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A single-crystal’’Ga NMR study of the garnet3Ga0i1. (YGG) has resulted in the determination of the first
chemical shielding tensors reported for 8&a quadrupole. The single-crystal spectra are analyzed in terms of
the combined effect of quadrupole coupling and chemical shielding anisotropy (C824.quadrupole coupling

and CSA parameters for the two (tetrahedrally and octahedrally coordinated) gallium sites with axial symmetry
in YGG (Gav, Co = 13.1+ 0.2 MHz andd, = 54 + 50 ppm; G&, Co = 4.10+ 0.06 MHz andd, = 24 +

3 ppm) are fully consistent with its cubic crystal structure which supports the reliability of the experimental data.
In addition, the’'Ga and?’Al isotropic chemical shifts for YGG and YAG give further support to the linear
correlation observed earlier betwe&Ga and?’Al isotropic chemical shifts.

Introduction

1Ga (spinl = 35, 39.6% natural abundance) has a fairly large
quadrupole moment (& 1.1 x 1072° m?) which gives rise to
quite broad NMR lines for the central transition in powders

because of the second-order term of the quadrupolar interaction,

In spite of this, solid-staté!Ga NMR is becoming an important
tool for structural investigations of inorganic gallium com-
poundst—8 In particular solid-staté!Ga NMR has been applied

to studies of the isomorphous substitution of aluminum by
gallium in zeolites; ¢ a replacement of particular interest since

it changes the acidity and thereby the catalytic properties of
the zeolite> 11 Garnets of type ¥Als—xGaO2 (0 < x < 5)

are of special industrial interest, due to their application as laser
hosts, and have recently been characterizedAyMAS and
static "\Ga NMR7 However, the”'Ga spectra, which were
analyzed using the quadrupolar interaction only, showed some
unexpected features which were interpreted as an additional
gallium site.

Single-crysta?~17 along with powder (statié=2> and
MAS?6-31) NMR studies of quadrupolar nuclei have demon-
strated that for certain heavier nuclei (e 3V, 5°Co, 'Rb,
9Mo, 13%Cs) the chemical shielding anisotropy (CSA) interaction
cannot be neglected but must be considered in addition to the
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qguadrupolar interaction in the spectral interpretation. Because
of the increased interest in the application’&a solid-state
NMR to materials science, it is imperative to know whether
the CSA can or cannot be neglected for this nucleus. This is
of special interest in the light of recent determinations of CSA’s
for 27Al.32:33 Furthermore, with today’s magnetic field strengths
up to 18.8 T it has been shown that NMR spectra of even lighter
quadrupolar nuclei (e.g*Na and?’Al) are also influenced by
the CSA33
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Figure 1. Single-crystal’Ga NMR spectra (9.4 T) for the central transition of the garnet YGG each recorded following amcfeédnent in the

rotation about the axes (a)x", (b) y', and (c)—Z".

This work reports the succesful determination of parameters 5 —

describing the combined effect 6fGa CSA and quadrupole
coupling required for the interpretation of single-cryst&ba
NMR spectra of the garnet 36a012 (YGG). The results

(e.g., 9.4 T used in this study) tf&a CSA needs to be taken
into account. In contrast to the recent stldyis shown that
YGG has two crystallographically distinct &a sites, one

tetrahedrally and the other octahedrally coordinated, and not

L

o

/3(6xx + 6yy + 527) 60 = 6iso - 622

)

iso

where the principal elemenis, (=Vaa, 0uo) are defined as
clearly demonstrate that even at ordinary magnetic field strengths

W= ol T Ay + A ) = 1 = Mo + Ay + A0 = 1Ay —
Yoo+ Ay + 21 (3)

three different sites. This is in accordance with the crystal Results and Discussion

structure determined by X-ray diffractiéf3°

Experimental Section

The garnet ¥Ga0O:. single crystal was grown by the Czochralski
technique’® For the NMR investigation a piece of size approximately
equal to 1x 5 x 3 mn? was cut from a much larger crystal. TH&a

single-crystal NMR experiments were performed at 121.99 MHz (9.4

T) on a Varian UNITY-400 spectrometer equipped with a home-built
single-crystal NMR probe described elsewh&reThe goniometer of

