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Study of the cubic to tetragonal transition in MgrTiOo and ZnTiOo spinels
by "O MAS NMR and Rietveld refinement of X-ray diffraction data
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Ansrn-c,cr

Cation ordering and structural changes in synthetic MgrTiOo and ZnrTiOn spinels at
temperatures across the polymorphic transition from the high-temperature cubic (Fd3m)
to the low-temperature tetragonal (P422) structure are examined by '7O magic-angle spin-
ning (MAS) NMR (9.4 T) and Rietveld structure refinement of powder X-ray diffraction
data. The '?O NMR spectra of cubic MgrTiOo andZnTiOo are similar, each showing one
broad peak, positioned at 303 and 301 ppm, respectively. At the transition to the tetrag-
onal phase, spectra of both MgrTiOo andZnrTiOo show significant narrowing because of
the onset of long-range cation ordering in the tetragonal structure. The '7O NMR spectrum
of tetragonal ZnrTiOo shows two narrow peaks, at 301 and 273 ppm, corresponding to the
two crystallographically distinct O sites in the tetragonally distorted spinel, showing that
'7O chemical shift is sensitive to octahedral Zn-Ti substitution in ZnrTiOo. In contrast,
the '7O NMR spectrum of tetragonal MgrTiOo shows only one peak, at 298 ppm. The
structures of cubic and tetragonal MgrTiOo andZnTiOo are compared. Tetragonal ZnrTiOo
exhibits greater distortion than MgrTiOo at the M I , O l, and 02 sites. These subtle struc-
tural differences do not explain differences in the I7O NMR spectra.

The '7O NMR spectra of the cubic MgrTiOo andZnrTiOo show no change with quench
temperature above the transition to the cubic phase, suggesting that short-range ordering
does not occur in cubic MgrTiO o and ZnrTiOn. A two-phase region is observed for both
MgrTiOo andZnrTiOo, below 664 and 561 'C, respectively, where the cubic and tetragonal
phases are shown to be at equilibrium.

The '7O peak position of MgTiO, is observed at 398 ppm. This chemical-shift displace-
ment of 100 ppm to high frequency of MgrTiOo is related to increased distortion in
MgTiOr.

IxrnooucrroN

The spinel structure is a face-centered cubic arrange-
ment of O anions with two types of cations, A and B,
substituting into one-half of the available octahedral and
one-eighth of the available tetrahedral sites, giving the
general formula ABrOo. Cation ordering between tetra-
hedral and octahedral sites produces a range of disor-
dered cation distributions bounded by two end-member
ordered distributions, normal (A[Br]O4) and inverse
(B[AB]O4) (where [] denote octahedral site). For a de-
tailed treatise'on spinels, see, for example, Hill et al.
(1979). In inverse spinels (B[AB]O4), the two different
types ofcations occupying the octahedral sites are either
ordered or disordered. Many spinels undergo distortion
upon ordering at low temperatures (e.g., Preudomme and
Tarte, 1980). This has been the subject of much structural
modeling (Haas, 1965; Billet et al.,1967; Talanov, 1990).
Among these spinels are MgrTiOo and ZnrTiOo.

proached in nature as the mineral qandilite (Al-Her-
mezi, 1985), a MgrTiOo-rich spinel occurring in the
MgrTiOo-FerTiOo-MgFerOo-FeFerOo quadrilateral (Git-
tins et al., 1982). These spinels form part of an important
group of spinels used as petrogenetic indicators of tem-
perature and pressure accompanying geological processes
(e.g., Sack and Ghiorso, l99l). The thermodynamic
properties and structure of synthetic MgrTiOo have been
studied by Wechsler and Navrotsky (1984) and Wechsler
and Von Dreele (1989), respectively, and this spinel has
been the subject of thermodynamic modeling (Hill and
Sack, 1987; Sack and Ghiorso, l99l). Mg,TiOo is an in-
verse spinel, having the structural formula Mg[MgTi]O..
At high temperatures, the spinel is cubic (Fd3m). At tem-
peratures below 660'C (Wechsler and Navrotsky, 1984),
the structure undergoes tetragonal distortion Io P4 r22 be-
cause of long-range ordering of Mg'?* and Tia+ cations on
the octahedral sublattice. On the basis of calorimetric data,
Wechsler and Navrotsky (198a) suggested that short-range
ordering occurs above the transition to cubic in magne-Magnesiotitanate spinel (MgrTiO.) is most closely ap-
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siotitanate spinel. Their data were insufficient to indicate
how far above the transition the short-range ordering
might persist, but they proposed two models, one that
predicted ordering persisting to high temperature (1600
"C) and another that predicted the spinel would be dis-
ordered by 800 'C.

ZnrTiOo undergoes tetragonal distortion to P4,22 at
temperatures below 560 "C (Billet et al., 1967;- Delamoye
et al., 1967, 1970). Phase equilibria in this system have
been studied by Dulin and Rase (1960), Bartram and Sle-
petys (1961), and others. Jacob and Alcock (1975) sug-
gested from thermodynamic evidence that cubic ZnrTiOo
contains short-range ordering.

Short-range ordering in cubic spinels cannot be mea-
sured directly by diffraction methods because the space
group (Fd3m) represents an average distribution of cat-
ions. However, locally, the distribution of cations varies.
Because NMR is sensitive to the local environment around
the nucleus of interest, ''O MAS NMR has the potential
to distinguish between these various local cation distri-
butions around O and thus allows observation of short-
range ordering in cubic spinels.

We used "O magic-angle spinning nuclear magnetic
resonance spectroscopy ('tO MAS NMR), henceforward
shortened to '7O NMR, to study MgrTiOo and ZnrTiOo
spinels quenched from temperatures through the cubic to
tetragonal phase transition and to examine the potential
of r7O NMR for measuring the short-range ordering
thought to occur in these spinels. We refined the struc-
tures of both cubic and tetragonal MgrTiOo andZnrTiOo
by Rietveld refinement of powder X-ray difraction data
to relate the '7O NMR spectra of the titanate spinels to
structural parameters such as site size and distortion and
cation substitution.

Trrn uoorr,
Assuming MgrTiOo and ZnrTiOo to be completely in-

verse (Wechsler and Von Dreele, 1989), both the cubic
and tetragonal titanate spinels (B[TiB]O.) contain O at-
oms bonded to four cations: one B cation (B : Mg or Zn)
in tetrahedral coordination and three cations (B, Ti, or
both) in octahedral coordination. In the cubic spinel, O
atoms are constrained by Fd3m symmetry to be identical,
giving one average O site and one average octahedral cat-
ion site, over which one B and one Ti are randomly dis-
tributed. A random cation distribution around the O site
in the cubic spinel would result in four possible local
environments around O, where the three octahedral cat-
ions would be 3Ti, 2Ti + B, Ti + 2B, and 38 in a ratio
of l:3:3:1. This suggests that the single crystallographi-
cally distinct O site in the cubic spinel could produce four
peaks in the '7O NMR spectrum.

