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Precise 10 K X-band EPR measurements and subsequent spin-
Hamiltonian analysis by direct matrix diagonalization methods
are reported for a Ti** (S = 1/2) center in tetragonal zircon
(zirconium silicate, ZrSiO,). A special, and previously unobserved,
feature of the supposedly uniaxial spectrum is the marked angular
dependence of the titanium hyperfine lines in the perpendicular,
ab crystal plane. As discussed, this can only arise from the pres-
ence of high-spin nuclear terms of dimension BI*, SI* (k = 3, 5) in
the spin Hamiltonian. Parameters arising from these terms were
determined to have magnitudes very much larger than observed
previously in first-row transition ions. The consequences of precise
determination of these high-spin parameters are significant and
several: a precise determination of the nuclear quadrupole tensor
leading to a ratio “P/*P in excellent agreement with the ratio
derived from the corresponding nuclear quadrupole moments; an
apparent anisotropy in the nuclear Zeeman interaction which can
be identified with anisotropy in the chemical shielding “tensor”; a
marked hyperfine anomaly. The origin and significance of these

observations are discussed. © 1999 Academic Press

I. INTRODUCTION

previously for first-row transition ions. As a result of including such
terms in the spin-Hamiltonian (SH) analysis of the center, the ratio «
the nuclear quadrupole momerit&)/*°Q, for the two Ti isotopes
involved was determined in good agreement with, but apparent
more precisely than by, direct nuclear meth@jsA further conse-
guence was that an apparent anisotropy in the nuglparameter
matrix (“tensor”) could be detected, corresponding to uniaxial sit
symmetry, and measured with considerable precision.

That such precision and such unexpectedly large-magnituc
HSNZ parameters resulted from a largely conventional EPI
experiment elicited some skepticism from the referees of oL
earlier paperJ). It was conceded that the evidence is statistica
and could not, at that time, be established unequivocally. Tt
symmetry of the Ti" site in zircon is 2m (D,,) tetragonal,
and it was acknowledged) that presence of HSNZ terms in
the SH should result in an angular dependence of lines in tt
perpendicular orientation of the crystal which would be abser
in a system described by a conventional and uniaxial SH. TF
magnitude of this angular dependence was calculated to |
small but, in principle, detectable within the quoted uncertaint
in the measurements. Unfortunately attempted measureme
in the ab plane of the crystal proved inconclusive because (i

Zircon (zirconium silicate) is a good representative of an intethere was low overall intensity in this plane, (iij) some of the

esting class of a mixed ionic—covalent crystal: covalent,SiOlines had calculated transition probabilities close to zero, an
tetrahedral units ionically bound with Zrions. Such crystals (i) there were many interferences from residuatZe) lines
provide the opportunity to study the interaction between molec{B) not removed in the annealing process.
lar defects of the type produced énquartz and ionic defects of In an attempt to resolve the above difficulties we have (i
the type formed in alkali halides. We shall not discuss theseade instrumental modifications resulting in an order-of-mag
aspects further in this paper except to note the importancenifude improvement ir&/N, (i) complemented this by a com-
electron paramagnetic resonance (EPR) in studying the formatmrter averaging data collection system, and (iii) experimente
and structure of paramagnetic centers, often at the ppm lewelth annealing rates to obtain the best possible proportion ¢
which can strongly influence the electrical and electronic prop¢he wanted Ti* center at the expense of other interfering
ties of the host crystal. From the EPR standpoint zircon is an ideainters. These improvements resulted in satisfactory spec
crystal for study since the crystal structure and morphology li®ing obtained in theb plane and an unequivocal confirma-
known. Furthermore, the tetragonal structure (space group [don of the earlier results: large magnitude parameters of d
amd normally gives rise to paramagnetic species with tetragomakensionBI® andBI1° were obtained for both th&“*Ti isotopes
or monoclinic point group symmetries. (I = 5/2 and 7/2, respectively). Contrary to the earlier results
A recent paperl) gave a detailed description of a 10 K X-bandhe parameters of dimensiofy, SI°, andS/I° are also found to
EPR study of ad* Ti*" (S = 1/2) center in zircon (zirconium be large and significant. The evidence is both statistical, i.e.,
silicate) in which it was claimed that high-spin nuclear Zeemarighly significant diminution in the fitting errors, and visual—a
(HSNZ) parameters of dimensid®l® and BI° are present with marked angular dependence of the lines in the crydigllane.
sizes several orders of magnitude larger than had been obsefee nuclear Zeeman interaction is shown to be a function c
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three sets of terms, those of dimensBh BI®, andBI®. The for B L c). The overall intensity of the spectra in this plane
nuclear electric quadrupole tensor is precisely determinadas markedly angular dependent, with 90° periodicity, bein
leading to a well-determined ratio for the nuclear quadrupotgeatest in the [1 1 0] (and equivalent) direction and least alor
moments;’Q/*°Q. The consequences of these results and théire a or b axes. There was a visual indication of angular

