

to a reduction in r. -, of not more than 12$» He explains 

the rare earth situation under the following points: 

(1) The la tice sums (3 m ) for typical crystals which will

accept 3d ione ?^re up to ten times larger than for crystals 

which accept rare earth impurities.

(2) The larger cov^lerit bonding of 3d ions to the li^nde 

increases the cubic crystal field splitting, 10 dq.

(3) <rn > for 3d o-jn: -re sbout twice those for 4f ions.

(4) The spin-orbit coupling pprametero for 4f ions are 

twice tho; ; e for 3d ions.

Thus, to firrt order, the effect of the crystal field



may be computed within the two £-iaanifolds oepnretely.
2+The point symmetry of the Tm ion site in Ga?0 is 0,£. n

and the crystal field eigenstates WIX.L form bases of 

irreduclblo represent*tions of this ^roup, the two dimen­ 

sional Tg and f~, nnd the four dimensional f for «J « 

and F« and fQ only Tor £ » j (utats r,nd Koetcr 1^59),

Since the number of electrons is odd Krriaer's degen- 

•y^cy will remain. The doublets «re split only by a 

aagnetic field and ?ire unaffected by r«ndor v-rietions of 

crystal fielc. il.P.K. transitions between coEiponentn of 

a doublet will have e ?tric?~l line <^nd maxiraum 

intensity with the microwave m-f: ^netic field perpendiculnr 

to the '.C. field in contrast to the assymptotic low 

field "tail" and highly anieotropic g value (gx « g « 0) 

typic'il of a non-Kramer& doublet (Baker -nd Ble-ney).

The crystal field eigenstPtes nnd eigenvalues may­ 

be calculated by usint,- the cubic field operator equivalent 

(Elliott nnd Stevens (1953, a,b)).

Vc - B4 (04° + 5 O/) + B6 (06° - 2! 06 '

Matrix elements of 0.° and 0^° are &iven by sevens (1952) 

and of 06 and 0. by Baker, Blerney rnd Hayes (1958). 

The resulting eigenotatef will bo referred to the 4-i'old 

cubic crystal axes.

The parameters B. and B/: are based on the concept of * 4 o
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an electrostatic point ci 2 model lor the crystal field.

Twidell &ivee an a priori calculation of B, and B^ for
4 o

O » * £*

Tm in CaPg involvin,^ the quantities <r > and <r > res­ 

pectively for the 4f shells. 7heee qu ntitieg m.-j ue inter­ 

polated frou the calculation^ of jf'reercjm rmd Wntso*" (196?) 

but are not entirely reliable. urthermore published 

values of crystal field \ :eters for rare earth ions in 

various host lattices shov? considerable aie^- ^reeiLerit 

between experimental arid calculated values. Burns (19^5) 

hts investigated th©«e discrepancief? in some detail and 

suggests they may arise from effects of shielding by 5s 

and 5p electrons, radial expansion of 4f chorge density 

due to overlap with the ligands, and the extended nature 

of induced isoments on neighbouring ions. Mo conclusive 

support for any one mechanise is found. Hutehings and Hay 

(1963) included effects of induced dipole and quadrupole 

moments in a detailed crystal field calculation for PrCl- 

but found poor agreement with experiment. However, no 

account of bonding in any orbit*?lc was teken. Jorgensen, 

Pdppalardo pnd Scliinidtke (1963) pointed out that experi­ 

ment*? 1 values of the crystal field p^ranetere, A^ <rn > 

were not consistent with any reasonable picture of an 

electrostatic integral. They suggest th«t the Anm <rn > 

have no independent physical significance but merely serve 

to keep track of energy difference? betw- ^ seven f
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orbit^le. The energy differences ariee largely from wnak 

covnlent bonding. The parameters B. and B^ are therefore, 

left to be determined., alor ith G from the experimental

res- Its.
2+ For T» the cryetal field calculation may be carried

out in terms O- ,v/o £ manifolds or in terms of ]j « 3. 

ijie latter method requires the spin-orbit ei^enetates to 

be determined fir^i, ana e< cu crystal field client- tr. ie hes 

in general four components. 'This lengthens the procees 

of finding Batrix elements required in raking second order 

corrections. Since mort matrix elements required between 

nanifolds «J ^nd J, - 1 may readily be found from the tables 

of £lliott f-nd Stevens (I953a) ra. xn turiac of J

Lea, Leaek pnd Wolf (1^62) ^ive complete tables and 

ms of the effect of the cubic field on different

manifolds from J = 2 to J = 8 for ratios of B- to B£ from— — 40
0 to - -. For J = the ground state will be f for

r B 21to -=4- and *« i'fci 4/B^ = -y to + ». Fb eennot be

the ground stnte. The cubic field eigenvectors in terms
7 *> of I J > are biven in Table 3«1 for J » *• f.nd «J = ^-. binceI J5 mm c. "^ c.

there ^re no repeated represent, ixuiiu -..j.ii.j.ii ^.JL --Ait-r
-' nfold the eigenvectors pre indepr^^r-nt of ^^^ r

This enables second order corrections tc be calculated

with confidence in the accuracy of the eigenvectors.



in
->f \ J c ̂  Referred to the Fourfold Crv stal

U .x- f»-Qlf 1 CJ6?), '.lij

Valuer ;md /Dr
(Kins 1962)

£ner.tqien f r

Htprtsen-
Bigenrector^ , igenvaiuu

Observed i^ne^

? *

6b

9376.6

8966.^

555.8 = W

Ho Account h»*B been taken of cryatai. field admixing of the 
two J manifoldb.
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There eigenvectors were checked by applying the cubic field
oper-tor (2), giving the energies in terms of B. and B*.

4 o
It should be notfcd thnt B, -^d D^ as defined by (?) depend
on the manifold of tot.^-1 angu">i* momentum within v^idi 

the oper< ;or equivalents are calculated since, from the 
point ch&r&e raodel (Bleaney (19^4) )j ,

^e2 <r4!

(3) 
B6 » ^^) ̂  mivllJ)

v^here 2a is the f-iae of the unit cubic cell (3.451 8 for 
; x, f y. s re numeric ••! f-'Ctorr; approprirte to CaPp* 

representing the contributions of successive rhells of 
Ions | <J11S11J) ^nd (Jll^llJ) are multiply in.; factors 
approprinte to the tot el nngul^r moraentuin ?^s given by 
Stevens. ^^053 these r<->f>+^<*. we find:-

B. I B4

- "7 4
(4)

B/4 = 1 B

*6
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The eigenvalue8 in 'iable 3.1 are &iven in terius of the 

more convenient quantities used by Ble-ney , DC; xwidell:

b, m 60 B.^3 4 4

(5)
b^ « 180 Bg *

7 Kins h?8 identifl ^ £ » ^-, r« as the ground state

snd rae'-rured directly the positions of £ = 2., TB and 

£ = \* r?; ra ^roir? optical fluorescence. The e energies 

are ,- iven in Table 3.1. 'fter allowine- for second or4 er 

corrections to the crystal field energies Jle-ney has 

used the--r» values tn find:

,C « 2513 cm"1

b. * 45.8 era"1 (6)

^b6 « 5.05 cm

which would plpce the fg state Pt 588 cm" above the 

ground state f«.

In deriving the ppin HaKiiltonisn (1) the r« doublet 

ground state hrs been regarded ^s the two components of 

a fictitioua spin, £' « ^. The g v??lue is obtained from 

equetin^ the operator 3 ii*^*^' within £ f « i to the ^eers 

opcraior 3 ji. (L •*• g^) within the r« ground etate. The
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latter ie readily evrlusted using operr \;or equivalents 

v<itii the result (using g = ?)

&p
24.«-*>
7 (7)

The ^ecman operator for tnc tnuliuia atom in a magnetic 

field is written as

(8)

factor of the J » state,•"where g. is simply the

hus

(9)

Th« hyperfine const mt A in the «pin Hamiltonlan (1) 

is evaluated by equating S. 1 ._•! within S 1 = 4 to 

(r"5 > K.j[ within where

electrons

(i-lliott and ^terens (1953a)) ?4 nd no allowance is made 

for any y-electron character of the w^ve functions. Again 

using operator equivalents we obtain

& = \y * nn .ion (11)

For the thulium ©torn the hyperfine operator is written



• a ivt (1") 

and we find

8

Thus, no^rMvvc- r n ^-contpct interaction

Ao - 3a

3*3 Second Order Corrections

The cifcenf unctions rnd eigenvectors of Table 3.1 

are not sufficiently accurate for our purporer and higher 

order corrections mut •, be considered due to the following i

(i) The cryptrl flrld.

(ii) The mpgnctic field.

(iii) The hyperfine interaction.

(iv) ConbinrtiujiB ui there. 

(i) The CryrtPl yield

This is the mo^t im] ortrnt effect end it couples 

separately the two T7 etetee rnd the two Fg states. The 

effect of the crystal field on the ground state wavefunc- 

cr-uses each half of the Kr.°mers doublet to become

where or =
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From the -ureiaents of Kiss *j-*\ is «qual tc ;6.? cm 

lending to Y as -1-0,0487 for er<ch half of :- Kreraers doub­ 

let.

A^nlvinr Uie ^eeman op^r- tor f ><- ^«-»w ground state

(15), taking care to use the correct multiplying factors
7 5 for the «T =s7j- and J, = components, gives in pl^ce of eqn.

f H. I °J

2to or^er or •

the hyperfine operrtor eqiiation (11) is converted

2
8<3f «

r ion
V

that is A * A(1 - - - 2a 2 ) (19)

The cross terms in the matrix elements between the ground 

state |J> or |J+1) and first excixec state |*i+l> or JJ> 

required in deriving (17) and (18) are <-r iyen for all rare 

earth trivalent ions by iilliott ?nd utevens (1953a)* The 

data for Yb are appropriate for Tm^*.

Ihe crystal field matrix elements betv/een the two £ 

manifolrie also ^ivt sia^ll second oracr changes to the 

positions of the two r« doublets and rg qu.-r-tets. These 

do not, of course, pffect the K.P.K. results in the .round



state but have to be allowed for when calculating b., b, 

ana C from tie optical d^tr. r^ energy shifts ere

$V>' SS — -——-—————• ——————--.——————-~——————— . ,, 1

beinv . neg- tive for the £ == 

.-•ix elements we find, in

6W(r? ) » 21.4 CTH.

6W(fQ ) = 0.2 cm.

lc y.

st? tee. i)v».lur ting the met

with Blenney,

The mixing of states b^/ uiie ai; fonetic fi^ld will c u??e 

a seeonr3 or^er shift IT. ^n^^^ies l^-'^in- to a term in the 

dependence of energy on field which is quadratic in ii. 

ouch stptes could not be described by a piieple, linear g 

value, ho; ever, in the present care where all Bt^tes are 

Kr^ners doublet?, erch half of the f« ground state will 

be affected in the same w«y and h?jve its energy shifted 

in the sr-ne direction. If the shift of eoch half is the 

the sepr-rntion will be deBcribed by the original g 

. On the other h<<i^ ii the ixr^t order enect of

rv-rietlr firld iB to Crwr 3lgriif i^r r t r> 1 -Tf e T»p nC6

between the separations of erch hnlf of the ground F« 

doublet fror the appropriate h^lf of the doublet to which 

it ie coupled then tte energy shift of each half will be
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different and F- quadr?^tic ten vail be observed in the 

ground s t i« , e s pii:t i n^•

The ptntflF which ere coupled by the magnetic field "~ 

the present cr.ce c^n be found by rrroup theorv ( i -tatz F r.$ 

Koster). It follows? frorr: the orthogonality relrtions 

between fc roup chargeterr of irreducible representations 

+>!^t an operator which treUBforms according to an 

irreducible repre^errt-rti or; of the group, f , ^-c «> non-zero 

•atrix elements between tv,o oth^r irreducible reprerenta-

tiona of the croup, r and F^, onl;/ if the direct product
*

F x F a contains F • The corponerun of the -y y

L^ •»• 2S , L •*- ?S. , L -»• 2S W , fon§ bases of theX X ty .jr Z Z

three dimerision^l irreducible representation F. of the 

cubic group. The following direct products £:iven by Htatz 

and Koster ^re relevant, to our problems

rl

r?

re

x

re

x r8

Thu« the »agn«tio field viill connect the r,, ground atsts 

to the ^a Btatep !>nd the other f- stote but not to the f
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e. UG Lo the 1- r-;e spin orbit enerpy the £ « - eta tee

clearly heve negligible effect FO we hrve only to consider
7 —1 the effects of the J * *•, rQ sT,ai,e at :>t?:>.tJ era. ebove

"** C O

the rround etrtp. A quick estimate with H along the 'L

axis, for K band quantum eize shows 1 the T» rin^-hl^t
—4. — 1 will be shifted by 6 x 10 ^ cm. and thi. t the difference

in the shifts of the two components of the doublet is 

0.26; of this rcount which is quite ne^li^ible. 

(iii) The liyperf ine Interaction

Writing in terms of the operator equivr-lent, £f the 

•econd order energy rhift due to the hyperfine interaction 

will be of the form

2
, , 6=- t- ———————— - ———————— (21)

'"'e way separate the operator into three coroponei-tB 

since they couple different statea to the ground rtste:-

J I , iJl, •^J!"'. ^z^z clenrly leadr? tc ??n ener^, .-nift
2 which ("Rr-erdn on in , the nuclear xstp^netic quantum nunbrr.

For I^-k this produces e pseudo qupdrupole interaction. In 

the cree of Tm « f ^o ^11 nuclear states are shifted

ally r nd this c.r.nnoi; be detected by any transition 

within the t -To 1 •** *f-*te. J I"" -r nd J-I produ f ' er

effect. Conpiider r ground stPte which is ?: doublet 

terieed by <J t J = - M| and en excited doublet dercribed
^"by <J, J a -(H-hl)! .J^I" will couple only |-('>I))|EI+I> to
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with energy shift rroportion*l to [J(J+1 )-(? +1) 

[l(I+l)-m"-m]. J"*!* will couple only \+ &+l>|ia-l> to

|!.-i)j»> with ener& shift proportional T;O j> .(«"+! J-U +iji
o 

[l(l+l)-m +mj. mhus the energy shift of the level |1&)

is

> *[ KI+D - m2 - mj (22)

The r econd terra oontributb-b u^-xn to uLe pi;euao quad- 

rupole effect but the last tenr; hnr --n effect ver;/ like

that of A 3Z IZ in the rpin Hamiltonian nnd is experimentally
2+ inseparable from it. 7 he Tm electronic ptatee have some

features of this nimple 'ic^orae considered above and a virtual 

SI term is produced. f>ain the symmetry propertiee -' -w
Z Z "* "~

that the hyperfine interaction does not couole the rv and 

T« states. r'he calculated chnnje in measured hyperfine 

parameter due to coupling to the £ =^- f fg at^te is ?0 kc/ s 

(in about 1100 Mc/s). '"' e effect of J » 5- states is neg­ 

ligible.

(iv) Combined Effect of ____ ic Pield 
' Interaction

T 1'he importrtnce of the contribution from this rource 

to the Bewared nuclear 6 v, lue wes pointed out by Baker 

and Bleaney. In terms of the op^rntor equivalent £ the

eecond orcier energy ehift of the ground state due to other
7 £ a *• states is
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The f- ctor 2 -v^rsp" from the equivalent term v/it 

magnetic field ?md h'Tsrrfinr inter-civ: or 1rst^rnhrr>rpd 

n^, we find the ground sti?te energy shift

•W 0

T)me the energy ia of the form -B H.£ ' .J. , -.-u 

ia R tensor nud is of th« sfime forr: AP th;-s t^r^ in the 

spin Hamiltonian, - gR 8 H.^, which represent p the effect 

of the nr^netic field on the renl nuclear magnetic norient. 

Kxperimpntplly the two "re indiftinguishalDle ?>nd thr* ^un 

is ffie??^ured.

Accurate thulium E!^ OH measurenents were made with H 

alon;: the 'I* direction in which c^°e the vnlue of g f due 

to coupling to the £ =**, TQ state is foun^ to be -0.288. 

Its importance may be judged from conparison Yfith the real 

nuclear ir factor of -0.458. This correction nn.y he rc 

?s the interaction of the re^l nuclear moment with the 

electronic momont induced hy the r 5 tic field.



3.4 Tjbuliun .*., . ^ 

1'he spin Boniltonian

-y.
"pr « gSH.n. + AI.S. - g S H.I. (25)

«— — . JJ JJ—— . M.

with 3. « i f I m £

Is used to describe the iit-it ?md thulium spectr?.

The ^••-y«trl of CaFg conteiiio.no noffiiji;-.-.j.i^ c.I. T 

ione WPG >.-irrf»<?ia.ted in ir rt 50 kV, 50nA for t^^ VA-- 

at 4 cms. frop. the target.

n.pptarp.nce of the pboorbtion derivative of the

high field line of the two lint? ;._-r. spectrum ;.:t 20°K for

both X r-rie! K b^n.fl is ebnwr. in ™tg. 3«? w^^-^^ it ^ -• v» be 

seen thrt the overall extent of the line is about 27G. 

The magnetic field ie parallel to [100 j, the direction in 

^hich the fluorine structure is be?it resolved, due to ^11 

eight nearer- 1 neighbor ̂  ^luorine being equivalent. ''trxio 

ture is aleo resolved in the [110J rsirection but not in 

the [lllj direction.

1'he g and A. vnluee were measured at 20 K to enable 

approximate calculation of t.ie thulium £?r frequencies 

to be made, ^tf for use in evalu^tin th^ -m-r»lr--T« 

The magnetic field ^-ne in the [lOOj direction and the 

dispernion signal was ueed to en^>le the peak of the 

central con^onent of the L.i-'.H. line to be located as 

accurately r>s possible . Vfe obtain g ^ 3.^52 - O.OOi;



A « ?2ij.4 - 0.50 which is Ir - it with previous 

workers, No Direct deteminat^on of g is possible from

K.P.K.

%5 Thulium aSPCR ts

The four energy levels of the rpin Har-iiltoni^n (?5) 

are given by the usual Breit-H^bi formula. For a ^iven 

magnetic field the two nucl^r transition frequencies are 

given bj

(26)

where G «= g$H, F » Sn^n^ pn^ A * 8 ^-n frequency unite. Thus 

provided the fiel^ is kept consTJ-nt, the \ v- lue is given 

directly i~ ^^equency uni" !Vi« «»«*- ^^ fv\c two T "i^n'R 

frequencier. independently of *ny other ppr^meterp.

The X bnnd thulium H ncaaurementf? were carried out 

using the quartz filled cavity. The magnetic field was 

aligned to within 5° of [100J by using the resolution of

fluorine structvr** rn P mn-ni tor. >-^ v.^rnot? aign^le were

observed at 20°K but by puinping on the refrigerant with a 

rotary vacuum puwp quite strong signals were produced. 

?he cavity t -rpttire Tr»n estimpter ' 15 K on a carbon

therraoraeter. mv-~ -»^^-? linen were unexpectedly
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."d t hrln • ^hnrt SOO Vc /s 

slope so a ne?m ?•&• eevlntion of ^ome 7t> key needed 

to give f^ood intensity , r "he optimum modulpti requency, 

so f-~r as could bt? determined in the f .- ce of rr-ndoia rrrin- 

tion of line intensity, WPO about 80 g/ a • ;id the 113 kc/ s 

field Tr.od^latiori aipplitu^^ w--r aVout 0.1G. f" v.^ or-? 

lineehape varied with cav :uning from m perfectly anti­ 

symmetric derivi tive of an ebeorbtion line to r-n entirely 

uaaycust :.rical shape U''ir^ >»3)« vne level of Fiicro-'.^ve 

saturation requi^---' ror rrost intense ^>^^*-> line - • a very 

low. The optimum level v<-e.s found to be when noi^e ,1ufit 

started to appear on the peek of the E.P.R. dippersion 

signal as seen on the oscilloscope. "Doubling the micro­ 

wave pow ~ *" — -- this level - ^ ^^Iciciiv ^o reduce the 

' line intennit 1 ' bflov, nci -e level. 

Variation of hyperfine p«raraeter with

w^s investigated. Ideally such ?n invent lotion should 

be t; 'Ken at least to 77°K but the nature of the Ca?2 :Tm? "f

c.-rrotori r,T"'^"r,'s»-f: o/^l ri«" -i ; r>e v v-ri't' n a^.n--,^ n'hmif- 1 'R IT e **p

therefore, h?id to be content with reporting; the raeRBure- 

nontp p-t 4.2°K. Apart froin R slight increase in intensity 

the i linen were very similar to those 15 K. Both 

sets of reniiltr nre .^iven in 'able %2. ithin

in A v^i-'«a "hir'- ^v,p r»pr»*,:i.f:^ could

indicate a. slight incre« -e at 4.?°K of 0.005 .



ta
b
le

 
3.

2 
Pa

P^
sT

a 
y 

yh
ul

iu
a 

gN
DO

R 
F

re
qu

en
ci

es
, 

H
yp

er
fi

ne
 I

 
ra

ae
te

r 
an

d,
 

N
uc

le
ar

 £
-v

al
ue

Sa
nd

15
°K Ba

nd

A 
B

an
d

15
°K

F
ie

ld
 

(G
)

17
57

.7

SK
lK

:n
 

F
re

qu
en

ci
es

 
(M

C/
B)

vl

.3
0 

-0
.0

5
•*•/-

.
58

5.
11

 
-0

.0
5

52
0.

48
 

-0
.0

5
 

! 
58

0.
8?

 
-0

.0
1

A 
va

lu
e 

(M
c/

c)

19
85

.7

51
6.
27
6 

-O
.O
PO
 

52
0.
47
0 

iQ
.0
25

47
17

.8

54
0.

 
71

4-
0.

00
2

-0
.0
27

58
0.

99
3 

-0
.0

25

56
1.
:

| 5
37
-0
.0
02

56
0 
o0
51
-0
.

11
01

.4
1 

-0
.1

 

11
01

,3
0 

-0
.1

5

11
01
.4
16
-0
.0
5 

11
01

.4
63

-0
.0

5

11
01
.3
76
-0
.0
04
 

11
01

.3
76

-0
.0

04

gn
w
(n
.a
.)

0.
75

7-
0.

00
5 

L.
75
4-
0.
00
5



In order to give P. more accur *.^lue for the nuclo. r 

reoraent the were repeated K. b?-nd where the 

nuclear ^een^n energy is two f nd a hf-lf tirner? grepter. 

iiowever, the accuracy of me^uremeiA 01 tnc . fre- 

rmencie? tVcTr-plv^ wr • <•« ^IBO considerably improved by two 

factors J

1) f-be -i linewidth between points of n^xiraun slope 

fell to about 120 Kc/s.

*J ) n'^if? ' line ^i* en si FFrecir?bl,y t_.ri;c .t-i- vrife . 

3.3) due to higher EPR intenrity rr-d Iso to thp inodul "ti nn 

rods in the standard K b? nd cnvit^ bein^ neerer 1 

giving r«n incre.".red la hi field.

!Phe four LI4DOH frequencies y; «re me/rured v.ii,h the 

magnetic fi*;ld monitored throughout to fulfil the condition 

that both E frequencies on e t;ive^ K.P.H. line should 

have the a*- me magnetic field, ^he remits t^e IPO given 

ia i^ble 3»^ «-*nd it will be noticed nov, clo-ely the sums 

of Pr^^"; : frequencies on . ..i.

3.6 Possible Corrections to Observed ____ { Frequencies

Bnker and Hurrell (1963) h^-ve considered wh- t shift 

in the Eir .-(:.£ frequencies of the impurity ion nucleus raay 

be expected from hyperfine interaction , i.h ligp.nd nuclei. 

' ' e PIPV sunnrri: e their reRultf- Be they apply to the present 

case by reference to Fig. 3.4. which represents the 

energy levels of the thulium nucleus and one fluorine
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nucleus (.1 = lj, in ctinL; v.itL electron Pt cor .it

field. The or^er of levels ta-: y be different fron th-^t

.shown as it depends on the 8i, ; • . nitude 01 ^L r~

i'ine interactions. "The rtatee repre rented bj . andz
p"I_ " are symbolic since in ^enerrl nnno nrs erpctlv ^i^— z

gonel %ith respect to z parallel to the . ; nctic field.

In the absence of the fluorine nucleus we would observe

Ta jwsi/jii between ^tairec a and b end, ;•••& r different ire- 

quency, between states c ; -nd d. Adding the fluorine splits 

esch state into two v.ith, to f ir: t order, equal splitting 

for both JU = + i) states r-nd a different equrl aplitting 

for both |S = - -J-) states. Pour Tn ' r- sitions,

^i o * j 8tre possible, degenerate j..a pairs. Tr itio. ^ I»^»5f4
like A *» "D, B <4 C nre forbidden since ithin a riven 

the two fluorine stptes ?^.re orthogonal. 'ecauee of rhe 

Inrge Tm hyperfine interaction, the electronic trnnsition 

between &tat«B G --nd D, and i MIU P rre separated in field 

by 9'^Of 11 from thoae between the other 4 ^^^tes, so in the 

absence of abnormal ppin diffusion the non resonant tran­ 

sitions will not be saturated* For states G f T , I nd P 

the pllowed S.P.H. trrnritions are E, and £2 rnd "t^^^* 

are separated by the difference in splitting of fluorine

level- for the two In > st'^^R (?-S ^n/s r-t K b^nri fOr»

If some perturbation renoves the equality o
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splittings of the two p <( lrs of fluorine stetec on s ^

the ? transitions JUfN^ end llj f S? will be split

the unperturbed frequency, li botii i*, M nd £p are 

equally saturated K- rmd HA will be observed together, 

cnueing a. bro-^deninr of the Ts !'^;TJOR lines but very little

shift in its centre. This IB probably the cf»ee for CaP^:
2 +Tm since K, and E« are so close together md e?pin dif­ 

fusion ^ppeare to be occurring. If ii, only v, ere er,-oura;.ed 

N, f^nd K~ would not be observed ? nd the Tm EM^-r-i/ frequen­ 

cies would appear slightly shifted. Similarly for satura­ 

tion of EO alone.

A difference in splitting of the pairs of fluorine

levels for r? given S_> is caused by the thulium hyperfinez
interaction. This Rdnixes some of 1 6 = -f, I « -t^ to

2 *Tm 
| - + t -i) while leaving | + >•*•> r-nd 1 — > unchanged. The

change in fluorine spocin£ e c**n be estimated by using the 

expectation value of (S > within the mixed states rather 

than - ^. ?or the prerent ca^e - t K "b.'.nd the chpn^e is 

about 1.5 kc/8 which may be neglected.

A second shift corner. fror» terme In the full spin 

Hamiltoninn coupling different electron ppin etf^tee via 

the fluorine lit. and hyperfine interaction. However, the

shift is independent of I and eo causes no chpn ?re in thez
ENDOR frequency.