The fully ordered tetragonal spinel has two unique O
sites, both crystallographically (long range) and locally.
The Ol and 02 sites have nearest-neighbor octahedral
cation populations of Ti + 2B and 2Ti + B, respectively.
We anticipate that the two cation environments around
O in the tetragonal spinel would produce two peaks in

the '?O NMR spectrum. In this case, the two local cation
environments around O predicted for NMR are equiva-
lent to the two crystallographically distinct O sites in the
ordered tetragonal spinel.

Expn'nrupNru, METHoDS

Synthesis

Cubic magnesiotitanate spinels were synthesized by
sintering stoichiometric mixtures of previously dried
(1000 "C), analytical-grade oxides for 18-36 h at about
1400 'C. Samples heated longer than 6 h were reground
once. Cubic zinc titanate spinels were similarly prepared
by sintering at about 1200'C for 63-81 h with one re-
grinding. Tetragonally distorted spinels were prepared by
heating the cubic samples at about 500 'C for at least 717
h for MgrTiO o and 264 h for ZnrTiOo. Details of synthe-
ses and heating experiments for MgrTiOo and ZnrTiOo
are summarized in Tables I and 2, respectively.

The '7O-enriched samples were prepared from ltO-en-

riched TiOr, which was prepared by the idealized reac-
tion TiClo + 4H,O: T(OH)4 + 4HCl, using 26.80/o "O-
enriched HrO (MSD Isotopes, Quebec, Canada). The
room temperature precipitate was a complex titanium
oxychloride hydrate. TiO, (anatase) was prepared from
the precipitate by drying under N, and heating at 500 "C
f o r l h i n a i r .

The '7O-enriched oxide mixtures were sintered in Pt
tubing under N, to prevent exchange of '7O with '60 in
air. Tetragonally distorted spinels enriched in '7O were
heated in vacuum-sealed Pyrex tubing. Restriction of O
in the system often resulted in some gray or blue color-
ation. Dark gray coloration was reduced to pale gray by
heating the samples in air for 5-10 min. Sample colora-
tion did not visibly affect NMR spectra.

Excess MgO and ZnO (l-3o/o) were found in most syn-
thetic MgrTiO, and ZnrTiOo samples, respectively. This
excess is attributed to weighing errors, which resulted from
ignoring the heavier mass of O from the 26.8o/o isotopi-
cally enriched Hr'70 in the syntheses of TiOr. Using the
corrected mass for TiO, in later syntheses resulted in MgO-
free samples in the case of MgrTiOo (RLM445 and
RLM446) (see spectra Fig. la and lb). However, after
applying the corrected mass of O in Zn,TiO" (RLM509
and RLM5l0), lo/oZnO remained. The amount of excess
oxide remained constant throughout the heating experi-
ments, as indicated by integration of NMR spectra.

Heating experiments

MgrTiOo samples were heated at temperatures between
1405 and 490 .C for various periods of time, as indicated
in Table l. ZnrTiOo samples were heated at temperatures
between l2l0 and 490 "C, as indicated in Table 2. Most
samples were contained in Pt tubing and heated in a ver-
tical tube furnace (Deltech, Denver, Colorado). They were
quenched in liquid Nr. A few of the samples (as indicated
in the tables) were heated in muffie furnaces in vacuum-
sealed Pyrex tubes. Temperature reversals were made at
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TABLE 1. Thermal history of MgrTiOo spinels

Heating expts. Structural state

887

DescriDtion

Sample r("c) 1+21 r (h) Initial Other phases

RLM445
RLM41 6
RLM41 5
RLM413-
RLM422
RLM43O
RLM433
RLM447
RLM448
RLM432
RLM431
RLM426
RLM423'
RLM446"

1405
1399
1 003
800
702
664
651
651
651
641
632
606
500
490

1 8
b

1 1 3
330

3
36
22
oo

99
22

26.5
837
717

syn

T

T
T
c
T
T
T
T

w + g r
gr

gr

c
c

T + C
c + T
T + C
T (+C)
r (+c)

T
T
T

none
Mgo

M g O + G
Mgo
Mgo
M9o
Mgo
Mgo
Mgo
Mgo
Mgo
Mgo
Mgo
none

Note: C: cubic; T: tetragonal, with most abundant phase listed first; w : white; gr: gray; G : geikielite; parentheses indicate small amount of
pnase.

'Heated in a muffle furnace (error +5'C).

about 650 oC for MgrTiOo flable l) and 540 .C for
ZnrTiOo (Table 2). Note that near 1000.C MgrTiOo par-
tially decomposed into MgO and geikielite (MgTiOr).

Nuclear magnetic resonance (NMR) spectroscopy

The '7O MAS NMR spectra were acquired at 54.24
MHz as described previously (Millard et al., 1992). The
spectra were acquired using a B, pulse width of 1.5 ps, a
spectral width of 100 KHz with 2048 or 4096 data poinrs,
and a delay of I or 5 s between pulses. The solution (HrO)
il2 pulse was l7 prs. Peak positions are reported relative
to HrO and were not corrected for field-dependent quad-
rupole effects. Peak positions and line widths were deter-
mined by fitting the spectra (Fourier transformed with no
line broadening) with a Marquardt-Levenberg algorithm,
using the program NMR-286 (SoftPulse Software, Guelph,
Ontario) using Gaussian lines.

Extra phases occurring in the titanate spinel samples
were readily identified by peak position. These were MgO
(47-48 ppm), ZnO (-18 ppm), and, in one sample
(RLM4I5), MgTiO, (398 ppm). The identity of the
MgTiO, peak was confirmed by subsequent synthesis and

TABLE 2. Thermal history of ZnrTiO. spinels

'?O NMR of MgTiOr. Several spectra also contain a small
peak at 377-378 ppm because ofthe Mg-bearing zirconia
rotor.

Spin-lattice relaxation time constants (Z') for both cu-
bic and tetragonal MgrTiOo andZnrTiOo were measured
by saturation-recovery experiments. Spin-relaxation data
were fitted to a sum of two exponentials, allowing a best
estimation of the longest relaxation component. The long
7t, values for cubic and tetragonal ZnrTiOo were deter-
mined to be l8 and 27-30 s, respectively, and the long
?", values for cubic and tetragonal MgrTiOo were deter-
mined to be 62 and 56 s, respectively.

