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ELECTRON PARAMAGNETIC RESONANCE STUDIES
. OF BETA-ALUMINA, A PROTOTYPE GLASS

Steven Ross Kurtz, Ph.D
. Department of Physics
_University of Illinois at Urbana-Champaign, 1980

Electron paramagneticvresonance techniques are used to study
single crystal Na, K, and Li beta-alumina. Color centers are introducéd
into this materiél by irradiating the samples Qith electrons at liquid
nitrogen tempgrature. Using electron paramagnetic resonance and electron
nuclear double reSonanc¢, the color centers generated ‘in this manner afe
identified, and their location within the material is determined. For
one of these centers, an F+ center, the electron spin relaxation rate is
measured over the range 2-20 K using the pulse saturétidn and recovery
technique. These measurements reveal an exceptionally fast relaxation
rate with anomalous temperature and microwave frequency dependence.

Beta-alumina is a structurally unique system. It .is partially
disordered‘and consists of ordered blocks of aluminum oxide separated by
planar disordered regions. Extensive measurements have shoWn that beta-_
alumina displays properties identical to‘those obsérVéd for glasses at
low temperatﬁre as a result of this limited structural.disorder. These
glass-liké properties have'been explained by\proposing.that atomic tun-
neling occurs .in beta-alumina at low temperaturé producing a system of
localized two level states.

A ﬁo?el is developed which.quanfitatively describés the electron

spin relaxation data. . The proposed relaxation mechanism couples the



color center spin to the phonon induced relaxation of a neafby localized
two level tunneling state. A detailed comparison shows that this model
is in good agreement with earlier heat .capacity, thermal conductivity,

and dielectric susceptibility measurements in beta-alumina.
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I. INTRODUCTION

The famiiy of materials referred to as beta-alumina is an ideal
system for ﬁhe:study of a wide rangé of physical phenﬁmena related to
disorder. .At_lqw temperatures single crystals of this solid exhibit
thermal, diélectfic, and acoustic properties typical of glasses. These
results on Beta—alumina agree with predictions of the localized tunneling
state theory'déveloped for disordered materials. At higher temperatures
beta-alumina islé fast ionic (superionic) conductor, aﬁd it has been used
as a solid el?ctrolyte in batteries.

These interésting properties result because single crystal beta-
alumina is.partially di§ordered with the disordéred region -consisting of
a two—dimenSiénal-plane sandwiched between ordered structures. However,
since this matgriél ié.only partially ordered, it is possible to study
the properfieé,of amorphous solids while utilizing some of the udvantdges
of working w&tﬁ'a single crystal. For example, the "confined disorder"
inAbeta—aluhiﬁajalloWS identification of color centers and tunneling
- species with a-higher degree of certainty than would be possible in a
typical-glaés;r This properiy has been used rebeatedly throughout this
work tovreduce'fhe number of 'variables' normally encountered when study-
ing amorphogslmaterials.

| 1n-Chéptér Ii,Aa brief summary of the'propérties of beta-alumina
is presented;:'This review is not-intended to-be complete. Emphasis has
been‘ﬁlaced dn'the'Subjects needed to analyze the experiments in this

thesis, and for this reason, some important topics in the field have heen



omitfed..'(The.Best review on beta-alumina is by JL'H. Kennedy, Ref. i.)
'Part.A of thi$ cﬂapter\describes the strueture of Beta—alﬁmina and intro-
duces several‘fécts for later reference. Part Bbdiscusses tﬁe superionic
properties of 5eta-alumina, and Part C is a quélitative descriptién of
its low tempe?afure glass-like properties. Part C serves as an intro-
duction to thé'concepts and previous experiments which form the basis of
the spin relaxation studies in this work.

Electrdn paramagnetic resonance (EPR) and rélated‘measurements,
electron—nﬁclear dogble resonance (ENDOR) and electron spin relaxation,
are attraéti?é:techniques for studying disordered solids. -EPR and ENDOR
provide informétibn about the identity and sfructufal surroundings of a
paramagnetic:specie;, whereas_electron spin relaxation measurements probe
the low enérgy-excitations within a material. Howe&ér, these experiments
have not pfeviously been productive in studying typicai glasses. The
extensive disofder of these materials often made it impossible to resolve
ligand hypeffine interéctioﬁs from EPR and ENDOR results, and as‘'a result
little strucfufal information was provided.by these experiments. This
factor pius'é laék of adequate data from other low temperature measure-
ments made défailed analysis of electron spin relaxation results very
spequlative(fof most disordered solids.

For beta-alumina the app;ication of EPR techniques is not limited
by‘these'diffiéulties. 'Somé,hyperfiné interactions between paramagnetic
- centers and,adja;ent nuclei-are resolvable, and enough low temperature
~data exist :po:bgrhit an in depth study of electron sﬁin relaxation in
this glass. Siﬂce beta-alumina is not naturally paramggnetic, it was

necessary to introduce a paramagnetic probc into the material to perform



these experimeﬁts. Color centers were successfully generated by electron
Airradiatioﬁ in the disérdered»region of beté>a1umina,‘and EPR and-ENDOR
wére used fo.idéntify these .centers. The prdductioﬁ and characterization
of color céﬂféis in beta-alumina is the subject of Chapter III.}

Finaily; Chapter IV discusses electron spih'relaxation measure-
ments on~a F+ éenter produced by irradiation. A moae1 is introduced which
éxplaihs the reiaxation data and agrees with'previous low temperature
measurementé én beta-alumina. This experiment repreéents tﬁe first quanti-

tative study of eleétron spin relaxation in a glass.



IT. PHYSICAL PROPERTIES OF BETAéALUMINA

A. Structure

The intéresting physical properties of M beté%élumina (M = Na, K,
Li, etc.) fesulf from its unique structure. The material consists of
ordered, 8 Ziwide; spinel-like blocks of A13* and 027, Within this
lattice, thé oxygen atoms form close packed layers, aﬁd the aluminum atoms
oécupy'both'octahedral and tetrahedral sites betweeh the o*yéen layers.
Every fifthAlayer, the spinel structure is violated by.the presence of a
disordered plané containing M" and 02°. The'Mf cationé reside only in
this regioh-talled the conduction plane. The spinel blocks are stacked
gb that the cqnduction plane is a mirror plane, and there are two spinél
blocks and twé conduction planes per unit cell. Beta-alumina has a hex-
agonal cfystal strucfure with iattice constants a = 5f59 R and ¢ = 22.53 A
for Na betaaalumiﬁa.ng/ (See Fig. 1a.) |

The cdnductidn‘plane is ;n open, oxygen deplefed region where the
MY jons can reside at several different sites.‘ These are the BR (Beevers-
Ross), aBR (qnti—Beevers—Ross), and mO (mid-oxyéen) sites. (See Fig. 1b.)
The occupatibﬁ of these sites by M+'ions is highly ' temperature dependent
and variesifor‘ﬁhe different types of M cations. .For éxample, thevsite
occupation’probabilities for Na+ in Na beta-alumina. are 0.63, 0.36, and

0.01 for thé'BR, mO, and aBR sites respectively-at 80 K;E/

With increas-
i + ' . .
ing temperature, Na ions are transferred from BR and mO sites to aBR

‘ M + . ) . - )
sites. At -lower temperatures the Na site occupation remains about the



Figure la.

Stoichiometric.structure of Na beta-alumina. Half of

a unit cell is shown, and the Na cations occupy Beevers-

Ross (BR) sites. The Na ions are located in conduction

planes perpendicular to the ¢ axis. The fourfdifferent

Al atoms are labeled within the figure. (Ref. 51)

Structure of the conduction plane of stoichiometric Na

betafalumina. Only Beevers-Ross (BR) Na cations and

3'”bfidge” dxygen ions are shown in the conduction plane

~and- indicated by dark circles, Other Na sites, the

anti-Beevers-Ross (aBR) and the mid-oxygen (m0) sites,
are also‘marked "x'". Light circles aré the qlosed—packed
oxyg§n 1ayer above and below the conductioﬁ plane. The
unit'gell of Fig. la is indicated by the dottgd_liﬁe.

(Ref. 51)
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same as éf 86 K bécause thesé cations are essentiélly'froien~in at this
temperatureii

| The>coﬁduction plane disdrder is further complicéted by the fact
that beta—alumiﬁa is non-stoichiometric. Na beta-éluﬁina has been ob-
servéd.to be stable over the range 15%-30% excess Na' ions residing in
the conductionlpléne producing a chemical composition of 1.15 Nay0+11A1,03
to 1.30 Na20-11A1203.l/ Density changes with ion exchange indicate the
samples usgd in thisAstudy contained =17% excess cations over stoichi-
ometry.ﬂ/ This would result in (0.63 - 1.17 = 0.74) f4% and’(0.36 -+ 1.17/3
= 0.14) 14% of the BR and mO sites réspectively being occupied by Na® at
80 K. (Theré are 3 mO sites per BR or aBR sité.) AS expected, the struc-
ture of thevconduction plane varies for different types of beta-alumina
~and depends on the method of producing the crystals, bﬁt at low tempera-
ture the phyéic%l picture presented here for Na beta-alumina also ac-
cu;ately represents the structure of.the‘other materials studied in this
work, Li:and'K beta-alumina. -

With thé excess cations in beta-alumina, avsignificant number of

charge compénéating defects afé required to maintain electrical neutrality.

?’S/ and neutron diffractionéf data, Roth proposed the ex-

Based on x-ray
cess cations are compensated by 02 jons located at_mO sites within the
conduétion plane. These negative ions symmetrically distort the‘positions
of thé two A13% jons nérmally located on each side of_the m0 site along
the ¢ axis;A'This'resﬁlts in the formation of aluminum vacancy-interstitial
pairs (Frenkél defects) and creates another A}-0-Al -bond across the con-

duction plane. This defect structure occurs in roughly every tenth unit

cell depending on the M* compositinn.'



In‘thig‘discussion‘of the4M+ cation and charge compensation
structure of»the‘conduction plane, no mention has been made éf ion dis-
placements pérbéndicqlar to the conductioﬁ plane which would break the
mirror symme;ryjof_the plane, and for K and Na'beta-alumina, there has
been ﬁervideﬁce to support this ion displacement. However, for Li
beta—alumina;‘Raman data indicates that the Li~ catiqns are displaced
2 0.8 A from the center of the plane towards the spinel block.é/ It
is bélieved thét the<sma11 Lit ionié radius allows these cations to re- -
:side in “pockétAsites”'created by the close packed‘oxygen layers next
to the conduction plane. if the BR and mO Lif ions are both displaced
out of theApiéhe in this manner; it is even possible to form two layers
of Li” ions‘1{6 ; apart. This structural différence must be considered

when comparing Li beta-alumina results with data for the other types of

beta-alumina.

B. Fast Ion Conduction

Most'of:the research on beta-alumina involves its behavior és a
fast ionic conductor. In general these materials are referred to as
supérionic.coﬁduétofs bécausg they have anomalodsi}'high ionic conduc-
tivity. For Na beta-alumina at room temperature, o 3‘10‘2 (@ cm)~! con-
trésted wifh g = 10'6‘(9 cm)~! for NaCl. This enormous difference in
ionic condué;ivity is a éonsequence of'the extensive disorder in the
Structurelofxéypefidﬁic_conductors instead of ioﬁic conduction via the
motion of iéoiéted defects and impuritiés which occu;s in ordered ionic

crystals like NaCl.



For M beta-alumina, the M cation'is a mobile charge carrier
witﬁin the conductiqn plane, and its motion has been &escribed by thermal-
ly activateduhébpiﬁg of diffusion between the cation sites mentioned in
Part A. Thevtemperature dependencg of superionic ionic conductivity is,

described by an Arrhenius relation

o = (9,/T) exp(-Q/KT) | W

7/

where 06 is a con;tant,'and QC is a mobile ionvéctivation energy.—- For
single crystél Na beta-alumina, Qc'i 0.17 eV from 2?Na NMR linewidth data,
in good agréemeﬁt with diffusion and conductivity méasurements.l/ Other
types of beta-aiumina ﬁave larger values of QC due_to the fact that the
‘Na® ion is prbbably'an ideal size for the beta-alumina conduction plane.
Larger ions may experience a greater electrostatic repulsion than Na*,
and Lit ions are probabiy small enough to be trappgd iﬁ the ”pbcketAsites”
of the spinelrbiock.§/ (This discuséion of conductivity and.ion size does
not always épply for mixed-ion beta—alumina.)

For discussion of the results of thé experihents in this thesis,
‘this description of the supérionic behavior of beta-alumina is adequate;
but ip reélity this bicture'is an-dversimplification. Superlattice and

cluster formation of cations and charge cohpensation defects has been

9,10/

and ion-ion correlations have
11,12/

reported by ﬂiffuse Xx-ray scattering,
been-proposed to éxpiain'diffusion'data for beta—éiumina.

The ﬁigh temperature M* mobility allows cations to be substituted
into the coﬂduétion plane by ion exchange. To prevent water from entering
the conduction pléne, ion ex;hange islusually carried out by using an

appropriate molten salt. For example, the K and Li beta-alumina samples
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used in this study were produced by repeated immersion of Na beta-alumina

4/

into molten KNO3 or LiNO3.— Mixed-ion beta-aluminas and substitution of

al/

diValgnt ions .has also been reported using this metho making beta-

alumina a versatile system for experiments and practical applications.