The garnet YGG represents a challenging material 6
NMR because its large quadrupole couplingske it extremely
difficult to obtain high-resolution spectra of a powder sample.
Although of higher resolution, single-crystdGa NMR spectra
of YGG may, following the crystal structuf®3>be complicated
by the presence of three magnetically nonequivalent but
crystallographically equivalent Ga ions with tetrahedral
coordination to oxygen (G@. In addition, there are four

the single-crystal probe has three dovetail mortises into which a tenon magnetically nonequivalent &aions of octahedral coordination

(with the crystal glued onto its surface) is mounted. Mounting the
tenon (T) in the three mortises results in rotation about-tx& yT,

and —Z' axes, respectively. Eleven spectra, each for an angular
increment of 18, were recorded for each rotation axis with an accuracy

of +0.4° for the angular adjustment. The NMR experiments employed

a spectral width of 500 kHz, single-pulse excitation with a pulse width
T, = 2 us for yBy/2mw ~ 55 kHz (rp, = 4.5 us for a 90 solution flip

(Gay) within one crystallographic sit&:3° Thus, altogether a
maximum of seven gallium sites may be distinguishable in the
single-crystal’’Ga spectra.

Figure 1 shows the YGG single-crystdza NMR spectra
resulting from rotation about thexT (a), y" (b), and—z' (c)
axes. Within the chosen spectral window of 500 kHz only the

angle), and 512 scans with a relaxation delay of 2's. Isotropic chemical Central M= —1, <> 1/;) transitions are observed. Three of the
shifts (ppm) and the frequency scales (kHz) in all figures are relative resonances in the spectra make excursions over a range of 200

to an external solution of 1.0 M Ga(N§2.

kHz and are assigned to the three magnetically nonequivalent

The quadrupole coupling and CSA interactions are defined by the Gay ions. Four overlapping lines are observed in the central
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region of all spectra, and for clarification Figure 2 shows an
expansion of the spectrum resulting from rotation aboutythe
axis for@ = 108 along with a deconvolution of the four lines
assigned to the four magnetically nonequivalent,Gans. A
preliminary analysis of the seven individual gallium resonances
gaveCq = 13.1 MHz,579 = 0, anddiso = 219 ppm for three of

the resonances showing these to originate from the tetrahedral
(Gay) sites® The four remaining resonances gaig = 4.1
MHz, no = 0, and disoc = 6 ppm in agreement with the
assignment of these resonances to the crystalographically
equivalent Gg sites.
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Figure 2. (a) Expansion of the experimental single-cryst@la NMR
spectrum recorded following rotation about yfeaxis by = 108°.
(b) Complete deconvolution of the experimental spectrum in (a) clearly

demonstrating the presence of four distinct and equally intense
resonances in (c).

The analysis of the single-crystal spectra is carried out in
terms of the combination of the quadrupole coupling (Q) and
CSA (o) interactions as recently done in the caseé¥f and
8'Rb NMR141617 The resonance frequency for the central
transition is given by

60 120 180
6[deg]

Figure 3. Rotation plots for the tetrahedral gallium site (@af YGG

with the experimental resonance frequencies marked with dotted circles,
boxes, and triangles for the three magnetically nonequivaletitiGas

for rotation about the three axes (aY, (b) y', and (c)—Z'. The curves

V(_“i P /2(0) = AS“U + B%‘Z, cos ) + Cg‘)g sin 20 + are calculated by employing the optimized parameters (Table 1) and

DY cos 4+ E@sina (4) 0
Q Q

where o (=—xXT, y', or —Z") is the rotation axis and the
coefficientsM(‘ﬂ, are functions of the quadrupole coupling and
CSA tensors in the tenon (T) frame according to the expressions
and definitions of Euler angles given elsewh&relhe rotation
plots of the experimental resonance frequencies are shown in
Figures 3 and 4 for the three magnetically nonequivaleny Ga
and four magnetically nonequivalent gdons, respectively.
The full curves are given by eq 4 and employ the optimized
parameters for the quadrupole coupling and CSA. These
parameters are summarized in Table 1 along with their error
limits that are calculated as 95% confidence intervals for the
optimized parameters.

