
Large-Magnitude High-Spin Nuclear Parameters in a Ti31 Center
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Precise 10 K X-band EPR measurements and subsequent spin- previously for first-row transition ions. As a result of including s
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amiltonian analysis by direct matrix diagonalization methods
re reported for a Ti31 (S 5 1/2) center in tetragonal zircon
zirconium silicate, ZrSiO4). A special, and previously unobserved,
eature of the supposedly uniaxial spectrum is the marked angular
ependence of the titanium hyperfine lines in the perpendicular,
b crystal plane. As discussed, this can only arise from the pres-
nce of high-spin nuclear terms of dimension BIk, SIk (k 5 3, 5) in
he spin Hamiltonian. Parameters arising from these terms were
etermined to have magnitudes very much larger than observed
reviously in first-row transition ions. The consequences of precise
etermination of these high-spin parameters are significant and
everal: a precise determination of the nuclear quadrupole tensor
eading to a ratio 47P/49P in excellent agreement with the ratio
erived from the corresponding nuclear quadrupole moments; an
pparent anisotropy in the nuclear Zeeman interaction which can
e identified with anisotropy in the chemical shielding “tensor”; a
arked hyperfine anomaly. The origin and significance of these

bservations are discussed. © 1999 Academic Press

I. INTRODUCTION

Zircon (zirconium silicate) is a good representative of an in
sting class of a mixed ionic–covalent crystal: covalent S4

42

etrahedral units ionically bound with Zr41 ions. Such crysta
rovide the opportunity to study the interaction between mo

ar defects of the type produced ina-quartz and ionic defects
he type formed in alkali halides. We shall not discuss t
spects further in this paper except to note the importan
lectron paramagnetic resonance (EPR) in studying the form
nd structure of paramagnetic centers, often at the ppm
hich can strongly influence the electrical and electronic pro

ies of the host crystal. From the EPR standpoint zircon is an
rystal for study since the crystal structure and morpholog
nown. Furthermore, the tetragonal structure (space group1/
md) normally gives rise to paramagnetic species with tetrag
r monoclinic point group symmetries.
A recent paper (1) gave a detailed description of a 10 K X-ba

PR study of ad1 Ti31 (S 5 1/2) center in zircon (zirconium
ilicate) in which it was claimed that high-spin nuclear Zee
HSNZ) parameters of dimensionBI3 and BI5 are present wit
izes several orders of magnitude larger than had been ob
122090-7807/99 $30.00
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erms in the spin-Hamiltonian (SH) analysis of the center, the ra
he nuclear quadrupole moments,47Q/49Q, for the two Ti isotope
nvolved was determined in good agreement with, but appa

ore precisely than by, direct nuclear methods (2). A further conse
uence was that an apparent anisotropy in the nuclearg paramete
atrix (“tensor”) could be detected, corresponding to uniaxia

ymmetry, and measured with considerable precision.
That such precision and such unexpectedly large-magn
SNZ parameters resulted from a largely conventional
xperiment elicited some skepticism from the referees o
arlier paper (1). It was conceded that the evidence is statis
nd could not, at that time, be established unequivocally.
ymmetry of the Ti31 site in zircon is 4# 2m (D 2d) tetragonal
nd it was acknowledged (1) that presence of HSNZ terms

he SH should result in an angular dependence of lines i
erpendicular orientation of the crystal which would be ab

n a system described by a conventional and uniaxial SH.
agnitude of this angular dependence was calculated

mall but, in principle, detectable within the quoted uncerta
n the measurements. Unfortunately attempted measure
n the ab plane of the crystal proved inconclusive becaus
here was low overall intensity in this plane, (ii) some of
ines had calculated transition probabilities close to zero,
iii) there were many interferences from residual Zr31(a) lines
3) not removed in the annealing process.

In an attempt to resolve the above difficulties we have
ade instrumental modifications resulting in an order-of-m
itude improvement inS/N, (ii) complemented this by a com
uter averaging data collection system, and (iii) experime
ith annealing rates to obtain the best possible proportio

he wanted Ti31 center at the expense of other interfer
enters. These improvements resulted in satisfactory sp
eing obtained in theab plane and an unequivocal confirm

ion of the earlier results: large magnitude parameters o
ensionBI 3 andBI 5 were obtained for both the47,49Ti isotopes

I 5 5/ 2 and 7/2, respectively). Contrary to the earlier res
he parameters of dimensionI 4, SI3, andSI5 are also found t
e large and significant. The evidence is both statistical, i
ighly significant diminution in the fitting errors, and visual—
arked angular dependence of the lines in the crystalab plane.
he nuclear Zeeman interaction is shown to be a functio
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123NUCLEAR PARAMETERS IN Ti31 CENTER BY X-BAND EPR
uclear electric quadrupole tensor is precisely determ
eading to a well-determined ratio for the nuclear quadru

oments,47Q/ 49Q. The consequences of these results and
ignificance are discussed.