C. Low Temperature Properties

*Thé thermal, acoustic, and dielectric properties of amorphous in-
sulators at<IOW’temperature are fﬁndémentally different from the proper-
ties éeén'in'corresponAing materials in the crystalline form. These
differences aré observed through both thé magnitude and temperature de-
peﬁdence obtained from a given experiment, and the same general results
are obfained for a wide variety of amorphous dielectrics indicating the
obsefved behavior is. a consequence of disorder and not dﬁe to the chemical
cdmpoéition'oan parficular material. 'At low température beta-alumina
also displays properties identical to those characteristic of giasses, and
to begin this discussion, it is necessary to survey the data obtaihed from
other amorphoﬁs.solids for comparison with beta-alumina results and to
understand-the motivation behind applying the localized tunneling state’
(LTS) model.td beta-aiumina. | |

The éffgcts of disorder can clearly be seen by compéring data for
crystalline q4qﬁaftz and aAsilica glass, vitreous silica. Although these
materials have the same chemiﬁal composition, SiO,, their thermal proper-
ties are distinctly diffe;ent[ Debye theory predicts for phonon contri-
butions té‘fheAspecifié heat, Cp « 73,313/ This behavior is observed in

the a-quartz speéific heat data displayed im Fig. 2a. However, the data
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Figure 2a. A comparison of specific heat data for a glass, vitreous
silica, and a crystal, a-quartz, having the‘same chemical

composition as the glass. (Ref. 14)

b. A comparison of thermal conductivity data for vitreous

silica and a-quartz. (Ref. 14)
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for vitreous ‘silica in the same graph has an excess'specific heat with
C «Tfor T <1 K.
P LT ,

Comparison of the thermal conductivity also reveals anomalous

.results due to disorder. From kinetic theory,
K = (1/3) Cp ve : (2)

where C_ is the phonon specific heat, v the phonon velocity, and & the
phonon mean:free path.lé/ "At lowest temperatures in a perfeét crystal,
2 is limited'only by the sample size producing K'«_T3 in agreement with
the a—quartz.détg in Fig. 2b. For yitreous silica, k‘is proportional té
T2 in this figufe, and.theré is a plateéu in the tﬁermal conductivity near
10 K. |

The Cp m;T and K « T2 behavior is not unique to vitreous silica.
These sameieffeéts have been seen in a wide range of disordered substances
including inorganic glassés, amorphous polymers, and eveén grease.lﬂ/ (For
the purposesvof this thesis, any of these matérialsican be referred to as
a ''glass".) Sﬁecific heat and thermal conductivity results can both be
vexplained by a distribution of low energy states in glasses which inter-
act with the‘phonons enhancing phonon scattering.  This picture is also

15,16,17/ and

supported by ultrasonic absorption and sound veiocity data,
iﬁ barticular,~saturation of the uitrasonic absorption has been observed
indicafing fhe'low energy e*citatiohs have a finite number of accessible
states.

Assﬁming these low energy states have an electric-dipole moment,

glasses shohldAdisplay anomalous dielectric properties at low temperaturec

similar to the manner in which these materials interact with sound waves.
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In ‘an ordered dielectric, the low frequency dielectric constant is in-
dependent of temperature, but in glasses the € vs T curve is characterized

18,19/ °

by a distinct.frequency dependent minima at low temperature. Analo-

gous to the ultrasonic experiments, saturation of dielectric absorption

20/

“also occurs at sufficiently high intensities.—
In l§?2, Anderson, Halperin,_Varma,gl/ andfPhillipsgz/ proposed
the LTS modei which has been successful in describing the diverse phendmena
observed in glaSses at low temperature. This model assumes that atoms or
groupsiof atoms in émorbhous materials resiae in asymmetric double well
potentials, and tunneling occurs through the barrieriseparating the two
wells. This results in a localized, iwo energy lévél system. Since there
is a variety of loéal environments within a disordeied material, it is
reasonable fér there to be a distribution'of energy'splittings of the
2-level stétes; PO(E). The form of PO(E) cannot be derived from first
4princip1es,-bﬁt it is:fqund that PO(E)'eqUal to a constant for O§E§Emax
predicts the approximate temperature dependence for all of the "anomalous"
effects observed in glasses. As a result, this form:df density of tunnel-’
ing statesnhas become a distinguishing characteristiq of the LTS system.
With this brief description of the LTS modei, it is now pogsible
to describe some of the applications of this theory. The expression for

21/

the excess specific heat due to the LTS system is—

- . ¢E , .
- max . [E]? exp (-E/KT)
% Tk JO Po(B) [ﬁ] T+ exp(-E/kmy2 €+ ()

For kT << E and P (E) = P_, a constant, this becomes
. “max o} o}

Cp = (v2/6) P kZT. (4)
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Therefore,'with‘minor corrections to PO(E),>the LTS.mo§e1 can predict
‘the low temperéture specific heat data for glaséeé.A

The ultrasonic and dielectric properties Sf glasses are described
by scattering‘processes involving the LTS system. Using the golden rule,
the rate at thch a phonén or'photon is absorbed by a resdnani (E = hw)

LTS.iséilé/

11, = Py (Rw) o ténh(ﬁw/Z.kT) : . (5)

By usiné this géattering process to determine thé phonon mean free path
and:averagihg'over~phonon~energiés, K« T2 is obtained for Po(ﬁw)= Po.léf
tLTS contribufibns to the specifié‘heat are not included in Eq. (2) be-
. cause the LTS do not transport heat.) Another scéttering process ob- |

served experimentally is relaxation scattering;ﬂilél}Z/

As an elastic
or electromagnetic wave passes through the gléss, it distorts the energy
splittings‘af the two-level states, and the LTS ehitAor absorb phonons to
maintain thefmal equilibrium thus attenuating the wave. This attenuation
is characterized by
'i/Trel « PT3 . | A (6)

The sum of'fespnant and relaxation scattering processes with their dif-
ferent témperature dependences produces via a Kramerstronig transférma-
tion the characteristic minima in the ¢ vs T dataAfor.glaSSes.iiig/

Comparing fhe results of low temperature measurements on beta-
alumina withfthe predictiuus vl the LTS modcl} spcbific heat data for

several beta-aluminas are shown in Fig. 3. For T < 1 K the excess specific

heat is well described by Cp « T. Deviation from this behavior at the
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Figure 3. Measured'épecific heat of beta-alumina. The solid
lines afe'predicted using the LTS -model. - (Ref. 4
. and 23) - The higher temperature data indicated by

the dotted lines is attributed to Einstein oscillators.

(Ref: 74)
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higher temperatures in this figure is due to contributions from Debye

23,24/ Thermal conductivity data

‘phbnons énd‘Einstein oscillator states,
(Fig. 4) is aisbAin agfeemeﬁt witﬁ the predicfions of the LTS~mode1. For
Ag, Li, and Na:beta-alumina the K « T2 béhavior is observed. Also, the
characterisfic'plateau‘is seen at 10 K for these materials. In K beta-
alumina thermél‘conductiyify is proportional to T3Aindicating that boundary
scattering_dominéteé LTS scattering in this case.géjl‘

Variation of the dielectric -constant (Ae/e) vs temperature for
beta-alumina is displayed in Fig. 5-7. (In each curve e is a fixed but
arbitrary vaiue.) Each of these curves show the characteristic minima in
dielectric éonstant, and the minima position shifts with frequency as pre-
dicted by the LTS model. Similar Ae/e vs T behavior and saturation of
dielectriclabsorption has been observed at microwave frequencies for Na
beta-aluminéﬁzé/ 'The results of the microwave study are also in quanti-
tative agreemént with the lower frequency data of Anthdny and AndersonﬂgZ/

"At this time it ié necessary to point out #everal'interesting con-
clusions of t£§ dielectric susceptibility experimenfs on beta-alumina.
Glass—like~behévior was observed in each sample when. the E field was per-
pendicular to.the cbaxis, bhut only Li Beta—alumina.displayed glass-like
behavior when E was parailel to the ¢ axis.zé/ This indicatés that the
LTS electric-dipoles are perpendicular to the c¢ axis éxcept for Li beta-
alumina where the dipolevmay have a component pointing'out of the con-

. duction plané.:ARemembering that only Li cations can reside out of the

conduction plaﬁe in "pocket sites,' this result suggests that the conduc-

tion plane cations.are actually tunneling. Also, the specific heat and

thermal conductivity data was dependenl on the type of cation present
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Figure 4. Measured thermal conductivity of beta-alumina. The
solid ‘lines are predicted using the LTS model. (Ref.

‘4 and 25)
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Figure 5.

Measured variation of dielectric susceptibility as a
function of temperature for Na beta-alumina. The

solid lines are predicted using the LTS model.. ‘(Ref.

4 and 23) ‘The dotted line is the 11.5 GHz data. (Ref.

26)
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Figure. 6. Measured variation of dielectric susceptibility as a
fun_ctioh of temperature for K beta-alumina. The solid
lines are predicted using the LTS model. (Ref. 4 and

23) -
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Figure 7. Measured variation of dielectric susceptibility as a
funct‘ilon'of temperature for Li beta-alumina. The
solid lines are predicted using the LTS model. (Ref.

4 and 23)
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\

providing additional support for this idea. Estimates of the LTS dipole
moment needed to predict the magnitude of the beta-alumina dielectric
data indicate that the tunneling species only tunnels a distance

d = 0.1-1.0A,23:26/

‘Therefore, the tunneling probably does not occur
between the catien sites previously mentioned, a distance of =3 R.

fhe most remarkable result‘of the specific'heat, thermal con-
ductivity, and‘dielectric susceptibility measurements in beta-alumina is
that the'maghitude and temperature dependence obsefved.in each of these
experiments Caﬁ'be predicted'with approximately the same set of parameters

4,23/ This fact supports the LTS model and the

descr1b1ng the LTS system.——
1dea that all of these "anomalous" effects are caueed.by the same group
of low energy:excitations associated with the disorder. For each type
of beta-alumiha; a Single parameterization was generated to fit the data,
ahd the soiid 1ines in Fig. 3-7 are the preeictions of the LTS model using
these perameteri;etionsL The only exceptioh was the LTS-phonon coupling
used to predictlthe dielectric susceptibility was slightly different from
the coeplihg which predicts_the correct magnitude.of the thermal conduc-
tivity. Since these two experihents probe differentlsize energy splittings
.within the LTS‘system, it is not unreasonable to expect these couplings
to be diffetent. |

As a consequenee of these extensive low temperature measurements,
" beta-alumina is a well understood disordered material. It has been proven
that beta-aiumina'behaves like a glass, ahd the deta ie in good agreement
with predictiens ‘of the LTS model.’ These studiee have produced quanti-
tative descriptions of the LTS systems in severalldifferent types of'beta-

alumina, and cvidence indicates that conduction plane cations are tunneling.



All of these féétors combine to make beta-alumina a perfect system to

investigate new phenomena related to disorder.

28
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.IIT. PRODUCTION AND IDENTIFICATION OF
COLOR CENTERS IN BETA-ALUMINA

A;E Sample Preparation and Irradiation Procedure

The samples used in this work were loaned to us by A. C.. Anderson,
and originaily théy were prepared and used by P. J._Anthony in his specific
heat and thermal éonductivity measurements. The single crystal Na beta-
alumina wés'cut'from a boule grown by Union Carbide, and the Li and K
betaQaluminé'gamples'were made from Na beta-alumina Ey repeated ion ex-
_change}ﬁ/ All‘sampleé‘were stored in an anhydrous environment, and as a
further precaution,.the Li beta-alumina was dehydratéd before irradiation
by heéting to 300 C for 48 hodrs in a vacﬁum.

In order to study beta-alumina using EPR, it is necessary to in-
“troduce paramagnetic sites into the conduction plane. This can be done
by éubstitdﬁidh of Na* ions with transition metal ions2¥ or by irradia-
tion of the material to produce color centers. Iﬁ this work oniy the
- latter techniqué has been tried using an electron accelerator. Other re-
search groupsrhave produéed-color»centers in beta—alﬁmina with uv; x-ray,
and Cs or Co Y—ray ifradiatioﬁ.Zgiégiél/ )

The electron irradiation was performed at 77 K in the irradiation
chémbef shown in Fig. 8. The samples could be removed without warming
through a large quik-connect at the‘top of the chamber. With this feature,
EPR measurements could be made on color centers that would bleach-out at

higher temperatures. A 50 micron thick titanium foil was placed between

the incident electron beam and the sample, scattering the electron beam
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Figure 8. 'Sampieléhémber for electron irradiation. é; sample
| mounted on the sample holder in contacf with'thel
1iqpid-nitrogen‘reServoir; b, titanium electron
scattering foil; c,'éiectrically isolated coppér,'

" screen.
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and‘prcducing bremsstrahlung X-rays. Without‘the scatteringAfoil, the
color centeprrcduction was greatly decreased indicating the x-rays
actually produce some cf the observed color centers. The electron dose
was typ:cally 1013 1014 electrons durlng an 1rrad1at10n lasting about

5 minutes. Thls dosage was detected by a 1 cm? electrlcally isolated

- copper screen placed.ln front of the sample and connected to a current
integrator. . |

The F' center was produced by irradiation Witn 1.5 MeV electrons.
Withont allowingfthese samples to-warm—up, they exnibited a dark blue
- coloration and dlsplayed the EPR spectrum of both the F center and the
center observed by Abraham and Stapleton (AS). 3}/ By warming irradiated
Na beta—alumina or Li beta-alumina samples to room temperature in a dry
box fer a few minutes, the biue'coloration was destroyed, and only the
F' EPR remained."After this annealing, the Na and Li beta-alumina samples
had a slight yelloW—broWn tint which appears to be characteristic of the
' center. Fcr K beta-alumina, annealing at room temperature bleached
both centers.atAabout'the same rate after several minutes.

Irradiation of Na beta-alumina at 0.75 MeV produced a sample with
blue coloraticn, and only the EPR spectrum of the AS_center was preeent.
After warming to room temperature, the .sample was clear and no EPR signal
was observed suggesting the blue color is a characteristic of the AS
center. This'irradiaticn procedure has not been tried for other beta-
aluminas, but ‘it could offer a method tor generating AS centers without
creating F+-centers.