significance are discussed. dependence of line positions in tlad plane, but because of
complicated overlapping of lines this could not be analyze
1. EXPERIMENTAL simply without the procedure outlined below. As pointed out ir

the previous section, any angular dependence observedas

The crystal, mounted on a copper holder, was irradiated witbsult of imperfect crystal alignment in theb plane—the
X-rays (W target, 45 mA and 45 kV) fdL h at 77 K andhen spinless isotope lines are, within error, isotropic in this plane
transferred cold to the goniometer system in the EPR cavifjigure 1 shows the observed spectrum in the [1 1 O] cryst:
The spectrum at 10 K was used to determine precisely thgentation in theab plane.
orientation of the crystal. The Displex cooler was then turned Initially four sets of data, those from the (1 0 0) and (1 1 0)
off and the cavity filled with helium gas for efficient heatplanes used by Claridgst al. (1) and the current data from (1
transfer. The crystal warmed to room temperature within 110) and (0 0 1) planes, were refined simultaneously. All fou
and was then cooled back to 10 K for EPR measurements.sets could be fitted by a single parameter set which, withi

After annealing as detailed above, all traces of th& (@) fitting errors, was close to that given in Ret)(The earlier
center had been removed and there remained only the pralata sets were then discarded and refinement continued w
ously reported 1) B(Ti*"), the C-center ), and several hole the current sets only; for these tB&\ was at least an order of
centers 8). Three other weak sets of lines, which are believedagnitude better than for the 1995 data.
also to arise from T centers, were also observed. The relative The data were refined using program EPR-NMR develope
positions of the various centers are shown in ¢hexis spec- by the University of Saskatchewan EPR Groép. (This pro-
trum depicted in Fig. 1 of3). One of the three additional Ti gram, which utilizes matrix diagonalization least-square:
centers has been studied in detail and reporbed ( methods, contains, in addition to procedures for obtainin

Earlier measurementd)(suggested that the (1 1 0) crystaklements of the second-rank parameter matiiges P, gy of
plane is the most favorable plane from the point of view dhe conventional SH, operator algebi@ for obtaining coef-
obtaining a wide selection of both allowed and forbidden lindiients (tensor elements) of terms of dimensidn|°, BI®,
with reasonable intensities; this plane contains both the paraldf, SI°, and SI°. We shall now comment briefly on these
(c axis) and perpendicular orientations of the uniaéli®*) terms and the choice of SH for the analysis of the current dat
center. Data were collected in this plane over a 180° angularThe justification for including higher order spin terms in the
range in 5° intervals and in the perpendicular, (0 0 1), plar8H whenS, | = 3/2 is well established (see Ref7)(for
over a 210° angular range in 10° intervals. Alignment of thieistorical survey). The general term in the SHE% Ss |"
crystal in the (1 1 0) plane was confirmed, prior to annealingihere the actual terms allowed are restricted by (i) time reve
by observing the previously determined®Zr) and [AlIO,]° sal invariance and (ii) invariance under the symmetry opere
centers, each of which collapses from up to four symmetrtions of the point group of the site of the paramagnetic ion. Th
related species in planes containing the tetragonal axis tdeams to be considered in this paper are formulated, initially, &
single species foB || ¢. The alignment in the (0 0 1) plane wagwo-vector spherical tensor operators which, to be experimel
confirmed by observing the nonangular dependence of tadly useful, must be decomposed to single-vector operator
spinless isotopé®*®*Ti lines to within the inherent error in This imposes a further constraint, that of satisfying the triangl.
their measurement-0.0008 mT; the positions of theandb rule for addition of angular momenta.
axes in this plane were determined by observing the knownMcGavin et al. (7) detailed the decomposition of spherical
angular dependence of a recently reported Y-compensated Tensor 2-vector operatof® ,(V, W) of rank| to experimen-
center for which the point-group symmetry of the siten&C,) tally usable products of single-vector tensor operators ar
(5). Goniometer settings were determined to within 2 min dbrmulated a SH in terms of tesseral combinatiogys,,(J)
arc, the static magnetic field (with Bruker ER 033M NMRJ = B, S, I), of these expressions. Terms of dimensibnw'v
Gaussmeter) ta=0.002 mT, and the microwave frequencywere considered, whek& W can represent any one Bf S, or