A final correction coiner fro?^ indirect fluorine-fluorine
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internet ion via the electron when all ei^ht nearest neigh­

bour fluorines f?re considered. This raises the de^ener cy
8 f

of different nuclear stPtes correspond!/- o T I = Kn-1 zn 
(K* -4 -» +4) for any pprticul^r K.

Bak^r and Hurrell find that if thr nentre of the i..J. . 

line ie eaturrted this lerds to no change in the Tm *.' 

frequency. Sf'turatin^ the uid.e of the B.P.R. line will 

give n shift of a very few kilocycle? rt X band. Our 

Be'i p"T»pr-r.rjt,F, were made ' ^ K v^nd with the magnetic field 

ner.r the centre of the E.P.R. line so we riieregprd thia 

effect.

i'here are thus no corrections of significance to be 

made to the four measured Tm END OP. frequencies.

3.7 ^vnluetion of the fruclen.r tev.>ment

Expand inr the squnre root in (26) to the accuracy of 

the ilNDCR frequency measurement (a few kilocycles at K b&nd )

API hA2 ^ 1-f IS
(27)

1 hA2 4
.

Thus, providing the magnetic field is the sane for both
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IT
and A is available to high accuracy as tne sum of v i and 

v i. Mhe second term of (28) i- -Imost equal to v k - v ,
ml- ™*^f ^* jr™

20 Kc/s at K band, 60 Me/a at X band and is potentially 

the largest source^ of error, due to its dependence on 

g3H. Since (v i - v ,) is accurate to about 10 kc/e at
•c *^ ̂ *.i

K band we would require g*H to be accurate to a few parts
4in 10 to make full use of thr accur?>cv of the KTIDOH

measurement. In fact the accuracy is limited by the 

accuracy of the g value, 3.452 - 0.00? rather than by 

magnetic fielu meesurement* The v?;luej=« of g derived 

froia mereurejnente on e^-ch T .P.P. line ft K band ere given 

in r able 3.2

3.8 Discuseion 

(a) llucle. r • oment
H

two vnluee of the apparent nuclear moment g

obtained fror the K bant! measurements agree rr-ther better

than the expected lir-its of error. Thie ie not surprising
2+ since the main source of error in the Tra g vrlue v^ould

effect both measurerierits in the same way. r̂ <= r1fi r n v.-'lue

is, therefore, |g | = 0.756 - 0.005 (nuclerr magnetons) .
2P It can be *hown that the pign of -r- given by (28) is

independent of the sign aspunerl for the Tm A v; lue provided



_4 ~ A+4| is ta^en always «s the positive difference between 

the two frequencies. The K br-nd meReiirercentr then show that 

gnw is negative. Applying the correction calculated in ;- 

tion 3.3(iv), due to coupling to excited states &ivea

« gnn - (-0.288) « -0.468.

Since the s pin of the ^Tm nucleus is J- this gives a 

nuclerr moment of

un - -0.234 - 0.003 n.m.

Ritter> using atomic benm method e has measured the %st 

nuclear moment a«

un « -0.229 - 0.003 n.m.
•»

The agreement is ertisfactory end justifies the cnlcul-- ted 

correction from the excited states. Also illustrated is 

the power of the -bi.i/uii technique in minute investigation 

of the ground stfite of the paramagnetic ion. 

(b) Hyperfine Const nnt

(i) Core Pol ar is.&.t ion

In deriving the expressions (11) «nd (18) for the 

^yperfine interaction account w^s t^-keii only of the con­

tribution of the 4f electrons r,nd ?ny s-contrct interaction 

was specifically excluded. However, for the Tn ion there 

is likely to be a contribution from s electrons to the
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hyperfine parrmeter. These electrons are in closed 

shells -rid should, therefore, give no field t the nucleus. 

Abragem, Horowitz nnd Pryce (1955) in considering this 

ef i%ect for the iron r,roup suggested it could be c^ used by 

admixing of higher configuration** in which r 3s electron 

hpd been promoted to P higher B-etPte. Ilov.ever, their 

calculation could only account for 10 of the experimentally 

observed vplue. -hey pointed out the important experiment??! 

result th-1 for iron ^roup ions the field >-t the nucleus 

due to core polarisation was proportional to the unpaired 

electronic spin.

Kore detailed c&lculM^ions were ande by etson and 

Preemnn (1961) atprtin/ fror the point of view thft exchange 

inter.r; ction between the unpaired electrons fritf s electrons 

in closed shells caused the letter to h^-ve different 

spatial functions depending on spin orientrtion relative 

to the unpaired electrons. They calculated the contribu­ 

tions to field per unit spin. ^ +>•*=• nucleut fro- Is, ?& 

pnd 3» shell? seprretely ? nd found ehells inside the 3d 

gave negative contributions and these outside e positive 

one. ror where pu^PO^^Q the 3s shell pppesrs to be **out­ 

side" • rhe totpl effect wf.e ne^-tive • nd • pproxismtely 

constant for the Ions coripidero^ -^rd r^tv, r larger than 

the experimental vrlue. For iron group atome the extra 

positive contribution fror the 4s electrons should reduce
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the total effect to a very em^ll v^lue.

For rare earth ione in C^ rid Watson (1962) 

suggested that following the iron group reeults the core 

polarisation could be t ken as proportional to the projec­ 

tion of ;S »lon# «J. In the iron group the core polarisation 

effect wae found to reduce with increesing covelency of the 

ligande. For rare earth ione the bonding is sBaller and 

fluorine iona fire one of the le^st cov-ient Uganda so that 

core polarisation is more likely to be determined by the 

ion.

Baker nnd Willies (1962) give for 151Iin2~V^c »
—4-

-83 Me/ s pnd g » -7.50 x 10 Bohr magneton-, leading to

a value of 60 Kc/s per un±± nucl&ar magneton per unit

<S^>. We compute <S > \vithin the ground stnte of TUB , z z
including the contribution from J * •§• uaing S w = (L +2S

t- Z Z

-Jw ??nd find for the change in <i.; _> due to transition z z
between the two halves of the ground doublet.

(29)
V

2-4- 
1'he core polarisation correction to the Tm hyperfine

interaction is then

AO - -60gn (^ + - 42!) (30)

the measured vwlue of gn « -0.468 gives an estimate of 

.7 Kc/s.
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(ii) Orbit**! Reduction Ff-ctor

Covalent bondin occurs between the Tin '"*" 4f electrons 

and the li&end fluorines. The effect of this on the cen­ 

tral ion properties may be described empirically (Slevens 

(1953)) by replacing the angular ff* •-!•!"<? ntum operator by kLj

k<L. The need for the orbital reduction factor in the cr : se
2+ of Tm ±B CaF2 is P hown by comp^rin^ its g vrlue with that

expected from eqn. (17 )• Judd end iana&ren Ju ve calculated 

the diemagnetic and rel^tivistic corrections to g. for r rj ^
V

earth etome and triv."lent ions end Iso allowed for break­

down of Hussell-' aunders coiiplin^.;. They conclude th^t the 

corrections for Tm are less than 0,^ , . Hov/ever, we may 

allow for them by using g,. * 1.141 measured by Kitter for 

the TBI atom rather then the L^nde* g factor.

g velue for Tm "*" in ^^Fp is then 3»474 ss compared with 

the experimental value of 3*452. This is well outside 

the experimental error so we upe the difference to 

estimate the value of k by replacing the Zeenan operator 

vith kX + 2S,. Operr-tin^ within the r7 (i) ^ «r»(|») ground 

state leads to

- k) + (2 ~ k) ~

from which the required vplue of k ir found to be 0.991

i o.ooi.
This vr^lue of k may now be used to continue discussion
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of the mer-Rured A v^lue. Sinr** the hyperfine irr^>~- 

in Tra' derives Mainly from the orbital momentum the value 

calculated from (19) nwy simply be multiplied by k. Tut­ 

ting this equal to the measured hyperfine interaction lees 

core polarisation:

-1101.4 - 13.7 - kAQ (l - TTEf - 2*2 ) (32)

Thus for the free fra ion R ITI « ^~- ~ -382.4 Mc/s. A dis­ 

cussion of the Tis k value similar to the above and based 

on these KNDGIi measurements wr--s given by Blepney (1964). 

Freeman and Watson state (footnote, ref. 5^) th^t in

the c^^-e of the Ku atom PS compared to the Ku * ion the 

contribution to core pol--riss.f :tion from the 6e nhell, being 

opposite in sign, reduces the totnl effect to F very sra^ll 

value. This is similar to their calculated effect for iron 

group atoms. We f therefore, neglect any core polerization 

correction for the Tm atop? Rnd t«ke Hitter *R v^3.ue for the 

nyperfine interaction, -374.14 Mc/s as bein^ due to the 4f

electrons alone. Comparison with th@ eitimated value for
2-f the free Tm ion show?; th<fi t removal of the two 6s elec-

—3 trons le* ds to an incr© pe of (r > for the 4f shell of

about 2'A (depending on the correctness of the core polarisa­ 

tion correction). 1'hie ie consistent with the calculations 

of Freeman and Wat eon (196?) who find the amplitude of the 

6s racii r-1 function to be very small over the region of the



3.33

4f maximum, Bleaney points out thr-t the Cp-?«:Tm '"*"

and L.P.K. measurements would lend to a spin-orbit coupll v.
o . — •» 

parameter for the Tm ion (which also depends on (r )) of

2536 cm. . Thin is 1.2"' l?-Tv;^r then for atomic thulium.
fl'he importer** of ptrrrHn h^r,- ".nr? %vnr*r" ^e- uremente 

for rare earths lies in the direct detenninrtion of nuclrrr

moment and hyperfine internotion eepr?.rf;tely, giving r<n
-"5

experimental value of (T ^> for the electrons in the ground

state. Thif cr;n be used as one te... i, QJ. ^ny theoretically 

derived wevefunctions re, for ex^-^ie, the Hartree-Pock

calculations of Freeman and Watson for trivalent rare
—3earths. Various estimates of <r > for the Tro atorr. have

been discussed by Hitter in the light of his atomic beam

**. He finds LinH^r^"- v-nlue of 10.73 fuU. based

on a modified hydrogenic function to be in beot agreement 

v/ith experiment. Bimil-'r calculations by Judd and Lindgren

give <r~-S for the Tm atom as 10.51 a.n. ?-nd for Tir 10.95. 

Our result that for Tis^* /r""^> should be ? ' Larger than for 

the atoffl, fits into thir ranm nrifps well.
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Chapter 4

FLUORINE ENDOR OF

4.1 B.IiPCR Frequencies

The E.P.K. line shows the partly resolved interaction
2-t- between the hole on the Tis ion and the nearby fluorine

nuclei. This consists mainly of the dipolar interaction 

with the nuclear magnetic moments but, lor the nearest 

neighbour fluorines, there is plso an appreciable contri­ 

bution from covalent bonding.

To describe the fluorine ENDOR spectrum we use the 

spin HRrailtonian

F where the sum ie over all interac-cin^ fluorine nuclei, I

is the fluorine nuclear spin, t f and gp ie the fluorine 

nuclear g factor, 5.2546. Any direct interaction between 

the nuclei hae been omitted as beinr very smell. Interac­ 

tion between the electron spin and thulium nucleus is nlso 

omitted since it does not change during a fluorine EBDOR 

transition and it^ effect on the spacing of the fluorine 

levels is very smell .

for second and nore distant fluorine shells we tnke 

the hyperfine interaction to have an isotropic pnrt, A . 

and a dipole-like ^nisotropic part, A^, with approximately



4.2

axial symmetry ebout the line joining the thulium pnd fluo 

rine nuclei. Implicit in (1) is an indirect interaction

between different fluorines leading to energy shifts of
2order |A | / where v^ is the rnicrowr^ve frequency. Since n

this is very small we neglect it - nd trent pepprately the 

interaction of each fluorine nucleus with the electronic 

system. When the magnetic field is at an arbitrary angle, 

$ t to the bond direction the^e assumptions lerd to the spin 

Haailtonian for each fluorine nucleus.

- DJs.i.

where we heve omitted term* which couple the two electronic 

spin ptqtee only through the email fluorine hyperfine para­ 

meters. ri !he exact solution of this liamiltonian gives the 

two fluorine EMDOR frequencies in a field H for S, « t

2
B 2S p j)

Q 2 2 24- -f A*. Bin Gcos G
4 Jr

with v, Ar, and ^^ in Mc/e. For the second nnd more dietr-nt 

fluorine shells ^ second orcer expansion of (3) is suffic­ 

iently accurate giving
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v(S s ) » gpsj- - S Z [AS -, Ap(3coB2Q-l)J

9hAp2sin2Qcos23
————— U)

a - *)
The nuclear £eenan term (approx. 20 Mc/e at K b«nd) 

is the largest in (4) and this defines the centre of the 

KTJDOft spectrum. The hyperfine interaction may be thought 

of as representing a sraall additional field at the fluorine 

nucleus due to the electron, which is roughly parallel or 

nntipsrellel to the static field depending on the (ficti­ 

tious) sspin etate. i^^ch fluorine nucleus, therefore, pro­ 

duces two END'.'H lines, approximately syirtmetrically placed

about the fluorine K.M.H. frequency. The aepp ration of
2the pair is A g -f Ap(3co8 ^-1) causing lines frois the Hiore

distant shells to be grouped in an unresolved superposition

at the ccmtre of the spectrum. Under the ascumptione made
2 all fluorines in a given shell with the same vplue of cos $

will produce EHDOR lines pt the oeme frequencies and the 

fluorines are always degenerate t le-Tt in p^irs. hen 

the magnetic field is along high symmetry crystPl direc­

tions the degenerrcy ie quite high. Table 4.1 gives the
2appropriate values of cos 9 and the degeneracy for shells

1-4, for H, along the three principal cryrtel directions.
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4.? T'eterrolnr-tion of Ilyperfine T^r

The crystal w^s mounted r-« eccur»tely as possible in 

the K-bsrd cavity to hnve a (HQ)-type plnne horizontal. 

The etic fif--ld could then be rotated into directions 

[100 j f [Oilj rr.d [llij required. "h* fluu.rxj,* ^^ 

epectrp were nrodnced .'•*? deccrib^r3 jnsec. 8.2 upirv-* the ?: ..?.H. 

dispersion signal rt the a rime temperpture (15°K) re proved 

optis>UB for the thulium . Accurate alignment of the 

raa^iieiic fiel^i Rion^ ef-cii 01 trie three principal directions 

WPB achieved b.y usiri^v. thf ^egener cy of the extreme lines 

as a monitor. Jince these liner split very raj idly v ith 

nis-alignnent r*n accuracy of nbout 0.1° w^s possible, tho*-

not without conoid ©r^ble time fnd patience*

The resulting three K }> ,^- LNDOR spectra on the high 

field Ii.P.IU line »r* shown i^ fir- 4.1. They hsve the 

expected symmetry about the fluorine H»K«R. frequency v/hich 

IP» the reverse ph? re line at 19.87 I"c/e. (The feet thrt

he [lOOj Epectruin nao opposite ph^ee to the other two is 

simply due to opposite phree of the reference ^^mti On the 

detector in this inrtipnce.) It IP interestinr thrt the 

firr»t shell "*{ lines have the PR roe phare f e the m^in 

spectrum for H/[lOOJ but opposite ph' se for the other two 

directions. he figures ebove the linee refer to the 

fluorine shells conc^nr^ mfl. the lei.ti»rp dirtinguish 

different equivalent sets within e^oh phell for th^t direc-



la

(a)

2a 2b 4b 
3a

4b 3b4a 
3a

2a

i i i i
23

//=4959G||[100)

I I I I i I I

la

(6)

20-5 -0

2a 2c 3a 26 3c4a 36 36 4a,V 24
3d 4b 4b 3d

195 19 Mc/s
3a

19 Mc/s

19 Mc/s
ii^A'-band fluorine endor spectra with the external magnetic field in the (a) [1001, 

(b) [110], and (c) [111], directions. The ordinate represents 8 2x'/8i'8H, the derivative 
with respect to nuclear frequency of the derivative, 8x'/8H, of the e.p.r. dispersion line. 
The lines labelled 1, 2, 3, 4 arise from interaction with fluorines in the first, second, 
third and fourth fluorine shells.



4.? Measured Fluorines Hyperfine r

_. A and Calculated * oint-l>igole Para­

r. » .For Tir^t four riuorine .' hellr,

Por fiom.

bheil

1

2

3

4

/^(MO/S)
K^>

2.584^0.01

0.010-0.01

0.00 ±0.01

0.00 ±0.01

/^(MC/B)

12.283-0.01

1.386±0.005

0.612^0.005

0.367±0.01

AB (MC/S)

9.809

1.397

0.61$

u.363
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tion of H.

All the stronger line? were r ured four times find 

some weaker ones ^,+ +v^> centres o^ - l spec a -^ ^e 

by interpolation, '''he frequencies were corrected to a 

common magnetic field for each direction.

7o identify the limn for shells 2-4 the dipolar 

hyperfine const .ut v?; a calculated on the b? **is of classical

AD " ...—i— C5;

where R i? * v -'-i 'M^tf-nce from thulium to fluorine

The values are given in T^Meff»2« Usiru the fr>ct thrt the
'3

aep*>ration of paire of lines is A^+A-nOeos^S-l) the lines
*J Jr

in the simpler [lOOj Rpectrun were identified approximately 

and confirmed or corrected by the other two spectra. All 

the rae^sur^hle D,< ir ^nr?cinr P for each ph^l ] in ^11 three 

directions were then u^ed in a le^et squares computer fit 

to er?iluate the AC, ?snd A and these are given in Table 4.2.
O J~

The A c, snd A- were aleo put into (4) * nd uped to
O A

calciilete the frequencies of --11 the lineR expected from 

shelle 2, "5 '^nd 4 in the three directions ft the appropriate 

•t^nd^rd fields. Table 4.3 conpnre^ the result r. with the 

corrected measured frequencies.



le 4.3 Coiap r ri

'-.lit
41 - .y.

fine Line at K , ^^, .

1.
j. o

(a) [100] direction

line ( i ee 
figure 4.1 o 
(aT) cos a

O a O

TT
2b 1u

fe
3b 1 

T5

4a 25

4b i. Ff

H »

vealc. 
(Mo/0)

20.BB7 
18.669

19.371

19.995* 
19.739*

19.605
20.121

iglso
20.025*

4958.80

(Mc/0)

20.Q03 
18.863

19.374
20.377

20.010 
19-717

19.604
20.126

20.JL'jO
19.338

20.010 
19.717



e. 4.3 (Contiiim*4)

(b) [110] ril-rection

line (see 
figure 4.1 o 
(b)) cos e

2a a«•» C* v«r

IT
O%k O£ D «u

TT
2c 0

3a 18 
15

3b 8

3c 2

3d 0

4a 0

4b 2
5

(Mc/s)

20.719 
19.073
19.588* 
20.208*

19.194 
20.570

20.447
19.319

19.967
19.807

19.674 
20.094
19.576* 
20.188*
20.066* 
19.698*
20.069* 
19.701*

(Mc/tO

20.731 
19.087

19.588 
20.203

19.197 
20.565

20.446 
19.323

(too weak to 
measure)

19.675 
20.095

19.588
20.203

20.071 
19.702

20. u /I 
19.702



Table 4.3 (Continued)

(c) [111] <-tion

line (see
figure 4.1 2
(c ) ) cog i

2a n>
O ̂h. I3t 
<~ W ^

TT
2c 1

^a 49

3c 1
?7

4a 1

#

H »

vcalc. 
(Me/a)

20.771 
18.998

19.764* 
20.007*

19.241 
20.493

20.350

19.965 

19.773*

2oll54

20.235 
19.5C1

20.017* 
19.717

4959. 3G

(Mo A)

20.769
19.007

19.768 
20.022

19.24?
20.494

20.350 
19.388

(too weak td 
meamire) 
19.768

2o!l56

20.222
19.504

20.022 
19.717

* The. e lines a^^e.^r in unresolved pairs (see figure 4.1); 
the observed frequencies quoted *r« those -^f t*« centres 
of t>i* composite lines.
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The bood axes for the eight nearest neighbour 

fluorines are 3-fold axes of the crystal. The hyperfine 

tensors will therefore have axial syanaetry about tiieae 

directions with principal values A//, A* and A^« So 

far ©s they go the experimental reeulte support thle 

assumption and we again use the expression (3) to 

describe the BNDOR spectrum. It is not possible to give 

a general expansion of (3) for nearest neighbours since 
A Is about equal to gp^nH so the hyperflne Interaction

taay be greater or lees than g^P H depending on the valuesf i*
?of cos 0. For all the nearest neighbour lines actually

observed gp3nH was the larger r allowing the use of (4). 

This Introduces errors of the order of 100 kc/a at K 

band but Is adequate for correcting the measured frequen­ 

cies to a ooounon field and for obtaining approximate values 

of Ae and A . Not all the expected nearest neighbour lines 

were observed so those that were were measured on both EPE 

lineeand corrected to one magnetic field value for each

Una* A and A r were obtained from a leeet squares fit of s P
the eight frequencies to the exact expression (3;. The 

calculated and observed frequencies are compared In 

Table U.U.



4 COSP ri.-on of -j#_
___£. ———„__———— I I • II UN . I II I 1 .-I I III! -..

f, r •*• __ PI ' 1 'j v-i

- — -
F ie r "

;.-d • rui J'

Field iJirectioa

[100]

[110]

[111]

cos i

1 
5
0

t

High Field Mfi 
line (4961, 60)

vc ?;a«. 
(Mc/e)

22.870 
20.503

24.706

23.391

V0b,;.
(Me/a)

22.876 
P0.514

24.707

23.388

Low Field "••PJS 
line (4734.6G)

vcalc. 
(Mo/fi)

22.032 
19.683

£3.7*6

2^.510

vobn. 
(Me/a)

22.04?
19.688

?3.785

2?. 504

ble 4.5 CaP0 wi<ltJirr at 15 K.

X Band K b^oid

thulium ?.;aJDOR

Fluorine EMDOR
100
110

500 i 

la - 3

75-5

>>./ r 4 
27.1 7 3 
18.8 i 4

Thulium i,. 
error.

line«idth waa isotroj»ic witiiln experimental

Errori; on Fluorine R linewidth make no allowance for 
reeidual ale-alignment*
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In GTitTnrt ? O t^P- TTH V"' r 11 + ',<:, fl

lines we;:e syinmetric-1 absorb t on derivative under all 

conditions and a modul'-tin^; frequency of nbout 80 c/s . r s 

uced. 'lie nearest neighbour lines v,-ere more difficult to 

produce -^ >>^ + Intensity eepeclPllj -iur ~/[011j or [lllji 

they ^ mded rather critically or ^icrowaye T o ^^ I^^^T.

Most ffleasureisentB were a e t K band since the lines 

were stron^ur but tl.e main spectrum w«8 rleo r^ • ured 

?^t X band aud gav« HUU^ u^jiwi; ̂J.o.y the ser^e p^ rfuieters for 

Bhells ?, y i\nd 4. N** ^^ J neighbour lines were not 

observed.

4.4« Discuneion

(a) letr-.a u

errors quoted for the hyperfirie prranettra for 

shells 2, 3 ^nd 4 nre those obtained from the lepst aqurree 

fits -^nd Table 4.3 shows how clorely the frequencies cal­

culated from these values e fc;ree with those observed. .he
2 wide ^^n, e of valuer of cos ft for each shell for which

lines y;ere observed establishes well the dipolar forrs of 

the anisotropic interactions? and confirnm the f ite of the 

Tm ion. The difference from the calculated point dipole 

value for chell 2 could be accounted for by an expansion 

of the shell by only 0.2 . Since the le^st squprep fit 

requires P sianll, if uncertain, Hioount of iso tropic inter­ 

action which CBTI only come from bending it is po^eible thnt
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part of this reduction could be due to slight bonding to 

the fluorine 2p orbltals, A third posBibllity in that 

these ar-fi manifestations of the failure of the axial 

approximation or of the point dipole approximation for 

the Ta>2+ ion.

ShellB 3 and k parameters are, within the experimental 

error, equal to the calculated point dipole. values. This 

indicates that the lattice is undietorted from the second 

fluorine shell outwards and would seem to place any charge 

•oapenseting fluorine ion outside the fourth shell at 

least. An interstitial fluorine would have the largest 

interaction with H// jioqj and, if inside the fourth shell, 

would produce a pair of lines separated by more than 0.8 

Mc/s. Fig U*1 (a) shows that, unless they are accidentally 

degenerate with lines 2b, no such lines are produced, 

(b) Nearest Ne 1 p-hbours

Table k*k shows that an axial hyperfine tensor can 

be fitted to within 10 kc/s to the measured frequencies 

at both values of magnetic field. Vhree different values 

of cos2© were observed to define the angular variation, 

though tv<o of them were not very different from each 

other, ihe accuracy with which the frequencies could be 

raeaeured was sufficient to substantiate to within a few 

percent the axiel symmetry. Any axial hyperfine tensor
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may be decomposed Into a tr-acelese tensor (dipolar variation) 
and a constant tensor (isotroplc Interaction). For nearest 
neighbours bonding is appreciable but the contribution to 
the anieotropic hyperflne Interaction from this cause IB 
not necessarily dipolar* Any deviation will be aceoraodaied 
by a change in the apparent value of A BO the experimental8

A., and A* should not be designed too closely to distinct» i-

types of bonding*

The frequencies given by (3) depend explicitly on the
relative signs of Aa and A r * The observed frequencies can0 p
only be fitted with A and /'•,, of the same elgn*The absolute 
signs ere unknown elnce It cannot be determined whioh 
observed frequency corresponds to which electron spin state* 
However, the comparison of Ap with the classical point 
dlpole value of +9*809 Me/a suggests the positive sign may 
be more reasonable* The contribution, A 1 , to Ap from bonding
would then be +2*U74 Mc/s* If / were taken as negative theP
bonding contribution would need to be -22.9? Mo/8 which
sterna rather large*

On the other hand a positive value for A0 is in con­ 
flict with the calculations of v* a toon and Freeman (1961) 
who ahow that exchange polarleatlon of 58 and 5p shells 
of rare earth Ions by the kf shell can lead to a net spin 
density in the outer reaches of the ion which is anti- 
parallel to the kf spin. For Gd5* in GdF.* where the ligand
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distance ie 2.2 8 they calculate an A due to 5s polarisa-
9

tion of -4 Mc/e which is ten times lerger than and opposite 

in ei^n to that due to the 4f shell. Baker end Hurrell 

(1963) have used the data of V'ntron ?md Freeman to estimate 

thr-t for Eu2* in CaP? Ar . « -8.2 Mc/s. Their ENT'OK measure­ 

ments on this system gives Ag * -2.23 - 0.01 Mc/s. Further­ 

more their Ap of +4.01 - 0.01 Mc/s is 1.6 He/& less then 

the clasoical dipolar value, indicating a negative contri­ 

bution, Ap 1 , from anisotropic bonding. It would clearly 

be interesting to have measurement of nearest neighbour 

parameters for oth^r rare earth ions in CaP^ to investigate 

the exchange polarisation effect in the outer shells.