+
In all types of beta-alumina where the F center was observed,

this center bleached slowly enough at room temperature to allow sample
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loéding int§ microwave cavities, thus permitting the F' center to be used
'in a variety of experiments. However, the rapid ASHbleachiﬁg at room
temperature‘has-béen an obstacle to an in depth study 6f the AS center.
All samples.could be stored indeéfinitely in liduid nifrogen without evi-
dence of bleaﬁhing; Also, all these color centers could be destroyéd by
heating the bété-ﬁlumina in a vacuum for several‘hours'at 200 C. This
allows the same sample té be reﬁsed.for several irradiations.
By~irradiating Ag beta-alumina with 1.5 MeV electrons, the EPR of
a color centér,tenfafively identiéied~as an Agz+§g/ was observed. This
sample waslcolored black, and the color and EPR signal-were rapidly de;
stroyed upon warming. Siower bléaching'rates Have been reported for
samples with partial Agf exchange with Na'. Because F' and AS centers

were not observed in Ag beta-alumina, this material was not included in

later experiments.

B. EPR Spectrometer System

The EPR results shown in this thesis were‘obtéined primarily from
a homgmade X-baﬂd (9.3_GHZ) system. This apparatus was constructed for
high sensitivity at 77 K, and it also permitted samﬁlés to be loaded and
unloaded without.wérming theh significéntly above tﬁis‘temperature. Using
this system; it was pﬁssible to observe color center EPR signals resulting
from various irradiation procedures and monitor the bleaching of these
centers after,péridas of annealing.

A block diagram of.this appardtus is shown in Fig. 9. It utilizes
homodyne signél detection with microwave bucking-avaiiable through the

bias arm. The klystron is stabilized by an automatic frequency controller
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Figure 9. Schematic .diagram of X-band (9.3_GHZ) homodyﬂe;EPR'

spectrometer.
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(AFC) operating ét 70 kHz and.locked to the samplé cavity. Microwave
frequency Waé measured with either a wavemeter or a microwave frequency
counter, and a fota;ing coil gauésmeter calibrated to-the DPPH resonance
was used.to measure the magnetic field.

To increase the signal to noise, thé EPR'signal was detected
using high,freqﬁency magnetic field modulation. A power amplifier was
connected td‘a éoil inside the mi;rowave cavity generating 40 kHz, 4 gauss
péak to peak modulation at the sample. Thié 40 kHz signal was detected
by a 1ock—iﬁ amplifier producing a derivative of thgiEPR‘absorption spec-
trum. An impedan;e matching transformer was insefted between the crystal
detector and the PAR preamp, anq a narrow—band'filfer prevénted the 70'kHz
" AFC signal from saturéting the lock-in.
| Theimicrowave cavity used in this experiménf was a cylindrical
TEgy; cavity Céee Figure 10). This mode was chosen because its shape is
convenient for sample loading and reorientation, and coils can be inserted
bafalle1 to;the cylindricaliaxis without spoilingT?he cavity Q. A.quartz
tube extending £he‘1ength of the cavity was inserted élong the cavity axis,
and cold nitrogen gas was blown through the tube tovcool the sample. The
‘.sample was.positioned.inside the tube, at the center of the cavity, and
it was mounted on a tefloﬁ or white delrin sample holder. The sample and
its saﬁpie holder ‘could be loaded and manually rotated from above the
.cavity. ‘Thé field modulation coil consisted of a paif of 1/16" diameter
brass rods connected together to form a oné turn coil. .This coil design
was gupefiorﬁto others that were tried because theAbrass rods were rigid
enough to be imﬁune to T x ﬁo vibration while providing adequate modula-

tion.
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Figure 10. A TEOll sample cavity showing the position of metal
rods inside the cavity and the geometry of fhe micro-

) > o )
wave magnetic field, H', for this mode.
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Except for the intefior of the quartz tube, the entire cavity
and coupler‘aséembly was .contained in a vacuum to maintain thermal
stability. The coupler consisted of movable teflon plugs that could

be adjustedvto provide the desired matching of cavity and waveguide.

C. ENDOR Spectrometer System .

Electron nuclear double‘resonénce (ENDOR) is a technique for
deteéting nuclear spin transitions through their cbupling to the para-
magnetic spiﬁ System. Under the proper conditions,.saturation of an
EPR line will Pérfial1y polarize nuclei,Aand converseiy, if the resonance
condition of>the§e polarized nuclei 'is suddenly satisfied, it causes a
_changé'in tﬁe paramagnetic spin populations, altering the EPR absorption.
So in practicé, ENDOR is carried out while partialiyisaturating an EPR
line'and'sifting at a constanf value of,thé.magnefic'field. By monitoring.
the-weak:éPR sighal.aﬁdisimultaneously éweeping in frequency through é
nuclear magnetic resonance, a response in the EPR Signal is obsefvéd_when
. the nuclear‘resbnénce condition is satisfied; Through this proéess, the
nuclear reéonance signal is greatly enhanced over standard NMR techniques,
and lines of width > 10 kHz can be resolved making it often possible to
~measure hypéffine interactions with greater accuracy than can be obtained
using EPR.éé/ :

An ENbOR experiment basically consiéts of a sensitive EPR apparatus
with the‘addition‘pf a radio freduenCy (RF) coil around the sample and a
RF génerath:and gmplifier to drive the coil. For ihéreased sensitivity

and to make saturation of the EPR line easier, the ENDOR measurements in
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£his thééis weré made at liquid helium temperaturé. AAt this temperaturé,
saturation occurs at low microwave powef levels, and for this reason
superheterodyne. detection (see Fig. 11) was used ihs;ead of the homodyﬁe
technique hentiéned in Section B. As before, the Aéc was 1ockéd to the
sample cavity.‘:

In fhis experiment the LSI-11 microcomputer functions as a signai
averager and'ééntrols the frequency sweep of the RFAcoil. The frequency
produced bylthé,RF‘oécillator is proportional to the output voltage of
the D:A converter. ENDOR data is collected during a RF sweep by stepping
the output Qf:#he D:A, and after each step monitéring'thé EPR sighai with
the A:D. Usihg this system, an up—sWeep~was aiways foliowed by an identical
down-;weep Which eliminated ENDOR lineshape distortion éometimes caused'
by using oné sQéep directioﬁ. 'After\theAsignal averaéing was cpmpleted,
the frequency‘ét eaéh point on the resulting ENDOR Spectrum was measured
using a freduéncy counfer connected to the LSI-llZVia'ah IEEE BUS. The
data was théﬁ transferred to a floppy disc for furﬁher analysis.

‘Theimoéf formidable problem encountered when building an ENDOR
exﬁeriment iS'to introduce a sufficient RF field at the sample while main-
taining a ﬁigh cavity Q. This problem was solved by uging a cylindrical
TEg11 cavitylsimilar'to the one shown in Fig. 10. The ENDOR cavity was
immersed in liquid helium pumped below the iambda;point, and because of
dewar size limitations, it operated at Kﬁ4band (1S,O'GHZ). The sample
loading and positioning remained the same as that used in the X-band EPR
cavity. -

The RE coil consisted of two ”fods” positioned at the same place

in -the cavity as the brass rods in Fig. 10. Each '"rod" was made from a
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Figure‘li. A blOck.diagram of Ku-band (15.0 GHz) superheterodyne

ENDOR spectrometer. .
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thin copperitubé which was stripped from 0.035" diameter Céaxitubé, and

-3 strands.of Formvar coated 32 gauge copper wire wefe encapsulated inside
each copper tdbe using Stycast 1266 epoxy; These ”fods” were then placed
in the cavi;y; and the wires. were solderéd togethef<to form a 3 turn RF
coil; Coils constructed in this manner weré‘resistant'to vibration; and
;hermal st}e$$;~and they worked well over a 1-40 MHz’frequency'range. -
This cavitf hddla Q= 8000, and the intensity of tﬁe RF field at the sample
was a fgctpf of 10 greater than thét achieved with a slotted cavity-coil

34/

- design having comparable bandwidth.—

D. Spin Hamiltonian Formalism

In‘ordef to interpret EPR or ENDOR results; it is necessary to
fit the data with a spin Hémiltbnién. The terms contained within this
'spin Hamiltonian deécribe the interactions of an electronic or nuclear
spin-with iﬁs eﬁvironment, and evaluation of'spin Hamiltonian parameters
reveals vaiuqﬁie information about the identity and location of a spin
within a material. This section marks the beginning of this process with
an introductién to the particular Hamiltonian used:to analyze the color
'centef EPR and ENDOR &ata in beta-alumina. For convenience, the infer—
actions obsefved in the EPR experiments are discussed first, followed by
a qualitativg description of their origiﬁ. Afterward, the interactions
observed through ENDOR spectra are presented in the same manner. Further
quantitative.aﬁalysis of the spin Hamiltonian occurs in a later section

after the EPR and ENDOR results are presented.
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The spin Hamiltonian iequired to explain the color center EPR

data for beta-alumina has the form:

> u

B = ﬁé §-§-ﬁ§ S0 VIS S | (7)
1

The first term is the electronic Zeeman energy where u_ is the Bohr mag-

B
neton, ﬁo is the applied magnetic field, andlg is:thé electronic g tensor.
The second term is the‘ligand hyperfiné interaction with the summation
exténding over the ligénd nuclei. 'Terms resulting'ffoh weaker inter-
actions have not been included at this point becaﬁée ;he.resolution of
‘the EPR data makes it impossible to observe these smaller effects. This
discussion'is limited to S=1/2 centers which eliminatés fine structure
35/ |

terms.—

The Zeeman energy in Equation (7) originates from the Hamiltonian
> >
H = . .' :
AN DR : (8)
and in the spin Hamiltonian approach, this transforms into.

B, = ug Segfl = weHs o (9)
where g-ﬁb'pointé along the z axis, and g is refe?red‘tb as the g factor.
For ﬁost coior.centers; g differs little from the:ffeé-electron g factor,
g, = 2.0023,.bu§ valuable information about fhg structure of the centers
comes from these small g shifts and their anisotropy. The spin-orbit in-
teraction admixés cryétal field wave functions and pfbduces a contribution
to E from the f operator of Eq; (8). This causes g'to-deviate from ée,
and the magnitude of the deviation is indicative éf the L character of

the célor ceﬁtér wave function. in the absence of the spin-orbit inter-

36/

action, angular momentum is '"quenched.'"—" Also, the local symmetry of
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the color center is reflected in the symmetry of g through this same

perturbation scheme.ééiéZ/

The hyperfiﬁe term originates from two main sources, the Fermi
. . N

contact interaction and the dipole-dipole interaction between nuclear

and electron spins. The contact term is isotropic and has the form

> >

.Hc‘ = aS.1 , o : (10)
with
a = 30 é g uZ |v()]|? - (11)
i 3 n B ' Co

" The nuclear g factor of the ligand nucleus isAgn, and |y(0)]2 is the
electron density of the unpaired spin at the ligand nucleus. For con-
venience, gn.is written in units of Hy» and it is;df order uN/uB where

My is the nucléar magneton. The anisotropic part of the hyperfine inter-

action primarily results from the dipolar interaction

> > > > > >
UitHy (M1°1) (up°r) -
H = - - 33— 4 (12)

D r3 TS

integrated over the color center wave function. This produces a hyper-

fine interaction with axial symmetry about the bond direction such that

¢ Y

(a-b) \yr | 0

>
TR

(a—b)yyy| ' (13)

0 | (a+2b)z'Z'J

\

where the z' axis is the color center-ligand bond axis. If the color

center also has axial symmetry about z', b may be written as

- o1 2 (3 cos? a-1)y; - |
b = 5 gg w <y o |yp> (14)
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38/

where o is fhe angle between T and the symmetry aXis';;.—— For praétical
purposes, this;treatment of the hyperfine interactién is usually adequate,
but other contfibutions resulting from corrections to the electronic wavé
function and K;T coupling can cause small deviations from the simple form
of Eq. (13).3_9,_4_0,_41/

A,frequently encounfered problem is the solution to the spin
Hamiltonian when E and ; ha§e axial symmétry about the same symmetry axis.
For this-case; A ) |
| B0 4

g| , (15)

.
H

0 8|

and ; remains‘uﬁchanged from'Eq. (13). For.a color center, gl.: gl|, and
a large resolvable hyperfine splitting generally indiéates a>>b. Under
these condifion;, Eq. (7) becbmes
. ' 2) ‘
H=guHsS +:[a+Db(3 cos26-1) + o[a—J + ‘..,']SZIZ | - (16)
~ for a single ligand nucleus. The angle between the.&irectign of the

applied ﬁn'field and the symmetry axis is 6, and
s X

3 .
g = ng cos2¢ + gj.sinzeJ . » 17

For an allowed electron spin transition (AMS = +1, Am_ = 0), the resonance

I
condition for‘this‘Hamiltonian is
hv = gup Ho + [a + b(3 cosze-l)] m , (18)

where my is the nuclear spin quantum number. This spin Hamiltonian pre-

dicts 2I +.1 equally spaced EPR lines. The position of the center of the

group of 2I + 1 lines shifts as a function of 6 depending on g, and the
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splitting between adjacent lines changes with 6 depending on the size of
b.33’3§/
Using ENDOR, it is possiblé to observe several interactions which

are not résolvable.frém EPR data. Including these extra terms in the spin

Hamiltonian, one obtains

H = Mg

X o > ~ > x
g-giﬂo + §< s-Ai-Ti - g, My Ti-Ho + Ti°Pi'T;] (;9)
where the nﬁcleaf Zeeman energy and nuclear quadrupole interaction have
been added fér_each ligand nuclei.
The nuclear quadrupole interaction couples the nuclear electric
.quadrhpole moment- to the electric field gradient at the ligand nucleus.