(with Systron Donner 6016 Counter) tol kHz. [,I,anyone oflg, Ig, orl, (Ig = 1, 2;15, I, = 1), andl,, one
or other ofls, |, (= 1, 2, 3, 4, 5). Thus implicitly covered are
I1I. RESULTS all terms of the following typesBJ, BJ®, BJ®, JJ(J?), J*

(J23%), 3° (323, 3%, JJ° (whered = S, 1), as well as terms
The main features of thB(Ti*") spectra have been detailecquadratic in the magnetic field, here neglected. (See REf. (
(). The new results presented here are those obtained abtheor further discussion and relations between SHs expressed
crystal plane: complex spectra of around 64 lines arising frooonventional and tensorial forms.) For convenience of con
“"4Ti lines of B(Ti*") and at least two other Ti centers were parison of results as conventionally expressed, we shall fo
observed (linewidths ranged from 0.02 mT Bl cto 0.08 mT mulate the SH for the present study in standard form but wit|
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FIG. 1. 9.222 GHz EPR spectrum in the [1 1 0] direction at 10 K.

high-spin nuclear (HSN) terms necessarily in (tesseral) spherFor site symmetry 2m the parameter matrices in [1] are
ical tensor notation. Thus, necessarily diagonal and uniaxial. In [&! = —g,B\B and
theU,, , (obtained from Table 3 of Refr)) are functions of
Ne=BB-G-S+S-A-l +1-P-1 Sim(l) and&,m(B) for the primeq §et, ang (1) and%um(s_) _
- for the unprimed set. The coefficients (SH parameters) in [2
— BuBgnt | + Nusn [1] expressed in the notatidd|%*" with one oflg, I, |, neces-
sarily zero, are components of irreducible tensors of dank
where For 42m site point group symmetry (Laue classwhn) the
number of terms in [2] is restricted by symmetry consider:
ations {7, 8) to those for whichl = 2, 4; m = 0, 4. The
' 0.0l number of parameters to be refined is then, ffor 5/2,
Nusn= 2 2 Bla'Jin(l) 2(g) + 2(A) + 1(B) + 2(gw) + 2(1*) + 3(BI®) + 4(BI")
=6 m=- + 3(SP) + 4(SI°) = 23. Forl = 7/2 (*Ti isotope) terms

) 4 in 1°, BI” andSI” are also allowed, increasing the number
+G{ Y (BXOUL,) + > (BELUL ) of parameters possible to 29. Of these latter terms only thos
m——2 o m——d ' in 1° are currently available in program EPR-NMR.

With so many parameters to be refined it was necessary
ensure that all parameter sets were considerably overdetermin

4 6
+G{ XY (BinUsam + 2 (BEmUsen} This was achieved by setting criteria similar to that used it

m=-4 m=-6 single-crystal X-ray crystallography, namely, number of dat:
) 4 points =10 X number of parameters to be iterated upon. The
actual numbers used for the final data sets were as follows:
+ E (Bgﬁ{aus,z,m) + 2 (BSY;@U“m)
m=-2 m=-4 No. non-zero-weighted data points: 381 “TY) 528 (*°Ti)
4 5 No. unit-weighted data points: 250 " 265 !
No. parameters to be iterated upon: 23 " 26
+ 2 (ng%'leSAm) + 2 (Bglr}q'sus,s,m)- [2]

m=—4 m=—6 The weights were set taking into account linewidth, calcu
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TABLE 1
SH Parameters for the Ti** Center at 10 K; Error Estimates in Parentheses

“Ti principal values “*Ti principal values 648561 principal values

Matrix Y Y, Y, Y, Y, Y, Y,

s 1.926873(6) 1.940835(3) 1.926893(9) 1.940800(4) 1.926885(6) 1.940861(
AlgeB. (MT) 2.9714(6) 0.8986(10) 2.9638(8) 0.8554(3)

P/geBe (MT) 0.16713(28) —0.08352(14) 0.06288(17) —0.03144(8)

an —0.542(40) —0.213(5) —0.532(110) —0.205(5)

Data points 381 528 42

Unit-weighted data points 250 265 35

RMSD (mT) 0.0082 0.0137 0.0027

Parameters 23 26 2

Crystal orientations 35 39 39

lated and observed intensity, and ease of measurement (fralysis of the¢*Ti data could be modified by the inclusion of
dom from interference and so on). It had been ascertainedteyms inBl’, SI” which are not currently available in program
measurement and calculation that the two planes of measuF®R-NMR. However, we note from Table 2 that parameter
ment used were more than adequate for complete determiagsociated with® are three orders of magnitude smaller thar
tion of parameters for the center whose symmetry is uniaxighose associated witH.

