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ABSTRACT: Two intermetallic phases in the Sr—Li system have been
synthesized and structurally characterized. According to single-crystal X-ray
diffraction data, SrjgLiy, and Sr;Li, crystallize with tetragonal unit cells
(StyoLiy, I-42d, a = 15.9122(7) A, ¢ = 31.831(2) A, Z = 4, V = 8059(2) A3;
Sr;Liy, P4,/mnm, a = 9.803(1) A, c = 8.784(2) A, Z = 4, V = 844.2(2) A3).
The first compound is isostructural with the recently discovered BaoLiy,.
Sr in SryoLi,, can be fully replaced by Ba with no changes to the crystal
structure, whereas the substitution of Sr by Ca is only possible within
a limited concentration range. Sr;Li, can be assigned to the Al,Zr; stru-
cture type. The crystal structure determination of SroLi,, was complicated
by multiple twinning. As an experimental highlight, an electron micro-
scopy investigation of the highly moisture- and electron-beam-sensitive
crystals was performed, enabling high-resolution imaging of the defect
structure.

B INTRODUCTION 100 St,oLiy, (Measured)

The chemistry of intermetallic compounds of alkali and SrysLiyy (Simulated)

alkaline-earth metals has been considerably developed within 80
the last 20 years. All binary compounds in these systems are
restricted to light alkali-metal representatives containing Li and
Na. Two compounds are known in the system Na—Ba (Na,Ba'
and NaBa),” one with Ca and Li, represented by the two modifi-
cations of CaLiy,>* two with Sr and Li (SrsLi,;> and Sr;Liy),°
and one with Ba and Li, namely, BaLi4.7’8 In the course of our
investigations, BalgLi449 was found as a second representative.
Because Ba and Sr have very similar atomic radii, we decided 20
to investigate more accurately the Sr—Li system in order to

check the existence of SrjgLi,, or other chemically or structurally

related phases. It is worth noting that Sr;Li, was reported to T R g S
exhibit short Li—Li distances (approximately 2.2 A), which
might indicate contamination by some electronegative element,
e.g, N. LigyBa;gN, ' exhibits very similar Li—Li contact lengths;

=N
=1

Relative Intensity

'S
(=3

Figure 1. Measured and simulated XRD patterns of SrjgLiy,.

however, no such compound is known in the systems Sr—Li— primitive one, however with very close lattice parameters.
N(OH). In order to clarify their structures, the Li—Na—Ba system was

A number of ternary compounds with very complicated investigated with transmission electron microscopy (TEM).
structures was observed in the systems Li—Ba—Ca and Li— This work was very helpful in explaining some problematic
Na—Ba. Li;;NayBajs'' represents a complex variant of the structure details mainly caused by crystal twinning. Thus, TEM
rock-salt-type structure with a novel Lij; anti-Mackay cluster. on the moisture- and beam-sensitive samples appears to be the
Liz33Bay3;Ca; and similar Li;goNag3Bays 5~ are characterized by suitable tool for solving similar problems in the Sr—Li system.

giant unit cells, clearly highlighting their structural complexity
within the family of intermetallic compounds. They exhibit next
members of the Li anti-Mackay family, Li,o, and stabilizing roles
of a third element in the structure formation. Lis;;Ba;;;Ca; Received: May S, 2014

crystallizes in a rhombohedral cell, while Li goNag;Ba;s; in a Published: June 27, 2014
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B EXPERIMENTAL SECTION

Synthesis. Single crystals of both compounds were obtained from
the starting materials Sr metal (Merck, 99.9%; distilled twice with

Table 1. Details of the Crystal Structure Investigation and

Refinement for Sr;gLi,,

empirical formula
fw

temperature, K
wavelength, A
cryst syst

space group

a, A

¢ A

volume, A3

V4

density (caled), g-em™

#, mm™!