~

The quadrupole tensor, P, is defined as

b _ eQ 329
“ij ©21(21+1) axiaxj

(20)

where ¢ is the electrostatic potential, and Q is the nuclear quadrupole
moment. From Laplace's equation, the trace of Pis equal to zero. In
the principal axis system of 5, the quadrupole contribution to the

36/

Hamiltonian can be written as—
) :
Hy= 3 [P 0|32, - 1(1+1)] + [Px,x, - Py,y,][li'.— 15,] .o(2n

It'is:ﬂow possible to obtain the energy leVeis'of this new spin
“llamiltonian containing the additional terms. As before, § and ; have
the séme axial symmetry and are almost iéotropic, and since the symmetry
of the crystal field at the nucigus determines the éymmetry of E, it is

consistent to assume P also has axial symmetry with the same symmetry
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axis.. For-this case, Eq. (19) becomes

H=g S + {a+. 26-1)]
gHp HO 5,0* [a + b(3 cos4n-1)] SZIZ

P : - :
g g HI o+ __l_l B _ I(é—“”:[ (3 cos26-1) - (22)

where only‘one ligand nucleus is being considered, and p|l = 3/2 Pz'z"

=0, Am_ = #1)

S I

. Using this.équation, the ENDOR resonance.céndition (aM

is easily obfained
= . ' 2gq._ - ) . 2q_ .
hv [a'f‘b(S cos<8 1)]MS gnuB Ho + Pll mI(S cos<0 l). (23)

for -1 < mI~5 I;l.

- Thé nuclei observed through ENDOR spectra can‘be divided into two
Catagorieg; hnear” and ”distqnt“ nucigi. A near nﬁcléus is any nucleus
with a:nonnégiigible.hypeffine interaction with thé color center. 'Assum—
ing S=1/2, Eq. (23) predicts that the ENDOR spectrum of a near nucleﬁs

: will.display two Mg = +1/2) main groups- of lines. The frequencies at
" - which these<tW6_c1usters appear depends on the relativé size of
[a + b(3 cos?6-1)] and gnuBHo. Eacﬁ cluster is composed of 21 equally
spaced ENDOR lines résulting from the quadrupole‘splitting. A distant
nucleus has é negligible hyperfine interaction and displéys an ENDOR
spéétrum consisting of a single group of 2I quadrupole lines centered at
the nuciear Zeeman frequency és predicted by Eq. (23).
Although thésevsdlutions to the spin Hamiltonian appear very
. specializéd,'fhey actually provide a strong foundation fér interpreting

a wide range of color center EPR and ENDOR data. - As long as é and A are

highly isotrdpic, S and T are quantized in the direction of ﬁo to a first
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approximation;‘1Undér these conditions, it.is possible to modify Eq. (18)
and (23)‘when'§, Z, and_; have differing symmétry axes and still describe
the anisotrop}Aof these tensors rather simply. Béséd.on this treatment |
of éhe sfin Hémiltonian, EPR and ENDOR resu1ts are ﬁsed to evaluate spin

Hamiltonian~barameters in the following sections,v

E. EPR and ENDOR of the F' Center

Colbr“centers ideﬁtified as F' centers are observed in Na, K, and
Li beta—aLuminalth?ough EPR and ENDOR- spectra. In‘this section, data on
‘the F+_centerAis presenféd and sqmmarized. For éaéh material; the EPR
and ENDOR resﬁlté are discussed interchahgably because these techniques
éqmplement each other,’and their data should be selffcdnsistent. At the
end of the section, the identificétion process for the F+ center is're-

viewed.

1. Na BetaQAlﬁﬁina Results

As déscpibed~earlier, irradiation éf Na befa—glumina at 1.5 Mév
foliowed by.fopm temperature annealing for a few minutes produced a single
éolof center. The EPR spectrum of this center is shown in Fig. 12. This
center is cﬂaraéterized by an eleven line hyperfine pattern with an in-
tensity ratio 1:2:3:4:5:6:5:4:3:2:1. Both the E énd_; tensors were near}y
isotropic aﬁd pogsessed axial symﬁetry ahout the crystalline ¢ axis.

Assuming a color center intefacfs with 2 equivalent 1igaﬁd nuclei,

Eq. (18) becomes

hv = gugH + [a+ b(3 cos2-1)] (my +mp) (24)
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Figure 12.° Derivative of the EPR spectrum of an F' center in the
conduction plane of Na beta-alumina aS'measﬁred at 77 K
and 9.3 GHz, with,ﬁ6 parallel to the ¢ axis. A similar

'EPR spectrum appears in K beta-alumina.
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where m andlmé are the nuclear spin quantum numbers for each of the
equivalehf'nuclei. For I, = Ié = 5/2, an I;Aline péttern with the
'proper inteﬁsitie; is predicted by-this expressionf Since aluminum 1is
the only abuﬁdaht nucleus in Na beta-alumina with a spin of 5/2, the EPR
spéctrum iﬁdiéétesAfhét the‘color center is .adjacent to 2 equivalent

27p1 nuclei;‘and the bond direction for each of these iigands is the

c axis. AWhéﬁ ﬁ; is rotated, Eq. (24) describes the(EPR data with g|| =
42.0079(5),.gL = 2.0039(5),-Al| = (a + Zb)/(g||u8)‘=_l6'8(2) gauss, and
AL = (a'- b)/(glPB) = 16.3(2) gauss. These resultg-are in good agreement
with the data of other researchers who independently observed this center
in Na befa—aluﬁina.zgiég/ |

.The 'F~+ center concentration was determined'by comparing the in-
‘tensity of.the"F+ EPR signal with the signal produéed By a MgQO sample
‘doped.with;a known concentration of Cr3*. (The MgO:Cr3* sample was pro-
vided by M. M. Abraham.) This measurement indicated that the irradiation
procedure produéed n1017-1018 F+/cm3 iﬁ Na beta-alumina, and- longer ir-
radiations'did not visibly increaseithe colpr‘Center-concentration sug-
‘gesting theiéléétron irradiation does not geﬁerate'khock—on lattice defects.

-ENDOR sbectra of the F' center were obtained by saturating the

center line.éf the EPR spectrum at n1.8 K. These spectra revealed several
different peaks.in the 2-35 MHz range which could be identified as near Al,
near Na, and distant Al ligands. Saturation of diffe;ent EPR lines did not
'signifﬁcanfly change thé ENDOR spectra indicating that all of these ENDOR
linés beloﬁg:tb_the same defect, buf séturation of different hyperfine
lines prodhééd slight changes in the ENDOR lineshape due to the complex

nuclear polarization process. Also, it must be noted that beta-alumina
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displayed unﬁgually broad ENDOR lines caused by the conduction plane dis-
ordéf.' This ihhomogeneous‘broadening limited the amount of information
.thap was préVided by the ENDOR measurements. |

The two equivalent Al nuclei that produce the EPR hyperfine struc-
‘ture were observed in the ENDOR data. This near Al ENDOR spectrum shown
in Figure 13 consists of two broad peaks. These pegks are separated by
ZgAluBHo, aﬁdfthey are centered around A/2. A.fif of the hyperfine inter-
action (see‘Fig. 14) produced a = 45.7(1) MHz and b = 1.0(1) MHz, in agree-.
ment with tﬁ§ A|| and Al_values obfained from:theAEPRvdata. Each broad
Al peak,consisted of 5 quadrupole peaks witﬁ splittings described by a‘;
with axial symmetry along the c axis; PII = 0.35(6) Mﬁz. Na' disorder
should'creéte a deviation from axial symmetry in ;,Ezflbut this effect
could not be observed due to poor resolution.

A‘brogd structureless ENDOR'line‘identified as a near 23Na resé-
nance is loééteé aroﬁnd 10 MHz as shown in Figure 15. The relative sizes
of the hyperfiné and nucleaf Zeeman interaﬁtions are sucﬁ that Eq. (23)
piedicts a”neér Na ENDOR spectrum consisting of 2:broad lines centered at
gNauBHo (gNa % gAl). The separation betweeﬁ the lines is equél to A. IOnly‘
the 10 MHz line is obsefved because the o;her Na peak occurs at a frequency
too low to:péfmit the line to be resolved. The‘observed shift of the Na
line with mégﬁetic field direction indicates that the Na - coldr'center
bond direction. is pérpendicular to the ¢ axis. _Averaging over the Na bond
direction within the conauction plane, this hyperfine interaction is

approximately described byié/

h=7!

>
S.

> }_)_ . 2
na'l = E t 7 (3 sin e-z):[ s,1, | (25)
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Figure 13.

ENDOR spectrum of near Al nuclei in Na beta-alumina.

. HO = 5346 gaués, fo ='15.02 .GHz, and ﬁoll c. The

five line QUadrupole structure is indicated for one

of the peaks.
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Figure 14.

ENDOR'data for the F' - Al hyperfine interaction in

- Na beta-alumina as a function of the direction of the

applied magnetic field.. The solid line is a fit to

an A with the form of Eq. (13) of the text.
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Figure 15.

Low ffequenéy ENDOR spectrum of Na beta-alumina.

. | >
H = 5346 gauss, f_ = 15.02 GHz, and HO|| c. The

‘broad near Na line is shown along with the distant

Al spectrum.
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with a = 9.5(3j MHz énd b = 1.5(3) MHz. As before, 0 is the angle between
ﬁo énd C. Frbh £he ENDOR data, it was imposéiblezto'resolve ;Na or observe
corrections to the hyperfine interaction due to the’Symmetry of the Na®
cations within the conduction plane. The near Na resOﬂance certainly re-
sults from fhg.sum of several Na* éations residing in different environ-
ments.

The distant Al ENDOR signal is diéplayed‘in Figure 16. This spec-
trum consists of 5 quadrupole lines centered at the élbminuvaeeman energy,
gAluéHo; Thé'27Al and 23Na nuclear Zeeman energies are almost identical
(gNa/gAl ='i.Q15), but it is possible to attribufe this resonance to Al
from the number of,qﬁédrupole lines present. In the absence of a nearby
color center,‘;heAdistant Al quadrubole interaction diéplays axial symmetry
along.the‘c éxis as predicted by the crystal structure, and the data is
fit by P|| = 0139(7) MHz. Additional iines in Figure 16 could be causéd
by distgnt Na,vdiffefent.distant Al, or Al nuclei with hyperfine inter-

actions comparable to or -less than the observed quadrupole splitting.

2. K Beta-Alumina Results

The EPR spectrum of the F center in K beta-alumina is similar to
that obtained in Na beta-alumina. Onceinore, the characteristic 11 line

~ hyperfine splitting was observed, and there were only minor changes in

[1;=3Y]

and A with g |'= 2.0075(5), g) = 2.0043(5), Aj| = 16.4(2) gauss, and
. Al.= 15.5(2) gauss for K beta-alumina. The most noticable difference in
the F' EPR data for the two materials was in the width of the hyperfine
lines. For-§0||c in Na beta-alumina, the linewidth is AH = 11 gauss,

30/

but in K beta-alumina the linewidth is AH = § gauss.— This is consistent
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. Figure 16. Distant Al ENDOR‘speCtrum of Na beta-alumina.
"H_ = 5346 gauss, £ = 15.02 GHz, and H_|]| c.
o) - 7o : o
A prominent five line quadrupole structure is

indicated.
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. with the idea that the linewidth is due partialiy to the unresolved Na
or K hyperfine interaction.gg/‘ The nuclear moment of 39K is signifi-
: cantly.émailer"fhan that of 23Na in support of the linewidth data.

A neéf~Al ENDOR spectrum is shown in Figure 17. The two large
ENDOR lines in this figure are associated with the hyperfine ;plitting
ébserved iﬂ the EPR daté. A fit of the hypeffine intéraction for these
resonances (see“Fig. 18) predicts a = 44.3(2) MHzAand b = 0.7(1) MHz in
agreehenf'with“A|| and Al.values. The quadrupole splitting for this
<‘ligand could be resolved on only a few spectra Qith P1l = 0.7(3) MHz.
The other_pair-of ENDOR lines, denoted A1','in,Figure 17 are identified
as an additionél near aluminum resonance.by thé separation of the two
lines, ZgAluéHé;_ Thg Al' ligand was not observed in the .EPR spectra,
and it is highly isotropic with a' = 34.7(7) MHz and b; < 0.7 MHz. Dis-
cussion of.the Al! resohance is resumed with the Li beta-alumina data
where a siﬁilar,reSOnance is observed.

fhe»K béta-aluminé ENDOR measurements on the F' center did not
reveal any potassium resonance. The weak potassiuﬁ hyperfine interaction
and small Zéemah energy causes the broad, near 39Kjlinés to overlap and
occur at a 1¢w enough frequency to make these lines unresolvable. A

distant Al resonance similar to the one in Na beta-alumina was observed

in K beta-alumina with PH = 0.4(1) MHz.

3. Li Beta-Alumina Results

e e . . . +
The irradiation and annealing procedure. which.produced the F
: o + .
centers in Na and K beta-alumina creates two varieties of F centers in

Li beta-alumina. These centers are revealed by the Li beta-alumina EPR
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'Figure417. ENDOR spectrum of near Al nuclei in K beta-alumina.
H = 5318 gauss, £ = 14.96 GHz, and H_| c. The Al
and Al’ resonancés are indicated, and the Quadrupole

structure is labeled on one of the Al peaks.
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Figure 18.

ENDOR data for -the F'o- Al hyperfine interaction in
K beta-alumina as a function of .the direction of the
applied-magnetic field. The solid line is a fit to

an § with fhe form of Eq. (13) of the text.
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spectrum shownlin‘Figure‘lg. This spectrum consists of a strong 11 line
pattern with.aﬁ intensity ratio indicative of two equivalent‘A} ligand
nuclei. The céhter associated with tﬁe intense 11 line hyperfine split-
fing-is denétéd‘with a supefscript prime. The weakef iines in this EPR
. spectrum afe_paft.of another 11 line hyperfine interéction belonging to
a center denoted with no-superscript.”