II. EXPERIMENTAL

The crystal, mounted on a copper holder, was irradiated
-rays (W target, 45 mA and 45 kV) for 1 h at 77 K andthen

ransferred cold to the goniometer system in the EPR ca
he spectrum at 10 K was used to determine precisely
rientation of the crystal. The Displex cooler was then tur
ff and the cavity filled with helium gas for efficient he

ransfer. The crystal warmed to room temperature within
nd was then cooled back to 10 K for EPR measuremen
After annealing as detailed above, all traces of the Zr31(a)

enter had been removed and there remained only the
usly reported (1) B(Ti 31), the C-center (4), and several hol
enters (3). Three other weak sets of lines, which are belie
lso to arise from Ti31 centers, were also observed. The rela
ositions of the various centers are shown in thec axis spec

rum depicted in Fig. 1 of (3). One of the three additional
enters has been studied in detail and reported (5).
Earlier measurements (1) suggested that the (1 1 0) crys

lane is the most favorable plane from the point of view
btaining a wide selection of both allowed and forbidden l
ith reasonable intensities; this plane contains both the pa

c axis) and perpendicular orientations of the uniaxialB(Ti 31)
enter. Data were collected in this plane over a 180° an
ange in 5° intervals and in the perpendicular, (0 0 1), p
ver a 210° angular range in 10° intervals. Alignment of
rystal in the (1 1 0) plane was confirmed, prior to annea
y observing the previously determined Zr31(a) and [AlO4]

0

enters, each of which collapses from up to four symme
elated species in planes containing the tetragonal axis
ingle species forB \ c. The alignment in the (0 0 1) plane w
onfirmed by observing the nonangular dependence o
pinless isotope46,48,50Ti lines to within the inherent error
heir measurement,60.0008 mT; the positions of thea andb
xes in this plane were determined by observing the kn
ngular dependence of a recently reported Y-compensate31

enter for which the point-group symmetry of the site ism(Cs)
5). Goniometer settings were determined to within 2 min
rc, the static magnetic field (with Bruker ER 033M NM
aussmeter) to60.002 mT, and the microwave frequen

with Systron Donner 6016 Counter) to61 kHz.

III. RESULTS

The main features of theB(Ti 31) spectra have been detai
1). The new results presented here are those obtained in tab
rystal plane: complex spectra of around 64 lines arising

47,49Ti lines of B(Ti 31) and at least two other Ti31 centers wer
bserved (linewidths ranged from 0.02 mT forB \ c to 0.08 mT
d,
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as markedly angular dependent, with 90° periodicity, b
reatest in the [1 1 0] (and equivalent) direction and least a

he a or b axes. There was a visual indication of angu
ependence of line positions in theab plane, but because
omplicated overlapping of lines this could not be analy
imply without the procedure outlined below. As pointed ou
he previous section, any angular dependence observed isnot a
esult of imperfect crystal alignment in theab plane—the
pinless isotope lines are, within error, isotropic in this pl
igure 1 shows the observed spectrum in the [1 1 0] cr
rientation in theab plane.
Initially four sets of data, those from the (1 0 0) and (1 1

lanes used by Claridgeet al. (1) and the current data from
0) and (0 0 1) planes, were refined simultaneously. All

ets could be fitted by a single parameter set which, w
tting errors, was close to that given in Ref. (1). The earlie
ata sets were then discarded and refinement continued

he current sets only; for these theS/N was at least an order
agnitude better than for the 1995 data.
The data were refined using program EPR-NMR develo

y the University of Saskatchewan EPR Group (6). This pro-
ram, which utilizes matrix diagonalization least-squa
ethods, contains, in addition to procedures for obtai
lements of the second-rank parameter matricesg# , A# , P# , gN of

he conventional SH, operator algebra (7) for obtaining coef
cients (tensor elements) of terms of dimensionI 4, I 6, BI 3,
I 5, SI3, and SI5. We shall now comment briefly on the

erms and the choice of SH for the analysis of the current
The justification for including higher order spin terms in

H whenS, I $ 3/ 2 is well established (see Ref. (7) for
istorical survey). The general term in the SH isBlB SlS I l I

here the actual terms allowed are restricted by (i) time re
al invariance and (ii) invariance under the symmetry op
ions of the point group of the site of the paramagnetic ion.
erms to be considered in this paper are formulated, initiall
wo-vector spherical tensor operators which, to be experi
ally useful, must be decomposed to single-vector opera
his imposes a further constraint, that of satisfying the tria
ule for addition of angular momenta.

