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Abstract 

Spin-lattice relaxation times of X-eut quartz, irra.diated. by 

1 Mev electrons, were measured. by means of the saturation technique. 

Measurements were made in the temperature range from 1.6°K to 4.2°K 

for four different concentrations, and the values of T1 vere found to 

-07 ~ obey a T1 et T • law below 3°K, and a T1 ~ T law above 3°K. 

Mea.sure:m.ents of the T1 depenclence on concentration were also 

carried out. These exper.i.mental resulte were fitted. to an empirical 

formula by means of the methcd of luat. squares." The empirical 

formula is 

T.r(sec.) = 0.198
2+ 0.164 x 101c -0.119 x 102 c2 + 0.262 x 102c3 s s s 

-0.246 x 10
2 

c: + o.S4S x 10
1 c~ 

where cs is in unit of 4 x 11)
19 spins/c.e. 

At the highest conceatration the relaxation time wa.e 10 ms at 



I. Introduction 

Langevin' s classical theor.r of paraaapet1• postl1lates magnetic 

substances as assemblies of isolated masnet.ic dipoles~ which1 in the 

absence o! aa.gri.et.ic field are distributed in ra:ad.âll directiou~ and show 

no ll&gJletic aoaent. 1fo consideration is given to the re-distribution of 

the isolated dipoles ch1ring the period imraediateq atter an axter.a.al 

Mgnetic field is applied. After the application of auch a field, a 

defini te t:lme :lnternü., however amal 1 ' is required tor these maanetic 

dipoles to establish a state of equil..ibria; ud the length of this 

internl. depends on the Jll&gnetic torees tendi.na to orient the dipoles in 

the direction of the applied magnetic !iel.d,on the randaa !orees of themal 

agitation, and on the constraints arising f'raD. the interaction of the dipoles 

ldth their surromdings and vith each other. Aceord:ing to whether the 

applied field is weak or strong ~s com.pared vith the intemal field of the 

magnetic ions, two k:i.nd.s of characteristic rela:mtion time ma;r be defined. 

In the !ol"JJ.er case~ the rel..a.xation ettects depend o~ on spin-spin inter­

action and the rela:xation tille is of the ord.er of lo-10 second. 

In a amall magnetic field~ the states of electron spins are 

distributed in accord.ance lfith Bol.tlilll&lUl • s st.ati.etics. U the sampl.e is 

sudd.~ pm into a large magnet.ic field, the spins will seek to obtain 

a new themal equilibri.\111 state~ cbaracterised b7 a ..U excess of spins 

in the lover energy states, and.1 tor this to occur 1 spins lllU.8t malte 

trans1ti0118 to the lawer energr states b7 one means or another. Inter­

actions of spins llith the cr,rstal. lattice can affect these transitions, 

the characteristic t:lme required tor the excess eneru to be gi van to the 



lattice being called the spin-lattice relaxation time T1 • 

The first theoretical paper about spin-lattice relaxation times 

in solids was given by" Waller (1932) 1 who considered the modulation of 

the internal dipolar field by" lattice vibrations in detail, and found 

the spin-lattice relaxation time T1 to be dependent on temperature. 

However, the value for the relaxation time obtained by" Waller is much 

great er thau the true value 1 since he neglected interaction between the 

individual spins and the lattice vibrations. Waller also pointed out that 

t'WO types of processes must be considered1 which are the direct absorption 

or emission of a quantum. of lattice vibration by" the spin system, and the 

inelastic scattering of the lattice vibrations by the absorption of one 

quantum. and the emission of the other of different energy. The first type 

of process is the so-called direct process and the second which is 

especially" important at high temperature1 and wbich can be canpared with 

the Raman process in optics1 is called the Baman or indirect process. 

In their treatment of magnetic cooling1 Heitler and Taller (1936) 

pointed out that the magnetic energy of the spin must. be transferred to 

the lattice vibrations. Since the spin energy levels are influenced by 

the static effects o:t the electric field of the cr,rstalline lattice, the 

variations of the electric field due to thermal vibration provide a 

perturbation capable of inducirig transitions. Heitler and Teller vere 

thus able to derive a romula for T1 dependent on temperature. Using 

the same mod.ulating cr,rstalline electric field through lattice vibrations, 

Fiez obtained an expression for the Raman process. The calculations of 

2 

these workers, however1 showed that the cr,rstalline electric field modulation 

mechanism was inadequate to account for the observed relaxation time. 

Kronig (1939) suggested that the relaxation t1me1 T1, intluenced 



by the modulation of the cr;ystalline electric field due to lattice 

vibration, might arise from the spin-orbital coupl.i.n&. When the lattice 

vibrates, the orbital motion in the magnetic ion undergoes periodic 

changes due to the variations in the electric field of the cr.rstal, and 

these changes react on the spin through spin-orbital coupling1 causing 

them to alter their orientation with respect to the applied D. c • .ma.gnetic 

field. Kronig obtained an order of magnitude expression for ions of S = ~ 
which agreed fairl;y weil with experimental resulta. 

One year later1 Van Vleck (1940) 1 using the spin-orbital cou.pling 

mechanism, which he vorked out independentl;y, found that1 under precise 

consideration, Kronig 1 s resulta were not entirely satistactor;y. Van Vleck 

vorked explicitly on Ti.3+ and c? ions in altml.S with the consideration 

of the vibrations of the surrounding. compl.ex of six wa.ter molecules, but 

his values for the spin-lattice relaxation time were also longer than the 

observed values in the liquid helium temperature range. 

More recently, Ma.ttuck and stra.ndberg (1960), modif'ied Van Vleck's 

method of ca.lcula.tion, using a more general method, and obtained the same 

result. They- pointed out that Van Vleck chose the wrong initial and final 
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state of transition and also grouped the perturbation Ham.iltonian ineorrectly. 

Even if equivalent results bad been obtained by these different authors., 

their resulta differed in higher order perturbations. Orbach (1961) 

proposed a different mechanism for the rare-earth group ions. In most 

rare-earth salts, the cr;ystall ine electric field splittings of the ground 

multiplet are smaJ.1 compared with the available phonon energies, so that 

direct phonon-induced transitions can take place between the different 

states. This can be furthermore expla.ined as follows; the ground states 



or a given rare-earth salt are denoted b;r lb') and la>, where lb) is 

the upper ground. st.ate. In addition, le) is an excited state in which 

the energy splitting with the ground. states is less than the maximum 

energr or the phonons. An ion in st.ate lb) absorbing a phonon1 will 

trans!om. to st.ate le), then in a second 'step1 the ion will emit a phonon 

or ditterent energy tram. the previousl;r absorbed phonon, making a 

transition back to state la). 

4 

It bas been pointed out that Kronig and Van Vleck, using the modulation 

or a cr.ystalline electric field, instead or a magnetic field, due to 

thermal lattice vibration as perturbation, found order-of'-ma.gnitude values. 

However, in F-centre crystals, the modulation of the internal mag:netic 

dipolar field is also important in first. orcier perturbation as well. 'l'his 

occurs because the F-centre electrons have a relati~ large byperfine 

coupling to the nuclei, which surround. the hole. Therefore, the 

transitions between the allowed Zeeman splittings should include the 

nuclear spin quantum nmnber mi and the electron spin quantum nmnber ~· 

Spin-lattice relax&tion times are usually associated vith those transitions 

+ which satis1.)' the selection rules 4D1;r = 01 A~= - l. 

