Single-crystal Structure and Solid-state NMR of Ga,  Sc O, (x = 0.83)
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Colorless needles of Gap_,ScyO3 (x = 0.83) were isolated during the crystal growth of
LazGa3zScy01; in a KyWO, flux. The structure was refined from X-ray single-crystal data: 3-Ga; O3
type, C2/m, Z =4, a=12.716(4), b = 3.1566(6), ¢ = 5.928(5) A, B = 102.57(3)°, V =232.2 A3, wR2 =
0.0618, 429 F? values, 32 variables. The structure is based on infinite double chains of edge-sharing
Sc/GaOg octahedra running along the b axis. The GaOy tetrahedra connect these chains by sharing
corners and form a three-dimensional framework. The oxygen atoms form a distorted ccp pattern.
The “>Sc NMR spectra confirm the presence of a single scandium site, while 7! Ga NMR data clearly
prove the partial occupancy of the scandium site by gallium atoms. The nuclear electric quadrupolar
parameters of *>Sc and 7!Ga are discussed in relation to the crystallographic atomic environments.
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Introduction

The sesquioxides Al,O3, Ga;O3, ScyO3, and Iny O3
find broad technical application. Al,O3 is a widely
used abrasive and crucible material and an excellent
material for electronic substrates. Tin-doped In,O3
(ITO) finds application in diverse transparent elec-
trode materials of solar cells and opto-electronic de-
vices. 3-Gay O3 (direct band gap of ca. 5 eV) has also
been widely tested as a transparent electrode material.
Scy03 produces high-index film layers that are trans-
parent to wavelengths as short as 225 nm in the UV
region. Such Sc,03 films are insoluble and hard. Their
high refractive index value makes them preferred ma-
terials for diverse optical coatings.

The four oxides have multiple cation sites, and
solid solutions with two different trivalent cations are
possible. Ordered structures have been reported for
ScAlO3 [1] and ScInOs3 [2,3]. In the course of our
systematic **Sc solid-state NMR spectroscopic investi-
gations of intermetallic [4] and oxidic [5, 6] scandium
compounds, we were interested in the solid solution
GaZ,xSCXO}

The phase equilibrium diagram of the quasibinary
system Scr,03—-Gay 03 was first determined by Schnei-
der and Waring [7]. They reported the existence of two

binary phases: (i) 6Sc,03 - 5Ga; O3 with orthorhombic
symmetry (a = 13.85, b = 9.80, ¢ = 9.58 A) and (ii) a
phase called ‘Uss’ which is a solid solution that exists
from 55 to 73 mole percent Ga,O3 at the solidus. Its
compositional range of stability decreases to 61 mole
percent Ga;O3 at 1440 °C. Later MacDonald et al.
reinvestigated the ‘Uss’ phase and obtained a pow-
der pattern identical to that reported by Schneider and
Waring and concluded that the ‘Uss’ phase is ideally
GaScOj3 [8]. These authors grew single crystals from
a BipO3 flux and determined the orthorhombic sym-
metry with lattice parameters of a = 3.11, b = 18.92
and ¢ = 7.33 A. Based on a comparison of the pow-
der patterns, MacDonald et al. noted some similarities
with monoclinic $-Ga,O3 [9, 10], however, no com-
plete structure determination was performed. Recently,
Kuz’micheva et al. were able to grow single crys-
tals of this phase by the Czochralski method starting
from an equimolar mixture of Sc,O3 and Ga,O3 [11].
The authors noticed a variation of the composition
Gay_,Sc,03 (0.42 < x < 0.52) along the growth di-
rection of the crystal as well as radially. Most of the
diffraction peaks of the powder pattern obtained from
crushed single crystals were indexed with a mono-
clinic B-GayOs-type cell [4]. Additional weak reflec-
tions were ascribed to superstructure formation due to
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an ordering of Sc and Ga on the octahedral sites of the
B-Ga, 05 structure. A preliminary structure refinement
led to a structural model for Ga; 5S¢y 503, however,
with R = 18 %.