X-ray methods

Preliminary work. The majority of samples were char-
acteized after synthesis and heating experiments by the
Guinier de Wolff film technique. Several samples con-
tained some detectable ZnO but none contained TiOr.
MgO was not detectable on the films when occurring in
very small amounts because of peak overlap with the
spinel lines. MgTiO, was detected in one film (sample
RLM4l5) because of spinel decomposition at 1000 "C.

Heating expts. Structural state DescriDtion

Sample rfc) (+2) f (h) Other phases

RLM5O9
RLMs1 1
RLM512
RLM516
RLM526
RLM521
RLM522
RLM524
RLMs1O-
RLM527-

syn
c
c
c

T + C

T

c
c + T

ZnO
ZnO
ZnO
ZnO
ZnO
ZnO
ZnO
ZnO
ZnO
ZnO

c
c
c

c (+r)
C : T
C : T
T + C
r (+c)
r (+c)

81
60
72

281
402
371
371
315
264
505

1210
601
581
561
555
540
540
529
490
490

gr
gr

Note: C: cubic; T: tetragonal, with most abundant phase listed first; w : white; gr: gray; parentheses indicate small amount of phase; equal
sign indicates approximately equivalent amounts.

- Heated in a muffle furnace (error +5'C).
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Fig. l. The'7O MAS NMR spectra (54.2 MHz) of synthetic
cubic and tetragonal MgrTiOo and Znr'liOo: (a) cubic MgrTiOo
(RLM445), d"*: 303 ppm; (b) tetragonal Mg,TiOo RLM446),
d"" : 298 ppm; (c) cubic Zn,TiOo RLM509), 6.0" : 301 ppm;
(d) tetragonal Zn,TrOo RLM510), d.b:301 and273 ppm. Tri-
angles denote spinning sidebands. The spike at 100 ppm is an
artifact.

Data collection for Rietveld refinement. Powder X-ray
diffraction data for MgrTiOo and ZnrTiOo spinels were
collected on a Rigaku D/MAX-1000 X-ray difractome-
ter (Danvers, Massachusetts) (40 kV, 40 Ma) lu/tth a 0-20
geometry and a curved single-crystal graphite monochro-
mator [(002); 2d: 6.708 A], using CuI(a radiation (I :
1.54187 A). Step-scan data were collected between l0
and 140' 20 a10.020 or 0.024" intervals with a count time
of 4 s. Slit widths were as follows: divergence slit : scatter
slit : I mm; receiving slit : 0.3 mm; and receiving slit
for the monochromator: 0.45 mm. This gave maximum
intensities of 4000-10000 total counts for MgrTiOo sam-
ples and 1 4000-22000 total counts for Zn TiOo samples.
Data for one of the mixtures (RLM526) were collected at
CSIRO, Melbourne, Australia, on a Phillips PWl7lO dif-
fractometer (Einhover, Holland) (40 kV, 40 Ma) with in-
cident-beam Ge-monochromated CuKa, radiation, to al-
low better phase resolution. Data were collected from l7
to 140' 20 at0.025'intervals with a count time of 17 s.
Maximum intensity was 26000 total counts.

Rietveld refinement of powder X-ray data. The cubic
spinels were refined with space group Fd3m [origin (3r4)
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at t/t, t/t, 7s from 43mf, with tetrahedral and octahedral
cations occupying sites 8a and 16d, respectively, and O
<lccupying site 32e. The tetragonal spinels were refined
with space group P4,22, with tetrahedral cations occu-
pying site 4c, octahedral Ml and M2 cations occupying
sites 4a and 4b, respectively, and Ol and 02 occupying
separate 8d sites. Initial cell and atomic parameters for
cubic and tetragonal MgrTiOo were taken from Wechsler
and Von Dreele (1989). Initial cell and atomic parameters
for cubic ZnrTiOo were taken from Bartram and Slepetys
(1961). Initial atomic parameters for tetragonalZnrTiOo
were assumed to be the same as for MgrTiOo (Wechsler
and Von Dreele, 1989), whereas the initial cell parame-
ters were from ICDD card 19-1483. All sites were as-
sumed to be fully occupied. When the chemistry of
ZnrTiOo was allowed to vary, while also conserving charge
balance (22n2+ : Ti4+ + !), the spinels were found to
be stoichiometric within error.

Data were refined using the whole pattern, least-squares
refinement program DBWS-9006 (Wiles and Young,
l98l). Ionic scattering curves were used for the refine-
ment. Peak profiles were fitted using the pseudo-Voigt
profile function, with Lorentzian character of peaks mod-
eled using mixing parameter n : N" + Nb Q0). Peak pro-
files were calculated to either 5 or 8 FWHM to either side
of peak center. Peaks were corrected for asymmetry for
2d less than 39". Peak widths (FWHM) were modeled
using the function H2 : U tar,2 0 + V Ian 0 + W. The
cubic data were corrected for preferred orientation using
the March-Dollase function and a preferred orientation
vector I I l]. No preferred orientation correction was
made for the tetragonal spinels. Background was modeled
using a four-parameter polynomial function with origin
at 30 20. The parameter turn-on sequence was as follows:
scale factor, sample displacement (or rarely, zero), first
background parameter, cell parameter(s), more back-
ground parameters, and then the profile parameters (in
order W, U, V, N", asymmetry, No) together with crystal
structural parameters. Crystal structural parameters were
refined in the following order: atomic positions (a param-
eter in cubic spinels), isotropic temperature factors (.B,*),
and cation occupancy (degree of inversion in the cubic
case). Refinement of data collected with incident-beam-
monochromated X-rays required use of the modified
Thompson-Cox-Hastings pseudo-Voigt profile function.
In this case N,, No, and asymmetry are replaced by X, Y,
and Z profile parameters. The relevant profile functions
are If : U tan2 0 + Vtan 0 + W * Z/cos2 0 andlr: X
tan 0 + Y/cos 0. The refined parameters from the final
refinements of both cubic and tetragonal MgrTiOo and
ZnrTiOo spinels are given in Tables 3 and 4, respectively.

