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Recently. the number of Ge- or Ga- containing nitride com-
pounds synthesized in Na melt has grown rapidly. ¥ But, the
example of nitride compound containing both Ge and Ga is
rare. Our sy nthetic efforts of getting such nitrides instead gave
anew quaternary subnitride. Sr-GeGaN. which is isostructural
to its Ba analogue.6 Ba~GeGaN. Crystallographic data on
Sr-GeGaN are provided in Table 1-3. The crystal structure of
Sr-GeGaN is given in Figure 1. The structure of intermetallic
SrGe'” is also provided in the figure for comparison.

A zigzag chain composed of alternating Ge and Ga runs
along the b-axis through a channel generated by surrounding
Sr. as seenin Figure la and 1b. Gain the chain is bonded to N
at a distance of 1.882(4) A. Itis interesting to note that the cry-
stal structure of Sr:GeGaN is closely related to that of SrGe."”
Figure 1c and 1d. It appears as if one [Ge] in intermetallic
SrGe has been replaced by [GaN]. This observation suggests
formal charge of +1 for Ga. The empirical formula. Sr-GeGaN.
can be rearranged into Sr:[Ge]:'[GaN]:'. which conforms to

Table 1. Crystallographic data for Sr.GeGaN.

Monoclinie
P2y/m
a=6.8835(DA
b=4.0432(6) A

Crvstal system
Space group
Unit cell dimensions

c =8.680(2) A
B=108.454(8)°
Volume (A% 229.21(6)
Z 2
Density (caled/ mg m™) 4.804
Absorption coefficient {mm™) 35252
Temperature (K) 173(2)

F(000) 292

Crystal size (mm™) (0.100 x 0.025 x 0,023

8 range for data collection () 24710 30,31

Index ranges 8<h=9,5<k=<5,-12<1=12
Reflections collected 3617

Independent reflections 792 [R(mnt) = (.0401]

Data / restraints / parameters 79270732

Goodness-of-fit on F* 1.106

Final R indices [I > 2 sigma(D}]*  R1 = (10206, wR2 = (.0431
R indices (all data)” R1=0.0263, wR2 = 0.0438
Largest diff. peak and hole (e.A™) 1.125 and -0.974

the replacement of half of [Ge]j' in SrGe by [GaN]j'. The
valences and Madelung potentials calculated for each atom.
which were provided in Table 4, conform to this assignment.
Typically, the potential for any site is -10 V times the ionic
charge

As in SrGe, [GaN]z' or [Ge]z' is surrounded by the mono-
capped trigonal prism of 7 x Sr. The mono-capped tigonal
prisms of 7 x Sr stack along b-axis viag sharing their rectan-
gular side faces. thereby. generating the conduit through
which the zig-zag chain passes through. The channel has
roughly hexagonal shape when looked through the b-axis
(Figure la). but is severely distorted. when compared to that
in SrGe (Figure 1¢). Because of the distortion, the unitcell of
Sr:GeGaN adopts monoclinic system rather than more sym-
metric tetragonal one observed for SrGe. It is apparent that the
replacement of [Ge] into [GaN] in the Ge-Ge chain lowers the
symmetry of the overall crystal structure.

Ga-Gebond lengthis 2.447(1) A.whichis shorter than Ga-
Ge distance of 2.508(2) A in its Ba analogue.” Ba-GeGaN. It
is significantly shorter than Ge-Ge bond length, of 2.634 A in
S$rGe."” and is also shorter than any known Ge-Ge distances in

Table 2. Atomic coordinates (x 10" and equivalent isotropic
displacement parameters (A x 10%) for Sr:GeGaN.

Wyckotf X v z Uteq)
Sr(l) 2e 7978(1) 2500 339(1) A1)
Sr(2) 2e 8154(1) 2500 6218(1) 4(1)
Ge 2e 3241(1) 2500 7009(1) A1)
Ga 2e 4647(1) 2500 2481(1) A1)
N 2e 1767(6) 2500 1705(5) 5(1)

Ufeq) is defined as one third of the trace of the orthogonalized Uij
tensor.

Table 3. Anisotropic displacement parameters (A° x 10%) for
Sr:GeGaN.

Un Uz Uss Uz U Uz

Sr(1) 2(1) 1) 3(1) ¥ 1(1) 0
I O O ) 0 1) 0
Ge 1) 1) 1) ¥ 1(1) 0

Ga 21y 1) 5D 0 1) 0

N 4(2) 6(2) 3(2) ¥ 1(2) 0

Rl = ZlIFol - IFell:TIFol. wR2 = [E,:w(F@:— Ec:):-’i‘,(wF@:):]“:_. where w =
16(F,°F = (gP)" = jP]. P = [max(F,~.0} + 2F7)'3. ¢ = 0.0152.j = 0.0115.