3

cryst size, mm

F(000)

0 range, deg

index ranges

reflns collected

indep reflns

refinement method
data/restraints/param

data averaging

GOF on F*

final R indices [I > 20(I)]
R indices (all data)
largest diff peak and hole, e-A™

Srygliyy

1970.15

293(2)

0.560 86

tetragonal

Ia2d

15.9122(7)

31.831(2)

8059(2)

4

1.624

12.45

0.14 X 0.10 x 0.12

3415

2.3-31.2

=23 <h k<23 —-46 <1< 46
47846

6578

full-matrix least squares on F*
6578/0/88

Ry, = 0.153, R, = 0.086
0.94

R1 = 0.051, wR2 = 0.085
R1 = 0.113, wR2 = 0.105
0.84 and —0.54

intermediate heating in a closed Ta container at 1200 K in vacuo to
remove hydrogen) and Li metal (Merck, 99.5%). Both samples
SryoLiy, [Sr (500.0 mg) and Li (91.7 mg)] and SrsLi, [Sr (500 mg)
and Li (26.6 mg)] were enclosed in Ta ampules in an Ar atmosphere.
The reaction mixtures were heated to 280 °C at a rate of S0 °C-h™
and kept at this temperature for 4 days. Then they were cooled to
120 °C at 1 °C-h™" and annealed at this temperature for 3 weeks.
SrioLi,, was obtained pure according to powder X-ray diffraction
(XRD) analysis (Figure 1); however, Sr;Li, contained traces of Sr;oLi,,
and Sr. Both compounds are sensitive to air or moisture at room
temperature.

XRD Studies. Single-crystal XRD data were collected at room
temperature using a STOE IPDS II diffractometer with Mo Ka
radiation by oscillation of the crystal around the @ axis. The starting
atomic parameters derived via direct methods using the program SIR
97" were subsequently refined in the space group I42d with use of the
program SHELX-97"* (full-matrix least squares on F*) with anisotropic
atomic displacement parameters for Sr atoms within the WinGX
program package.'> The positions of the Li atoms were found in
difference Fourier maps according to reasonable interatomic distances
between detected and new proposed atoms. Sr atoms were refined
with anisotropic displacement parameters. The crystallographic files
in CIF format for SrigLi,, mixed (BaSr)sLis, and Sr;Li, have been
deposited with FIZ Karlsruhe as CSD 421227, 421228, and 421229,
respectively. The data may be obtained by contacting FIZ Karlsruhe
at +497247808666 (fax) or via e-mail (crysdata@fiz-karlsruhe.de).

Electron Microscopy. High-resolution TEM (HRTEM), selected-
area electron diffraction (SAED), and precession electron diffraction
(PED) were performed with a CM 30ST electron microscope (Philips,
LaBy cathode, accelerating voltage 300 kV), equipped with an energy-
dispersive X-ray (EDX) system (Noran Co., Vantage System). The image
was recorded with a multiscan CCD camera (Gatan). All manipulations
for the preparation and transfer of the samples were carried out under
dry Ar with the aid of a special device.'®’” EDX analysis confirmed the
functionality of the equipment because only marginal O Ke intensities

Table 2. Atomic Coordinates and Isotropic/Equivalent Thermal Displacement Parameters for SrjgLi,,