Results are summarized in Tables 1 and 2, and in FlgS 2, 3Before Commenting on the angu|ar dependence of Spectra
and 4. theab plane of the crystal it is necessary to comment briefly ol
the energy-level assignments and the signd,ofA , andP,.
The energy level assignments are relatively simpldfic but
%ecome increasingly difficult as the Zeeman field approache

IV. DISCUSSION

From Tables 1 and 2 the data for both isotopes are fitted : . .
within the inherent error in measurement of any one data poi ? perpendlcular. crystal orlenta}tmn. Level labels were gstal
i.e., to around+linewidth/3. For*'Ti the root-mean-squared- ished by a stepm;e procedure n the (11 Q) plane, Sta”'”@,l |
deviation (RMSD) was 0.0082 mT and for tH&i 0.0137 mT. c and proce.edlng .|n 5°. step; u5|.ng sugcesswe cyclles of refin
All parameters are statistically well determined as evidenc8Nt and simulation, including intensity computation. Label
by the parenthesized errors in Tables 1 and 2. Of particulgre then assigned in the (0 0 13k plane by simulating
interest are the HSNZ parameters (associated with t@1s positions and transition probabilities for all possible transi
BI°) and the HSN parameters associated with terfnsSI®, tions. Final refinements were then made with both planes «
SI°. The mean errors of determination for these terms afi@ta simultaneously while retaining these level assignment
respectively =20% and =5% for the 47 and 49 isotopes.We shall see that the signs Af andA_ can be established as
Contrary to the earlier worklj, where only the'’Ti data was being both positive from a ligand-field analysis of the principal
analyzed in detail, the latter group of terms is also shown nanandA values. In Ref. 1) the A values were taken as positive
to be well determined and significant. It is possible that thte agree with the theoretical analysis of Rinneberg and We

0

TABLE 2
Values of High-Spin Nuclear Parameters for “*“Ti at 10 K; Error Estimates in Parentheses
Term type “Ti(l = 5/2) “Ti(l = 7/2)
1''geBe (MT) By’ B B B
| =4 —0.0185(13) —0.0071(13) 0.0219(5) 0.0216(6)
| =6 - - 0 —0.0004(2)
SI"geBe (MT) B B B B
l=2,m=3 0.0025(36) — —0.0016(14) —
l=4,m=3 —0.0075(14) 0.0306(55) —0.0024(14) —0.0718(19)
l=4,m=5 0.0045(14) 0.0631(44) 0.0205(4) 0.0178(11)
l=6,m=5 0.0048(15) 0.0024(52) 0.0171(4) -0.0177(14)
BI™ (unitless) BLom By By B
l=2,m=3 ~0.0039(26) — —0.0588(28) —
|l =4,m=3 —0.0288(31) 0.0062(26) —0.0082(30) —0.1017(6)
l=4,m=5 —0.0148(24) 0.0290(9) 0.0180(4) —0.0147(2)
l=6,m=5 0.0015(25) —0.0268(14) 0.0099(4) 0.0239(2)




126

(9). Then the fittings apparently gave the sigrPpias negative
relative toA,. However, it has since become apparent that

TENNANT AND CLARIDGE

for both ““°Ti, must take the same positive sign as the resped/mT L

tive nuclear quadrupole moment3,(see later discussion). In
fact it was found that the data could be fitted equally well
taking A, and P, both positive, but the labels of some energy
levels swap. It follows that the signs of neith&r nor P, are
established from the EPR measurements alone, and in addition
the sign ofP, is not established generally relative to thatgf

A correct statement of the position seems to be: the sid®, of

is known relative to that of\, for a given choice of energy-

level labels.

For the*'Ti (I = 5/2) isotope the angular dependence in the
ab plane only just exceeds the errors in measurement. In faé#0.00
it was necessary to correct data to constant frequency (Fig. 2)

B/mT

342.00

340.00

338.00

336.00

FIG. 2. Angular dependence of tHéTi (I = 5/2) lines in theab crystal
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FIG. 3. Angular dependence of tH&Ti (I = 7/2) lines in theab crystal
plane (see legend to Fig. 2).

in order to eliminate scatter from small variations in micro-
wave frequency from one crystal orientation to the next, ir
order to obtain a reliable view of the angular variation of the
line positions. Nevertheless the results depicted in Fig. 2 al
convincing: there is a marked angular dependence of some
the lines in the plane which exceeds the error bars and whic
would not be present in the absence of HS interactions.