It should be noted that the fluorine hyperfine para- 

metere for Tm "*" are £iven in terms of the fictitious spin 

of t^, ?he real spin <S ), of the r^ groundstate is * x 4 

so the parameters should be multiplied by -L for comparison 

with other oystems. 

(c) E.P.H. Line Structure

With the accurate knowledge of the fluorine hyperfine 

parameters it should be possible to reconstruct the struc­ 

ture on the 3.P.K. lines. With I^[lOO] a fluorine multiplet 

will consist of nine lines of intensity ratio l!8:?8:56:70:56 

etc., separated from each other by the hyperfine interaction, 

which in this case is approximately AS , 2.584 Mc/s. This 

leads to a separation between me extreme components of
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3.5G. . %2 it c^n be aeen th^t this is equal to 

the width of each con^onem; of the observed line structure. 

Above and below each allowed transition v/oulr' be two for­ 

bidden ones in which a nearest nolfrhhour fluorine ? «-y ^f 

thought of - r "flipping" v/ith the electron. Thene trpnei- 

tions are sepnrpted from the allowed by the frequen­ 

cies for ^ = -eg or -vr tin appropriate. , or ;ne prerent 

cs«e the separations rre 22.876 n "0.514 Mc/s. (see 

Ta'.-le 4*4) so they would not be seprr^tely resolved. How­ 

ever, their average corresponds very closely to the 

measured Bepprntion of 4.2G- between the centres of adjacent 

components, of the K.P.K. structure. A>I Fig4«2 an inte­ 

gration of the h.P.H. line ?-t K band shows slightly poorer 

resolution on the low field oide correBponding to eiiip.ller 

spacing of conponente. This would be expected from the 

reduction in the nuclerr ueenif.n term v.liicn reprecentc \,he 

lanoest contribution to the fluorine EKTrp frequencies. 

Furthermore the X b^nd E.P.H. line shows a much closer 

spacing of components as expected. This is perhaps the 

strongest evidence th?t the structure is not a etrai&ht- 

forwrrd i^,>^x-j.-uit, j.iiLci-. ution.

rl-o estimate the int^n.^ity of the forbidden tr-nsitions, 

contributions to the totel forbidden line siuct be summed 

from i 11 nine unresolved alloved tranisitione in the central 

component. This is easily done when it ir rerlitea un.- t
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the forbidden transition requires one of the "up" fluorines 

to be turned "down" fiurin^ the electronic * — — -tioii v or

Vice V<-f- •: for- t>P forb1i*^on llnr nr» t-hr- nthpr <-1r?p of

the centre). The roosber of ways this crn be done for 

eech of the nine allowed trr rieitions is weighted by the 

intensity of thr-t ition " " ' o £ive the tot^l 

forbidden intensity. The intensity of double forbidden 

t-rrrri t 4 nnc? j n which tv.'O fluorine?; nre f11rr»pfl ~r\d vhich 

occur fit '.vice the i frequency from the centre are 

similarly found by turning over two fluorines rt r time. 

If or is the r; tio of forbidden to - llowed transitsun inten­ 

sity for one fluorine int<- v-< ^^in, •••i <fv1 *v^ elec^r^^ t.b*>n t 

relative to the totnl intensity of tlie central allowed 

component, the forbidden transitions have intcncity ^vy t* 9
17Q2 2 the double forbidden intensity is ^;g' <•/ nnd the treble

17Q2 3 forbidden inten ity is 236 u<

(rhe eigenrtrtps of onp nerrert nei^l bour fluorine

*ith IF[1()OJ at K brnd in tenrs of |S Z = -i, 

approxim tely

•*••?

(6)

v *»ni:r>3 to 0.16. It should be noted
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thp.t, alt" h the hyperfine interaction ir small with

ij/tlO j, the size of 9 depends on the off-di- ; 1 t
( . y

in (2), 3ApSinftoeBd3'|6 Tx , which is* quite l^rge at inter­ 

mediate angles.

tive to the central allowed component of the 

£,P.H. line the intensities of the first forbidden tr n- 

aitiojus saiouia be .^ppro^ir,*'tely 0.65, the second forbidden

0.18 rn/* thn ^.1-^ 0.03. ' ^axa

WPS not rarde of the K b--nd ,,.?.H. line but ?5 % 4..2, 

which is --m accurate nuw-ric?-l integration of the recorded 

derivative, o*?n be seen to be consistent v,ith the values.

'I'he .4. uu uii' i, the Yb «true lure -..:owtj uu u --.ppe^r to 

rn.-e on t;oing from X band to F bn-nr« ( ! ; v..'lr»ell, 19O) n-T

be explained by suggesting th^t Ac . is oppreciably !• rger
2-*-

thftn for Tin . This would cplit up the two - frequen­ 

cies? ior Li =5 -f|f BBC — -|r, uuuuiiu^ the nu^.ber of forbidden
S5

T .P.... components ^ ?• ^*r\^ w* enuring tb*» ^pectrur- t 

resemble th;;i t at K band.

r:ho lock of any observed splitting of the nearest neigh­ 

bour : lines from l/[lOOj when all ei mould be 

equivalent '-nd --Iso the riae of the *>'.*""•>'*•** hyperfine 

parametp-^ ^'ke the ei -eption of Low r>nd Kanon (19^3) 

regarding two unequal tetrahedra of fluorine*; seem unlikely. 

The above discussion in terns of forbidden transitions seems 

much more a.-tief ectory : no is consii, ̂ nt v;ith 11 the
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experir 1 evidence in the cf»ne of Tra . Confirrrr tlon

with reG^Td to Yb u it Pccur ion of 

the ne^re^t neighbour psTv-me Tiers.

4*3 i. >. Linewidtha

The eignifleant reduction in Tm EE7;OR linewidth on 

changing to K b^nd hrB already been mentioned. This in­ 

spired f quick investigation of Tie and fluorine iiNDOR line- 

width behaviour at A nd K bands. Accurate snea: 'trcnients 

were not attempted since this would have require consid­ 

erable work to overcome the effects of poor lineshnpe on 

•she 'i'm £iir<CK f (with weak lines at X b«nd) rnd residual nis- 

allgnBent on the fluorine EHBGR. The re suite ,-re given in 

Table 4.5. 

(i) Thulium : linewiclth

An iniiomogeneoualy broadened line may be considered 

B8 a superposition ui w^in packets, e:icn corresponding to 

a particulnr locrl field. In carrying ou j =-r» T-r^np experi­ 

ment one spin packet n^er the centre of the L.P.Ii. line 

is selected with the m^-gnetic field rnd, if spin diffusion 

is negligible, only spins within this prcket are satureted; 

the BNBOR linewidth will then be the epjne the spin 

packet width. The spin packet width arise* fror horo- 

geneoue brordenin^ due to spin-spin inter, ction between 

the magnetic ions nd r^dietion broadening due? to the

field. The linewidths observed are considerably
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larger thm this bee* u; e of I broken ing.

If the £• 1 expression fe . ition fre- 

^u-iicy between ^ai-i- i^t 1^1 ) p nd |*> z fl z >, r s found by 

second or^«*r perturbation theory, u .^iur^ui:' uta wiiii 

respect to the ; _ -tic field, li, the lino vi^-H-. ^i _ t 

i? jouely broaden line ie dily found to 

be

(7)
ji 1

where All is the width of the portion of the L.P.K. line 

saturated by the microwrve field. Mien spin diffusion occurp

^.o:..i. tr-- ii8i iione in Tm'" ions which are non-resonant, ^ue

to the ion being in aaLi^htly different locnl field, can 

also be saturated. ?he frequency obr^rver* vd.ll be 

appropriate to thnt loc->l field cf-ueing; broadening of the 

line. The value of Aii to be inserted in (7) is then the 

total width of the ^.^ ..<... line sntur^md by the opin dif­

fusion mechanism. T'^or Tn the fl^ t tern in (7) is
-2

negligible, leading to a linewidth Tnryin^ es H .

ting the raeneured linewirl ths into (7) v-e find AH = 3? - 

f»t A-bnnd , j nc ^ - 2G at K band, and the r ;jrc.ememi of ciiece 

values supports the Bu^^batio^ of inlionogeneous broadening. 

The very Inr^e value of AH indicates thrt r^pid spin dif­ 

fusion is occurring. It cannot be due to dipole-dipole 

interaction between the Tm ions in the dilute Car 0 : i.m
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synten ; linewirfth fro- thii ;• ie estin.; t-r t

0.1G. A possible explanation ir tl ^lucriite ic in

s lie-' 1 1 t;:e -in 4" ion rel?x : t a rate cc '-pble v,ith

of the Tra2+ ion itfrelf — ̂ fv- irihor o^u,, 0

ening due to hyperfine int? ̂ etions v.i*h

not Bt'-.tic. This ie consistent with the Inrge t : tion 

probrbilitj cr-lculpted for the forbidden tran itions in­ 

volving nef-re;.-t nei^;::buur fluoriner.

These repult 1" '"^e in contr^^"*" ^o t^o •"'•=• n ^ T>. ;-Vr»r- r.>ir? 

faili^rr. (1962) who find linewitftha at X b^nd of 

7 kc/8 -nd 8 kc/s for 155Ku2-f -nd 151Eu2"f in CaP2 . In 

this crse the inhono^eneous contribution to t;he linewia^h 

xo very siasll due to the "*" -t'n^-r ^>r «ll ^y 

(4153 , ^.45^7 Mc/8 ; A151 « -102.9 KC/B) • nd because of 

negligible spin diffusion. 

(ii) ^luo.rine K:-J .:-u/t I ' "th

The fluorine EKTCK linewidtho of 4— nsitions in the 

•econd, third *-nd fourth fluorine hellr? «re expected to 

ari^e predominantly from fluorine nuclear dipole-dipole 

interactions. Even if the microwave energy saturated only 

TIE "*" ion? of one pprticulftr v-^lue of loc 1 fi^ld this 

does iiO o prevent their bein0 - wide v--^1^t;' of locrl 

fielcis ' t the fluorine nuclei coupled to there ions. a 

Vleck (1948) h^e crlcul ted the fluorine nuclear reeon< nee 

linewidths in CsP^ arising from fluorine dipole-dipole
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interactions nnd finde the lincwi^ths between points of 

maximum elope to be 28.8 kc/s for ^[iQOj, "'0.0 kc/s t 

]/[llOj -nd ir\? kc/s, ytlllj. '^" —— — -.-.v wcre c-- 

firrced by the nueler-r resonance experiments nf F ke T£ 

Purcell (1048). r-'??ble 4.5 show? t> ithin the ec t 

l^rt e experimental errors '" "Iv.orlne linewidths 

agree with theic valutt t v r? 4V " : d. If we 

"ssMTr.e lr v OTro' r Gnsoijp> V-rn^^ev^^ , ^'^ .•••-• 1. ration of (7) --hows 

th»t for fluorine ore A Is only of the order of 

10 Me/a the second, fi^ld dependent tenr is negligible, 

ler*dir ^o "',he Q«::7ie lino'*ia*iii r ' " n^B as observed. 

The co^*s ponding v-lue of AH Ir? 5.7G.

^ k^ r and Hurrell have considered sources of broadening 

of ; lines ^nd pointed out the indirect fluorine- 

fluorine interaction for ne<^rect neighbour fluorines due 

to coupling vi r the electron. The interaction of thr, form

the de-enpr-c of the,_

energy levelr- of nenre^t neighbour fluorines by ?m amount

of the order of /v where v is the rrdcrowave fre-e e
quer:cy. This is of the order of 6 kc/s max. nt K b^nd 

15 kc/s max. at "" v<-^. A.cco^'l^eljr, nr-^^-t neighbour 

EKDCR lines will be broadened Irr ply by the fluorine 

nucler-r dipole fields end will hrve sirrilnr linewidthe to 

the rsore distant phells aa is observed,
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Addendum to Chapter 4

Since the writing of this chapter there has come to 

hend a preprint reporting ENDOR measurements on the nearest 

neighbour fluorines of the iaoelectronic Yb^* on cubic sites 

in Ca?2 (Hnrson arid Hyde, 1966). The hyperfine interaction 

between the Yb5* ipn and fluorine nucleus wae found to be
£ -

axial as expected with

m 36.8 ± 0.1 ?«f

« 15.9 - O.C5 Me/a

A/^ end A, have opposite signs. These values correspond 

to

A 0 * 1.67 - 0.05 »c/8
8

A = 17.57 - 0.05 Ko/s

2+which are similar to the values obtained for Tm with a

smaller A_ and an A^ larger than the point dipole value by a p
nearly 80^. Ranon and Hyde point out that it is reasonable 

to aeauae that the electronic cloud of Yb** would be more
- 

localised than that of Tm because of the higher nuclear

charge, reaulting in a smaller contact interaction, Aflf with 

the Uganda. On the other hand the extre positive charge of 

the Yb5 "1" would cause the lobes of the fluorine p orbitals to 

penetrate deeper into the Yb'* electronic cloud, increasing

V
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As with Tm Ag and A are of the same sign, which

cannot be determined. Similar arguments to those used for
2+ Trn again indicate that the positive eign should be chosen.

Ranon and Hyde find that in fftct the superhyperf ine

structure on the S.P.K. line for H // [100] is field dependent
2+ in a similar way to Tin . At X band there are 17 components

separated by 3.03 - 0.05 G. end at Q bond there are at least 

7 components separated by 6.65 - 0.10 G. From the measured 

hyperfine parameters Ranon and Hyde made a detailed calcula­ 

tion of this structure at both frequencies and obtained good 

agreement with experiment. The basis of the calculation was 

the same as suggerted for the Tm * case (see sect. 4.4(c)), 

namely that, since the hyperfine and Zeeioan energies of the 

ligand nuclei are comparable^ there is a high probability of
4- P +AMfl = - l f AMj » - 1 transitions. The resulting E.P.H. 

line structure is the superposition of all the forbidden 

transitions.

Ranon pnd Hyde did not observe all the SKBOH lines 

expected from the 8 nearest neighbours. All the lines 

associated with the electronic state | +1) (taking AQ , Ap

positive) were observed but those for | -£) were either 

extremely week or missing. This may be compered with the
?4-Tm case ?/here both lines were observed at equnl intensity 

for H / [lOOj but only one line appeared for each of the 

[110J and [ill] directions.
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BONDING OP Tra2 * Ii<

The effect of a small amount of covalent bonding 

between the 3d electrons of iron ;,roup ions in ionic cry­ 

stals and their ligr.ndf? has been recognized in the appear­ 

ance of resolved hyperfine interaction with ligand nuceli 

in B.P.JC. spectra and shift of the K.M.H. frequency in
1 Q

concentrated crystals (e.g. F in S-nPg, Bhulman and 

Jaccarino (1956)). The theory has been developed by 

Stevens (1953), Owen (1955), Marshall and Gtuart (1961) 

and others in terms of the molecular orbital approach. 

This has been u^ed by Clogpton, Jaccerino, Pet^-r and 

Walker (i960) in discussing the spherical Mn** in Zn?2 

and by Hall, Hayes, Stevenson and Wilkins (1963®, b) for 

a wide ronge of iron £>roup impurities in vnriouf? fluorj.de 

lattices.

Stimulus for the work on iron group ione ha© come 

from the fact th^t the interaction with ligand nuclei is 

often large enough to be ujeaoured by conventional ^.i'.ii. 

techniques. For rare earth ions this is not the cr.ne so 

little vvork on the application of bonding theory has been 

done. However, since the ENDQR neasuremente on CaP2 :TM^"^

given a detailed account of the intersection between

the Tm ion rnrt the nearest neighbour fluorine nuclei,
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it seemed wor" ile to laake a somewhat experimental appli­ 

cation of the molfccul r orni ,al method to this rystein.

The molecular orbital is constructed from a central 

ion single-electron orbital which trpnsforr.r rc^n^^^^ to 

an irreducible represent* tiort of the symmetry roun of the 

complex rnd the appropriate linear combination of 1' d 

orbitBls which transforms acucrci o the sfir»e irreducible 

representation, ^o simplify fv>^ problem by way of illus­ 

tration, if we consider one central ion orbital bonding 

with one ligrnd orbital two molecular orbitfls ere formed. 

The leaver energy, bonding orbital consists mainly of lignnd 

function and th@ other, antibonding orbital consints 

mainly of central ion f-motion:

(1)

where m represents the li^-nd function and t *- s ^e cen­ 

tral ion function. < nd N are nonaaliaing constants. 

f and ^ are required to be orthogonal; thus

In the extreme C£?e (Heitler-London) of no electron trans 

fer from lignnd to central ion tf = 0 ' nd thus A « < 

The "antibonding orbital" tL-:i oimply represents the
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orthc lisrtior of the central ion orbital to the 

orbital, required by the Jauli exclusion principle.

In this eircplifi** o^p»ple three electrons have to be 

ace, dated in the molecular orbit.His, tv/o fron the 

and one from the central ion. Two will be paired off v,ith 

opposite spine in the bonding orbital and one will be in 

the rntibcnding orbital. "he magnetic proper-sire of the 

complex will thus derive fro^ the «•"+-*bonding orbital. 

vhen the orbitf?ls of all the liu ; ru e considered, suf­ 

ficient linerr combinations consistent with the e t try 

of the complex cen be constructed to accornniodete all the 

ligand electrons. Those line <r combir-- f ions which find 

one-electron functions of the same symmetry properties 

represented in the central ion ^round state wevefunction 

will form boridine and antibondin^ orbitals. ^he rest 

will be non-bonding. 11 the bondiu^ .-nd non-bonding 

orbitals will be doubly occupied bv p^ired-off electrons 

end will not contribute to the etic propertie : ^ 

complex (but se« Watson and Freernrn (1964)).

iO derive the nvperfine interaction with one ligrnd 

the independert vending wodel if u^e^ wbicb pseuiiiee no 

overlap between different li^rmds and tlr t sll lig^nds 

are equivalent. The ground st?*te of the centre! ion is 

expref^ed in terms of one-electron functions which are 

then augmented by t:;e api-ropriate combinations of ligand
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orbitrls to form the antibontfin< orbivrip. Any one 

ia selected pnd the hyperi'ino op^r^tor IB applied to those 

parts of the ground stete funct:'^ , ' v + ^™-s Of tv..,. ^^i» 

bonding orMtrls, v.-hich rer>rpp.pnt contributions fror. this 

li, :.

The TEI ground state in terras of |J,J ^ is nn un- 

suitfihle etartin^ poini So we UBC the expressions ^iyen 

by Twidell (1963) in terras of j} , \ si>irTr f-elf>nt.r<m
£* 'Zt

functions vithin manifold o of L * 3, S * Js

.
47 47 47 47

(3)

The negative sign for the expression for M |-i> n has been 

introduced in order th t the *? value shall be iso tropic. 

Without it gx « g » -gg (see rryce (1959)). Kxprecsing 

these functions in cartesian form relative ^o tne crystal 

j&: x f y f ^ in terwe of functions appropriate to the cubic 

syiumetry gives

* |x(y2 -

2 U) ^

- {i|y(z2 - x2 )> -



where all the functions are

The . appropriate uotnbi.iu; viunu 01 li t:.;; nd orbitale for 

eightfold co-ordination T*>< tr^ te "5ie symmf ^..,^t,- (i8 

ae each of the single-electron fi.nct:! onr hnv* besr -|ven 

by Hall (1965) one! Bek r and Ifurrell (1963). They are

reproduced in Table 5.1. It v.ill be noticed that the
2 2|x(y~ - z )> type of orbital xonae only T? bonds whi3 ̂  ••} -.e

|xyz> orbital form- only ff bon''«. f"'^ void '••r»- 1 ue com­ 

plexity '//e treat bonding to fluorine 2p orbit." Is separately 

from bonding to a orbitals. write the entlbonding 

orbitFls as

(5)
4 » H - 

wl

where «. are the properly normalised combinations of lii*and 

orbitals and we define-N A » n and-N A « ^
ff T* ff **?

Concentrating on ll^nnd 1 #nd referring to the anti- 

bonding orbitels by their f-electron components, 

5.1 shows



TABLE 5 »I LINEAR COMBINATIONS OF LIGAND ORBITALS IN CUBIC ^ /„
o

COMrLEXES WHICH BOND W. \ AND/ OTIT'.TTALS ON TTTE OENTT:; ', ' "'-N 
(HALL 1963)

central ion orbital cr bonding li,.;. ....... ,..,,.,,. n.

CT,

•Ar bon iing ligand orbitals

83.liG 
T, - (T3 - ̂  - (T5 - CP8 ) J

d orbitals
'." s.'.l x&x^-Zr1 ) T7"-r L^.b4 ~f~ b2 + £5 + b7 ~~ bl ~~ b3 "~ bG "~bs)

-i- V 3 ( 7/.i + 7/2 -r l} 6 + r'h ~ 7/i - '/:; - 'Is 

PyJ^-l* :J7-r(4"l + ̂ 2 + f7 + b8-b 3 -^-^-bfl )'
r> f , o r, . _v , r ,' ^ _L r i r , t: _ f _ - _ r _ /: \j'2>Jz(r>s--3r- -:.,.. _Vb3 i b^ T b; "T bs bl b.l bo b7/'

The positions of atoms J.' reibiveu to tho nucleus X, at the centre of the cube, as origin aro 
(1) £-«(!, 1» ] ), (2) £-o(T, 1, T), (3) £-0(1,1, T), (4) £-a(T, T, 1),

where a is tho length of the cube edge. '. '.lor indices for the vectors to describe tho ligand 
2p orbitals are

o-, (],v, i) £2 (1,2,1) 7/ 2 (T, o, i)
o-3 (T, 1, 1) £a (1,2,1) 1/3 (1,0, 1)
a., (i, : ~) ;. (T. i!, 1) 'i), (1, 0, T).

The positions and associated vec^s for atoms (5), (G), (7) and (S) are obtained from those for 
(1), (2), (3) and (4) by inversion.
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|x(y2 - s2 )> includes -A- (-!?•> + V3tP «N
4V? x y

22 |y(z - x )> includes
2

(6) 

includee

^
includes —-f- IP f > ^ hf ? z '

The augmented functions are substituted into the Tra * 

groundstate function and only those portions relating to 

lignjid orhitsls are retained. The ligand p functions are 

rewritten in terras of (I » 1, L > using

(7)

all referred to ligand 1 axes. Thus



Table 5»2« Transformation of.Axes of Spin Functions.

The transformation represents a rotation of the right- 
handed coordinate exes from the cubic axes of the 
crystal, XYZ, to the axes used for llgand 1 (see Table 5.1)5

JS-(ltO f T)> JE«(1f2. 1); I«(T t T f T).
The rotation Is composed of: a about the Zaxis; j3 about 
the transformed Y axlo; * about the transformed Z axis 
In that order* A positive rotation Is defined as one 
whloh would advance a right-handed screw along the 
positive direction of the rotation axis.

-sln3/2 exp(-( i-a) 1/2) -

) 1/2)

exp((r-a)l/2)

The tnagnltudeo of the rotations are? 
a » 4-5^A ^ * «V2 * ooe-1 (2/3)^> V
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and there Is a similar form of expression for

It is important at this point to realise that the 

orbital functions are referred to the axes of ligand 1 

whereas the spin functions, j +) and j~}, are still 

r«ferred to the fourfold crystal axes. The axes of the spins 

must, therefore, be transformed from the crystal axes to 

those of ligand 1. The corresponding transformations of 

the spin functions are defined In Table 5«2. Care must be 

taken In defining the Euler angles, a,£,Y» representing 

the transformation and ensuring that It represents a 

rotation of the axes, the functions remaining fixed in 

space* A careful discussion of these points Is given by 

Tinkhfun (1964)* -he final forms of the ligand orbitals 

in so far as they concern ligand 1 are then obtained by 

replacing | +} and \-) in (8) and ite conjugate by the 

transformed spin functions*

To evaluate the hyperfine interaction with the 

fluorine nucleus the hyperfine operator for p electrons 

Is used (Abragam and rryce

(9)
f j - iGUfi) - l»^)li ® * J; x * i; en * 8 ta«

fluorine nuclear g factor and ^r^Xefers to fluorine 2p 

electrons* The term in k covers the contribution to hyper­ 

fine interaction in the fluorine ion from polarisation of



Table 5.3:_Matrix ^lements_ For; _Calcn] ation of Li'gand

a I|+I-^

<H
vf-T-4

v 04t

» T -il \ J_ »i

<-H

I 
6

"272

Hyperfii 

a = 

+1— ) 0-^
I 6"

I 
2,72

-I

2/2

•

3"

_J

ie Interaction. (Thor-

= 4/:

I

"J.

-I 
2/2

^ £ '

-I

T 
2j2

I 
6

a

<H
^
<H
<«H

<-H
<-H

-1C

h1 *

—i"2/2

I 
6'

-I 
3

1

^

I 
3

-T

v/5

i

.s) .

1 V0+)

-I

2 
3

-

- (1
a.

Q.l.Gyj.

.s)l_ 

v- K1 ^

•(+I +
^
(0+|

<M

< "T < • _L il

<-H

^

-2 
3

I

i 6"

-i

I
v/2

-I 
3

IP62)

-i "6

i '2/2

-i

r
3

i 
272

-i 
1

i- 
V2

M

02

3

02

-:

*"" .L.

i 
. ?n/2

i

i .'- 
* ', ^

t !
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the • shells by unpaired spins in the 2p orldtals. Hall 

was able to measure k for the 3d' configuration in KMgF 

and found k to be 0.0l&o,o1* He discussed why it was 

reasonable in the absence of other information to take k 

to be a property of the fluorine ion tmd of this order for 

all the iron group configurations examined*

The matrix eleaieiits M^4J "A^g" |+i}" and "^-J \"A. "( 

are evaluated for the ligand orbital states, giving the 

components of the hyper fine tensor in terms of the properties 

of the fluorine nucleus, the admixture parameters ft and o f 

and k and ̂ r / for the fluorine 2p electrons. Matrix 

elements of a, for p electrons are given by Thornley (1962) 

and are reproduced for convenience in iable 5*3* It should

be noted that aM has off-diagonal elements*z
After- inserting the numerical values for the functions 

of the Luler angles we obtain for p electrons

<** K' I**)"

2

For comparison with the nwaeured parameters (10) and (11)
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must be equated to the matrix elements within the fiet- 
itioue a « $ groundstate, <{+$}&/ S g ̂ i^ and 
respectively* Once again &/ and A. refer to the axes 
defined for ligand 1 so the fietitlous spin states must 
be transformed to these axes using Table f>»2 before 
evaluating the matrix elements. Thus

(12)

coei -

Equating (12) and (13) to (10) and (11) gives for the 
bonding to p orbitals

(13)

<*-«)

(15)

Molecular orbitele of fluorine s orbltals have the



5.10

sane symmetries as po orbitels. The calculation follows 

through ae before, except that the s electron hyperfiiu? 

operator is used

2
£

The resulting hyperfine parameters for bonding to flaorine 

2s electrons only

® (17;

The definition of S is analogous to thaw oi o isee (5) and 

(6)).