The reasons for using smoky quartz for spin-lattice relax&tion tim.e 

measurements here are based on the following: 

l. Since different quartz cr,ystals have various 

concentrations ot alum.inum. impurit;r, a given quartz 

crystal can provide any desired nt.mlber of colour 

centres up t.o a llmit. 

2. The electron-spin-reson.ance absorpt.io-!J. spectra of 

the sm.oky quartz have been extensi vel.y invest.igated. 



.3. Heasur•a:t.s on rspin-lattice rel.axation time have 

~ bea. made at tau.peratv•4.2°K and l.6•K for 

several CGDcentrations. 

4. Measur•ents1 other than spin-lattice relaxation, 

auch as spin-phonon interaction, dielectric losa etc., 

haOebeen ext.ensive]J' carried out. Modele, which explain · 

the experilllental resulta aatisfacteri]J' 1 vere propoaed 

b;y O'Brien (1955) and Ta;ylor (196.3). There are still 

contlicts exi.sting about the relaxation JRecha.Dian1 but 

f'urther experilllental resW.ts m&;y give,.intol"JJ&tion with 

Vhi.ch an adequate mechanian m&;y be constructed. 

The spin-lattice relaxation tillle meaSllred b;y Carr and Strandberg (1962) 

was about 10 tillles longer than that mea1RJ.reCI b;y Ta;ylor (196.3). This 

discrepanc;y cannot be attributed to experimental errors. Since cross-

relaxation JIJA;y pla;y an important role in sm.olq' quartz, the spin-lattice 

relaxation t:im.e vas aeasured hore at va.rr.Lng concentrations. Ta;ylor 

proposed that the spin-lattice relaxation follaws neither the usual direct 

process at verr low taaperatve nor the Raaan process at higher taperatve. 

But Sham.t'erov and. SœirD.ova (196.3) reported that the;y bad found. the 

existence of both the direct and the Ra:man processes when the;y used 

neutron-irrad.iated q,uartz. Even Ta;ylor•s mm. e:x:periaent showed the like­

lihood of the two processes bein.g present. In order to cl.a:rity this, 

experillents on the t.:perature dependence of spin-lattice rel.&xation t:im.e 

vere carried out in the range tram. 4.2•K to 1.6°K. All axperim.ental 

procedures and resulta will be presented in chapters V and VI. 

5 



A. Quartz Cr,rstallograplq' 

Qaart;z, &lao ca.Lled sUicon d.iox:tde, is one of the c011111.onest 

minerale to be :m.et w:l.th in a great variet;y of for.ms, ot llhich a.-quartz, 

crystal.l.1zed below 573°C is the most cca110n. œ-qaart.z bas neither plane 

nor centre s,mm.etr,r 1 but three two-foJ.d axes perpendicular to the 

principal. triad. axis. Hence, in cr,rst.allograptq', it belongs to the 

space group D; and. D; ( see figure 1). The majorit;y of quartz cr,rst&ls 

are bo\U'ld by" faces of a hexagonal prisa and a hexagonal bipyramid. as 

. shom in figure 2a1 aJ.though the pri811l is 80Jileti:m.es absent. The z-a::d.s 

of quartz is in the direction of the principal. triad. axis, wbereas the 

.x-a::d.s and 7-e.:x::ls are in the plane, in vbich one of the two-fold axes is 

U8\1Al..cy referred. to as ;y-axis, perpendicular to the z-e.:xis (figure 2b). 

The 1Dlit cell of quartz is in the form ot a right prism of height 

c, and w:l.th a 600 rhoraboidal. base ot aides a and b. There are t.hree Si02 

mol.ecûl.es in one 1Dlit cell1 in which one of those silicon atcas is on 

the two-foJ.d axis located at a distance c/3 &bOTe the base, surrounded by" 

tour o:x;ygen atome to torm an irregul.ar tetrahadroa. The distances between 
0 0 0 0 

tw ca;ygc atome are 2.62 A, 2.64 A, 2.60 A, and 2.67 A, and those between 
0 0 • 0 

an o:x;ygen atam. and a sil.icon atom are l.ol. A, 1.62 A, 1..60 A, .l.62 A. 

The angle made b;y ox;rgen atot.o.s to the sUicon atom is .144° (Wei, 1935). 

B. The Colour Centres 

Natural-c-quartz usual.J.1' contains illpurities such as alumi.mml, 

sodi\1111 etc. Accord.ing to O•Brien (1955} the lllllOlq quartz spectrœa 

6 



described by Griffiths (1954) may be attributed to the aluminum 

im.purity. In silicon dioxide, each silicon atom of valence four, forma 

four co-valent bonds with the o.xygen atome. Thus, there are twelve co-

valent bonds in one unit cell, ali of the same ldnd.., although the 

surroundings of the œ;ygen atome are different. The aluminum atom, 

having merely three valence electrons, can only form. plane or pyramidal 

bonds. However, by accepting an extra valance electron, the aluminum 

a.tam can also form a tetra.hedral bond. Thus, by a.ccepting an extra. 

electron from the 2p shell of the œ;ygen a.tom, the aluminum atom can 

replace the silicon atam. in quartz. In order to maintain electrical 

neutrality, ea.ch Al- ion must be a.ccompanied by a positive ion auch a.s 

Na+ or Li+. A:tter irradiation, the positive ion captures an electron to 

became neutra!, and the tetrahectrons form.ed by Al-0 bonds are completed. 

The missing orbital electrons from the ox;rgen a toms will act as 

paramagnetic centres. 

The spectrum of sm.oky quartz was fitted by o•Brien to the spin 

Hamiltonian 

where s ==1/2 1 - 5/2 (II-1) 

gll == 2.o6 g.t. == 2.00 

A, = 4.8 x 10-4 cm -l A.r 
-4 -1 

= AY.= 5.5 x 10 cm z 
p -4 -1 = -0.4 .x: 10 cm 

The g-tensor bas axial symmetry., with the axis of each centre approximately 

parallel to the line Joining a. pair of silicon a.toms. The .byperfine 

7 



structve is attrlbutec:l to the al\11dmœ (I = 5/2)# and its axes x• # 

7' 1 z• are not the same as the axes of g-tensor. 

An al.UIIin'UIIl atom can replace 8.'lJ7 of the three silicon atome in 

one \DÛ.t cell1 so that there 111&7 be twelve Al-0 bonds in total, and 

· theoreticall.y' 1 eacl:t. a:x;nen atom can supp:q an orbital electron to form. 

colO\tl" centres. In actual tact 1 unexplicabq 1 this does not happen1 and 

onq six possible sites for the formation of colour centres can be 

identitiec:l from observations. 

From the resulta of cross-relaxation and d.ielectric loss 

ae&SU'tiUDts1 Tqlor proposed. that und.er the influence of themal 

agitation of lattice vibrations, the hole at a given al'1.11Dim:ml i:m.purit7 

can DIOve back and .torth betnen the two O'J::1gen orbitale, and it is al10 

possible for the hole to jlll1p from one az;rgen atOIDl to another (Tqlor and 

Famell# 1964). The latter Mchani• lead.s to the term. o.t so-cailed. 

site-to-site rel.&xation. 

The alOk;r qaartz electron-spin-resonance abserption apectra are 

Vfllr'T com.plicatec:l. There are six llnes in a group, wbich JIJIJ:1' be contributed 

frœ the site of the al'UIIinum. impurity- (S = 1/21 I = 5/2). In addition, 

8 

Jll&ll1' amaller lines bave been observed., these perhaps being due to the forbidden 

transitions in which Il m ~ 1 (Griffith& .!1 al, 195.5). 



