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In situ x-ray absorption studies of electrochemically induced phase changes
in lithium-doped InSb
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We report a comprehensive analysis ofin situ x-ray absorption spectroscopy data that provide detailed
information about phase transformations of the III-V semiconductor InSb, induced by electrochemical insertion
of Li and extrusion of indium. Upon discharging a Li/InSb cell, In is extruded from the zinc-blende-type InSb
structure and replaced by Li. Although more than 90% of the In is displaced from the structure, the Sb fcc
sublattice remains stable at all degrees of lithiation. This process is reversible. However, in the fully charged
state, about 40% of the In remains outside the matrix as In metal, leaving a corresponding number of Schottky
vacancies in a In12ySb defect structure. The discussion of this paper focuses on the ease and reversibility of the
phase changes in InSb electrodes, which is attributed to the stability of the Sb fcc sublattice at all states of
discharge and charge, to the lattice compatibility of the different phases, and to the absence of significant
charge gradients.

DOI: 10.1103/PhysRevB.66.014106 PACS number~s!: 61.43.Dq, 61.72.Vv, 82.45.2h
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I. INTRODUCTION

Intercalation of alkali metals into graphite is one of t
most prominent examples of inserting atoms into a h
lattice—in this case, exceptionally widely spaced carb
layers.1 The first intercalation compound, KC8, was reported
as early as 1926.2 This intriguing property of graphite led to
the predominant application of graphite intercalation co
pounds~GIC’s! as electrode materials in electrochemical e
ergy systems.3 For example, graphite is used as the negat
electrode in commercially used lithium-ion batteries whe
the alkali metal is cycled in and out of the graphite latti
during charge and discharge. There are, however, sev
drawbacks to using GIC electrodes. Most important, lithia
graphite (LiC6) is susceptible to lithium plating upon ove
charging because the potential of LiC6 is close to that of
elemental lithium.4

One approach pursued recently to replace graphite
host for lithium involves the development of intermetal
‘‘insertion’’ electrodes.5–9 The mechanism of reversible L
insertion and extraction in these intermetallic electrodes
obviously different from GIC’s since intermetallic electrod
do not provide widely spaced layers suitable for interca
tion. An important feature of these intermetallic ‘‘insertion
electrodes is the existence of a stable host sublattice, suc
the face-centered-cubic~fcc! lattice provided by Sb in InSb
This host sublattice corresponds to the carbon in grap
electrodes. The second component of the intermetallic e
trode, in this case the indium of InSb, is replaced revers
by lithium. Intermetallic electrodes operate several hund
millivolts above the potential of metallic lithium, thus pre
cluding lithium plating.10 In addition, intermetallic electrode
provide a higher volumetric capacity than graphite, which
an important parameter for the miniaturization of lithiu
cells and batteries.7 There are, however, several fundamen
questions that need to be addressed before insertion
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trodes can be considered as a serious alternative to GIC
trodes:~i! How does lithium insertion affect the structure
the lattice?~ii ! How stable is the host lattice?~iii ! What is the
nature of the phase transformations on a microscopic le
~iv! Are they accompanied by lattice expansion or cha
transfer?

The intermetallic compound InSb is a particularly intrig
ing example of an ’’insertion’’ electrode. InSb is a III-V
semiconductor that undergoes a transition to the meta
state upon insertion of small amounts of lithium
Electrochemical,7 thermodynamical,10 and structural11 char-
acterizations of this electrode have been reported. Rece
we communicated our initial results of an analysis of the
K-edge extended x-ray absorption fine-structure~EXAFS!.12

In this paper, we present a comprehensive analysis of b
the In and SbK-edge EXAFS, as well as an analysis of th
x-ray absorption near-edge structure~XANES!. We focus on
the atomic-level mechanism of the phase changes that o
during the electrode reactions. Of particular interest is
stability of the Sb host lattice and the ease and reversib
with which these phase transformations take place. Emph
is placed on the role of~i! lattice compatibility of the differ-
ent phases and~ii ! charge transfer or the lack thereof in fa
cilitating phase transformations. The first point is probed
EXAFS, while the second point is addressed by XANE
both techniques are considered a subset of x-ray absorp
fine-structure~XAFS! spectroscopy.13 We have employed
XAFS to overcome the limitations of gathering precise m
crostructural information by using x-ray diffraction~XRD!
techniques. As opposed to XRD, which relies on the pr
ence of long-range order, XAFS probes the local enviro
ment around a selected atom. The InSb electrode materi
fabricated by high-energy ball milling to reduce the partic
size and minimize kinetic limitations.6 This drastically re-
duces the effectiveness of XRD but does not greatly aff
XAFS. Also, the presence~or absence! of nascent phase
such as
©2002 The American Physical Society06-1
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TOSTMANN, KROPF, JOHNSON, VAUGHEY, AND THACKERAY PHYSICAL REVIEW B66, 014106 ~2002!
metallic In, Li3Sb, lithiated indium~designated as LixIn),
and metallic Sb can be detected with XAFS at a significan
lower level and with greater precision than is possible w
XRD, which requires that these phases coalesce into a lo
ranged periodic array.

An important prerequisite for preserving a stable Sb h
lattice during the phase changes that occur as a consequ
of Li insertion and In extrusion can be met if the Sb subl
tice is compatible with all the phases involved. Figure 1
lustrates how this requirement is satisfied by the InSb e
trode. The cubic unit cell shown is a superlattice of
‘‘pseudo’’ CsCl unit cell, obtained by doubling the edges
the CsCl unit cell in three orthogonal directions. The 16 p
sitions of the resulting superlattice can be grouped into f
sublattices, each having a fcc structure. For example, if
occupies all~a! sites while all other sites remain unoccupie
an Sb fcc host lattice results, which will be of particul
importance for the discussion presented below.

