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A main source of capacity fading in lithium-ion batteries is the degradation of the active cathode materials
caused by the series of volume changes during charge and discharge cycles. The quaternary colquiriite-type
fluorides LixCaFeF6 and LixCaCoF6 were reported to have negligible volume changes in specific Li concentra-
tion ranges, making the underlying colquiriite structure a promising candidate for so-called zero-strain behavior.
Using first-principles electronic structure calculations based on density functional theory with a Hubbard-U
correlation correction on the transition-metal ions, we systematically investigate the equilibrium volumes of the
colquiriite-type fluorides LixCaMF6 with M = Ti, V, Cr, Mn, Fe, Co, and Ni at the Li concentrations x = 0,
1, and 2. We elucidate the connection between the total volume of the structures and the local volumes of
fluorine coordinated octahedra around the cations, and we find trends along the series of the 3d transition-metal
elements. In the lithiation step from x = 1 to x = 2 we find volume changes of about 10%, and we discuss the
discrepancy to the experimentally reported smaller value for LixCaFeF6. The suitability as cathode material was
furhter investigated by calculating the theoretical voltages and capacities. From x = 0 to x = 1 we describe the
compensating structural mechanisms that lead to an exceptionally small volume change of LixCaMnF6, which
posseses a high theoretical voltage and moderate capacity. This compound is therefore a particularly promising
zero-strain cathode material.
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I. INTRODUCTION

Active cathode materials for lithium-ion batteries (LIBs)
often suffer from mechanical degradation during charge and
discharge cycles [1–4]. Among other effects, phase trans-
formations or changes in the lattice parameters can occur
as a consequence of the intercalation and deintercalation of
Li ions. The associated volume change varies from mate-
rial to material. The widely used cathode material LixCoO2

(LCO), for example, undergoes a sequence of three distinct
phase transitions during delithiation [5]. The associated struc-
tural changes were found to be primarily responsible for
the performance degradation of graphite/LCO LIBs [6]. So-
called zero-strain (ZS) materials are characterized by very
small volume changes during ionic charging and discharg-
ing and are therefore promising candidates for mechanically
stable cycling. This is especially relevant in the context of
all-solid-state LIBs, where the stability of the interfaces be-
tween the active electrode and the solid electrolyte particles is
crucial [7,8].

Several ZS materials were reported in the literature and
different mechanisms were proposed to explain the ef-
fect. Li4Ti5O12 is a well-known ZS anode material [9–11]
for which the ZS behavior can be explained by the
compensation of changing O-Ti-O bond angles and Li-
O bond lengths during (dis-)charging [12]. Experimentally
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characterized metal-oxide ZS cathode materials for LIBs in-
clude the spinel-type compounds LiCoMnO4, where the ZS
behavior is mainly ascribed to a small difference in the
ionic radii of Co3+/Co4+ [13] and Li2Ni0.2Co1.8O4, where
the effects of contracting Co-O bonds and distortions of
the oxygen sublattice cancel each other [14]. In the disor-
dered rocksalt-type Li-excess compounds Li1.3V0.4Nb0.3O2

and Li1.25V0.55Nb0.2O1.9F0.1, the ZS behavior is described by
effects including the existence of transition-metal redox cen-
ters and electrochemical inactive elements and a migration of
Li from octahedral to tetrahedral sites [15].

In addition to oxide compounds, ZS behavior has also
been observed for some fluoride compounds. In the tungsten-
bronze-type compound K0.6FeF3 nearly zero-strain sodiation
was measured, which was attributed to the proper size of
the cavities for Na ions in this open framework structure
[16]. Koyama et al. first reported a compound crystallizing
in the so-called colquiriite structure in the context of ZS
positive-electrode materials. With density functional theory
(DFT) calculations in the local density approximation (LDA)
without spin polarization, they obtained a volume change for
LixCaCoF6 of 0.4% for a change of the Li concentration
from x = 1 to x = 0. They explained the ZS behavior during
delithiation by the reduction of Co-F bond lengths (due to
the oxidation of Co) compensating the elongation of Li-F
bond lengths (stronger F−-F− repulsion due to the missing
attraction between Li+ and F− after the removal of Li) [17].
De Biasi and coworkers measured a small volume change
below 0.5% in the colquiriite-type compound LixCaFeF6 in a
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Li concentration range of 1.0 � x � 1.8 [18]. This small vol-
ume expansion was attributed to the large absolute volume of
the Li-F octahedron that mitigates the effect of the expanding
Fe-F octahedron.

The colquiriite structure is named after the mineral
LiCaAlF6, which was first found in Colquiri, Bolivia. Since
then, many other compounds with this structure and the
general formula LiA2+M3+F6 were successfully synthesized
[18–25]. Most research focusing on colquiriites concerns their
application as laser media. Especially Cr-doped LiCaAlF6 and
LiSrAlF6 were investigated both experimentally and theoreti-
cally [26–30].

Pawlak et al. investigated the correlation between structural
parameters of colquiriite structures by means of a statistical
analysis of available experimental data [31]. For a set of
LiCaMF6 structures they showed that different M ions have
a strong influence on both lattice parameters a and c as well
as on the Li-F bond length: With larger M-F bond lengths the
Li(2c)-F bond length increases, too. However, no structural
correlation was detected between the M-F and Ca-F bond
lengths.

