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Abstract

The *Al nuclear quadrupole coupling tensors and the Fe® paramagnetic resonance fine-
structure constants in minerals have been compared with the geometries of oxygen coordina-
tion polyhedra. The nuclear quadrupole coupling constant seems to depend on Al-O bond
length variations for octahedrally coordinated sites. However, for tetrahedrally coordinated
sites, the coupling constant depends mostly on O-Al-O bond angle variations and only
slightly on variations of Al-O bond length. The correlation between NMR and EPR data is
poor; the nearest neighbor oxygen coordinations around Al and around Fe may be somewhat

different.

Introduction

Modern spectroscopic techniques, such as nuclear
magnetic resonance (NMR), electron paramagnetic
resonance (EPR), Mossbauer effect, and optical
spectra, are now important branches of solid state
science and have considerably influenced the elec-
tronic and structural theories of crystals. Both the
experimental results and the basic theories have been
reviewed by Cohen and Reif (1957) for NMR and by
Abragam and Bleaney (1970) for EPR. The appli-
cations of magnetic resonance techniques to mineral-
ogy have also been very fruitful. Since Al** and Fe®
ions are important constituents of minerals, the *"Al
NMR and the Fe®* EPR spectra have been extensively
studied. From the experimental data, the Fe®" fine
structure and the 2’Al nuclear quadrupole coupling
tensors may be obtained. These tensors are related
to the deviations of the local site symmetries from
perfect octahedral or tetrahedral coordinations in the
crystal structure. Therefore these tensors are very
sensitive parameters of the actual electron density
distribution due to chemical bonding and due to the
net charges of the neighboring atoms.

In recent years, as a result of the crystal structure
refinements by X-ray and neutron diffraction meth-
ods, the atomic parameters are now accurately known
for many mineral structures. In this paper, attempts

will be made to correlate the 2?Al NMR and the Fe®*
EPR data with the structural distortions for both
octahedrally and tetrahedrally coordinated sites in
aluminosilicates. Such correlations may be useful in
the site assignment of the NMR and EPR spectra in
structures where the Al-sites do not possess any point
group symmetry (e.g., anorthite, CaAl;SizOs).

Nuclear Magnetic Resonance

Consider a nucleus with spin I, magnetic dipole
moment g = vhl. For I > 1, the nucleus may also
have electric quadrupole moment eQ. When a crystal
is placed in an external constant magnetic field H,,
the total Hamiltonian (or the total interaction) 3¢ of
the nucleus is given by (Cohen and Reif, 1957):

3 =35 + g 1)

where the Zeeman Hamiltonian 3¢ is the interaction
of the magnetic dipole moment of the nucleus with
the external magnetic field H,,

e

%; = —p-Hy = —vhI-Hy. )

An electric ficld gradient arises from a non-
octahedral or non-tetrahedral external charge distri-
bution. Following the standard notations of Cohen
and Reif (1957), the field gradient tensor components

are designated as —V,,, —V,,, —V.. = —eq in
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the principal axes (x, y, z) system, with V,, + V,, +
V= 0, |Vl > |V, > V.| and V., = V,, =
V.. = 0. The quadrupole Hamiltonian 3¢, is the
interaction of the nuclear electric quadrupole moment
eQ with this field gradient:

s, = eQV,,

B R L C ARl D) I ©)

This interaction is characterized by the quadrupole
coupling constant C = |e’gQ/h|, the asymmetry
parameter n = (V.. — V,,)/V.,. and the directions
of the principal axes. The coupling constant C,
usually expressed in MHz, is a measure of the max-
imum distortion of the coordination polyhedra. The
dimensionless asymmetry parameter 7 (0 < 5 < 1)
is a measure of deviation from axial symmetry. For
example, Al atoms are located on threefold axes in
corundum, thus the site symmetry requires » = 0.