After subtracting the direct dipolar contributicn 

the e periraental results show the hyperfine parameters due 

to bonding to be A// _._ » 7.53 Mc/sj A^ r^ M « 0.11 Mc/s.
// ir1*"" jJfc'Tll

The quantities of interest are the unpaired spin densities 

in the 2p f 2p,Tt and 2e fluorine orbitale, f0f f^. and fQ .
o

These are related to the parameters o» ft and s t?y fc = o /8 f 

f^ * -j,2/6 and fg » S2/8. TWO relationships for determining 

the three parameters come from the hyperfine parameters 

A//m- and A.,.,,.„• In principle the third relationship is
f/ p-rB JUr'*' 0

obtained from the measured g value and resulting orbital 

reduction factor (stevens). The orbital induction factor 

obtalnedin sect 3.3 is an average based on the assumption 

that the reduction of orbital contribution to the magnetic
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mooient through covalency Is tiie aame for all orbltala of 

L ground state* &qn* (4) and Table 5«1 show that this is 

not BO "but that the reduction is the same for all orbitalo 

of tn« ground state belonging to the same irreducible 

representation. For the pure f1 ground Btate (k) the con­ 

tribution to g value fr-om spin is 6/7 and frora orbit is 

18/7 • Following Stevons 1 definition of orbital reduction 

factor we denote by k,^ tne reduction factor for matrix 

•laments of ̂  witliin the ^ reprenentatirn and by k the

reduction factor for uiatMx elements of 1 between T rt and2u
A^ . The experimental g value of the ground state (efter 

correction for the admixture of the o* » 5"/2 T* state) is

g m 6/7 + (16/7) k + (2/7) fc (18)

Since the &'e are functions of f^, f r , and fs , a third 

relationship between these three parameters is thus obtained*

In principle the expressions for the &* s can be 

obtained by using the appropriate molecular orbitals con­ 

structed from lable 5»1 but tne process is lengthy and 

eorapli cations are introduced in translating the axis of 

angular momentum to the ligands (see Gtcvene) in an eight­ 

fold coo*plex f so this was not done in the present ceoe.

The lobes ot the tf bonding | xyz) orbital ,-oint directly 

towards the eight ligande and this orbital occurs with an 

amplitude 2 in the ground state, suggesting that o bonding
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will predominate over TC bonding. For the extreme case of 
•ero % borulirg -the measured hypcrfinc parameters give 
f0 e 0.75K and fs « 0.01,,, where we have taken k * 0.04,

cm"1 and

cm" (Hall et al I963a). If o » 10* then f • 1.6;., f
"1

0.016AJ and fa » 0.006,o. For a smaller ratio of o to T% 
bonding there are difficulties In obtaining & real solution 
for f.. The alternative of taking the hy^erflne ^ ..i tiers8

as negative (see sect 4»4(b)) gives s "^.77 --c/s
A 1p-»-8 * + 1 9*51 Mc/s whence, if o s r. t f , » fr « /i.o • 

This is too large to be consistent with tue measured average 
orbital reduction factcr wiien compared with results for 
iron group ious(liail et ai) . rpobable results, therefore, 
are r, ^ 1> and t^ & 0.01>v v^ith frx about an order ofO 8 A,

magnitude lee& than f »
w

No account has been taken of the effect cf crystal 
field ad'.uixture of the excited P* state nor of bonding to 
fluorine 1e crbitala I Mar shall and Gtuart;. An uncertainty 
in applying this calculati en is the importance of exchange 
polarisation of 5s and 5p orbitals in contributing to the 
aeasured hyper fine parameters (^ataon and preesaan 1961). 
The original calculation of this effect was for an o-etate 
ion with j = 7/2. In the present case with the uuon staaller 
spin it may well be of minor importance.
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Chapter 6

ATOMIC ,*\ .% IK ALKALIHK E/-KTH P!

6.1 Introduction

Alkali bolides containing hydrogen imruritv >mve been 

a subject of investigation for m?my ye^re (Seitz (1954)). 

The presence of hydrogen gives? rir-e to * ch^r^cteri' tic 

U.V. absorbtion band called the U b^nd (e.g. in KG I *>t 212 

m») which wns identified by Hilsch andPohl (1978) as due to 

a hydride ion on *> halide ?ite. They rlso found th*»t irrad- 

istion into the U bs>nd ^ t temperature? ebove -bout -100°C 

produced F centrer r nd bleached the band. i^elbecq, Smaller 

and. Yustf-r (1956) irrrdi«itea into the U bnnd of KC1 pt. 77°K 

end produced P bro r d br-nd, called U-. f on its long wr-velen^th 

side, to ^ther ?Aith -nion vacrncies indic?s ted by the growth 

of the <x band. Prolonged irradiation v-ith lirht in the 

whole U band region e-"'Ui»ed t>^^ Blow gro" ̂ ^ ^^ « new band, 

Up, at 236 SIM, together *ith the F b^nd = t 540 m^-* Irradia­ 

tion in the U^ b^nd elone caused, for ^ short time, a r^pid 

growth of the U2 find F bend? together and a decrease 01 xne 

U, bond. They assigned the U^ b#md to the presence of 

interstitial R" ionp p-nd the Up br-nd to interstitial hydro­ 

gen atom?. r"he letter w^s prompted, by the observation of 

an I.F.R. spectrum of two lines esch 68G wi<^e at a g velue 

of 2 and eep*r*ted by 5C% - 10G; the hyperfine eepnr/tion
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for the free hydrogen *tM would be 506G. The

of aur.e- lin, of this speetrun occurred at the same t ra-

ture, 108°K t a? for the IU braid. Delbecq i U956)
*• " N

propose^ * HecKf-iiier- for eonvpreion of 15 centres to # 

centres below 90°K bt^cc? on the results. Irr&di tion into 

the I' bard ejects a hydride tor? into »n interstitial posi­ 

tion • nd leaves «n enion Vftc i;cy. IrreajiB txon ij;-&o ^i*e c, 

bRnd excites th« hydride inr, f err^ line !*<» elect"^^" ^-o 

tunnel to thej nearest anion recency, provided it is euf- 

ficieritly ne^ r, forming an F centre end a hydrogen atom. 

However, if the F cerit^ \ nd nydro^en cton f^re too close 

to one nnotber the reveres tiinnelling procepf will occur 

and destroy the F centre. Thus only « certain rpnge of 

separation between interstitial ion rnd vnoancjr will giva 

rise to F centre ?md hydrogen ?»to» creation.

Fritss (1962) confirmed find extended this ^ork by 

looklr.r t the effect of U band irr?'diation t ?0°K on the 

infr? red locoli ed mode at 22.5^ of substitutions! hydride 

ions in KBr. He found new triplets of liner *. prouuced 

pround 1^'.5^ (<li t the exptnee of the ?2*5** abrorbtion) 

which annealed out in three s?ta*.ee. ;het:e were identified 

i*s inter? titial H* ions ft different dintmces from anion 

vec^nciee ^nd it wcs •stin-.eted t; the t?e % - tion ior the 

meet sta 1« type, producing e single line at 1?.5», wss Rt 

st ten enion-cation dist^ncep.
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the union v*c*ncy could be ns C!OP« *s the noint 

0, 0) to the interstitial H~ «t (C, 0, 0) in tense of the 

tion diu*t*nce.

, ^rtiennren ,-nd 3?inder (1963) obtained r.ucn 

detailed K.P.it. results tb^n ^elbeen **t ?»! , f^- »^^r-.ic 

hydrogen in Kcl, Kbr and HaCl. They irradiated cry-tc Is 

doped v ith hydroxyl Ions which led to a much } r concen­ 

tration of Ug centres, their i-;,*•'.a. spectra showed a 

resolved interaction with four bolide 1 on« rr»d confirmed 

'!e interstitial site for the hydro *;? -t-:>:. ' i ; e inter­ 

action with the proton WPB fili f ;.htly le^R thrn \>ould bt 

expected for • ^ree hydrogen >:i to» and W^>B different in 

«»ch vaterial.

in view of the«?« detailed results on the alkali helides 

it is of interest to invertigpte some of the effects of 

hydroe.«u iujpurity in the alkaline enrth flxaoridee. A 

p^^-^llel investigation f> r further properties of KQltF ** r » 

carried out by J.lv. Hodby (1965). !^ gftetic resonance 

techniques mre very suitable for detectin<; h^vt-roren rtoma 

tlirou :.. vl: 1 .* -o r^td chBrRcterirtic liy^tsriine interaction 

with the proton. He^olved interpction would leo b8 

•ypected with the Irtrge nuclenr moraent of ne*<rby fluoride 

ions, givini: inforurtion on the : ite occupied by the 

hydrogen ^tom ?nd possibly of ^ny sssooi^ted lattice defects, 

further:-wi-e, in view of thr- clo^e connection K '^ween hydro/p-n
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formation nnd F centre formation in alkali halidee, 

there might # pper r iniorin?tion on the elu<;i - -,ajf? F 

centre. (Arends (1964)).

Fror mother point of vitw it is nlno of nterest to 

observe the effect of different environments on the magnetic 

properties of the hydrogen Fton itrelf.

M'\ n< tic resonance of atomic hydrogen in CaPp was 

fir^t reported by Hall «n* churaacher (l^firO. Their aansples 

were prepared by heotin/ pure CaFp cryat.«lp to 900°C in 

hydrogen gas in the prenence of aluminiun aetal. Ho 

n -tic resonance spectrun v;"3 observed until ,;ie cryrtals 

were X—irradiate^ for a few hourn t room Rnr^mturo. 

Thie produced « spectrum identified as due to hydro r. 

atoms, which w*s sta' le up to 50°C. ell resolved inter­ 

action with fluorine nuclei identified the hydrogen ? torn 

site as interstitial, being the body centre of vrc nt c^bes 

of the fluoride sublr-ttice (See fig. 3.1).

Jones ((1964), Hayes > Jones, Kacdonrld, Sennett find 

Slliott (196 C))) h?>s carried out infra red mereureEern,a in 

the region 3-14^ on C^Pg, SrF? «nd Ba?2 cry'"If? (which 

all have the a^roe fluorite structure) p^et)rred in the e^roe 

way as by Hall r-nrt Schumacher but not 7-irradirted. In 

ep»ch cpee localised vibr^tionR due to H~ ions are observed. 

In addition to the fundamental locniip-ed mo^e second and, 

in the case of CaF^, third harmonic^ «r<> ---Tao observed.
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The ^ppearpnce of the second harmonic abporbtion is con­ 

clusive evidence thnt the H~ ion is in a potential well 

of tetrahedrel symmetry, T^. * potential of cubic sym­ 

metry, Oh , would allow only firf;t rid third harmonica.

~e 3.1 shows thPt each F~ ion in the fluorite lattice 

is in the tetrahedr-a field of the four nearest neighbour 

c-tionr while the cation sites and interstitial sites have 

0^ syrosetry. thus Hayes «t »l. conclude that the hydro- 

genstion process introduces H~ ions substitutionnlly onto 

9" sites in alkaline e^rth fluoride??. t some pta^e in 

the room temperature X-irr^di^tion the proton must move 

into the interstitial position. X-irrr diction at suf­ 

ficiently low tenper^turff Rhoul^Rhnw whptv.py the alkaline 

earth fluorides behave similfirly to the alknli h^lides, 

producing interstitial H" ions or whether hydrogen atoms 

can be trnpped on fluoride sites. " ,e of -he tunon 

vacancy created when the proton finally ^nv^p to inter- 

stitir 1 cite is nlro of interest.

6.2 ;..ubrtitu..tlonp.l : yriro, en At ms in

A crystal of CaPp doped with hydrogen by the method 

of Hall md r chunmcher wr P shown by infr^ red .°h«orbt1on 

raeesurements (G.B. Jones - private communication) to con­ 

tain a l??rge amount of eubrtitutional H~ ions. ^he pure 

crystals, grown by the tockbr-rger method end purified by

i.€a recry^tnllisption, were supplied bj- ervyn Inrtru-
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ments Ltd. Oxygen inpurity war, removed froa the nelt by 

adding 5:' *t. TbFo. The hydrogen doped crystal wrs her ted 

to about 200 C to remove any atomic or molecular hydrogen 

and refcra it *P uub^tit.utional I?" ions, "he crystal was 

X-irrr-diated in the irrr->dintion cryoetrt nt IO'A tempera­ 

ture using a !.'atchle*t X-rry gun running at 50kV, 50iaA f at 

4 cms. from the target. As well as & : ron, .^pectra due to 

.-elf-trapped hole centres (Kayo«» - ?** ^wiypll (1962), 

Sierro (1965)) a new spectrum WPS observed consisting of 

two groups of linee symmetrically placed about g • 2. 

This spectrum was strongly er. turn ted at 20°K but ^ 7?° T<r 

WPS ersily visible on the o- cilloscope where t.v.» anirotropy 

of the rrultinlct structure w.".« atsnarent.

For x-irradiation at 20°K the intensity of the spec­ 

trum incre^*i*d v,'Ith irrp dint ion time up to ^5 hourc f the 

lon^ert irradiation carried out. Irr r̂ diF?tior ^ 77°K gfve 

a fairly ropid initial builc?-up which levelled off after 

about 1? hours.

The appearance of one of the groups of linee .-:t K band 

with H parallel to each of the three principal crystal 

directions is ehown in Fig. 6.1(a), (b), (c). It is 

assigned to hydrogen rtoms on fluorine rites in Ca?2 . For 

conpnrison Fig. 6.1(d) shows the -pectrun rt K band of the 

interstitial Jiydro, en ptora in Ca?2 with 1/[100J. In the 

interstitial ene interaction with the ei^ht ««n Te^* ^Pigh-
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bour fluorines which are equivalent in thie direction splits 

ti.cu OJL tne two hydrogen line? Into nine e a as 

indicated, £)ae remairiin^ lines ere due to forblatt • •• n- 

sitions in which *» fluorine nuelpur '"flip?" ^H,- ..c 

electronic transition. ly etr 

X b*n'* than were found b^ Hall »• r ^t X b**nd. 

(Sect. 6.11).

For thr eubetitutioml rite in CaF0 onl a
?•*•proportion o/ "reft neighbour?, the four Ca ions,

nuclear moments BO any received interaction is with 

lie fix, octahedrelly «rr??n^ed ne^r«fct fluorinee (Fig. 3.1). 

The equiv.^lenc«?i? of thec.e for L, ^f-r^lleo. principEl 

cryrt^l cHrections arr riven in Trbls 6*1, r hrrn ^ is the 

r ; ri.,le bc: !..«en the IL .tie fiel£ pnd the line Joining pro­ 

ton to fluorine nucleus.

'"he subatiuuuiuiij-'i i-;pec-Z'^L. of ly^x'w'wj ia ^L.X-!.JLI;

partly ovr-rlappjng quintet® are cle rly dirt; ;

It is c.. -^nt thr<t the 1 r splitting corre? s to

W « C° v d the cmallsr to G » 90 . ? hr- ioroicc:eii

tions arc very prominer* ror oth^ 1** ^ir^^^^ rtTi r o^ *<

field but the piloted trr n«»itione c^n be •( to the

siibetitutional ri^e us indicrtsd. he disappearance of ths

forbi -.itions for >/[lOOj i -irts the sut

ass: or\t rince it incicM-ec tin- u « « 0° or 90° (, ecu 6.11)



Te.KLe 6.1. e?icl< s >f 1^-r rer ? Fluorines
for Substitutional Site in

Direction of H

[100]

[no]

[lllj

cos 0

1
0

4
6

T

Mmber of Fluorines

2
4

4 
2

6

Table 6*2 BP^ Parameters ffor Atomic feydrogen injn/vlk&line
Earth Fluorides*

i r
Lattice

CeF2

SrP2

BaF2

Temp. 
*H*

77

77

300

Site

Subat

Bubst

Inter

g

2.00235 
jtO.OOCX^

2.0029 
£0.0001

2.00?32b 
j^O. 00006

Aproton 
*le/B

1439.U4 
JtO.3

1437-63 
Jb0.5

I4?4.5b 
^0.10

V/
MC/ 8

168.11 
±0.5

*100.959 
^0.2

a83.445 
±0.2

*1
MC/fl

52.76
±0.3
23.1*86a 
jtO.? ,

20.347s
J;0.2

i

• Hodby (1965) b ^elber (196U) 
Other entries are from the present work.
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The width of e«.ch component line of about 3.2G is mainly 

due to inhoBOgeneous bro- aenia^ t>y more di-tr\rit fluorine 

nuclei. The success in describing the inter r.titi^l find 

subrtitutional npeotra in terms of eight *md oix regularly 

placed nearest fluorines indicates thnt in both r- —PS the 

lattice is locally perfect.

The complete substitutions! spectrum may be described 

by the spin Hamiltonian

* ^ Bfl-ii + AH«i ~ BK

6 F i F - * - F l•in "~ ^j?-nii'Art J

with 8 « f , i t the proton f;pin, « i, I the ^pin of the

n th nearer*; fluorine nucleus » i f g ?md gu are the protonP £
fli;oT»1 np n-.nlnrr. ^ V' lu^^ ^^^pectivelj . n'he rum is

over the ^ix nearest fluorine nuclei. r^h« flr^-t three 

terras in (1) describe the hydrogen r torn itself and the sum 

describes the resolved interaction with the six nenrept 

fluorines.

pp^t of the interest iri this Bpe^r^m lie? in ^>>» ^^' 

^nd s»i ê n of the empll deviation of the g vr*lue from that 

of P. free hydrogen rtoin. In order to obtain the g vplut 

as piccur^tely ae possible the position of the centre line 

of each of the tvvo groups WPP mepsurr^ —'-^ the kjik. — »n 

fr«nuency Rt^bill^ed as dercrlb^d In ^^rt-^nn 8.1.
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the most accurate deter tion of the fluorine 

hyperfine puraaeteru iruin tue i,»jr»i-i. spectrum a crystal 

W*P counted on a cleavage (111) plane on the accurately 

horizon^?l bottom of -the K b; nd X-irradlotion firvlt.v.

•itic field could then be aliened long any of ~hree 

different [llOj-type directions nt 60° intervals, "he 

final alignment nlone one of the^e airectioi*- nrr'e using 

the fluor^.Tip y; ^-nAot-rr, r-> a c»r.«H t-Hro "*.nd jcstor. ?he 

position of each of the allov/ed fluorine hyperfine com­ 

ponents weB measured eepfrntely with the klystron frequency 

stabilised. -h multiplet wr@ also measured up for the 

three principal directions ueii^ ,he field irr-rk^r aye tern. 

(Sect. 8.3). ^he experimental values-of the spin i.nraltoni^ 

parameters are given in Table 6.2.

Because of the l^rge interaction between the electron 

and the nenrwuu iluorines arsall correcti,u .> ^uat be intro­ 

duced to obtain ^.'b^ >ip«t vri.-jifir; for tv£ *? p- *:ern of the

hydrogen atom. For this reason, as well to obtain the
Fcomponents of the tensorn A^ , the fluorine hyperfine inter­ 

action nu^t be considered in detail.

6.3 The Fluorine Hyperfine Interaction

As a firpt approxiffi^tion we consider the interaction 

between the hydrogen electron ??nd one nearest fluorine 

nucleus •nd ignore the effect of interaction with tha proton 

and the other five fluorines.
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where we have dropped the subscript M n M

12)

superscript
'" on °I tt .

The hydrogen site e. -try ie tetr»h«dml and the line 

joining proton to nenrert fluorine ie onl; wofold axis, 

^t.rietl/ ape; &xiit>» v^t/r^io;-^, v«e cannot ^ne-- -xial gym- 

is* try p'hrmt the bon- nvipr fn-r t>*«. t»y« t ,o>'«-- '. . !.^v,«*v^r f 

the 1...P.H. spectrum does not have sufficient resolution to 

indicate departure from pxiel uyionetry so we assume that it 

is exactly so. e trke the princi " axes as 3 f , parallel 

to +*>*> i

up the routurlly perpendiculrr right-handed set. The tensors 

for Pll rix fluorines are idem-icsl nuznerifpily but with 

appropriate orient^tionF of their principal RXOF. In 

principal axis iux-i; each li^perfine t^j^ui xt 'en

0

0

0 0

0 (3)

convenience we wieh to work in a freme euch thet

the it direction is always paraj^jiel to the magnetic field. 

\ e transform the axes by a single rotation of the Z* axis 

through an angle 0 which brings it parallel to H, the 2 

axis. The axis of this rotation defines the y» 5 y axis.



The hjp^rfine tensor i£ exj 

b^- ti;e ' '-oprii'te elnilpr: 

to the rotation 6.

1 in

.ion ccrrt

(4)

? e obirin

A J

A-COS ,,

L

(5)

is the: sn^l* between the bond rxit and argnetic field.

four energj levels «*• a function of R i^ 9 may now 

be obtained vdLthln the eteted assumptions by subrtlttjting 

into (?) ?md di??gonali^ing. However, it ie S5ore illua- 

to follow Hail and : chuaiacher and consider the "local

field" - t the fluorine nucleus due to the electron.

equate

A• n •
JP, TI T"• • •*• (6)

where R ia the "local field". Thus, froa
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j.ne terms off-di;-&onul in ^ represent coupling 

th« two electron spin states (separated by 23 kfcc/s rt K 

band) via the small fluorine interaction (~ 100 &C/B). 

tor the moment we neglect these terms ^nd obtnin the "totsl 

field", Un. t ai the fluorine nucleus by adding the term +H f 

representiritj the magnitude of the external field, to HT
J»Z

Bin6 OOE g
HTy * 0 UO 

1 ,2 2^IT _ __ ^^*^_^ o f A <t •? >\ O a. '* r*r»aui ^ H
Jbj.|M *• ^^ ^^^^*^^^ • ^ \ "1 *5^ii ^f r - •• •% w V D ^9 / ' ii

P n "m"

The contribution to ;he energy of the lysteni by the fluorine 

nucleus as a function of 3_ f is simply obtained by quenti-
Sb

the nuclear states along li^,.

(9)
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Substituting for

(10)

and the fluorine nuclear transition enerry is given by the 

square root in (10).

Since terse off-diagonal in S in the sr-ln Hswiltoninn 

have so fsr been neglected, to this approximation the elee- 

tronic sta^e ia unaffected by the quantum state of any per- 

ticulrr fluorine nucleus. Thus the to til contribution to 

fluorine hyperflne energy i© ^iraT^ly thr- «-r.w of appropriate 

expressions (10) for each of the six nearer? t fluorines.

At thie point H©11 ^nd iichurafcher approximate by 

quantizing the fluorine nucleus elon^ *u ratlt^r then H^
_ -^ ^ ^

giving

(11)

whem m IP the neu^e rnrle between the extRrnal field 

and HT . From this the field separation between two li 

line? corresponding to the allowed trr.nsitions £^> 2 «

I m +4 and &S * 1, I « -i issirrly
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^cots 2^ + A^gin2^)* (12)
JM»

this approximation i® satisfactory a. or the inter"titi«l 

hydro -en -tew in CaF^ nt y h~nr» - inr-o E („ !2kG ) ie con­ 

siderably larger than thr fcernrl field (5kG) nd so the 

ie brtwcen H^ And H^ ie email. However, for

tioni'l hydrut en in CaFg at K bsnd R, ^nd Ho re noiit the

the an^l« betweer. HT f*nd Hm is l^r,: e (typi-
jLt i.

call/ ?0 ). The off -Diagonal nuclear ie; t^rn neglected

in quantising ^long 1L thue becom«e three times ^s 

Tiie relationships between the various fielde actini; on the 

fluorine ere approximately n» ehown in Fig* 6.2. liqun. 

(1?) then lefdp to errors of up to 5 for ^ not clore to 0° 

or 90°. 'ihe correct interval, AVH, for intftrnedln'-.e vsluee 

of tt ir obtained by cor. put ing 9 «-?t the appropriate field, 

the fluorine enei>^ £ppnr^tione given by (10) for the two 

electronic etatep ' r-<* frf^i-n^ (since the hyperfine energy

ia greater thnn the nucleer ^eeman entsrgv). For Q * 0 or 

90° lU is fcero (ne^lectin the t<$rm in 3X ) so H^ - nd ii^ 

are both parallel to ri. qun. (12) then le?-dp to the cor­ 

rect result that at * * 0° the ..P.P. line? *^e srr»Trted 

by A,, .^md «t ^ « 90° by A^.

For the subBtitution^l hydrogen A pnd A can both

be mearured directly from the [lOOj spoctruK. he values 

obtained were used to calculate the separations expected
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for the other direction© accord o (1C) nn^ 

with the zgerrured vnlu*o« A.,, ?md A, were <-dl ,r,ted to 

fci- •;. l ffcreenent witi* the acc'jr e [llOj HP- 

11^ .,i£n of A, relr tivp to A,, cannot be d 

from the iseafsurements at & « 0° or 90° but hr-* 

effect on the calculated a epri ration of the f llowed tran- 

eitione for inte-rraedi^te an^lef; to jurt the extent th^.t 

•qua t ion (11) iu not valid. ^aV-le 6,3(«) cor>p^r«f the 

onlc^lated JJTI^ nbperved stp-^^^tione for the *'••• <•:• "1 ' 

using approxim: te values of A,, imdi A, fror. the [lOCj npec-

rtiis. However 9 the positions of the two forbidden tran­ 

sitions which occur between each pf ir of allowed transi­ 

tions r re much usore eenritive to the relative ei^ «? ^i ., , 

and A,, ihe separation of theee transit lonss from the 

corresponding allowed transition is equal to the 0ep;: : ration

of the fluorine nuelerr levels either for S « -f or

£>- » -t ^s iiiven bj Squn. (10) (;>ee Fig. 6.3). The expected

separation?! of the forbidden trrniritions fror 

©Beocir t^d r-lloTved transitions vvith ^[llOj v,ere calculated 

for A,,, A, of the same and opposite eigns. The results 

in ^ ble 6.3 shows conclusively thpt the beet description 

of the whole spectrum is obtained with A, and A of the



6.3* Calculated r-nd f'ber-ryen Spncinrs of Fluorine 
Hyperfine Components for Subjatitutional. Hydrogen
in OaF 1C Bo|nd with A >, ,,_ 

Opposite b
of. the Seme and of

(a)
Allowed
Transitions

(b)
forbidden
Transitions

2
008 0

4
1y
*
5

Calc. Sep.(G)
A A/ , A, Same

Sign

45.68

40.64

12.95

10.31

Calc. ^ep.(G)
L// ' AI
Opposite Sign

49.14

45.13

19.69

20.51

Observed
Separation

^ *
————————— j 

45.84

40.79

13.10

10.36
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6,4 Corrections 'rvue to Interaction with the Proton

The derivation so far hfs assumed the electronic quan

tum state to be described exactly as JS W = - ^>. In factz
the hyperfine interact ion with the proton is large (~ 1400 

&<c/s) and causes appreciable mixing of the hydrogen atom 

states |S 2 « 44, Ip » -4N and JS^ « -f, Ip » ^> where 

Ip is the proton spin. The states (+*., 44) and j-J f -^> 

are unmixed and the expression for the fluorine level sep­ 

arations, (10), simply requires S replacing by i| as 

appropriate. Vhe correct eigenf unctions of the states 

" I+J- -i) w ^«<3 M |-J- 44^" in ^ magnetic field H are given by 

the Briet-Kabi expressions!