The anisatropic displacement factor exponent takes the farm:-2x"

[Wa™U;, + - + 2hka b Uy ).
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onc dimensional ..Ge™ zig-zag chains found in temary nitrides.
The Ge-Ge bond length in the , Ge™ chain is 2. 45 (4). 2.5443
(7). 2.500(1). and 2.5873(9) A. for Sr:Ge:N>" SrsGesNa !
Ba:Ge:N:."' and BasGesN.. respectively. The interatomic
separation 1n elemental Ga or elemental Ge 1s 2.71. or 2.74
A respectivels.

In most cases. crystal structures of metal mtndes are inter-
preted by visualizing them through cation(metal)-centered
polyhedral perspective. This practice provides better view on
polyhedral amomic components of nitridometallates. such as
tnangular | GeN a_IS'.: (ctrahedral |GCN4I3'.4 dumbbell-shaped
|GeN-| + A o1 “bow tie unit of | GeaNag) " "t also clarifies
the connectivity among these mitndometallate units, Bul.
the case of subnitrides. Ba-GeGaN or Sr-GeGaN. the conven-

b / N, P
l.al © O

Figure 1. Comparison between cryvstal structures of Sr-GeGaN and
SrGe. (a) The structure of Sr-GeGaN viewed along b-axis. and (b)
along ¢-axis. (¢) The structure of S1Ge viewed along c-axis. and (d)
along a-axis. Symmetric tetragonal viit-cell of SrGe s distorted mto
monochnic one of Sra(reGaN._ as [Ge]™ 15 replaced by [GaN]*.

Table 4. Bond valences and Madelung potentials trom Futax tor
Srz0eGuN,

Bond valences

Sr{1y=1.61 Sr(2)=1.45 N =246
Ga=2.39 Ge=2.99
Madelung site potentials

Atom Pol(V) Input charge
S -18.84 +2
Si(2) -16.11 +2

Ga -14.12 +1

Ge 160.67 -2

N 26.32 -3

Notes

tional cation-centered polyhedral perspective provides neither
any appreciablce structural characieristics. nor any space-filling
modecl. Once the formal charges of the clements were deduced
ma reasonable manner (see above). anon-centered polyhedral
perspective may be useful in envision the structure from
another vicwpoint. In many cases. anion-cenicred polyhedral
perspective also provided interesting aspects of the crystal
structure. especially by visualizing space-filling building blocks.
Such practice of getting interesting information by applying
amon-ceniered polyhedral perspective was well demonstrated
m some of our previously reported mitndes. such as n
Sr-GeN.."” SrsGesN-."" Li;Sr;Ge-Ng.” or Sr;GeMgNa.m
Figurc 2a and 2b show the coordination spheres around
elements 1n negative formal charges. N* 1s coordinated to 6
cations (3 x Sr™and 1 x Ga'") into the pseudo-octahedron of
|Sr<GaN] in Figure 2a. The octahedral coordination has been
most commonly observed for N 1n other known metal nitride
compounds.”™ The bond lengths of S&-N [2.501(4)-2.732(3)
A] are in the range of distances observed in other nitrides. and
that of Ga-N [1.882(4) A] is also similar to thc ones in other
nitrides. The coordination sphere around Ge™ 1s crowdier than
that around N, alluding to the diffcrence of ionic sizes
between them, Ge™ is coordinated 1o 9 cations (7 x Srand 2 x
Ga''y into distorted tri-capped trigonal prism of [Sr-Ga:Ge]
(Figure 2b). As scen in Figure 1d. Ge™ is coordinated to 7 x

()

(b)

Figure 2. Coordmations around elements m negative formal charges.
() N coordinates (o 6 x cations into oclahedron of | Sr«GaN]. (b) Ge™
coordinates to 9 x cations into distorted tri-capped trigonal prism of
[Sr-Ga:Ge].
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Figure 3. Polvhedral representation of the crvstal structure of
SraGeGaN, constructed from the anion-centered polvhedral per-
spective, Polvhedral subunmit in dark shade is tn-capped trigonal
prism of [Sr-GaxGe], and one in light shade 15 octahedron of
[SrsGaN], shown in Figure 2.