If 3¢¢ = O, then there will be 2/ + 1 equally
spaced energy levels,

E = _'YHorhI e 'YHozh(I_ 1) gy L Ten (= 'yHohI

Since resonance occurs when the radio-frequency
photon energy matches the energy difference between
adjacent levels, a single NMR line would be observed.
For *’Al NMR in minerals, usually we have 3¢, << 3¢.
The quadrupole interaction 3¢ causes different shifts
for different energy levels, hence the NMR line is now
split into 2/ components. From the NMR line positions
for various relative orientations between the crystal
and the external magnetic field H,, the quadrupole
coupling constant, C, asymmetry parameter » and
the orientations of the principal axes may be ob-
tained using standard procedures (Cohen and Reif,
1957).

Electron Paramagnetic Resonance

In Russell-Saunders coupling, the ground state of
Fe** is 8S;,9, with total spin angular momentum § =
% and total orbital angular momentum L = 0. For
the free Fe®* ion in the presence of an external mag-
netic field, there will be 2§ + 1 = 6 equally spaced
Zeeman energy levels because of the Zeeman inter-
action (Abragam and Bleaney, 1970).

3, = gBH,- S 4)

where g is the Bohr magneton, and g is very close to
the free electron value 2.002. Since the Zeeman en-
ergy levels are equally spaced, one EPR line will be
observed, very close to the free electron case. The
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"Fe hyperfine splittings are very small and may be
neglected.

In crystal environment with non-octahedral or non-
tetrahedral symmetry, there will be further splittings
due to crystal electric field effects, known as fine
structures. The total interaction (with both external
H, and crystal field) for Fe®* may be represented by
a spin Hamiltonian; in the principal axes system
(Abragam and Bleaney, 1970; Low and Offenbacher,
1965), we have

3 = gBH-S + D[S — 1/3 S (S + D]
+ E[S. — SS°1+ - (9

where the first term is the Zeeman interaction. The
other terms describe the fine structure due to crystal
electric field effects. The higher order terms of the
spin Hamiltonian, with terms such as S*, are usually
small and may be neglected. The principal axes sys-
tem are usually chosen such that 0 < 3E/D < 1.

Distortion of the Coordination Polyhedra

The nuclear quadrupole coupling constant C, the
asymmetry parameter  and the principal axes direc-
tions, which may be obtained from the NMR data,
are directly related to the atomic site symmetry and
distortion. Similarly, we also expect the EPR fine
structure constants D and E to be related to the de-
viations from perfect octahedral or tetrahedral sym-
metry also. (The Zeeman constants y and g do not
vary appreciably from one mineral to another, g be-
ing very close to the free electron value 2.00.)

For quantitative description of distortions from
perfect octahedron or tetrahedron, it is necessary to
define both the angular and the bond length devia-
tions from ideal values for the coordination poly-
hedra. Robinson, Gibbs, and Ribbe (1971) have
proposed the use of quadratic elongation as a mea-
sure for polyhedral distortion. Hamil (personal com-
munication) has defined longitudinal strain |«| and
shear strain |y| for the coordination polyhedra:

lee|

2 In (6/4)|, 6)

D [tan (8; — 6,)], (7

k3

¥

where ¢; is the individual Al-O bond length, 4, is
the “ideal” bond length, a perfect polyhedron with
bond length 4, having the same volume as the co-
ordination polyhedra. ¢; is the individual O-Al-O



750

bond angle; 6, is the ideal bond angle, being 90° for
octahedron and 109.5° for tetrahedron.

The longitudinal strain |«| is a measure of the vari-
ation of Al-O bond lengths, whereas the shear strain
|¢| is a measure of the deviations of O—Al-O bond
angles. We will follow the conventions of Hamil,
since it is easier to distinguish between bond length
and bond angle effects by using both |«| and |y|.