Motivated by the stability of the crystalline colquiriite
framework for various element combinations on the cation
sublattices, and by the reports of ZS behavior for represen-
tatives of this structure type, we apply electronic structure
calculations to systematically analyze the volume changes of
the colquiriite compounds LixCaMF6 for the lithiation steps
from x = 0 to x = 1 and from x = 1 to x = 2, considering the
series of 3d transition-metal elements (TMs) Ti, Cr, V, Mn, Fe,
Co, and Ni on the M site. We investigate different magnetic
configurations of the TM 3d electrons since these influence
the total energy and volume of the compounds. Electronic
structure calculations are a valuable tool to study volume
effects related to magnetism in metals. Previous reports that
relate the electronic structure to volume effects include, e.g.,
the so-called Invar effect [32], the relationship between mag-
netism and volume of cubic Fe, Co, and Ni phases [33] and
magnetovolume effects in iron and cobalt nitrides [34].

The paper is organized as follows: In Sec. II A, the colquiri-
ite structure is described, followed by a description of the
computational details in Sec. II B. The results of the atom-
istic DFT calculations for the determination of the magnetic
ground states are presented in Sec. III A and the volume
changes between those states for different Li concentrations
are presented in Sec. III B. The results are discussed in
Sec. IV: First we compare ionic radii for different U values
(IV A), then we discuss the relationship between the changes
in ionic radii (viz. volumes of octahedra) during lithiation and
the electronic structure of the TM element (IV B), followed
by an explanation of how the local volumes of octahedra of
fluorine anions determine the total unit-cell volume of the
crystal structure (IV C). Our conclusions are given in Sec. V.

II. THEORETICAL APPROACH

A. Colquiriite structure

Colquiriite-type compounds crystallize in the trigonal
space group P3̄1c. The unit cell of a LiCaMF6 crystal con-
sists of two formula units (f.u.), i.e., 18 atoms, displayed in

FIG. 1. Trigonal unit cell of the colquiriite-type structure of
LiCaMF6 (M = Ti, V, Cr, Mn, Fe, Co, and Ni). The octahedra of
M cations coordinated by fluorine anions (yellow spheres) are la-
beled by the respective central cation M. Black and red spheres at
Wyckoff positions 2a and 6g, respectively, indicate the possible sites
for additional Li ions.

Fig. 1. The lattice parameter a is defined along the [21̄1̄0]
direction (or equivalently along the [1̄21̄0] direction) and c
is defined along the [0001] direction. Along the [0001] di-
rection, the crystal consists of alternating layers of fluorine
coordinated Ca and Li/M octahedra. The Ca and M ions
occupy the Wyckoff positions (WPs) 2b and 2d, respectively.
If there is one Li atom per f.u., then it is located at the
WP 2c. Additional possible sites for Li ions in the case of
higher Li concentrations are the WPs 2a and 6g (fractional
coordinates: [0, 0, 1/4] and [0, 1/2, 1/2], where for the latter,
three inequivalent arrangements of Li ions on these sites are
possible). We describe the energetic hierarchy of the different
Li occupations in more detail in Sec. III A 1. Table I lists the
coordinates of the symmetric sites of the colquiriite structure.

TABLE I. Wyckoff positions and fractional coordinates of the
asymmetric unit of the colquiriite structure (space group P3̄1c). The
fluorine atoms, which occupy the general position [x, y, z] are here
exemplarily given for LiCaAlF6 according to Ref. [35].

Atom Multiplicity Wyckoff letter x y z

Ca 2 b 0 0 0
Li 2 c 1/3 2/3 1/4
M 2 d 2/3 1/3 1/4
F 12 i 0.376 0.032 0.144
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B. Computational details

We determine the equilibrium volumes V0 of the colquiriite
unit cells by fitting the Murnaghan equation of state (EOS)
[36] to a dataset of minimal total energies calculated for dif-
ferent unit-cell volumes. At each given volume we optimize
the unit-cell shape and the atomic coordinates.

The procedure of using energy-volume (EV) curves
[37,38] gives more accurate results for V0 compared to the
volume optimization by stress minimization, with routines
implemented in most atomistic simulation codes. It avoids
numerical errors in the Pulay stresses that originate from the
dependence of the incompleteness of the plane-waves basis
on the unit-cell volume. In addition, by means of the EV
curves, one can clearly distinguish minimum energies and
equilibrium volumes of electronically or magnetically stable
(ground-state) and metastable structures as long as those fol-
low separate EV curves rather than only getting one–global or
local–energy-minimum point as in the case of unconstrained
volume optimization by stress minimization.

All DFT calculations were carried out with the Vienna ab
initio simulation package [39]. The Perdew-Burke-Ernzerhof
generalized gradient approximation [40] was used for the
exchange-correlation functional. Interactions between valence
electrons and ionic cores are treated with the projector-
augmented wave method [41]: For Li, the 1s, 2s, and
2p orbitals; for Ca, the 3s, 3p, and 4s orbitals; for the con-
sidered TMs, the 3s, 3p, 3d , and 4s orbitals; and for F, the 2s
and 2p orbitals are taken as valence states.