During crystal growth experiments with
La3zGazScy;0; in a KyWO4 flux at relatively low
temperature (1200 °C) we obtained well-shaped
transparent needles of Ga;_,Sc,O3 (x = 0.83). Herein
we report on an accurate crystal structure refinement
and a solid-state NMR (*Sc and 7'Ga) spectroscopic
study of the x = 0.83 member of the solid solution
Gaz_ XSCXO3.

Experimental Section

Synthesis

The crystal used for the single-crystal investigation
was grown from a Ky;WO4 flux, during the prepara-
tion of La3GazScyOpy single crystals. 100 mg of a pure
La3GazScyO1, sample were thoroughly mixed in an agate
mortar with 700 mg of K;WOy. The mixture was placed in
a platinum crucible and fired at 1200 °C for 18 h and then
cooled to 700 °C at a rate of 25 °Ch™!. Finally the sam-
ple was quenched to r.t. by pulling the crucible out of the
furnace. The Ko, WOy flux was dissolved in hot diluted HCI.
This led to a mixture of three phases, (i) single crystals of
Gay_,Sc, 03 with x = 0.83, (ii), La3GazSc,O, powder, and
(iii) a non-identified phase (powder). The powders were re-
moved by re-suspending the solid product in a large test tube
using acetone. The test tube was sonicated in an ultrasonic
cleaner for 1 min and then allowed to stand for 30 s. Dur-
ing that time the crystals of Gay_,Sc,O3 (x = 0.83) settled
to the bottom of the test tube. The supernatant, containing
the fine powder in suspension, was then decanted into an-
other beaker. This process was repeated several times until
the supernatant over the Gay_,Sc,O3 (x = 0.83) crystals was
clear. Pure Gay_,Sc,yO3 (x = 0.83) samples were then pre-
pared by a ceramic route starting from a stoichiometric mix-
ture of Ga; O3 and Scy03. Two pellets were made and heated
at 1400 °C for 60 h. One was cooled slowly to r.t., and one
was quenched in water from 1400 °C.

EDX data

Semiquantitative EDX analyses of many crystals includ-
ing the one investigated on the diffractometer (Fig. 1) were
carried out with a Leica 420i scanning electron microscope
with GaP and Sc as standards. The experimentally observed
compositions were close to the ideal one.

X-Ray diffraction

The polycrystalline samples were characterized by
Guinier patterns (imaging plate detector, Fujifilm BAS-

Detector = SE1

Date :1 Jun 2010

MAG= 331KX

EHT =20.00 kv

Fig. 1. Scanning electron micrograph of the Gay_,Sc,O3 (x =
0.83) single crystal used for the X-ray data collection.

1800) with CuKy radiation and o-quartz (a = 4.9130, ¢ =
5.4046 A) as an internal standard. Using the cell parameters
obtained by single-crystal diffraction, a full pattern match-
ing refinement was performed with the JANA2006 program
package [12]. The background was estimated by a Leg-
endre function, and the peak shapes were described by a
pseudo-Voigt function (Fig. 2). The refined lattice param-
eters for both samples (quenched and unquenched) were
similar: a = 12.717(2), b = 3.1555(4), ¢ = 5.9307(7) A,
B =102.53(1)°. No superstructure reflections have been ob-
served.

A crystal suitable for single-crystal X-ray diffraction was
selected on the basis of the size and the sharpness of the
diffraction spots by Laue photographs on a Buerger cam-
era (using white Mo radiation). The data collection was car-
ried out at room temperature on a Stoe IPDS II diffractome-
ter using MoK radiation. Data processing and all refine-
ments were performed with the JANA2006 program pack-
age [12]. A Gaussian-type absorption correction was ap-
plied, and the shape was determined with the video micro-
scope of the Stoe CCD camera. Details of the data col-
lection and crystallographic parameters are summarized in
Table 1.