McGavin et al. (7) detailed the decomposition of spheri
ensor 2-vector operatorsTl ,m(V, W) of rank l to experimen
ally usable products of single-vector tensor operators
ormulated a SH in terms of tesseral combinations,J l ,m(J)
J 5 B, S, I), of these expressions. Terms of dimensionVlV WlW

ere considered, whereV, W can represent any one ofB, S, or
, l V any one ofl B, l S, or l I (l B 5 1, 2; l S, l I 5 1), andl W one
r other ofl S, l I (5 1, 2, 3, 4, 5). Thus implicitly covered a
ll terms of the following types:BJ, BJ3, BJ5, JJ( J2), J4

J2J2), J6 ( J2J4), JJ3, JJ5 (whereJ 5 S, I ), as well as term
uadratic in the magnetic field, here neglected. (See Re7)

or further discussion and relations between SHs express
onventional and tensorial forms.) For convenience of c
arison of results as conventionally expressed, we shal
ulate the SH for the present study in standard form but
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124 TENNANT AND CLARIDGE
igh-spin nuclear (HSN) terms necessarily in (tesseral) s
cal tensor notation. Thus,

:S 5 beB z g# z S 1 S z A# z I 1 I z P# z I

2 bNB z gN z I 1 :HSN, [1]

here

:HSN 5 O
l54,6

O
m52l

l

B l ,m
0,0,lJ l ,m~I !

1 G9$ O
m522

2

~B2,m
1,0,3U93,2,m! 1 O

m524

4

~B4,m
1,0,3U93,4,m!%

1 G9$ O
m524

4

~B4,m
1,0,5U95,4,m! 1 O

m526

6

~B6,m
1,0,5U95,6,m!%

1 O
m522

2

~B2,m
0,1,3U3,2,m! 1 O

m524

4

~B4,m
0,1,3U3,4,m!

1 O
m524

4

~B4,m
0,1,5U5,4,m! 1 O

m526

6

~B6,m
0,1,5U5,6,m!. [2]

FIG. 1. 9.222 GHz EPR spec
r-For site symmetry 4# 2m the parameter matrices in [1] a
ecessarily diagonal and uniaxial. In [2]:G9 5 2gNbNB and

he Uk,l ,m (obtained from Table 3 of Ref. (7)) are functions o
l ,m(I ) andJ l ,m(B) for the primed set, andJ l ,m(I ) andJ l ,m(S)

or the unprimed set. The coefficients (SH parameters) in
xpressed in the notationBl ,m

lB,l S,l I with one of l B, l S, l I neces
arily zero, are components of irreducible tensors of ral .
or 4# 2m site point group symmetry (Laue class 4/mmm) the
umber of terms in [2] is restricted by symmetry consid
tions (7, 8) to those for whichl 5 2, 4; m 5 0, 4. The
umber of parameters to be refined is then, forI 5 5/ 2,
(g# ) 1 2(A# ) 1 1(P# ) 1 2(gN) 1 2(I 4) 1 3(BI 3) 1 4(BI 5)

3(SI3) 1 4(SI5) 5 23. ForI 5 7/ 2 (49Ti isotope) term
n I 6, BI 7 and SI7 are also allowed, increasing the num
f parameters possible to 29. Of these latter terms only t

n I 6 are currently available in program EPR-NMR.
With so many parameters to be refined it was necessa

nsure that all parameter sets were considerably overdeterm
his was achieved by setting criteria similar to that use
ingle-crystal X-ray crystallography, namely, number of
oints $10 3 number of parameters to be iterated upon.
ctual numbers used for the final data sets were as follows

o. non-zero-weighted data points: 381 (47Ti) 528 (49Ti)
o. unit-weighted data points: 250 ” 265
o. parameters to be iterated upon: 23 ” 26

The weights were set taking into account linewidth, ca

m in the [1 1 0] direction at 10 K.
tru
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ated and observed intensity, and ease of measurement
om from interference and so on). It had been ascertaine
easurement and calculation that the two planes of mea
ent used were more than adequate for complete deter

ion of parameters for the center whose symmetry is unia
Results are summarized in Tables 1 and 2, and in Figs.

nd 4.

IV. DISCUSSION

From Tables 1 and 2 the data for both isotopes are fitte
ithin the inherent error in measurement of any one data p

.e., to around6linewidth/3. For47Ti the root-mean-square
eviation (RMSD) was 0.0082 mT and for the49Ti 0.0137 mT
ll parameters are statistically well determined as evide
y the parenthesized errors in Tables 1 and 2. Of parti

nterest are the HSNZ parameters (associated with termsBI 3,
I 5) and the HSN parameters associated with termsI 4, SI3,
I5. The mean errors of determination for these terms

espectively620% and65% for the 47 and 49 isotope
ontrary to the earlier work (1), where only the47Ti data was
nalyzed in detail, the latter group of terms is also shown

o be well determined and significant. It is possible that

SH Parameters for the Ti31 Center a

47Ti principal values

atrix Y# Y\ Y'

# 1.926873(6) 1.940835(3)
# /geb e (mT) 2.9714(6) 0.8986(10)
# /geb e (mT) 0.16713(28) 20.08352(14)

N 20.542(40) 20.213(5)
ata points 381
nit-weighted data points 250
MSD (mT) 0.0082
arameters 23
rystal orientations 35

TAB
Values of High-Spin Nuclear Parameters for

Term type 47Ti( I 5 5/2)