Discussion

Site assignment of **Al NMR spectra

Before we attempt a correlation between quad-
rupole coupling constant C for *’Al with polyhedral
distortion, we would like to discuss the problem
of site assignment of the NMR spectra for structures
with more than one crystallographically different
Al-site. Andalusite, sillimanite, cordierite, and syn-
thetic rare-earth aluminum garnets each have two
crystallographically distinct Al-sites. The principal
axes directions of the quadrupole coupling tensors
may be used to distinguish between the two sites,
in case the sites possess different point-group sym-
metries. In sillimanite, the octahedral and tetrahedral
Al-sites have point group symmetries 1 and m respec-
tively. Hence, the principal axes have no restriction
for the octahedral site, while for the tetrahedral site
one of the principal axes must be perpendicular to
the mirror plane (Raymond and Hafner, 1970). In
synthetic rare-earth aluminum garnets, the octahedral
and tetrahedral Al-sites have point group symmetries
3 and 4 respectively. Hence, for the octahedral site
one of the principal axes must be parallel to the
3 axis, while for the tetrahedral site, one of the
principal axes must be parallel to the 4 axis (see,
e.g., Tsang and Ghose, 1971). In these two cases,
the site assignment of the NMR spectra is unambiguous.
However, both andalusite and cordierite have two
Al-sites, with point group symmetries 2 and m
respectively, which cannot be distinguished by NMR
spectra alone. In andalusite, one unusually large
quadrupole coupling constant (15.6 MHz) can be
assigned to the highly distorted octahedral Al-site
(Hafner, Raymond, and Ghose, 1970). This assign-
ment has been confirmed by calculation of the electric
field gradient from a point charge model, taking the
dipole and quadrupole moment of the oxygen ions
into account (Raymond, 1971). In cordierite, Al*"
ions are ordered in tetrahedral 7, and T sites, the
T, site being much more distorted from regular
tetrahedral symmetry than 7, (Gibbs, 1966). Ac-
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cordingly, the larger quadrupole coupling constant
has been assigned to the T, site, subsequently con-
firmed by a calculation of the electric field gradient
from a point charge model (Tsang and Ghose, 1972b).

In anorthite, Al occurs in eight crystallographically
different sites (Wainwright and Starkey, 1971).
Brinkmann and Staehli (1968) have determined
eight *’Al quadrupole coupling tensors, but were
unable to make any site assignments.

Tetrahedral Al-sites

In Table 1, the published NMR and EPR constants
for tetrahedral AlQj sites are tabulated. The longi-
tudinal strain |a| and shear strain |y| for the AlO,
tetrahedra are calculated from refined crystal struc-
tures. Correlation between nuclear quadrupole cou-
pling constant C and longitudinal strain [a| is very
poor whereas that between C and the shear strain
ly| is qualitatively good, and a roughly linear rela-
tionship may be obtained. Since, |a] < |y| for AlOy4
tetrahedra, it appears that C depends mostly on
shear (angular) strain and only slightly on longitu-
dinal strain.

If so, the largest and the smallest quadrupole cou-
pling constants for anorthite may be tentatively as-
signed to the most and least distorted Al-sites,
namely, T (0zi0) and T» (mzi0). A more satisfac-
tory method of site assignment of the NMR spectra
in anorthite would be through comparison of the
measured electric field gradients with those calculated
based on the point charge model including the dipole
and quadrupole moments of oxygen. So far, no such
calculation has been attempted for anorthite.

Octahedral Al-site

In Table 2, some of the NMR and EPR results for
octahedral AlQj sites have been tabulated along with
the longitudinal |«| and shear strains |y¢| from the re-
fined crystal structures. The situation is, however,
quite different from tetrahedrally coordinated Al
sites. Table 2 shows that correlation between the
nuclear quadrupole coupling constant C and |y| is
very poor, whereas that between C and |« is fair. In
general, a fairly good linear relationship between C
and |a| exists (Fig. 1). There are, however, three
anomalous data points (indicated by crosses in Fig-
ure 1): spodumene, corundum, and the Al site
(symmetry m) of chrysoberyl. Excluding these anom-
alous points, the root mean square deviation of the
experimental points from the straight line is 1.2 MHz.