Structure refinement

The extinction conditions observed for the Ga;_,Sc,O3
(x = 0.83) crystal agree with the space groups C2/m, C2,
and Cm. The structure was solved using the centrosym-
metric space group C2/m and the atomic positions of -
Gay03 [9]. The scandium and the gallium atoms were set in
the octahedral and tetrahedral sites, respectively. The refine-
ment of all the atomic positions and the isotropic displace-
ment parameters led to the residual factors R(F)/wR(F?) =
0.0461/0.1027 and a goodness of fit of § = 1.72 for 16 pa-
rameters and 432 reflections. With anisotropic displace-
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Table 1. Crystallographic and structure refinement data for
Gay_,Sc, O3 (x =0.83).

Formula Gay.17S¢0.8303
Crystal colorless needle
M, 166.7

Crystal system monoclinic
Space group C2/m

Lattice parameters

a, A 12.716(4)

b, A 3.1566(6)

¢ A 5.928(5)

B, deg 102.57(3)

Cell volume V, A3 2322

z 4

Density calc., gcm‘3 4.77

F(000), e 311

Scan mode multi-scan

hkl range +20, +5, +9
Omin / Omax. deg 3.28/34.88
Linear absorption coeff., mm™! 14.2
Absorption correction GAUSSIAN
Tin / Tmax 0.474/0.838
No. of reflections 1778

No. of independent reflections 580

Rint 0.0606
Reflections used [/ > 20(1)] 429

No. of refined parameters 32

R factors R(F) / wR(F?) 0.0326/0.0618
S (GoF) 1.05

Weighting scheme w = 1/(62(I) 40.00097%)
Diff. Fourier resid. min / max, e A—3 —0.92/+1.21

ment parameters for all positions, the residual factors con-
verged to R(F)/wR(F?) = 0.0391 / 0.0839 and S = 1.43
for 32 refined parameters. This led to the ideal composi-
tion GaScO3. Refinement of the Ga and Sc occupancies
showed a significant deviation from the ideal value for the

60 65 20° ple.

Table 2. Atom positions and equivalent isotopic displace-
ment parameters (AZ) for Gapy_,Sc,O3 (x = 0.83). All
atoms lie on Wyckoff sites 4i. The mixed-occupied site has
83 % Sc+ 17 % Ga.

Atom X y z Ueq
Scl/Gal 0.34476(6) 0 0.68860(12) 0.0073(2)
Ga2 0.09042(5) 0 0.79171(9) 0.00623(15)
0Ol 0.1588(3) 0 0.0963(6) 0.0093(9)
02 0.4889(3) 0 0.2552(5) 0.0071(8)
03 0.8273(3) 0 0.4315(5) 0.0068(8)

Table 3. Anisotropic displacement parameters (Az) for
Gay_,ScyO3 (x = 0.83). The anisotropic displacement
factor exponent takes the form: —272[(ha*)2Uj; + ... +
2hka*b*U12]. U12 = U23 =0.

Atoms Ur1 U Usz Uiz
Scl/Gal  0.0085(3) 0.0063(4) 0.0073(3) 0.0021(2)
Ga2 0.0086(3) 0.0056(3) 0.0050(2) 0.00261(15)
o1 0.0120(15)  0.0100(18)  0.0051(12)  0.0002(11)
02 0.0076(14)  0.0059(16)  0.0077(12) 0.0018(10)
03 0.0083(13)  0.0077(16)  0.0058(12)  0.0042(9)

scandium site. Subsequently we refined this site with a
mixed Sc/Ga occupancy. This significantly decreased the re-
liability factors R(F)/wR(F?) = 0.0326 / 0.0618 and § =
1.05, leading to the composition Gaj 7(2)Scpg3(2)O3 for
the investigated crystal. The refined atomic positions and
anisotropic displacement parameters (ADPs) are given in Ta-
bles 2 and 3.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot_anforderung.html)
on quoting the deposition number CSD-422271.
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Solid-state NMR spectroscopy