If Sb and In occupy their respective~a! and ~c! sites, a
zinc-blende-type lattice of InSb is formed. The reacti
product of a fully lithiated InSb electrode is Li3Sb, which
crystallizes with the Li3Bi structure, also known as the ant
typical Fe3Al. In terms of the CsCl superlattice, the Li3Sb
structure can be visualized if Li occupies the interstitial si
of InSb @~b! and~d!# and if all the In sites~c! are replaced by
Li. No significant structural rearrangement of the Sb sub
tice is necessary to accommodate these different phas
continuous transition between subsequent phases i
Li x1yIn12ySb system (0<x<2;0<y<1) is, therefore, pos-
sible if Schottky vacancies are taken into account.

II. EXPERIMENT

The InSb compound was prepared by mechanical alloy
~ball milling! of the elements in a stoichiometric ratio in th
presence of a solid carbon lubricant. Indium and antimo

FIG. 1. Schematic representation of the lattices of Sb, In
Li x1yIn12ySb, and Li3Sb as described by a superlattice of a sim
‘‘pseudo’’ CsCl unit cell.
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were purchased from Aldrich~99.99% and 99.995% purity
respectively!, and used as received. The product was grou
and sieved through a 400-mesh screen to obtain parti
smaller than 40mm in size. The resulting black powder wa
determined by XRD to be single-phase InSb. Details of
electrode and coin cell preparation are given elsewhere7 A
small hole was punched in the coin cell and sealed with
epoxy resin to facilitate x-ray beam access to the electro
The electrolyte was 1-M LiPF6 in 50:50 ~w/w%! ethylene
carbonate: diethylcarbonate~EC:DEC!. The cell therefore
has the initial configuration Li/electrolyte/InSb.

The cell was positioned in the x-ray beam with the ill
minated area defined by slits (1000mm vertically,
1500 mm horizontally!. The x-ray beam was provided b
the undulator beamline of the Materials Research Collabo
tive Access Team~MRCAT!, which is part of the Advanced
Photon Source~APS! synchrotron at Argonne Nationa
Laboratory, Argonne, IL. This x-ray source is particular
well suited for performing x-ray absorption spectroscopy
high edge energies, as is the case for Sb~30491 eV! and In
~27940 eV!. By using the Si~333! reflection from a cryogeni-
cally cooled double-crystal monochromator, an energy re
lution of about 2.5 eV was achieved.14 The higher-order har-
monic content of the beam was attenuated using a platin
coated mirror, while the fundamental Si~111! reflection was
blocked using a 1.5-mm-thick piece of aluminum. The fou
and fifth harmonics of the tapered undulator were used,
ther reducing the harmonic content of the beam due to m
matching the undulator harmonics and the unwanted Br
reflections from the monochromator.

To achieve the time resolution necessary to follow t
phase transformations in the Li/InSb system while applyin
current to the cell, the EXAFS spectra were taken in conti
ous mode, i.e., with the monochromator moving at a cons
speed. This reduces the acquisition time per spectrum
about 6 min by eliminating the time required to step t
monochromator. Thus we were able to maintain a cons
current in the battery cell at all times and did not have
interrupt the reaction to take a long EXAFS measureme
The potential did not change by more than 0.02 V ove
complete spectrum, except during the very beginning o
charge or discharge cycle where the potential changed m
rapidly. Data from two experiments are presented. The fi
data set~cell A! was taken while discharging a freshly pr
pared cell from its equilibrium potential of 1.5 V down to 0
V. The second data set~cell B! is from a ‘‘preconditioned’’
cell, for which the initial discharge occurred off-line. Th
XAFS spectra for cell B were taken while charging from 0
to 1.2 V, and then during discharge to 0.1 V. A modera
current density was applied to the cells: 0.3 mA/cm2 for cell
A, 0.4 mA/cm2 for cell B during charge, and 0.5 mA/cm2

for cell B during discharge. Current and cell voltage we
controlled with a CH Instruments Model 66
potentiostat/galvanostat.7

The EXAFS spectra were taken in the fluorescence m
from 150 eV below the edge to 850 eV above the edge. T
point density,'1.2 eV/step, was chosen so that the ed
region is defined with a fine enough resolution to allo
XANES analysis. The In and SbK edges were scanned a

,
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TABLE I. Debye-Waller factors for scattering paths used in fitting the EXAFS data~in Å 2); nearest-
neighbor~nn! and next-nearest-neighbor~nnn! paths are shown. The first element shown designates the
for which the path is valid.

path In-Sb In-In In-In In-In In-Li Sb-In Sb-Sb Sb-Li Sb-Li
phase ~InSb! ~In! ~In! (Li xIn) (Li xIn) ~InSb! ~InSb! (Li 3Sb) (Li3Sb)

~nn! ~nn! ~nnn! ~nn! ~nnn! ~nn! ~nnn! ~nn! ~nnn!

0.0074 0.022 0.037 0.007 0.011 0.0048 0.023 0.013 0.01
60.0012 60.002 60.010 60.002 60.005 60.0011 60.005 60.008 60.010
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ternately for the duration of the experiment using a fluor
cence detector filled with Kr gas. The edge energy was c
brated using the transmission spectrum of ground sin
crystal InSb powder recorded concurrently with ea
measurement.

III. DATA ANALYSIS

Extended x-ray absorption fine structure refers to the
cillatory structure in the x-ray absorption coefficient as
function of incident photon energyE, m(E), just above the
x-ray absorption edge. While the position of the edge
pends on the type of atom investigated, the oscillations a
condensed matter effect and a signature of the local envi
ment around the selected central atom.13,15 EXAFS can be
visualized as interference effects between photoelec
waves emanating from the central atom and waves backs
tered along various paths from surrounding atoms, typic
from three to four shells away. To extract the interest
information from these oscillations, such as bond leng
coordination numbers, and phase fractions, a comprehen
analysis is performed. First, the edge step is normalize
unity, and the slowly varying background,m0, is removed,
resulting in the EXAFS spectrumx(E),

x~E!5
@m~E!2m0~E!#

Dm0
, ~1!

with the edge-jump normalization factorDm0. The EXAFS
spectrum is then converted from energy space tok space,
wherek is the photoelectron wave vector, calculated relat
to the edge energyE0,

E2E05
\2k2

2me
, ~2!

with me being the mass of a free electron. The result
EXAFS spectrumx(k) can be viewed as a sum of the co
tributing scattering pathsi and described mathematically as
sum of individual components,

x~k!}(
i

S0,i
2 Ni

f ~k!

