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The binary face-centered cubic Zintl phase LiIn (NaTl-type,

B32 in the classification of the ‘‘Strukturberichte’’) undergoes a

tetragonal distortion from Fd %3m into I41=amd. This phase

transition is reversible and ‘‘translationengleich’’. The transition

temperature of 170(10) K was determined based on X-ray and

neutron powder diffraction data. # 2002 Elsevier Science (USA)
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1. INTRODUCTION

Zintl phases have attracted the attention of chemists and
physicists due to their peculiar type of bonding: The
generally accepted characteristics of Zintl phases is a
unique hybrid bonding with covalent, metallic, and ionic
contributions (1–3). Early investigations were focused on
binary phases with NaTl-type structure and a discussion of
the preconditions for their existence, which are only rarely
satisfied (4, 5). Binary alloys composed of two different
metals with not too different atomic radii and a 1:1
stoichiometry crystallize very often (more than 200
examples) in a cubic CsCl-type lattice, spacegroup Pm%3m;
i.e., in the B2-type according to the classification scheme of
the ‘‘Strukturberichte.’’ In a few exceptional cases, such
alloys crystallize in an NaTl-type structure, spacegroup
Fd %3m; i.e., in the B32-type. Until now only seven examples
are known at ambient conditions; they are called Zintl
phases in a strict sense of the name. Later on, the
classification of Zintl phases was extended to other
structure types (1).

In both the B2- and B32-type structures, each atom is
surrounded in a cubic coordination by eight atoms in the
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nearest-neighbor shell. The striking differences between the
two structure types are the eight nearest neighbors. In the
B2 lattice, all neighbors are unlike, whereas in the rare B32-
lattice only four of them are unlike and the other 4 are of
the same type, see Fig. 2 in (7).

More NaTl-type structures are, however, observed if
ternary alloys are included. No less than 20 ternary alloys
with NaTl-type structure are described (6,7).

Within a comprehensive reinvestigation of the structural
peculiarities of the ternary fcc alloys of the NaTl-type even
some of the seven known binary alloys with this structure
have been revisited. LiIn is one of the rare binary alloys
and marks the binary endpoint in the homogeneous
quasibinary section Li(AgxIn1�x) (0rxr0:5), in which
Ag and In are statistically distributed on the same
crystallographic site as In in LiIn. Recently, high-
pressure-induced phase transitions in LiIn and LiCd from
the B32- into the B2-type at 11(1)GPa and room
temperature have been reported and discussed (8). Phase
transitions reveal significant information about the under-
lying interactions and bonding conditions as the transition
reflects the crossing of at least two hyperfaces in the
representation space of free energy versus configuration.
g-NaHg was established as the eighth binary Zintl phase
with NaTl-type structure, but only at a high temperature
(9). At ambient conditions, a-NaHg exists in a distorted
CsCl-type structure, and the intermediate phase b-NaHg
with distorted NaTl-type structure is observed between
1651C and 1761C. In spite of this strong hint to a
stabilization of the NaTl-type structure by entropy and
anomalies in the temperature dependence of physical
properties of several Zintl phases (10–14), a structural
investigation at a low temperature is still lacking for the
seven ‘‘classical’’ binary Zintl phases with NaTl-type
structure. In this contribution, we report on the crystal
structure of LiIn between 1.5K and room temperature,
studied by X-ray and neutron powder diffraction. Further-
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FIG. 1. Observed and calculated neutron powder diffraction patterns

of LiIn at 1.5K together with their difference curve (D2B, HR in Table 3,

Rwp ¼ 6:6%, Rp ¼ 5:2%).
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more, the neutron diffraction data are analyzed with
respect to vacancies in the Li-sublattice and their correla-
tion with different thermal displacement parameters for the
Li- and In-sites. The behavior of stoichiometric LiIn is
compared with the results for samples with 3% Li-
deficiency and 3% Li-excess on one hand and with
Li(Ag0:25In0:75) and Li(Ag0:5In0:5) on the other.

2. EXPERIMENTAL DETAILS

All the investigated samples were prepared from the
following reactants: lithium (rod of 10mm diameter,
99.9%, Alfa Aesar), indium (ingots, 99.9999%, Alfa
Aesar), and Ag wire (Degussa-H .uls AG). Appropriate
amounts were mixed according to the expected stoichio-
metry of the product and filled into iron crucibles. Note
that the crucibles should be made from unalloyed steel
without any Ni or Cr. These crucibles have been sealed by
welding under dry argon atmosphere, placed into the
furnace, which was preheated to 10001C, and heavily
shaked to mix up the reactants properly. After 5–10min,
the samples were cooled down to room temperature rapidly
by removing the crucible from the furnace into ambient
conditions. The reaction product is very sensitive to
moisture and had to be ground in an agate mortar within
a dry glove box for further analysis by X-ray and neutron
powder diffraction.