( m. 

A paramagnetic centre in a ceysta.l lattice will be attected b7 

an electric .t'ield wbich is ·f'o:rm.ed by the neighbouring ions, and when 

the lattice 'fibrates, the interionic distances are modulated at the 

f'requency of' lattice vibrations. The ceystal ~11 ne electric f'iel.d. is 

lK!dul.ated and cives a perturbation to the original Hamil.tonian to produce 

spin transitions by' means of spin-orbital i:nteraction. On the other band, 

an oseillating magnetic rield. eoaponent arising f'rca the motion of' the 

magnetic dipo~es, will also g1ve a pertur'bation etteet. 

For a parU~&gD.etic centre, the IfamUtonian of the electron-lattiee 

system. 1DA7 be written in the tom. 

(m - l) 

where 1\. is the Hamiltonia:"- containing the statie interaction of an 

electron vith the external magnetic field. and ~he ..l.attice, ~ is the 

Bamiltonian wbich eontains the interaction betwen the centres and the 

lattice vibrations. The observecl. eJ.ectron-spin-resonanee absorption 

spectra correspoDd.s to transitions among the lowest ~ ei&enstates or 

11
8 

is giYeD. b7 FeJJ:lman .!! al (1964) as 

.1 

rit= 2~ + c;(;) +fH·(l+:J.s)+>. L·s +ï:A.t~·r 

+ z 8•[3 c~·~us·1JJ_ ï. sl 
~ il ~a. * ) 

+l~[3 <~·jJ(s·ii)- s ·sJ 
~· .~ ~ 

~ ~ !f 
(.1[-.Z) 

9 



where ~ff) is the electrostatic potential produced by the lattice 

ions surrounding the paramagnetic centre; ~ is the spin-orbital coupling 

coefficient; ~ is the isotropie hyperfine coupling coefficient for the 

k-th nucleus; Bk is the anisotropie hyperfine coupling coefficient for 

the k-th nucleus and C 1 is the coupling coefficient for the dipolar 

interaction of the centre with the 1-th identical neighbouring centres. 

According to Orbach (1961), the Hamiltonian "Hi, contributed from 

the interaction between the paramagnetic centre and lattice vibrations, 

can be expanded into a power series in terms of the strain produced at 

the paramagnetic centre by the phonons. Thus we have, 

1-l= l V,., é,., + Ï:. V'"" é',., ~, + · · · (III-3) 
' '" "'·" 

where ~ m is the strain produced by a phonon in the m.-th mode, and 

v. = ~11. \1 · ";t1fl- (III-4) 
'"- ")~- v'",,. )é.)é-, 

Since ~ is time-dependent, "}1. is likewise, and excha.nge of m J. 

energy will occur between the spin system and the lattice. The time 

required for energy to be transferred from the spin system. to the lattice 

to reach thermal equilibrium is the spin-lattice relaxation time T1 • 

Two kind.s of mechanism, which depend on the crystalline field 

interaction and magnetic dipole-dipole interactions, may occur simulta-

neously or one at a time. That transitions are contributed by the 

10 

modulation of cr;ystalline electric fields through the spin-orbital coupling, 

has been widely accepted since Kronig introduced this idea in 1939. 

However, the mechanism arising from dipole-dipole interaction has not been 

similarly regarded, even though it was introduced sevan years earlier. 



In order to calculate the spin-lattice relaxation time1 it is 

necessar,y to find the transition probability per unit time for an 

electron spin flipping from a state lb> to a state la> • Since the 

Raman, or indirect, process in which a spin flip is accompanied by the 

inelastic scattering of a phonon1 resulta from non-linear term in lli 

taken to the first order 1 and from the linear term in 1{. taken to the 
J. 

second order in the perturbation theory1 we will consider only the 

order up to two in the following. 

The probability per unit time for an electron spin making the 

transition between states lb> and la> by the time-dependent Hamiltonian 

1fi is (Heitler, 1944), 

(III-5) 

where f(E) is the density of the final states. 

The dirëct process, in which an electron spin flip is aceœnpanied 

by t~e absorption or emission of a resonant phonon1 occurs when the first 

order time-dependent perturbation theory is applied to the linear term 

in the equation (III-3). Thus, 

.l 

-wiJ ..... =Îl·f<"l~ "E"..I~>>lrre> (III-6) 

and the corresponding transition probability for the Raman process is 

W = !!!' 1 l (41: Vmf,.IJ><jl J V.,~ .. lt,) + (Aj~ V. ~ 6 'b~.afteJ 
b~Cl. 1; J E. - Ej "', .... 11 

"' 

Since >. 1 the spin-orbital coupling coefficient, depends on the 

relative positions of the hole, and its neighbouring nucleus},the lattice 

11 



vibration ma.kes the spin-orbital couplin.g time-d.ependent. Thus the 

time-d.ependent crysta.l.liz:l,e el.ectric .f'ield causes transitions within 

the ground state multiplet. The hyper.f'ine coupling coe.:t':f'icient ~" also 

12 

...... . 
depends on r, and the .f'irst order perturbation of' \: has non-vanishing matrix 

. + 
elements of' S;.. s_, lead.ing to transitions of' the type 4mg = - 1, 

- + 
A ~ = + 11 in which electron and nucleus .f'lip in opposite directions~ 

The time-dependent anisotropie hyper.f'ine coupling coefficient Bk, 

by .f'irst order perturbation, leads to non-vanishing matrix elements 

SzS+' Szi+' S+I_, and I+S_. This means that electron and nucleus can .f'lip 
- - -+ -+ 

separately or tba.t both can .f'lip simultaneously. Final 1 y 1 the electron-

electron interaction term, in which the one conta.ining sis leads to 

mutual .f'lips or a pair or spins, does not lead to spin-lattice relaxation. 

The other ter.m does give rise to spin-lattice relaxation, but its 

contribution can be made insigni.f'icant by su:f'.f'icient dilution of' the 

paramagnetic centres. 

Because of' its complexity, we will abandon the anisotropie 

property or elastic wave propagation in solids, and assœne that the strain 

in equation { III-3) can be represented by the average value e , at the 

mean time. The expression of111 in equation {III-.3) is evaluated at r01 

such that Vm' Vmn' etc., are time-independent, so that we obtain a 

simpler expression for 

)/;,= Af: + & e z. 

The density of' .f'inal states is (Abragam, 1961)1 

3 "-l"' 
fCE)= .'l71'a1fJ 

(III-3a) 

(Ill-8) 



where via the propagation ve1ocity of an elastic wave in the lattice. 

Equation (III-6) can thus be written, 

(III-9) 

where è (E - E ) means that possible transitions are from the states of 
0 

eigenvalue E to those of eigenvalue E only. 
0 

The mat.rix elements of the strain, e , at a point r for a 

pa.rticular mode k of occupation number N1 are (Ziman, 1960) 

...... 
(N+II~I IV>=~ [ *1~~ J }t-e. -i--·r 

(N-1/~IN>=-~<[ ~~w ]Ji -e. ;.l_.'t 
(III-10) 

These elements correspond to the creation and destruction of a phonon 

of energy tw appropriate to the transition we have considered. 