Similarly to the situation in oxides, the localized elec-
trons of the 3d TMs in fluorides are often not well described
by DFT with LDA or GGA approximations. A Hubbard-U
correlation-correction term can mitigate the respective self-
interaction error which leads to a too-weak localization of
the 3d electrons [42–48]. The value of the U parameter is
often chosen semiempirically, e.g., by tuning it to match
the calculated electronic band gap with experimentally mea-
sured values. However, the scarce experimental data for the
electronic structure of colquiriite-type fluoride compounds,
especially for the band gap, does not allow a correspond-
ing adjustment of the U value for our study. We therefore
pursue a more generic comparison between theoretically cal-
culated and experimentally measured quantities: We compare
the change in the ionic radii of the electrochemically ac-
tive cations during lithiation, extracted from the ground-state
structures for different U values, to the change in the ionic
radii given by Shannon [49]. U is chosen in such a way that
our calculated values and the Shannon radii match best for the
considered series of 3d TM ions. We followed the DFT+U
approach of Dudarev et al. [50] and compared calculations
with values of U eff = 0 (no U correction), 4, and 8 eV on
the 3d orbitals of the M ions, where U eff = U − J . Here U
denotes the on-site Coulomb term and J the site exchange
term. To simplify the notation, U eff will be denoted just as
U in the following.

We set the energy cutoff for the plane-waves basis to
700 eV and use a 6×6×3 Monkhorst-Pack [51] k-point
mesh with a Gaussian smearing of 0.05 eV [52,53] for the
Brillouin-zone integrations. We converged the total energies
to 5×10−6 eV in the electronic self-consistency loop and the
interatomic forces to 0.05 eV/Å in the ionic relaxation loop.

FIG. 2. Possibilities to distribute the 3d electrons of Co in the
3d orbitals for three different oxidation states. The arrows indicate
the two different spin directions of the electrons. The corresponding
local magnetic moments of the ions are obtained by counting the
unpaired electrons.

III. RESULTS

A. Ground-state configurations

In order to find the state of lowest energy (ground state)
for each considered compound LixCaMF6, we investigated the
different possible sites for Li ions in the colquiriite structure
and the different possible local magnetic moments of the
M ions. We then calculated the relative energetic ordering of
those compounds.

1. Occupation of Li sites

To figure out which of the WPs 2a, 2c, and 6g are favored
to be occupied by Li for the Li concentrations x = 1 and
x = 2, we set up the corresponding unit cells and calculated
the EV curves. In addition, we deliberately displaced the Li
atoms slightly from their high-symmetry WPs, which, how-
ever, always resulted in a relaxation back to the WPs. For each
crystal composition with TM element M and Li concentration
x, the energies of the structures with different Li occupations
were calculated for the three considered U values, 0, 4, and
8 eV, and for the possible variety of magnetic states (i.e.,
high-spin and low-spin states, which are described in detail
in Sec. III A 2). In the first lithiation step from x = 0 to x = 1,
we found that the 2c sites are always the energetically favored
positions for Li by at least 0.28 eV/f.u.

For the second lithiation step from x = 1 to x = 2, we
accordingly considered unit cells with Li on the 2c sites and
placed the two additional Li atoms on the 2a or 6g sites. It
turned out that an occupation of the 2a sites leads to structures
that are lower in energy by at least 0.11 eV/f.u. than the
structures where the 6g sites are occupied.

2. Local magnetic moments of TM ions

Following the idealized chemical notion of occupying
atomic orbitals with electrons/spins, there are several distinct
possibilities to formally distribute the valence electrons of a
TM ion on the atomic 3d orbitals, which lead to different local
magnetic moments. Figure 2 exemplary illustrates this for the
Co ion in the three oxidation states, Co4+, Co3+, and Co2+.
Without considering the corresponding energies, one can in
principle distinguish a high-spin (HS) state with a maximum
number of unpaired electrons, a low-spin (LS) state with a
minimum number of unpaired electrons, and a state with an
intermediate spin configuration. Co has the valence electron
configuration 3d74s2. With the 4s electrons taken first by
fluorine anions, this leads to magnetic moments of 5 μB (HS)
and 1 μB (LS) for Co4+, 4 μB (HS) and 0 μB (LS) for Co3+,
and 3 μB (HS) and 1 μB (LS) for Co2+, as sketched in Fig. 2.
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FIG. 3. EV curves of LixCaCoF6 for the three Li concentrations
(x = 0, 1, and 2) and for the three U parameters (U = 0, 4, and
8 eV). In each of the nine panels, the energy is referenced to the
energy minimum of the high-spin (HS) EV curve. Filled circles
mark calculated total energies per f.u. obtained at fixed volumes
and variable cell shape, and solid lines indicate the fitted EOS. The
magnetic moments (in units of μB) of the Co ions after relaxation are
given at each curve.

The three oxidation states 4+, 3+, and 2+ will be con-
sidered in the following for each M cation, since they are
formally adopted by those ions in the colquiriite structures
with Li concentrations x = 0, 1, and 2, respectively, as a
consequence of total charge neutrality.

For all compounds, we carried out a series of DFT cal-
culations by initializing the magnetic moments at all integer
values between 0 μB and 5 μB. After the structural relaxations,
at most two states were found to be stable, namely one HS and
one LS state. No initially prepared intermediate state could be
stabilized finally. For Ti4+, there is no 3d electron, and for
Ti3+ and V4+, there is only one 3d electron and hence only
a single-spin state. For some cations with more than one 3d
electron, i.e., where formally more than one spin state may be
expected, only one spin state was found to be stable (e.g., a
HS state of V2+ with three unpaired 3d electrons and 3 μB).