(13)

8x

Hwhere x « 3 4- ^n ) j-

Using these expressions to evaluate the projection of 3, along 

H the energies of one fluorine coupled to the states w 

-4) M or- " i- 1 f +0 W are
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f = ? f [(I - -J
8x

S u

2 2 (14) 
X (A^COB 9 + A, Bin 8)

where S • operates on the appropriate approximate quantum 

state.

At the K band fields u^ed this correction amounts to 

a reduction in the spacing of adjacent fluorine components 

of the L.P.K. spectrum by 0.05#« ''his ranges from 0.008G 

for 6 « 90° to 0.027G for 8 » 0°. While this correction 

is of little importance for the E.P.R* measurements, the 

corresponding frequency decreases of 47 kc/s to 151 kc/s 

could readily be detected by an ENDOK measurement.

6.3 Corrections arisin.fr from Second Order Interaction 
with the" Fluorine System, *

now take account of terras in the fluorine Hamiltonian 

off -diagonal in S which have been omitted so fer. The exact 

diegonalisation of the approximate one fluorine Hanlltonian, 

represented in equn. (10), indicates that the fluorine 

nuclear spin functions are diagonal with respect to dif­

ferent sets of co-ordinate axes for S ff « +k and S ff »
£i ft

I being along H^ in each case. For evaluating matrix ele­ 

ments of a perturbation between the two electron spin states
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this is inconvenient so we now qupnti e the nude- r spin 

states Plorur H^. The approximation involved is sufficiently 

good in this cR*e where a pm-i.ll correction is bein.j evalua­ 

ted. ?he terrop omitted from the ,:a; iltonian enrlier now 

correspond to the pprturM n \r ^-•n

*

(15)

where A(0 «= (A coa d •*•

The primes relF?te to the nucle.- r co-ordinate exee just 

defined end the electron is still referred to the axe*? with

v fJb/ . coupes a slight raixir^ of the electron spin st

which depends on the quantum stnte of the fluorine (similar 

to the mixing caused by the proton). Because of this other 

fluorine nuclei coupled to the electron are able to M see H 

indirectly the rtnte of the firnt nucleue. The result is 

to produce a p^eudo-dipolpr coupling between the nearest 

neighbour fluorines which is approximately 100 time? larger 

than the direct nuclear dipole-dipole interaction of about

10 kc/8. ?his has the effect of raising i,he degeneracy of
6 

thp vprioue KPR trrnflitionp correepondinr to T I = 0
^ Ziin=l 

(i.e. the central lines of each fluorine mutliplet) and

shifts the centre of gravity of the composite E,F,R. linee.
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To obtain correct values for the hydrogen g value this 

shift must be estimated*

The accurate EPR measurements were made for H// [llOJ 

in which caRe the nearest fluorines fall into two sets, one set 

with two fluorines at © SB 90° and the other with four at 

S * 45° • A complete treatment of second order fluorine 

hyperfine effects in this situation is difficult. However, 

the correction expected is of the order of the experimental 

error in measuring the EPft line positions so an approximate 

treatment is sufficient.

We consider the second order effects for a pair of spin 

equivalent nuclei related by inversion in the hydrogen. The 

effect of coupling via the electron is for the nuclei to be 

better described in terms of eigenstates of total nuclear 

angular momentum. For a pair of equivalent nuclei these 

eigenstatee belong to a triplet 1*1 and a singlet I « 0. 

In terms of the single nucleus functions |lz « - &>n these 

states are 

Triplet:

lit 0> • -~ [| + *>x l - f> 2 + I * >2 
v 2

(16)

Singlet j

10, 0) « -Z 
v 2
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total nuclear angular momentum I to which theee functions 

belong my be checked by operating with

o p o . . 
1 a I+I+Il"t'+l'~ 1^ + 21 I (17)

and equating the result to 1(1 + l)|l f l >.z
The total perturbation for the pair is the sum of 

perturbations H^ for each fluorine* The operators for the 

two nuclei can be summed without difficulty since they are 

related to the same set of axes. The total perturbation is 

an expression identical to (15) but with the spin operators 

operating within manifolds of total I rether than on single 

nuclei* mhis is more conveniently written in terms of the 

raising and lowering operators

Z-*

B,!4" ^ C,I 1 1

1 f" 11 1 "1
where A f « 4 TP7 " A1J (18)

« 1 rAllAl ^ A "i
Bl * ? .."TTeT Ai J

.-, -. — JTkJ_ X3A.ll. Q COS £

ul * 2 M©)

The perturbation H-, ' does not connect levels of different I 

nor does it affect the singlet |0,G>. However, it does con­ 

nect the states |l » 1 9 I a > belonging to different electron



6,21

spin state®. We wish to calculate the consequent splitting 

of the previously degenerate levels |l t 0) and JO, 0>. Since 

we know theue to be correct zero order eigenstates the energy 

shifts may be found by ordinary non-degenerate perturbation 

theory. The levels |S g > jl f 0>«re shifted relative to the

levels iS 2 > j 0, 0> by |~ (A^ -f B^) where V is the raicro-
e

wave frequency. The BPR transition | -»4> |l f 0> - j -i^|l, 0) 

is then shifted to lower field by an amount corresponding to
A O O
^- (A^ + 3^) which at K band for 8 = 90° is equal to
w

650 Kc/s. For H // [lie] the two EPH transitions considered 

are in first order each six-fold degenerate because of the 

other set of four equivalent fluorines with ® * 45°. This

causes further splitting of the twelve
6

EPK transitions. Treating the quartet in a similar manner 

to the pair leads to a final shift to lower field of the 

centre of gravity of the central EPR transition by 0.18 G. 

In view of its small si&e the approximations involved in 

estimating the shift are good enough for the purpose.

6,6 K valuation of KPK Parameters

I hough the measured transition fields depend on the



19 proton and ^P nuclear T its, gp and gw.f th -, ,ce
-* <*.

is too smell to UN-ice it sensible to rKtem.t to derive the* e 

parameters. The pub]i hed values for the N.M.K. frequencies 

were uj-od:

V1QF •* 4.005JKG/S/KG, Vp « 4.2577 Mc/s/k&.

(a) A^ nnd "^ were deriv^u ;.& detcribec the end of sec­ 

tion 6.3.

(b) The^e values were user] to correct the mi red positions 

of the central E.P.H. lines of epch multiplet for second or- 

fluorine interaction.

(c) TLe proton hyperfine interaction in Gauss is ^;iven by 

the reparption between the two corrected line; . \ first

ppproximation to the g value ir obtained from the expression
A2 

to order /g&H for the £•?•&• transition energy, giving

- _ _________iiv_________
(19)1 

J

where A is in G&u»s and the free hydrogen g v^lue, P.0023, i 

ured in the denominator. H, if? the field for the lo« field 

line. Using the value o. t> obtained A ^ ° conver fcirl to fre­ 

quency units rnd g ^nd A pre put into the exact Breit-^pbi 

expression for the transition frequency rt the fielas of the 

two E.P.K. lines, which WPS known exactly (see Sect, b.l;, 

ihe two /^rf-'L-ie i*era »>ere then v-ried ".o c .iv -urcd



klyrtron frequency .for both transitions.

(d) /•.,, pnd A, /ere converged 10 f reqi^er cy units ueii he 
scour*3 ifa £ v-lue nnd slight correction made for raixj f 

o electronic spin states.

6.7 A-^erlin,v of '.ho r-pec.truir? of Sub^titutionel
|^; ^ro^en j^ QfiPp '

The 8ub-iitutionel spectrum was stable at 77°K and 

during subsequent SNDUH laeesurements a cry^ttj. v,as kept at

77 K for five weeks with no sirnlficrnt dr-crer.se „ ^ 

sity of B.P.R. Bpectrun. However, since this spectrum is 

produced onl.v by low temperature irr-di tion -it seemed very 

likely that it *ould becor^e unyttttxle at eoiiie ,ui;pt5r< lure 

belov/ rooia temperature.

A crystal containing the subs tltutional spectrum was 

allowed to wsrro up slowly until an abrupt change in the 

spec -rum was observe , wncn it wr s imnedirtely cooled f tr, r 'in 

to 77°K. The new spectrum +Vt o^ v.y^yo^en on an 

interstitial Kite. Moreover the environment of the hydrogen 

waa perfect as shown by the interpction vith eight regulf rly 

pieced fluorines?. The spectrum ^Iso confirmed the 8eei£.n- 

mexit of crystnl directions made for the si.bstiti,tional spec­ 

trum. "Due to the intensity of th* forbidden transitions it 

was not possible to say that the substitutionel spectrum 

had disappeared entirely but this s»emed very probable. The 

intensity of the interstitial spectrum produced by annealing



wag aimil r to that of the substitutional and em-ro^ 

an order of magnitude less ti^n for t ue crysT.nl irra- 

diatt'a ior a few hours at room temperature. After the 

snneal the trapped hole centres had r-lso dio-ippe^red.

A crystnl was irrrdi-ted t 77°K for ._. ,aours •• nd allow* 

to WPITD up ?nd ?;ive the interstitial spectrura. It was then 

irradiated at 77°K for a further el hours. This left 

the interstitial spectrum at abcu tr=e original intensity 

but ^Iso formed a oorspf»Tv*M* 1>i f «nfi tj; of aubfi :itutional 

Bpectrum. The two epeotr;. -.^re readily di-tin-ruishaile 

becnuae of the relrtive shift caused by the different proton 

ny^eniiie interactions nss well #s the different fluorine 

raultipl^t otruo'ure. llowlng the cr^ . vul to warm up 

annenled the now eub^titi^tionBl rpf»c 4;r!jra .^nd nugnp-itprt 

interstitial. The conclusion is thnt the second irradiation 

formed new hydrogen e, tons rnther than returning interrtitial 

ones to subotitutional eites.

The ppp«r»-tus was not suitnv le. for pulBe annealing 

techniques rmd accurate determination of sample temper.--ture 

but J,W. Hodby ((1965) private comnunic-tion) ha? studied 

the annealing process in detnil and finds that it occurs 

accordin,; to firs-it orcer kinetics vitL « maximuu rate at 

145°K.

6.8 Hydro.ien in Strontiun 7.1u_Qrid.e

Since it had been shown possible to trnp hydrogen etoms



.. .. . ; , , ure !.-irr tion 

of in* t to c 1 this r ••* not con-

^a^2* Accordingly preli * inre were 
out ;i 0 + ™-.-^?.^ an--'- ^TIU-L- .UO.M. •;'-*•

. X-irr^iPtion of ;3r?^ «1-. " ; t£ J
' ;. ''^o nated '. " isethoc of 1- nnd eher gives ri::e

to the ^•ij .:t. speotrun of in* itiel .\ aions

v ib^r (1964)). "he spectrjc is quail IF* lively very sini-

l^r tO thfit; Of CfiF,, I IT flT?/» t.Vfi ^ vit^-rr.At 5 f.-,- 4-V-.«.j"

nearest fluorinec 1;. ,'11 resolved. e flvorinea <"r*> 

r.54? fron / cofflpar. o 2.36$ ir d t
c.

uii« fiuori /i'-'-fine par^isetere are so- ^-t 
f- t^-rt Gnr-r>t^r X baiiv "^ ^oDp- r«d in Fig. 

6.4(fO, (b), for I)/[100 j.

A eln<-;le hydros «ni» ted C:. 1 of Sr?2> shown by its 

infrr Tftd epecirur: wo CGJ; ••.*.-• in F* l^rt<e quantity of subeti- 
tutionfil """ ^-^- --' i^--^i-^^ ' ?r°v *•-- -eriode -' 12 f 

24, and 50 houre ^t 50 kV t 50 t^br cnrpMJt, "t ^ cms from 

the target, "he K»P«H« epectrurn produced •«ttur«.ted r

it 20°K but wre re rdily visible on the oocillc- co; t 77°K.

One of the fluorine isultipl^ J B i& egoism !? it»» 6.4^c^ lor
}j^[HQj. *"•>->- ^1ff^T»*»nt: l.-r^r fM - "M rm t^ if( «« fr.^lc" 4 *^ « fairly

rapid build-up *»t the beginning followed by a tailing of in 

production efficiency over * irr*dirtion ptriode. 

By analogy with CaP^ the epec^ruin of PjU,. 6.4 (c) ia
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P88i#ned to pubatituti ~n atoms. At firai. tit < e 

tn«- f -'"alerity co U»e CaJgfllOj spectrum Is not greet but 

this '?ue to the hl^-h intercity of t.v-i? fm-M^-ftr tr;---r»fii- 

tio~. >-:t*HOciated with the 45° fluorines which occur at the 

aame position allow naitiona of the 90° 

fluorines. The increr ped forbidden intensity is »n expec­ 

ted consequence of the redaction of fluorine hyperfine 

interaction through lucre** *••*» of liger:d rti«t.p.nce fror ".7*5? 

to 2.93?.

ctrp c^r be shown to in^lcnte interrction with 

f?ix fluorinee forsing a regular octahedron f>nd ere des­ 

cribed by the sasse epin Haisll^nTiirTj ns for CaF^Cl). rhe

couiponents of the fluorine hyperfine tensors were obtained
7 fror Li field s^rker c>iarte. he liydro^en atOK j - eters

were found fro« measvreirent of ti e centre linep of 

group et known klystron frequency. Correcting for n«ft 

order fluorine interactions were too f?Tr?ill to be of impor 

tance. spin HaniltoniRn par^metera are given in Tp 

6.2. A he fluorine hyperfine interaction is reduced oa 

for ,J;K larger lattice but the proton hyper*"-' 

is very clo^e to thj t of

6.9 gliriK of the HrFoiH _ tjtutionrl Cpcctrum

urt? ehowed no detectable reduction in i;i.,en

aity throv v?eirtg k«i f *7 °tr r "-^ one week. However,

aa expected, slowly vnrrin;: th« cryr^.nl rro^uced the
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to the interstitial apectrviis. A t-peotrur air il< r to that 

of the *elf- trapped hole in ^aPp diaaj •> <i at east a 

time. Irarofcdifstely cooling &%*•*•* *o 77°^ ?* ,v--^* * ne envir­ 

onment of th« hydrogen to be locally perfect. e inten- 

aity was an order of magnitude lees thi-n th; t of the 

interstitial apeotru proauced by room + re irrsdin 

tion.

The crystal w»» fi*rthfk r X-irradi^tr; rt for

st 20°K. "hiB resulted In the reforr^Uion of tLi sub 

tutional spectrum at ori »l intenaity when observed 

at 77°K. However 9 unlike the CeP c , the- Interstitial

apectrura aeerned to have diRappe^r^^ t.hm^>h a week inter­ 

stitial spectrum could have b en obscured by the closely 

ap^ced structure of the aubrtitutional spectrum. It would 

appear tlu ̂  the reirradietion it 20°h converted the inter- 

atitial

6>10 .iy .p

welber reported the interstitial apectruip of hydrogen 

in BaP2 ®nd obtained pt 77°K. / * 1426.1-0.1 LC nd g, 

to within eY-nrHTrprst:--! error, equ^l to the free hydrogen 

vjplue, ?. 00226. 'Hue to the Inrge intenrity of the forbid­ 

den transitions '••! x bnnd he was able to detenrdne the 

fluorine nyperiine interaction only for IJ^[lOO] and could
not Es^ke Reprrr^^ a * <****•>•. i v.r,* -5 />^« of A/, rtt.o ,,. 

Pre- ent attempts to proouce the F-^b'-
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were not :^s succersfO for CfiF^ or ,. * ly^ «. w
do[- ••-•; --tftl wea X-irrrdi ^ § 4 cms fr *

. ult tv/A iw.r.^ o f Tepy weak line" 

77 K f-ith a separation of ^bout 5(

by a pi-rtloulsrly stron spectrum o- elf-trp-r.-pcd hole

type. ;.- - tri;ctur«? ^.iti-iin e^ch of the two ,;roup8 of 

w«ak lines w^»s anif?tro; ic but no 3eflnit« alignment ^ 

be determined or u

at 77 K w B even le^s product!

After v.- ' ; we^k »p*»ctr -o room 

d coolin,; to 77°K again there h?jd been « defini^ ca 

gross fe^turan Of th«" new pp*»ctr «rp consis 

beirif due to the interstitial hy^ro^en in 

"he indication •!« th«t Bafp beh^vep similarly to C 

orPp ^u^ th^t formation of hydro,, un tor^ *• lo* tempera 

ture ia a isuch less efficient nrocp^ s.

After Z-irradiation for 3t hours s^t rooiB 

the sa^ie oryetal produced the ^pectrxir; of interstitial 

nydro en corsp'-r^ble in in^&'nsjLty to tfant OJL uaPp or 

c'r?2 when irradiated room tempe^^-5 ^ r». At K ^---^^ t 

fluorine hyperfine structure coul 4. clearly be resolved 

into the three septets for ]^[lll], due to reduction in 

intensity of th« forbidden tppfisitions (Fi^:. 6.5). 

ne i^perfine parameter werp ''' -"-
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raarker charts of the spectrum at room temperature and ere 

given in Table 6.2.

As observed by Welber the interstitial spectrum in 

B FO is unstable at room temperature and disappears after a
& £.

few days.

6.11 The Forbidden Transitions

Theee transitions are shown dotted in Fig. 6.3. 

Referring to nearest neighbour fluorines only, they corres­ 

pond to transitions A Mg » 1, £ KL, « 1. As mentioned in 

section 6.5 the fluorine nuclear eigenstates are quantised 

along different axes for the two electron spin states. A 

nuclear eigenstate, 1 - J>, for one electronic spin state is

no longer orthogonal to the opposite nuclear eigenstate 

I + ?r) for the other spin state. I'he extent of non- 

orthogonality is found by expressing a. nuclear eigenstate 

| ± \y- in terFis of the eigenstatee \ - f> by simple rotation 

of axes about the y direction. If the angle between the axes 

of nuclear quantisation for the two electronic spin states is 

then we obtain

cos v 2 I + 1^ + ein p/2 I -
(20) 

cos v'o i - ^) - sin //o i -f

The H ollov/ed M transition probability is proportional to 

the square of the matrix elesient between j + •£> and i •*- i^
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and "he "forbidden" probability to the square of that 

between | + \) and | - ?r> . Thus

co02

(21) 
ain2

Fi£. 6.6 illustrate?? the way in which the axis of nuclear 

quantisation changes direction se a result of an electronic 

transition. For a hyperfine interaction large compared with 

the nuclear Seeraan energy the transition almost reverses the 

quantisation axis (Fig. 6. 6 (a)). If the hyperfine interaction 

is very s^all (Fig. 6.6(b)) the axis only slightly alters its 

direction. For hyperfine interactions of the order of the 

nuclear Zeeman energy the two orientations of the nuclear 

axis ore neither clorely parpllel nor antiparallel and 

M forbid den" transitions are strong.

Some care is required in defining "allowed" and 

"forbidden". In the limiting c^se of aero nuclear Zeeman 

energy the electronic transition exactly reverses the nuclear 

quantisation direction but putting $ « 180° in (21) gives en 

"allowed" transition probability of zero and a "forbidden" 

probability of unity. This is a result of quantising along 

the total field at the fluorine nucleus which leads to a 

relabelling of the unchanged nuclear quantum states as a 

result of the electronic transition. The more usual definition
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of an "allowed** transition is that AK~ * 1, AT. = 0 where 

l!j represents en approximate quantisation along the magnetic 

field, i.e. on the vector model the component of nuclear 

spin parallel to the magnetic field does not change sign 

(though its magnitude usually does change). To conform to 

this convention we quantise rlong that direction, either 

parallel or antiprrallel to the total field, H,^, as required, 

which hp.e a positive component in the direction of the 

magnetic field. If / is ther taken as the acute angle between 

the quantisation «*ee so defined for the two electronic spin 

states the expressions (21) will conform vdth the usual ideas 

of "allowed" pnc! forbidden*1 intensities.

For 6 « 0° or 90° the two quantisation directions are 

exectly parallel to eech other and to H since the component 

of hyperfine field perpendicular to H, 2 (A, n - A n ) sin 9
•"• Z Xx JL

cos 6, (Sect. 6.3) is zero. The forbidden Intensity is then 

exactly zero,

The allowed rnd forbidden transitions have eqi^l 

intensity if the p,i?£lo laotmaon the total fields for the two 

electronic states are at 90° to each other. Simple geometrical 

considerations basrd en Fig. 6.6 show th^t for .riven hyper fine 

parameters this occurs when the external field has a value, 

E^, £iven by
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2 0 n ONf. ,. c. , c. ~ \ / oo \cos fe> -t- /•>., sin 6 ; \£2)

with A-,, A, in Mc/s.

If H is different frosi Hrt the forbidden transitions are leesc
intense than the allowed. fnhus, if H is lees than H in a 

t>prticulnr situation, increasing K will ranke the forbidden

transitions more intense while, if H is greater th^n H theyc
will diminish. Tpble 6.4 give* the values of H for bothc
hydrogen sites in the three alkaline earth fluorides for JB

along principal directions. For convenience H_ is given asc
the fluorine n.m.r. frequency in Mc/s in a fiel^ H . In 

these terms the fields #t the central e.p.r. lines for each 

proton spin etate ^re about 33 and 35 Ko/s respectively at 

K bond and about 11 and 13 ^c/s respectively at X band.

The tRble makee eoroe interesting points. In most cases 

H is greater than the external field even at K band resulting 

in considerably stronger forbidden transitions at K bqnd. 

However, for interstitial hydrogen in BaFp with H // [lllj 

HC is only slightly above the X bond field giving very strong 

forbidden transitions KB observed by Welber and making the 

spectrum very hard to decipher. Going to K bdnd fields 

reduces the forbidden intensity (the calculated factor being 

5 times) resulting in the clear spectrum obtained (Fig. 6.5) 

which can be interpreted without difficulty.
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The reveree is the ca?e for substitutional h,ydrooen 

in SrF2 where, for R /[lllj or [lie], H is close to the 

fields ^sed at K botnd giving rise to the rather unhelpful 

spectrum observed (Fi£. 6.4 (b)). At X bond the forbidden 

intensity is very small . Fortunately, Tor the substitutional 

site, the forbidden transitions car* be removed at any field 

by setting H t*long [100 j.

For both hydrogen si tee in CaPp H is always high 

enough, for the spectra to be dominated by r he allowed trans­ 

itions even at K bond.

6.12 Formation and Annealing K

The experimental results of this chapter may be 

summarised as follows:

(1) X-irradiation at 77°K or below of hydro&enated alkaline 

earth fluoride crystals produces hydrogen atoms trapped on 

fluorine sites whose immediate environment is undistorted.

(2) 7here is a rapid formation of a small initial concentra­ 

tion of substitutione.1 hydrogen atoms followed by a slower 

constant growth.

(3) rr<he formation process for eubatiti.tional hydrogenations 

at 77°K is at least an order of magnitude lees efficient than 

that producing interstitial hydrogen atone at room temperature 

in CaKp arid SrFg* A<t 20°K the process is less efficient still 

In BaF tiie low temperature process is 20-50 times less
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efficient than for CaJV or SrF« whereas at room temperature 

the efficiency for production of interstitial hydrogen is of 

the sar?e order for all three crystals. However the inter­ 

stitial spectrum in BaPp anneale out at room temperature in 

a few days.

(4) In the region of 140°K at least 60(,£ of the substitutional 

hydrogen atoEts move irreversibly to locally perfect inter­ 

stitial eites in Ca?2 and SrPg and probably also in BaF^. 

Under no cir curie tances could a spectrum be obtained which 

was not due to hydrogen atoms at the centres of perfect cubes 

of eight fluorines.

(5) After the change of site further X-irradiation at 77°K 

of CaPptH or SrPgtH produces more substitutions! hydrogen 

atoms at an enhanced initial rate.

(6) Further x-irradiation of SrPgiH at 20°K returns a large 

proportion of the interstitial hydrogen atoras to substitutions! 

sites.

Hod by (1966) has m^de a. thorough investigation of the 

formation and annealing processes for substitutional hydrogen 

or deuterium atoms in CsF^, SrPg and BaFg using e.p.r., 

infrared snd optical techniques and has also studied the 

annealing above K 0°C of the interstitial spectra in CaFg and 

Sr?2 « H « ehould be consulted for the det^^iled obeervp f ions 

but we report here some resx^lte which supplement those given 

above:
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(a) Sufficiently long irradiation at 77°E converts at 

least 80$ of the H* ions in the crystals to substitutional 

hydrogen atoms.

(b) The formation of hydrogen atoms is accompanied by the 

formation of J? centres. At low temperatures the ratio is 

about Isl while at room temperature there ore about 20 

hydrogen atoms for every F centre. Due to their large line- 

width (~- 60G for each component) the F centre spectra are 

easily overlooked when using a field modulation spectrometer 

adjusted to detect rbe 38 wide hydrogen lines. The F centre 

intensity does riot change as the hydrogen 'atoms move to the 

interstitial sites. F centres are not produced by I-irradia- 

tion of the unhydrogenated crystals.

(c) The transition from substitutional to interstitial site 

for hydrogen or deuterium in all three crystals obeys first 

order kinetics. The activation energy is 0*368 - 0.02 eY 

for GaPp 1 ^. -^e energy falls as the lattice parameter 

increases and the deuterium energies are always slightly 

higher than thoee for hydrogen.

(d) The annealing of the interstitial spectrum obeys 

kinetics higher than first order and occurs in two stages. 

