M agnetic and Spectroscopic Properties of LiAuSn
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The stannide LiAuSn was synthesized by reaction of the elements in a sealed tantalum tube. Mag-
netic susceptibility measurements reveal Pauli paramagnetism. LiAuSn shows a single 119Sn Méss-
bauer signal at an isomer shift of 2.12(3) mm/s subject to a quadrupole splitting of 1.51(2) mml/s.
The 11950 MAS NMR spectrum reveals a strong Knight shift of 5183 ppm, The unique lithium site
present in the crystal structure is reflected by a single “Li NMR signal at 9.8 ppm. While a signifi-
cant shift of this resonance towards larger frequencies at higher temperature indicates that the s-spin
density at the lithium sites increases with increasing temperatures, no motional narrowing occurs up
to 470 K. This result indicates that the lithium ions are immobile on the NMR timescale within the

temperature range observed.
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Introduction

Lithium aluminides, stannides and antimonides are
promising candidates as alloy electrode materials for
battery applications [1]. The binary compounds have
a great advantage when compared with elemental
lithium, since the dendrite and whisker growth dur-
ing the electrodeposition process is significantly re-
duced. Furthermore, the higher melting points of the
binary compounds are favourable. However these in-
termetallics also have two disadvantages: (i) due to
the alloying elements the density increases and (ii) the
lithium activity decreases.

In contrast to the detailed phase analytical and elec-
trochemical studies on the binary Li-Al, Li-Sn, and
Li-Sb systems [1, and ref. therein], little is known
on the structure and properties of ternary compounds.
We have recently started a systematic investigation of
ternary lithium-transition metal-tin systems with re-
spect to phase analyses, crystal structures, and lithium
mobility [2—5]. The structures of a series of new stan-
nides, i.e. LiAuSn, LiAusSns [2], LiTSns (T = Ru,
Rh, Ir) [3], LiPd2Sng, LiRh3Sns, and LiCoSng [4] have
been determined. Variable temperature static ”Li solid
state NMR spectroscopy has proven valuable as a fast-
screening method to probe the cationic mobility of
lithium in these materials. For example the LiTSny

stannides show more or less temperature-independent
lineshapes indicating that the ion dynamics in these
compounds are rather slow and restricted [5]. This is
also the case for LiAuSn. The magnetic and spectro-
scopic properties of the latter stannide are reported
herein.

Experimental Section
Synthesis and X-ray powder diffraction

Starting materials for the preparation of LiAuSn were
lithium rods (Merck, > 99%), gold wire (Degussa-Hdils,
@1 mm, > 99.9%) and a tin bar (Heraeus, 99.9%). The
lithium rods were cut into smaller pieces under dry paraf-
fin oil and subsequently washed with n-hexane. The paraffin
oil and n-hexane were dried over sodium wire. The lithium
pieces were kept in Schlenk tubes under argon prior to the
reactions. Argon was purified over titanium sponge (900 K),
silica gel and molecular sieves.

The lithium pieces were mixed with the gold wire and
pieces of the tin bar in the ideal 1:1:1 atomic ratio and
sealed in a small tantalum tube under an argon pressure of
about 800 mbar in an arc-melting apparatus [6]. The tantalum
tube was subsequently enclosed in an evacuated silica tube
and first rapidly heated to 1070 K, cooled to 870 K within
3 h, held at this temperature for 2 d, and finally quenched in
air by radiative heat loss. The sample could readily be sepa-
rated from the tube. No reaction with the container material
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Fig. 1. The crystal structure of hexagonal LiAuSn (space
group P63 /mmc). The two-dimensional [AuSn] network is
emphasized.

was observed. The light grey polycrystalline sample of Li-
AusSn is stable in moist air over several weeks.

The purity of the sample was checked through its Guinier
powder pattern using Cu-K,; radiation and o-quartz (a =
491.30 pm, ¢ = 540.46 pm) as an internal standard. The ex-
perimental pattern was compared with a simulated one [7]
using the atomic positions of the structure refinement [2].
The refined hexagonal lattice parameters were in excellent
agreement with the previous results.

119G Mosshauer spectroscopy

A Call®msn0; source was available for the 119Sn Mass-
bauer spectroscopic investigation and a palladium foil of
0.05 mm thickness was used to reduce the tin K X-rays con-
currently emitted by this source. The measurements were
performed in the usual transmission geometry in a commer-
cial helium bath cryostat. The temperature of the absorber
was held at 77 K. The source was kept at room temperature in
all experiments. The sample was placed within a thin-walled
PV/C container at a thickness between 10 and 15 mg Sn/cm?.

Solid state NMR

7Li and 19Sn solid state NMR measurements were ob-
tained at 155.5 and 149.8 MHz, respectively, on a Bruker
DSX 400 spectrometer equipped with a 4 mm MAS-
NMR probe. To avoid excessive heating of these metallic-
conducting samples by fast spinning (typically 8 kHz) in the
magnetic field, the ground powders were mixed with silica.
90° pulses of 1.8 and 1.5 us length and relaxation delays of
10 s and 0.5 s were used to record the ’Li NMR and 1195n
NMR spectra, respectively. Chemical shifts are given in ppm
vs. external samples of tetraoctyltin and a 1 M aqueous solu-
tion of LiCl.