Since there are two M atoms in the unit cell of the colquiri-
ite structure considered in this work, one can distinguish two
collinear arrangements of magnetic moments, a ferromagnetic
(FM) one, where the local magnetic moments on the two
M ions are oriented parallel to each other, and an antiferro-
magnetic one (AFM), where the local magnetic moments are
oriented antiparallel. For the example of LixCaCoF6, we set up
the two arrangements with different initial magnetic moments
and performed total energy calculations for structures with
x = 0, 1, and 2, and U = 0, 4, and 8 eV. The local magnetic

moments of the HS and LS states on the individual M ions
were found to be identical for both FM and AFM arrange-
ments, with differences in energy between those of less than
0.0074 eV/f.u. Similar results for other exemplarily tested
compounds indicate negligibly weak exchange interactions
between the local magnetic moments on the different M ions.
Therefore, we present only the results for FM arrangements in
the following.

Figure 3 displays the calculated energy versus volume data
and the fitted EV curves for x = 0, 1, and 2, and for U = 0,
4, and 8 eV for LixCaCoF6. The results for HS and LS states
are displayed in green and red, respectively. For Li2CaCoF6

calculated with U = 0 eV, only one magnetic state was stable
after relaxation. For the other cases, the energy ordering be-
tween HS and LS states depends on the value of U as well as
on the Li concentration x. As described above, the additional
Li reduces the TM cation which results in different distribu-
tions of the 3d electrons with different energies. The magnetic
moments increase in magnitude with higher values of U as
expected since U forces the electrons to their respective M
sites. For the HS states, the calculated values of the magnetic
moments are less than the formally expected integer numbers
(5 μB, 4 μB, and 3 μB for x = 0, 1, and 2, respectively) but
approach them for increasing x. The magnetic moments of
the M ions in the LS states correspond well to the formal
oxidation numbers (0, 1, 0 for x = 0, 1, 2). The magnetic
moments of all TM ions are reported in the supplemental
material [54].

We extract two quantities from each EV curve: (i) the equi-
librium energy, E0, from which we can calculated �EHL

0 =
EHS

0 − ELS
0 ; the difference in minimum energy between the

HS and LS state for each combination of x and U ; and (ii) the
equilibrium volumes V 0 of the ground states at the different Li
concentrations x. From those volumes we can calculate �V 0,
the volume change of the unit cell due to the Li addition.

Table II summarizes the magnetic ground states for all the
studied LixCaMF6 compounds and different U values together
with �EHL

0 , where applicable. For M = Ti at x = 0 (Ti4+) and
x = 1 (Ti3+) and for M = V at x = 1 (V4+), only a zero-spin
or a single-spin state is possible, as explained above and
therefore no distinction between LS or HS is meaningful.

For most of the compositions, the HS state is preferred.
The LS state was only found to be more stable in some cases
containing Co3+/Co4+ or Ni3+/Ni4+ and with specific values
of U .

Our findings for TM fluorides are in good agreement with
the findings for TM oxides reported by Jia et al. [55], who
have analyzed the distribution of magnetic moments of the 3d
TM ions, which were calculted by first principles for a large
set of compounds from the Materials Project database [56].
For Ti, V, Cr, Mn, and Fe the magnetic moments correspond-
ing to the HS states were the ones occurring most often. For
some oxidation states of Co and Ni no clear preferred spin
state was found. In the fluoride compounds calculated in this
work, for Co4+ and the U values U = 4 eV and U = 8 eV
the HS spin state was the energetically favorable one, whereas
this state was not found for oxides by Jia et al. [55]. They
found for Ni3+ the low-spin and intermediate-spin state most
often, which goes well in line with the experimental findings
that Ni3+ in LiNiO2 is considered to be in the LS state [57].
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TABLE II. Magnetic ground states for the compounds LixCaMF6 with M = Ti, V, Cr, Mn, Fe, Co, and Ni for x = 0, 1, and 2 (corresponding
to the formal oxidation states of the M cations 4+, 3+, and 2+) and for U = 0, 4, and 8 eV applied to the M ions. In parentheses �EHL

0 is
given. (*) indicates that only the magnetic state presented in the table was stable after relaxation. All numerical values are given in eV.

Ti V Cr Mn Fe Co Ni

x = 0; M4+

U = 0 HS (−0.95) HS (*) HS (−0.75) LS (0.5) LS (*)
U = 4 HS (−2.5) HS (*) HS (−1.99) HS (−0.05) LS (1.0)
U = 8 HS (*) HS (*) HS (−3.53) HS (−0.89) LS (0.13)

x = 1; M3+

U = 0 HS (−0.99) HS (*) HS (−1.66) HS (−1.11) LS (0.17) LS (*)
U = 4 HS (*) HS (*) HS (−2.43) HS (−1.96) LS (0.08) HS (−0.26)
U = 8 HS (*) HS (*) HS (−2.73) HS (*) HS (−0.28) HS (−0.48)

x = 2; M2+

U = 0 HS (*) HS (*) HS (−1.59) HS (−2.33) HS (−1.4) HS (*) HS (−1.17)
U = 4 HS (*) HS (*) HS (−2.2) HS (*) HS (−1.81) HS (−1.97) HS (*)
U = 8 HS (*) HS (*) HS (−2.71) HS (*) HS (−2.06) HS (−2.98) HS (*)

Other DFT + U studies with a wide range of applied U values
(2.45 eV [58], 5.96 eV [59], and 3, 6, and 9 eV [60]) agree
with that. In the colquiriite fluorides calculated in this work,
we found the LS state of Ni3+ only for U = 0 and otherwise
the HS state. Therefore, in general, the preferred spin state
depends strongly on the oxidation state of the TM ions and
only for some cases the magnetic ground state is influenced
by the type of ligand surrounding the TM ion or the applied
U value. A trend can be observed that the HS states become
more stable with higher U values. This was reported earlier for
Fe2+ compounds by Mariano et al. [61], who calculated the
energy differences between HS and LS states for six molecu-
lar complexes with different ligands applying DFT + U with
U values between 0 and 8 eV.