I l /geb e (mT) Bl ,0
0,0,l

l 5 4 20.0185(13) 20
l 5 6 —

SIm/geb e (mT) Bl ,0
0,l ,m

l 5 2, m 5 3 0.0025(36)
l 5 4, m 5 3 20.0075(14)
l 5 4, m 5 5 0.0045(14)
l 5 6, m 5 5 0.0048(15)

BIm (unitless) Bl ,0
1,0,m

l 5 2, m 5 3 20.0039(26)
l 5 4, m 5 3 20.0288(31)
l 5 4, m 5 5 20.0148(24)
l 5 6, m 5 5 0.0015(25) 20
ee-
by
re-
a-
l.
3,

to
t,

d
ar

re

w
e

nalysis of the49Ti data could be modified by the inclusion
erms inBI 7, SI7 which are not currently available in progra
PR-NMR. However, we note from Table 2 that parame
ssociated withI 6 are three orders of magnitude smaller t

hose associated withI 4.
Before commenting on the angular dependence of spec

heab plane of the crystal it is necessary to comment briefl
he energy-level assignments and the signs ofA\, A', andP\.
he energy level assignments are relatively simple forB \ c but
ecome increasingly difficult as the Zeeman field approa

he perpendicular crystal orientation. Level labels were e
ished by a stepwise procedure in the (1 1 0) plane, starti
and proceeding in 5° steps using successive cycles of r
ent and simulation, including intensity computation. La
ere then assigned in the (0 0 1) (ab) plane by simulatin
ositions and transition probabilities for all possible tra

ions. Final refinements were then made with both plane
ata simultaneously while retaining these level assignm
e shall see that the signs ofA\ andA' can be established

eing both positive from a ligand-field analysis of the princ
andA values. In Ref. (1) theA values were taken as positi

o agree with the theoretical analysis of Rinneberg and

0 K; Error Estimates in Parentheses

49Ti principal values 46,48,50Ti principal values

Y\ Y' Y\ Y'

1.926893(9) 1.940800(4) 1.926885(6) 1.9408
2.9638(8) 0.8554(3)

0.06288(17) 20.03144(8)
0.532(110) 20.205(5)

528 42
265 35

0.0137 0.0027
26 2
39 39

2
9Ti at 10 K; Error Estimates in Parentheses

49Ti( I 5 7/2)

,4
,0,l Bl ,0

0,0,l Bl ,4
0,0,l

71(13) 0.0219(5) 0.0216(6)
0 20.0004(2)

,4
,l ,m Bl ,0

0,l ,m Bl ,4
0,l ,m

— 20.0016(14) —
306(55) 20.0024(14) 20.0718(19)
631(44) 0.0205(4) 0.0178(11)
024(52) 0.0171(4) 20.0177(14)

4
,0,m Bl ,0

1,0,m Bl ,4
1,0,m

— 20.0588(28) —
062(26) 20.0082(30) 20.1017(6)
290(9) 0.0180(4) 20.0147(2)
68(14) 0.0099(4) 0.0239(2)
t 1

2

47,4

Bl
0

.00
—

Bl
0

0.0
0.0
0.0
Bl ,

1

0.0
0.0
.02
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126 TENNANT AND CLARIDGE
elative toA\. However, it has since become apparent thaP\,
or both 47,49Ti, must take the same positive sign as the res
ive nuclear quadrupole moments,Q (see later discussion).
act it was found that the data could be fitted equally w
aking A\ andP\ both positive, but the labels of some ene
evels swap. It follows that the signs of neitherA\ nor P\ are
stablished from the EPR measurements alone, and in ad

he sign ofP\ is not established generally relative to that ofA\.
correct statement of the position seems to be: the signP\

s known relative to that ofA\ for a given choice of energ
evel labels.

For the47Ti ( I 5 5/ 2) isotope the angular dependence in
b plane only just exceeds the errors in measurement. In

t was necessary to correct data to constant frequency (F

FIG. 2. Angular dependence of the47Ti ( I 5 5/ 2) lines in theab crystal
lane. Solid lines are calculated from Eqs. [1], [2] and the experimental p
re indicated.
c-

ll

ion

e
ct
2)

n order to eliminate scatter from small variations in mic
ave frequency from one crystal orientation to the nex
rder to obtain a reliable view of the angular variation of

ine positions. Nevertheless the results depicted in Fig. 2
onvincing: there is a marked angular dependence of som
he lines in the plane which exceeds the error bars and w
ould not be present in the absence of HS interactions.
For the49Ti ( I 5 7/ 2) isotope the angular dependence (

) is very marked and the results unequivocal. The obse
ngular dependence could not be explained in the absen
S interactions and the degree of agreement between obs
nd calculated line positions could not be explained by
rtifact of measurement or fitting procedure. Figure 4 il

rates, for two of the49Ti transitions, the angular variation
oth line position and calculated line intensity. Generally
ulated and observed intensities were in agreement acro

ts

FIG. 3. Angular dependence of the49Ti ( I 5 7/ 2) lines in theab crystal
lane (see legend to Fig. 2).



l h
m si
c

ipa
g th
n th
e

A

u
r the
c
i
b me
c l
s ns
a

w

and `k is the isotropic contact interaction wherè3d 5
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ines in the plane. There were some apparent anomalies w
ay be due to noninclusion of certain HS terms in the inten

omputations.
In the following we discuss, in turn, analysis of the princ
and A values, the nuclear quadrupole interaction, and

uclear Zeeman interaction, including where appropriate
ffects of higher spin terms on these interactions.