For the®Ti (1 = 7/2) isotope the angular dependence (Fig
3) is very marked and the results unequivocal. The observe
angular dependence could not be explained in the absence
HS interactions and the degree of agreement between obsen
and calculated line positions could not be explained by an
artifact of measurement or fitting procedure. Figure 4 illus:
trates, for two of the®Ti transitions, the angular variation of

plane. Solid lines are calculated from Egs. [1], [2] and the experimental poifd®th line position and calculated line intensity. Generally cal
are indicated.

culated and observed intensities were in agreement across
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342.6 . B' % T and gk is the isotropic contact interaction whege, =
| l l ! L HodeOnBeBn <r73?3d/477 andk = —8md(r)/3 (r °)s repre-
. e g\ 0.200 sents core polarization of treelectrons.AE, = E;, — Eg,
’ \ [ - and AE, = E. — Eg,. Furthermore,l, = k¢, ¢, = Ky¢,
LA \ ' - - 0.175 wherek;, k, are the orbital reduction factors agds the free
;342-2- Al SN i ion spin—orbit coupling constant. Sindg and k, are not
g Ly o %y ; : hef? ' known, and not obtainable from the present experiments, w
S 3420 ') ] - ' 0.125 § shall be content to treat y as parameters to be obtained from
% | Wi g/ . 4 ! f £ the experimentab values and Egs. [3] and [4]. A quantity
= raLsl ’ : | 0.100 £ closely related tg s is the theoretical uniaxial parametey;
5 ; | 0.075 = aps Wherea (= 2/7 in this instance) is the appropriate
. \ ‘ \ i d-type spherical harmonic contribution to tdeorbital.
341.6 0.050 Using the experimenta) values (Table 1), Egs. [3] and [4]
yi . were solved iteratively fox andy, and then Egs. [5] and [6]
341.4. ’ 0.025 were solved forp and k using thesex andy values and the
R _ _ R _ 1 0.000 experimentalA values from Table 1. The derived valu&g,,
90.00 13500  180.00 22500  270.00 AE, (using the free-ion valug = 154 cm’), g, k, and(r )
Angle (Degrees) are listed in Table 3 for both Ti isotopes. The valuegpaind

k agree rather well in magnitude with the values given fol
FIG. 4. Angular dependence of observed resonant fields (solid lines afé’tragonal Ti" sites in MgO and CaO by Davies and Wertz

left-hand abscissa) and intensities (dashed lines and right-hand abscissa 3 o in
two of the “*Ti lines in theab plane:A, A’ transition 8—128, B’ transition Uﬂs and also for the, TI™" sites ina-quartz {2, 13, when

7-9. Experimental points are indicated. @ was treated similarly as a variable parameter (the groun
state in thea-quartz centers is predominant®y, (d,2)). The
value of the radial expectation valde ®),, is considerably

lines in the plane. There were some apparent anomalies whigher than the Watson and Freeméid(13 free-ion value, |
may be due to noninclusion of certain HS terms in the intensiér%, a.u., but is also in good agreement with that found b
computations. avies and Wertz1(1) and that derivable from the-quartz

In the following we discuss, in turn, analysis of the principdieSUlts €2, 13. Recent theoretical calculatlonﬁi (R. G. A. R.
g and A values, the nuclear quadrupole interaction, and thicL-agan, personal communication) based on T octahe-

nuclear Zeeman interaction, including where appropriate tAE coordination with oxygens at varying distapces suggest
effects of higher spin terms on these interactions. value around 2.47 a.u. The apparently low “experimental
values of(r ~%) are at this time not explained, but may indicate

A. The Electronic Zeeman and Nuclear Hyperfine simply that the ligand-field analysis is not a particularly gooc
Interactions approximation. The core polarization fields resulting from the
. ) ] single unpaired electron, given bywk/2g.By, are, respec-
As discussed in Ref1j, the ground state of the Ti center tively, 8.403 and 8.203 T for the 47 and 49 isotopes.
under D4 point group symmetry can be eithet:_y2 (B,  The isotropic and uniaxial components,and b, respec-
representation) od,, (B, representation) depending on thgjyely, of the hyperfine interactions given ay= Tr(A)/3 and

choice ofx andy axes. Equations [2]-[4] of Refl, approx- p = (A, — A)/3, may beextracted from the data of Table 1.
imated by neglecting all terms of ordef/4,)? (Z/A,)? (see

below for definitions of these terms), referred to the former
choice and were used to analyze thandA values. With all
second-order terms includedQ), the appropriate expressions