atom site x y z Ueq/iso
Srl 4b 0.5 0.5 0 0.0288(3)
Sr2 8¢ 0.5 0 —0.15507(3) 0.0292(2)
Sr3 16e 0.58591(5) 0.09830(5) 0.04973(2) 0.0284(2)
Sr4 16e 0.40504(5) 0.10960(5) —0.04698(2) 0.0292(2)
Srs 16e 0.50457(6) 0.18934(4) —0.24950(3) 0.0293(2)
Sr6 16e 0.64422(5) 0.34739(5) 0.07579(2) 0.0289(2)
Lil 16e 0.8181(8) 0.1736(8) 0.0871(3) 0.020(2)
Li2 16e 0.324(1) —0.154(1) —0.1614(5) 0.044(4)
Li3 8d 0.4575(15) 0.25 0.125 0.042(5)
Li4 16e 0.764(1) 0.513(1) 0.1314(5) 0.046(4)
Lis 16e 0.362(1) —0.112(1) —0.0682(5) 0.042(4)
Li6 16e 0.343(1) 0.133(1) 0.0660(5) 0.044(4)
Li7 16e 0.426(1) 0.065(1) 0.1429(4) 0.040(3)
Li8 16e 0.422(1) 0.292(1) 0.0337(5) 0.041(4)
Li9 16e 0.314(1) —0.284(1) —0.0951(5) 0.040(4)
Lil0 16e 0.257(1) —0.228(1) —0.2430(5) 0.045(4)
Lill 8d 0.25 0.013(2) —0.125 0.054(6)
Lil2 16e 0.436(1) —0.281(1) —0.0317(6) 0.051(4)
Table 3. Anisotropic Thermal Displacement Parameters for SrLi,,
atom Uy Uy Uss U Uy Up
Srl 0.0284(4) 0.0284(4) 0.0294(6) 0 0 0
Sr2 0.0328(5) 0.0288(5) 0.0261(4) 0 0 —0.0022(5)
Sr3 0.0299(4) 0.0265(4) 0.0286(3) —0.0017(3) —0.0011(3) —0.0017(3)
Sr4 0.0313(4) 0.0285(4) 0.0278(4) —0.0004(3) 0.0015(3) —0.0009(3)
SrS 0.0299(3) 0.0272(3) 0.0309(3) —0.0001(3) —0.0012(3) —0.0007(4)
Sr6 0.0303(4) 0.0278(4) 0.0287(3) 0.0007(3) 0.0023(3) —0.0015(3)
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occurred, so that hydrolysis of the sample could be minimized. The low
melting temperatures of the investigated compounds led to the rapid
decomposition of the sample in the electron beam. Because of that,
TEM was possible only with an optimized beam diameter (spot 5—6)
and relatively short exposure time (up to 1 s in the case of high-resolution
images). A perforated C/Cu net served as the support for the crystallites.
Using PED (applying “spinning star” by Nano-MEGAS; precession angle
3°), the multiple scattering could be reduced to a minimum.'® >
Simulations of HRTEM images (multislice formalism®***) and SAED
patterns (kmematlcal approximation) were calculated with the EMS
program package™ (spread of defocus 70 A; illumination sermangle
1.2 mrad). The software Emaps was used to simulate the PED patterns.”
All images were recorded with a Gatan multiscan CCD camera and
evaluated (including Fourier filtering) with the program Digital
Micrograph 3.6.1 (Gatan). Al HRTEM images were filtered after
Fourier transformation using a suitable band-pass mask.

B RESULTS AND DISCUSSION

Crystal Structures. In this paper, we report on the new
binary compound SrygLi,, and a partial reinvestigation of the

Table 4. Details of the Crystal Structure Investigation and
Refinement for Sr;Li,

empirical formula Sr3Li,

fw 276.74

temperature, K 293(2)

wavelength, A 0.560 86

cryst syst tetragonal

space group P4,/mnm

a, A 9.803(1)

¢ A 8.784(2)

volume, A3 844.2(2)

z 4

density (caled), g-em™ 2.177

u, mm™* 18.77

cryst size, mm 0.13 X 0.11 x 0.12
F(000) 480

0 range, deg 3.11-26.36

index ranges —12<h k<12, -10<1<L10
reflns collected 7512

indep reflns 503

refinement method full-matrix least squares on F*
data/restraints/param 354/0/14

data averaging Ry, = 0.143, R, = 0.048
GOF on F* 1.02

final R indices [I > 20(I)]
R indices (all data)
largest diff peak and hole, e-A™