. The Electronic Zeeman and Nuclear Hyperfine
Interactions

As discussed in Ref. (1), the ground state of the Ti31 center
nder D 2d point group symmetry can be eitherdx22y2 (B1

epresentation) ordxy (B2 representation) depending on
hoice ofx andy axes. Equations [2]–[4] of Ref. (1), approx-

mated by neglecting all terms of order (z/D1)
2, (z/D2)

2 (see
elow for definitions of these terms), referred to the for
hoice and were used to analyze theg andA values. With al
econd-order terms included (10), the appropriate expressio
re

g\ 5 ge~N
2 2 4yN 2 x2 1 y2! [3]

g' 5 ge~N
2 2 xN 1 xy 2 y2! [4]

A\ 5 2`~4N2 1 56yN 1 6xN

1 8x2 1 4y2 1 6xy 1 7k!/7 [5]

A' 5 `~2N2 2 11xN 1 11xy 2 2y2 2 7k!/7, [6]

here (10) N 5 (1 2 1
2 x2 2 y2) 1/ 2, x 5 z 2/DE2, y 5 z 1/DE1,

FIG. 4. Angular dependence of observed resonant fields (solid line
eft-hand abscissa) and intensities (dashed lines and right-hand abscis
wo of the 49Ti lines in theab plane:A, A9 transition 8–12;B, B9 transition
–9. Experimental points are indicated.
ich
ty

l
e
e

r

0gegNb ebN ^r 23& 3d/4p andk 5 28pd(r i)/3 ^r 23& 3d repre-
ents core polarization of thes electrons.DE1 5 EB2 2 EB1

nd DE2 5 Ee 2 EB1. Furthermore,z 1 5 k1z, z 2 5 k2z,
herek1, k2 are the orbital reduction factors andz is the free

on spin–orbit coupling constant. Sincek1 and k2 are no
nown, and not obtainable from the present experiments
hall be content to treatx, y as parameters to be obtained fr
he experimentalg values and Eqs. [3] and [4]. A quant
losely related tò 3d is the theoretical uniaxial parameterb3d

a` 3d wherea (5 2/7 in this instance) is the appropria
-type spherical harmonic contribution to thed-orbital.
Using the experimentalg values (Table 1), Eqs. [3] and [
ere solved iteratively forx andy, and then Eqs. [5] and [6
ere solved for̀ and k using thesex and y values and th
xperimentalA values from Table 1. The derived valuesDE1,
E2 (using the free-ion valuez 5 154 cm21), `, k, and^r 23& 3d

re listed in Table 3 for both Ti isotopes. The values of` and
agree rather well in magnitude with the values given

etragonal Ti31 sites in MgO and CaO by Davies and We
11) and also for theC2 Ti 31 sites ina-quartz (12, 13), when

was treated similarly as a variable parameter (the gr
tate in thea-quartz centers is predominantlyA1 (dz2)). The
alue of the radial expectation value^r 23& 3d is considerabl
ower than the Watson and Freeman (14, 15) free-ion value
.55 a.u., but is also in good agreement with that found
avies and Wertz (11) and that derivable from thea-quartz

esults (12, 13). Recent theoretical calculations (R. G. A.
cLagan, personal communication) based on Ti31 in octahe
ral coordination with oxygens at varying distances sugg
alue around 2.47 a.u. The apparently low “experimen
alues of̂ r 23& are at this time not explained, but may indic
imply that the ligand-field analysis is not a particularly g
pproximation. The core polarization fields resulting from
ingle unpairedd electron, given bỳ k/ 2gNbN, are, respec
ively, 8.403 and 8.203 T for the 47 and 49 isotopes.