TABLE 3
Electronic and Nuclear Quantities Derived from Eqgs. [3]-[6]
and the g and A Values of Table 1

are
Quantity “'Ti isotope “Ti isotope
) = 9e(N? = 4yN — x* + y?) [3]
LIA, 0.03036 0.03038
g, = ge(N? = XN + xy — y?) [4] i, 0.00908 0.00907
) A° 16,967 cm* 16,972 cm*
A= —p(4N” + 56yN + 6xN Ay 5072 cm? 5069 cm*
5 5 P —21.3081x 10 *cm™ —21.6755% 10 “cm™*
+ 8x° + 4y* + 6xy + 7k)/7 [5] « 0.6325 0.6072
_ 2 _ _ oy2 _ (r s 2.1227 a.u. 2.1563 a.u.
A, = p(2N2— 11xN + 11xy — 2y2 — 7«)/7, 6 & o e

®Based onZ, = {, = { = 154 cm?, the free-ion spin—orbit coupling

where (0) N = (1 — 3x* — y)"?, x = {,/IAE,,y = {,/AE,, constant.
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These are clearly slightly different for the two isotopes, arld. The Nuclear Electric Quadrupole Interaction

from the relations (see and compare Ra#)(p. 707) P, is related to the nuclear quadrupole momént,by (see

Ref. (14), p. 456)
|“"a/*%a| = (“'g/ o) (1 + A)
P, = 3e?Q(r (1 — 3x%4)/71(21 - 1), [7]
and 21 .
where the factor (- 3x/4) is a second-order correction and
x is defined in Eqs. [3]-[6]. Experimentally, the second-orde
|40/ *%b| = (“gn/*°gn) (1L + A') correction term is, in this instance, less than 0.0Rp@nd is
subsequently ignored. A closely similar equation to [7] in

terms of the nuclear quadrupole couplirgqQ, is (14)
one gets a measure of the so-called hyperfine anothglyr

A"). The former relation gives 1.5895/1.55821.0201 andA _ an2 _

— 0.0204 (2%) and the latter, 0.6909/0.7028.9831 and\’ Py = 3eqQralt — 1), (8]
= —0.0166 (1.7%). The apparent hyperfine anomaly is an , L
order of magnitude greater than that observed from ENDOKET® €d (=V.,) is the z-component of the electric field
measurements of the 63, 65 isotopes of Cim Al,O, (16). gradient (efg) at the nucleus. The nuclear mong@iig known

However, examination of Table 2 reveals that the derivégPerimentally, 24, 25 to be positive for both the 47 and the
quantitiesp, k, and(r ) all differ for the two isotopes and one49 Tiisotopes. The efg at the nucleus results from one or bot

should compare rather the isotopic ratios of the prodacts of electronic (i.e., from the single unpairetielectron) and
gy (r® k andb ~ gy (r%. The set of self-consistent lattice interactions. The quantity, °) is normally expected to

“experimental” parameters %), k and the accepted isotropicbe different from(r “%) in Egs. [5] and [6] because of electro-
gy values (7) give static shielding of the nucleud4) described by shielding (or

anti-shielding) factors (+ R) and (1— v..), respectively for
the electronic and lattice (ionic) contributions. The fadis

|47/ *%b| = “Tg*"((r ~3))/*9g\*°(¢r 3)) = 0.984 usually small {2) (=10%) and may describe either shielding
1120 e o 47140 or antishielding while the Sternheimer factpris known @6)
|*"a/*%a| = (*'b/**b)(*'k/*°k) = 1.025. to be large and negative for all but light atoms.

From our present data it is possible, through Eq. [7], tc

: 23 .
It has been common to analyze the experimental isotropﬁ%lcu'ate the quadrupole mom.e@; u§|ng_<r ) determined
rom Egs. [5], [6], i.e., neglecting shielding, or, to calculate

and uniaxial components of the hyperfine interaction by tlz?,3> using values of) determined from independent nuclear
Morton and Preston procedur&g), wherea, b are compared ¢ 9 . P
measurements. We follow this latter course. Channappa al

e d .
to the quantitiesA® andP? derived from Hartree—Fock—Slater o 19
atomic orbitals tabulated by Herman and Skillmag)( Such PgndleburyZ) measure@ T' 0.2% andQ *'Ti 9'24b
. without correction for shielding effects. From hyperfine-struc:
an analysis of the present datg €howed that-100% of the o :
ture measurement® “'Ti has been more recently determined

spin population lies on the i ion with around 93.6% in the (24) as 0.30® and predictedd®) as 0.346. Using the values

d-orbital. . o .
We have not herein, or previously)( considered Jahn—o'go:b’ 0.24b, respectively, for*Ti and the equation