The EPR spectra'of-both centers can be resolved by plotting the
position of eéphAhyperfine line for different ﬁo oriéntations as shown
in Figure 20. .This figure clearly displays the two distinct 11 line
patterns in@icatéd by diamonds‘(primed) and squares,tunprimed). The EPﬁ
spectrum for each center is described by Eq.‘(24) Witﬁ X having axial |

symmetry along. the ¢ axis, and the solid lines in Figure 20 result from

a cdmputer fit‘of the data producing gi|=2.0069(5), gi.= 2.0059(5), g|1
2.0083(;), gl;=~2.0049(5), Ail = 13.2(2) gauss, Al.=‘12.9(2) gauss, A||,=
15.2(2) gauss, and A| = 14.5(2) gauss. | |
Anaiysié of the EPR spectra verifies that each of these color
centers interacfs with 2 equivalent Al nuclei. The syhmetry of ; indicates
that'c ié'thésbond axis for the Al - F+ - Al bond, andlthe spin Hamiltonian
paraﬁeters for this center closely resemble those obtained for the F'
cehtef in'Na,and K beté-alumina. The weak anisotropy of the F'' center
makes it‘moré difficult to determine the direction of the Al - F' - Al
bond, énd the size of this hyperfine interaction is slightly smaller than

the Al - Ff coupling. These factors suggest that the small deviations in

and A for these centers are probably caused by different environments

oQ e

: . +1 . .
within the.conduction plane. Also, the Al - F interaction resembles
the Al' hyperfine interaction vbserved in K beta-alumina suggesting that

L . . . .
the F center is present at low concentrations in that material.
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Figure'iQ. Derivative of the EPR spectrum from F centers in the
conductibn plane'of Li beta-alumina as measpred at 77 K
and 9.3 GHz,‘with ﬁo parallel to the ¢ axis.- Features
of the eleven line pattern displayed in Fig. 12 are

still visible.
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Figuré 20. 'Peak positions in the Li beta-alumina EPk spectrum as
a function of the applied magnetic field direction.
The diamonds produded_the fit of the F+"cehter, and
fhe squares were used in-the F' center fit. The
Crosses represent EPR peaks that were not uged‘in
eithér,fit, The solid lines result from fits of both

the P and F+' centers to Eq. (24) of the text.
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The'ENDOR data for’the near Al in Li beta-alumina verifies that
the EPR hyperfiﬁe splitting observed for both the F* and F' centers is
v-caused'by Ai'ligands with a = 42 MHz and a' * 36 MHz: A near Al ENDOR
spectrum 1is §hown in Figure 21. Further analysis éf fﬁis resonance was
unsucceésful'dﬁe to the widthiof these ENDOR' lines.

The‘iéw frequéncy ENDOR lines in.Li beta-alumina are displayed
in Figure 22.-'The near and distant Li lines are seen.as a broad pegk
neaf gLiuBHo = 8.9 MHz. The model for the F' center wave function pre-
dictsvthat fhelFermi contact hyperfine interactioﬁ Qith the near 7Li is
N 2§0'MHz..,F§r this reason, it is not possiblé to.resolve the Li hyper-
fine interaétibn from the broad Li ENDOR 1inel A Weak Li hyperfine
coupling is confirmed by the Li beta-alumina EPR linewidth which is com-
parable to that observed in K beta-alumina. The disfant Al spectrum at
6 MHz is vefy complex, but it is still possible to identify 5 major
5plitfings gvifh' PH-:' 0.43(6) MHz. The édditio‘nal ENDOR lines probably
result fromithe‘other distant Al nuclei or near Al nué;ei with hyperfine

couplings comparable to' the size of the quadrupolé splitting.

. N . .'. N
4, Discussion of the F Data

Until this point, no arguments have been given for identifying
the color éenfer as'an F+ center, but with all of the data presented, it
is now possible to outline the identification‘process. All of the spin
Hamfltonian‘parameterg bbtained frdm the EPR>énd ENDOR experiments afe
listed in Tabies I-III. These tables provide a useful reference during
this discussioﬁ, and for convenience elements of Z have been converted

to units of MHz.
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Figure 21.

'ENDOR spectrum (inverted) of near Al nuclei in Li

beta-alumina. HO;= 5356 gauss, fo = 15.03 GHz,

andiﬁo'is 40° from c. The Al and Al'-peéks are

'labeied-ih the figure.
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Figure 22,

Low freQUency ENDOR spectrum of Li beta-alumina.

,HO.=:5346 gauss, fo = 15.04 GHz, 'and ﬁo|l c. .A

five line distant Al quadrupole structure is in-

dicatéd; and a broad Li line is also shown.
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TABLE 1

78

i SPIN HAMILTONIAN PARAMETERS FOR Na BETA-ALUMINA OBTAINED FROM EPR AND [IENDOR

MEASUREMENTS. THE RESULTS OF OTHER INDEPENDENT STUDIES ARE INCLUDED FOR
. COMPARISON
Parameter - Units Exp. Value Source Ligand
2.0079(5) EPR
g'l - 2.0076(2) - o
2.0085 b
2.0039(5) EPR
gL --- 2.0036(2) a ---
: 2.0049 b
47.2(6) EPR
Aj| MHz 46.78(6) a Al
' 47.0 b
, : 45.7(6) 'EPR .
Al MHz 45.35(8) a. Al
_ 45.2 b
N 45.7(1) ENDOR Al
a Mz 45.20(7) c
1.0(1) ENDOR
b MHZ - 1.20(2) c Al
S : 0.35(6) ENDOR AL
1 Mz 0.383(7) d
e 9.5(3) ENDOR \
8 - Mz 7.8(2) ¢ a
- 1.5(3) ENDOR
. N
b - MHz 1.2(2) c a
Pl  MHz - 0.7(1) c Na
'p|| MHz 0.39(7) ENDOR Distant Al
a. Ref. 29.
b. Ref. 30.
c. Ref. 43.

42.
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TABLE 11

B SPIN.HAMILTONIAN PARAMETERS ‘FOR K BETA-ALUMINA OBTAINED FROM EPR AND ENDOR
MEASUREMENTS . THE RESULTS OF ANOTHER INDEPENDENT STUDY ARE INCLUDED FOR

COMPARLSON
" Parameter ,' ,Units ‘ Exp. Value Source Ligand
: .:' A 2.0075(5) EPR
&l T 2.0076 b T
- 2.0043(5)  EPR
£l S 2.0049 b T
o e | 0 ere u
A i 2.3 iy M
a ' Miz | 44.3(2) " ENDOR Al
b ' " MHz 0.7(1) ENDOR Al
Pllk  MHz 0.7(3) ENDOR Al
a' - MHz 34.7(7) ENDOR ALY
bt o i‘MHz < 0.7 | ENDOR ALY
Pl .. MHz 0.4(1) - ENDOR Distant Al
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| TABLE 111
Pt SPIN HAMILTO&IAN PARAMETERS FOR Li BETA-ALUMINA OBTAINEDfFROM-EPR AND ENDOR
: MEASUREMENTS : . .
Paramétér ‘Units Exp. Value Source. Ligand
'gH' --= 2.0069(5)' EPR i
gl' --- ‘2.0059(;) EPR S
g|r --- ©2.0083(5) EPR -
8| -~ 2.0049(5) EPR .-
| AII' MHz 37.0(6) EPR Al
ALE 'Mﬂz 36.3(6) EPR - Al
AII | ' MHz 42.6(6) EPR Al
A " MHz 40.6(6) EPR Al
al Mz n36 ENDOR - AL"
a ' MHz n42 ENDOR Al
MHz 0.43(6) ENDOR | Distant Al
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The dominant characteristic_of all of the EPR data is the 11 line
hyperfine spiifting. This pattern is a clear indication of 2 equivalent
Al ligand nu;iei, and the ENDOR data repeatedly‘confifms that the EPR
hyperfine structure is caused by Al. The only place in the structurevof
beta—élumina whefe a color center interacts with 2 eQuivalent Al nuclei
is in the conduction plane, the mirror plane. The closest Al nuclei to
the conduction plane are found in the Al - O - Al bonds across the plane
at the "bridge'" and chargeAcompensétion oxygen sites. A color center
located at an oxygen site of this type should displéy an Al hyperfine in-
teraction with axial symmetry along the ¢ axis in agreement with the data.
Thefefore, based on thé‘Al hyperfine interaction, it is believed that the
colér centers are located .at conduction plane oxygen sites.

In order to identify the'fype of color cent§r5>present inbthe
conduction plane it is nécessary to look‘closely at the magnitude of vari-
ous spin Hamiltonian parametérs. The fact that the g'factors are so close
to the free électron value suggest that the wave function of the color
center is an sTOr p-state. For a p-state color center, the g tensor dis-
plays axial symmetry along the axis of the p—loBe ;oﬁtaining the unpaired
spin, and thgre is significant g factor anisotropylwith gll i,ge and
gL - ge = 0.1 - 0.01.§§L§2/ The EPR data shows significant deviation from
Age when ﬁo is parallel to the ¢ axis. That would piace the p-lobe in the
conduction plane and produce a small contact interaction with the Al nuclei
above and below .the conduction plane. This contradicts the data which ex-
hibits a large aluminum contact interaction. . Alsqz fhe g factor shift

from g, is much smaller than the shift normally observed for a p-state

color center. For these reasons p-state centers such as the O center
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‘are rejectediés a-plaﬁsible:explanéfion for this color'cehte: in beta-
'aiuhina.zg/-
The observed g factor shifts and Al cdntaét.hypérfine interactions
suggest instead that the colqr center is an s—;tate defect. The model
for such a defécf is an electron trapped a£ a conduction plane 02~ vacancy
(see Fig. 23). This color center is commonly called an F' center because
a local poéiﬁive ;hargé remains due to the ébsence ofvthe divalent oxygen
ion. To a<fifs€Aapproii$ation, the F center, like the F center, has a
hydrogénic:s-gtate'wave function. The F center'g shift is prqduced‘by
the electron spin-orbit interaction Qith neighboring nuclei, and this
model predicts g - g, < 0 in agreement with the data fér F centers in
alkalide halides.ﬂﬁf Howéver,vin oxides and other divalent materials
g - ge >0 haS'frequently Been qbserved'for - cen;ers“with g shifts simi-
lar to those observed in beta-alumin?.ié/ﬁ This effect has been attributed
to the édmixture of a charge transfer state where'a}hole is trapped at a
neighboring-énidn.ﬂé/; Using this model it is possible to sﬁggest that a
neighboring éxygen within the conduction plane interécts wi;h the F' center
producing the size and ésymmetry of the g shifts, bgt this calcﬁlation has
not been attenipted.
| The hagnitude.of-thé obsefved hyperfine intgfactions "is 1in agree-
. ment with thosélexpected fér an F center. The O —AAl'distance at the
bridge oxygen is 1.68 A with (a“N)/(gAluB) = 31 MHz from Al ENDOR data on
NaAbeta—alumina. .By comparison, the F' center in Mg0 diéplays a contact
interaction with 25Mg such that (auN)/(gMguB) = 32 MHz where the Mg -0

distance is 2.1 K.SZ/ The magnitude of the near Al -dipolar interaction is



83

Figure 23.

The stfﬁéture of stoichiometric Na beta—alumiﬁa with
the pfobable position of aﬁ,Ff center indicatéd within
the ;éﬁdUcfion plane at a bridge»oxygen sité; zAbove

and below the F' center are the two equivaleht'Al nuclei
Which'pﬁoduce the observed hyperfine lines iﬁ-the EPR

spectrum{ A Na* cation is located 3.2 A from the F'

' center.
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2

a1 5 3 2.18 ‘MHz | (26)
. o

. e _ ,
where RO = 1.68 A. This classical dipolar result is about twice as large

as the observed Al anisotropy in Na beta-alumina. - The same corrections

to the electronic wave function that explain the g_factor shifts also

produce.deviétions in the dipolar coupling.zgii§/’

For an F' center at the bridge oxygen site'in Na beta-alumina, 3
Beevers-Ross Naf ions are each located 3.2 R away with bond axes 60° apart
within the céﬁduction'plane; The observed symmetry of the Na hyperfine
interaction'indicates that the Na-color center bonds ére within the con-
duction plane in agreement with this model. |y(0)|2 at the cation-nucleus

scales roughly as Zl's/RO3 for an F center where Z is the atomic number of

49,50/

the'ligand.. Based on the near Al contact interaction, this scaling

predicts a,_ = 5.2 MHz which is within a factor of 2 of the Na,ENDOR're-

Na

sults. Using the z!-5 scaling, it is possible to take the experimental

Na contact interaction, éNa = 9.5 MHz, and estimate the Li and K hyperfine.

couplings to be a 2.0 MHz and ay = 3.8 MHz. These small contact terms

make resolution of the K and Li hyperfine interactions impossible from the

ENDOR data, The discrepancy in‘the measured values of a

Na
this study and the one performed by Barklie gg_glfééf probably results

obtained in

from asymmetry'iﬁ.the shape of the broad near Na ENDOR line. The ENDOR‘
-Tesonances observéd in this experiment were fairly Symmetrical due to the
use of bothARF sweep directions, but there is no evidence that Barklie
'alsb took ﬁhis‘precaution.

The measured quadrupole couplings also are consistent with other

data. The yuadrupole intcraction for the near Al resonance has the
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. ; P + : ’ .
expected symmetry axis for an adjacent F center located along the c axis,
"and preliminaryjcalculations indicate that the quadrupole splitting, P|' =

0.4 MHz, is mostly due to the field gradient produCed by the effective

positive poiht charge of the F centef.ﬁz/ The resolved distant Al quad-
rupole splitting, P{l = 0.4 MHz, is the same -as the largest Al quadrupole
' ’ 51/

éoupling'observed in NMR measurements.—
Based on this diécussion, it is possible to conclude thét the 11
line EPR spécfrum is caused by an_F+ center located at a'conduction'plane
oxygen site.l'The observed g factors and hyperfine interactioﬁs are.all
in agreement.With this model, and as a result of the EPR and ENDOR experi-
menté,-eno;gﬁ is known about the conduction ﬁlane color centers to perform
relaxation”studies in beta—alumina; Howevér, the podr resolution of the
ENDOR data makes it impossible to learn anything about the conduction
plane itse;f,without a detailed theoretical description of the spin
Hamiltoﬁian parameters;l At this.time, it is not knpﬁn whether the F+ Te-
sides at a bridge or a charge compensation site, and the F+' center cannot
be diétinguishgd from the F’ center except for the fact that the épin'
Hamiltonian parameters for the two centers are sliéhtly different. Be-
cause all of the previous argumcnts are equally valid'For the F'' center,
this defect must also be an F~ re51d1ng at a conductlon plane oxygen site,
but further comparison of the F' and F'' centers ;s fruitless in the ab-
sence of a deeper understanding of the spin Hamiltonian.