kR2
sin@2kRi1d~k!#

3exp@22Ri /l~k!#exp~22s2k2!, ~3!

with the amplitude reduction factorS0
2, coordination number

N, backscattering amplitudef (k), backscattering phased,
bond lengthR, mean free path lengthl, and Debye-Waller
01410
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~DW! factor s2. The paths, for example the Sb-In neare
neighbor linear scattering path, are obtained from high-or
multiple-scattering theory as implemented in theFEFF soft-
ware package~Version 8.0!.16 Whenever possible, the theo
retical calculations were calibrated to experimental ref
ences such as Sb metal, In metal, and InSb powde
physically reasonable combination of scattering paths is t
fit to the windowed andk-weighted data inr space using the
FEFFIT code.17

The number of parameters from Eq.~3! used in the fit
(Ni , Ri , ands i

2 for each pathi ) is restricted by the follow-
ing conditions: The contribution of an individual path
given byNi , which can be calibrated to the value of the pu
component. For example, the reduction of the amplitude
the Sb-In nearest-neighbor path is normalized toN of pure
InSb (N54). A reduction ofNSbIn and an increase inNSbLi

obviously point to a phase reaction in which In neighbors
replaced by Li neighbors. The DW factor, a measure for
degree of structural and thermal disorder, is fixed at the v
ues found for the experimental standards. Where no suit
standard was available, namely, for LixIn and Li3Sb, the DW
factor was constrained to the value found for the spectra
which those components dominate the overall EXAFS sp
trum. The DW factors used throughout the analysis are co
piled in Table I. The DW factors for the In-Sb pat
(0.007460.0012 Å2) and the Sb-In path (0.0048
60.0011 Å2) are expected to agree within the error bar
requirement that is not entirely met. This may be due to
possible separation problem between the In-In metal p
and the In-Sb path for the In-edge data. The analysis p
sented here is not significantly affected by the choice of
DW factor for the In-Sb path. Therefore, we chose to use
value of 0.0074 Å2 since it reflects the reality of the pres
ence of at least 40% In metal at all times after the conditi
ing cycle.

The relative contribution of different scattering paths
the overall EXAFS signal is illustrated by a representat
example in Fig. 2. The Fourier transform of thek2-weighted
Sb-edge EXAFS spectrum of a lithiated InSb electrode
1.04 V is shown. The data were taken during the cha
cycle for cell B. As will be discussed in more detail below,
a potential of 1.04 V about 50% of the In has been cycled
of the InSb lattice and replaced by Li. This is reflected by t
fact that the Sb-In nn path~solid line in the lower half of Fig.
2! is not sufficient to describe the first-shell data cente
around 2.8 Å. The presence of Li as a neighbor to Sb
6-3
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TOSTMANN, KROPF, JOHNSON, VAUGHEY, AND THACKERAY PHYSICAL REVIEW B66, 014106 ~2002!
represented by the inclusion of two Sb-Li paths taken fr
the FEFF calculation for Li3Sb ~dotted line and open circles!.
Lithium occupies two different nn positions in Li3Sb, and
thus, two different paths are used to describe the first-s
data. Two paths describe the second-shell data~centered at
around 4.5 Å), one from InSb~open triangles! and one from
Li3Sb ~plus symbols!.

To analyze the small changes in the electrode near the
points of the charge and discharge cycles, a difference an
sis technique has been used to supplement the convent
fitting method. The difference technique was described
Miller et al. in the context ofin situ XAFS measurements o
hydrodesulfurization catalysts.18 It is based on the fact tha
the fine structure is a linear combination of scattering pa
as in Eq. ~3!. In experiments, such as a charging batte
where there are only small changes from scan to scan,
effect is to emphasize small coordination environment diff
ences by taking the difference between two data files
analyzing the residual signal. In so doing, one can fit
signal from a path that would otherwise make a negligi
contribution to the error function used for minimization
the fitting procedure. This allows a more precise determi
tion of the potential at which the coordination environme
changes in a statistically significant manner, as oppose
the effect of random fluctuations in the data that alter
observed fit parameters.

Error analysis is built into theFEFFIT package.17 For the
radial distance and Debye-Waller factor, these are the un
tainties that are quoted. The uncertainties for the coord
tion number, and thus the phase fractions, are complic
slightly by uncertainty in the amplitude reduction factorS0

2.
Finally, the upper limit to the Sb-Li path contribution a

FIG. 2. Fourier transform of thek2-weighted Sb-edge EXAFS
spectrum of a lithiated InSb electrode at 1.04 V during the charg
cycle of cell B. Upper half: overall fit of the sum of five scatterin
paths to the data; lower half: contribution of each scattering pat
the EXAFS spectrum. For information about the EXAFS data w
dows, see the caption of Fig. 4.
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greater than 1.0 V has been determined by evaluating thR
factor, an indicator used byFEFFIT that measures the differ
ence between the fit and the experimental data, scaled by
amplitude of the data. The criterion used was the amoun
Sb-Li added that resulted in doubling theR factor, while
allowing all free parameters to float. This method genera
increased the uncertainty, compared to the typical e
analysis.

IV. RESULTS

Two experiments have been performed: First, a fres
prepared Li/InSb coin cell has been discharged to 0.5 V~cell
A!. Second, a cell that had been discharged to 0.5 V prio
the XAFS experiment has been charged from 0.5 to 1.2
and again discharged from 1.2 to 0.1 V~cell B!. The initial
discharge cycle is different from all subsequent cycles si
Li is inserted for the first time, leading to irreversible stru
tural changes. Subsequent cycles, however, are pred
nantly reversible, as shown by long-term electrochemi
studies.7 The charge and discharge cycles of cell B ca
therefore, be viewed as representative of the behavior
Li/InSb cell in operation.