The quadrupole coupling paramete@y( 1) for both the
Gay and Gg sites are determined with very small error limits.
Moreover, the CSA parameterd,( 1, diso) and the angley)
between the unique principal elemeXtsandd,,are determined
with a good accuracy for the Gasite. On the other hand, it
turns out that the resonance frequencies for thg Gite are
rather insensitive toward variation of the CSA parameters
because of the dominance of the quadrupole coupling for this
site. Therefore, it has only been possible to determine the CSA
(64) and the isotropic chemical shifdi,) for this site whereas
the 5, andy have been kept fixed at, = y = 0 during the Figure 4. Rotation plots for the octahedral gallium site (Qaf YGG

optimization as a consequence of the crystal symmegf with the e>_<perimenta| resonance frequencies marke_d with dotted _circles,
inr;ra) q Y y de boxes, traingles, and diamonds for the four magnetically nonequivalent

N . . Ga* ions for rotation about the three axes (ax", (b) y', and (c)
The reliability of the parameters may also be discussed in _,r The full curves are calculated by employing the optimized

the light of the crystal symmetry. Within the cubic crystal parameters (Table 1) and eq 4.

structure of YGG (space group3d) the Ga, and Gg, sites

are located in the symmetry positions 24(d) and 16(a), respec-that the unique principal elementg{andd., should be aligned
tively.3 Both of these sites have localsymmetry (1 = 4 for along the inversion axi® The parameters in Table 1 demon-
Gav andn = 3 for Gay), implying that the quadrupole coupling  strate that from an experimental point of view the axial
and CSA tensors should be axial symmetrjg € 7, =0) and  symmetry of the quadrupole coupling tensgs & 0) is fulfilled

for both sites. Moreover, for the Gasite it has been possible

(38) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Wetterling, W. T.
Numerical RecipeCambridge Univ. Press: Cambridge, U.K., 1989;
Chapter 14.5. (39) Weil, J. A.; Buch, T.; Clapp, J. Adv. Magn. Reson1973 8, 183.
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Table 1. "'Ga Quadrupole CouplingCg, 70), Chemical Shielding Anisotropydg, 7,), Isotropic Chemical Shiftdso), and the Angley
betweenV,; andd,, for Gay and Ga& in YGG

site Co (MHz) o diso (PPM) 8, (ppm) 7 % (deg) ref
Gay 4.10+ 0.06 0.03+ 0.04 5.6+ 1.2 24+ 3 0.2+ 0.3 2+5 this work
4.6 0 14 7
Gay 13.1+0.2 0.05+ 0.03 219+ 19 544+ 50 (03 02 this work
13 0 245 7

a Parameter fixed during optimization. See text.

b Table 2. Direction Cosines Describing the Orientation of the
a c ¢ Unigue Principal Elemente!) of the 'Ga Quadrupole
1 * 2 Coupling Tensors for Gaand Ga in YGG
3 vt a b c Symbol?
2
—> b » b Gapy
a® 1 a
4 v 1,000 0.000 0.000 °
3
: V) 0000 1.000 0.000 o
z
C v 0.000 0.000 1.000 a
b Gay;
T ()
) 3 y V,, 0573 0598 0.560 o
X v® 0517 0.650 0.557 °
a
, 3
Figure 5. Orientation of the unique principal elemen within the V;z 0.578 0.598 -0.556 A
o

crystal frame for (a) the three magnetically nonequivalent, Gms
(marked 1, 2, and 3) and (b) the four magnetically nonequivalent Ga
ions (marked 1, 2, 3, and 4). The numbering used refers to the numbers
used for the unique principal elemen@ in Table 2. Through the
symbols dotted circles, boxes, triangles, and diamonds in Table 2 the

\/2 elements may be related to the rotation plots in Figures 3 and 4
. . . 7 . . .
(c) Orientation of the crystallographic axes with respect to the tenon A linear correlation betweeffAl and "'Ga isotropic chemical

(T) frame. shiits

vid 0591 0.552 -0.558

4Symbols used in Figures 3 and 4.

to experimentally verify the axial symmetry of the CSA tensor 5i50(71c;a)= (2.83+0. 10)[5i50(27A|)] — (4.50+ 4.90) (5)

and the coincidence of the principal elemevifsandd,. From

the crystal symmetry it can be concluded that the three (four) 55 peen observed for structurally analogous aluminum and
magnetically nonequivalent @a(Gay) ions have the inversion gallium compounds for which only oxygen atoms occupy the

axis aligned along the 100, 010, and 001 (111, 11, and it coordination spher. This correlation is fully supported
111) axis, respectively, as depicted in .)F'Ql”e 5a,b. The  the present!Ga isotropic chemical shifts for YGG when
orientation of the three principal element&) i = 1-3) for compared to thé’Al isotropic shifts recently determined for
the tetrahedral site is found from diagonalization of the yag (Y 3A101) by 27Al MAS NMR.740 From the latter data
quadrupole coupling tensors in the tenon frame. In accordanceang eq 5 we predialis(Gay) = —2 + 5 ppm an®iso(Gay) =