Teller distortions which, by reference to otlErions in zircon

(20, 27) and TF" ions in other crystals2@), are presumably (rg®) = (4meg/e®) 7P (21 — 1)/3Q, 9]
present. It was found that there are apparently no features in the

present study which required such an analysis. As noted by find (r,°) = 1.610 and1.534 a.u., respectively, for the
Gregorioet al. (20), a static Jahn—Teller splitting of the de-*"*’Ti isotopes. Alternatively, if we considered using the
generatée levels is not possible und@,, symmetry, but there (r ~*),, value determined from Egs. [5] and [6] together with
is a possibility of coupling of the degenerake states to appropriate shielding factors, then it is evident that the princi
vibronic states of the same symmetry leading to dynampal effect is that of a small electronic shielding, and writing
Jahn-Teller distortion (DJTE). We have noted above what,®) = (1 — R) (r °)s, we find R = 0.241 and0.287,
appears to be an anomalously low “experimental” value oéspectively, for thé *Tiisotopes (see and compare Ré#
(r~®). Modification of Egs. [3], [4]) to include a DJTE (seep. 708).

Ham 3) and Egs. [9], [10] of Di Gregoriet al. (20)) involve Much the same result can be reached by a slightly differer
the parameteq which takes values between 1 (no DJTE) andut roughly equivalent route. The theoretical valence contribu
1 (maximum DJTE). From the present data, and modified Edin, q,.,, to the efg for a single unpaired electron in the -
[3], [4], any value ofq less than unity leads to aven smaller orbital isq,, = V,J/e = +4 (r *),/7. The resulting contri-
value of (r °). bution to P, is, from Eq. [8], 3°qQ/40 = 0.2211 mT (in
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units 1h.B.). To obtain the experimentally observed, this Then [10] can be written
result must be multiplied by a shielding factor1R = 0.72.

A crude point-charge calculation indicates that the lattice con- 1 0 0
tribution to the efg, from 8 surrounding O ions, is negative and N = guBnB - {{ Bg~g~l( 010 )
negligibly small. V3 T 00 1
From Eq. [7]*'P,/*°P, = 21(*'Q/*°Q)/10. Theexperimen-
tal P ratio (Table 1) is 2.65- 0.05, which compares well with 1 . 100
the ratio determined from quadrupole moments: 0.303/6:24 N Bzol 01 O e [11]
2.65 @, 24 or 0.346/0.24= 3.03 @, 29. In the absence of v 00 -2

high-spin terms, the P-ratio was four {o be 2.27. A similar

magnitude was found earliet?) for the ratio in the [TiQ/Li] a

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

nuclear-quadrupole-interaction matrix because the operators N=—guB\B-(1-0)-I

from the HS and quadrupole interactions span the same ket

vectors. These types of HS interactions could therefore Wereo is the chemical shielding matrix (“tensor”). Therefore,

thought of as a pseudo-nuclear-quadrupole interaction. This

must be distinguished from the so-called pseudo-nuclear-qua- /

drupole interaction discussed by Abragam and Bleaney (Ref0xx= Oy = 01 = — T Bzo*ando,, = o =

(14), p. 37) which arises from mixing of low-lying electronic v

states by the hyperfine interaction. In the present instance th

lowest orbital state is some 5000 chabove the ground state. From Table 1G) = —0.542 andG, = —0.213.Then:

It needs to be stressed that, although the nuclear quadrupole

matrix is modified in the presence of HS interactions, the 101_ _ 9N _ _

parameter matrices are observed to be numerically uncorre- Boio™ = V@ Tr(G) = 0.55%, = ~0.176

lated, as is required of orthogonal tensors.

Equation [11] can be compared to the NMR expression

=
N

0,1
0 -

By

@l

\j

[

51501

w

(Gy— G,)=-0.269y = 0.085,

[

C. The Nuclear Zeeman Interaction N

From Table 1 an apparent anisotropy in the nuclear Zeahere the accepted isotropig value (17) —0.31539 has been
man tensor has been found. This anisotropy turns up onlyuiged. Experimentally we obtagy.,., = Tr(G)/3 = —0.328 in
all terms of dimensiorBl, BI®, BI® are included in the reasonable agreement with the accepted nuclear-determir
analysis. However, again, it is important to note that thesalue. Also,o; = 0.070 ando, = —0.035. Similarly for the
orthogonal tensors should not be correlated and indeed, 83 isotope, using the accepted valugry —0.315477 forg,,
was shown by the covariances in the variance—covarianwe obtainBgs* = 0.553yy = —0.174,B;0" = —0.285,
matrix of the EPR-NMR fitting procedure, they are numer= 0.090,0y = 0.074,0, = —0.037, anyexy = —0.319.
ically uncorrelated. HSN terms of ordeBI®, BI® produce effects, as discussed
How does one interpret this apparent anisotropy? The rabove for the nuclear quadrupole interaction, which might b
clear Zeeman interaction can be written considered as pseudo-nuclear-Zeeman interactions. Aga
these must be distinguished from the pseudo interaction di
cussed in Abragam and Bleanéy) which involves mixing of