In the first the predominant process is identified as reaction 

of H atoms to form molecules at about 150°C. In the second 

stege the hydrogen roolec 'les re?ct with P centres or F 

aggregate centres to reform the subetitutional H* ions.
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7he alkaline earth fluorides, t- erefore, differ fros 

the alkali halides in that the hydrogen ions are ionised by 

X-irradiation at low temperature without leaving their aub- 

stitutional sites and interstitial H* ions are not formed. 

The rate of formation of hydrogen atoms in otherwise pure 

alkaline earth fluorides appears to be limited by the ability 

of the host lattice to trap the liberated electrons. This 

was tested by X-irradiating at 77°£ a hydrogenated crystal 

of CaPg containing 0.1$ Er ions, which are good electron 

trapa. The rate of formation of substitutional hydrogen 

atoms increased by at least an order of magnitude.

Ure (1957) has shown that the predominant defect in 

Ca?2 above 600°C is of the anti-Prenkel type (equal concen­ 

trations of negative ion vacancies and interstitials). 

However, his measurements for the energy of formation and 

mobilities of interstitials and vacancies show that at 77°K 

the number of vacancies would be orders of magnitude less 

than the number of hydrogen atone formed. Thus simple 

explanation of the approximately 1:1 formation of H atoms 

and P centres at low temperature by trapping of electrons at 

intrinsic fluorine vacancies is unlikely to be correct. We 

suggest instead that fluorine vacancies are created by an 

inefficient process and trap electrons during the X-irradia- 

tion at low temperature. This accounts for the continuous 

slow growth of the substitution©! hydrogen atom concentration
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until virtually ill the H~ ions hpve been converted. 

Franklin (1964) has calculated the energy of formation of 

an interetitial-vacftncy peir in CaPg as 2.6 eV and this is 

confirmed by Ure's results. The fast Initial rate of growth 

is accounted for by there being a limited number of electron 

trapping sites already in the crystal, probably associated 

with impurities. The creation of a. weak concentration of 

trapped hole centres by X-irradiation of nominally pure 

CaFg at 77°K (Twidell (1963) ) supports this.

The initial increase in rate of formation of substitu- 

tional hydrogen after warming above the transition temperature 

and cooling io 77 K is consistent with the suggested mechanism. 

On warning, the hydrogen atoms already formed leave an equal 

number of vacancies as they move to interstitial Bites. 

Some of these can act as electron traps for the initial 

rapid formation of more substitutionel hydrogen atoms. With 

room temperature irradiation a constant high rate of forma­ 

tion would be expected since each otora, ending in an inter­ 

stitial site, leaves behind one fluorine vacancy. Mo sub­ 

sidiary mechanism ie req ired to maintain the supply of 

electron traps. The low ratio of F centres to interstitial 

hydrogen atoms observed for room temperature irradiation may 

well be due to aggregation of the F centres. Hodby did in 

fact observe other e.p.r. spectra near & * 2 v?hich were not 

due to the slrcple ? centre. °he most likely, #-type,
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aggregate centre is not paramagnetic.

On the "basis of his e.p.r. respite only,Rodby has pro­ 

posed mechanisms for the low temperature formation of sub- 

stitutiorial hydrogen atoms and their transition at 140°K 

to perfect interstitial sites: the X-irrediation exsitee 

one electron of the hydrogen ion into a state extending over 

a number of lattice spacing. Meanwhile a fluorine inter­ 

stitial-vacancy pair ie created nearby with the components 

a number of lattice spacings apart. If the vacancy is 

sufficiently near the hydrogen there is e chance that the 

excited electron will "be trapped to form an P centre, leaving 

a si«bstitutional H atom and an interstitial fluorine ion. 

In support of this mechanism an accompanying optical bond at 

3910$ is proposed as being due to an F centre—perturbed by a 

neerby P~ interstitial. rr'he motion of interstitial H atoms 

in SrPp to subetitutional sites tinder further X-irradiation 

at 20°K is explained by the ejection of a nearest fluorine 

ion into a site some lattice spacings sway. Because of its 

small mass the hydrogen atom immediately occupies the vacancy 

leaving the interstitial F~ ion. It w©s not clear why this 

should not apply to CaPp 8S weH«

For the transition frora substitutional to interstitial 

site at 140°K a mechanism is required which will transfer 

100^ of the hydrogen atoms to perfect sites. It is unlikely 

to be correct to suggest that the atoms become mobile at 140°K



6.39

since the annealing of the interstitial spectrum at 150°C 

indicates that they would then form }L> molecules \vhich are 

stable up to 200°C. Furthermore, although the H atom can 

readily move to the nearest interstitial site, further 

motion would be seriously hindered by the repulsive potential 

of the Ca iona immediately beyond the centre of each face of 

the fluorine cube.

Hodby's mechanism uses the interstitial fluorine ion 

produced during formation of the II atom* The hydrogen moves 

under thermal excitation into one of the nearest interstitial
/^r

sites (a distance —j^ along 4 of the 8 [ill] type directions)< 

The combined effect of bonding with the hydrogen end the 

lattice distortion produced by the interstitial fluorine 

causes one of the nearest fluorines to occupy the vacancy, 

completing the cube round the hydrogen. The new vacancy is 

then occupied by the interstitial which is required to be 

immediately adjacent, i.e. in a second nearest interstitial 

site relative to the original position of the substitutional 

H atom.

These proposed mechanisms are not entirely in accord 

with the EMDOR results now available and reported in the next 

chapter, 'the relevant points are:

(1) Any interstitial fluorines were at least as far from 

the substitutional H atom aa the third nearest site.

(2) There was no non-spherical distortion of the hydrogen
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environment on either site within a distance of at least 

two ?-F epacings.

(3) No F centres ^ere nearer than about 7 ?-P spacings to 

either substitutional or interstitial hydrogen atom, whether 

the latter waa produced by roora temperature irradiation or 

by low temperature irradiation and wanning.

The distance of the ? centre is the main difficulty for 

the mechanisms proposed. If the interstitial fluorine is 

closely associated then it is too far away to assist in the 

transition of the H atoia to a perfect interstitial site. If 

the fluorine is not closely espsociated with the F centre why 

should it be nenr a substitutions! H atom as would be required 

for the transition of all the H atoms to perfect interstitial 

sites?

Hodby's mechanism would seem to be too localised so we 

suggest the following modifications as possibilities. 

Electrons from the hydride ione are excited into the conduction 

band and travel through the crysf.p-1 until they taeet hydrogen 

atoss, other impurity electron traps or anion vacancies 

fonaed by the irradiation and not too close to their com­ 

plementary interatltiala. If an F centre is formed too near 

a hydrogen atom then, following the mechanism of Delbecq and 

Yuster the electron tunnels back to reform a hydride ion. 

Thus stable substitutional H atoms are observed not closer 

than a certain distance to F centres and not intimately
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P88ocif?ted with fluorine interetitiPls.

The transition to the interstitial site ie a property 

01 the hoet lattice rather UJPI: the l^dro^eii atom. Fluorine 

vacancies end interetitiale ere not mobile (Hre) but a [lOOj 

collision sequence mey be a method of removing the vacancy 

from the neighbourhood of the H Atom. Such a collison 

sequence in a perfect lattice, giving rise to a separated 

interstitial and vacancy, would require several eV of energy 

for its initiation. However, since the H atom is very light 

relative to the fluorine ions end uncharged it would require 

very little energy for a fluorine ion to knock it into the 

nearest interstitial site along a [ill] direction. The 

fluorine ion would occupy the vacated hydrogen site and the 

collision sequence would remove the vacancy several lattice 

spacinge away.

6.13 ^he E.P.R. Parameters

The e.p.r. spectrum of atomic hydrogen has been observed 

in a variety of inorganic crystals. The results together 

with those of the preeent work are collected ir Table 6.5. 

In addition measurements have been reported for a wide range 

of phosphate hoet lattices (Atkins, e.t« al.(!963)) end for 

inert gas matrices (Poner, et. el. (I960)). The proton 

hyperfine parameters vary over a wide range, being greater 

then that of free hydrogen (1420.4 Wc/s; Andereon, Pipkin and



Table 6.5. EPR Parameters of Atomic Hydrogen in

Various Host Lattices.

Lattice

*CaF2

Temp.

3002

^CaFo 300£

4fc

Btf2

8rP2

<%aC1

•KCI

«KBr

fC6SO*

300 

300

77

77

20

20

20

Site

Inter

Inter

Inter 

Inter

Subst

Subat

Inter

Inter

Inter

lieareat 
Hellde

I
2.360

2.360

2.54 

2.677

2.725

2,93

2,436

2.72

2,898

g

2.002468 
£0.00002

2.00302 
£0,00006

2.00248 
£0.00006

H2.00232® 
£0.00006

2.00235 
£0.00006

2.0029 
£0.0001

2.0025 
£0.0015

2.0033 
£0.0001

2.0080 
£0,0020

2.0048 
£0.0001

proton
MC/8

| V ! AI
I MQ/S MQ/8i i

1460.26 173*826 69.025 
£0,10 £0,300 £0.300

1460.3
£0.10

1^443.6 

1424.5b
£0,10

1439.i*4 
±0,3

1437283 
£0.5

1362,2
£1.5

1378,4 
£0,2

1347.4
£3.0

1391*4

133*0
£0.3

168.11
£0.5

100.959C

Ae *

37.16

133?5 
±1.5

46.0 
£0.3
20.347C

52.76
£0.3

23.486°

U4.6±1.0

17.03

4?'

ft Hall and Bchumacher (1962).

b ttelbtr (1964)*

c Hodby (1965).

d Karkhofff Martlensaen and Bander (19^3).

e Spaeth (1965)*

t Kon (1964). 

Other entries are from the present work.



6.42

Baird (i960)) for the fluoride crystals and smaller for the 

other halides. In the inert gaa nntrices both increases and 

decre^ ̂ *p occur. Ho- ever, for all the ionic lattices the 

g shift relative to the free hydrogen atom is positive. In 

the inert :;as matrices it is without exception negative.

"he e.p.r. results indicate that a good starting point 

for describing any of the trapped hydrogen systems is the 

free hydrogen Is function. However, in accordance v^ith the 

Pauli exclusion principle this must be orthogonalioed to 

the occupied lingand orbitals of like spin. rthe hydrogen 

electron is then described by

i - Kisi^M iis> - Qsl^)!^) (23)
i i

where the p. are ligand orbitals. Where the lingands are 

halide ions the outer electrons ere in a p shell. The pn 

orbitals are orthogonal to the hydrogen Is function so the 

$. include only the p^ and s orbitals.

An immediate effect of orthogonalisation is to change 

the proton hyperfine interaction v/hich 19 proportional to 

i*(o)| . The normalisation constant introduced into (?3) is 

always greater than one, lending to a proton hyperfine inter­ 

action (neglecting the amplitvde of the /^ at the proton)

c ~l 

i
Klsi^)! AQ (24)
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n*That this does not adequately explain the preeent results 

is shown by a calculation for the CaFp spectra. We derive 

the 2s and 2pa admixture parameters from the measured 

nearest neighbour hyperfine parameters. Treating these 

admixtures as equal to the overlap integrals leads to a 

calculated increase in proton hyperfine interaction for the

interstitial site of 25$ and for the eubstitutional site of
?•*• 

19 C/J (omitting any consideration of overlrp with the Ca ions.

The measured increases ure 2.8^ and 1.4^-. A similar dis­ 

crepancy wns found by Hall and Schumacher who calculated the 

overlap integrals for the interstitial site \ sing the free 

ion wave functions, ^heir calculated increase -was 17^.

These results ant* the positive g shifts suggest th*?t 

there is appreciable admixture of the configuration in which 

en electron of opposite spin is transferred from the ligand 

to the hydrogen. ':"his increases the li gand hyperfine inter­ 

action and reduces that of the proton. Ve replace the overlap 

integrals ^Isi^) by parameters a. leading to an impurity 

wave function

r '1-2

> (25) 
i

where a. ~ (Isi^^ + T ^ and T^ represents the charge transfer
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Lxture. "'he li^and hyperfine parameters nov. give the
2values of the a, * Making the simplifying assumption that

charge transfer occurs onlv from U:e 2p orbital because the

Is *nd 2s orbitfila are low lying, md n^pin omitting any
2-f

consideration of the Ce ions, the observed proton hyperfine

interaction can be ured to solve for the charge transfer 

parameters and -he overlap in^e^rais, he results are given 

in Table 6.6. For the Ga?2 interstitial site the ?p overlap 

of 0.08 so obtained may be compared with Hall and Schuraacher's 

value of 0.135 calculated frora the free ion wavefunctions. 

The above rather crude process undoubtedly overestimates the 

charge transfer contribution. Marshall and Sturrt (1961) 

have pointed out the likelihood of radial expansion of the 

central ion wavefunction due to overlap with the ligand 

charge clouds. This would lead to a reduction of spin 

density st the proton and hence accounts for some of the 

reduction in the hyperfine interaction from that predicted 

by eircrsle orthogonalisation. Secondly crystal field admixture 

of excited states will also reduce the interaction. Blum 

(1965) has calculated a reduction from this cause of 6£ for 

the interstitial site in CaFg* Reasonable agreement with 

experiment is then obtained with T^ = 0.03.

The importance of charge transfer is illustrated by 

Sp.rmel'e (1965) calculation for interstitial hydrogen in 

elkoli haliflee. He determined the hydrogen crystal field



Tsble 6.6. Firrt Crr'er Crlculr.te_d Vr of ? Overlap
Integra la end Ch*?r#e Transfer Pe.rameters for Hydrogen

in Alkaline ».rth Fluoridea

Site

Ca?2 Inter
8rF2 Inter
BaF2 Inter 
Ca?2 Subs 
Sr?2 Subs

X 2 
8

0.0022
C.0016
0.0008
0.0019

0.0010

v,2
0.023
0.019
0.014
0.025 

0.017

"•IV
0.08
0 . 07
0.06 
0.08 

0.0?

Charge Transfer

0.07
0.07
0.06 
0.08 

0.06

Table 6.7* Calculated and observed valuer? of A n;id the 
fluorine-fluorine gpacin& R in undiatorted

, and

Hydrogen Site

Ga?2 interstitial
Si*!*1 "

BaP2
CaP2 substitutional
Sr?2

R
9A

2.359
2.54
2 . 678
2.725
2.93

A
calc.

llC/8

62
31

18.5
15.5

7

A

0 obs.
Mc/s

104
75
41
91
49
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wavefunction ae a linear combination of Is, 4f and 5g 

functions with adjustable radial parameters, using the point 

ion lettice vsriational method. The be*t vr»*h;e obtainable 

for the proton hyperfine interaction in Had efter orthogonal- 

ining this function to Ttertree-Fock ligand orbitals was 

2000 Mc/s as compared with the experimental value of 1362 

Me/a. On the other hand the calculated isotropic interaction 

with the li> rend halide nuclei v/ns in {rood agreement with 

experiment, oinil^r results v;ere obtained for KC1 and KBr. 

Correcting for inadequacies of the point ion model would go 

some way to reducing the calculated proton interaction but 

ther« would still remain a large discrepancy which would be 

reduced by introducing charge transfer. Maintaining the 

assumption that this would concern only the PfT orbit^.ls the 

isotropic ligand interaction should not be greatly altered.

In the inert gas matrices charge transfer effects would 

be expected to be much reduced because of the very high 

ionisation energies of 14-20 eV of the inert ^as atoms. 

Foner, et. al. observed proton Interactions within 15 Mc/s 

of tne free hydrogen value. Theee snail changes were 

satisfactorily explained by ^-*ian (I960) on the brrri.a of 

orthogonalisation and van der Weal's interaction alone. The 

small negative g shifts are also explained on this basis.

Smith has considered in derail the effects of the 

ligands on the g value of hydrogen trapped in inert gas
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matrices (1963; 1964) and on the alkali halide P centre 

(1965). -sentially, when the hydrogen electron is in the 

vicinity of e ligand nucleus it experiences a apin-orbit 

interaction which couples In excited ligand TT states. The 

magnetic field couplep these excited states bf?ck to the 

hydrogen lls^ part of the ground f^tate (the ligand pert is 

radially orthogonal) to produce a second order energy shift 

for H. perpendicular to the bond axis which is linear in H 

end S. Although the v ligand ground state and excited n states 

individ ally hpve quenched orbital momentum their linear 

combination does not and corresponds to a localised current 

loop in the part of the impurity we vef unction near the ligand 

nucleus. The magnetic moment of the induced current 

opposes the spin r etic moment. As seen by e.p.r. the 

crystal therefore appears to contain centres with B g-value 

reduced from that of the free hydrogen. Adrian £ives a 

rather more convenient approximate expreseion for the shift 

in g., for each ligand

, " V p
(26)

where X is the spin-orbit co'apling parameter for the p^ 

orbital and ^E is an average excitation energy arising from 

the second order perturbation calculation. Sraith (1964) 

details the reasons for taking 7U as somewhere near the
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excitation energy of the host crystal. For cubic, octahedral 
and ^etrnhedral co-ordination the observed g shifts will be 
isotropic nnd eqval to A A , : ,^ 9 4 Ag and dA Ag respect­ 

ively. For hydrogen in CcP2 the calculated g shift from 
thin cause ia abo^t -0.0001.

The observed pos^t^ve g shifts are a consequence of 

the r>ifi.r£e t ran p **«•"• and the reason for the ni^n being 

opposite to that arising from single or tho^*™.*3* Motion may 

be indicated as follows. The v.ave function of the hydrogen 

atom in the crystal may be written as a linear combination 

of ei^enstatesof the hrlide ion since they form a complete 

set. For an o^tv-n^nn?*! i r. efj hydrogen function si ch an expan­ 

sion will not contain any of the occupied states of the 

halide. '"he g shift would be ^iven by recond order npin- 

orbit-raa^netic field coupling with the excited states. When 

charge transfer is included the expansion of the impurity 

wave function will contain an additional terra, - T OfcOf
which will contribute to the g shift through coupling to the 
?pn levels. Since these ere closer in energy to the hydrogen 
ground state than the excited halide states the new con­ 

tribution will be large. Furthermore the 2pTf levels have 
lower energy than the hvdrogen ground state so the g shift 

will have the opposite sign to that produced by the excited 

etntcs. "31w hre considered this effect rnd states the 

perpendicular Q shift per ligand rriring from charge transfer

as
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For T p^ B 0.03, E - Kn equal to 1.28 eV gives the measured 

positive g shift for interstitial hydrogen in CaFg.

There are too many uncertainties to permit accurate 

comparison with experiment for other host lattices but it 

is significant that the largest positive g shift occurs in 

?*Br where the halide has the largest spin-orbit parameter. 

In this host alro the proton hyperfine interaction hrs ita 

largest reduction fros that of free hydrogen. Allowing for 

there being only four halide li^ands the £ shifts are lr<rge 

in KC1 and KaCl where again the proton hyperfine interactions 

are smaller Shan for free hydrogen.

A point of comparison may be nsde between the hydrogen 

e.p.r. spectra and tho^e of the F centre. Formally the two 

systems are similar if the envelope function picture 

(Gourary and Adrian (I960)) io uc«d for the F centre rather 

than the LCAO picture. However, the F centres in alkali 

helides and CaPg and BaF^ (Arenas) have negative g shifts 

as predicted by the usual theory. If our explanation of 

the positive hydrogen g shifts is correct this indicates 

th"t charge transfer is not predominant for the F centre. 

This is as expected since the F centre electron neutralises 

the negative ion vacancy while a hydrogen atom does not. In
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support the F f centre is unstable at room temperature in 

many crystals whereas --ne n~ ion in the nonal valence atste 

oil •••„. .-uiion site in a crystal.

On the other hand nany F centres in divalent ionic 

crystals hr-.ve positive g shifts (v.ertz, et. al. (1961)). 

Charge transfer would be expected for such centres since the 

vacancy, hav., rapped one electron, recains positively 

charged. Hecently Bar tram and bv.enberg (1966) hove calculated 

the g shift produced by admixture of the charge transfer 

configuration tiid find this can account for the experimental 

results.

Gourary and Adrian i.ave ^iven an approximf ' n method of 

calculating the isotropic hyperfine internet ion with llgand 

nuclei due eolely to overlap. They find

(28)

3.10h

where A is in Mc/s, Y(n) is the amplitude of the unperturbed
Q(X

central ion wavef unction nt nucleus ! nd A^ is the 

M pm^,i ification fpotorw . A is a dinensionleas quantity 

which depends only on the electronic structure of the ion •>. 

For P~ Gourary and Adrian estimate A^- to "be 350. For the 

raethod to be valid the central ion wavef unction isunt change 

8lo?.'ly over the ^egio^ rt '*" the li^nd wp.vefunction. This

be entisfied for hydrogen in the ionic crystals since



the Dohr radius is only 0.53.

'Table 6.7 compares the Ae calculated by this method 

for *>IR ftlknline r-n-rth H- oride^ «••* *>» +he observed values, 

taking the hydrogen Is function as

!ls> * ("f*oV- e ~ ao (29)

and assuming undistorted lattices. he agreement for the 

interBtitiul sites is quite good, all calculated values being 

close to half the measured values, ^uwever, the calculated 

values for substitutions! sites ?re only about i of those 

observed. If the hydrogen wavefunction is not very different 

for the two eitee then Cai^Jil substitutional should have 

much the same interaction as BflFp*** interstitial. We have 

suggested earlier that charge transfer from the s orbitals 

is not important. Incorrectness of this assumption for the 

substitutional site may be one reaeon for the large experi­ 

mental values. An alternative is to allow the relaxation of 

the six fluorine ligande towards the hydrogen. The hydrogen 

radius is only about 1£ as compared with the 1.3$ of the F~ 

ion it replaces so repulsive interaction hae been lost. Alec 

the hydrogen atom is uncharged so electrostatic repulsion is 

lost. In the interstitial sites the hydrogen would only 

distort the lattice if it were too big. In fftct It fite very 

well into the smallest lattice, CaF2 « In vie* of the inter- 

results ?*e u^e the Uourary and Adrian method to
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calculate the positions of the ligends for the oubetitutional

sites which v/ill <^ive hnlf '- v e observed AM values. For*•* 8
--»n -i c? yo-l" "* ^'^d Of

0.29?? and for Sr?2 0.33^. Franklin has calculated the 

relaxation of the six n^are^t fluoride ions surrounding 

anion vaoancy in Ca?2 and finds it to be 0.06$ inwards. 
Bond'- 1 «••«. M- +1 f+ i—ivo^en wuulu j^i-obably increase the 

rclnxation in the ^rpf^^nt cnne. ATtho^^h our simple estimate 

is probably too large there Is evidence for some relaxation 

of the liganda towards the siibstitutional hydrogen atom.
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Chapter 7

FLUORINE EUDOK OF SUBSTITUTIONS HYTROGEK 

ATOMS IN CALCIUM FLUORIDE

7.1 Introduction

The e.p.r. measurements of pubstitutional hydrogen 

atoms in CaF~ show that the six nearest fluorine ions surround
rt

the hydrogen in a regular octahedron. The Ca ions have no 

nuclear moment so the e.p.r. linewidth of 3.2 G between 

points of naxlmun slope must be due to interaction with more 

distant fluorines. Fluorine ENDOR measurements of these 

unresolved interactions are of interest and serve to confirm 

the substitutions! site assigned to the hydrogen atom. 

Information on the following points would also be expected!*

1) Any distortion of the lattice caused by replacing a 

negatively charged F~ ion by the rather smaller neutral 

hydrogen atom.

2) The pseudo dipole-dipole interaction between the 

nearest fluorine nuclei should give reeolved splittings of 

the corresponding B11DCR lines. The expected splittings can 

be calculated from the hyperfine parameters derived from the 

e.p.r. measurements.

3) The relationship of any interstitial fluorines to the 

substitutions! hydrogen atoms. These are basic to one model 

for explaining the fact that on rnoving from substitutions!
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sites the hydrogen atoms are observed by e.p.r. only in 

perfect interstitial sites. An interstitial fluorine in the 

nearest pite wovld give a large splitting of the e.p.r. 

lines, which was not observed. ENDCH is needed to detect 

more distant interstitials.

4) Hall end bchuraacher (1962) have measured the interaction 

of the interstitial hyirogen with its second and third 

fluorine shells. The substitutions! site allows the measure­ 

ment of the interactions with fluorine nuclei rather nearer
"fh

the hydrogen atom. Up to Pnd including the sixth, the n 

fluorine shell is </n froro the hydrogen in units of the [lOOJ 

F~ - F"~ spacing. This function increases? rather more slowly 

than thpt for the interstitial site, allowing closer 

investigation of the falling off of bonding to the fluorines

7.2 KKDOR of Distent Fluorine Shells

Since the interaction with nearest fluorine nuclei is 

of the order of 100 Hc/s the EKDOE spectrum centred around 

the free fluorine n.m.r. frequency will be due to second and 

ffiore distant shells. This epectrum was obtained at R bond 

using the X-irradiation crystat **nd its appearance for 

H / [001], [110] and [ill] is shown in Pig. 7.1. Using the 

I.F.I, and il.M.I. distributed amplifiers driven by the G.R. 

Bridge Oscillator a good signal to noise ratio was obtained at 

77°K using & 10 second tiice constant. The signal to noise 

ratio could be improved by a factor of tv^o or three by
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pumping the liquid nitrogen via a raanostat to a pressure 

of 4-6 erne, corresponding to a temperature of 70°K. For 

most of the Tr?f>psur era en t a this? was unnecessary,

The e.p.r. absorption spectrum saturated readily nt 

77 K at less than 1^0 u,W microwave power with a cavity Q of

5000. Bee-c iiN3X)R signals were obtained with microwave power 

just sufficient to begin saturating the dispersive e.p.r. 

signal. Identical spectra apart froro overall shift in 

frequency were obtained from several of the e.p.r. lines, 

including some of the forbidden ones, in both high and low 

field groups. Useful KNBOH spectra v?ere obtainable with an 

e.p.r. signal to noise ratio on the oscilloscope (bandwidth 

a few kilocycles) as low as 3*1* rihe optimum P.M. modulation

frequency was less than It 0 c/s. The width of single iJKDOH
2+ lines was about 20 kc/s indicating that, as for

the predominant broadening vms inhoiaogeneous and due to other 

fluorine nuclei.