The galvanostatic potential vs. time curve for the con
tioning cycle of cell A is shown in Fig. 3~c!. Details of the
conditioning cycle are described in a previo
communication.12 The magnitude of the Fourier transform
of the k2-weighted EXAFS spectra for the In and Sb edg
are shown in Figs. 3~a! and 3~b!. At 1.41 V, the In- and
Sb-edge spectra are similar, owing to the fact that In and
differ by only two atomic numbers and have the same nei
boring atoms within the InSb structure. The spectra are a
consistent with EXAFS from an InSb standard.12 The most
significant contribution to the EXAFS spectrum clearly o
curs at the positions of the In-Sb and Sb-In nearest-neigh
~nn! paths,~I! and (V), respectively. Only slight changes a
discernible while discharging the cell to 0.72 V. Betwe
0.72 and 0.66 V, In is observed to be replaced by Li,
evidenced most clearly by the growing contribution of t
Sb-Li path (IV). The most drastic changes occur betwe
0.66 V and 0.53 V, the potential range in which In is e
tracted from the InSb lattice and replaced by Li. The In-
path~I! of the In-edge data is now clearly dominated by t
two closest In metal paths, summarily represented by (III )
in Fig. 3~a!. This becomes particularly apparent if the mu
larger DW factor of the metal path is taken into accou
Accordingly, the Sb-In path~V! of the Sb-edge data is now
dominated by the Sb-Li path (IV). As will be discussed be-
low for the higher quality data of cell B, starting at aroun
0.55 V, the extruded In metal is lithiated as well. The da
from cell A are too noisy to show unambiguously the cont
bution of the In-Li path.

The quality of the EXAFS data was improved during t
second experiment, the charging and discharging of cel
primarily due to increased stability of the beam. Amo
other improvements, this allows for including the secon
shell data of the Sb-edge EXAFS, key to demonstrating t
the Sb remains in a fcc sublattice. In relatedex situexperi-
ments, at low temperature, where the lattice vibrations
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IN SITU X-RAY ABSORPTION STUDIES OF . . . PHYSICAL REVIEW B 66, 014106 ~2002!
significantly reduced, the Sb-Sb shell can be fit much m
accurately.19 These measurements further confirm the sta
ity of the fcc Sb sublattice under similar cycling condition
The galvanostatic potential vs time curve for charging cel
is shown in Fig. 4~c!, and the magnitude of the Fourier tran

FIG. 3. Freshly prepared Li/InSb coin cell during the initi
conditioning cycle~cell A!. EXAFS data are shifted for clarity.~a!
Fourier transform of thek2-weighted In-edge EXAFS spectra a
selected cell potentials. First-shell scattering paths are indicate
dotted lines:~I! In-Sb nearest neighbor~nn! path in InSb, (II ) In-In
nn path in LixIn, and (III ) In-In nn path in indium metal.~b! Fou-
rier transform of thek2-weighted Sb-edge EXAFS spectra at s
lected cell potentials. First-shell scattering paths are indicated
dotted lines: (IV) Sb-Li nn path in Li3Sb and~V! Sb-In nn path in
InSb. For information on the EXAFS data windows, see the cap
of Fig. 4. ~c! Galvanostatic potential vs. time curve~current density
0.3 mA/cm2).
01410
e
l-
.

form of representativek2-weighted EXAFS spectra for the In
as well as Sb edges are shown in Figs. 4~a! and 4~b!. Finally,
in Fig. 4~d! the rawk2x(k) data are displayed along with th
fit for two representative Sb-edge EXAFS spectra. This de
onstrates the quality of the fit of the data to the selec
theoretical paths.

The spectra at 0.63 V represent the state of coin cell B
the beginning of the charge cycle. The Sb-edge data sh
in Fig. 4~b! are clearly dominated by the Sb-Li nn path (IV).
A quantitative analysis of the path contribution@i.e. the con-
tribution of Ni in Eq. ~3!# shows that Sb has about 90% L
nearest neighbors, while less than 10% of the In nea
neighbors remain. Accordingly, the In-edge EXAFS sho
only a weak indication of Sb neighbors@less than 10%, path
(I )#, while the dominant contribution is the nearest-neighb
In-In path from LixIn (II ). Obviously, indium had not only
been cycled out of InSb, but metallic In had also been lit
ated in a parallel reaction during the off-line conditionin
reaction.

Upon charging the cell from 0.63 to 0.79 V, no significa
changes are observed in the Sb-edge EXAFS. Antimon
still predominantly coordinated by Li, and little or no Li ha
been extracted from the Sb fcc framework. The lithiated
on the other hand, undergoes a phase transformation.
Li xIn, In-In path (II ) that dominated at 0.63 V is all bu
gone, and strong contributions from the In-In metal nn pa
(III ) are observed. About 80% of the In now prevails as
metal, while only 10% of the In is lithiated, with the remain
ing In still localized in the Sb framework. The next pha
transformation occurs between 0.89 and 0.94 V and invol
both In and Sb. The plateau in the potential vs time curve
Fig. 4~c! indicates a two-phase reaction,7 but only analysis of
the EXAFS spectra elucidates the microscopic mechanism
this phase transition. The Sb-edge EXAFS first-shell d
show a clear shift from the Sb-Li nn path (IV) to the Sb-In
nn path (V). Obviously, Li is now extracted from the Sb fc
framework, and In is reinserted into its original lattice sit
~c!, from Fig. 1. Overall, the EXAFS spectrum of the lith
ated InSb electrode begins to resemble the InSb stan
upon reaching the charged state. The In-edge EXAFS is c
sistent with this phase transformation, showing the grow
In-Sb nn path~I! and a decreasing contribution from th
In-In metal nn path (III ). This phase transformation back t
a defect InSb structure is complete when the cell is fu
charged; i.e., virtually all Li has been removed. At 1.1 V, t
Sb-In nn path~V! dominates the Sb EXAFS, while the In-S
nn path~I! dominates the In-edge EXAFS. An analysis of t
path contribution shows that in the fully charged state, ab
60% of the In prevails as InSb, while 40% remains outs
the electrode as In metal~most likely localized at the grain
boundaries of the ball-milled InSb!. The Sb-edge data con
firm this picture, with 60% of the Sb nn tetrahedral sit
occupied by In. In addition, further structural informatio
about the fully charged Li/InSb electrode can be extrac
from the Sb-edge spectra. Surprisingly. the contribution fr
the Sb-Li nn path (IV) is much weaker than would be ex
pected for a lattice in which the remaining 40% of the
neighbor sites were coordinated by Li. In fact, the Sb-Li pa
contributes less than 20% to the Sb-edge EXAFS~the best fit
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FIG. 4. Charging of a preconditioned Li/InSb coin cell~cell B!. ~a! Fourier transform of thek2-weighted In-edge EXAFS spectra a
selected cell voltages. Scattering paths are indicated by dotted lines as described in the caption for Fig. 3.~b! Fourier transform of the
k2-weighted Sb-edge EXAFS spectra at selected cell voltages. Scattering paths are indicated by dotted lines: (IV) Sb-Li nn path in Li3Sb,
~V! Sb-In nn path in InSb, (VI) Sb-Sb next-nearest-neighbor~nnn! path in InSb, and (VII ) Sb-Sb nnn path in Li3Sb. ~c! Galvanostatic
potential vs time curve for charging at a constant current density (0.4 mA/cm2). ~d! k2-weighted raw Sb-edge EXAFS data~open symbols
and thin lines! together with the fit of the sum of the paths~thick solid line!. The EXAFS data windows are set as follows: 2.8 Å21<k
<11.2 Å21 and 1.8 Å<R<3.8 Å for In-edge data, and 2.0 Å21<k<10.5 Å21, and 1.9 Å<R<5.0 Å for Sb-edge data.
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is less than 5%!, leading to the conclusion that at least 20
of the In sites in InSb now prevail as Schottky vacanci
suggesting a defect zinc-blende structure with the comp
tion In0.6Li 0.05h0.35Sb, whereh refers to a vacancy. The
large uncertainties are due to the very small contribution
the Sb-Li paths to the EXAFS.