The isotropic and uniaxial components,a and b, respec
ively, of the hyperfine interactions given bya 5 Tr(A)/3 and
5 ( A\ 2 A')/3, may beextracted from the data of Table

TABLE 3
Electronic and Nuclear Quantities Derived from Eqs. [3]–[6]

and the g and A Values of Table 1

Quantity 47Ti isotope 49Ti isotope

1/D1 0.03036 0.0303

2/D2 0.00908 0.0090

1
a 16,967 cm21 16,972 cm21

2
a 5072 cm21 5069 cm21

221.30813 1024cm21 221.67553 1024cm21

0.6325 0.6072
r 23& 3d 2.1227 a.u. 2.1563 a.
k/2gNbN 8.403 T 8.203 T

a Based onz1 5 z2 5 z 5 154 cm21, the free-ion spin–orbit couplin
onstant.

d
for
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rom the relations (see and compare Ref. (14), p. 707)

u 47a/ 49au 5 ~ 47gN/ 49gN!~1 1 D!

nd

u 47b/ 49bu 5 ~ 47gN/ 49gN!~1 1 D9!

ne gets a measure of the so-called hyperfine anomalyD (or
9). The former relation gives 1.5895/1.55825 1.0201 andD
0.0204 (2%) and the latter, 0.6909/0.70285 0.9831 andD9
20.0166 (1.7%). The apparent hyperfine anomaly is

rder of magnitude greater than that observed from END
easurements of the 63, 65 isotopes of Cu21 in Al 2O3 (16).
owever, examination of Table 2 reveals that the der
uantities̀ , k, and^r 23& all differ for the two isotopes and on
hould compare rather the isotopic ratios of the productsa ;

N ^r 23& k and b ; gN ^r 23&. The set of self-consiste
experimental” parameterŝr 23&, k and the accepted isotrop
N values (17) give

u 47b/ 49bu 5 47gN
47~^r 23&!/ 49gN

49~^r 23&! 5 0.984

u 47a/ 49au 5 ~ 47b/ 49b!~ 47k/ 49k! 5 1.025.

It has been common to analyze the experimental isot
nd uniaxial components of the hyperfine interaction by
orton and Preston procedure (18), wherea, b are compare

o the quantitiesAC andPd derived from Hartree–Fock–Sla
tomic orbitals tabulated by Herman and Skillman (19). Such
n analysis of the present data (1) showed that;100% of the
pin population lies on the Ti31 ion with around 93.6% in th
-orbital.
We have not herein, or previously (1), considered Jahn

eller distortions which, by reference to otherd1 ions in zircon
20, 21) and Ti31 ions in other crystals (22), are presumabl
resent. It was found that there are apparently no features
resent study which required such an analysis. As noted b
regorioet al. (20), a static Jahn–Teller splitting of the d
enerateE levels is not possible underD 2d symmetry, but ther

s a possibility of coupling of the degenerateE states to
ibronic states of the same symmetry leading to dyna
ahn–Teller distortion (DJTE). We have noted above w
ppears to be an anomalously low “experimental” valu
r 23&. Modification of Eqs. [3], [4]) to include a DJTE (s
am (23) and Eqs. [9], [10] of Di Gregorioet al. (20)) involve

he parameterq which takes values between 1 (no DJTE)
(maximum DJTE). From the present data, and modified

3], [4], any value ofq less than unity leads to aneven smalle
alue of ^r 23&.
n
R

d

ic
e

the
Di

ic
at
f

s.

P\ is related to the nuclear quadrupole moment,Q, by (see
ef. (14), p. 456)

P\ 5 3e2Q^r q
23&~1 2 3x2/4!/7I ~2I 2 1!, [7]

here the factor (12 3x2/4) is a second-order correction a
is defined in Eqs. [3]–[6]. Experimentally, the second-o

orrection term is, in this instance, less than 0.01%P\ and is
ubsequently ignored. A closely similar equation to [7
erms of the nuclear quadrupole coupling,e2qQ, is (14)

P\ 5 3e2qQ/4I ~I 2 1!, [8]

here eq (5Vzz) is the z-component of the electric fie
radient (efg) at the nucleus. The nuclear momentQ is known
xperimentally (2, 24, 25) to be positive for both the 47 and t
9 Ti isotopes. The efg at the nucleus results from one or
f electronic (i.e., from the single unpairedd-electron) and

attice interactions. The quantitŷr q
23& is normally expected t

e different from^r 23& in Eqs. [5] and [6] because of electr
tatic shielding of the nucleus (14) described by shielding (o
nti-shielding) factors (12 R) and (12 g`), respectively fo

he electronic and lattice (ionic) contributions. The factorR is
sually small (12) ('10%) and may describe either shield
r antishielding while the Sternheimer factorg` is known (26)

o be large and negative for all but light atoms.
From our present data it is possible, through Eq. [7]

alculate the quadrupole momentQ, using ^r 23& determined
rom Eqs. [5], [6], i.e., neglecting shielding, or, to calcul
r q

23& using values ofQ determined from independent nucl
easurements. We follow this latter course. Channappa
endlebury (2) measuredQ 47Ti 5 0.29b andQ 49Ti 5 0.24b
ithout correction for shielding effects. From hyperfine-str

ure measurements,Q 47Ti has been more recently determin
24) as 0.303b and predicted (25) as 0.346b. Using the value
.303b, 0.24b, respectively, for47,49Ti and the equation