B. Local and global volume changes

From the obtained crystal structures of the U -dependent
magnetic ground states we now analyze the ionic radii of the
M cations as function of the Li concentration. We compare the
results to Shannon’s empirical set of ionic radii extracted from
experimental mineral-structure data. This comparison enables
us to select a value for U which fits best to experimental
structure data. This procedure is discussed in more detail in
Sec. IV A. Overall, we found that U = 4 eV gives the best
agreement (within the values examined in this work) of our
and Shannon’s radii for both lithiation steps. Therefore, we
use this particular U value with good confidence for all the
calculations described in the following.

Figure 4 depicts the absolute volumes of fluorine octahedra
around the M, Li, and Ca cations. Along the 3d series the
MF6 octahedron volume decreases, which can be explained
by the increasing nuclear charge of the atoms. The calculated
octahedra volumes follow qualitatively similar trends as the
experimentally measured bond lengths reported by Pawlak
et al. [31] for colquiriite compounds of the type LiCaMF6:
Together with a lower MF6 octahedron volume (lower M-F
bond length) the LiF6 (2c) octahedron volume (Li-F bond
length) also decreases and the CaF6 octahedra volumes are
not correlated with the M-F bond lengths.

The experimental results from de Biasi et al. [18] for the
octahedra volumes are shown for the lithiation concentrations
x = 1 and x = 2. It is important to note that the maximal con-
centration that was achieved in the experiments was x = 1.79.
The 57Fe Mössbauer spectroscopy at that concentration, how-
ever, showed that most of the iron ions were in the oxidation
state Fe2+, i.e., similarly to the oxidation state of the iron ions
in the x = 2 calculations of this work. In the experimental
work only the average value of the LiF6 octahedra at x = 1.79
was reported.

The value for the CaF6 octahedra volume measured exper-
imentally is closer to the value obtained in the calculations
at the lithium concentration x = 2 than at x = 1. De Biasi
et al. reported no change in the volume of these octahedra.
The values for the FeF6 and LiF6 (2c) octahedra volumes

FIG. 4. Absolute volumes of the MF6, LiF6, and CaF6 octahedra
for the magnetic ground-state structures at U = 4 eV. The experi-
mental results by de Biasi et al. [18] for LixCaFeF6 are shown with
open symbols. The scale of the y axis is the same for all the plots.
Lines between data points serve as guide for the eye.

165140-5



BAUMANN, MUTTER, URBAN, AND ELSÄSSER PHYSICAL REVIEW B 108, 165140 (2023)

FIG. 5. Relative volume changes of the MF6, LiF6, and CaF6

octahedra for the ground states obtained for U = 4 eV. For clarity
only the changes of the Li octahedra, which are occupied in the
corresponding lithiation step, are shown. Lines between data points
serve as guide for the eye.

at x = 1 show a good agreement between the calculations
of this work and the experimental results. For the higher Li
concentration, however, especially the volume of the FeF6

octahedron volume was measured to be much lower than the
calculated one.

In Fig. 5 the relative volume changes of the fluorine oc-
tahedra in the two lithiation steps are displayed. For all the
considered 3d TM elements M, the volumes of the octahedra
around the Li sites that become occupied during the two
lithiation steps get smaller. This is because of a reduction of
the repulsion of the negatively charged fluorine anions of a
F6 octahedron, when a positively charged Li ion occupies its
center. For the step from x = 0 to x = 1, the volume changes
of the LiF6 (2c) octahedra behave qualitatively similar along
the 3d series as the volume changes of the MF6 octahedra,
which is due to shared F-F edges between them (cf. Fig. 1).
In the second lithiation step the LiF6 (2a) octahedra become
occupied, which also share F-F edges with the MF6 octahedra.
However, they also share their top and bottom faces (in the
[0001] direction) with two CaF6 octahedra. This leads to a
less pronounced correlation between MF6 and LiF6 (2a) octa-
hedra.

The CaF6 octahedra hardly change their volume in the first
lithiation step, independent of the element M. However, in the
second lithiation step, there is a nearly constant contraction
by about 5–7% of the volumes of CaF6 octahedra for all the
considered M ions.

The relative change of the unit-cell volume of the colquiri-
ite crystal, �V (rel.)

0 = (V0[x + 1] − V0[x])/V0[x], is also dis-
played in Fig. 5. In the first lithiation step (from x = 0 to
x = 1), �V (rel.)

0 adopts negative values between 0 and −7%
for most of the considered compounds or values slightly above
zero for M = Mn and M = Ni. Especially for M = Mn, a
remarkably small volume change of 0.5% indicates indeed a
ZS behavior. For most of the compounds, volumes are com-
pared between ground states, which have the same spin state
(mainly HS, cf. Table II). Only for LixCaCoF6 (HS to LS)
and LixCaNiF6 (LS to HS) is there a concomitant change of
the magnetic ground state. For M = Co, this transition causes
the pronounced deviation of the volume change to a negative
value of −7.3%, more negative than the values of the other

systems, in which no such transition between magnetic states
takes place. For M = Ni, the different magnetic ground states
do not lead to such a pronounced effect.