F. EPR and ENDOR of Other Color Centers
in Beta-Alumina

Using the irradiation procedure outlined in Part A, the only other

‘color center observed is the Abraham-Stapleton (AS)'cénter. EPR data
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reveals that this center has a g tensor with axial symmetry about the

¢ axis such fhat gll = 2.048(5) and gl_= 2.002(9) . for Na beta—alumina.él/
These glvalues are characteristic of a p-state ion with a trapped hole
similar to the g factors observed for 0~ centers in Qxides.§§/ Assuming

the AS centerAis an 0, the symmetry of the g'tengor'indicates that the
unpaired spiﬂ:resides in a p-lobe pointing perpendicular to the ¢ axis.
With ﬁél'c{ a hyperfiﬁg structure consisting of several closely spaced
‘lines is.barely resolvable with a ﬁyperfine splitting of ~7.5 gauss.él/
This stfﬁqtureAcannof be resolved for §o|| c.

Preiimiﬁary ENDOR data indicates that the'hypeffine splitting is
éssociated‘with a near Al 1igand'nuc1eusvwitﬁ_All = 18 MH? and AL = 24 MHz
for Na béta;alumiﬁa., The quadrupole splitting for this Al ligand appears
to.be axially'symmetrié about c with Pll z 0.9 MHz. The<qﬁadrupole struc-
ture;displgyed in Figufé 17vénd assigned to an Al nﬁcleus adjacént»to an
F ceﬁtéfz could.betqaused by‘tﬁe presence of an Al ﬁucleus associated
with'the Aé.center in the ENﬁQR spectrum. This would explain the large
value of P |v‘in 'I"ab'le. I1. | |

Coﬁsidering the symmeti‘y of E and f\ for the AS center, there is
nothing conclusive to in@icate that this center is iogated in the conduc- .
tion plane.f Also, there is.mno evidence.of'condUCtion plane cation reso-
nances in thé;AS ENDOR data at this tiﬁe. Further study of the AS center
may be interesting in itself, but preliminary experiments indicate that

research on the AS center probably will not reveal ény new information

about the conduction plane.
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IV. ELECTRON SPIN RELAXATION STUDIES
OF THE F* CENTER

A. Experimental Procedure

The -electron spin‘relaxation rates were meesured at 9.5 and 16.5
'GHz using the pulse saturation and recovery techpique. quing this pro-
cedure, thelmaghetic_field was tuned to a point iﬁ the EPR absorption
spectrum and'held constant. A high power'saturating microwave pulse was -
sent to the samp1e cavity bﬁrning_a hole in the EPR line, and after the
pulse'wes turned off, the mierowave absorption ef the sample was moni-
tored using a iow microwave power-level so that the spin system was not
significantly perturbed. After saturation, the hoie in the EPR line re-
'cevered with a characteristic time constant which’defines the electron
spin‘relaxatioﬁ rafe.

A block diagram of the Ku-band pulsed spectrometer is shown in
Flgure 24, (The X-band spectrometer was similar to the one presented
For details, see Ref. 5?.) like the ENDOR spectrometer, a superheterodyne
detector wésAused to‘monitor the EPR signal dufing reeovery. During'this
phase, swifeh A was closed; attenuating the microweve‘radiation entering
the sample eavity, and switch B was open to permit tﬁe signal reflected
from the ce&ity to be detected. A pulse was turnedlenAby closing switch
B to protect the'IF amplifier from saturation and opehing switch A. This
pulse—recovery cycle was repeated, and the recoveries were accumulated
‘ﬁsiﬁg'e sighél averager with a calibreted time base. After signal aver-

aging, a crude measurement of the relaxation rate was obtained using a
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Figure 24. Schematic diagram of superheterodyne pulsed EPR

spectrometer at Ku-band (16.5 GHz).
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logérithmic amplifier, and the recovery was recorde& on paper tape or a
floppyAdisc for more detailed analysis later. Because of thg rapid
changeg in the sample cavity power level, the signal klystron was locked .
to a referénpe cavity that was tuned to resonate ét the same frequency
as the sample_cavity. The power level at the reféfence cavity was con-
stant during"the pulse-récovery cycle.

The'sahple temperature was measured‘and controlled to within a
few millikelyin with a Ge temperéture sensor mounted :inside the cavity
wall. The sensor formed one arm of a low frequency Bridge circuit whose
error voltage Qas phase»sensifively detected and used to drive a heater -
wire wounduafound fhe body of the cavity. The cévity'assembly was thér-
mally isolated from the liquid helium bath by a copper can containing
low pressure hélium exéhange gas and thinwall stainless steel wavéguide.
A TEIlZvcéyitvaas used, and the beta-alumina sémple was placed directly
.oﬁ‘the cavity sidewall with a thin coat of N-grease to insure.a good
thermal contact.

The beta—alumina samples were irradiated and bleached using the
mcthod previéusly descriﬁed, and all the recoverf-tiﬁés quoted were.
measured at the_séme point in the F' hyperfine spectrum, with the mag-
netic field.pérailel to the c axis, but away from the.central peak in
order tb avoidvanyAadaitional resonances'associatedj@ith g values of
2.00. However, the obsérved relaxation ratés appeared tolbe independent
of the point in the hyperfine spectrum where the ekpeiiment was pertormed,
including thé complicated Li beta—aiﬁmina EPR spectrum. Due to the dif-
ference in g factors with ﬁoll c, the AS center did not oveflap the F' |
EPR spectrum at 16.5 GHz} and the presence of the AS center was nolL a

factor in the spin relaxation measurements on K beta-alumina.
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The obsérved relaxation rate'pf the F' genter‘fepresents an aver-
age value as-will become evident later, and for this reason, the recover-.
ies wéfe sgldomjtruly exponential in time. The dafavshould be construed
" as represenfative of the recovery rate between timésAét which the signal
is 60% and 90% recovered to its thermal equilibrium value, but the re-
laxation rate only varied ~10% for differéﬁt intervals that were selected
between 10% and 90% of the totallrecovery. The initial 10% §f the re-
covery was often quite rapid due to spectral diffusion and drift problems.
The.reported relaxation rates were independent of pﬁlse duration over the
range 0.3 - 0.063 sec, and the data were not dependenf on the amplitude of
the saturafing pulse. By consistently fitting tﬁé récqvery over the
60590% intervai and varying these other paraméters, the observed relaxa-
tion rates were reproducible to within *10% of the réported value at each

temperature.

:B. A éurvey of Color Center Relaxation
' Phenomena
In aﬁ ofdered ionic crystal, a color centér spin relaxes via

scattering processes invdlving only phonons because of the absence of
"other effective low energy excitations. Unlike d and f-state ions, color
centers have no‘low energy excited electronic states thus réducing the
number -of plausibie relaxation mechanisms, and the spin-orbit interaction
Ais small endugh to be ineffective in coupling thelspin to the phonon bath.
Instead, the phonons interact with the color centers via modulation of the

[}

electron-nuclear hyperfine interaction, A Y-g.
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Expanding the hyperfine interaction in strain components, one

obtains a spin-lattice Hamiltonian

By py = 1.2 x(V) ) e+ x(2) ) e e +] , @27
m n,m

~ where & is an average value of aA/aem_and K(z) is an average value of -

BZA/aenaem. Uéing the golden rule,.the first term in Eq.'(27) produces a

oﬁe-phondn direct process with a spin-lattice relaxation rate

1
o TD. 2kT

= By (hw)3 coth[—ﬁw—] . (28)
where B; is a constant; and the resonant phonon energy is hw = guBHo‘» For
kT >> Rw, this reduces to

! - Byrm27 ' - ‘

1 . g , (29)

T o] : :

D _ .
where B;' is also a constant. The H02 in Eq. (29) occurs because the mag-
netic electron-nuclear hyperfine interaction is time-qdd, and <+|K(1)T-§|—>#O

63/ , .

for Kramer's conjugate states |+> and |->.22 1In a similar manner, the

second term in Eq. (27) predicts that the relaxation rate for the two-phonon

Raman proce§$~is§5/
6, .
1 _- 7 _D A » n
7 = BT JG[TJ , (30)
R . . .
‘where eb is the Debye temperature, B, is a constant, and ‘
6 LXK
CJe (2) = J S ax . . (31)
o (e°-1)2 -

For GD/T >> 1, JG(GD/T) becomes a constant, and at low temperatures the
Raman relaxation process is

1

TR

— BZ' T? ‘ ' (32)



94

with B,' a constant. Summing the direct and Raman processes, the low
temperature spin-lattice relaxation rate of an F center in an ordered

material has the form

. %1- = B! H2T + B,' T7 . - (33)
At higher temperatures where OD/T < 1, the Raman pro;éss becomes 1/TR«T2;
which 1is theﬁciassical result for a two-phonon process at high temperature.

The relative magnitudes of these competing,rélaxation processes
~ are such thaﬁ;for T < 5 K the diréct process dominété;, and 1/T,=T. At
siightly higher temperatures, 5 K < T < 50 K, the Raman process takes
over, and»l/"l“locT7 is observed. The femperature dependence'described by
Eq. (33) has been éonfirmed experimentally for F centers in an ordered
ﬁaterial,éé/ ahd due to the weak coupling of the F center-ligand hyperfine
interaction,'épin-lattice relaxation rates as low as 71073 sec™! at 2 K
and 3000 gauss‘havé been obsérved‘depending on the sample prepafation
technique.é§l§§i§9L§Z/ -

The:ihtroduction of isolated defects and impurities in a crystal
often produces additional low energy excitations resulting from atomic
~ tunneling. Comﬁon examplcs of this behavior are the translational tunnel-
ing of Li+ impurities in alkalide halides and,rotatiohal.tunneling of dH_
and CN~ impurifies in ionic crystals.ég/ These tunneling states are ob-
served in Heét capacity, thermal cdhduCtivity, and dielectric measure-
ments,§§/ and different.electron épin relaﬁation mechanisms are available
due to the ﬁresence,of thé'additional excitations.

Anomalous electron spin relaxation rates haQe been observed for
59,60/

F centers adjaéent to Li' ions (FA(Li) center) in KC1 and KBr.

These studies indicate that the color center relaxation rate is several
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orders ofAMagﬁigude larger (1/T; ~ 102 sec™! at 2 K and 3000 gauss) due
to fhé presenée of thé tunneling impurities, and the temperature depen-
dence of.the:electron spin relaxation rate is also markedly different.
Unfortunately, -there is a wide variétion in the temperature dgpéndence
of l/Tl for'evéh closely related systems like KCl:Li" ?nd KBr:Li+.§l/
The change iﬁ'the spin relaxation rate with temperature is highly de-
pendent on the'size and distribution of the isolated defect tunneling
state eneréieg) and as a result, minor changes in the crysta} énvifonment
of the Li® defects produce observable effects on the-électron spin ré—
laxatiOnvdéta. The concentration of the tunneling impdrities‘also'may
alter.the tunneling state;energiés due to strain orAeiectric-dipole iﬁ-
teractions Betwgen defécts.égiéé/

'In a glass, fhe problem of predicting the behavior of the spin
relaxation'rate vs temperature is not as formidabié insofar as the dis-
tribution of tﬁe tunneling stéte energies is not highly dependent on the

64/

particulér material being studied. In 1966, Feldman:é&_gl,——- measured .
the spiﬁ réla&ation of'atomic hydrogen in fuseé silica and observed that
between 2 and 20 K, 1/T, varied étrongly with temﬁerature, and above 20 K,
1/T, became'ﬁearly linear Qith T. 'Murphyééf attributed this behavior to
the_presencé of "local vibrétiong” within the glass. 'Later this same
temperaturé dépéndence was 6bserved for the spin-relakation of a paramag-
netié'radical'in acetyl-(d,1l)-alanine, an organic-cryétal in which rota-
tional tunﬁeling is believed to occur.éé/ Once mor¢; Murphy's model was
used té describe the data, and the probiem of electron spin relaxation in

a glass was largely overlooked for the last decade in spite of the success

~of the LTS model in explaining other low temperature_pioperties of glasses.
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C. ElectronASpin Relaxation by Localized
Tunneling States

The‘éleétron spin relaxation data for the F' center in beta-aluming
displayed-the same temperatufe>dépendence as that observed by Feldman for
vitreous silica. The results for Na beta-alumina are shown in Fiéure‘ZS.
If one aftempts'to explaih tﬁis data by éttributing the relakation rate
above 10 K to a direct process, varying as T and the low temperature data
to a'temperatﬁre independent cross relaxation mechanism, then the linear
portion of fhé;turve would have to extrapolate throughAthe origin, which
it cleafly does not.” In addition, the magnitude éf the relaxation rate
is several érdgrs of magnitude faster than usually observed for F centers
in. ordered crystélline méterials. These same chafacteristics are observed
in the F+ center-rélaxation data for Na,'Li, aﬁd K beta-alumina in Eigure
26. These reéults are not expiaihed by conventional phonon processes,
and the additional relaxation mechanisms associated with the presence of
the LTS system must be includéd.

In ordér to develop'a model for electron spin relaxation in a
glass,,it is first necessary to introduce phenomenological interaction
Hamiltonians coupling the color center'spins;.LTS, and phonons. For a

~tunneling stafe consisting of an atom residing’in‘an.asymmetric double

well potential, the unperturbed LTS Hamiltonian in the nondiagonal basis

of two separate wells is denoted with a superscript prime and given bylé/
B = 2 [A -g] . (34)

where £ is the .asymmetry of the potential wells, and A is an overlap

energy given by ﬁwoeexp(—k).' Here ﬁwo is the ground.state energy of an
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Figure 25. Spinfrelaxation rate of the F' cehter in Na beta-alumina
as measured at microwave frequencies of 9.5 and 16.5 GHz.
The curves (dashed and solid lines) are the result of the

model described in the text.
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Figure 26.'