4Sc magic-angle spinning (MAS) NMR spectra were
recorded at ambient temperature at resonance frequencies of
97.176 MHz on a Bruker DSX-400 spectrometer, using a
2.5 mm MAS NMR probe operated at a rotation frequency of
20-25 kHz. Spectra were recorded using a single pulse ac-
quisition with a 0.5 us pulse length and a recycle delay of 2 s.
The **Sc NMR resonance shifts are referenced to 0.1 M scan-
dium chloride aqueous solution. Simulated lineshapes were
obtained using the DMFIT program [13]. 7'Ga NMR spectra
were obtained on a Bruker Avance III 300 spectrometer at
91.57 MHz. Spin echo trains generated via a Q-CPMG pulse
sequence [14], 0 — 1) — 26 — [T, — 260 — ], (n = 160), were
acquired at a 7' Ga nutation frequency of 71 kHz, using a flip
angle 0 of 38.5°. 1000 echo trains were co-added, using a
recycle delay of 10 s. Subsequent Fourier transformation of
these echo trains yielded a “spikelet pattern”, the overall en-
velope of which corresponded to the static NMR lineshape.
In the present case, the overall spectral intensity is distributed
over an extremely wide spectral region. The position of the
carrier was systematically varied from 42000 to —2000 ppm
in thirteen 30-kHz steps. The total lineshape was then synthe-
sized by superimposing all of the spikelet spectra obtained at
the different carrier frequencies and simulated using the DM-
FIT software. Resonance shifts are given relative to a 1 M
Ga(NO3)3 solution. Theoretical electric field gradient calcu-
lations were conducted using the WIEN2k package [15] em-
ploying the prodecure and parameters described in [16]. The
R(MT) parameters were 1.99, 1.68 and 1.68 a.u. for Sc, Ga
and O, respectively, and a separation energy of —8.0 Ry was
used.

Results

The structure of Gay_,ScyO3 (x = 0.83) is isotypic
with 3-Ga O3 [9, 10]. The monoclinic 3-Ga; O3 struc-
ture contains two crystallographically non-equivalent
gallium and three oxygen sites, all of them located
at 4i (x, 0, z) positions. The structure is based on in-
finite double chains of edge sharing Sc1/GalOg oc-
tahedra running along the b axis. The Ga20y tetra-
hedra connect these chains by sharing corners and
form a three-dimensional framework (Fig. 3). The oxy-
gen atoms show a distorted ccp pattern. The parti-
tion of Sc** and Ga** onto octahedral and tetrahe-
dral sites is in line with the difference in the ionic
radii [17] of 0.61 A (Ga3* for coordination number 4)
and 0.885 A (Sc3t for coordination number 6). The
Sc1/Gal mixing can be rationalized, since the ionic
radii of Ga>* and Sc3* for coordination number 6 are
similar.

Fig. 3 (color online). (a) View of the double chains of ScOgq
octahedra sharing edges and (b) perspective view of the
structure of Ga, _,Sc,O3 (x = 0.83).

200

T T
100 0
8/ppm
Fig. 4. ¥*Sc MAS NMR spectra of the unquenched (top) and
quenched (bottom) sample of Gay_,Sc,O3 (x = 0.83). Spin-
ning speed: 20 kHz.

Fig. 4 shows the ¥*Sc magic-angle spinning MAS
NMR spectra obtained for a quenched and an an-
nealed sample. Identical spectra are observed, charac-
terized by an isotropic chemical shift of 131.5 ppm,
a quadrupolar coupling constant (Cq) of 9.6 MHz
and an electric field gradient asymmetry parameter
(ng) of 0.7. These results are in reasonable agree-
ment with calculated values of Cq (theor.) = 8.4 MHz
and n = 0.92 using the programme WIEN2k. Fig. 5
shows the static "'Ga spikelet NMR spectrum of
this compound. The envelope can be simulated suc-
cessfully as a superposition of two static spectra, in
an approximate ratio of 86:14 (see Fig. 5), which
is in excellent agreement with the information from
the crystal structure. Table 5 summarizes the val-
ues of the nuclear electric quadrupolar coupling con-
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Table 4. Interatomic distances (10%) and bond valence sums (BVS, with coordination numbers in brackets) for Ga;_,Sc,O3
(x = 0.83). Average distance and angle values are given in brackets. For the mixed-occupied site the BVS values have been
calculated separately for Sc (larger values) and gallium (smaller values).