G, 0 O low-lying electronic levels in second order by the electronic
N=-BB:-G-1=-8B-| 0 G, 0 I. [10] Zeeman and hyperfine interactions.
0 0 G

V. CONCLUSIONS

The elements of the nuclear Zeeman matrix can be expressegle pelieve that we have demonstrated conclusively the nece
alternatively in the tensorial notation of Eq. [Z)( sity for the presence of HSNZ (terms of dimensBiA, BI°) and
HSN (terms of dimensiott, SF, SP) terms in the SH for the Ti
center. The parameters arising from these terms are several orc

G, = 9N< - iﬁ BLOI— iﬁ B%,g,l) of magnitude larger than have been found previously for first-rov
V3 V6 T transition ions. The effects of the terms on the observed EP
= spectra are rather subtle but certainly not trivial: (i) a marked cc
1 12 . .
G =0y - = B1OI 4+ Ne B0 40 angular dependence of the spectra in the perpendicular crys
\@ ’ \@ ’ orientation which can only arise from operat@g,(J)(m = 0, 4;
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J = S, I), and which would be absent in the conventional, uniaxié an order of magnitude smaller than for Ti in the Zr site of the
SH; (i) apparent anisotropy in the nuclear Zeeman interactionystal, and in the latter case the nuclear hyperfine interactic
which we have identified with anisotropy in the chemical shields an order of magnitude larger than for Ti/Zr. (These twc
ing “tensor,” ; (iii) an experimental ratid’P/*P, which is in  systems will be reported elsewhere.) These observations rai
good agreement with the derived ratio of the corresponding rte interesting possibility that HSN terms may be required t
clear quadrupole moments; and (iv) observation of a markegplain the mixing of levels by the magnetic field interaction

“hyperfine anomaly.” when the magnitudes of the nuclear quadrupole and nucle
It is clear from the results of Tables 1 and 2 that thBeeman interactions are significant fractions of the nuclec
electronic propertiesg-values, and orbital splittings, are, asyperfine energy. If one examines t8et+ | = 7, 9 zero-field

expected, independent of isotope. However, the nuclear pardigperfine multiplets for thd = 7/2 “**Ti nucleus, there is
etersp(~A), k, and hyperfine fields are markedly different fompparent a complicated mixing of states over the first 10 mT ¢
the two isotopes. One can rationalize this in a hand-waviisg of field range as the magnetic-field interaction is applied.
way by assuming that the two quadrupolar nuclei in questionWe are pursuing currently further studies on synthetic Ti
are of different sizes and distortions and are penetrated diffdeped zircon crystals to clarify some aspects of this work. On
ently by the electronic orbitals (see discussion in R&#),( is the inclusion of terms i8I, SI” in the SH to make thé&'Ti

p. 706). study more complete. Doping the crystal with isotopically

We have reported recenty2) 10 K EPR for an F& enriched*Ti or “Ti, as was done recently29) for Ti in
spectrum in tetragonal scheelite (Ca\ly@vhere terms of di- orthophosphate single crystals, would greatly simplify the
mensionBS’, BS’ were found necessary to explain the angulapectra in theab crystal plane and probably allow a more
dependence of the spectra. Again theand HS tensors were precise analysis with certainty of identification of lines.
numerically uncorrelated, but inclusion of the latter produced aPrecise measurements such as outlined in this paper allc
marked anisotropy in the former, unusual in high-spifi“Fethe determination of nuclear properties from essentially cor
EPR spectra. In this example the symmetry was only triclinieentional EPR measurements. If good theoretical values
(Laue class )Lso that all operator$, (B, S) (I = 4, 6; —1 = (r )4, and(r;*) were available, theg, and the quadrupole
m = | ) need be included. The evidence in this case was maimhomentQ, particular to the crystalline environment of the
statistical—a marked diminution in the RMSD. nucleus, could be obtained.

We shall not, at this stage, comment on the meaning of the
HSN terms, but several queries need be posed. Are they real?
Have we been lucky in observing two isolated cases where, for
unknown reasons, the terms are apparently important, or i§he authors thank the unknown refereeJofPhysics: Condensed Matter,
their occurrence more widespread, but the effects hidden hg@ose insistence that observation of césaigular dependence in the crystal

cause of the complexity of spectra and/or imprecision in tfaé plane is the only unequivocal proof of presence of tetragonal HSNZ term
measurements? in part led us to pursue these studies further. We thank Professor J.A. Weil f
useful comments on the manuscript and also for unrestricted access to Progr
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