Results and Discussion
Crystal chemistry

LiAuSn (Fig. 1) crystallizes with the ZrBeSi type
structure, a superstructure of the well known AIB,
type. The gold and tin atoms are ordered on the boron
sites. The [AuzSnz] layers are rotated by 60° around
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Fig. 2. Temperature-dependence of the magnetic suscepti-
bility of LiAuSn, measured at an external field of 5 T.

the c axis in every other layer, leading to a dou-
bling of the c axis with respect to the AIB, type.
Within these layers, the Au-Sn distances of 270 pm
are slightly smaller than the sum of covalent radii [8]
of 274 pm, indicating significant Au-Sn interactions.
The layers are well separated from each other by the
lithium atoms. Thus, each gold atom has three near-
est tin neighbours at 270 pm and two further tin con-
tacts at 302 pm. Electronic structure calculations re-
vealed four times stronger equatorial Au-Sn bonds
when compared with the axial ones. Also no distinct
Au-Sn bonding is discernible between the hexagonal
[AuzSns] layers in the charge density [2]. This result
emphasizes the layered, two-dimensional character of
LiAuSn from the electronic structure viewpoint.

The lithium atoms are sandwiched by two [Au3Sns]
hexagons. The Li-Au and Li-Sn distances of 309 pm
are both significantly longer than the sums of the cova-
lent radii (256 pm Li+Au and 262 pm Li+Sn) [8]. We
can thus assume strong Au-Sn bonding within the lay-
ers but weaker bonding of the lithium atoms to these
layers. Considering the electropositive lithium atoms
and the two- dimensional character of the gold-tin net-
work, electron counting is consistent with the formula-
tion Li%*[AuSn]®-.

Magnetism, 11°Sh NMR and 1°Sh Mossbauer
spectroscopy

The temperature dependence of the magnetic sus-
ceptibility of LiAuSn is presented in Fig. 2. Over the
whole temperature range the susceptibilities are nega-
tive. At first sight one might conclude that LiAuSn is a
diamagnet. This assumption, however, is in contrast to
the metallic behaviour that is evident from the elec-
tronic structure calculations. According to the small
density-of-states at the Fermi level, we expect a very
small Pauli contribution of the conduction electrons to
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Fig. 3. 119Sn MAS-NMR spec-
trum of LiAuSn at room temper-
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Fig. 4. Experimental and simulated 11°Sn Massbauer spec-
trum of LiAuSn at 77 K.

the total susceptibility. The large core diamagnetism
(mainly contributed from the tin atoms) has a larger
absolute value than the Pauli contribution, resulting in
negative total susceptibilities over the whole temper-
ature range. This behavior is very similar to that of
LiTSn4 (T =Ru, Rh, Ir) [5].

Fig. 3 shows the 119Sn MAS-NMR spectrum. The
1195 Knight shift of 5183 ppm is significantly larger
than that previously observed by us for a series of
LiTSngcompounds. The linewidth of 17 KHz is con-
siderable, suggesting a wide distribution of Knight
shifts, which may indicate static and/or electronic dis-
ordering in the crystal structure. Similarly wide Knight
shift distributions have been observed for LiRhSn 4 and
LilrSny, but not for LiRuSn4.

The 119Sn Méssbauer spectrum is shown in Fig. 4.
In agreement with the existence of a single crystallo-

I

ature.

graphic tin site, only one signal is observed at an iso-
mer shift of § = 2.12(3) mm/s subject to quadrupo-
lar splitting of AEq = 1.51(2) mm/s. The experimen-
tal line width is I = 0.91(3) mm/s. From the rela-
tively high isomer shift we can infer a relatively high
s-electron density at the tin atoms, in agreement with
the 119Sn MAS-NMR result. The high value of the
quadrupolar splitting parameter reflects a relatively
strong deviation from cubic symmetry. An even larger
quadrupole splitting parameter of AE g = 1.98(2) mm/s
was observed for CeRu4Sng [9].Within the tempera-
ture interval 4 K < T < 300 K the lineshape of the spec-
tra remains unchanged.

"Li Solid state NMR

Fig. 5 shows the "Li MAS NMR spectrum at room
temperature. The observation of a single resonance is
consistent with the existence of one unique lithium site
as revealed by the single crystal diffraction data. The
resonance shift of 9.8 ppm reflects a low s density of
states and dominating ionic character of lithium bind-
ing, consistent with the formulation as Li®*[AuSn]®—.
Weak spinning sidebands arise from the first order
quadrupolar shifted outer Zeeman transitions. At ele-
vated temperatures, the “Li resonance shifts to signifi-
cantly more positive values, suggesting that the s-spin
density at the Fermi level localized at the lithium sites

Fig. 5. "Li MAS NMR spec-
trum in LiAuSn at room

temperature; MAS spinning
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208K Fig. 6. Static ’Li NMR spec-

tra between 298 and 470 K.
Note the absence of motional
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increases significantly with temperature. A similar ef-
fect was previously observed in LiTSn4 (T =Rh, Ir)
compounds [5].

To detect a potential cationic mobility of lithium,
we also recorded the temperature dependence of ’Li
static spectra in LiAuSn between 300 K and 470 K
(see Fig. 6). At room temperature the static linewidth
is 5.6 kHz. The dominant contribution to this value
arises from the 7Li-’Li homonuclear dipole-dipole
coupling, which amounts to 4.0 kHz, as calculated
from the van Vleck formula. The excess linewidth
probably arises from the effect of the ’Li Knight shift
anisotropy. If lithium ion diffusion were activated on
the ms timescale, the static broadening should be suc-

T T T T
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narrowing effects.

cessively reduced, leading to a significant linewidth de-
crease with increasing temperature. Our result reveals
the absence of such a “motional narrowing” effect up
to 470 K. The low lithium mobility in LiAuSn detected
in our studies is consistent with the crystal structure,
which shows that (i) the lithium site is fully occupied,
and (ii) there are no accessible interstitial sites to main-
tain cation transport.
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