Previously, Hafner, Raymond, and Ghose (1970)
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TaBLE 1. Tetrahedrally Coordinated Sites (D in cm™, ¢’¢Q/h in MHz)

. Fe3+ 27AI Distortion
Miineral 2 References
2] 3E/D 2 gR/h  n (1] (K]
Natrolite 0.1085 0.48 1.66° 0.50 .043 .135 (S) Meier 1960
NaZAIZSiSOIO'ZHZO (F) Abdulsabirov et al. 1967
(A) Petch & Pennington 1962
Sillimanite 0.17 0.9 6.77 0.53 .068 .400 (S) Burnham 1963a
AlZSiO5 (F) LeMarshall et al. 1971
(A) Raymond & Hafner 1970
Microcline 0.106+ 1.0 3.22* 0.21 .033 .336 (S) Finney & Bailey 1964
KAlSi308 (F) Marfunin et al. 1967
(A) Hafner & Hartmann 1964
Albite O.IBOT 0.20 3.29* 0.62 .015 427 (S) Ribbe et al. 1969
NaAlSi308 (F) Marfunin et al. 1967
{A) Hafner & Hartmann 1964
Cordierite |.36f 0.58 ]0.6+ 0.38 .094 1.082 (S) Gibbs 1966
MgyA1,Si50)genH0 (F) Hedgecock et al. 1966
T -site (A) Tsang & Ghose 1972b
Cordierite 5.6 0.34 .058 .284 (S) Gibbs 1966
Ts-site (A) Tsang & Ghose 1972b
Petalite 0.24 0.02 .034 757  (S) Liebau 1961
LIAISiL0 (F) Ja 1970
Gd, Al-garnet 5.47 0*  .023 .636 (S) Euler & Bruce 1965
Gd3A|50 2
(Note 11 (A) Tsang & Ghose 1971
Y, Al-garnet o.to3t 0% 6.02T  0* 023 .636 (S) Euler & Bruce 1965
YAl g0 (F) Rimai & Kushida 1966
(ﬁote ]§ (A) Brog et al. 1966
Berlinite 4.09 0.37 .015 .21 (S} Schwartzenbach 1966
AlPOh (A) Brun et al. 1961a
Anorthite (S) Wainwright & Starkey 1971
CaA1353208 (A) Brinkmann & Staehli 1968
T1(0200) .060 .693
T1(0zi0) 8.42 0.66 .058 .847
T1 (m000) .065 411
T1(m0i0) .056 .409
T2(0000) .053 .309
T2(00i0) .040 648
T2 (mz00) .037 .372
T2 (mzi0) 2.66 0.66 .049 .246
25 0.76
6.81 0.65
6.30 0.88
5.44 0.42
4.90 0.75
. 432 0.53
Average 5.76 .052  .492

* |Axial gite symmetry requires n = 0 and
t Good agreement between NMR 274l and EPR
§ Poor agreement between NMR 27Al and EPR
(F) Fe’+ EPR data

(S) Structural data

= 0.
Fe®+ principal axes.
Fe®* principal axes.
(&) 27AL NMR data.

pointed out that the nuclear quadrupole coupling
constant C for octahedrally coordinated 2’Al may
be related to the parameter A, the difference between
largest and smallest Al-O distances of the coordina-
tion polyhedron. Their idea is consistent with our
conclusion that C for AlOQg depends on bond length
variations.