Distance B.V. Distance B.V.
Scl1/Gal-01 (2x) 2.036(3) 0.603/0.437 Ga2-01 1.826(4) 0.771
Scl/Gal-02 2.069(4) 0.552/0.400 Ga2-02 (2x) 1.8608(18) 0.702
Sc1/Gal-03 (2x) 2.172(3) 0.418/0.303 Ga2-03 1.857(4) 0.709
Sc1/Gal-03 2.149(4) 0.444/0.322 (1.851) BVS [4] =2.884
(2.105) BVS [6] =3.038/2.202

BV = e("0-1)/% with the following parameters: b = 0.37, ro (Ga™-0) = 1.730 and ro (Sc''-0) = 1.849 [19, 20].

Table 5. Experimental isotropic chemical shifts and nuclear
electric quadrupolar coupling parameters and comparison
with predicted values (in parentheses) using the program
WIEN2k.

Site 5™ (ppm)  Cq ( MHz) (£0.5 MHz) n(£0.1)
Ga(l) —15+10 5.6 (4.1) 0.5 (0.9)
Ga(2) 222450 14.4 (13.0) 0.5 (0.62)

T T T T T T
3000 2000 1000 0 -1000 -2000 -3000 ppm

Fig. 5 (color online). Experimental and simulated 7! Ga NMR
spectrum of Gay_,Sc,O3 (x = 0.17). Top: Superimposed ex-
perimental spikelet spectra, together with a simulation of
the intensity profile envelope. Bottom: Simulated individual
lineshape components.

stant Cq, the electric field gradient asymmetry pa-
rameter 711 and isotropic chemical shift values &cs
as they were extracted from the simulation yield-
ing closest agreement with the experimental data. For
the tetrahedral Ga(2) site, the experimentally mea-
sured electric field gradient parameters are in good
agreement with theoretically calculated values. Fur-
thermore, the chemical shift deduced for this site
falls into the general shift range published for tetra-
hedral gallium sites [18]. For the octahedrally coor-
dinated Ga(l) site, the chemical shift also falls into
the range of shifts previously published for octahe-

N~ D
8T $f216 ET
oy Ol 5 04220
o) N
‘\é 209& ‘t\_i
Gaq 17Scp 8303 Sc1 Sc2

Scy03

Fig. 6. Oxygen coordination of the scandium atoms in
Gay.17S¢0 303 and Sc,O3. For details see text.

drally coordinated gallium species in crystalline inor-
ganic oxides [18].

Discussion

The “*Sc NMR results are in good agreement with
the single-crystal X-ray diffraction data, which show
that the scandium ions are solely located on octahedral
sites. The octahedra are slightly distorted with three
short and three normal Sc1-O distances or three nor-
mal and three stretched Gal-O distances (Table 4).
The average Sc1/Gal-O distance of 2.105 Alis slightly
shorter than 2.145 A and longer than 2.02 A the sum of
the ionic radii of Sc>t and 0%, and of Ga3t and 0%~
respectively [17]. The calculated BVS value of 3.04 is
in very good agreement with the expected 3+ value
for Sc [19,20], however, Gal on this site is under-
bonded with a BVS value of only 2.20. Indeed, the oc-
tahedral site is predominantly occupied with scandium,
which is slightly bigger than gallium (vide supra). The
Sc—O distances are similar to those in Scy,O3 (2.08 —
2.16 A) [21,22].

The scandium-oxygen polyhedra of Ga; 17Sco.8303
and Sc,O3 are compared in Fig. 6. The Sc2 atoms in
Scp03 show six equal Sc2-O distances of 212 pm,
however, these octahedra are slightly compressed with
0-Sc2-0 angles of 80 and 100°. A much stronger dis-
tortion is evident for the Scl atoms with a broader
range of Sc1-0O distances from 208 to 216 pm and also
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Table 6. Crystallographic data for Gay_,Sc,O3 (x =0, 0.42, 0.52 and 0.83), space group C2/m, Z = 4.