R1 = 0.038, wR2 = 0.074
RI1 = 0.065, wR2 = 0.080
1.01 and —0.52

Table S. Atomic Coordinates and Isotropic/Equivalent
Thermal Displacement Parameters for Sr;Li,

atom site x y z U,

q/iso
Srl 4f 0.1502(1) 0.1502(1) 0 0.0275(3)
Sr2 4g 0.2891(1) —0.2891(1) 0 0.0302(3)
Sr3 4d '/, 0 ', 0.0272(3)
Lil 8j 0.388(2) 0.388(2) 0.182(2) 0.049(5)

Table 6. Anisotropic Thermal Displacement Parameters for
Sr;Li,

atom Un Un, Us; Uy  Ug U,
Sl 00287(4) U,  002506) 0 0 0.0012(6)
S22 00321(5) U,  00264(7) 0 0  —0.0025(6)
S3 0.0278(4) U,  002606) 0 0 0
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Sr—Li binary system. The compounds SrjoLi,, and Sr;Li,
crystallize in the tetragonal system with space groups I42d
and P4,/mnm, respectively. Details of the data collection and
structure refinement are listed in Tables 1 and 4. Anisotropic
displacement parameters as well as atomic coordinates are
given in Tables 2 and 3 and § and 6, respectively. According to
the previous investigations, four compounds have been
reported to exist in the Sr—Li binary system. In our work, the
existence of Sr;Li, and SrgLi,; has been confirmed, and a new
compound that separates these phases according to an updated
phase diagram Sr—Li has been discovered. We could not detect
any traces of SrgLi or Sr,Li mentioned in the previous work.®

Samples with these compositions contain a mixture of SrsLi,
and Sr. The updated phase diagram of the Sr—Li system
is shown in Figure 2. SrygLi,, undergoes a peritectoidal
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Figure 2. Equilibrium phase diagram of the Sr—Li system™®
complemented with the new compound Sr;gLiy,.

decomposition to Sr;Li, and Sr¢Liy; at 148 °C, according to
differential thermoanalysis (DTA) and temperature-dependent
Guinier measurements, only 4 °C lower than the decomposition
temperature of SrgLi,;. SryLi, melts 1ncongruent1y at 198 °C.
Sr;Li, crystallizes in the AlZr;-type structure;” thus, it can
be described as a packing of two different types of Sr,Li,

Figure 3. Crystal structure of Sr;Li, viewed along the b axis.
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octahedra (elongated and squashed) with additional Sr atoms,
forming bonds between them (Figure 3). Two Sr atoms exhibit

Figure 4. Ba; octahedra (green), quadruples of vertices sharing
centered (Ba,Ba, ;) tetrahedra (violet), and Lij, anti-Mackay clusters
(yellow) in the crystal structure of SrjgLi,,. Sr atoms are marked in
orange and Li atoms in blue.

a 14-fold coordination, and one has 15 near neighbors. Li atoms
are 10-fold-coordinated building trigonal prisms capped by two
Sr and two Li atoms. Within the Li substructure, the Li atoms
form squares surrounded by only Sr atoms, forming larger
SryoLi, clusters. In good agreement with the sum of metallic
radii and in contrast to the values reported previously,® the
Li—Li distances are in the range of 3.12(4)—3.20(4) A and the
Sr—Sr and Sr—Li contacts are in the ranges of 4.1388(5)—
4.472(1) and 3.68(1)—4.00(1) A, respectively.