^r q
23& 5 ~4pe0/e

2!7P\~2I 2 1!/3Q, [9]

e find ^r q
23& 5 1.610 and1.534 a.u., respectively, for th

47,49Ti isotopes. Alternatively, if we considered using
r 23& 3d value determined from Eqs. [5] and [6] together w
ppropriate shielding factors, then it is evident that the pr
al effect is that of a small electronic shielding, and writ
r q

23& 5 (1 2 R) ^r 23& 3d we find R 5 0.241 and0.287,
espectively, for the47,49Ti isotopes (see and compare Ref. (14),
. 708).
Much the same result can be reached by a slightly diffe

ut roughly equivalent route. The theoretical valence cont
ion, qval, to the efg for a single unpaired electron in thedx22y2

rbital is qval 5 Vzz/e 5 14 ^r 23& 3d /7. The resulting contr
ution to P\ is, from Eq. [8], 3e2qQ/40 5 0.2211 mT (in
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esult must be multiplied by a shielding factor 12 R 5 0.72.
crude point-charge calculation indicates that the lattice

ribution to the efg, from 8 surrounding O ions, is negative
egligibly small.
From Eq. [7]47P\/

49P\ 5 21(47Q/ 49Q)/10. Theexperimen
al P ratio (Table 1) is 2.656 0.05, which compares well wi
he ratio determined from quadrupole moments: 0.303/0.25
.65 (2, 24) or 0.346/0.245 3.03 (2, 25). In the absence o
igh-spin terms, the P-ratio was found (1) to be 2.27. A simila
agnitude was found earlier (12) for the ratio in the [TiO4/Li] A

0

enter ina-quartz, also in the absence of high-spin terms
The presence of HS terms leads to a modification of

uclear-quadrupole-interaction matrix because the oper
rom the HS and quadrupole interactions span the sam
ectors. These types of HS interactions could therefor
hought of as a pseudo-nuclear-quadrupole interaction.
ust be distinguished from the so-called pseudo-nuclear
rupole interaction discussed by Abragam and Bleaney
14), p. 37) which arises from mixing of low-lying electron
tates by the hyperfine interaction. In the present instanc
owest orbital state is some 5000 cm21 above the ground stat
t needs to be stressed that, although the nuclear quadr
atrix is modified in the presence of HS interactions,
arameter matrices are observed to be numerically unc

ated, as is required of orthogonal tensors.

. The Nuclear Zeeman Interaction

From Table 1 an apparent anisotropy in the nuclear
an tensor has been found. This anisotropy turns up on
ll terms of dimensionBI, BI 3, BI 5 are included in th
nalysis. However, again, it is important to note that th
rthogonal tensors should not be correlated and indee
as shown by the covariances in the variance– covari
atrix of the EPR-NMR fitting procedure, they are num

cally uncorrelated.
How does one interpret this apparent anisotropy? The

lear Zeeman interaction can be written

: 5 2bNB z G z I 5 2bNB z S G' 0 0
0 G' 0
0 0 G\

D z I . [10]

The elements of the nuclear Zeeman matrix can be expr
lternatively in the tensorial notation of Eq. [2] (7):

G' 5 gNS2
1

Î3
B0,0

1,0,1 2
1

Î6
B2,0

1,0,1D
G\ 5 gNS2

1

Î3
B0,0

1,0,1 1
Î2

Î3
B2,0

1,0,1D .
-
d

e
rs
et
e
is
a-
f.

he

ole
e
re-

e-
if

e
as
ce
-

u-

ed

: 5 gNbNB z H 1

Î3
B0,0

1,0,1S 1 0 0
0 1 0
0 0 1

D
1

1

Î6
B2,0

1,0,1S 1 0 0
0 1 0
0 0 22

DJ z I . [11]

quation [11] can be compared to the NMR expression

: 5 2gNbNB z ~1 2 s! z I

heres is the chemical shielding matrix (“tensor”). Therefo

sxx 5 syy 5 s' 5 2
1

Î6
B2,0

1,0,1 andszz 5 s \ 5
Î2

Î3
B2,0

1,0,1.

From Table 1,G\ 5 20.542 andG' 5 20.213.Then:

B0,0
1,0,1 5 2

gN

Î3
Tr~G! 5 0.559gN 5 20.176

B2,0
1,0,1 5

Î2

Î3
~G\ 2 G'! 5 20.269gN 5 0.085,

here the accepted isotropicgN value (17) 20.31539 has bee
sed. Experimentally we obtaingN(exp) 5 Tr(G)/3 5 20.328 in
easonable agreement with the accepted nuclear-deter
alue. Also,s\ 5 0.070 ands' 5 20.035. Similarly for the

49Ti isotope, using the accepted value (17) 20.315477 forgN,
e obtainB0,0

1,0,1 5 0.553gN 5 20.174,B2,0
1,0,1 5 20.285gN

0.090,s \ 5 0.074,s ' 5 20.037, andgN(exp) 5 20.319.
HSN terms of orderBI 3, BI 5 produce effects, as discuss

bove for the nuclear quadrupole interaction, which migh
onsidered as pseudo-nuclear-Zeeman interactions. A
hese must be distinguished from the pseudo interaction
ussed in Abragam and Bleaney (14) which involves mixing o
ow-lying electronic levels in second order by the electro
eeman and hyperfine interactions.