From eq'W1tion ( lli-9) 1 the probability of transitions from 

state lb) to state la> is 

M.t. c.sl 
\.V._.o. = ~7f-vS"'k, r1 ti 01+1 J {III-11) 

where N is the number of phonons of mode k. Since a phonon satisfies 

Bose-Einstein statistics, 

1 N = --r:-:---
e~-1 (lli-12) 

Now, we are going to evaluate the reverse probability1 which is the 

transition from state la) to state lb> • 

(lli-l3) 



The net transition prob&bil:ity going from stat.e J.b> to state 

la> 1s equal. to the à:i.rference of Wb,.. a and \fa~ b• 

'l'hus 

(III-14) 

U n = 1\ - •a• and Ha + ~ = B, and since the IlUJDber of phonons of 

mode k 1n the system is constant, 

.a 
J.,.. _ 3A • -1 ~ (n.-t1 ) 
ëEf- - 2.1TM 1\ ..,r w ~ 2KT • 

where n0 = il tanh :~ • 

The solution of equation ( ID-15) is 

(III-16) 

where 

(III-17) 

and T1 is the spin-lattice re.J.a.xation time. 

· In the case 1iw "'""' l'f, the energy splittings are m.uch sma.ller 

than the themal energy 1 ~ coth ~ can be expanded 1n terms of :; 

and higher order ter.m.s neglected. 

1 lA~ fùa 

T, = 1f~.lM u-r KT (III-18) 

Thus T1 is proportion&! to T for the direct . process. 

Using the theory of conservation of energr, e '- e •1\. l.ù• 1 thus 

the frequency difference of the absorption and amission phonons 1n a 

lWDan process is equal to the .trequency of the scattering phonon, 

u'- Coù = ""•. However, since 6.14 is much smaller tban either w· orw 1 we 



obta.in from equation (In-7)., that the transition proba.bility per unit 

time !'rom &tate lb> to &tate la> is., 

(III-19) 

Since the elastic constants A and B are of ·the sam.e order of 

magnitude and are usually much smaller tba.n 1., the first term of 

eqaation (III-19) is negligible campared to the second ter.m. 'l'hus, 

a:f'ter a caJ.cu.la.tion equivalent to those used in equations (III-11) and 

{III-13), we get, 

_1__ 1B' w'( T~ (1 i' "' 1.<. 
T. - 81T1Ma.tr'" ' 1 1) {e~-r)• 

0 

(III-20) 

where :x: == ~~ X == :~., '-4, is the Debye frequency of the J.attice,· and 8:, 

is the Debye tem.perature defined by Xê==1iw.,. 

For T<< f, the integral in equation (III-20) tends towa.rd a 

llmiting value independent of T. '.rhus, the spin-lattice relaxation tim.e, 

'1'1 .c '1'-7. It should be noted that the integral converges rather sJ.owly, 

and the '1'1 o< T-7 law is only valid when f ~ 0.02 {Abragam., 1961). For 
'61:! 1t 

'l' >> 9 , e kT can be expanded into 1 + -;:;, the spin lattice relaxation 

-2 tim.e Tl~. T • 

1.5 
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IV. Appa.ratus 

The X-band heterhedrod.yne spectrometer used in this ex.periment 

is simi1ar to that discussed by Feher (1957) modi.fied by the addition of 

two precision micro-wave attenuators immediat~ before and a:rter the 

magic T bridge as described in detail by Lortie (196o). 

The micro-wa.ve power is supplied by a Pounder stabilized Sperry 

2109 klystron with frequency stability better than two parts in 107 at 

frequency 9400 Mc/sec. A magic T with one arm leads to the micro-wave 

source, which is attenuated by a 50 db variable attenuator to keep the power 

leading to the cavity1 formi:ng another arm. ot the magic T1 at a desired 

level. The reflection power from the cavity1 containing the signal, 

leads to a balanced mixer through another 50 db variable attenuator. This 

signal m.odulated by micro-wave power from a local oscillator of frequency 

30 Mc/sec. ott the frequency of the main micro-wave source, was lead to 

the detectet system and displayed on a recorder. ar proper adjustment 

of the two variable attenuators1 the signal level incident on the crystal 

mixer can be kept constant, while the power incident on the sample varies 

over a wide range. A variable phase shitter and attenuator form the 

11d~ a.:r.m.n of the . JD.&Sl.c T. 

The Pacifie 12" magnet gives a short time stability of one part 

in 104• A 200 cycles/ sec. audio-frequency magnetic field is produced, 

parallel to the D.c. magnetic field, by adding two Helmholtz coils at both 

magnet poles. The effect of the magnetic field modulation is to modulate 

the micro-wave signal reflected tram the cavity at 200 cycles/sec. The 

signal amplitude is proportional to the derivative of the magnetic 

susceptibillty. 



• ln order to eetablish magnetic resonant conditiOD.s1 011e can 

either change the trequeney of the power source or the magrdt\ld.e o:t 

the D. C. mqnetic field. The latter method bas been found. to be more 

convenient. 

The re:tlected signal is actuall.1' a function of the derivatives 

of l' and. 1'' 1 but in all of the experimenta described. here1 the 1' 
cœapone:nt is elim1nated. B;r suitable ad.just.ments of the variable phase 

ahifter and attenuator on the 0 d'tDDD1;1 arm"1 the bridge can be balanced 

to a null condition off resonance. When :magnetic resonance is obtained1 

the cha:n.ges in ~· o! :the sam.ple unbaJance the bridge, causing a net 

re!lected signal. to be sent into the detector S)"stem. 

During the later part of this wrk, the local oscillator was 

stabilised at 9400 Mc/sec., and sim:altaneousq, a narrow band. pass !Uter 

vas placed immediate~ be:tore the mixer. This improTed the signal to 

noise ratio about three times. 

17 
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V. Measurem.ent Techniques 

A. The Sample 

A 1.5 cm. long, 0 • .3 cm. in diameter, X-eut natural quartz crystal, 

was irradiated by 1 Mev electrons from a linear accelerator Wltil it 

became opaque, that is aaturated. This ccy-stal was mom1ted parallel to 

the magnetic field through the centres of the broad surfaces of the 

rectangular cavity, which was or~ designed for accoustic absorption 

purposè, as reported by Taylor (196.3). Since the direction of the x-axis 

of the quartz is fixed, ollly one parameter is to be changed, unlike that 

of the sample placed on the plunger which has two parameters to be 

changed. This reduces the work for mount.ing. 

Once a given ccy-stal was moWlted in the cavi.ty the spectral lines 

for a given site could be resolved for only a small angular range of D.C. 

magnetic field. Also because the sensitivity of the spectrameter depends 

on the angle of the cavity with respect to the D.C. ·field, the angular 

range for spin-lattice relaxation purposes is quite llmited. In this 

thesis, all the experimenta were carried out on the transition (l/2, 

.3/2-1/2, .3/2) and sometimes on transition ( -1/2, 5/2-1/2, 5/2) of the 

site 4 (Taylor and Farnell, 1964). 

B. Bleaching of Ccy-stal 

The F-centres in quartz, produced by the irradiation with electrons, 

neutrons, and X-rays, etc., are permanent at room temperature. However, 

they can be rem.oved completely by heating up to a certain temperature or 

by ultra-violet irrad.iàtion. The reqaired temperature and wave length 



depend on the agenc;r 'by' which the centres were produced. 