X-ray diffraction patterns were collected on an STOE
STADI P, equipped with a linear position-sensitive
detector with 61 aperture. A Ge(1 1 1) monochromator
was used to select CoKa1 radiation. The sample was filled
into sealed capillaries of 0.3mm diameter and cooled by
flowing nitrogen using a cryostreamer from Oxford
Cryosystems. Intensities were recorded in steps of D2Y
= 0.021 for selected ranges.

Neutron powder diffraction was performed at the
beamlines D2B and D20 of the Insitut Laue-Langevin in
Grenoble using vanadium cylinders of 5.88mm diameter as
sample holders and an Orange Cryostat for temperature
control. The neutron wavelengths were 1.5938 (A (D2B) and
1.2878 (A (D20), respectively.

The software packages GSAS (15) and Fullprof (16)
were used for the Rietveld refinements of the structure
models based on both X-ray and neutron diffraction data.

3. RESULTS

Neutron powder diffraction data from beamline D2B on
LiIn at 2K reveal a splitting of reflections with respect to
the cubic NaTl-type structure observed at room tempera-
ture. The splitting scheme indicates a tetragonal body-
centered low-temperature structure with atetBacub=

ffiffiffi
2

p
and

ctetBccub: Based on subgroup considerations, the space
group I41=amd with Li on the ð4aÞ- and In on the ð4bÞ-site
is derived as a model for the crystal structure of LiIn at a
low temperature. This structure model was refined based
on the neutron powder diffraction data collected at
beamline D2B. The excellent agreement between observed
and calculated profiles confirms the proposed starting
model, see Fig. 1. The evolution of the structure para-
meters with temperature was monitored by neutron
powder diffraction at beamline D20, which allows fast
data collection, although the splitting of reflections is not
explicitly resolved. One hundred diffraction patterns have
been recorded during cooling from room temperature
down to 2K, and the results are summarized in Fig. 2. For
the stability region of the cubic room-temperature structure
the lattice parameter a is plotted as acub=

ffiffiffi
2

p
and V as

Vcub=2 for a better comparison with the tetragonal low-
temperature structure. The onset of the tetragonal splitting
during cooling is clearly seen by the poorer agreement
between observed and calculated profiles, measured by w2;
for a refinement based on the cubic structure model, see
Fig. 2e. w2 increases from typical values between 1.3 and
1.4 down to 180K to 1.8 at 150K. However, by including
the tetragonal distortion a significantly better agreement
can be obtained. Based on these results, the transition
temperature can be narrowed down to 160 and 180K. This
temperature region is indicated by the dashed lines. No
discontinuity in the reduced cell volume is observed at the
transition point, while jumps of the a- and c-parameter are
obvious. The spontaneous tetragonal and temperature-
independent distortion c=ð

ffiffiffi
2

p
aÞ of about 0.50–0.55%

indicates a first-order phase transition, which is translatio-
nengleich. The thermal displacement factors decrease
continuously with temperature for both Li and In, but a
slight hump in the transition region might give some
evidence for a pronounced role of Li in the dynamics of this
transition. Note that the presented values are biased by
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FIG. 2. Temperature dependence of the lattice parameters (a,b), unit cell volume (c), tetragonal distortion (d), agreement between observed and

calculated profiles (e) and isotropic thermal displacement parameters (f) of LiIn during cooling, measured at beamline D20 of the ILL, Grenoble. ‘‘+’’

indicates a refinement based on the cubic room-temperature structure, ‘‘x’’ on the tetragonal low-temperature structure. Both models have been refined

over the temperature region from 150 to 200K for comparison.
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absorption effects. The numerical correction of absorption
in the D2B experiment has resulted in an increase of Biso to
3.4 (A2 for Li from 2.0 (A2 for the uncorrected data and to

0.84 (A2 for In from �0:4 (A
2
: A similar rescaling was also

made for the D20 data, but gave a less pronounced change
because of the shorter neutron wavelength.

Both the transition temperature of about 170(10)K and
the absolute value for the tetragonal distortion 0.50–0.55%
are fully supported by the X-ray diffraction results,
summarized in Table 1. The observed distortion is about
5 times larger than the detection limit of the used setup.