V. CONCLUSIONS

We believe that we have demonstrated conclusively the n
ity for the presence of HSNZ (terms of dimensionBI3, BI5) and
SN (terms of dimensionI4, SI3, SI5) terms in the SH for the Ti31

enter. The parameters arising from these terms are several
f magnitude larger than have been found previously for first

ransition ions. The effects of the terms on the observed
pectra are rather subtle but certainly not trivial: (i) a marked
u angular dependence of the spectra in the perpendicular c
rientation which can only arise from operatorsJ4,m(J)(m5 0, 4;
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H; (ii) apparent anisotropy in the nuclear Zeeman intera
hich we have identified with anisotropy in the chemical shi

ng “tensor,” s; (iii) an experimental ratio47P\/
49P\ which is in

ood agreement with the derived ratio of the corresponding
lear quadrupole moments; and (iv) observation of a ma
hyperfine anomaly.”

It is clear from the results of Tables 1 and 2 that
lectronic properties,g-values, and orbital splittings, are,
xpected, independent of isotope. However, the nuclear p
ters̀ (;A), k, and hyperfine fields are markedly different

he two isotopes. One can rationalize this in a hand-wa
ay by assuming that the two quadrupolar nuclei in ques
re of different sizes and distortions and are penetrated d
ntly by the electronic orbitals (see discussion in Ref. (14),
. 706).
We have reported recently (27) 10 K EPR for an Fe31

pectrum in tetragonal scheelite (CaWO4) where terms of di
ensionBS3, BS5 were found necessary to explain the ang
ependence of the spectra. Again theg and HS tensors we
umerically uncorrelated, but inclusion of the latter produc
arked anisotropy in the former, unusual in high-spin F31

PR spectra. In this example the symmetry was only tric
Laue class 1#) so that all operatorsJ l ,m(B, S) (l 5 4, 6; 2l #

# l ) need be included. The evidence in this case was m
tatistical—a marked diminution in the RMSD.
We shall not, at this stage, comment on the meaning o
SN terms, but several queries need be posed. Are they
ave we been lucky in observing two isolated cases wher
nknown reasons, the terms are apparently important,

heir occurrence more widespread, but the effects hidde
ause of the complexity of spectra and/or imprecision in
easurements?
In answer to the second query, we have, in the examp

orted herein, been fortunate in that the relative magnitudes
uclear hyperfine, nuclear electric quadrupole, and nuclear
an interactions are such as to produce a large number of
idden” hyperfine transitions, most of which we were abl

dentify and utilize in our analysis. Precise fitting of these for
en lines was crucial in obtaining well-determined HS parame
econdly, because the symmetry of the spectra is uniaxial,
ere relatively few HS terms involved. Had the point-gr
ymmetry of the site been triclinic, there would have been
uired 94 HS terms in the SH for an ion withI 5 5/2, and one

hen has the valid criticism that anything could be fitted num
ally to so many parameters. Of course there would have
ore data: four-fold site splitting in a general crystal orienta
hich would be equivalent (28) generally to measurement in fo
istinct crystal planes.
Recently we have examined two other uniaxial system

ircon: Ti31 in the silicon site of the structure (as distinct fr
he zirconium site in the present instance) and Nb31 (S 5 1/ 2,
5 9/ 2). In both instances no forbidden hyperfine lines w

dentified and neither analysis required the presence o
erms in the SH. In the former case the quadrupole intera
n
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rystal, and in the latter case the nuclear hyperfine intera
s an order of magnitude larger than for Ti/Zr. (These
ystems will be reported elsewhere.) These observations
he interesting possibility that HSN terms may be require
xplain the mixing of levels by the magnetic field interac
hen the magnitudes of the nuclear quadrupole and nu
eeman interactions are significant fractions of the nuc
yperfine energy. If one examines theS 1 I 5 7, 9 zero-field
yperfine multiplets for theI 5 7/ 2 49Ti nucleus, there i
pparent a complicated mixing of states over the first 10 m
o of field range as the magnetic-field interaction is appli
We are pursuing currently further studies on synthetic

oped zircon crystals to clarify some aspects of this work.
s the inclusion of terms inBI 7, SI7 in the SH to make the49Ti
tudy more complete. Doping the crystal with isotopic
nriched 47Ti or 49Ti, as was done recently (29) for Ti in
rthophosphate single crystals, would greatly simplify
pectra in theab crystal plane and probably allow a mo
recise analysis with certainty of identification of lines.
Precise measurements such as outlined in this paper

he determination of nuclear properties from essentially
entional EPR measurements. If good theoretical value
r 23& 3d and ^r q

23& were available, thengN and the quadrupo
omentQ, particular to the crystalline environment of t
ucleus, could be obtained.
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