with the crystal structure these three principal elements are foundz11 1+ 9 ppm in excellent agreement with the experimental
to be mutually perpendicular (Figure 5a), which lead to the regylts. Thus, considering the well-known linear correlation
orientation depicted in Figure 5c for the crystal axes within the petween27Al and 29Si chemical shifts generally found in
tenon frame. The direction cosines for the principal a\@s minerals*142 it is expected that’’Ga NMR may provide

of both Gay and Ga with respect to the crystal frame are then important information about the geometry of the gallium sites
calculated in a straightforward manner, and the results are shown(e.g., bond lengths and bond angles), in a manner similar to
in Table 2. Most interesting, within a few degrees the direction applications 0f9Si and27Al isotropic chemical shift§l-5!
cosines describing the orientation of the fouryGprincipal
elements‘(/g; i = 1—4) are oriented along the cubic diagonals (40) Massiot, D.; Bessada, C.; Coutures, J. P.; Taulell, Magn. Reson.

199Q 90, 231.
of the crystal frame as expected from the crystal structure (41) Lippmaa, E. Samoson, A.: 1ga M. J. Am. Chem. S0d986 108

(Figure 5b). 1730.

For comparison with the present parameters’#@a quad- (42) Jacobsen, H. S.; Norby, P.; Bildsge, H.; Jakobsen, Zedlites1989
rupole coupling parameters recently determined from a static 43) %rﬁﬁﬁj V.: Blackwell, CNature 1983 303 223
"'Ga powder NMR study of YGGare shown in Table 1. The (44) Thomes,. J.-I‘\/I.; Klinowéki, J.; Ramdas, S.; Hunter, B. K.; Tennakoon,
parameters for Ga are in good agreement with the parameters D. T. B. Chem. Phys. Lettl983 102 158.
from the present single-crystal work. Furthermore, the problems (45) Ramdas, S.; Klinowski, Nature 1984 308 521.

- . : : (46) Thomas, J. M.; Klinowski, JAdv. Catal. 1985 33, 199.
encountered in the line shape analysis for the,@egion of (47) Radeglia, R.: Engelhardt, Ghem. Phys. Let0985 114, 28.

the powder spectrum(i.e., requiring the introduction of an  (48) Newsam, J. M.; Jarman, R. H.; Jacobsen, Al Solid State Chem.

additional Ga site) have been clarified in the present work. Only 1985 58 325. ) ] ) -

one single octahedral site is necessary for the interpretation of(49) Engelhardt, G.; Miche, DHigh Resolution Solid-State NMR of Silicates
. . . and ZeolitesJohn Wiley: Chichester, U.K., 1987.

the single-crystal spectra, in accordance with the crystal 50) Newsam, J. MJ. Phys. Chem1987 91, 1259.

symmetry. (51) Weller, M. T.; Wong, GJ. Chem. Soc., Chem. Comm@888 1103.
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The "Ga and?’Al quadrupole couplings in YGG and YAG and YGG and also the fact that the quadrupole couplings for
are expected to reflect the similarities/dissimilarities for the local the My, sites show larger discrepancies than those for the M
environment of these nuclei in the two materials. However, sites.
the experimentally determinefAl quadrupole couplings in In conclusion, it has been shown that analysis of ti&a
YAG (Co(Aly) = 9 MHz and Co(Aly)) = 0.9 MHz)? are single-crystal NMR spectra of YGG requires consideration of
smaller than the correspondifigGa values for YGG (Table  the combined effect of quadrupole coupling and CSA. Two

1), although the quadrupole moment Al (Q = 1.5 x 1029 distinct crystallographically nonequivalent gallium sites are
m?) is larger than for'lGa @ = 1.1 x 10°2° m?). These found, in accordance with the crystal structure. Moreover, the

unexpected results may be accounted for in the light of the local orientation of the quadrupole coupli_ng tensors with respect to
geometry of the gallium and aluminum nuclei. It has been the crystal frame have been determined from the NMR results

142 g . . and confirm the crystal symmetry. TA&a CSA parameters
th\blgtﬁi‘on that electric field gradients are influenced by the mean pletermined for YGG indipate that the (;SA must be considered
in general as an additional interaction to the quadrupolar
interaction in solid-stat€'Ga NMR. Finally, a linear correlation
between 2’Al and 7'Ga isotropic chemical shifts is fully
supported when comparing the preséfa results with a recent
) 27Al study of YAG.
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