The phase transformations that have been described
the charge cycle are essentially reversed when the ce
discharged~see Fig. 5!. However, as will be discussed i
more detail in Sec. V, the voltages at which those trans
mations occur are shifted. In addition, the cell has been
charged to 0.10 V in order to obtain more information on t
lithiation of the In metal phase, which starts below 0.60
The In- and Sb-edge spectra obtained at 0.93 V during
charging are essentially identical to the spectra discussed
the fully charged cell in the previous paragraph; Sb has ab
60% In nearest neighbors and less than 20% Li neighb
and the remaining lattice positions apparently remain vac
while 40% of the In prevails as metal at the grain bounda
of the InSb electrode. From 0.93 to 0.69 V, Li is inserted in
the Sb fcc sublattice without any measurable extrusion of
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Upon discharging from 0.69 V to 0.57 V, the Sb-Li nn pa
(IV) becomes prominent for the Sb-edge spectra, and
metal@path (III )# starts to dominate the In-edge spectra; i.
indium is extruded from the InSb electrode and replaced
Li. While the lithiation of the Sb fcc host lattice is complete
around 0.60 V and no more significant changes are obse
in the Sb-edge spectra, the In-edge spectra give valuabl
formation about the transformation of the extruded In me
phase. Between 0.57 and 0.10 V, the In metal phase is f
lithiated, forming various LixIn phases. The formation o
Li xIn is visible in the In-edge EXAFS spectra as the disa
pearance of the In-In metal nn contribution (III ) and the
dominance of the In-In nn path (II ) in Li xIn. Three lithiated
indium phases have In-In distances consistent with the m
sured In-In distances: LiIn (2.94 Å), Li3In2 (2.97 Å), and
Li2In (2.92 Å).

Additional information has been obtained from analyzi
the near-edge portion of the XAFS spectra~XANES!.13,15 In
particular, the edge energy, as measured by the energ
50% of the normalized edge step, has been employed a
indication of the oxidation state of In and Sb. This edge sh
6-6
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FIG. 5. Discharging of a preconditioned Li/InSb coin cell~cell B!. ~a! Fourier transform of thek2-weighted In-edge EXAFS spectra a
selected cell voltages. Individual scattering paths are marked with dotted lines and explained in Fig. 4.~b! Fourier transform of the
k2-weighted Sb-edge EXAFS spectra at selected cell voltages.~c! Galvanostatic potential vs time curve upon discharging at a cons
current density of 0.5 mA/cm2. ~d! k2-weighted raw Sb-edge EXAFS data~open symbols and thin lines! together with the fit of the sum o
the paths~thick, solid line!. For information about the EXAFS data windows, see the caption of Fig. 4.
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is calibrated by measuring the edge position of stand
components in different oxidation states. For example,
the In edge the standards In~0! in indium metal, In(I ) in
InCl, and In(III ) in In2O3 have been measured. From the
calibration experiments, we infer that an edge shift of ab
2 eV corresponds to a change in formal oxidation state
one. Comparing the edge position for indium metal with L
and InSb shows that the the edge positions are
60.1 eV and 1.260.1 eV higher than indium metal, re
spectively. Both of these observed edge shifts are sma
than a change in the oxidation state by one. The edge s
observed for In and Sb during charging and dischargin
lithiated InSb coin cell electrode are shown in Figs. 6~b! and
7~b!, and will be discussed in more detail in Sec. V.

V. DISCUSSION

This section offers a detailed analysis of the EXAFS a
XANES data with emphasis on changes in compositi
bond length, and oxidation state of the InSb electrode
different states of lithiation. While only representative E
AFS spectra have been presented in the previous section
analysis of the phase transformations presented here wil
01410
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clude all data to highlight the continuous nature of the ph
transitions.

Charge cycle

The predominant electrochemical reaction during cha
ing a Li/InSb coin cell is the extraction of Li from the lithi
ated InSb electrode. The XAFS data presented here a
one to identify the microscopic mechanism of several se
rate phase transformations driven by this delithiation. T
fractions of the different phases~lithiated InSb, In metal, and
Li xIn) as represented by the contribution of the differe
scattering paths,Ni , from Eq. ~3!, are shown in Fig. 6~c!.
While charging the cell, the first phase transformation occ
between 0.6 and 0.7 V and can be assigned, predomina
to the delithiation of LixIn. The LixIn content represented b
the nearest-neighbor In-In path~filled squares! falls from
about 70% to zero, while the In metal phase fraction~filled
circles! rises from about 20% to its maximum value of 90%
The nature of this phase transformation is corroborated
the XANES data shown in Fig. 6~b!. The indium edge energy
decreases by about 0.8 eV, corresponding to approxima
6-7
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TOSTMANN, KROPF, JOHNSON, VAUGHEY, AND THACKERAY PHYSICAL REVIEW B66, 014106 ~2002!
one-half of an oxidation state. This is consistent with t
formation of indium metal from LiIn.