Spin-felaxation rate of the»F+ center in Na, Li, and
K betafaidmina as measured at a gingle‘microwave fre-
quency éf 16.5 GHz. The curve through the data for
eachvsample results from fhe model described'iﬁ the

text.:
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. L 4
isolated potential well, and A = (2-m-V)6d/ﬁ, where V is the barrier
height, d the well separation, and m is the mass of the tunneling unit.

In the diagonal (unprimed) basis, the Hamiltonian becomes

1 (E )
B, = 3 [o -E] e - (35) .
where E is the énergy splitting between the two levels and equals
(g2 +AA2)%. A fundamental property of the LTS theory is that there exists
‘an almost constant and broad distribution of E values up tb a cutoff,
E /K> of the order of 10-100 K. It is generally assumed that the LTS

15/

distribution can be described by a density of states giveﬁ by—

P(E)

—) (36)
A(Ll-(8/E)?%)72

P(E,A)

where P(E) is weakly dependent on E.
The tunneling state-phonon interaction is obtained by expanding

the nondiagonal LTS Hamiltonian, Ho', in strain. Transforming into the

diagonal basis, 'this interaction becomeslé/
38, 438 o5  3&
R 85~ %% <
H = _— *€ -(37)
TR e e e L an
de - de

ae .— de
Further approximations to this equation are discusséd later.

Formulation of the electron spin—LTS interaction requires specu-
lation on the 1qcation and identity of the tunheling unit. In beta—alumina;
observed low temperature properties are dependent on the cation present in
the conduction ﬁlane. Therefore, it is assumed that some of the cations
in the conduCtion plane are tunneling although it is improbable that these

are the only tunneling units in the material. The coupling of the rt
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cghter to the'LTS is assumed to be a Fermi contact hyperfine interaction
with a cation_nucleu§ tuhneling a distance,'d, through‘a barrier. Using
the ZI'S/RO3 scaling to’ expand the contact term, one can write the spin-LTS
interactionrfdr an F in contact with a tunneling cation, charactérized

by an energy‘éplitting E, as

' A- 1 _ > 3d | -

'aHT-S = A T8 R : (38)

o o] 1

or in the diagonal basis as
- . £ 2 A
- g _3d

He o = A 1.3 T (39)

. o} A g

The strength of the contact hyperfine interaction betwéen the F' center
and the nearest neighbor sodium nucleus was determinedfto be A/h = 8 MHz
from the ﬁolr c. ENDOR défa,'and the hyﬁerfine couplings for Li and K beté—

alumina weré obtained by scaling this vaipe with the.éppropriate Zl-5un

~

Average values of d can be estimated from dielectric susceptibility

data.zélgé/

If the initial and final states are denoted as'

|i> ,|+? Uys wenes M e

B S PR N )

in which |+>, |w+>, and |na> are electron spin, LTS, and phonon states

fespectively, then the interaction Hamiltonians of Eqns. (37) and (39)
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yield the following transition rate

W = Z.lT. z j:’w—IHT-SI+,¢+><w+’na+l|HT_PH|1P+‘:na>
,'if_ h. a

-hw
a

BDREL N L 2P AP T 0 ¥ 1: A LT
D ’ A

_ﬁw + E
o

+‘éw-’na+1IHT—PH|w+’na><f’w+IHT-S|+’w+>'

8

. 0y ) ) 2
<y ,n +L|H: _In v ><,0 | |+ -1
-2 T T-PH! e’ Y- - T-S + [1 + eE/kT] GD{ﬁwa - E - 6] (41)
E + 6

+

Here 8§ is the electronic Zeeman energy splitting, 6D is the Dirac delta
function, and the quantum numbers of all nuclear spin states have been
suppressed. By considering the additional pair of initial and final states

given by

{
+
-
<
-
=
+
=
v

lir>
[£55 = J=pb., ceeon ..o o | (42)

+ .
one obtains the following relaxation rate of an F center, where I', the
energy width of an intermediate LTS or phonon state,‘has been included and
E is assumed to be much larger than §:

1
T Wog ™ Wes * W * Wey

D sech?(C/2kT) |AZ2(E9E/3e + AdA/dc)?2’
4 t' E4 , E2 + 12

+

£2(£aA/de - 0dE/de)? : ' (43)
52+F2 ' '
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where
5 [3Ad)2 ‘
b =7 [ﬁ] » (44)
. o ‘
and'
1 _ . (£3n/3e - A3E/De)?
T 4 E2 7'
= 1 2 + 14 %—(ESA/ae - Aag/ae)z'coth[zgf} (45)
"2ﬂﬁ“p VTS VL5 B '

Equation (45) represenfs the relaxation rate, 1/t, of a LTS which

results from a direct, one phonon process. In Eq. (45), Vip and v, repre-

L
sents the transVefse and 1ongitudinal acoustic phonon speeds respectively,
and p is the nystalline mass density. This expression assumes a'range

of 1/t values for a singlé valﬁe of E, but-the results of the relaxétion
model are ingeﬁsitive to this distribution since eventually there is an
average ovéf-yalues of A and £. The féctor of S/Q.in'Eq. (44) results
from averaging over fhe I = 3/2 nuclear spin matrix elements. Multi—‘
phonon relaxétion procesées are not'included in Eq; (45) because the di-
rect proéess predicts the correct temperature dependence of the relaxation
scattering observed in higher temperature &ielectriczé/ measurements on
beté—aluminé:

More precisely, 1/T._ in Eq. (43) represents the electron spin

1F
+ . . L.
relaxation rate of an F. center adjacent to a tunneling cation with LTS
parameters A, £, 3A/3e, and 3&/3e. Since there is a distribution of LTS
parameters, it is necessary to average 1/TlF over this distribution in

order to obfain a measurable relaxation rate. Baéed on estimates of the

LTS density, it is probable that only about 10% of the F centers are
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strongly cdupled to any LTS.EE/ In this situation;Athe bulk of the F'

centers must~ré1ax via spinAdiffusion to the faster felaxing centers:
which are iﬁ hyperfiné contact with a LTS. A negligibie diffusion barrier
exists befween'spins having equal Zeeman energies, and this is sﬁpported
by the rapid sﬁin-spin relaxation rates observed for F<centers'(T2 < 1076
sec).ﬂg/ 'Thefefore; if is reasonable to‘aésume rapid spin diffusion among

the color centers, and the observed average electron spin relaxation rate

is

Epax  (E 1 ' L

f J X P(E,A) da dE

T .
1 o} min 1F . )

> = . (46)

1F JEmax JE P(E,A) dA dE
(o]

min

In order to facilitate a comparison of these results with the data of
Anthony and Anderson,gé/ the data is fit to a LTS density of states such

that’

E (g )0.2 B3 _
-J P(E,A) dA = PM[—-—- + PN|——| = PO(E) , (47
‘min '
with & . /E equal to 1073, T equal to 1 K, and a cutoff at E . PM and
min N max
PN are constants determined from fitting the data, but PM is much greater
than PN.

The spin relaxation mechanism is a process requiring one LTS and
one phonon. It is shown schematically in Fig. 27.. The rapid LTS relaxa-
tion rate, 1/:; is represented by the solid line and involves only a
tunneling state transition. This mechanism is assumed strong enough to

keep the LTS system in thermal equilibrium with the phonon bath at all
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Figure 27.

Schematic diagram of the energy levels and product wave
functions for a coupled electron spin’ (%) - localized
tunneling state (w+) system. = The solid lines indicate

transitions which contribute to the relaxation rate 1/t

"of the localized tunneling state, and the dashed lines

indicate transitions which contribute to the slower

electron spin relaxation rate l/TlF'
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times. Elecfron spiﬁ relaxation proceeds via the pathways indicated byA
the dotted -lines of Fig. 27. Theée transitions are'Qeakly allowed by the
hypérfine interaction which admixes the basis states, resulting in simul-
taneous spin'aﬁd LTS transitions through the emission or absorption of a
phonon. Thié physical picture of relaxation with the coupled spin and
LTS systems is énalogous to nuclear relaxation in the brésence of ﬁéra-
maghetic impurities in the fast diffusion limit.éZ/ Figure 27 also il-.
lustrates this,ﬁu;lear relaxation phénomenon~for nu;lei, with a Zeeman
splitting 6;'wﬁich are weakly coupled to fast rélaxing electrons, with
a Zeeman splitting E >> &§. As before, nuclear relaxation occurs byAfhe
transitions ihdicated by the dotted lines, and thege transitions are
allowed by spin function admixtures induced by the weak dipole-dipole
interactioﬁ between the two spin systems. |

Two of the interesting properties of this model are the different
magnetic fiéld-and temperatﬁre dependences predicted By the two terms in
Eq. (43). Ionne assumes that the density of tunneling states, P(E), is
a constant up.to some cut-off Emax’ and thaf r is‘ﬁuéh smaller than E,
the LTS energy splitting, then the-first term in Eq. (43) pfedicts that
<1/TIF> o HQT? for kT << Emax' With the additionai assumption that’

§ = gu Ho >> T, the second -term predicts in contrast that <1/T1F> « H-2T",

B
Both terms predict a linear temperature dependence'at higher temperatures,
where kT > B ax’ Therefore, at low temperatures the model predicts

<1/T1F> « T?T“. This result is confirmed by the data as shown in Fig. 28.

In this diagram, each set of data was fit to a function of the form

YT > = BT" + C : | (48)
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Figure 28. Log <1/T1F>.vs'Log T for Na; Li, and K beta-alumina
as meaSﬁfed at a microwave frequenéy of 16.5 GHz.
The cﬁf?es and table rgsult from fitting tﬁe dafa
to the,fﬁnction described by.Eq. (48) of tﬁe‘text.
A similar fit of the Na beta-alumina data at 9.5
GHz is not shown, but it produced a T2-02 temﬁerature

dependence for,<1/TlF>.
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where,C is a positive constant. 'Tﬁe T3-48 and T3-62 behavior of the Li
and K betafaiumina data suggests that unless P(E) « El-5 for 1 K < E/k <10K,
the second ferm in Eq. (43) must contribute significantly fo the F relaxa-
tion rate in these materials; None of the data from other experiments
supports the existence of a strongly E dependent LTS density of states in
this regionLgélzé/ " The T2:92 and T2-77 power law fit; of the Na data at
X and Ku—band‘freqdencies may reflect a lower cthOff value of Emax/k’ tﬁe
‘valuesAof Which:have been reported as 65, 80, and 136 K for Na, K, and Li
: beta—alumina-reépectively.zéfb A. lower cut-off energy tends to linearize
the T dependenée at a lower temperature. Another faé;or whicﬁ supports
the dominanﬁe'of the second term in Eq. (43) is the small, but clearly
percéptable, frequency dependence of <1/T1F> shown in Fig. 25. The Ku-band
relaxation data;is consistently slower than the corresponding X-band data.
However; the fiéld dependence is much reduced from Haz, a result predicted
only in thg"l'im_it that § >> T. |

Lyo and Orbach§§/ have proposed that the firét and fourth terms
in Eq. (41)'cén explain the optical homogeneous linewidth which varies as

QELZQ/ Sincé the first excited electronic

T? in rare earth doped glasses.
state in a rére earth ion has an energy >50 cm™! above the ground state,
only scattering processes in which the ion remains in the same electronic
‘state are energétitally favorable. Under these conditions (]+> = [->),
-only'the first and fourth terms, due to'Lyo and Orbach, are then permitted.
In Eq. (41), the intermediate states are such that only one of the
two Hamiltonian operatbrs, HT—S or HT—PH’»iS off-diagonal with respect to
the LTS. Another spin relaxation mechanism is possible in which both of

these operators are off-diagonal with respect to the tunneling states. The
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resulting tempe¥ature.depeﬁdence of this mechanism is identical to that
of an-ordinary.one phonon direct process, i.e., proportional to T for
kT >> 3§, | '

The only remaining T; process 1nvolv1ng these interactions in
flrst order ‘is the resonant cross relaxation between a spin and an LTS
for which E=61 Assuming: (1) that the resonant tunneling states remain
in therﬁalAequiiibrium'with the lattice as the spiné and resonant tunnel-
iﬁg states ﬁndefgo mutual "flip-flop'" transitions, and- (2) that a rapid
spin'diffusioﬁifate can be ascribed to the.spin systém, then the re-
sulting rglaxation rafe is independent of témperature. Such resonant
pairs of spiﬁs and fdnneling states will be very‘rare,’but also very
effectiye in bringing thé spin system to thermal equilibrium at low tem-
péfatures where other processes freeze oﬁt.

Anbther relaxation mechanism is a two LTS-prOCéss,proposed by
‘Reinecke and‘NgaiZl/ terxplain nuclear relaxation in glasses. This
process is nét considered to be a reasonable explanation for the observed
electron spin~re1axation data for two reasons. First,'it requires the
improbable éituation of two LTS s;ates having an energy difference §, to
be coupled sfréngly to the same F' center. Second, the predicted relaxa-
tion rate for thislmechanism varies as T if P(E) is a constant and kT << Emax

Two possible temperature dependences have been considered in brdér
to account for the oBserved relaxation rates at the lowest tempefatures,
where the mecﬁanism involved in Eq. (43) becomes very Qeék. The relaxation
faté was assﬁmea to be either a constant, C, or linear in temperature, GT.
The fit of the datg at the higher temperatures is only slightly affected by

this choice, and-only those fits which include the_GT term are reported here.
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In addition to the LTS system, excess vibrational states have

72/

been observed injbeta—alumina. Infrared spectra,— Raman scattering
73/ ﬁ , 74/ : .
data,— and heat capacity results— were explained by speculating the
existence of Einstein oscillator states due to cation motion within the
conduction plane. These excitations have well defined energies instead
~of the broad'distribution characteristic of the LTS. If the spins inter-
~acted with a Debye phonon system augmented by these Einstein oscillators
instead of“thé'LTS, the expression for the relaxation rate would be

-FY/ :
E'/kT for E' >> kT,7—5/

<1/T1F> * e where E' is the Eiﬂstein oscillator
energy . Thé_data are not described by this,temperatﬁré.dependence.< Also
infraréd; Raméh; and heat capacity experimenis all failed to observe
Einstein oscillator states Qf compérable energy in Li beta-alumina, but
the same_spin relaxation phenomena is observed in‘Li.beta—alumina as in
Na and K befa;élumina. For these reasons,lthe LTS énd not the excéss
vibratiénal stﬁtes allow the.phonons tb relax the F' centers. It is
possible thét these excess vibfational states also interact with the LTS
producing a.siightly different spiﬁ relaxation temperature dependence

thanApredicted by a simple Debye phonon spectrum, but no attempt has been

.made to account for this effect in the data analysis.