Rietveld refinement of mixtures. All ZnrTiOo spinels
contained ZnO as an extra phase. ZnO was refined in
space group P6rmc with Zn and O at separate 2b sites,
as in Sabine and Hogg (1969) and Kisi and Elcombe
(1989). Initial cell parameters, positional parameter z, and
B,* were taken from Abrahams and Bernstein (1969). Cell
parameters were refined, and z and.B,* were held con-
stant. Profile and half-width parameters were constrained
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TABLE 3. Final Rietveld refinements for cubic Mg,TiOn and ZnrTiOo
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Mg,TiO. Zn2TiOl

RLM445
1405 rc

RLM5O9
1210  "C

RLM526
555'C

RLM51O
490 rc

Profile
Displacement
Scale'cubic
Scale- tetrag.
Scale 'ZnO

U

w
N"
N"
Asymmetry
Fraction Ti:

T
M

u (o)
a*r

M
U

Pret.
R o
R^
&"0
x2
&(cubic)+
Rb(tetrag)+
Rb(ZnO)+

p-V
0.0294(3)
0.309(2)

8.44183(3)
0.00e6(5)

-0.0157(9)
0.0183(4)
0.36(1)
0.0037(2)
1.03(4)

0.036(5)
0.482(s)
0.261 6(1 )
0.53(4)
o.41(2\
0.62(4)
0.s67(3)

16.07
11.29
9.61
2.79
3.39 (1 00)

trv-0.0110(2)
0.1 70(1 )

0.3s(7)
8.46948(2)
0.0081(4)

-o.0124(7)
0.01 78(3)
0.30(1)
0.0049(2)
0.29(2)

0.002(s)
0.499(5)
0.2606(2)
0.21(2)
0.31(2)
0.s2(4)
0.987(3)

11  .50
7.78
7.74
2.22
3.36 (99)

20.53 (1)

TCH p-V
-o.0420(2)

0.1 75(1 )
0.142(1)
0.2_o7(6)
8.470s6(3)
0.o2(4)*

-0.0016(8)'-
0.02(4)'-

x: 0.064(3)"'
v: -0.008(1r'
z: -0.02(4)*

0.0
0.5
0.2s99(2)
0.38(2)t
0.47(2lI
0.72(5)t

N.D.
12.96
9.13
8.59
2.28
2.87 (82)
8.93 (1 7)

20.48 (1)

p-v
-0.0875(4)

0.0244(41
0.663(2)
0.320(4)
8_46080)
0.031(1r"

-0.011(2r.
0.0193(s)--
0.21(1).-
0.0041(2)-'
0.21(1)-"

0.0
0.5
0.2604(9)
0.19(1)t
0.29(1)t
0.04(4)f

N.D.
9.59
6.28
7.44
1.66
3.17  (13)
2.63 (86)

12.31  (1 )

A/ote.' p-V : pseudo-Voigt profile function; TCH pV : modified Thompson-Cox-Hastings pseudo-Voigt profile function; pref. : preferred orientation
(vector [111]); R*p = weighted pattern R-factor: 100 [> w,(y, - y.tl> Wyi]L, where w,: 11y,, y/: observed intensity at ,th step, yd: calculated
intensity at the ith step; 4: pattern R-factor: 100 >ly, - y",l/>ly,l; F*o: expected R-factor: 100 (N - P + Cy> wyflh, where N : no.
observations, P: no. parameters, C : no. constraints; Fb: Bragg index: 100 >1"1." - l"lD"l"", where "1"" and l" are the deduced observed and
cafcufated intensities for the Bragg reflections; x" : (R*JR",")". N.D. : not done.

* Scale tactors are x 103.
'- Profile parameters were @nstrained to be equal for all phases.
t Temperature tactors were constrained to equal that of the equivalent site in tetragonal spinel.
f Percentage of phase is listed in parentheses after Rb. Phase percentages are calculated ?s Wo : Se(ZMy)cD S(ZMy),, where S : scale tactor,

Z : no. of formula units per unit cell, M : mass of lormula unit, V: volume of unit cell (cubic angstroms), trom Hill (1993).

to be equal to those of the spinel. Refined cell parameters
for ZnO were a0 : 3.2501(3) and bo : 5.2053(5) A. Sam-
ples contained about lo/o ZnO, calculated as in Hill ( I 99 3)
(Table 3).

For mixtures containing cubic and tetragonal ZnrTiOo,
the profile and half-width parameters were constrained
to be equal for both phases. Also, -8,." values for cations
in similar sites in both cubic and tetragonal phases were
constrained to be equal. For mixtures of both cubic and
tetragonal ZnrTiOo, better refinements were obtained for
small amounts of cubic phase than for small amounts of
tetragonal phase because ofthe larger number ofrefinable
parameters necessary in the tetragonal phase. We ob-
tained a successful refinement of minor cubic ZnrTiOo
( I 30/0) (RLM5 10, Table 3), whereas refinement of a small
amount of tetragonal ZnrTiOo (l7olo) (RLM526) was not
satisfactory because of large uncertainties in atomic po-
sitional parameters.

Rrsur,rs Ar\D DrscussroN

The r7O MAS NMR of MgrTiOo anll Zn,TiOo

The '7O NMR spectra of both cubic and tetragonal
MgrTiOo and ZnrTiOo are shown in Figure l. The spectra

of cubic MgrTiOo andZnrTiOo are similar (Fig. la and
lc, respectively), each having one broad peak, centered
at 301 (+4) and 303 (+4; ppm, respectively, with a
shoulder to low frequency (260 and 250 ppm, respective-
ly). The peak for cubic ZnrTiOo is significantly broader
than that for cubic MgrTiOo Q600 Hz vs. 2000 Hz), with
a pronounced asymmetry. The low-frequency shoulder in
the ZnrTiOo spectrum also contains more intensity than
that in the MgrTiOo spectrum (20-25o/o vs. 5-l0o/o). The
broad peaks in the spectra of the cubic spinels, with as-
sociated asymmetry and shoulders, suggest overlap of
more than one O environment under this broad chemi-
cal-shift envelope. This chemical-shift dispersion is pro-
duced by a range of O environments related to disorder
on the octahedral sublattice in these inverse spinels. The
broad peaks in the '7O NMR spectra probably include
contributions from the four nearest-neighbor environ-
ments previously discussed, which have been broadened
by the effect of next-nearest-neighbor substitution (and
beyond). The increased broadening in the ZnrTiO4 spec-
trum suggests a larger chemical-shift dispersion between
the O sites in this spinel than in MgrTiOo or greater sec-
ond-order quadrupolar broadening.

The spectra ofboth tetragonal spinels (Fig. lb and ld)



890 MILLARD ET AL.: PHASE TRANSITION IN SYNTHETIC SPINELS

TraLe 4, Final Rietveld refinements for tetragonal MgrTiO4 and
Zn"TiOo

exhibits two narrow peaks (500 Hz) centered at 301 (+2)
and 273 (+2) ppm. The ZnrTiO, peaks are asymmetric,
and the high-frequency peak (301 ppm) exhibits second-
order quadrupolar splitting. The larger line width, asym-
metry, and peak splitting in tetragonal Zn'TiOo relative
to MgrTiOo suggest there is a larger quadrupole effect in
ZnrTiO* This is supported by double-rotation (DOR)
spectra (Millard et al., unpublished data), which show a
threefold decrease in the line width ofthe central transi-
tion over that by MAS, upon collapsing the second-order
quadrupole effect.