The cubic 2 tetragonal phase transition is also
observed for LiIn with 3% Li-deficiency, but the tetragonal
distortion is slightly less pronounced and refined to only
0.45% instead of 0.50–0.55% for stoichiometric LiIn.
Nevertheless, this smaller tetragonal distortion was still



TABLE 1

Lattice Parameters of LiIn at Different Temperatures

as Refined Based on X-Ray Diffraction Data

T=K a (A c (A Z ¼ c=ð
ffiffiffi
2

p
aÞ

250.0(1) 6.7927(3)

220.0(1) 6.7843(3)

180.0(1) 6.7775(4)

170.0(1) 6.7792(5)

160.0(1) 4.7821(5) 6.7944(10) 1.0047(3)

140.0(1) 4.7801(1) 6.7950(3) 1.0052(1)

120.0(1) 4.7783(2) 6.7919(5) 1.0051(1)

102.3(2) 4.7761(4) 6.7896(8) 1.0052(2)
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sufficient to allow detection during cooling on D20 at ILL,
and about the same transition temperature as for LiIn was
confirmed.

The ternary alloys LiAg0:25In0:75 and LiAg0:5In0:5 are
members of the solid solution in the quasibinary section
LiAg–LiIn with LiAg0:5In0:5 as the endpoint. These two
alloys gave no indication for a phase transition down to
2K. Therefore, silver seems to stabilize the cubic NaTl-type
structure. Note that LiAg0:25In0:75 reveals a minor and
LiAg0:5In0:5 a remarkable peak-broadening as compared
with LiIn. All experiments performed are summarized in
Table 3 together with the key results.

4. GEOMETRICAL ASPECTS

In the tetragonal low-temperature structure, Li and In
are still on crystallographic sites without any refineable
positional parameter. Therefore, all effects on bond length
during the phase transition scale with the tetragonal
distortion Z ¼ c=a

ffiffiffi
2

p
: The values for the closest three

coordination shells are summarized in Table 2 from
refinements using the cubic versus the tetragonal structure
model, based on the neutron powder diffraction data
collected at 160K. Accordingly, the phase transition affects
mainly the second coordination shell, where unlike pair
TABL

Changes in Atomic Distances during the Cubic 2 Tetragonal Ph

Cubic

Shell Atoms Distance (A No.

1 Li–Li 2.9343 4

Li–In 2.9343 4

2 Li–In 3.3881 6

3 Li–Li 4.7915 12

Note. In–In distances are identical to those between Li–Li and not repe

The ratios between long and short distances, dl : ds; are expressed in terms
distances split exactly in the ratio Z: The [LiLi4]- and
[LiIn4]-tetrahedra of the first coordination shells are
slightly distorted in such a way, that the distances are not
affected, but the ideal tetrahedral angle of a ¼ 109:471 is
split into a1 ¼ arccos� Z2=ðZ2 þ 2Þ ¼ 109:611 and a2 ¼
arccos ðZ2 � 2Þ=ðZ2 þ 2Þ ¼ 109:201:

In the cubic phase, only isotropic thermal displacement
is allowed by symmetry for both sites. The reduction
of symmetry due to the tetragonal distortion introduces
one additional anisotropic thermal displacement parameter
for each site in the low-temperature phase. However,
the refinement of these two extra parameters did not result
in a significant improvement between observed and
calculated intensity profiles, and therefore, only isotropic
thermal displacements have been considered further.
Nevertheless, the isotropic thermal displacements are
significantly different for Li and In. The higher values
for the much lighter Li atoms are reasonable and confirmed
for nearly all cubic NaTl-type-structured Zintl
phases (references are given below), but the absolute
values are biased by absorption, and the numerical
correction is limited by the reliability of the estimated
packing density of the sample in the vanadium can. The
thermal displacements are also biased if Li-vacancies are
included in the refinement process, and up to 10%
vacancies can appear accompanied by reduced thermal
displacement parameters. Li-vacancies in B32-alloys are
widely discussed in the literature (often together with the
extraordinary high thermal displacements of the alkali
atoms) (17–24, 13, 14). The vacancies in the alkali
sublattice are often confirmed by supplementary investiga-
tions of other properties. However, the structure refine-
ments based only on powder diffraction data are not
reliable due to severe correlation with the thermal
displacement parameter for Li. The thermal displacement
parameter for LiFor the amount of vacancies in the Li
sublatticeFdecrease with increasing silver content in the
ternary Li(In,Ag) alloys along the quasibinary section
LiAg–LiIn.
E 2

ase Transition in LiIn for the Closest Three Coordination Shells

Tetragonal

Atoms Distance (A No. dl : ds

Li–Li 2.9343 4 1

Li–In 2.9343 4

Li–In 3.3825 4 Z
Li–In 3.3996 2

Li–Li 4.7836 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
ð1þ Z2Þ

q

Li–Li 4.7957 8

ated.

of the tetragonal distortion Z ¼ c=a
ffiffiffi
2

p
for the split shells.