The bleaching agent -.ployed in this resea:rch was beat. The 

sample vas placed. in a Central Scientitic oven, which gi ves wù.torm 

temperature in the range from room temperature to 28;•e., and which can 

also automa.ticalJ.T adjust the temperature to a speeified value. As the 

number of centres decreases, the taraperatures required for b1eaching 

increase. The b1eaching vas started at 150°C. Since the d.arkening depth 

depends on the energy and length of time of irradiation, it seem.a l.i.Jœ.4r 

that the b1eaching starts on the outside and :maves inward. In this vork, 

the teœperature ro:a.e only to 224 °C, due to the :ract that gradual decrease 

of centres above this taaperature is so sm.all that the EPR signal could 

not be detected. The vriter attem.pted to maintain a constant temperature, 

V8.17ing the time for b1eaching. It was found. that the EPR sigtl&l 

intensity verns time for b1eaching. follovs apprax:i.JIIately the exponential 

.tnnctio~ as the al lœl ::1 halide salt centre does. 

Two methods were used to estimate the m:Dilber of F-eentres. First, 

the EPR line height and width vere compared with those of' a o.;% 13Cr(CH)6 
upper line, which was then ccmpared with a weigb.ed DPPH sampl.e. Once 

the widths and heights of these lines are known, the number o:r F-centres 

can be calculated from the formula !rom Yaris ,n ~ (1961), 

~s' ... '+ 1 

for the transitions from M-+M-1, where the (l) and (2) re:rer to the 

sam.ples (1) and (2). Since the line width and height depend upon the 

19 



orientation of the cr;rstùs1 errors may be introduced during di.tferent 

concentration-determination rans, due to the diffiaulty of placing the 

quartz and the potassium chromicyanode at the same angJ.e for a specifie 

axis in the D. o. field. The second method is to use a Perkin Elmer 

20 

350 photometer to measure the absorption coefficient of the colour centres. 

This method gives only relative concentrations. If the relation between 

number of colour centres and the absorption coefficient of light of a 

specifie wave length is knmm, the actual number of col.our centres can 

be estimated. However, due to the opacity of the smok;r quartz during 

most of the concentration-determination rans, only a few measurements 

were carried out for this compa.rison. Since the EPR signal could not be 

detected after the smolq" quartz became transparent 1 no relation between 

the reading obtained with the absorption coefficient and the actual colour 

centre concentration was found~ 

C. Measurement Method 

There are two methode in general use for spin-lattice relaxation 

time measurem.ent1 :namely', the CW saturation method and the pulse method. 

The CW saturation method, which is the method employed in this thesis and 

vhich is based on assumptions valid only in ideal cases, is not ver;r 

reliable. The pulse method is limited to a relaxation time longer than 

of the order of one micro-second, and much greater power is usual.ly 

required to saturate the sample. 

If the attenuators before and after the cavity are adjusted so 

that the power going to the rf pre-amplifier is not great enough to 



2J. 

saturate the rt am.pl.itier, and it the modulation is sutticie:nt~ reduced1 

the output signal. is proportional to the power input to the cavity. Th&t 

t1r" is, the detlectio:n or the recorder needle is near~ proportion.al to 7H .,.. 

(V-1) 

l . 
where Z = 

1 
i"M'ts. is the so-called sa:turatio:n factor dependent 

+ •n,liT-. 
upon the power, and g(w) is the li:ne shape fu:nction; !n'the modulation 

freque:ncy is here in the audio-treque:ncy range, B:J. the ·magnitude of A •. c. 

mag:netic field; 1 1 the electron g;yro-mag:netic factor detined by '( = ~ 

and T2 the spin-spin relaxation time detin.ed. by T2 = ~ g(w)ma.x. 

In all the measurem.e:nts, U~T1 ~ 6 holds it the modulation treque:ncy 

is 200 cycles/ sec 1 the:n W~ T1 = 21t. Enough accuracy is obtai:ned by ' 

applying the condition 'i_.T1 >> 1. Weisstloch (1963) has given the 

theoretical plot ting of' 20 log S agai:nst 10 logr 1 and has shown that 

there is o~ a small divergence from th&t asSUDled T1~>> l. From. 

Andrew (1955)1 the output tor a Lore:ntzian li:ne is 

S 
{ll+l,q'+~ ... /'-:l. -(/" 

o( '2. ·1+1r-lf" +C cr+;a.J Cli>+l6 a'·H· a.; (V-2) 

vhere If= 12 si T1 T2, parameter depends on power input. 

Relative values of' .20 log S and S are plotted against 10 log cr 

respective~ in figures 3 and 4. For the case cr>>l, equation (V-2) 

can be expanded in terme of J/r 1 neglecting terms ot order higher than 

two, one gets the asy.mptotic line corresponding to figure 3, 20 x log S 

- conat. + 2 x 10 log Il". Thus the asy.mptotic tangent is 2 and intersecta 



the abscissa., i. e. 10 loger., at 1.6 db wbich can be easily verified. 

In the.other graphs, (figure 4) the ~crease in power above a certain 

limiting level bas ver.y little effect. 

For Gaussian line shape 

(V-.3) 

Since T
1

wm >> 11 Z ca.nnot change during a modulation cycle., and the 

values of Z can be taken out of the bracket in equation {V-1). After 

straightforward calculation., we have 

... -.ac:t. (V-4) 
.s G ~~~~ 

«. ...... 
~ 2 where a is a parameter defined as 1t (w

0 
- w) = a and wbich depends on 

o through the relation 1 + o e -a = 2&. The same kind of plot' is also 

given in figures .3 and 4. The general forms of these plots for the two 

kinds of line shapes appear to be very similar., with the exception of the 

.tiret type of plot in which the a5,f.mptotic tangent is 1.9 and intersecting 

the abscissa at 2. 5 db (Smith 1961). 

Smith (1961) bas given the for.m.ula for both line shapes as 

-r, ... AJ;J,If-!iJ_ 
•.• :r r~K 7i 

~· ~ 

(V-5) 
for Lorentzian line shape 

,, l'lfYJwr 1-rJ Jt.1ttz. where K =-;- = ( 1 1 11 , Q is the \Ulloaded Q of the cavity, re 4J V c '+11 ~ .1 ""'l 

r is the reflection coefficient, ~ the frequency of the micro-wa.ve 

power., V the volume of the cavity at resonance, a., b., and c the 

1 dimensions of the cavity., and T
2 

== n= ; and 
wyJTT.t.IJ 

T,= 
where T2 = J1!i'l , 

71'.61-} 

.441~-,;'l for Gaussian line shape (V-6) 
1.1-1 ~K1i 

the line width defined here is between the points 

of inflection. 

22 



The signal strength to be taken duri.ng the experimenta wa.s the 

~mum detleetion of the recorder needle, and the corresponding S is 

d.efined 

S == Haximœa magn:it\lde of unsaturated. 8110lq quartz s~ (V-7) 
Max:bmm magnitude of saturated BDlOlcy' quart.z s1gnal 

Una.l.ly, the saturated signala are compa.red with that of barely saturated 

cr.rstals, such as DPPH. The DPPH 11ne, unf'ortunateq, is in the midst of 

the sm.ok;y quart.z spectrœa, and the measarE&ents made for saturation effects 

on the specified line were influencee! by the smok;y quartz lines. The 

w:ri.ter has tri.ed without success to find. other sa:m.ples to substitute for 

DPPH. The same EPR line was used both for relaxation time measurE&ent, 

and as the standard line to replace hard saturated sample. Great care had 

to be taken in orcier to maintain the cavity input power at a level law 

enough to elim1nate a saturation effect. The attenuators imm.ed.iatel.y 

before and a.fter the magic T were then set to the readi.ngs for unsaturation 

and saturation in alternat1on1 and. the magnitude of the same llne noted. 

Two methode were used to analyse the experimental data, both of 

which should. g:Lve equivaient resulta, although not with the same degree 

of accuraey. 