Table 7.1 gives the equivalences and angles 6 between 

the magnetic field and bond axes for the various fluorine 

shells relative to the eubstitutional sit© in Ca?2 neglecting 

the lack of inversion symmetry. However, comparison with 

the spectra of Fig. 7-1 show that no straightforward assign­ 

ment of nuclei to the various lines can be made. The main 

difficulty lies with the recond shell which should have the 

largest hyperfine parameters. The lines furthest removed from
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the free fluorine resonance would then occur for H // [llOJ 

when the bond f*xes of two second shell fluorines ?-re 

parallel to the magnetic field; in ffct the largest splitting 

occurs for H / [lllj. Vhis wrs checked very carefully v^ith 

the spectrometer pprameters adjusted for best sigrial-to-noise 

ratio on the observed spectrum. Different sanplee end 

temperatures were used and the h,t. .R. waveform in the cavity 

wes checked with a high frequency oscilloscope. Under no 

conditions WP-S any BNDOH line observed at R frequency higher 

than thet of the extreme line in Fig. 7.1(c). On the other 

hend the extreme lines of the [ill] spectrum always bore a 

constant relationship to the central part of the spectrum 

whichever hydrogen e.p.r. line was saturated and in all 

sanplee, showing that they were not lines associated with 

some other centre.

Some ENDOH lines were indeed observed below the lowest 

frequency [110] line shown in Fig. 7.l(c), Ho ever, they 

were not matched by corresponding lines above the free 

fluorine reponance frequency, they had opposite phase and 

different temperature dependence from the central spectrum 

end their field dependence was too small, ^hey Bre assigned 

to nearest neighbour transitions and discussed in Section

7.12.

Simple consideration of the e.p.r. linewidth indicates 

that the second neighbour lines must be contained in the
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spectra of Fig. 7.1. Since theee spectra, in principal 

directions only, contain insufficient information for an 

assignment of the various lines it is necessary to make 

continuous angular plots of the spectrum.

7.3 Angular Characteristics of ENDOR Spectra

We asnurae that the hyperfine interaction with second 

and more distant fluorine shells hcs an isotropic part, A ,
8

and a dipolar part, A . Following the discussion of section
Jr

4.1 each nucleus then gives rise to a pair of lines very

nearly symmetrically pieced about the free fluorine resonance
o

frequency and separated by Am + A^ (3 cos 6 - 1) Mc/s.B p
Departures from true axial symmetry are ignored in the 

following*

As the magnetic field is rotated in the horizontal 

plane a given pair of lines will reach a maximum separation 

when the bond axis is in the s£-.B*e vertical plane as the field 

The bond axis is not necessarily then parallel to the 

magnetic field, but at 90° from this field orientation © for 

that particular nucleus must be 90 .

If the bond axis makes an angle a with the horizontal 

the angular variation of the pair separation is given by

AY(*0 « A_ + A_ (3 cos2/ cos2 '* - 1) (1) 8 P

where / is the angle of rotation of the magnetic field from
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the maximun separation position. It should be noted thPt 

if <* is incorrectly assumed to be zero (i.e. $ put equal to 

e) the angular variation of the pair separation can be fitted

by using incorrect valuee A ' and A * wheres p

p
A ' « A COS a

The form of the angular variation (1) shows that the 

separation of a complementary pair of lines executes one 

complete sinusoidal cycle as the magnetic field is rotsted 

through ISO . Prora the symmetry properties of a sine curve 

the complete cycle can be constructed from sie a sur events over 

only port of it. ^'his is very useful when a line g«te lost 

in the central, poorly resolved part of the spectrum. Lines 

which do not vary in frequency over the whole rotation of the 

magnetic field are due to nuclei on the axis of rotation for 

which e is always 90°.

For the size of hyperfine interaction being considered 

the spectrum is very closely symmetrical about the free 

fluorine frequency so the angular variation of only hiIf of 

it need be measured. 1'he plots of lines which disappear 

through the free fluorine frequency say be completed by 

reflecting those of their partners in the measured half of 

the spectrum.

The ectuel direction of any hyperfine tensor principal
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axis may be found by carrying; out angular plot in some 

second plane and finding the new direction of maximum 

separation. However, in certp.in caper the symmetry properties 

of the crystal may be used to obtain this information from a 

single angular plot. Consider a line which reaches a 

maximum peparation with the magnetic field along an n-fold 

symmetry axis. If the tensor axis is riot actually along 

this direction then the line is due to n eq^iv^lent off-axis 

nuclei (or n equivalent pairs of nuclei if the impurity site 

1ms inversion syTf.metry). If n is greater than 2 these 

nuclei cannot have the same angular variation &s the field 

IP moved off the n-fold axis. Thus, if the line does not 

split off-axis its tensor axis must be along the symmetry 

axis. The argument may be put differently: having brought 

a line to maximum separation with 3H along an n-fold axis 

rotate the crystal about the magnetic field by / degrees. 

& is unchanged by this so the line is in the same position. 

Kow move the magnetic field off axis in this new plane. 

Since this is equivalent to the old plane the angular plot 

must be identical. Provided it is not crossed by another 

line as H comes parallel to the n fold axis the original line 

must trace out the same path as before, i.e. one peaking with 

H along the axis. Thus angular plots in two different planes 

give maximum separation for H along the same crystal axia 

which must, therefore, be the tensor axis, "he failure of



7.8

the argument if n is only 2 IF obvious since then the two 

equivalent plots are, in fact, in the sane plane.

7.4 (110) Plane Angular Plot

The sample was ground as accurately HS poruible to have 

a plane perpendicular to the [llO] clenvage edge and was 

mounted on this plane on the bottom of the cavity. The (110) 

plane contains one axis of each of types [lOOj and [llO] and 

two of [ill] type. The angles at which the Bubstitutional 

e.p.r. spectre gave best alignment for these four directions 

were found and the r.w.s. error of ten settings along each 

we s 0.1 . Within these limits the angles between the four 

directions showed that the crystal was accurately on a (110) 

plane•

A strong EHDOR spectrum XVRB obtained et 77 K and the 

magnetic field aligned along the [110] direction to within 

0.1 UP ing the splitting of tne extrecie lines as a monitor 

(see Fig. 7.2). There are no convenient crossings to allow 

the same precision of alignment along [ill] on [100J. (For 

this re- son the accurate e.p.r. measurements were made with 

H /[llO] uain& t e STOCK spectrum for alignment.) The 

angular plot was carried out in steps of 2*5 round to the 

[110] direction using the central e.p.r. line of the low 

field Eultiplet. The constancy of the magnetic field through­ 

out was checked by measuring the frequency of the reverse 

phase free fluorine resonance line at each angle. The central
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pprt of the I" spectrum v^s measured by »we«ping the 

n.m.r. oscillator slowly with respect to the time constant 

and line width and noting the frequency as the pen pa sed 

through the centre! zero of each line. The positions of the 

many poorly resolved linea were estimated by interpolation 

on the chart. Every definite line wns measured but crowding 

led to loss of some lin<?s especially near [lOOj. The well 

separated, extreme lines of the spectrum were measured 

individually at each angle. Since the angular plots are 

symmetrical about the [llOJ direction and [lOOJ direction 

the complete angular cycle of 180° can be constructed from 

the measured quadrant. All the points measured or deduced 

in this way ?<re plotted in Fig. 7.2.

Because, for the s\-bstitutional site in CaPp "&h« 

successive fluorine shells become more distant rather slowly 

aeny nuclei contribute to the spectrum within 0.6 Mc/s of 

the free fluorine frequency. As Fig. 1.2 shows, this allows 

considerable freedom to draw almost any desired curves through 

the aeaeured poin s. However, the niore important lines stand 

clear of the central confusion for a large part of the cycle 

and che symmetry properties of the sinusoidal variation allow 

their paths to be completed with confidence. These are 

plotted as continuous lines in .Pig. 7.2.

7.5 Discussion of (110) Plane Angular Plot

Pig. 7.3 represents a cubic lattice of fluorines only,
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containing e subetitutional hydrogen atom, with e (110) 

plene horizontal. The figures refer to the different 

fluorine shells Pnd the letters to the eete of nuclei in 

each ohell v/hich rewrin equivalent for rotation of K in this 

plane. Fig. 7.2 shows that there ere EKDOR lines which 

reach maximum separation for each of the three principal 

crystal axes, iiince the [ill] direction is e threefold exis 

the argument of section 7.3 indicates a nucleue (or pair of 

nuclei) with bond axle along [lllj. The mort likely candi­ 

dates are from the third fluorine shell, 3a. Further support 

is provided by their being equivalent for H / [110] and [ICO] 

vrlth a set of nuclei following an identical angular variation 

70.5° out of phase. Theee would be nuclei 3b. The remaining 

third shell nuclei, 3c, should be equivalent to 3a and 3b for 

H / [lOOj and then move in to e . 90° for H / [llOj. rJhi» 

trajectory is wholly within the poorly resolved part of the 

spectrum and its identification is not unequivocal. It is 

ehown dashed in Fig. 7.2, being calculated frois the hyperfine 

parameter!! which describe curves 3a and 3b.

The [lOOj direction is a four-fold axis for the pure 

fluorite lattice but a [lOCj direction through the eubetit- 

utional hydrogen is only a two-fold axle pince translational 

syimnetry hPe been lost. The two-fold symmetry arises only 

from the Ca2* ions end the [100] direction is still a fourfold 

axis of the fluorine eublattlce. If v/e treat the effect of
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the Ca ions on the hyperfine tensor ay unimportant the 

symmetry arguments and Fi£. 7.2, indicate a fluorine nucleus 

along a [ICO] direction from the hydrogen. Apprt from 

nearest neighbours, v/hich are out of the question, the nearest 

8-itable lattice site IB the fourth shell, 4e. The other 

four nuclei of shell 4 are elwpys equivalent and have i * 90° 

for H / [lOOj. Their maximum value of (3 cos2 e - 1) in this 

plane is only i, for H ff [llOJ, so they never emerge from the 

poorly resolved part of the spectrum. rheir trajectory, 4(b), 

calculated from the parameters describing curve 4a, is shown 

dashed in Pig. 1.2.

The line 2a, peaking with H // [110] cannot definitely 

be assigned to the miasing recond neighbours since the [llOJ 

direction is only a twofold axis. Also the apparent hyperfine 

parameters are smaller than for the curves assigned to the 

third neighbours. However, the curves 2b and 2c, peaking 

about 35° froni [100J, are consistent with what fluorine sets 

2b and 2c would produce for these values of the parameters, 

becoming equivalent for H / [lOOJ or [llOJ. Secondly the 

invariant line at about 32.1 Mc/e is in the correct position 

for the two fluorines 2d on the axis of rotation of the 

magnetic field.

7.6 Angular Plot in the (111) Plane

To confirm the axis of the fluorines producing the [llOJ 

peeking lines a second angular plot was made in the convenient
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(111) cleavage plane ?ince it contains the [110] type 

direction also. Because the rotation axis is trigonal a 

plot over 30° is sufficient to construct the complete angular 

variation (Fig. 7.4). "he letters do not refer to the 

nuclei as in Fig. 7*3. The curves 3a, 3b, 3c, peaking in

type directions with 60° phrase shifts are as expected 

for third neighbour fluorines. Correcting for the fact that 

the magnetic field never becomes parallel to the bond axis 

in this plane (cos w « °/q) ^e curves ere consistent with 

those of the (110) plane plot. Due to the close equality of 

A and A the pair of third shell fluorines on the axis of
8 p

rotation produce lines very close to the free fluorine line. 

The curves 2e f 2b f 2c, peaking in [110] type directions 

for the (111) plane as well as the (110) plane, ore confirmed 

as being due to fluorines along [110] type directions from 

the hydrogen. The curves 2d, 2e, ?f» are produced by such

fluorines which are at e = 90° for H // [llO]. Since Ao iss

very email, 6 » 90° corresponds to a maximum (negative) pair 

splitting and thus the line moves towards the free fluorine 

frequency as 9 decreases from 90°. reaching a. pair splitting 

of |A8 | for H //[112] where cos2 e » -|.

The curves 4& p 4b t 4c, peaking in [112J type directions

are assigned to the fourth shell fluorines which reached e
n 

maximum value of cos 6 of | in the (110) plane and did not

emerge from the poorly resolved pert of the epectrun. In the
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AJ « 
(111) plane the maximum value of coe 6 is /-, for

2 2Correcting for cos ™ v ^ing the corvee are consistent

with thore of the (110) plane plot.

7.7 Hyper fine Parameters for Blatant Shells

To eecond order the EKDOR frequencies are given by

+ 1 r / 2 "^ 
o 2 L s P "" -*

(3) 
A_ sin e cos 0

where V is the free fluorine reronence frequency.

For values of A of the order of 1.25 ¥c/e the second 

order term has a maximum value at K bond of 14 Kc/s, for

e s 45°« Apart froffi thie very email correction a plot of
2 line frequency against cos* & should be a straight line of

•i 
gradient /o A » enabling A to be determined accurately from

the angular plots. However, to obtain the gradient to 

accuracy better than that of individual line frequency 

measurements, results for the region $ "> 3C° are required. 

Unfortunately, it is at this point that the lines being 

plotted begin to disappear into the poorly resolved part of 

the spectrura, seriously reducing the accuracy of measurement. 

The complete specte with H elong each of [lOOj, [llOJ, [lllj 

and [112] were, therefore, measured accurately, each resolved
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line being measured four times and the frequencies corrected 

to a common magnetic field as for the CaF^^m * measurements.

The ideDtities of the various lines a.re known fr™ the 

angular plots and the sppcin^s between pairs of complementary

lines are accurately equal to (A + A (3 cos 9 -1)1
8 p

independent of second order effects* The hyperfine parameters
r>

are obtained from a plot of the pair spacings against COB 9

for each shell. The gradient is equal to 3A end the
2 1 ordinate at coa 6 « £ gives A • Such plote are shown in

Pig. 7.5.

The assumption of axial symmetry made so far is not la 

priori justified for second end fourth neighbour e. Any 

failure of this will result in slightly different angular

variation of the line positions in the tv*o planes. However,
2 in Pig. 7.5, for second shell the points cos $ * 0, 1.0

are obtained from the measurers en te with K / [llOJ, and the 

other points, from plots in both planes, lie almort exactly 

on this line. Secondly, within experimental error, the 

second neighbour angular plots in the two planes are identical.

For the fourth neighbours the (111) plane angular 

variation is not sufficiently well defined to detect small 

departures from axial symmetry. However, the measurements 

in principal directions fall on the same straight line and 

the physical situation of the fourth neighbour should lead to 

a very clorely axial interaction.
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"he third neighbour hyperflne tensor should be exial 

since the bond direction is the threefold [lllj direction. 

The angular variation in both planes en be followed far

enough to give a goo<? vplue of A . The plot of line position
2 against cos & in the (110) plane, after rmking the smell

second order corrections, is ahown in Pig. 7.6. within

experimental error the same parameters were derived from the
2 8 (ill) plane plot (putting cos cr = /«) and from the pair

spacings along principal directiona.

The relative signs of A and A can be determined inB p
all cases. The magnitude of A determines the angular 

variation; in particular the peak-to-peak frequency variation 

for a nucleus whose bond axis lies in the plane of rotation 

is /9 A . However, there are two solutions for A . Por
^ P 8

A large and negative relative to A it can happen that the 

extreme position of en KRDOE line corresponds to $ » 90° 

rather than 8 = 0°. A wrong value of A and, for |A | > |A (,
S 6 P

of the v.rong sign would be obtained if such a position were 

incorrectly taken to be @ « 0°. That none of the extreme 

are associated with © * 90° is clear from the angular plots:

(i) There are no invariant lines at the extreme posi­ 

tions, corresponding to nuclei on the axis of rotation with 

© m 90°.

(ii) The extreme position in both planes would be the 

same since there is a P = 90° position for Rny nucleus in any



•lable 7.2. Hyperfine parameters for the second*
third a^d fourth fluorine shells 

f or .1 ubstitutionr 1 Hydrogen in C.f ?r>

Shell

2

3

4

As (Mc/8 )

-0.020-0.01

1.371-0.01

0.806^0.02

A (I/.c/a)

1.223-0.02

1.339-0.01

0.821-0.02

A^ (B-C/s)
*" calc .

1.313

0.713

0.413
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plane of rotation. This is not observed for third or fourth 

neighbours.

The absolute Bigns of i v-o hyperfine parameters and the 

relative signs between different shells cannot be determined. 

A has been taken ae positive in all ca^ee oince it is 

expected to be due raainly to dipolnr interaction. The experi­ 

mental values of A0 and A^ for shells ?. 3 and. 4 are &iven
•3 t/

in Table 7.2 which also includes the calculated point dipole 

interaction, A^, assuming an undistorted lattice. The 

measured parameters should be corrected for interaction of 

the electron with the proton (see sect. 6.4) but at K bond 

the correction is only 0,1^ and is neglected here.

7.8 Discussion of Hyperfine Parameters of Distant Shells

The third ^nd fourth shells are rernprkable in having 

anisotropic parameters of about twice the dipolar value and 

large isotropic parameters, ihis indicates a significant 

amount of bonding. On the other hand the second shell has 

an anisotropic interaction slightly less than the single 

dipolar and the very small isotropic interaction is negative. 

Both parameters, therefore, contain a net negative contri­ 

bution from bonding whose magnitude, however, is lens than 

that for the third and fourth shells.

Pig. 7.7(a) shows a (100) plane of Ca?2 containing the 

hydrogen atom. The nearest neighbour anisotropic hyperfine 

interaction indicates an electron density in its 2p orbital
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of 0.025. We attribute the large parameters for the fourth 

shell fluorine nuclei to overlap of their 2s and 2p 

orbitals with the nearest neighbour 2p orbital. That the 

effect does not involve the nearest neighbour 2s orbital ia 

deduced frore the email occupation of this orbital (0.002) and 

the fact that the second neighbours are not affected in the 

same way es the fourth. The partial occupation of the nearest 

neighbour 2p^ orbital makes an extra contribution of about 

0.1 Mc/s to the fourth neighbour anisotropic interaction. 

The contribution from bonding in fourth shell 2p^ orbitale

is, therefore, 0.26 Mc/s, representing an occupation of
•A -5

1.7 x 10 . The 2s occupation is 1.7 x 10 . The super- 

exchange effect occurs in such a pronounced way for the sub- 

stitutional hydrogen site in CaPg because the hydrogen and 

fluorines of shells 1 and 4 are in a straight line with the 

smallest F~ - F~ separation. A. similar effect has been 

observed by Spaeth (1965) for interstitial hydrogen in KC1. 

Interaction with second shell potassium nuclei wse almost 

entirely due to overlap with the nearest neighbour chlorine 

ions. A calculation of this overlap using Hartree-Fock 

functions for the ions and a hydrogen Is function gave 

reasonable agreement with experiment.

The urgpaired electron density on the two nearest neighbour 

fluorine ions adjacent to each second shell fluorine (Fig. 

7.7(b)) should make an additional dipolar contribution of



7.18

about 0.1 Tc/s. We then have to account for a reduction 

through bonding of 0.19 I'c/s. The calculnted second shell 

ieotropic interaction using the nournry nnA \drirn method 

(sect. 6.13) is 0.2 l!c/s v,hich again is reduced, to -0.02 T 

by bonding. Fig. 7.7(b) shows a possible mechanism involving 

spin orbit coupling on the first shell fluorines. This 

admixes ^ states, of opposite spin to the ground state, which 

are, therefore, directed towards the second shell ions giving 

a non-negligible overlap with their 2p and 2s orbitals. The 

opposite spin will then lead to interaction with the fluorine 

nucleus in opposition to the direct interaction with the 

hydrogen electron.

£he moFt promising explanation for the very lar^e third

shell parameters is ugain transferred interaction, vie the
2+ Ca ione which are nearest neighbours to the hydrogen.

There would be a tendency for electron transfer from the
2-f 

fluorine 2p orbital to the unoccupied Ca orbital and on

to the hydrogen. The alternative of a lattice distortion

would require the third shell nuclei to be closer to the

hydrogen chan the imdistorted second shell, which is out of 

the question. The rajor objection to interaction via the

Ca ions is that the tetrehedral site symmetry makes this

possible for only four of the eight third shell fluorines.

Identical angular plote, but described by smaller parameters,

would be expected for the other four and these cannot
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positively he identified in Fi t-:s. 7.2 and 7.4. 

their interaction as the classical dipole v^lue of 0.713 Mc/s 

the maximum ^eparetion of their ondor linn?? from the free 

fluorine is 0.713 l-c/e v/hich is in the poorly resolved 

part of the spectrum. Hovever, for H ff [112] the separation 

would be C.594 !>c/a and in fact Fig. 7.4 shows lines in this 

region which rre not included in the second, third or fourth 

shell angular plots. Thus the experimental evidence does 

not rule out the proposed me char. ism. A significant teet 

would be an EHBOR measurement of the hyperfine interaction 

with the cation nucleus. r his is, of courae, impossible for 

Ca?2 but in BaPg ~ ^0^ of the natural abundance of cation 

nuclei have magnetic moments. A sufficiently strong sub- 

atitutional spectrum may possibly be produced by rere earth 

doping of the crystal.

7*9 Interstitial Fluorine Ions

The aeoond nearert interstitial site has the same 

geometrical relationship to the substitutioned hydrogen as 

the second shell lattice fluorinea do to the interstitial 

hydrogen. Hall and Schuiaacher have measured these hyperfine 

parameters from which the separations of the ENDOR lines from 

the free fluorine resonance are calculated as 0.842 Pc/s for 

H // [100J, 0.723 Mc/s for [110] and 0.763 He/a for [lllj. 

No such lines were observed in the substitutional ENDOR 

spectrum, relegating any interstitials at least to the third
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nearest site. The (111) plrme angulrr plot suggests that 

they ziay be even further than this.

7.10 Associated F Centres

Low temperature X-irradiatlon of the hydrogenated 

crystals elso produces ? centres. It is important for 

possible formation mechanises to know if these are clceely 

associated with the substitutional hydrogen atozos. A split­ 

ting of any of the EKDOH lines at the extremes of the spectrum 

by down to 10 Kc/s could be detected. Treating the P centre 

as a point spin magnetic moment it would have to be more than 

seven ?"" - F~ spacinge away not to produce such a splitting. 

Since no splitting was observed any close association between 

hydrogen end F centre is ruled out.

7.11 EKDOR of Interstitial Hydrogen Atoms

A. crystal containing substitutional hydrogen atoms was 

warmed to just above the transition temperature. Ae soon as 

the hydrogen had moved to the interstitial sites the crystal 

was cooled again to 77°K and the BNBOR spectra measured for 

H //[100J and [110J. ^he crystal was then X-irradiatet! for 

11 hours at room temperature and the interstitial ENBOR 

measurements repeated at 77°K. The spectra were identical 

for the two cases and the hyperfine parameters derived are 

given in Table 7.3 and compared with Hall end Bchumeclier 1 s 

results.



r 'ahle 7.3. Hyper fine T cters for "hells 2 arid 3 
for Interstitial Hydroen in

This 
work

Hall find 
Schuraacher

Aa (Kc/3)

Ap (J*c/8 )

AB (tfc/s)

Ap (Mc/s)

A (Mc/s) "^O.lc .

2nd 3hell

O.U25t0.020

0.876*0.020

0.415-0.015

0.672±0.015

0.804

3rd Shell

0.015^0.010

0.347^0.020

C=.020io.025

0.360-0.025

0.354

Table 7*4. Calculated nearest neighbour Tiff DOR frequencies 
at K-band for the central fluorine hyperflne line of tae 

low field hydrogen hyper.flne line (H~8159G)

Direction of 
H

[100]

[no]

[111]

e°

0 

90

45 

90

54.4

dumber of 
equivalent fluorines

2

4

4 

2

6

EIIDOR 
frequencies (Kc/s )

51.0
116.3 

6.3 
59.0

36.3 
92.3 
6.3 

59.0

28.9 
85.0



room temperature irradietion should destroy any 

close association between hydrot^i> t uui y t'/;u fluorine 

vacancies or Intnrptitiels. r^r.pp tvr, •* ,.-jn r?mrr? ppec^ra 

are identical we conclude that there V/PS f?leo no clore 

association in the case of interstitinl atoms produced by 

low temperature irradiation and controlled warning. Tore 

specifically, the transition of the hydrogen atom fron? the 

substitutional site r'oes not le^ve a fluorine vacancy in the 

second shell of the environment of the resulting interstitinl 

aton and probably not in the third shell either.

7*1? Nearest neighbour Fluorine ENDOK

As derived in section 6.3 the nearest neighbour SNDOR 

frequencies (neglecting corrections due to interaction with 

the proton and fluorine-fluorine coupling) are given by

rr 3 H 2 g ,8 H
v = — \ = { • ' i * ' » -? •—-*—•— (A /j cos $ * A, sin <a) sz •-, h ^ ri // jL, '

(4)

with A//, A, in frequency units. fj ? ble 7.4 gives the 

approximate hNDOR frequencies expected for the central e.p.r. 

line of the low field group at K bond, ee calculated from the 

e.p.r. parameters. Becat.se of the equipment available those 

lines below 50 Mc/s were sought. After cr.refnl optimisation 

of the distant fluorine li^'DOR spectrum with H // [lie] six new
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lines were finally identified in the region ?5-3C I fc/s 

and another pair ne-->r ^0 Uc/s. At best the intensity of 

these lines was about one fif4-^ 4 o>; t..e Main spectrum 

and their observation at all depended sensitively on the 

adjustment of the spectrometer parameters. Optiiaura chart 

recordings of the lines are shown in Pig. 7*8. The eight 

lines occurred in pairs with j.uO to IJ ou Kc/s separations, 

which were independent of field orientation over - 10° froE 

the [llOj axis. The phn.se was oppopite to thp.t of the nain 

spectrum (cf. Pig. 7.1) and the lines were narrower being 

only poout 12 kc/s peak to peak instead of 2C—30 kc/s. Vhe 

signal-to-noise ratio was improved by pumping the liquid 

nitrogen down to 66-68°K.

Further experiments were performed in order to identify 

the lines:

(a) After optimising the lines between 25 and 30 l ! c/s 

the complementary regions above the free fluorine and free 

proton frequencies were searched to see if the lines were 

due to protons or fluorines further from the hydrogen than 

the nearest lattice fluorines, and with a hyperfine interaction 

of about 12 Mc/s. Ho further lines were found.

(b) All eight lines were plotted as c function of field 

using as many of the fluorine hyperfine components of the 

e.p.r. spectrum as possible. This enabled the plot across 

i;he gap between the two proton hyperfine nultiplets to be
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drown with confidence (?ig. 7.9). The surprising result 

is tht.t one pair of lines, (D), is field independent over 

the whole range of 55-' G. ' e cor offer no explanation of 

this hut rerrrk that the pair bed all the characteristics of 

real . : A }< lines.

(c) To eliminate the possibility of the line pairings 

due to crystal Misalignment or twinning other samples 

s^ed. The li^e C^TSO-PO-M ons were unchanged and the 

frequencies were consistent with the earlier measurements.

(d) Over a number of runs there appeared to be some 

correlation between the line pairs A and B. An angular plot 

for both pairs was carried out over a few degrees. The [110] 

direction was a frequency minimum for both pairs.