While the In-edge XAFS reflects those changes, the
edge XAFS spectra are virtually unaffected by the reacti

FIG. 6. Charging of a preconditioned Li/InSb coin cell~cell B!.
Changes in composition, edge position, and lattice spacing
shown as a function of cell voltage, i.e., degree of lithiation.~a!
Bond length of the Sb-In nearest-neighbor pairs as obtained f
the In-edge, In-Sb path and the Sb-edge, Sb-In, and Sb-Li pa
The lower dotted line represents the crystallographic In-Sb dista
in pure InSb, while the upper dotted line represents the crysta
graphic Sb-Li distance in pure Li3Sb. ~b! Relative shift of the edge
position for Sb- and In-edge XANES.~c! Phase fractions based o
the path contribution to the EXAFS spectra for the InSb ph
~Sb-In and In-Sb nn path!, metallic In ~In-In nn path!, LixIn ~In-In
nn path! and lithiated InSb as represented by Li3Sb ~Sb-Li nn path!.
The shaded squares for the Sb-Li path and the shaded triangle
the In-Sb path are not the result of a fit minimization.
01410
e

b-
,

supporting the notion that In metal and LixIn are separate
phases precipitated at the grain boundaries of the lithia
InSb electrode. This scenario is consistent with the follow
observations:~i! The amount of lithiated InSb is represente
by the Sb-Li path~open squares! obtained fromFEFF calcu-
lations for Li3Sb but should be described more accurately
Li x1yIn12ySb since as much as 10% of the In remains with
the InSb framework. The Sb-Li contribution remains
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m
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FIG. 7. Discharging of a preconditioned InSb/Li coin cell~cell
B!. ~a! Bond length of the Sb-In nearest-neighbor pairs as obtai
from the In-edge, In-Sb path and the Sb-edge, Sb-In and S
paths.~b! Relative shift of the edge position for Sb- and In-ed
XANES. ~c! Phase fractions based on the path contribution to
EXAFS spectra for InSb phase~Sb-In and In-Sb nn paths!, metallic
In ~In-In nn path!, LixIn ~In-In path!, and lithiated InSb represente
by Li3Sb ~Sb-Li nn path!. The shaded squares for the Sb-Li pa
and the shaded triangles for the In-Sb path are not the result of
minimization.
6-8
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IN SITU X-RAY ABSORPTION STUDIES OF . . . PHYSICAL REVIEW B 66, 014106 ~2002!
around 90% in the voltage range from 0.6 V to 0.9 V, un
fected by the delithiation of LixIn. In the same range, th
number of In neighbors around Sb~open circles! remains
less than 10%.~ii ! The oxidation state of Sb@open circles in
Fig. 6~b!# does not change appreciably between 0.6 and
V.

The second phase transformation, which now affects
entire Li/InSb electrode occurs in the narrow voltage ran
from 0.90 to 1.05 V. Here the In metal content rapidly fa
from 90% to 50%, while the In content in the Sb fcc fram
work increases from less than 10% to 50%, as indicated
both the Sb-In nn path~open circles! and the In-Sb nn path
~filled triangles! in Fig. 6~c!. Concurrently, the Sb-Li nn con
tribution ~open squares! decreases from 90% to 50%
Clearly, Li is extracted from the Sb fcc framework and r
placed by In. In the same voltage range, the formal oxida
state of Sb is reduced by about one-half. While this is no
large change in oxidation state, it can be explained con
tently in terms of electron affinity, the energy gained by
atom in a crystal when an electron is added.20,21The electron
affinities of Sb, In, and Li are 1.07, 0.30, and 0.62 e
respectively.20 Therefore, it is expected that Sb will be re
duced if most of the Li neighbors are replaced by In, wh
possesses only half the electron affinity of Li. The fact th
this phase transformation takes place in the lithiated In
electrode is supported by the changes in the In-Sb b
length; below 0.90 V, Sb is mostly surrounded by Li, and t
distance between an Sb lattice point and its nearest neig
~the site occupied by indium in InSb, but mostly Li in th
case of the almost completely lithiated Lix1yIn12ySb elec-
trode! is best described by the Li-Sb distance in Li3Sb taken
from crystallographic data,22 and indicated by the upper do
ted line in Fig. 6~a!.

Above 0.90 V, Sb is mostly surrounded by In, and the
distance decreases, closer to the crystallographic In-Sb s
ing found for InSb (2.805 Å),22 as indicated by the lowe
dotted line. As is apparent from Fig. 6~a!, this expectation is
indeed supported by the change in bond length provided
the EXAFS data. The fact that Li extraction and In reins
tion alters the In-Sb bond length quasicontinuously indica
that the phase transformation takes place rather unifor
within the Sb framework, as suggested Sec. I. If disti
regions of Li3Sb and InSb prevailed and only their rat
changed, as in a reaction propagating inward from a pa
cle’s surface, the In-Sb distance would remain constan
Li3Sb and In would react to form InSb and Li.12 This sce-
nario is not supported by our experimental evidence, nor
consistent with the recent interpretation of the electroche
cal reaction of InSb with Li as given by Hewittet al.23