In the first method, S defined in eqœ.tion (V-7) ahova that a 

small fluctation during the saturation of the cr.ratal. causes a serious 

error. Since, in the first 1dnd. of plot, 

D == 20 log S = 20 log ~ / s2 (V-8) 

The fluctuation introduced due to LJ.s is 

(V-9) 



In most cases, .Ds was com.parabl.e with .s,, and \A'Dl would be fair~ large. 

This fl.uctuation would. malte it impossibl.e to give an accurate asymptoti.c 

tancent, and besides, the time required for a compl.ete saturation ran is 

rather l.ong. It is difficult to keep the taaperature constant for such 

an extended period so that this method of ~isis not suitabl.e for 

temperature dependence rans. 

Another method corresponding to the theoretical. plot of figure 4 

was first devel.oped by Bl.oembergen ( 1948). The corresponding si.gnaJ S 

is defined as the reciprocal. of equation (V-7) 1 the error introduced due 

to the fl.uctuation of the signal.s being rel.ativ~ small, as can be seen 

through following equations. 

.11. 
D ==-

'r 
(V-l.O) 

lbDI~f~l-+1 ~~:1 (V-li) 

, _ _::, where ~ ~ s2 and ,:,i,s <. st• Thus the fiuctuation of .4D is fair~ small. 

A horizontal. l.ine XY is drawn on figure 5, the intersections of 

which with different saturated S versus lO l.oga plots will gi ve the same 
(' 

-,; values of 31 that is J 

(V-12) 

where SA' 5:B1 s0 etc. are functions of the correspoD.ding GA, r 6 , ~. 

etc., respectiv~. One possibl.e solution of equation (V-12) is. 

OA = <7à= o;.=··· 
(V-lJa) 

(V-lJb) 



and we tind the ratio of spin-lattice relaxation time to be 

(V-14) 

To express the ratio of power as a difference in db below one watt and 

the spin-spin relaxation tim.e, T2, in terms of line-width, equation (V-14) 

becomes, if lines A and B etc. are of the sam.e shapes, 

where 4Db =db of A.- db of B. This method requires the temperature to 

maintain constant tor a shorter time., since onl.y a tew points around the 

specitied line at half saturation are enough to determine the curve shapes. 

In the second method1 a sample of known spin-lattice relaxation 

25 

time was placed in the cavity simultaneously. During each run1 measurements 

were made on both samples. In this research, a crystal of ~Cr(CN)6, 

which was used as a standard t'or concentration comparison1 was placed in 

the cavity with the smolcy' quartz. The spin-lattice relaxation time of' 

the former crystal with a concentration 4 x 1019 spins/c.e. served as 

a standard; it had been obtained by the first analytical method1 where 

N was found by f'itting the experimental data to the theoretical plot, 

being then calculated by equation (V-5). 

Except t'or the highest concentration sample1 a1l the spin-lattice 

relaxation times were analysed by the second method. 



VI. Experimental Resw:~s 

A. Spin-spin rela:x:a.tion time measu:rements were made at extremeq 

high and lov concentrations d.uring this research. Since the spin-spin 

relaxation time T2 relates to both the line shape and. wid.th, an accurate 

measurement on line w:ldth vas earried. out by counting the number of 

clicks of the D. c. magnetic field sweeping rate market:, this vas 

ealibrated. to an accuracy of three signii'icant figures with a Harvey Wells 
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precision mm gaussmeter. In order to determine the line shape, theoretical 

plots of both nomal :1 zed. Gaussian line and no:rmal.ized. Lorentzian line vere 

titted to the experimental eurve. The;y were neither id~ Lorentzian nor 

Gaussian lines but were close to Lorentzian lines {see figures 6 and 7). 

This result contradicts tbat of Taylor who found tbat the line shape is 

closer to Gaussian line shape, the F-eentre concentration of the cr;rstals 

used by Taylor and this writer were o;( the same order. In general, we 

can say that as the concentration d.ecreases, the line shape bas a tendency 

to beeame closer to the Lorentzian line. 

The line w:ldth of the sample at a high concentration i.e. 

4 x 10l9 spins/c.e. is 0.65 gauss. Hence we bave 

2 -8 
T2 = JJTAH = ;.; x 10 sec for Lorentzian line 

Ji1T -7 
T2 = _ ·"tlli6H: = 1.4 x 10 sec for Gaussian line 

where 'f= ~ = 1.7.5 x 107 gauss-sec. 

The line width of the extrem.eq dilute sample, i.e. 2.8 x 1018 

spins/c.e. is 0 • .52 gauss, the corresponding spin-spin relaxation time being 



T2 = 6.6 x 10-8 sec 

and T2 = 1.7 x 10-7 sec 

tor Lorentzian line 

tor Gaussian line 

Ad.di.tional measurements are necessary to tind the corresponding 

spin-lattice relaxation tim.e. Fraa equations (V-5) and. (V-6), there 

are tour unknown. quantities to be determin.ed. The unloaded Qu was 

measured by the using ot a ratio meter. Simultaneou~, the coupling 

coe!'ticient p, which is related. to the retlection coet!'icient r ' was 

also m.easured. in under-coupled conditions. Cil is the !'requency ot 

microwave power source and V the vo1um.e o!' the cavi.ty at resonance. 

The num.erical values ot those qwmtities are given be1ow 

p = 0.6.3 

Qu = (1 + f3) ~ = 1.6.3 x .3100 = 5100 

fit= 2• x 9.400 x 109 seo-1. 

V = abc = 2.2 x 1.0 x 4.6 = 10 ~ 

-,!,. vhere ~ is the measu.red. 1oad.ed Q ot the cavi.ty. The retlection 

r_1-B_ 
coefficient - 1 + P- 0.2.3. Then we have 

~ 
K=-= 0.9S 

pi 

The experimental data for S were fitted to the theoretical 

plot ot figure 41 !'raa which one !'inds the intersection ot the a53Çtotic 

line ld.th the abscissa at 50.4 db {=R) as shown in the typical plot ot 

this ldnd in figure, s. 
At 4.2°K1 by equations (V-5) and (V-7), tor the 4 x 1rf9 spins/c.e. 

case, R = 50.4 db, we have 



T1 == 10 :x: 10-3 sec == 10 ms for Lorentzian line 

and 

for Gaussian line 

B. Temperature Dependance 

In this and ne.xt section$., experimental data were a.nal.Jrsed by 

the second method described in section (V-c). A typical plot of this 

kind was shown in figure 9 for the concentration of 4 :x: 1019 spins/c.e. 
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The reading :ror S = 0 • .5 on input power below one watt at 3.4°K subtracted :rrom 

the reading for S = 0 • .5 on input power below one watt at 4.2°K1 gives 

ADb = 2.3 db. Since T1 at 4.2•K is known1 and the line-widths at 4.2°K 

and 3.4°K are almost the same, the spin-lattice relaxation time T1 at 

3.4•K can be ca1C11lated from. equation (V-1.5). 

Figures 10 and 11 Show how the spin-lat.tice relaxation time 

depends on temperature. The temperatures in the range from. 4.2°K to 

1.6•K were achieved by pump:ing liquid helium in the inner dewar. B;y 

m.eans of a temperature and vapour pressure correspondenoe cha.:rt, which 

is calibrated by a thennocouple, the temperature can be read direotly 

from. the reading a on the manameter. However 1 since qd.ra.ulic pressures 

were not indicated during the calibration, it is difficult to know the 

tne temperature of the sample merely from the pressure readings1 when 

the temperature is between 4.2°K and 2.2°K1 the .1\ point of liqui.d helium. 