' D. Comparison Between Theory and Experiment

In this section basic assumptions about the nature of T andAHT—PH
‘are made, and based on these assumptions values of the LTS parameters are
estimated whigh provide a quantitative descriptidn of the electron spin

relaxation data. Using the theory presented in the previous section, the
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LTS parameterization can be compared with the resuits from low tempera-
ture bulk measurements on beta alumina Through thls process, it is
possible to obtaln a self con51stent explanation of the electron spin
relaxation pnenomena in beta-alumina and reconfirm‘properties of the LTS
model previously observed through bulk measurements only.

It iS‘cenvenient to begin this discussion by'asSuming that f is

due to a large LTS linewidth, i.e.,

: 11 B ‘
Here 1/T, is an LTS-LTS relaxation rate, and it has been widely studied
through a variety of acoustic and dielectric experiments.lgiZQ/ Although

the origin of 1/T2 is not completely understood, it is believed to be bnly

ZZ—Z§/ and at T =1.5K and E/h 9 GHz, it

79/

weakly dependent on T and E,
has been eetimated at 2 x 10% s~! in borosilicate BK7. The LTS-lattice
relaxation rate is measured indirectly in any resonant contr1but1on to
dlelectrlc suscept1b111ty or thermal conduct1v1ty, and in practically all
_glasses it is found to be less than about 106 s~! for an E/h of 9 GHz and
-at a temperature of 2 K. In sodium beta- alumlna d1e1ectr1c 'saturation
. has been obserued,zgf and this alloued the investigators to estimate 1T,
at 6 x 10"11 s2 for an E/h of 11.5 GHz‘and‘a temperature of 1 K. All this
experimental evidence indicates.that § is much larger tnan FLTS in. the
temperature region of our experiments, where &§/h =.iO GHz.

Based on the temperature dependence and weak field dependence ex-
hibited in'the.electron spin relaxation data, it uould still be possibte

to rebroduce these results for 6§ >> T if the two terms of Eq. (43) were

of comparable size. The H and T dependence of each set of data could
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then be fit by adjusting the relative.contributions of each of these terms.

Under these approximations

1 _Az(gag/ée + AN/ de)? . £E2(£30/d3e - AJE/de)?
1F - E2 §2 -

(50)

T

~ Making the usual assumption that 3&/de >> 3A/3e would lead to the result
that the second term of Eq. (50) is mdéh larger than the first if E >> §.
In order to make the contribution from the first term significant, one

. must make the'diagonal components of HT larger while diminishing the

-PH
' off-diagonalielements. This can be accomplished by setting 3£/3e = 34/3Je.
Howevér, this same LTS—phonon interaction describes acoustic attenuation
and thermal‘;onductivity in glasses. In these experiments resonant scat-

tering‘proceéses are produced by the contributionvof the off—diagoﬁal
componenfs'of HT-PH’ and relaxation scattering processes are caused by
the diagonal components.lé/ The assumption that 3£/3e >> 34/3e produces
the corréct rél;tive sizes of the relaxation énd resonant processes. ob-
served in acoustic measurements to within a factor of’lo.léf In order to
forée the tWo'terms in EQ. (50) to contribute equally at 10 K, with
'Emax/k z 50 K, and 6/h E 10 GHz, the‘diagona} and off-diagonal eiements-

of HT*PH must _be adjusted so as to enhance the relaxation scattefing
proceéses over the resonant scattering processes by a factor of 1,000 or
more. Such a large asymmetry in the relative strengfhs of the two pro-
cesses has not béén observed experimentally in any>glass, includihg beta-
aluminé. Therefore, under the assumption that § >>‘F; the second term in
Eq. (50) dominates, and the model would then predict a much stronger mag-

~ ,
netic field dependence than is observed.
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Another contribution to T could arise from short phonon lifetimes.

Here FPH : hv/%, where v is an acoustic phonon velocity and & is a phonon

mean free path. In a perfect crystal £ is limited by the finite crystal
size-and weak phonon-phénon scattering resulting from anharmonic terms

in the lattice potential. 1In a glas;, however, 2 is'limited by the struc-
tural disorde; of the material, at least for phonons with wavelengths
comparable to:the size of a unit cell of the glass. Using this physical

~ picture, Kittél§9/vexplaiﬁed the.tﬁermal éonductivity’data of glasses by
suggesting a constant, temperature independent meén free path lo_: 1077 cm
for'phdnonéfwith w/2m > 100 GHz. ' These higher frequency phonons are just
‘those respdnsiﬁlg for the relaxatioh of the higher'énergy tunneling states,
which in turn are responsible for the spin relaxation of the F* center in

our model. With v = 10°% cm/s, T /h = v/2n20 is of the order of 100 GHz,

PH

pH 2 6 since 6/h = 10_GHz in the relaxation

and under these conditions T
expériments; Therefore, the short phonon lifetimes observed in glasses

may explain the weak magnetic field dependence displayed by the data. De-

fining (1/2)+3&/3e = v, and assuming 3A/%e = ,lé/-Eq. (43) is rewritten as
- 2 2 :
T1~A . D sech®(E/2kT) & 1 . 1 . 51)
1F - 1E2 - {E2 + 17_ 2 _,62 + T _ 2

PH PH

It must be{ﬁoted'that the magnetic field dependence has been explained

with'alvalue ofAFPH

that the scattering processes which determine FPH for high energy phonons

such that FPH/H >> 1/t. In-so doing it has been assumed

do not involve the LTS system, and these scattering processes do not effi-

ciently produce electron spin transitions.
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When Eq. (51) is applied to electron spinlrelaxation in glasses,

the relative sizes of E, T H and § are such as to make the second.term

P

dominant. The golid and dotted lines in Figs. 25 and 26 are the result
of using Eq.ﬁ(Si) to calculate <1/T1F>.' The parameters used in these
calcuiation§ areldisplayed in Table IV along with estimates of the same
parameters dgtermined by Anthony and Anderson in thé.analysis of their
data on théAbeta—alumina.gé/ In these fits of the‘data, the first term
in Eq. (51) contributes less than 1% to the predicted relaxation rates.
Theré afe too many adjustable parameters in-the LTS model of
glasses to ailow a unique‘determination of these QUantities from an
analysis of relaxation data alone. Thé same can bé ;aid regarding most
measurements on glasses. What can be accomplished is to produce a fit
of the daté.ih Which'the resultiné\parameters from éll évailable.experi-
" ments can'belbompared. ‘For this reason thé parametérization scheme of
Anthony énd=Anéersonz§/ has been adopted, altﬂough if'is not a unique A
descriptionfpf‘fhe‘LTS.system in befa—alumina, However, the values estiQ
mated by them do describe tﬁe results of several different-experiments
on beta—alumiﬂa as indicated by the solid lines in Fig. 3-7, and a de-
tailed compérison of the parameters obtained ffom'thesg two studies re-
veals similarities which support the model of the F+'cénter relaxation in
beta-alumina. The temperature dependence observed for any of the experi-
ments 1is détermined by PM, PN, and Eméx/k' By examining the data of Table
IV and compariﬁg the relative size of these parameters. for each catién5
the same trends are observed in both sets of experiménts. The magnitudes
of these parameters are also in agréement, but due to the normalization of

the relaxation model is only sensitive

P(E) in our expression of ?1/T1F>,
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TABLE IV

SUMMARY OF THE PARAMETERS FOR Na, Li, AND K BETA-ALUMINA USED TO GENERATE THE
CURVES IN FIGS. 25 AND 26. ALL PARAMETERS ARE DEFINED IN THE TEXT. - RESULTS
OF ANTHONY AND ANDERSON ARE INCLUDED FOR COMPARISON

Parameter Units Na LI K Source
0 g cm™3 3.22 3.14 3.33 a
Vo 10° cm s~! 3.8 4 4.3 a
vL 105 cm s~ 9.1 9 9.5 a
- —_ -3 -3 -3
min/E | 10 10 10 a
PM 1033 erg‘lcm'3 2.4 4.9 1.2 a
PN 1029 erg-lem~3| 2.5 0.0 0.15 b
. [ L ]
E /k K 40 90 - 80 b
max’ - ,
yed 108 cm eV 0.12 0.40 0.18 b
Alu»2) 106 Hz 8.0 1.67 3.20 b
. 10-8 cm 3.2 3.2 3.2 b
vrPH 109 Hz 25 25 25 b
G s-1 ! 0.17 0.06 1 0.10 b
PN 71029 erg-lem-3| 4.5 0.36 0.26 c
E_ /k K 65 130 80 c
max
vd/ eV 0.2 0.6 0.1 c
v&/ eV 0.3 1.4 0.9 c
3 _
d : 10-8 cm 0.3 0.2 0.1 c

a. Common parameter values used by Anthony and Anderson (Ref. 23) and in this

work.

o an o

Parameter values used in this work only.

Parameter values from Ref. 23 which differ from those used in this work.
Results from thermal conductivity data (Ref. 23).

Results from dielectric susceptibility data (Ref. 23).
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to thé relativé.size of PM to PN. The relaxation data could also have
been fit with a constant ﬁ(E) by making small changes in the value of
Emax/k' Thé~maénitude of the predicted relaxation rgie is determined by
Y, d, A, and‘ﬁo. These parameters are not independenfly determiﬁed in
-the model, but'it-is significant that this theory prédicts the observed
relékation rate for values of y and d which are in good agreement with
those of Anthony énd Andersdn.gé/ Also, the values of A and RO are
reaSOnable_when~the structure and'observed-hyperfine couplings in the
bepa-alumina are considered. In comparing the relati;e values of y-d
requiréd to fit this data and.those of Anthony and-Andgrson, it must be
noted that the same tfends één be seen in the relaxgtion and dielectric
susceptiﬁilipytdata as one changes from cation to cation. This further
supports the model of tunneling cations interacting Qith P centers via
contact hyperfihe jnteractiqns. The'estimate.of a Eonstant FPH results
from the weak field dependence displayed in Fig. 25, The value of
FPH/h = 25 GHz is within an order of magnitude of estimdated phonon mean
free pafhé'in glasses based on thermal cohductivity‘data.A Considefing
the Scatter‘bf the data in Fig. 25, larger values Qf FPH would also be

acceptable, producing an even weaker magnetic field dependence. Another

contribution to the magnetic field dependence is the dependence of FPH

upon the phdnon energy. This is observed for lower phonon energies§ll§z/

and may influence the F relaxation rate at those temperatures where the

rate 1is juﬁt becoming temperature deﬁendent. However, the. scatter in the
relaxation data precludes more detailed calculations; The coefficient G

of the low- temperature, linear relaxation rate was determined from the

lowest temperature data. Its origin was discussed in the previous section.
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_E. Conclusions and Comments

_Eleﬁfron ;pin relaxatioﬁ measurements on F+'cente¥s in beta-élumina
have reéonfirmédlthat.relaxation in a disordered material is markedly dif-
ferent from that which occuré in ordered ionic solids, and the data and“
model presented here constifute thé firét quantitgtivg'study of electron
spin relaxatiph.in a glass. The proposed LTS—phonbn relaxatioﬁ mechanism
accurately predicts the magnitude and temperature'dépendence observed in
the electron ééin relaxation data. The,LTS parameterization used to de-
scribe the data is in good agreement with pfe?ious heat capacity, thermal
condﬁctivity; éﬁd dielectric‘suscéptibility measurements on beta-alumina.
In addition,Ait.is inferred that phonon lifetime effects are responsible
for the weak‘ﬁagnetic field dependence displayed in the data.

This'médel does not éxplain both the anomalous optical homogeneous

3linewidthéglzg/ and nuclear reléxationzzi§§/

observed in glasses. Both of
these:quantitiés are believed to be proportional to ™ for 1 <n < 2 and
T <100 k, bpf there.are few data points in the 1—20vK rangelsuggesting
'tﬁat these éafly studies may be overlooking some effects due to the LTS
' §ys£ém. .Also,”theSe experiments have not been performed on beta-alumina
at this time. | |

In beta-alumiﬁa, it seems that the disfribdtion of tunneling states
'extenas to unusually large energies, and even the higher energy excitations
conform well to the simple LTS model. As a result, the LTS model describes |
'the‘g 10 K dieiéctficzé/ and ultrasonic§£/ data for beta—élumina whereAiﬁ

other glasscs, the.data usually deviates from the simple behavior predicted

by the LTS theory in-this temperature region. The 2-20 K electron spin
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relaxation‘mgaéurements actuaily probe these same high energy LTS suggesting
that . the reiaxétion data for other glasses may not be as conclusive as the
beta-aluﬁina'resﬁlts; For example, a lower value of Emax/k would produce
a relaxation rate with a weaker temperature dependence than the one.ob-
served in betafalumina, and it is possible some of thé variation in the
-electron spin reélaxation, nuclear relaxation, and opticai homogeneous line-
width iS-causéd'by‘differences in the glasses. The .contribution of'other
scatte;ing ﬁrocesses also canndt be overlooked when seeking to explain Ti-2
behavior in optiﬁal linewidth and nuclear relaxation data.

These properties of glasses have been recoghized only recently,
but it is hdped.that the success of this study of elécfron spin relaxétion
in beta-alumina will be a first step towards a broad understanding of re-

laxation phenomena associated with disorder. - . \
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