In the second lithiation step (from x = 1 to x = 2) all of the
volume changes of the unit cells are positive within a range of
about 8.5–12%. Only the compound containing Co exhibits a
LS-to-HS transition, which results in a slightly higher value
of 13.3% compared to the other M cations. The large relative
change of the CoF6 octahedra in this lithiation step stems from
its volume at x = 1 being small compared to the volumes of
the other MF6 octahedra, while the absolute change of the
octahedra volume is comparable to others (cf. Fig. 4).

The increasing volumes of the MF6 octahedra affect the
unit cell volumes, which can be seen from the qualitatively
similar shapes of the red and black curves. The volume ex-
pansion of the MF6 octahedra by up to 20% must be, at
least partially, compensated by other effects to obtain the
overall negative or very small positive changes of the unit-
cell volumes. The joint effect of the local volume changes
of the different octahedra on the total unit-cell volume of
the colquiriite structure will be discussed in Sec. IV C. The
absolute volumes (V0) of the unit cells for all compounds and
U values are listed in the supplemental material [54].

C. Theoretical capacities and voltages

To assess the suitability of the colquiriit compounds as
active cathode materials, we calculated their theoretical ca-
pacities and voltages. The capacity is given by the maximum
ionic charge which can be stored in the compounds (here two
Li+ ions per formula unit) with respect to its mass (gravi-
metric capacity) or equilibrium volume (volumetric capacity).
Considering the total theoretically accessible lithiation range
(x = 0 to x = 2), the gravimetric (volumetric) capacitities lie
in the range of 222.6–233.4 mAh/g (240.9–263.3 mAh/cm3)
if referenced to the masses (equilibrium volumes) of the
colquiriite compounds at x = 2. In comparison, the corre-
sponding capacities of LixCoO2 (LCO) are 273.8 mAh/g
(339.1 mAh/cm3) in the range x = 0 to x = 1. However, the
cyclability of LCO is known to be restricted to the range 0.5
� x � 1, reducing the capacity accordingly to 137 mAh/g
[62]. The voltages can be determined from the total energies
of the compounds [63], which we obtained from our DFT + U
calculations. The voltages, referenced against the oxidation
potential of metallic lithium, are displayed in Fig. 6 separately
for the two lithiation steps. For all considered compounds,
the voltage decreases from the first to the second lithiation
step. This is in accordance with the finding that the occu-
pation of the WP 2c in the first step is energetically more
favorable than the occupation of the WP 2a in the second
step. Our calculated voltage for the intercalation step from
CaCoF6 to LiCaCoF6 of 5.6 V is in good agreement with the
value reported by Koyama et al. (5.80 V) [17]. Koyama et al.
attributed this relatively high voltage, e.g., compared to the
value of 4.2 V for LixCoO2, to the higher electronegativity of
fluorine compared to oxygen. In line with this argument sev-
eral considered compounds show higher voltages when com-
pared to oxides utilizing the same redox couple (Ni4+/Ni3+:
4.3 V for LixNiO2; Mn4+/Mn3+: 3.4 V for LixNiO2 [59]).
Only based on the calculated voltages, one could also imagine
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FIG. 6. Theoretical voltages of the LixCaMF6 compounds for the
two lithiation steps, x = 0 to x = 1 and x = 1 to x = 2.

a cell with LixCaTiF6 as the anode cycled against LixCaFeF6

as the cathode, resulting in about 3 V in the Li range x = 0
to x = 1. The voltage would, however, drop to an unfavorable
small value for the second lithiation step.

IV. DISCUSSION

A. Choice of the U parameter

The oxidation number of the electrochemically active 3d
TM cation decreases when lithium ions are inserted into the
colquiriite-type crystal structure and the cations have different
ionic radii at different oxidation states. In a simple picture, in
which the bond length between two ions is the sum of their
ionic radii, the relative change in ionic radius, �r (rel.), can
be related to the relative change of the MF6 octahedron vol-
ume, �V (rel.) (the derivation is presented in the supplemental
material [54]):

�V (rel.) = [α�r (rel.)]3 + 3[α�r (rel.)]2 + 3α�r (rel.). (1)

Here α = r0/r0 + rL relates the change in ionic radius to
the change in bond length, with r0 and rL being the ionic
radius of the M cation in the initial state and the ionic radius
of the ligand, F−, respectively. The ionic radius of fluorine
is 1.3 Å for a threefold coordinated ion in the charge state
1− and the typical values for the ionic radii of 3d TM lie in
the range of 0.5 and 0.8 Å. Therefore α as well as �r (rel.) both
are small (<1), and the change in volume of the octahedra can
be approximated by the last, linear term of the right-hand side
of Eq. (1).