The final reaction associated with charging the cell ta
place between 1.05 and 1.15 V. In this region, Li extract
and In reinsertion are completed, and, in the fully charg
state, about 60% of the In has been reinserted into the Sb
framework, as evidenced by both the Sb-In nn path@open
circles in Fig. 6~a!# and the In-Sb nn path~filled triangles!.
The fact that about 40% of the In remains outside of the In
electrode as indium metal explains the partial loss in bat
capacity that is observed for the Li/InSb cell after the con
tioning cycle.7 In parallel to the completion of the In reinse
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tion, Li is extracted, relatively much more rapidly, from th
interstitial sites of InSb@~b! and ~d! in Fig. 1#. This is indi-
cated by the fact that the contribution of the Sb-Li nn pa
@open squares in Fig. 6~a!# decreases more rapidly~from
50% at 1.05 V to less than 5% at 1.15 V! than the contribu-
tion from the Sb-In path. This reaction yields an In-deficie
zinc-blende structure, LixIn12ySb at the top of charge. In th
fully charged state, Sb has 60% In neighbors and less t
5% Li neighbors, with the result that more than 35% of t
In sites in InSb remain vacant. Indium has 60% Sb nei
bors, i.e., 60% of the In prevails in InSb, and about 40%
the In remains outside the InSb electrode as In metal.
mentioned earlier, because of the very small amplitude of
Sb-Li path, as much as 20% could be included in the
while only doubling theR-factor, a measure of the goodne
of the fit.

From 0.9 to 1.2 V the In edge position shifts upward
0.4 eV. This is consistent with the formation of InSb, whic
has an edge energy 1.2 eV higher than In metal. Since a
40% of the indium remains metallic, the edge energy doe
shift entirely to the InSb edge energy.

Discharge cycle

Phase fractions, edge shifts, and In-Sb bond lengths
obtained from Sb- and In-edge XAFS for the discharge
cell B, are shown in Fig. 7. Note that the figure needs to
read from right to left to account for the switch from char
ing to discharging. The predominant electrochemical reac
for discharge is the insertion of Li into the negative ele
trode. The phase distribution of the fully charged cell w
described in the previous paragraph. Upon discharging,
aforementioned phase transitions are essentially rever
However, these reactions occur at a lower cell potential co
pared to the charge cycle. This hysteresis is due to none
librium polarization effects of the electrode. Such overpote
tial effects are characteristic of electrode processes and
exacerbated in this case by the presence of multiple pha
For example, Li insertion into interstitial sites does not occ
until a potential of about 0.90 V is reached. It is only th
that the Sb-Li path@open squares in Fig. 7~c!# starts to rise
from zero, and the lattice expands slightly as indicated by
increase inRInSb and RSbIn in Fig. 7~a!. Between 0.90 and
0.70 V, Li insertion occurs without any significant In extru
sion. Indium metal starts to be extruded from the Sb
framework at around 0.70 V and the In metal contributi
reaches its peak of about 85% at 0.52 V as indicated by
maximum contribution of the In-In path~filled circles!. Con-
current with the extrusion of indium from the Sb fcc fram
work, Li is inserted as shown by the increase in the Sb
path contribution~open squares!.

At around 0.70 V, the shift of the Sb edge shown in F
7~b! indicates a partial oxidation of the Sb by about one-h
of a formal oxidation state. This is consistent with the fa
that the electron donor indium is replaced by Li, which ha
greater electron affinity. Lithium insertion and In extractio
are completed at around 0.51 V. Despite these dra
changes in composition, the bond length between Sb and
6-9
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TABLE II. Cell potential ranges and primary reactions in the Li/InSb electrochemical cell.

Cell Potential~V! Primary reaction

A 1.4→0.7 xLi1InSb→Li xInSb
~discharge! 0.7→0.5 zLi1Li xInSb→Li x1zIn12ySb1yIn
B 0.6→0.7 LixIn→xLi1In
~charge! 0.7→0.95 yIn1Li3Sb→xLi1Li32xInySb

0.95→1.2 (0.62y)In1Li xInySb→xLi1In0.6Sb
B 1.2→0.9 xLi1In0.6Sb→Li xIn0.6Sb
~discharge! 0.9→0.5 (32x)Li1Li xIn0.6Sb→0.6In1Li3Sb

0.5→0.1 xLi1In→Li xIn
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original In site in InSb, now mostly occupied by Li, ha
expanded by only 2.760.7%. This implies an overall vol
ume expansion of about 8%, and highlights the capability
the Sb fcc host lattice to accommodate large amounts of
alkali metal. In this respect, InSb compares favorably
graphite as a host for Li, and provides one important prer
uisite for replacing graphite intercalation electrodes by int
metallic compound insertion electrodes.

Below 0.51 V, the In metal phase begins to be lithiate
This is evident from the decrease of the In-In metal p
~filled circles! and the increase of the In-In (LixIn) path
~filled squares!. This phase transformation is accompanied
oxidation of the In, as indicated by the edge shift shown
Fig. 7~b! ~filled circles!. Again, the oxidation is due to th
addition of Li, a neighbor with a greater electron affinity th
In. The magnitude of this change is comparable to the
crease in edge position measured between indium metal
LiIn. This reaction is essentially completed at about 0.30
where less than 10% of the In is present as InSb, while b
Sb ~still forming a stable fcc lattice but now in a superlatti
with a composition close to Li3Sb) and In~now forming
almost completely lithiated LixIn) have about 90% Li neigh
bors. At these low voltages, the contributions from the Sb
and In-Sb paths are too weak to yield reliable bond leng
However, the Sb-Li bond length can be extracted from S
edge EXAFS@open squares in Fig. 7~a!#, and is consisten
with a bond length close to the 2.846 Å expected for Li3Sb.
It has to be emphasized again that, although InSb has b
almost completely converted to Li3Sb, the original Sb fcc
framework remains intact without rearranging the latt
points~see Fig. 1!, and the Sb-Li spacing is still close to th
original Sb-In spacing for unlithiated InSb. The EXAFS da
clearly support the notion that InSb transforms smoothly a
continuously into Li3Sb upon lithiation. Theoretically, Li2Sb
could form as an additional phase during the lithiation
InSb. However, Li2Sb is not commensurate with the InS
superlattice shown in Fig. 1. Attempts to fit Li2Sb paths to
the data have given no indication of the presence of Li2Sb in
lithiated InSb at any cell potential. Table II summerizes t
primary reactions that occur as a function of the cell pot
tial over the charge and discharge cycles.