SrygLiy, belongs to the BajgLi,, structure type. The crystal
structure has been described in detail previously,” so only
general comments and a comparison with the known phases will
be provided. The basic structural units are empty Bag octahedra,
centered Ba, tetrahedra, and centered Li, icosahedral clusters.
Bag and Ba, fragments establish a cubic-close-packed topology,
and Liyy clusters fill tetrahedral voids corresponding to the
chalcopyrite structure type (Figure 4). The Li—Li, Sr—Li, and
Sr—Sr distances were found in the ranges of 2.94(3)—3.35(3),
3.71(1)—4.06(1), and 4.143(1)—4.234(1) A, respectively,
closely corresponding to the metal atom distances in BajgLiy,.
Some short Li—Li distances between the central atoms of Lijg

a)

[100]

[111]

[021]

[110]

b) C)

Figure S. Experimental SAED (a) and PED (b) patterns with simulated PED patterns (c; precession angle 3°, thickness 15 nm). Zone axes are

specified in the figure.
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Figure 6. (a) HRTEM micrographs with inserted simulations based on the SrjgLiz-type structure (zone axis [100]; thickness 6.4 nm; focus values
specified). (b) Interpretation of the Scherzer focus (simulated micrograph, left) by a projection of the Sr substructure (right).

clusters [2.78(3) and 2.81(2) A] could be explained by the low
accuracy of the Li coordinate determination due to the crystal
quality or twinning. It should be noted that SrigLi, is the
third representative of this structure type besides Ba,gLi,, and
the mixed phase (Ba/Ca);o(Ca/Li)y. A similar solid solution
was also observed for mixed alkaline-earth-metal compounds
containing Ba/Sr or Sr/Ca. It is known that Ca in such com-
pounds can replace both the alkaline earth and Li."* However,
Sr in the mixed phase was found only on joined sites with Ba.
This observation can easily be explained by the geometrical
factor: the difference between Li and Sr metallic radii is too large
(1.56 vs 2.15 A) to allow a common occupation of one position.
From the electronic point of view, Li in these compounds can
be considered as a formal anion, which, however, can play
double roles and be present in both the cationic and anionic
parts of the structure.”®*® It should be emphasized that very
similar to Ba,gLi,4 metal-rich nitride Lig;Ba;gNy is also known;
however, all attempts to identify this compound with Sr failed.
Trials to prepare LigySr3oNy resulted in mixtures of SrjgLiy, and
St,N.** The isostructural compounds BajgLiy, and SrjoLiy,
show different thermal stability. Ba or mixed Ba/Ca phases
decompose at approximately 125 °C and could be obtained only

737

as a main component together with metallic Ba and BaLi,-type
phases. The sample prepared with the stoichiometric composi-
tion SrygLi,, was observed as practically pure with negligible
traces of Sr;Li, and showed higher decomposition temperature,
148 °C.

HRTEM. The special metrics of SrygLi,, (c/a ~ 2) indicate
closeness to the cubic system. The cubic pseudosymmetry is
expected to be indirectly preserved by the orientation of the
triplet domains with the tetragonal structure as probable aspect
of the real structure.’’ Indeed, XRD experiments on single
crystals suggest the presence of twinning. The XRD patterns
split into two sets of reflections; however, only one of them
can be indexed assuming tetragonal metrics. The whole pattern
indicates multiples of the unit cell parameters and (too high)
cubic symmetry. These features are well-known for crystals
twinned by partial merohedry; cf. the description of the triplets
observed for tetragonal CuGa,Ses with ¢/a ~ 2.3

Because of the ability of SAED to transmit small circular
areas of the sample with 250 nm diameter, the structure of the
single domains can be analyzed sequentially without super-
position phenomena in reciprocal space. The above theory is
demonstrated by the series of SAED, PED, and simulated PED

dx.doi.org/10.1021/ic5010165 | Inorg. Chem. 2015, 54, 733-739
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Figure 7. (a) SAED superposition pattern of domains of Sr;gLi,, rotated by 90° in the plane of drawing. (b) Scheme of the Sr substructure displaying
the superposition of twinned domains. (c) HRTEM micrograph recorded on twinned domains. Common zone axis [100] with marks for the

structural interpretation; see the text.