We anticipated that the '7O NMR spectra of the te-
tragonal spinels would be resolved into two peaks, rep-
resenting the two different local (as well as crystallograph-
ically distinct) environments around O in the tetragonal
spinel. Indeed, this was the case for tetragonal ZnrTiOo
but not for tetragonal MgrTiOo. Instead, there is only one
narrow peak in the '7O NMR spectrum of MgrTiOo (Fig.
lb). Does this single peak represent the superposition of
the resonances for the two O sites in the tetragonal spinel,
or does it represent only one O site while the resonance
for the second site is not visible? To distinguish between
these possibilities, a quantitative experiment was per-
formed, in which r?O NMR spectra were collected from
equimolar amounts of both tetragonal MgrTiOo and
ZnrTiOo under identical acquisition conditions and in-
tegrated using absolute intensities. The peak areas ofthe
central peaks for both tetragonal MgrTiO. and ZnrTiOo
were within 50/o of each other, showing that the single
peak in the spectrum of tetragonal MgrTiOo is the result
of two overlapping peaks. This implies that the Ol and
02 sites in MgrTiOo have very similar electronic enrri-
ronments. Another possibility, that the single peak re-
sults from rapid exchange between Mg and Ti at room
temperature, is unlikely because of the sluggishness
ofthe cubic to tetragonal transition (hundreds ofhours)
at 500 "C.

The effect of temperature on MgrTiOo

The '70 NMR spectra of MgrTiOo quenched from tem-
peratures between 1405 and 664 "C were virtually iden-
tical to that in Figure I a. The line width remained con-
stant within experimental error, at 2000 (+ 100) Hz. Figure
2 shows a series of '7O NMR spectra from the same
MgrTiOo sample quenched at various temperatures from
500 to 664 "C. The transition occurs below 664 "C. At
651 "C, both the cubic and tetragonal phases appear in
the NMR spectrum (Fig. 2c) and X-ray pattern. To de-
termine whether this mixture of phases was due to slow
kinetics or a two-phase region, both a cubic sample and
a tetragonal sample were heated in the same furnace at
651 "C. After 99 h, each sample contained a mixture of
cubic and tetragonal phases, demonstrating the coexis-
tence of two stable phases at 651 "C. This two-phase re-
gion extends over a range in temperature at least as low
as 632 "C but not as low as 606 "C (see Table l). Looking
again at Figure 2b, a small amount of cubic material is

Mg,TiOl
RLM446

Zn2TiOl
RLM51O

Profile
Displacement
Scale* tetrag
Scale'cubic
Scale. ZnO
ao

U

w
N.
N"
Asymmetry
Fraction Ti:

T
M1
M2

Atomic coord.:
f x
M l  y
M2y
01 x

v
z

0 2 x
v
z

q*r
M1
M2
o1
02

trV-0.1043(5)
1 .28(1)

5.97705(6)
8 .4161(1)
o.044(2)

- 0.015(2)
0.0237(6)
0.24(1)
0.0016(3)
0.69(4)

0.0
0.074(5)
0.926(5)

0.2518(4)
0.2502(7)
0.2391(4)

-0.0264(6)
0.7368(7)
0.2526(41
0.s1 88(7)
0.261 0(8)
o.2329(4)
0.34(3)
0.32(5)
0.34(3)
0.29(7)
0.31(7)

15.33
10.06
9.71
2.50
4.44 (100)

p-v
-0.0875(4)

0.663{2)
0.0244(6)
0.320(4)
6.00689(4)
8.41 547(8)
0.031 (1 )-.-0.011(2rr
0.01 93(5)-.
0.21(1)- '
0.0041(2r.
0.21(1)-"

0.0
0.087(s)
0.e13(s)

0.2529(2)
0.2385(5)
0.2470(6)

-0.0252(8)
0.730500)
0.2500(4)
0.5131(8)
0.26380 1)
0.2307(4)
0.1e(1)t
0.2s(1)t

f ixed: M1
0.04(4)t

f ixed: 01
o 4 0

6.28
7.44
1.66
2.63 (86)
3.1 7 (1 3)

12 .31  (1 )

Fq

4
Fry

x"
R"(tetrag)+
Rb(cubic)+
Rb(ZnO)+

Note.' for explanation of abbreviated terms see Table 3.
'Scale factors are x 103.

'* Profile parameters for all phases have been constrained to be equal.
t Each temperature tactor was constrained to equal that of the equiv-

alent site in cubic phase.
+ Percentages of phases are listed in parentheses beside Rb. For cal-

culation of percent phases, see Table 3.

are significantly narrower than their cubic counterparts.
Samples showing a broad peak in the NMR spectrum are
confirmed to be cubic by X-ray methods, whereas sam-
ples showing narrow peaks are confirmed to be tetragonal
by X-ray methods. Even the first appearance of narrow
peaks in the NMR spectrum is accompanied by the ap-
pearance of weak tetragonal lines in the X-ray films.
Therefore, we relate the narrow peaks in the '?O NMR
spectra to long-range l: I ordering on the octahedral sites.
Long-range ordering results in a smaller chemical-shift
dispersion in the tetragonal spinels compared with their
cubic counterparts, producing at least a fivefold decrease
in the line widths.

There is a striking difference between the '?O NMR
spectra of the tetragonal MgrTiOo and ZnrTiOo spinels.
The spectrum of tetragonal MgrTiOo shows one narrow
peak (250 Hz) centered aI298 (+2) ppm, whereas ZnrTiOo
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MgrTiOo

ppm
Fig. 2. The I'O MAS NMR spectra of MgrTiOo quenched

from various temperatures between 500 and 664 "C: (a) tetrag-
onal Mg,TiOo (500'C, 837 h); (b) the sample from a, heated to
641 "C (22 h); (c) the sample from b, heated to 651 "C (22 h);
(d) the sample from c, heated to 664'C (36 h). Note the mixture
of two phases in spectra at intermediate temperatures (b and c).
Triangles denote spinning sidebands. The narrow peak at 47
ppm is MgO.

seen as a broad peak at the base of the narrow tetragonal
peak after heating 22h at 641 "C.