TABLE 3

Compilation of the Performed Experiments and the Obtained Results

Compound Experiment T=K a ( (A) c ( (A) c/a
ffiffiffi
2

p
V ( (A3) Biso(Li) ( (A

2) Biso(Ag,In) ( (A2)

LiIn XRD, LR 300 4.8016(1) 6.7905(1) 1 313.11(1)

D2B, HR 1.5 4.7683(1) 6.7785(2) 1.0052(1) 154.12(1) 3.4(2) 0.84(5)

D20, LR 300 4.8093(2) 6.8014(3) 1 314.63(4) 4.3(1) 1.33(3)

D20, LR 2 4.7737(4) 6.7884(8) 1.0055(1) 154.70(3) 2.6(2) 0.45(1)

Li0:97In XRD, LR 300 4.7931(2) 6.7784(2) 1 311.45(2)

D2B, HR 1.5 4.7702(2) 6.7752(4) 1.0043(1) 154.17(2) 3.5(2) 0.8(1)

D20, LR 300 4.8131(2) 6.8067(3) 1 315.37(3) 4.4(1) 1.61(3)

D20, LR 2 4.7804(4) 6.7917(9) 1.0046(1) 155.20(3) 2.8(3) 0.7(1)

Li1:03In XRD, LR 300 4.7970(2) 6.7840(2) 1 312.21(3)

D20, LR 300 4.8113(2) 6.8043(3) 1 315.03(4) 3.6(1) 1.60(3)

LiAg0:25In0:75 XRD, LR 300 4.7252(2) 6.6825(3) 1 298.41(3)

D2B, HR 1.5 4.7023(1) 6.6501(1) 1 294.10(2) 2.2(1) 0.66(4)

LiAg0:5In0:5 XRD, LR 300 4.6503(2) 6.5765(3) 1 284.43(4)

D2B, HR 1.5 4.6260(2) 6.5422(2) 1 280.00(3) 1.38(5) 0.50(2)

D2B, HR 300 4.6506(3) 6.5769(5) 1 284.49(6) 3.3(1) 2.31(4)

Note. ‘‘LR’’ and ‘‘HR’’ refer to low and high resolution, respectively. ‘‘XRD, HR’’ denotes an X-ray experiment as described in the text. In the case

of ‘‘XRD, LR’’ CuKa1 radiation and a curved position-sensitive detector was used. D20 and D2B are the neutron powder diffraction beamlines at ILL,

Grenoble. Lattice parameters determined from X-ray and D2B data are in excellent agreement, but those obtained from D20 data differ slightly due to

less precise wavelengths determination. No reliable thermal displacement parameters could be obtained from the X-ray diffraction experiments because

of high absorption and low scattering power of Li.
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5. CONCLUSION

LiIn is one of the seven known binary alloys with NaTl-
type structure (cubic Zintl phases, B32-classification of
the ‘‘Strukturberichte’’). Powder diffraction using X-rays
and neutrons reveal a phase transition at 170(10)K from
the cubic into a tetragonal phase. The transition is
reversible and ‘‘translationengleich’’ from spacegroup
Fd %3m into I41=amd: The tetragonal distortion is very
small (0.50–0.55% for LiIn) and constant between the
transition temperature and the lowest investigated tem-
perature of 1.5K. The transition takes place without a
remarkable change in distances for the first coordination
shell and without a significant discontinuous change in
volume per formula unit. The continuity of reduced
volume during this phase transition explains why this
low-temperature phase is not induced at room temperature
by applying pressure (8). An alloy with 3% Li deficiency
shows qualitatively the same behavior, but the tetragonal
distortion is smaller (0.45%). No phase transition was
observed in the ternary alloys LiAg0:25In0:75 and
LiAg0:5In0:5; in which In is partially and randomly replaced
by silver. Therefore, silver seems to stabilize the cubic
NaTl-type structure.

LiIn is the second example after NaHg for a binary Zintl
phase with NaTl-type structure, stabilized at finite tem-
perature by entropy. Compared to NaHg (9), the ground
state of LiIn follows a different route of symmetry
reduction into a tetragonal space group, in contrast to a
rhombohedral distortion in NaHg, followed by a recon-
structive phase transition into a distorted CsCl-type
structured a-NaHg.

In the light of the results presented, a comprehensive
reinvestigation of the low-temperature properties of all
Zintl phases with NaTl-type structure appears essential to
elucidate this prototypic class of compounds. The observed
phase transitions in LiIn and NaHg provide severe tests for
a priori calculations of electronic structures and predictions
of crystal structures.
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