patterns based on the tetragonal structure of SrjglLiy; cf.
Figure S. Note the advanced capabilities of the PED technique
compared to the fixed-beam SAED, particularly with respect to
the higher resolution (significant intensity for higher space
frequencies) and weaker contribution from dynamical scatter-
ing. Moreover, intensities from higher-order Laue zones are
only seen in the PED patterns; cf. the PED pattern along
[0—21] containing a superposition of intensities from distinct
Laue zones at high resolution. The particular advantages of PED
versus conventional electron diffraction techniques become
essential in the present case of a strongly moisture-sensitive
sample. The thin areas at the crystal edges are frequently
destroyed in the course of amorphization by hydrolysis. Thus,
thicker sections of the crystallites must be analyzed where
dynamical effects are intrinsically significant. Nevertheless,
high-quality patterns close to the kinematic approximation can
be recorded with the aid of PED, as demonstrated by the
convincing agreement between the experimental and simulated
PED patterns in Figure S. Such a correlation strongly supports
the assignment of SrjgLiy, to the tetragonal structure model.
Further evidence comes from HRTEM; cf. Figure 6a for
images recorded with variable focus along the zone axis [100].
As verified by contrast simulation, for Af = —45 nm, the
imaging conditions of the Scherzer focus are approximated.
Thus, assuming the weak-phase object approximation, the dark
and bright spots in HRTEM micrographs represent high and
low values of the projected potential, respectively. For the
present case, the dark spots represent columns of the heavy
Sr atoms; cf. the Sr substructure and simulated micrograph of
Figure 6b. Along [100], the arrangement of the Sr atoms in
quadruples of tetrahedra and the octahedral clusters is imaged
by dark spots forming crosses and rounded squares, respectively

738

(cf. marks in Figures 6b). Again the good correlation between
the experimental images and simulated micrographs (see
insets) proves SrjgLiy, and BajLiy to be isostructural even
for strongly underfocused images.

The twinning can be analyzed in real and reciprocal spaces;
cf. Figure 7. The SAED pattern of Figure 7a was recorded
inside a selected area containing a twin boundary with contribu-
tions of both domains. The patterns of the single domains
on different sides of the twin boundary (not shown) are
orthogonally oriented and match those expected for SrgLiy,.
The superposition pattern represents the sum of both patterns
with approximately 4-fold symmetry. The real structure at
the twin interface is depicted by the HRTEM micrograph of
Figure 7c. The image was recorded close to the Scherzer focus.
The twinning is evident by the systematic arrangement of the
characteristic contrasts representing the Sr substructure; i.e., the
crosses and rounded squares already described for Figure 6a
top, right. The orthogonal orientation of the pairs of crosses is
obvious in the HRTEM micrograph, cf. marks in Figure 7c.
However, at the interface, the superposition of the domains
along the zone axis produces average contrast by the super-
position of crosses and rounded squares. This inhibits a clear
identification of the Sr cluster types at the twin interface. How-
ever, the average contrasts (e.g, rectangular mark in Figure 7c)
evidence a variation in the cluster sequence for the twinned
structure compared to the single domain structure.

Bl CONCLUSIONS

Reinvestigation of the Sr—Li system resulted in the discovery
of the new compound SrjgLiy, and refinement of Sr;Li,. The
existence of two previously reported phases SrgLi and Sr,Li
has not been confirmed. The crystal structure of SrigLiy, was

dx.doi.org/10.1021/ic5010165 | Inorg. Chem. 2015, 54, 733—739
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investigated by single-crystal and powder XRD as well as by
TEM. Srliy, can be described as a complicated type of
chalcopyrite structure and is a next representative containing novel
homoatomic Li anti-Mackay clusters. According to DTA and
Guinier measurements, Srigliy, undergoes peritectoidal decom-
position at 148 °C to Sr;Li, and SrgLiy;. With the help of TEM
measurements, the artifacts of doubled cell lengths are explained
and SrygLiy, can be assigned to the BajoLiy, structure type.
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