The effect of temperaturc on Zn2'lio4

Figure 3 shows a series of '?O NMR spectra of ZnrTiOo
heated at various temperatures between l2l0 and 490
"C. Note that the spectra in Figure 3c-3e contain both
the cubic and tetragonal phases. This was verified by X-ray
methods. To test for equilibrium in this two-phase re-
gion, both a cubic sample and a tetragonal sample of
ZnrTiOo were heated in the same furnace for various pe-
riods of time, at 540 "C. The resulting '?O NMR spectra
are shown in Figure 4. After 371 h the spectra are vir-
tually identical, demonstrating that the two phases closely
approach equilibrium. Fitting the spectra with Gaussian
lines showed the cubic/tetragonal intensity ratios to be
within 80/o of each other. Figure 5 shows the observed,
fitted, and component spectra for the sample used in Fig-
ure 4d. The existence of a two-phase region in ZnrTiOo

0200
0600 ppm

Fig. 3. The '7O MAS NMR spectra of ZnrTiOo quenched
from various temperatures between 490 and 1210 "C: (a) cubic
Zn,TiOo ( 12 l0 "C, 8 I h); (b) cubic sample heated at 56 I "C (28 I
h); (c) tetragonal sample heated at 555 "C (402 h); (d) tetragonal
sample heated at 540 "C (371 h); (e) tetragonal Zn,TiOo (490 "C,
264 h). Note the mixture of two phases in spectra c, d, and e.
Triangles denote spinning sidebands.

was demonstrated by Delamoye et al. (1970) between 552
and 560 (+2) "C. Our data show that this two-phase re-
gion extends over a wider temperature range [490-555
(+5)'Cl. Even as low as 490 "C, the small broad peak at
the base ofthe narrow doublet (Fig. 3e) suggests the pres-
ence of a minor cubic phase. This was verifled by X-ray
diffraction; Rietveld refinement indicated the presence of
130/o cubic phase at 490 "C (Tables 3 and 4). This cubic
phase persisted after 264 h at 490 .C, whereas Delamoye
et al. (1970) reported complete transition from cubic to
tetragonal phase in 2 h at 503 'C. To test the stability of
the cubic phase, a subsequent sample was equilibrated
for 505 h at 490 "C. This sample also contained the cubic
phase, suggesting that the cubic spinel is stable as low as
490 "C.

The coexistence of two phases requires some chemical
differentiation between the phases, but the differentiation
is subtle. Rietveld refinement of these mixtures, allowing
chemistry to vary while maintaining charge balance,
showed both phases to be stoichiometric within error.

Note that the fitted spectrum in Figure 5 also reveals
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ZnTiOo

300
ppm

phases

300 200 400 300 200
ppm ppm

Fig. 4. The I7O MAS NMR spectra of tetragonal and cubic
Zn2TiO4 quenched from 540'C after increasingly longer heating
times, demonstrating equilibrium between tetragonal and cubic
phases: (a-d) tetragonal sample heated for time periods indicat-
ed on the figure; (e-h) the identical heating series for the cubic
sample. The spectra from d and h, respectively, give integrated
intensities of 36 and 28o/o tetragonal phase.

that the intensity ratio ofthe tetragonal peaks is not l:l
as expected but 60:40, where the high-frequency peak has
higher intensity. This is not due to spin-lattice relaxation
because saturation-recovery reveals similar relaxation
behavior for both resonances (27 and 30 s for resonances
at 301 and 273 ppm, respectively). This may relate to
Zn-Ti disorder on the Ml and M2 sites in this spinel, but
the relationship is unclear.

Lack of evidence for short-range ordering

Any short-range ordering occurring in cubic MgrTiOo
or ZnrTiOo should be observable in the '7O NMR spectra
as a gradual narrowing ofthe broad peak as the cations
are distributed into specific sites, causing the site popu-
lation around O to resemble that of the tetragonal spinel
(for example, in MgrTiO., Ol and 02 have cation dis-
tributions of 2Mg + Ti and 2Ti + Mg, respectively).
However, gradual line narrowing does not occur. Instead,
there is an abrupt change from broad to narrow lines
accompanying long-range ordering (Figs. 2 and 3) but no
change in the spectra of cubic samples from temperatures
above the transition temperature. Either complete dis-

400

Fig. 5. Observed, simulated, and difference '?O MAS NMR
spectra for the mixture of cubic and tetragonal ZnrTiOo from
Fig. 4d, showing the cubic and tetragonal components: (upper)
observed spectrum; (middle) fitted spectrum, with component
spectra represented by fine lines; (lower) difference spectrum.

ordering occurs immediately at the transition to cubic
and no short-range ordering exists or any short-range or-
dering in the cubic spinel remains unchanged to the high-
est temperature at which cation distributions can be
quenched (thus the '7O NMR spectmm is unchanged with
increased temperature). However, because resonances for
all cation environments around O occur in one broad
chemical-shift envelope in the '7O NMR spectrum, it is
also possible that no net effect ofshort-range ordering can
be observed in the spectra of cubic MgrTiOo andZnrTiO*

SrnucrunlL coMpARrsoN or ZnrTiOn,lNo
MgrTiOo

Cation ordering

The structures of cubic and tetragonal MgrTiOo have
been reported by Wechsler and Von Dreele (1989). The
structure of cubic ZnrTiOo has been reported by Verwey
and Heilmann (1947) and more recently by Bartram and
Slepetys (196 l). Tetragonal ZnrTiOo is isomorphous with
MgrTiOu, having space group P422.

Tables 5 and 6 contain the cation-ordering information
obtained from the present Rietveld refinement of cubic
and tetragonal MgrTiOo and ZnrTiOo, respectively. The
cubic MgrTiO. sample studied here was found to be
96.4(5)0/o inverse when quenched from 1405 'C. This
sample is more disordered than the sample studied by
Wechsler and Von Dreele (1989), who reported cubic
MgrTiOo to be completely inverse. Cubic ZnrTiOo was
determined to be completely inverse at 1210 "C [99.8(5)0/o].
The tetragonal MgrTiOo sample studied here exhibited
7.4(5)o/o disorder between the Ml and M2 sites, in good
agreement with that found by Wechsler and Von Dreele
(1989) [8.5(4)0/o], with the Ml site primarily occupied by
Mg'?+. Tetragonal ZnrTiOo exhibited 8.7(5)o/o disorder at
490 "C, similar to that found for MgrTiOo, with the Ml
site occupied by Zn2*.

For both tetragonal MgrTiOo and ZnrTiO* the pres-

200

400
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Trele 5. Structural information from cubic MgrTiOo and ZnrTiOn

893

Mg,TiOo Zn.TiOn

RLM445
1405.C
(100%)

RLM5O9't210.c
(99%)

RLM526
555'C
(82%l

RLMs1 O
490 "C
(13%)

Cell parameter

Ti fraction

Bond lengths"

u
T

M
T-O
M-O
mean O-3M,7

8.441 83(3)
0.261 6(1)
0.036(5)
0.482(s)
1.9973(8)
2.0173\81
2.0123(4)

8.46948(2)
0.2606(2)
0.002(5)
0.49e(s)
1.989(2)
2.032(2)
2.O21(1)

8.47056(3)
0.2599(2)
0.0
0.5
1.979(2)
2.037(2)
2.023(1)

8.4608(1 )
0.2604(e)
0.0
0.5
1.984(8)
2.031(8)
2.019(4)

Note.' number of bonds are T-O x 4; M-O x 6; cell parameters and bond lengths are in angstroms.
* Errors on mean bond lengths are calculated as o : (> d)hln.

ence of Ti in the tetrahedral site was tested by performing
a series of block refinements, allowing Mg-Ti (or Zn-Ti)
exchange between T and M2 sites and alternating with
exchange between the M I and M2 sites. Refinements of
both MgrTiO o and ZnrTiOo showed no Ti in the tetra-
hedral site within the error of the technique. This is con-
sistent with < I o/o ratTi found in MgrTiOo by Wechsler and
Von Dreele (1989).