We choose the ionic radius to select an appropriate value
for U because of its experimental availability and the estab-
lished linear correlation to the change in MF6 octahedron
volume, an important quantity for the investigation of local
and global volume changes due to Li insertion. For all our
considered cations in their oxidation states 4+, 3+, and 2+,
the ionic radii derived from experimental data of mineral
structures, with the different magnetic spin states taken into
account, were compiled by Shannon [49]. We derived the cor-

FIG. 7. Comparison of the lithiation induced relative changes of
ionic radii from Shannon and from the calculations performed in
this work. The three panels on the left (right) display the results for
the first (second) lithiation step. The U correction on the M cations
increases from top to bottom. Inserted into each panel is the MAD
between the two sets of ionic radii changes.

responding ionic radii from the bond lengths in our calculated
ground-state crystal structures. Figure 7 compares the change
in Shannon ionic radii to the change of our calculated ionic
radii for the two lithiation steps and the three considered U
values. Overall, the change in calculated radii fit well with
the change in Shannon radii. For U = 0 eV and U = 4 eV,
they even follow the same trend along the 3d series of the M
cations, with a slight deviation only for M = Fe and M = Co
in the first lithiation step for U = 0 eV. For U = 8 eV, the
calculated values exhibit the strongest differences to the ex-
perimental ones, especially for the second lithiation step. In
order to further quantify the agreement between the two sets,
we calculated the mean absolute deviation (MAD) for each
set of data points, which is displayed for each combination of
lithiation step and U value in Fig. 7.

For both lithiation steps the MAD is lowest for U = 4 eV
and for that value the overall trend along the series of M
ions is well reproduced. This is in good agreement with other
computational works on 3d TM fluorides: A value of 4 eV
lays well in the range of previously used U corrections (e.g.,
5 eV for Fe in FeF3 [64], 4 eV for Ni and 5 eV for Co in
AgMF4 (M = Ni, Co) [65], 2.4 eV for Ti and 5.0 eV for Fe
ions in Na2TiFeF7, and 4 eV for Mn in LiMn2O4 [66]).

B. Changes in ionic radii along the 3d TM series

As described in Sec. III, the magnitude of volume changes
of the colquiriite-type crystal structure on lithiation signifi-
cantly depends on the species and size of the TM ion. Similar
findings were reported by Ariyoshi et al. for solid solutions of
Li[Ni1−x−yCoxMny]O2 with 0 � x � 1 and 0 � y � 1 [67],
where the ratio of the different TM species strongly influences
the volume change in the lithiation process. Obviously, for
both ligand elements L = O and L = F , the volume changes
of the ML6 octahedra is correlated with the changes of the
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ionic radii of the M ions. TM cations in lower oxidation states
have larger ionic radii since the electrons are less strongly
attracted by the smaller positive ionic charge. Therefore, the
change in ionic radius is always positive with increasing
Li concentration. The larger radii increase the bond lengths
between the TM cations and the surrounding anions and,
accordingly, the corresponding volumes of the coordination
octahedra. Therefore, in the following, we first discuss the
changes in ionic radii along the 3d TM series according to
the ligand field theory (LFT) before we connect the local vol-
ume changes of the octahedra surrounding the cations with the
global volume changes of the crystal structures in Sec. IV C.

According to the LFT, nine orbitals of the central TM
cation can be involved in bonding in an octahedral coordi-
nation. For 3d TM, the involved atomic orbitals (AOs) are the
3d , 4s, and 4p orbitals. The 4s and the 4p orbitals have the
symmetry a1g and t1u, respectively. The 3d orbitals are split
into two symmetry groups, denoted eg (dx2−y2 and dz2 ) and t2g

(dxy, dxz, dyz). In σ bonding, six orbitals of the ligands (for
fluorides: one 2p orbital per fluorine) form symmetry adapted
linear combinations (SALCs), which can be split into three
symmetry groups: eg, a1g, and t1u. In order to overlap (i.e., to
form a σ bond) the AOs of the central cation and the SALCs
must have the same symmetry. With the exception of the t2g

orbitals, this is fulfilled for all AOs and SALCs.
The t2g can form π bonds with another set of SALCs

of the ligands (formed by the other two 2p orbitals), which
have the t2g symmetry [68]. In general, the t2g orbitals could
also interact with t2g orbitals from other metal cations in
the colquiriite structure. However, the MF6 octahedra are not
directly connected to each other (i.e., no TM cation is the
next nearest neigbhor to another TM cation) and are separated
by more than 5.1 Å in the (0001) plane. Along the [0001]
direction they are separated by CaF6 octahedra, whose central
cations have no d orbitals to form π bonds.

In summary, the orbitals with symmetry groups eg, a1g, and
t1u form σ bonding and antibonding (indicated by an asterisk)
orbitals. The orbitals with symmetry group t2g form π and π∗
orbitals. All the bonding orbitals are occupied by the number
of electrons corresponding to the number of 2p electrons of
the F− ligands. The next orbitals that can be occupied are the
antibonding t∗

2g and the e∗
g orbitals [69]. They are occupied

by the number of electrons corresponding to the number of
3d electrons of the central TM. In general, antibonding or-
bitals increase the bond length. The t∗

2g form weaker π bonds
compared to the e∗

g σ bonds. Therefore, the occupation of
the former increases the M-F bond length to a lower extent.
This has already been reported in other works, concerning 3d
TM cathode materials [15,70]. As described in the context of
Eq. (1), the M-F bond lengths are linearly related to the ionic
radii of the M cations and to the MF6 octahedron volumes.