St into mono-capped trigonal prism of [Sr:Ge] in SrGe. It is
interesting to note that Ge™ accommodates two more cations
(2% Ga')intoits coordination sphere. when altemating [Ge]z'
of SrGe is replaced by [GaN] ™. urning it into Sr-GeGaN. The
bond lengths of Sr-Ge range from 3.3392(7) to 3.6386(8) A
These tri-capped trigonal prisms of [Sr-Ga-Ge] and octahe-
drons of [SrsGaN] share their faces and edges into the space
filling version of the crystal structure of Sr»GeGaN. shown in
Figure 3. One might conceive getting a new material such as
SrGaN or BaGaN by replacing the remaining Ge™ into [GaN]
Such a material. SrGaN or BaGaN. is not vet known or
obtained. and we couldn’t get them within the extent of our
efforts. But. it becomes obvious. from the anion-centered
polvhedral perspective. that the remaining Ge in Sr~-GeGaN
cannot be replaced by another set of [GaN] without disrupting
the current structural theme originated from SrGe. Only an
analogue known to date is CaGaN.,” and as can be anticipated.
its lavered structure doesn't share any structural theme which
can be traced back to Sr-GeGaN or SrGe.

Experimental

Sr-GeGaN was synthesized as single crystals from con-
stituent elements in molten Na by the Na-flux method, as
described in previous reports on other nitrides.'"* Reactants
used for the synthesis were NaN; (110.0 mg. Aldrich. 99%).
Na (251 mg. Aldrich. 99%). Sr(87.9 mg, Aldrich, +99%), Ge
(72.4 mg. Cerac. 99.999%). Ga (69.8 mg. Cerac. 99.999%).
and Li (12.2 mg, Aldrich. 99.9%). The molar ratio of Na:Sr:
Ge:Ga:Li was 13:1:1:1:0.5. Product was obtained as dark
silvery powder. which readily decomposed when it was exposed
in air. Poly(butene) oil was used to prevent decomposition in
air during X-ray diffraction data collection. X-ray diffraction
data were collected with a Bruker X8 APEX 11 diffractometer
equipped with 4K CCD detector. Initial orientation matrix
was obtained by using APEX2 program.” " The integration of
the diffraction data was carried out by the program SAINT.™
An empirical absorption correction was applied using
SADABS.™® The initial input file for solving the crvstal struc-
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ture was prepared by XPREP.” The structure was solved by
the direct method. using SHELXS.™ Refinement of the struc-
ture was carried out b\ the full-matrix least square method (on
F). using SHELXL.™ The atomic pammeters were standard-
ized by using STRUCTURE TIDY.” The space group was
verified by using ADDSYM.™ Bond valence and Madelung
potential was calculated by EUTAX ™ WDX (wavelength
dispersive X-ray) and semi-quantitative (without standard)
EDX (energy dispersive X-ray) analyses were caried out by
using a JEQL JXA-8900R WD/ED combined microanalyzer.

Product was mainly a mixture of Ga:Sr (silvery) and
Sr-GeGaN (black). Indexing on the single crystal diffraction
peaks obtained from the black crystal indicated the cryvstal is a
new compound. which belongs to monoclinic system. with
unit-cell parameters of a = 6.885(1). b =4.0432(6). ¢ = 8.680
) A, and B=108.434(8)". Nirogen was verified from the crystal
by observing nitrogen peak by WDS analysis. EDS semi-
quantitative analyses were carried out on several black
crystals in order to obtain the elemental ratio. Only peaks for
Sr, Ge and Ga were observed with no other ones related to Li
or Na. The atomic ratio of Sr/Ge, Sr/Ga. and Ga/Ge were mea-
sured tobe 1.93(x0.01).2.0(x0.1). and 0.97 (£ 0.04). respec-
tively. Therefore, elemental ratio of Sr:Ge:Ga was 2:1:1.

Systematic extinctions in the diffraction data suggested the
space group of P2i/m. [nitial structure solution was obtained
by the direct method. Four crystallographic sites with substan-
tial electron densities could immediately be allocated for Sr.
Ge. and Ga. By including N into the solution. structural refine-
ment reached the level of R1 = 2.06%. The atomic ratio between
Sr. Ge, and Ga was 2:1:1, which conforms to the value obtained
by EDS analyses. The empirical formula came out to be
Sr-GeGaN.

Supplementary Material. Supplementary material has been
sent to Fachinformationszentrum Karlsruhe. 76344 Eggen-
stein-Leopoldshafen. Germany (crvsdataic fiz-karisrihe.de,
http:www fiz- karlsruhe. de-vequest_for_deposited data html),
as CSD No. 420413. and can be obtained by contacting the
FIZ and quoting the article details and the corresponding CSD
number.
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