Correlation of 2" Al Quadrupole Coupling Constant C
with the Crystal Field Parameter D of Fe®** Replacing
Al in Aluminosilicates

The crystal field parameter D in the spin Hamil-

tonian is also a measure of the departure of the
crystal field from spherical symmetry. Since the
crystal radii of AI* and Fe®', 0.50 and 0.64 A
(Pauling, 1960), are similar and the electronic charge
distribution in the Fe?* ion (8S5,2) is spherically sym-
metric, replacement of Al** by Fe® in the structure
should not cause large distortion. Hence, a correla-
tion between D for Fe?* and C for 2°Al is expected.
Burns (1961) measured the temperature dependence
of quadrupole coupling constants for 2"Al in fetrro-
electric C(NH,) 3 AI(SOy).+ 6H,O and for Ga in its
Ga analog. He also measured the temperature de-
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TaBLE 2. Octahedrally Coordinated Sites (D in cm™, ¢°¢Q/h in MHz)

. Fe3+ 27A| Distortion References
Mineral 2
D 3E/D e"gp/h N lal 191
Corundum o7t o* 2.3 o0f 0.172 1.511  (S) Newnham & de Haan 1962
a=R1,0 (F) Bogle & Symmons 1959
3 (A) Pound 1950
Beryl o.017F 0% 3.097  o* 0.062 1.845  (s) cibbs et al. 1968
Be Alz(SiO )6 (F) Dvir & Low 1960
3 3 (A) Brown & Williams 1956
Euclase 5.17 ©0.70 0.126 1.047 (S) Mrose & Appleman 1962
HBeAlSiO, (A) Eades 1955
Sillimanite 1.18 0.3% 8,93 0.46 .118 .803 (S) Burnham 1963a
Al_Si0 (F} Le Marshall et al. 1971
2775 (A) Raymond & Hafner 1970
Chrysoberyl 2.85 0.94 074 1.269 ($) Farrell et al. 1963
BeAl,0 (F) Vinokurov et al. 1962
All(i) (A) Hockenberry et al. 1958
Chrysoberyl 0.20 0.05 2.85 0.76 .166  1.037
Aly (m)
Spodumene 0.|3'EJ 0.19 2.95§ 0.94 .226 1.089 ($) Clark et al. 1969
LiAl(Si03)2 (F) Manoogian et al. 1965
(A) Petch et al. 1953
Kyanite 1.3 0.13 10.04 0.27 L1490 1134 (S) Burnham 1963b
Al55i0g (F) Troup & Hutton 1964
Aly (A} Hafner & Raymond 1967
Kyanite Alj 3.70 0.89 .063 1.143
Kyanite A]3 6.53 0.59 107 1.295
Kyanite Al 9.37 0.38 .160 1.058
Andalusite 1.887 o 15.6T  0.08 L300 .632 (S) Burnham & Buerger 1961
Al2Si0g (F) Holuj et al. 1966
ATy (A) Hafner, Raymond & Ghose
1970
: il 7 not
ﬁ?daIUSIte 1.40° 0.33 5.9 0.70 applicable
2
(5-coordinated)
Spinel o.257  or  3.687 0% 028 1.198 (5) Bacon 1952
MgA]ZOh (F) Brun et al. 1961b
(A) Brun & Hafner 1962
Gahnite 0.3‘!+ o* 3.68+ 0 .016 .902 (S) Saalfeld 1964

ZnAIZOh (F) Drumheller et al. 1964
(A} Brun, Ghose &
Schindler 1964

Gd, Al-garnet < 0.1 0* .008 .650 (S) Euler & Bruce 1965
Gd3A150]2 (A) Tsang & Ghose 1971
Y, Al-garnet 0.1057 0%  0.637 0o* .008 .650 (S) Euler & Bruce 1965
Y3A]50]2 (F) Rimai & Kushida 1966

(A) Brog et al. 1966

Grossular 3.61 0* .002 5272 {S) Prandl 1966
CaBAIZ(SiOA)3 (A) Derighetti & Ghose
1969
Almandine garnet 1.51 0% ,003 .356 (S) Zemann & Zemann 1961
(Fe,Mg) ,A1,(5i0,) (A) Ghose 1964
372 4’3

Zoisite 8.05 0.46 .134 .741  (S) Dollase 1968
CapAl35i 30)20H (F) Hutton et al. 1971
Aly 2 (A) Brinkmann, Staehli

i and Ghose 1969
Zoisite 0.797 0.06 18.507 o0.16 .353 1.139
Alg
Epidote 9.8 0.2 .161 .692 (S) Dollase 1971
CapAlp{Fe,Al)Si303H (A) Tsang & Ghose
Al (to be published)
Epidote 4.6 0.34 .073  .546
Aly
Topaz 0‘321- 1.677 0.38 nok (S) Ribbe & Gibbs 1971
ATSi0,F, applicable  (g) Tpyer et al. 1967

(A) Tsang & Ghose 1972a

* Azial site symmetry requires n = 0 and E = 0.