Because the walls of the dewar are at a different temperature .t'rom. the 

surface of the liquid helium., a temperature gradient e:x:ists and, 

obviously., the temperature difference between the sa.mple and the liquid 

helium surface dep~ds on the height of the latter. In most cases, the 



o-f . 
amount liquid heli1Dil poured into the dewar cannet be controlled 

accurately. Below the ?\ p()int 1 liquid heli'UDI. becCIIles a supertluid, 

therefore the temperature gradient no longer exista. Renee the 

accuraey of read.iJ:l&s at temperatures above 2.2°K would not be as 

great as those made below the Î\ point. 

Figures 10 and 11 confirm the existence of two processes, 

suppos~ dominating in two regions separated b;r a certain temperature, 

the "critical temperature", which depends on the concentration of 

F-centres. As the concentration decreases, the ncriticaJ. temperature" 

increases. One process, d.anina.ting below the "criticaJ. temperature" 

reS'IÜts in the spin-lattice relaxation time to be proportionaJ. to T- 0• 7; 

while the other process, taking pl.ace when the temperature is above 

the 11criticaJ. temperature", gives T1 ..: T-2•6• 

Results o! the spin-lattiee rela.xa.tion tim.e at two extremes of 

concentration, and at 4.2°K and 1.7°K, are presented both for Lorentzian 

and Ga.ussian line shapes as below: 

T1 (ms) T1 (ms) 

Concentration Temperature .111Db Lorentzian Ga us sian 

4 x 1019 spins/c.e. 4.2° K 0 10 4.8 
~.75• K 6.0 42 18 

2.8 x 1018 spins/c.e. 4.2° K 14.5 296 127 
1.65° K 20 • .3 ll.OO 472 

' 19 It bas to be pointed out here that at 4 x 10 spins/c.e., both 

analytical methode were used at each temperature, showing tha.t the resul.ts 

are consistent within experimental errors. For the lower concentrations, 

the second method only was emplo;red. 



C. Concentration Dependence 

The relation of spin-lattice relaxation time to concentration 

is presented in figure 12. The useable concen~ration is no lesa than 

2.8 x 1018 spins/c.e., belowwhich the EPR signal to noise ratio is so 

small that measurement of the EPR saturation effect becom.es im.possibl.e. 

By means of the l.ea.st : -square· ~\:; method1 an empirical expression 

was fitted to this data. Using McGill•s IBl4 7040 computer, one can get, 

l 2 2 2 .3 
Tl = 0.192 + 0.164 x lO cs - O.ll9 x lO cs + 0.262 x 10 c

6 

- 0.246 x 10
2 

c! + 0.848 x 10
1 

c! 

wbere cs is the number of F-centres in a unit of 4.0 x 1019 spins/c.e. 

and T1 the spin-lattice relaxation time in second. 

As the concentration decreases, the spin-lattice relaxation time 

T1 increases until 8 x 1at8 spins/c.e. is reached. Henceforward1 T1 

proceeds to a certain limit, beyond which there is no corresponding 

increase with decrease in concentration. 

Most of the measurements were made on the fifth line, i.e. 

(- l/2, .3/2 -l/2, .3/2) of site 4. In several cases, measurements vere 

also made on the sixth line, i.e. (- l/2~ 5/2 -l/2~ 5/2) of the sam.e site. 

The relaxation times for both lines at extremely high concentration are 

approximately equal. However, for very low concentration, th97 differ 

widelf• It bas been found that the spin-lattice relaxation time ratio 

for transition (- l/21 J/2-l/21 .3/2) at the two extremes is 251 wbile 
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that for the transition (- l/2, 5/2 -l/2, 5/2) is 91., almost four times 

larger. The spin-lattice relaxation times for transition (- l/21 5/2-l/2, 5/2) 



were obtained. 'by both k:ind. or ana.J.,yses, the resulta being f'airJ.T 

consistent. Thus the inconsistency in ratio must be clue to causes other 

tban experimental. error. 

D. Line-width Variations witb Concentration 

At most concentrations, line-w:idths were m.easured. at 4.2°K 

on transition ( -l/2, 3/2 --~~' l/21 3/2) of' the site 4 using modulation 

of less tban 0.1 gauss. Hawever, due to the D. c. ma.gnetic field 

sweeping rate being relatively' too rast, no precise resulta can be 

presented.. All tbat can be said is that the line-wi.dth decreases with 

decreasing concentration, and the ratio of the line-width of the fif'th 

line at the greatest and least concentration is o •• S/0.52. 



VII. Discussion of Resulta 

A. Spin-lattice Relaxation Time 

Measurem.ents on spin-lattice relaxation time have been reported 

previously by several authors and each bas shawn aame kind of inconaiatency. 

Carr and Strand.berg (1962), using the CW saturation method1 found. 

that T1 at 4.2°K was 300 ms and greater than 3 seconds at 1. 7°K. They 

mentioned neither the concentration of ccystals at which their measurements 

were carried out, nor the shape of the line obtained. From acoustic 

saturation data Taylor estimated that the concentration of the sample they 

uaed was lesa than 3.4 x 10l9 spins/c.e. 

Uaing both the CW saturation technique and the pulse technique, 

TayJ.or (1963) carried out measurements on T1 for X-eut sm.oky quartz of 

a concentration of 3.4 .x 1019 spins/c.e., in the temperature range 

4.2°K to 1.6°K. Hia resulta are shown below: 

T1 (ms) by CW saturation technique 

Lorentzian Gausaian 

+ 3.9- 1.5 
+ 1.5.4- 6 

+ 1.8- 0.8 

7 .3:!: 3 

T1(ms) by 

pulse technique 

34:!: .5 

12.5:!: 1.5 

The difference in apin-J.a.ttice relaxation tim.e as measured by the pulse 

and the CW saturation technique, he concluded, was due to both aite-to­

aite and dipolar cross-relaxation. 

Camparing Taylor's resulta with those obtained in this thesis1 

the former ia smaller by half' at 4.2°K. The concentrations are belleved 

to be approximately of the same order. 
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B. Temperature Dependance 

In both pa.pers mentioned in the previous section, spin-lattice 

rela.x:ation times have been measured at four different temperatures at 

l.east. In Carr and Strandbergts pa.per, measurements were made at 1.7°K1 

4.2•K, 35°K and 77•K. Due to the temperature invervals being too l.arge, 

no indication of process changes appeared. Even in Tayl.or r s attempt to 

prove that neither a direct nor an indirect process exists in smok;r 

quartz spin-l.attice rel.axation, the resulta of his measurEBD.ents show 

that the rel.ationship between T1 and temperature is far from following 

the singl.e process Wich would be important at very l.ow temperatures. It 
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is believed that :f'urther etudies of temperature dependance at temperatures 

beyond 4.2•K will show more clearly which processes are act~ in 

existence. Sham.f'arov and &airnova (1963), using neutron-irradiated 

quartz at tvo different concentrations, found, by' using the pulse 

inversion method1 in the temperature range fran l.6•K to 4.2•K, that, 

both for the 1018 spins/c.e. sampl.e in the temperature range from l.6•K 

to 3°K1 and tor the lcf9 spins/c.e. sampl.e in the temperature range from 

1.6°K to 2°K, the spin-l.attice rel.axation tim.e tollows. T
1 

«T-l. l.aw; 

while fran the temperatures indicated above to 4.2•K, the spin-lattice 

rel.a.xation time tollows '1'1 tl(. T-4 l.aw. This change in "critical temperature" 

from 3°K to 2°K w:l.th change of concentration might indicate a different 

relaxation mechanism at the different concentrations. 