Bond distances and polyhedral volurne and distortion

Bond distances resulting from the Rietveld refinements
of cubic and tetragonal MgrTiOo and ZnrTiOo are listed
in Tables 5 and 6, respectively. Examination of bond
distances in the tetragonal spinels reveals that the shortest
octahedral bonds are to Ti4+, and some of these are short-
er than the tetrahedral bonds to Mg2+ (or Zn2+).

Mean bond distance, polyhedral volume, and polyhe-
dral distortion for each site (including O) in both cubic
and tetragonal MgrTiOo andZnrTiOo are listed in Table
7. Site distortion was measured by quadratic elongation
(Robinson eL al., 197l), which measures distortion from
the symmetric configuration. Another measure of distor-
tion, bond-length distortion (BLD) (Renner and Leh-
mann, 1986; Kunz et al., l99l) is also listed in Table 7
for comparison, but quadratic elongation is the distortion
referred to in the text unless specified.

Examination of Tables 5, 6, and 7 shows the parallel
nature of the structures of MgrTiOo andZnrTiOo. In the
cubic spinels, equivalent sites have similar size and dis-
tortion. Comparison of the cubic and tetragonal spinels
reveals that the octahedral cation sites in both MgrTiOo
and ZnrTiOo follow the trend in size of Ml > M(cubic)
> M2 and the trend in distortion of Ml > M(cubic) =
M2. The Ml site inZnrTiOo is significantly larger and
more distorted than in MgrTiOo. The greater distortion
at the Ml site in ZnrTiOo may be due to the ease of
distortion of the d'0 electron shell in Zn'?+ (Cotton and
Wilkinson, 1988). The size and distortion of the M2 site
changes little between the structures of MgrTiOo and
ZnrTiOo because, in both structures, the M2 site is pri-
marily occupied by Tio' .

It is interesting that quadratic elongation shows the M2
site, containing Ti4*, to be less distorted from cubic sym-
metry than the M I site containing Mg'* and Zn2*, where-

as BLD shows the M2 site to be more distorted than Ml
(Table 7). Typically, sites containing Ti have high BLD
values (Kunz et al., 1991).

Now consider the environment at the O sites. In all
phases, the distortion from tetrahedral symmetry is high
in the polyhedron ofcations around O (Table 7) because
this site is a trigonal pyramid (point symmetry 3z in the
cubic case). In MgrTiOo andZnrTiOo, the O sites follow
the trend in size of 02 > Ol = O(cubic) and the trend
in distortion of Ol > 02 > O(cubic), with O-site size
and distortion being greater in ZnrTiOo.

Srnucruu, AND cHEMTcAL coNsIDERATroNs
oF 17O CHEMTCAL sHrrrr

Comparing tetragonal and cubic Mg'TiOn and ZnrTiOo

If '7O chemical shifts reflect site geometry, then we
would expect the Ol and 02 sites to have similar ge-
ometry in tetragonal MgrTiOo (producing a single peak
in '?O NMR) but noticeably different geometries in te-
tragonal ZnrTiOo (producing two peaks). However, struc-

TmLe 6, Structural information from tetragonal MgrTiO4 and
Zn"TiOo

MgrTiO4 Zn"TiOo
RLM446 RLM51O

Cell parameters

Ti fraction

Bond lengths'

5.9770s(6) 6.00689(4)
8.4161(1) 8.41547(8)
0.0 0.0
0.074(s) 0.087(5)
0.926(5) 0.913(s)
1 .981(4) 1 .977(5)
1.9e5(5) 1.980(6)
2.090(3) 2.117(3)
2.065(5) 2.065(6)
2.088(s) 2.183(6)
1.903(4) 1.922(6)
2.039(5) 2.029(6)
1.968(3) 1.946(3)
1.988(2) 1.979(3)
2.081(21 2:t22(2)
1.970(2) 1.966(2)
2.010(21 2.020(3)
2.023(2) 2.035(3)

ao

T
M 1
M2
T-O1
r-o2
M1-Ol
M1-O1
M1-O2
M2-O1
M2-O2
M2-O2
T-O
M1-O
M2-O
013M,T
o2€M,T

Nofe.' all bonds are x 2; cell parameters and bond lengths are in ang-
stroms.

'Errors on mean bond lengths are calculated as 6 : (> +lhln'
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TlaLe 7. Size and distortion of cation and O polyhedra in both cubic and tetragonal MgrTiO. and ZnrTiOo spinels

Mg,TiO. Zn2TiOl

Cubic
RLM445

Tetragonal
RLM446

Cubic
RLM5O9

Tetragonal
RLM51O

Tetrahedral
Mean T-O distance (A)
Polyhedral Y(A,)
Ouadratic elongation-
Bondlength distortion-. (%)

Octahedral

Mean M-O distance (A)
Polyhedral Y(43)
Ouadratic elongation'
Bondlength distortion'- (%)

o
Mean O8M,T distance (A)
Polyhedral Y(As)
Quadratic elongation'
Bond-length distortion" (%)

Mg
1.997
4.09
1.0000

M
(Mg + rD

2.O17
10.79
1.009

2.012
3.92
1.045
0.37

Mg
1.988
4.03
1.0002
0.35

Zn
1.989
4.04
1.0000

M
(zn + Ti)

2.032
11  . 05
1.008

o
2.021
3.96
1.047
0.80

Zn
1.979
3.97
1.0004
0.08

M 1
(Ms)
2.081

11.78
1 .014
0.51
o1

2.010
3.88
1.050
3.37

M2
(TD

1.970
10.07
1.009
2.34
02

2.023
3.95
1.049
2.03

M1
(zn)

2.122
12.41
1 .017
1.93
o1

2.020
3.90
1.057
3.50

M2
(TD

1.966
10.04
1.006
2.15
02

2.035
4.00
1.054
3.66

"ouadrat icelongat ion: I : (4/ / .F:111"+a/) /d,x1+2Ll lL.Foranoctahedral  s i te, ( Id) :>f- , ( l , l t "Yl6,andsimi lar ly tor thetetrahedral  s i te,
where r.: length of line in unstrained state and 4 : length of line in strained state, from Robinson et al. (1971).