+ Good agreement between NMR 274l and EPR Fe+* principal aves.

§ Poor agreement between NMR ®7Al and EPR Fe’* principal axes.
(S) Structural data (F) Fe®* EPR data (A) 2741 NMR data.
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F16. 1. Nuclear quadrupole coupling constant C in MHz
vs |a| for octahedrally coordinated #Al. Open triangles,
zoisite (left, Al »; right, Als). Filled triangles, epidote (left,
Al,; right, Ali). Open squares, garnets (top to bottom,
grossular, almandine garnet, Gd:Al:O:w.). Filled squares,
kyanite (left to right, Al, Al, Al, Al). Crosses, left to
right: Alssite of chrysoberyl, corundum, spodumene. Circles,
left to right: gahnite, spinel (MgAl:O.), beryl, Al;-site of
chrysoberyl, sillimanite, euclase, andalusite.

pendence of the EPR spectra of Cr®* replacing Al or
Ga®. By parametrically eliminating temperature, the
plots of D vs C give two parallel but displaced lines,
one for the two sites in the two Al compounds and
the other for the two Ga compounds. From theoreti-
cal considerations, Burns (1961) presented a relation
between D and C as:

= 3 (Ae)y_ D,
D = ~112 (g,) a4 — v)0 (e'0q/h) ®
where Ag = g-g; and (r") is the expectation value
of r» over the 3d electron wave function.

The measurements show that although D and
e*Qq/h are linearly related, D < 0 when ¢ = 0 and
the slope of the curve is an order of magnitude larger
than the calculated value. The reason for this dis-
agreement is not clear.

In aluminosilicates the correlation between C and
D for both octahedrally and tetrahedrally coordi-
nated sites is poor (Tables 1, 2). Furthermore, cor-
relation between 5 and 3E/D and the agreements be-
tween NMR and EPR principal axes systems are also
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quite unpredictable, except in andalusite (Hafner,
Raymond, and Ghose, 1970).

This lack of correlation means that the replace-
ment of Al** by trace amounts of Fe®" in the alumino-
silicate structure usually causes a distortion of the
surrounding oxygen coordination polyhedra in an un-
predictable manner. Careful X-ray diffraction studies
of pure Al,O; and Fe®**-bearing Al,O; crystals indi-
cate that Fe® ions are shifted about 0.06A as com-
pared with Al*, and the shift is opposite to the cal-
culated direction (Moss and Newnham, 1964).
There are few detailed studies of substitutional ef-
fects of Al** by Fe*'. Further research is urgently
needed, since the steric details of Al** and Fe®* co-
ordination polyhedra may differ more than is com-
monly realized.

Conclusions

1. The ?"Al nuclear quadrupole coupling constants
are correlated with the distortions of nearest-neighbor
oxygen coordinations from ideal polyhedra.

a. For AlQ, tetrahedra, the quadrupole coupling
constant C depends mostly on shear strain and
slightly on longitudinal strain. Hence, bond angle
variations are more important than bond length
variations.

b. For AlOg octahedra, on the other hand, the
quadrupole coupling constant depends mostly on
longitudinal strain and hence bond length varia-
tions are more important.

2. There is usually no correlation between the
27Al quadrupole coupling constant and the zero field
splitting parameter D for Fe®*" (trace amounts) re-
placing Al** in aluminosilicates.

This probably means that Fe®** replacement dis-
torts the Al-O site considerably in aluminosilicate
structures.
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