As shown in chapter ID, the spin qstEBD. in an excited state, is 

rel.ated to thermal. equ:Uibriurn by two kind of processes. The direct process, 

usual.J.;y dnmi nant at a vecy low temperature, l.eads to T1 proportional to T-1• 



'l'he Raman, or indirect process, lea.à.s to T1 proporl.ional to T-7. In 

figures .·7 and 81 the spin-lattice rela.xation tim.e T1 is proportional to 

T-o.~ and T-2·7 respective~. 

From. our resulte and those of Sbamf'arov et al, we may conclude 

that at temperatures below 3°K in b:igh.ly concentrated cr;rstals, the 

direct process daminates. A reading for T1 proportional to T-0•6 

instead of '1'-l could. not be simp~ due to experimental error1 since the 

temperature meaaurE;lB1ent made below the ~ point, and the spin-lattice 

relaxation are fair~ precise. For T11 in a temperature range higher 

than 3°K, we could. not determine whether it follows the T1 ..c. '1'-7 law. 

Measurements made above 4.2°K will clarify this point. The spin-lattice 

-2 7 0 rela.xation tim.e T1 ~ T • for temperatures above 3 K1 does not seem. to 

be contributed frgm the local mode of lattice vibration at the defect. 

as ahown b;y Castle ~ !1 (1963). If the local frequency ·"-'':·"ti.!•, iht 

Debye frequency, the spin-lattice relaxation tim.e will have a term 

proporl.ional to T-3• 'l'he conditions for tJ, >'""a are t:bat either the mass 

of the imparity is lesa than that of the donor, or that the local strain 
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is enhanced. This seem.s impossible in the case of alumina as the impurity 

in quartz. 
1 2 

KJ.emens (1962) showed that at temperature Tc==~ ( ~ )3" (~) .3, the 

direct and Raman processes are cœnparable. In this experim.ent1 

E/K == 0.46°K, and for quartz, the Debye temperature meaaured by Jones and 
1 

Hallis Hallet (1960) is 469°K. In most cases, (~) 3 ~ 1 so that 

Tc ~ 25•K, which is much higher than the temperatures measured. 'l'his may 



be d.ue to Klemens 1 in his. calculation, neglecting the .factor contributed. 
r ' ~ 

.from. the integralj /x.e. )16 J1C.. The Debye temperature may also be lower • e _, 
a.fter the quartz is irrad.i.ated.. 

c. Concentration Depend.ence 

So .far there is no other reported. result about spin-lattice 

relaxation ti.me d.epend.ing on concentration o.f smoey quartz. Taylor 

noted. only that his resulta were not o.f the same order of magnitud.e as. 

those of Carr and Strandberg, and he attributed these differences to 

crystals o.f di.f.ferent concentrations being used.. Sham.farov and Smirnova 

also pointed. out that the spin-lattice relaxation ti.me measured. o.f 

different concentrations bad. buge d.i.fference. 

Since the Zeeman splittings o.f the smoey quartz are much greater 

than those of the hyper.fine splittings1 it is di.fficult to convert the 

Zeeman energy to energy produced by dipolar interaction, quadrapolar 

interaction, etc.; cons~ent~, it is impossible to consider it as a 

single spin s;rstem. The rate of establishment of thermal equilibrium 

between the system of indi vidual spin levels of the paramagnetic centres 

and the system of dipoles etc., will be characterized by the te:rm of 

cross-relaxation time. On the other band, interactions, which are not 

strong enough to split the energy levels but strong enougb. to broaden 

the resonant absorption lines, also contribute greatly to cross-relaxation. 

In the case of smoey quartz, the separation of two neighbouring lines is so 

sma.ll compared. to their line-widths that overlapping is impossible to 

avoid. Thus cross-relaxation plays an important role 
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in the relaxation mecha.nism. 

Fram the observed electron-spin-resonance absorption spectra, 

we lmow that dipole-dipole interaction is quite stron,g in smok;r quartz. 

For a given crystal, the distance between two nearest centres, i and j 1 

is proportil>nal to the inverse cube root of the nl!lliber of centres contained 

i. e., r ij = Ii -l/3. Since the dipole-dipole interaction is proportional 

to rij -.31 it will be directl.J' proportional to the number of centres in 

the specified crystal. The cross-relaxation time is defined as 
2 _, 

"'1;, = (;~. f 1 <:.2.l 1-l,~:pole !1 > l) J , thus the cross-relaxation time T21 is 

inversel.J' proportional to the square of concentration. To express the 

19 . 
number of centres in units of 4 x 10 spins/c.e., wbich seem.s to be 

the highest concentration one can get w:lth the sam.ple used1 thus one has 

- 2 T - c • 2l s 

The empirical fom.ula has terms of order up to the fifth power 

of concentration, and the coefficients of c2, c3, c4, are of the sam.e 
' s s s 

order of magnitude. This contlict between the experimental resulta and 

the simple estimation of the previous paragraph may be due to other 

interactions which the writer has ignored. Since the lattice is 

vibrating, the distance between the centres is not a constant. Thus the 

dipole-dipole interaction cannot be so represented as in the sixth term 

of equation (Ill-2); and usuall.y, Bk is also ·a function of spacial 

coordinates. Hence the result will be more camplicated. 

La.stl.J'1 it is worth noting that w:lth decrease in concentration, the 

more rapid increase of T1 on the (- l/21 5/2 ~ l/2, 5/2) line as campared 

w:lth T1 on the (- l/21 .3/2....,.. l/2, .3/2) line is due to the energy of 



the latter being more easily shared by its immediate energy leval 

than that of the former., since the energy involved in the transition 

(- 1/2., 3/2--.1/2., 3/2) is nearer to the average energy of the whole 

site.: Consequently., we should expect a stronger dependance of 

concentration for the lines (- 1/2., 1/2-1/2., 1/2) and (- 1/2., - 1/2-+ 

1/2., - 1/2) than for any of the other lines in the same site. 
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VIII. Conc~usions 

Measurements were made on the ( -l/21 3/2 ---~> l/2, 3/2) line of 

site 4 of the X-eut smo)q quartz, especial.ly of the spin-lattice 

relaxation tim.e dependence on concentration and on temperature. The 

experimental resulta are summarized as .tollows: 

(l) The spin-lattice relaxation tim.e o.t a cr;ystal. 

with conce~tration 4 x 1019 spins/c.e. at 4.2°K 

is 5 to lO mjJJi-seconds. 

( 2) Temperature dependence measurem.ents of T1 were 

carried out .tor .tour d.itferent concentrations in 

different processes are in dominanèe in the 

temperature regions separated by 3°K, .tor 

1.6 ~ T '!!: 3°K1 T
1 

<. T-0. 7 and T ;a.. ,3°K1 T~ oe T-.3. 

(.3) Spin-lattice relaxation tim.e, T1 was meaiured as 

a fonction of concentration from 4 x ~0~9 spins/c.e. 

to 2.8 x 1018 spins/ c.e. An em.pirical formula was 

found by the methOd. of least .square. 
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T1 = 0.192 + 0.164 x 101 c - 0.119 x 102 c2 + o.262 x 1o2c.3 s s s 

-0.246 x ~o2 c4 + 0.848 1cfc5 
s s 

where a
8 

is the concentration in units of 4 x 1019 spins/c.e. 

and T1 in seconds. 
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