A closer evaluation of the data presented in Figs. 6 an
reveals a number of troubling inconsistencies. First of all
Figs. 6~a! and 7~a!, RInSb andRSbIn should be equal within
the stated error. The more or less constant offset in Fig.~a!
can be explained as a limitation in the theoretical calculat
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that has not been properly accounted for. However, in F
6~a!, the bond lengths change in opposite directions a
function of potential. The second inconsistency is in the p
contributions,NInSb andNSbIn. These should also be equ
at all times. In Fig. 6~c!, the offset could again be explaine
as merely a calibration error, exacerbated by the multi
phases present. In Fig. 7~c!, the constant shift is along thex
axis ~cell potential! rather than they axis. This is a much
more difficult difference to explain, likely revealing som
limitation in the model. We investigated an alternative a
proach, simultaneously fitting multiple sets of data, co
straining certain fit parameters. By constrainingRInSb
5RSbIn and NInSb5NSbIn, this technique resulted in unac
ceptably poor fits.

Stability of the Sb host lattice

An important constant factor throughout the entire ran
of electrochemically induced phase transformations is
stability of the Sb fcc host lattice. We have attempted to
the EXAFS spectra with the inclusion of a metallic Sb-S
path. At no cell potential is it possible to obtain a se
consistent description of the EXAFS spectra if an Sb-
metal path is included. This finding can be visualized
comparing the raw EXAFS data to EXAFS spectra fro
standards as shown in Fig. 8. Here thek2-weighted EXAFS
spectra for In metal~a!, InSb powder~b!, and Sb metal~c!
are shown as solid lines. As expected, the In metal EXAFS
close to the In-edge EXAFS from coin cell B charged to 0
V @dotted line in Fig. 8~a!#. At this state of charge, about 90%
of the indium prevails as metal.

Similarly, the In-edge EXAFS from an InSb standard
reasonably consistent with both the Sb-edge EXAFS@dotted
line in Fig. 8~b!# and the In-edge EXAFS@dashed line in Fig.
8~b!# obtained from a fully charged Li/InSb coin cell~1.2 V!.
At this state of charge, the highest InSb content of 60%
reached. The difference in amplitude between the stand
and the sample is explained by the smaller contribution
the In-Sb path in the case of the charged coin cell. The
parent similarity of the In- and Sb-edge EXAFS at this p
ticular cell potential is due to the fact that In and Sb differ
only two atomic numbers and have the same neighb
around each other, resulting in a similar backscattering fu
tion f (k) @see Eq.~3!#.12 Finally, in Fig. 8~c!, the EXAFS
from Sb metal is shown~solid line!. This EXAFS spectrum
is different than the Sb-edge spectrum at 1.2 V@see Fig. 8~b!#
6-10
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IN SITU X-RAY ABSORPTION STUDIES OF . . . PHYSICAL REVIEW B 66, 014106 ~2002!
and also from the spectrum obtained for the fully discharg
cell at 0.1 V shown as a dotted line in Fig. 8~c!. Apparently,
no indication of Sb metal beyond the EXAFS detection lim
~approx. imately 5%! is found for Li/InSb over the entire
potential range including the fully charged and discharg
states. As opposed to In, which occupies between 10%
60% of the zinc-blende lattice positions in InSb, the Sb o
cupancy remains close to 100% at all potentials.

VI. CONCLUSIONS

We have demonstrated that x-ray absorption spectrosc
provides detailed microstructural information about elect
chemically induced phase transformations that occur in In
upon lithiation and delithiation. Discharge of a Li/InSb co
cell results in Li insertion into the electrode in three separ
steps occurring at decreasing values for the cell potential~i!
Li is inserted in lattice sites interstitial to InSb,~ii ! Li re-
places In that is extruded from its InSb lattice sites, a
finally ~iii ! Li is reacted with the extruded In metal. Thes
phase transitions are essentially reversed upon changing

FIG. 8. k2-weighted raw EXAFS data for~a! In metal standard
~solid line! and Li/InSb electrode of cell B at 0.8 V during chargin
~dotted line, In-edge EXAFS!, ~b! InSb standard~solid line, In-edge
EXAFS! and Li/InSb electrode of cell B at 1.2 V during chargin
~dotted line: Sb-edge EXAFS, dashed line: In-edge EXAFS!, and
~c! Sb metal standard~solid line! and Li/InSb electrode of cell B a
0.1 V during discharging~dotted line: Sb-edge EXAFS!.
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direction of the current, i.e., upon charging the cell. The p
tentials at which the phase transitions occur are shifted r
tive to the discharge cycle due to polarization effects at
electrode. Our EXAFS data show that in the fully charg
state, about 40% of the In remains permanently outside
Sb fcc framework, and more than 20% of the In sites in In
remain unoccupied.

Despite the drastic changes in coordination experien
by Sb, from,20% Li, .20% vacancies, and 60% indium i
the charged state to almost 100% Li in the discharged s
the Sb host lattice remains remarkably stable at all cell
tentials. This stability of the host lattice together with t
compatibility of the phases that transform continuously in
each other—InSb, Lix1yIn12ySb, and almost fully lithiated
Li3Sb—is one reason why this type of intermetallic electro
is such an intriguing host for Li. An additional importan
reason for the ease with which these phase transforma
occur is the absence of significant changes in oxidation s
and, therefore, the absence of charge transfer. The fo
oxidation state of Sb and In, as probed by XANES, chan
by no more than one-half over the entire potential ran
indicating that electrons are essentially shared; replacin
by Li in InSb ~or vice versa! does not change the electron
structure of the Li/InSb system in a significant way.

Intermetallic compound electrodes such as InSb are
ferent from graphite electrodes with respect to the absenc
a layered structure that is able to intercalate alkali metal
oms. In the case of InSb, alkali-metal atoms are incorpora
into a slightly expanded but stable Sb fcc host lattice a
the second component, indium, has been extruded from
lattice. It should be noted that InSb, which crystallizes in
zinc-blende structure, has a relatively open network, prov
ing diffusion paths for the Li to be inserted into the structu
the volume occupied by hard spheres in the zinc-ble
structure is only 34%, while the value is 74% for close
packed cubic structures.
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