.'Bond-length distortion (BLD) : (100/n).>i, {|(M-O), - (M-O)-ly(M-O).}%, where m : mean bond length and n : number ot bonds, from Kunz
et ar .  (1991).

tural refinement shows only subtle differences in the
structures of tetragonal ZnrT iO oand MgrTiOo . ln ZnrTiO o,
the O 1 and 02 sites have a larger variation in both size
and distortion than in MgrTiOo. Comparing the O sites
inZnrTiOo, the 02 site is larger, and the Ol site is the
more distorted from the symmetrical case. We do not
know whether site size or distortion has a greater effect
on the NMR chemical shift in the tetragonal spinels. The-
oretical molecular orbital calculations of tetrahedral Si-O
and Al-O bonding in silicates have shown a consistent
correlation between LT-O-T and chemical shift (Tossell
and, I-azzeretti, 1987, 1 988; Lindsay and Tossell, l 99 l),
suggesting that distortion plays a more significant role.
However, a strong empirical correlation between bond
distance and I7O chemical shift has been developed by
Klemperer and coworkers (Filowitz et al., 1976; Klem-
perer, 1978; Che et al., 1985) for polyoxyanions.

The extent of a purely structural influence on chemical
shift can be estimated in MgrTiOo by comparing the '7O
NMR spectra of cubic and tetragonal MgrTiOo. The sin-
gle peak in the spectrum of tetragonal MgrTiOo (contain-
ing the superposition of Ol and 02) is shifted 5 ppm to
low frequency of the cubic peak centroid (303 to 298
ppm) on transition from the cubic to tetragonal phase.
Because the two O sites do not behave independently
(i.e., no effect of chemical substituents is obvious). this 5
ppm shift may be attributed to structural differences be-
tween the two phases. A similar difference in NMR peak
position might be expected to occur between the poly-
morphs of isostructural ZnrTiOo or a slightly higher dif-
ference because of the higher distortion in tetragonal
ZnrTiOo, but this is unlikely to account for the entire 28
ppm difference between the I7O peak positions oftetrag-
onal ZnrTiOo(273 and 301 ppm).

Now consider the chemical influences. Because the M2
site, containing Ti4+, remains unchanged in size and dis-

tortion between MgrTiOo and ZnrTiOo spinels, the ob-
served peak positions must be caused by the other cation
substituents. Why does replacement of Ti4+ with Zn2+
affect peak separation in the '?O NMR spectrum of
ZnrTiOo, whereas replacement of Ti4+ with Mgr+ has no
net efect in r?O NMR of MgrTiOo? Some theoretical un-
derstanding of the substituent effect on chemical shift is
being developed from molecular orbital theory for tetra-
hedral Si-O, Al-O, and P-O bonding (Tossell and Laz-
zeretti,1987, 1988; Lindsay and Tossell, 1991; Tossell,
1993), but the problem remains that the environment
around the O site has not yet been adequately modeled,
including the proper number of coordinating cations
(Tossell, 1993). In the absence oftheoretical correlation
between structure, chemistry, and chemical shift we con-
sider empirical correlations.

The '7O NMR resonances for MgrTiOo and, ZnrTiOo
are observed in the chemical-shift region consistent with
torO surrounded by Ti (O-4Ti; 250-450 ppm) (Day et al.,
1992; Bastow et al., 1993). This is shifted to higher fre-
quency than t4ro in MgAlrOo spinel (O-Mg,3Al; 66 ppm)
(Millard et al.,1992). The higher-frequency chemical shifts
in the '7O NMR spectra of the titanate spinels (303 ppm
in MgrTiOo as compared to 66 ppm in MgAlrOo) are
probably governed by paramagnetic deshielding from Tia*
because of its highly oxidized state (Jameson and Mason,
l  987) .

Displacement of '7O NMR chemical shift to low fre-
quency on substitution of Zn2+ for Mg3* has been ob-
served previously in cubic MgAlrO" andZn,\lrOo spinels.
Millard (1990) measured peak positions of 66 and 50
ppm for O in the '?O NMR spectra of MgAlrOo and
ZnAlrOo, respectively, which is a 16 ppm shift to low
frequency on replacement of Mg2+ withzn2* in the spinel
structure of cubic aluminate spinels. The 25 ppm peak
shift to low frequency (for one ofthe O sites) on replace-
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ment of Mg2+ withZn2+ in the tetragonal titanate spinels
is consistent with this observation, showing that this sub-
stitution has a shielding effect on ''O chemical shifts. This
may be related to the unique orbital interaction between
Zn2+ and O. Grimes et al. (1989) showed by structure-
preference energy calculations on spinels that Zn2+, un-
like other 3d transition metals, destabilizes the O 2p or-
bitals.

On the basis of the empirical relationship noted above
between Zn2t and chemical shift, the O site with more
Zn2+ substitution would probably be displaced to lower
frequency. Recalling that the coordination around the O
sites is Ol-(3Zn,Ti) and O2-(2Zn,2Ti), we tentatively as-
sign the low-frequency peak (273 ppm) in the spectrum
of tetragonal ZnrTiOo to O in the Ol site and the high-
frequency peak (301 ppm) to O in the 02 site.

Comparing Mg,TiOo and MgTiO.

The '7O NMR spectrum of geikielite (MgTiOr) con-
tains a single narrow peak (300 Hz) at 398 (t2) ppm.
This peak is displaced 100 ppm to high frequency com-
pared with that of tetragonal MgrTiOo (298 ppm). Mg-
TiO. and MgrTiOo have similar chemical substituents, so
the large I7O chemical-shift displacement must be struc-
turally controlled. Examination of the structures shows
the chemical environment around the single O site in
MgTiO. to be comparable to the 02 site in MgrTiOo.
Each O is bonded to two Mg and two Ti cations. We
calculated the polyhedral volume and distortion for the
O site in geikielite (O,) using the data of Wechsler and
Von Dreele (1989). Volume at O, is 3.60 43, mean O,-M
distance is 2.043 A, quadratic elongation is 1.143, and
BLD is 4.300/o. The O polyhedron in MgTiO. is extremely
distorted; the quadratic elongation at the O, site is about
three times that at the 02 site in MgrTiOo, suggesting
that site distortion plays a major role in determining these
'7O chemical shifts. The single Ti site in MgTiO, is also
highly distorted, with three particularly short O-Ti bonds
(1.867 A), which are shorter than any bonds in MgrTiOo.
The BLD calculated for the Ti site in MgTiO, is 5.60lo
(vs. 2.9o/o at the Mg site). This is on the order of that
found by Kunz et al. (1991) for octahedral sites with off-
center Ti in neptunite, implying similar off-center behav-
ior of Tio* in MgTiOr. This suggests that the behavior of
Ti in minerals, resulting in significant site distortion, can
greatly affect '7O chemical shift.
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