(e) The crystel alignment was checked by letting it 

warm up and then observing the interstitial l^HDOR spectruin.

(f) The L.^.u. waveform in the cavity was checked at 

the oscillator amplitude setting which gave the beet intensity 

for the 4 pairs of lines. It was found to have second and 

third harmonic components strong enough to be detected by eye 

in the oscilloscope trace.

On the basis of these results we ««^ign tv.o ^^ir of 

lines .-*' X.Q the third sub-harmonic end the pair B as the 

second sub-harmonic of a nearest neighbour ET1DOR line expected 

at 59 ?ic/s for 6 « 90°. This is supported by the fc.k.R. 

waveform, the narrower linewidth iiiid the close agreement
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between the appropriate hnrronics of the two pairs of lines 

(eee, for example, the composite tubular plot, JTi^. 7.12). 

The r^vpraed phe.se suggests a large hyperfine interaction 

which is born out by the ebsence of complementary lines 

symmetrical about the free fluorine resonance frequency. 

Further support comes frora other properties of the lines 

described below.

7*13 Magnetic Field Dependence

Differentiation of the nearest neighbour E?0)OR frequency 

with respect to field gives

^? *"* — 1 9 P* A Bin "'

where v IB the free fluorine resonance frequency and the 

+ signs refer to the j- ^> electronic states. ';hus the free

fluorine field dependence, g^V/h i^ modified by the factor*

I r - 1
v J ° + ? _

This factor reduces to unity for 6 = 0° or 90°, ee required. 

This reduction factor can cleerly have the w?lup zero for 

eome value of fi . However, solving for o, using the nearest 

neighbour hyperfine parameters does *->o+ lead to a field 

independent line at the position of the invariant peir D. 

Further, a line cannot be invariant over a field renge as wide
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*38 500 G. ^ DOR messvrenente ?' " bond may be helpful In 

deciding the origin of thr ^'neB D.

"'he lines A hrvo e field dcr>fmr"pr,ce of «• and the lines B 

P field dependence of TT that of free fluorine. '".'Me is con­ 

sistent with their being subhar^onics of a 59 !'c/s line with

e * 90°.

7*14 Second Order Fluorine Hyperfine Interaction

Accepting that we have observed the EKDOR transitions 

of a nearest neighbour fluorine with 6 = 90° we wish to 

calculate the number and spacinc :s of the components into 

which the beeic EHDOR line is split by the indirect inter­ 

action with other fluorines. Since the four fluorines at 

e s= 45° do not change during these BKDGR transitions we con­ 

sider just the pair at a « 90°. We extend the discussion of 

sect. 6.5 to calculate the shift of all the levels of the 

I =s 1 triplet. Fig. 7.10 indicates the matrix elements of 

K- between the two electronic spin states, giving rise to 

the second order shifts. IThe^e are shown in the centre of 

the diagram where, for 8 * 90 , A^ = j (k» - A^),

B-i * T (A//+ An ) pnd v is the mlcrov,pv<* frequency. There 
J. 4 // i e

are now two different nuclear transitions |l, -*-l> - !l, 0) 

and |l, -1> - jl, 0>. The ex^ct frequencies of these tran­ 

sitions depend on the ordering of the nuclear energy levels.
Q

For the ordering shown the frequencies are v^ - 2A^ /v
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pand » , - £ A /v where V , are the 'AVO unperturbed fre- +# 1 e +£
quencies. Inverting the order of nuclear levels £±VQB fre-

2 2nuencieg - ?A, /v rmr - ?TV /v . ITov.Y-ver, in bothn +>: 1 ' e +s> 1 ' e *
cases the frequency reparation of the resulting cloae prir 

of ET7j)OR lines is ?/ve (A^ •»• B-j^ 2 ) which, at K bond 

(23,650 Mc/s), is equal to 325 kc/s. "his agrees well \vith 

t> P Trtonpn^^rf Reparation of tl^e ppir at 59 ?!c/s of 35? kc/s 

and provides further confirmation of the assignment.

A rigorous calciilation of the KJOOR spectrum due to a 

pair of equivalent nuclei with spin ^reater than | and 

jjioluding quadrupole effects has bt-en t>iven by Feuchtwfmg 

(1962).

7.13 Effect of Using Different 2PR Lines

The K bqtnd EPR fipectrura for H/^[llOJ is reproduced in 

Fig. 7.11 and the allowed ^ransitionc are labelled by letters. 

The four nearest neighbours f; t, 9 » 45° produce five lines, 

each of which is split into a 1:2:1 triplet by the two 

nearest neighbours at 0 s= 90° (e.g. the lines E, A, B). The 

three EPR transitions giving rise to such a triplet are 

indicated on the right of Fig. 7.10. For saturation of the 

central EPR line of any triplet two EHDOH transitions within 

the triplet would be expected for each electronic spin state. 

However, saturation of either extreme EPR line of a triplet 

should give rise to only one EKDOR transition for each 

electronic epin stete. This was tested; each of the central
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lines of 90 triple \s 9 A, T',, C rnd IT, \vf:s ur;«d to observe 

the pair of KNDOR lines ^ 4 *P -c/s. In all eases the two 

lines were of equal intensity PS eyprcted. 'loivever, on the 

lov/ field components, E nnd F, the pair of 2TTDOR lines was 

again observed but the higher frequency component was con­ 

siderably weaker than the other. On the high field ..PH com­ 

ponents the lower frequency ENDOR component was weak. This 

means that spin diffusion is occurring between resonant and
A

non-resonant centres. The hydrogen impurity (~ 1:10 ) is 

probably too dilute to allow significant electron spin-spin 

interaction BO the excitation ray be transmitted via the 

fluorine nuclei in a manner aimilrr to f;he "distant ENDOR" 

effects seen by Lambe et. al. (1961).

The ordering of the nuclear energy levels cannot be 

deduced from knowing which KJTDOR line of the pair is stronger 

or the various EPE lines. Our resvUs airnply show that the 

stronger I^NDOK transition is that between the saturated 

nuclear level and the jl, 0) level for all possibilities as 

would be expected.

7.16 ENDOR Determination of A^

The 9 = 90° transition frequency at 59 Hc/s is simply

equal to gT? ^ Ho t Al pnd belongs to |S * —s--> if A, is ""* n 2 -•
positive. However, there are two possible frequencies, 

depending on the ordering of the nuclear levels, between the
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pair of r "-""X)H lines which could be tnken as the ^ ^turbed 

* * 90 frequency. ;ince the nuclear Zeeraan energy is

greater than A-, the nuclear enerry Tovnln fro* the spin 

T>~iltonia.n used will be ordered as in Fig. 7.10. The EUDOH 

frequencies belonging to the two electronic spin states p.
? °

then v i - ?A, /v and v ,^ + 2ji "/v ,. e therefore tnke the*rsf JL W -r^v JL 6

unperturbed 9 » 9r>° T-^DOH frequency to be greater than the

low frequency line of the pair by —?*r=———w ; x (pair separation).V + Bi
This leads to an apparent value of A., for the high field 

EPR line of $2.32? Hc/s and for the low field line of 52.776 

Mc/e, tie compared with the EPR value of 5?.76- 0.3 ?»*c/s. 

The difference between the two ENDOR values is a majiifestation 

of the interaction of the proton (sect. 6.4). At K bqnd this 

results in a reduction of the apparent hyperfine parameter 

for hydrogen states |S = - ^, I « +^} of 0.1>' relative to

the states JS 2 » -^, I « 1^>. The expected difference of 

53 kc/s ie close to the .measured difference of 46 kc/s. The 

ENDGK meaeurewents give, therefore, A^ * 52.822 - 0.010 Mc/s. 

Since it is on the low field KPK line that the reduced 

hyperfine interaction is observed we deduce thftt A, has the 

same Bign aa tLe hyperfine interaction with the proton.

7.17 Kearcat Neighbour Angular Variation

The expression for the nearest neighbour ^i*])OR frequency 

»ay be rewritten to show the #nguler variation more clearly:
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2 2 A plot of v ageirist cos 0 will therefore have gradient

. 
(A *• - A) •*• — = + V . Such s plot for the 59 ! Tc/s pair*•

ie shown ixi iig. 7«12. '^he circles are the second harronics 

of measurements taken at 29 Kc/e and the crosses are the

third harcionicB of tiie 19 ^c/ s meaeurernerite. using the ^.Ph
P values of AA< said A-^ the calculated gradient IB 10,056 (J*c/s) ,

The observed gr^diente for tne low frequency conponent is
p10,100 (Mc/s) arid for the high frequency component 9 t 910

(he/ a) *

7*18 Conclusion

One nefj reFt neighbour jiNLOh transition has been detected 

which is consistent with the e.p.r. parameters. The effects 

of both the fluorine-fluorine end proton interactions ere 

large enough to be measured f»nd are in good accord with pre­ 

dictions. Nearest neighbour L.JJDGR transitions were sought 

for H // [100] and [lllj with emphasis on the [ill] transition 

at 29 fv'c/s. Some very weak lines were indeed found in thie 

region but there was no opportunity to improve them to a 

level worth analysing. It Is clear that a large hyperfine 

interaction makes li^and ENDOR difficult to observe, ^hls may 

be because the fast relaxation of the nuclei interring 

strongly with the electron reduces the enhancement of the
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nucleor populttiuii difference ceusec b^ m t^retin^ the 

electronic transition. This would indicate thet greater 

j;.il.K. field Y'Ould increase sensitivity in these ceees end 

...~t the "steady-sttfte 1 -echnique uaint the J..PR 

absorption si^n^l should work. Seidel U'J61) haa obtained 

feOOd signals from the uea^-fcw L neighbours of alkali halide 

P centres with the technique.

In view of the success in accounting for the pairs of 

lines ,i and B it is plausible to eug^eet that the pair C ia
•^

the third subharmonic of the iiNDOii transition expected at 

'j2 tic/a for 0 = 45°. i:he field dependence at 92 Kc/o would 

be close to the calculated value of 0.96 g« 8n » 1'fking the 

unperturbed frequency aa the mean of the pair at 92 Mc/s, 

9 a 45° and the ^HDGH value of A-, already obtained we nay 

calculate A/, . For the high field i,PR line ^- = 168.06 i 

0. 3 I"c/s and for the low field line A/, = 167.55 - 0. 5 Mc/s, 

as corapared with the e.p.r. vfilue of 168. Yl - 0.5 Tc/a.

fairly large errors on the ^I-DGK results cover possible mis-

t since o = 45 12 the ^Gm'tioii ui naxiffium -srr. The,

snaller value of the lov field result is again * consequence 

of the proton interaction. In this case she reduction should 

be 0.17 lslc/s. Correcting the low field value by this amount 

gives a mean L&DOH value of A/, as 167.^9 - 0.05 Mc/c. where 

the Iii2i rus of error cover the uncertainty in selecting the 

unperturbed £NDOH frequency from the observed paira of lines.
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Veak structure on erch line of " pp!r C (Fig. 7.B)

qunrtet of equivalent Q = ^f^ fl::r,r-; npp. '"he 

too v/eek and vp-rirble to make an ^ccv;rete neinpurenent 

possible, "he opll*- tinge of T-;TTT>OR lines resulting frorr four 

equivalent nuclei hnve been treated by Ilolton £?n<* Bltirn (1962)

If this nafiignment of pi:: ir C is corre^4 *-he obvious 

problem ip the absence of tl.e cortrTn^entary trnnnltlon ?»t 

36 HC/B (' rble 7.4). However, other workers have discovered 

enormous differences in the intensifies of KKDCR transitions 

belonging to different electronic states (Seidel; Kanon and 

Hyde 1966). Also not all the nearest neighbour transitions
!?•+•

were observed for CaF^jTm (Chap. 4).
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Chapter 8 

EXPERIMENTAL TE

8.1 ''ore Accurr te T-e termination of g Y^lue

In measurements on hydrogen in CsF0 a point of inter­ 

est is? the small difference between the & value and that 

of a free hydrogen atom. To be use?ful accuracies of
A •*

order 1:10 are required r«ther than the more usual 1:10 • 

Basically we require accurate knowledge of the fields for 

resonance onci the klystron frequency*

The magnetic field at the sansple may differ from th?t 

meeeured by a nuclear resonance magnetometer outside the 

cryostat because of inhomofceneity of the field and magnetic 

impurities in the cryoetat material. In the present c^ee 

the correction may readily be ispde by usin,;- the fluorine 

SlfBOH, At the centre of e^ch fluorine !,?i T 'CR spectrum ia 

a reverse phrse line corresponding to the fluorine N.M.R. 

frequency in the field ?t the sample (e.g. Fig. 4.1(b)). 

This &NDOR frequency could be mer.t?ured to better U.j^i Ikc/e 

(5:10 at X band) ^nd compared with the field measured by 

the magnetometer at some standrrd position outside the 

cryoetat. Of necessity this calibration is carried out 

at the field required for the L.P.H. transition. The cali­ 

bration was performed with the magnetic field in different 

directions .- nd with the cryostat st the temperature to be
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used for the g v^lue determination, 77°K. The R.M.S. error
5 in 11 determinations of the correction factor was 4:10 .

7 The field measurement was made with Li nuclei. The ratio

of fluorine moment to lithium moment may be obtained to 

5s10 from the comparison of each with the proton moment 

made by Huggins r»nd Srnders (1965). *

Before each calibration run and the g value measurement 

itself the magnetic field homogeneity was maximised as sug­ 

gested by the makers: maximum current (24A) for one minute; 

zero current for two minutes; then up to 50^ above the 

field required ?nd straight down to that field again.

The klystron frequency was determined by a heterodyne 

method. A 10 Mc/s crystal controlled oscillator followed 

by a power rmplifier drove a frequency multiplier whose 

output was a mixture of 500 Mc/s nnd harmonics of 10 I/ic/s. 

This was fed into a microwave crystal detector mounted on 

one arm of a 10 db cross-coupler off the m^in waveguide 

run, thereby producing microwave frequencies ot 10 BC/B 

intervals. On the opposite arm of the cross coupler a 

second detector produced the beats with the klystron fre­ 

quency. Despite usin^; the 47th harmonic of the multiplier 

output the beats with the K band klystron frequency could 

readily be detected by a communications receiver. They 

could be recognized by their characteristic "twittering 11 

against the receiver B.F.O. due to the F.tt. noise of the

x Chemical shifts were allowed for fuslng the data of 
Gutowaky and uofltaan (1950) and 8kriu>v and ana I- 
Ch'lu (196U;,
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klystron.

he pccur^cy an<? stability of the 10 MC/B standard 

oscillator wp.s checked sgainet the crystal-locked 10 iic/s 

signal from the Rohde and Sehwarz WIK frequency synthesiser 

using Linajous figures, it remained within 2 c/s of 10 

Mo/ a over period*? of five minutes and was kept to this 

accuracy throughout measurement by slight adjustment. 

The Rohde and Schwarz was checked by comparing a 200 kc/s 

output with the carrier frequency of the B.B.C. "roitwich 

transmitter which is maintained to 5 p;?rts in 10^ (B.B.C.

1963). Regular checks over the period of measurement
7 showed the difference to be not more thsn 1:10 .

actual be^tt frequency detected by the communica­ 

tions receiver W*R me? ^ured by injecting e signal from the 

Rohde and Schw^rz, taking c^-re not to overload the receiver, 

nnfl pflltjrting the frequency for raaximui?! output. This gave 

the beat frequency to better than 1 kc/s.

The klyetron, even when Ftebili?ed v drifted by far 

more th^n the accuracy of frequency me^eureinent. To 

combat this the compiunicption receiver was kept tuned to 

a fixed frequency (with periodic checks on itr stability 

from the Rohr'e and Schwara). As e«ch E.P.! :. line was 

•efj eured the klyp^ron reflector voltr^e W.^B • djrsi-ed 

slightly to bring the be^t frequency back into the receiver 

pass band .
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The centre of the fc.P.fl. lines was detected on the 

neter oi the 115 kc/8 ph»pe sensitive detector, tv.^re 

no 50 c/s field modulation. The proton nrgnetoiset'. i t the 

standard position in the magnet gap was equipped with 

50 c/s coils to give loc^l modulation of the probe, 

the x^rial to be displayed. *i;.o. error of 10 re* din£ s 

of the positions of line centres wnp IslO5 in t>.* proton 

resonance frequency.

As no satisfactorily calibrated K bmd wavemeter WPS 

available the klystron frequency TW«B determined by the 

field for resonance of T5 .^.P.H. -here h^s been ?ome dis­ 

agreement in the past over its g value (Holden et »1, (195C), 

Townep end Turkevitch (1950)), p?<rticul' rly «t very low 

temperature but there is P frir raennure of • greement that

t 77°K the Vf-lue for the powder is 2.0036 - 0.0002 

(Weidner r-nd White* or (1953), Sin.rer nnd Kikuchi (1955)). 

In fact we have only to identify the klystron frequency

within 10 ile/s so nn error of up to 0.0005 could be allowed.
7 V.e thus have the klystron frequency to pp.rts in 10

pnd the important error is in de termini n line pORitione. 

Contributions to this cone from distortion of the line 

shape by nietuning 9 and the field correction factor. If 

we PUt ;ge:^t we can detect an asymmetry of one ~enth in an 

ebsorbtion derivative which is 3Cj. pk-pk f thie
5 to a shift of 0.3G in the zero position or 4s 10 . Taking
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this with the error in the field correction factor we can 

quote a probable error for the g value of 6:10 .

8.2 MeRPurement of___U Lines

The K.P.k. dispersion signal w«a used, 'he raicrov.-'-ve 

power w?8 adjusted until nci?e ;Jurt appeared on the line 

pe^k FS seen on the oscilloscope. The mf^.^cic fielc *-.-.e 

get to the centrrl rp^v of the E.P.H. line -*nrf the N.W.R. 

eweep was started. hen en Efcr-OR line wns found the sweep 

was stopped • t one pe?*k pnd the microwrve power, 115 kc/a 

field modulation amplitude nnd ?:udio P.M. frequency ; nd 

phapp we-r*» -djusted for l^rgf»«t eignel.

'i'he m-gnetic field VJRS continuously monitored by a
7 Li magnetometer ph-se locked to the output of the Kohde

and Schwers frequency synthesiser, ino coupling wea such 

that the magnetoaeter frequency could be varied by 0.1 

Mc/s by adjusting the Hohde and SchwRrz. The locnl field

modulation of the magnetometer probe allowed display of the
7'Li signal without affecting the main field ?»t the micro­ 

wave cavity.

vvhen measuring an EHT>OH transition freouency the line 

was drawn out on the chf^rt recorder to check the line 

•yaaetry and zero position, 't'he nuclear oscillator was 

then swept slowly through the line agaii; «nd the mechanical 

sweep stopped nt the central zero of the line derivrtive. 

'I'he apparatus was left for a few seconds- to allow rpl^x^tl on
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of the frequency sweep drive BK to tf-ke place. The 

output tinie constant wer xa jutted to f ive a noipe . ' iitude 

of one tenth of the chart width. Fins! edjurtment of the 

nuclear oscillator frequency was m^de by vrryin;' the .0. 

bian on the B.V.C.3 variable capacitance diodes. The 

nuclear oscillator wan 06 sussed to be accurately adjusted 

to the centri?! frequency when the noine reraaiiitiu eynwetricrl 

about the oh.r rt aero line for JO peconds.

At this point, by adjusting the Kohde rnd : chwsrz
7 slightly the Li eignsl was brought to the centre of the

oscillOBCOpe nnd the frequency mep^ured. -he frequency 

modulation was removed fror. the K.M.K. oscillator end its 

frequency measured imraedit-tely afterwards. Since the ft •&• 

oscillator was ver^' stable («*1:10 ) thie allowed determina

tion of the EHBOit irequency and tne corresponding field in 

spite of small drifts of the field.

8.3 Measurement of B.P.R. ^ultiplets

Vvhen an Hi.P.K. line hr-s mr-ny hyperfine structure com­ 

ponents, at? for example CaF^JH, it is very laborious to 

raeppure each line separately by the static field method. 

Furthermore, during the time consumed tuning can alter, dis­ 

torting line shapes pnd causing relative inaccuracies of 

determination from one line to another. In cases where lines 

are incompletely resolved such as CaF^:^ or brF^JH it is 

very difficult to decile ^t whpt point to measure the line
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end #lmopt impossible to ke^p & record of the point chosen.

The technique evolved lor tnxo situation enables each 

line to be measured in its context in the whole spectrum. 

"he output of the Rohde pnd "chwnra is sufficient to lock 

the magnetometer to any frequency. The magnetometer signal 

is displayed by ueing its loc'1 probe modulation *nd a very 

alow sweep through the ....... . spectrun is commenced and

recorded on the chart.

As the sweep proceeds the magnetometer is locked to 

successive multiples of 10 kc/s. I^ach time the magneto­ 

meter signal crosses the oscilloscope centre line a volt-^e 

pulee io injected into the recorder pen cj/^^1.t. Thus a 

chart is produced of the complete spectrum with field 

markers at 10 kc/s intervales. 'he field sweep is suffic­ 

iently linear to allow accurate interpolrtion between the 

markers. Measurements of line position? to 0.3G are - 

made.
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(a) Lirand hyporiine in tercet lone in .... spectra are 

normally evaluated by mounting the crystal w:. "i. »° Known 

plane horizontal and ro^tin,' the uric fielr1 until the 

varii.-L ; ; - lov/ index crystal direct ion? ( [lC(j, [lir:. [lllj, 

etc.) in ttijp nlnne ?<re located. .a lov/ index directione 

corri^only have higher niinbera of lj P equivalent thf^n e 

general direction in the plr->ie and tfcey are loc; i.ec by 

looKiii^; for Li;e resulting eimplificati » -^ . ]-i^n>-i^ 

hyperf^'n^ n-^r-rr-^-i-rp of *rp . . . s^ectr • -vor, there 

are < ers in applying this technique indiscriminately and 

simply looking for -ctrun consioterr' e li^arid 

equivrlence of tli«r luv. ^m ex dii\-^ ..^-ui bei^. . * 

good example of thif t> e cr.Rfi of e centre wJti six-fold 

octahedral liffnd interaction and the magnetic fielrj in a 

(110) - type plane. Four of the ligande are equivalent 

for all directions in lias \ lane anc so ,.-,c a.i^c»i.« i0 *- 

iine sii-uc'-ure (assuTriinr ^"^irry gpinp r-f 1 ) conai^ts of 

three overlapping nuintete for all directions (except [lllj 

in which all six lirande are equivalent). In particular 

the directione [lOOj and LH( 'J fi ^« 3^°^ specially cisi^i/igui- 

from other directions in ,,^^ place by their spectra
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and if, for example, the sharpness of the central line ie 

beinn used n s a roonj tor for alignment in these directions, 

erroneous rnp^i-fc. m-air v,^ n'h+r^^^r' fVr.r: irV,pt ^g only an 

accidental coincidence of lines from different quintets.

' o indicate where special care must he taken we rive 

below i or botn sixrold end ei^ht-fold co-ordination the 

ligand equivalences fo.t >,.<L-neral directions 1 * *'< 

rrincina.! rlmipR, m pr v <->--e pm?l.vnl R-nr F? for the 

directions of higher equivalence in these planes. he 

plrnes .^re labelled so re to be consistent with the label- 

lj.fi,-; of the low index nirecnona i-nej contain bi.;t tho

r- -r r ••--.' t.Vr.

type. 'he stated numbers of lines whic . ould be observed 

asRume P 1 H nucler-r spin of t.

bix-fold uct. - . ' ' ' ii.

llane Direction
of 1^ of |I Liganc: equivalences

(001)

(OT1)

,ieral

[11CJ

General 
[lllj

3 pairs.
(1 pair . " ys at

© = 9w ;. 
1 pr.ir, 1 quartet

1 pair, 1 quartet

1 pair, 1 quartet 
1 sextet

he directiorr [T00j f [Ollj, [?*n 

rnce than a general directl

c.; :.ines

3x3x3

3x5

3x5 
7

pl-ne.
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Plane Direction
of r[. of li. Lignnd Equivalences No. of Lines

CUD General
[llCj
[211]

3 pt-r--

1 peir,
1 pair,

1
1

quartet
quartet

j x 3
3x5
3x5

Cubic Co-orrUnation.

Plane J dree t ion
of ]£. of U.. Lignnd Lquivpleiicee i«o. of Lines

(001) General
[lO(-j

N.n. ' he 11(

2 quartets 
1 octet

fii'eciion has no

a > eneral direction '

(OT1) General 1

K.B. 

a

2 pairs, ;
J v/ %-•

[Ollj 2 quartets 
[lllj 1 p<°ir, 1 sextet

lie [211J direction has no hf 

; 1.1 on in ihis plane*

rtet

('•••ID

[lOOj 
[211J

4 pairs
(1 pair always at

e = 90° ).
2 quartets
2 pairs, 1 qunrtet

9

equivr-ience than

3x x5
9
5x5
3x7

iv-lerice than

r 3

x 5

Tn a practical situation the tot^l >f lines

in the last col^.r;n of the above table is usually

not observed due to oo. various
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component multiplets* However 9 the extreme lines of the 

extreme multiplete are usually unaffected in this way and 

thoir intensity ^"tios can be used to deter™ r»*» the riu 

of equivalent nuclei responsible. The intensity ratio 

between first and second lines of r, multiplet produced by 

N equivalent nuclei of spin % is 1:1^ This fact can be 

user! to check that the extreme line at each end of the 

spectrum hfs not hp«n missed. f'-hlR iritpnm'-tv r^tio can 

be used to strrt the analysis of a complicated ligand 

hyperfifie structure.

(b) Low index directions ~: pl&ne, r\ r * ^ !V -"s,.. ^ c 

d-! ntinguishable f ^n«r "b^ found bv rot.pt1.rr the r>^"riRtic 

field by the appropriate amount from a direction which is 

identifiable through having a higher ligand equivalence. 

Secondly, if exrct alignment o^ " ~ r ^icular spectrum is 

not possible *v«* tn ir\arrr.rr te crystal Eo^rt.-in>- it raay be 

possible to obtain better alignment along sore other 

direction at which the identical apectnun re-appears. 

v.e give below the etic field orients Lion, relative to 

an arbitrary zero, -- + which various typcr * f o^m + rn n r f 

^r ty-p rnnrnetic field 1s rotated through half a

circle in each of the three principal planes. Identical 

spectra are of course repeated at angles of 180 greater 

than those given.
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Plane of H.

(001)

(OT1)

"'ype of ";r»ectruH

[100J

[110J

[100J
[on]
[in]
[211.1

AT ff'L P ( & e ir • )-** A + £ -^ J. V- \ !£.£•.,• /

0, 90
45, 135

0
90

54.75, 125
35.25, 144

.25

.75

(T 11) LH<;J O t 60, 120
[211J "50. 90, 150