Formula B-Gay0;3 Gay.585¢0.4203 Gaj.485¢0.5203 Gay.17S¢0.8303
Growth method PbO-Li,O-B,03 flux Czochralski Czochralski KoWO4 flux
Refinement method single crystal Rietveld Rietveld single crystal
M, 187.44 177.04 174.56 166.7

a, A 12.214(3) 12.478(4) 12.496(4) 12.716(4)

b, A 3.0371(9) 3.1010(4) 3.1013(4) 3.1566(6)

¢, A 5.7981(9) 5.8720(5) 5.8733(6) 5.928(5)

B, deg 103.83(2) 103.20(2) 103.26(1) 102.57(3)

Cell volume, A3 208.9 221.2 221.5 232.2

Density, gcm ™ 5.96 5.32 5.23 4.77

Reference [10] [11] [11] this work

a broader range of O-Sc1-O angles from 80 to 115°.
As previously discussed [23], the different degrees of
distortion give rise to significantly different **Sc EFG
parameters. Consistent with the wider range of Sc-O
distances and O-Sc—O bond angles, the Cq value is
significantly larger for the Scl site compared to the
Sc2 site (23.4 vs. 15.3 MHz, respectively). Further-
more, the Scl site lies on a C3 axis yielding an axi-
ally symmetric electric field gradient tensor, whereas
for the Sc2 site the asymmetry parameter is non-zero.
For Gaj 17Sc 8303, the range of Sc—O bond lengths is
comparable to that of Scl in Sc,03, whereas the range
of O—Sc—0 angles (80— 102°) is comparable to that for
Sc2 in Sc,03. The calculated and experimental Cq val-
ues are, however, significantly smaller than for either
of the two sites in scandium oxide. This comparison il-
lustrates the difficulty in correlating quadrupolar cou-
pling parameters with individual geometric distortion
parameters in *Sc NMR.

The tetrahedral site is fully occupied by Ga2 and
is highly distorted with angles ranging from 105.34
to 118.94° with an average O—Ga2-O value of 109.5°.
The average Ga2-O distance of 1.851 A is in good
agreement with the expected value of 1.85 A [17].
These values are very similar to those reported for
B-Ga,03 ((Ga—0) = 1.844 A and (0-Ga-O) =
109.42°) [9]. The calculated BVS value of 2.884
shows that Ga2 is only slightly under-bonded. The
strongly distorted gallium environments manifest
themselves in an unusually large quadrupole coupling
constant, which is comparable to that measured in
B-Gay0O3 [18]. In contrast, the octahedral gallium
species situated on the Scl sites have more symmetri-
cal local environments, which facilitate their detection
by 7'Ga NMR despite their low concentration.
To compare the experimental quadrupolar cou-
pling parameters for the six-coordinated gallium site

in Gaj 175¢0 8303 with a theoretical prediction, Cq val-
ues were calculated by scaling the WIEN2k value ob-
tained for *Sc with the ratio of the nuclear electric
quadrupole moments of 7'Ga and **Sc. The agree-
ment between experimental and calculated data is only
moderate in this case, indicating that the Scl site,
when occupied by Ga®*, is locally distorted to a sig-
nificant extent. This finding can be rationalized by
the small difference in the ionic radii between Sc3+
and Ga>*.

In order to compare our results with previous work,
Table 6 summarizes all the important data related to
the different compositions studied in the ScGaOs3-3-
Ga;03 system. One can conclude that the chemical
composition of our crystal is in very good agreement
with the evolution of the cell parameters. Indeed, since
scandium is slightly bigger than gallium, the substi-
tution of gallium for scandium induces an increase
of the cell parameters. From the evolution of the cell
parameters one might estimate those of ScGaOs, the
theoretical end member of this ScGaOs3-3-Gay O3 sys-
tem (C2/m, a = 12.808, b = 3.178, ¢ = 5.954 A,
B =102.39°,V =236 10%3). Experimentally, Schneider
and Waring reported Gaj 1Scg 903 as the end mem-
ber [7]. These results are very similar to those of
Gaj InggO3 [24], indicating that a total substitution
of gallium for scandium or indium in the octahedral
site of the B-GayOj3 type induces a destabilization of
the structure. Indeed, there is no AGaO3; compound
crystallizing with the monoclinic $-GayO3 type. Most
AGaOj3 compounds crystallize with perovskite-related
structures.
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