We first discuss the relative change of the octahedron vol-
umes during the first lithiation step for each M cation, as
plotted in the left panel of Fig. 5. Figure 8 schematically de-
picts the formal spin configurations in the different oxidation
states corresponding to the ground states obtained in the calcu-
lations (cf. Table II). For Ti, V, and Cr, the additional electron
of the first inserted Li atom occupies one of the previously
empty t∗

2g orbitals. For Mn, however, one of the e∗
g orbitals

becomes filled, which results in a considerable increase of

FIG. 8. Formal 3d orbital occupations for the three oxidation
states of the 3d TM cations M in their respective ground states
corresponding to the different Li concentrations x. Along the series
from Ti to Fe, the ground states are always magnetic HS states. The
magnetic states of Co (Ni) follow the sequence HS → LS → HS
(LS → HS → HS) with increasing x.

the ionic radius. For Fe the change is again smaller, because
in Fe4+ there was formally already one e∗

g orbital occupied
and therefore the relative change due to the second e∗

g orbital
becoming occupied is not as large.

The small volume change of the CoF6 octahedron (1.6%)
can be explained by the fact that for x = 0 the HS state is
energetically preferred, while for x = 1 it is the LS state. This
means that for x = 0 both e∗

g orbitals are singly occupied,
while for x = 1 all three t∗

2g orbitals are doubly occupied
by the six electrons. This relocation of the electrons nearly
completely compensates the effect of the additional electron,
which increases the ionic radius.

Ni (with formally 6 [Ni4+] or 7 [Ni3+] 3d electrons) exists
in the LS state for x = 0 and in the HS state for x = 1.
Therefore, at x = 0 all t∗

2g orbitals are doubly occupied and
at x = 1, both e∗

g orbitals are singly occupied. As in the case
of Mn, this also leads to a larger volume change of the M
octahedron.

Corresponding arguments can be applied for the second
lithiation step. The Cr and Co octahedra are expected to yield
the largest positive changes, because for both systems previ-
ously empty e∗

g orbitals become occupied, which is reflected
by the data points. The octahedron around Mn has a compara-
bly large volume change, too, since here the second e∗

g orbital
becomes occupied.

To strengthen the arguments made above based on the
LFT, we relate them to the results of electronic structure
calculations for site- and orbital-projected densities of states
(PDOS) of the 3d orbitals of the TM ions. Figure 9 illustrates
that for LixCaMnF6 the charges obtained by integrating the
PDOS up to the energy of the highest occupied level are for
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FIG. 9. Site- and orbital-projected densities of states of the t∗
2g

and e∗
g orbitals of Mn in LixCaMnF6, calculated with U = 4 eV. The

insets sketch the expected formal distributions of the 3d electrons in
the high-spin states (ground states for LixCaMnF6) among the two
orbital groups according to the LFT. The energies are referenced to
the Fermi energy (dotted vertical lines). The numbers of electrons
(or charges in units of the elementary charge) obtained by integrating
over the occupied states in each orbital group and spin channel are
written next to the corresponding curves.

both spin channels in good agreement with the formal charges
expected from the LFT. The largest deviation is obtained for
the e∗

g orbitals at x = 0 which show nonzero occupations in
both spin channels. However, they are expected to be empty
according to the LFT. We can attribute this small mismatch to
some electronic hybridization interaction of the well localized
3d orbitals with the more delocalized, formally empty 4s and
4p orbitals. Therefore, a small fraction of the electron density
gets projected onto atom-centered partial waves of d-orbital
symmetry in the calculation and integration of the PDOS.

In the first lithiation step, the state in the spin-up channel
of the e∗

g orbital, which is unoccupied at x = 0, shifts towards
the Fermi level and becomes partially occupied at x = 1. In
the second lithiation step, this state is shifted below the Fermi
level and is then completely occupied. This trend agrees with
the LFT and supports the validity of the arguments made
above.

C. Effects of local volume changes on the volume
change of the unit cell

To understand how the volume of the unit cell of the crystal
is affected by the local volume changes of the fluorine coor-
dinated octahedra around the different cations, we analyze the
structural changes during lithiation with respect to the location

FIG. 10. Change of structural parameters of LixCaMnF6 during
the two lithiation steps. The upper two structures display the change
in the octahedra volumes while the central and lower panels show the
length changes of the octahedra along the lattice directions. Trans-
parent octahedra represent octahedral sites that are not occupied.
In the top left structure the Ca and Mn octahedra are labeled by
the central cation and the lithium octahedra are labeled with the
respective Wyckoff position.

of the octahedra and to their connections to each other in the
colquiriite structure.

In Sec. III B we describe that the MF6 octahedra swell in
the first lithiation step, whereas the F6 octahedra around the
2c sites, on which the Li ions are placed, shrink (cf. Fig. 5).
This is shown schematically for LixCaMnF6 in Fig. 10 (upper
left structure). MF6 and LiF6 (2c) octahedra are located next
to each other in the (0001) plane and are connected by a
common edge. This leads to an elongation of both types of
octahedra in the [0001] direction by the same amount, while
the edge lengths in the in-plane directions ([21̄1̄0] and [1̄21̄0])
change oppositely for MF6 and LiF6 octahedra (lower left two
structures in Fig. 10). For the series of considered compounds,
these compensating effects lead to changes of the unit cell
lattice parameter a between −4.2% and −1.0% and c between
0.9% and 2.6%. All values for the lattice parameters are sum-
marized in the supplemental material [54]. For M = Mn the
deformations along the different crystallographic directions
compensate each other in such a way that the volume change
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of the whole unit cell is less than 1%. Although the changes in
lattice parameters a and c have different signs and magnitudes
(−1.0% and 2.6%, respectively), which could lead to stresses
in a confined single crystal material, we would expect an
averaging out of the different expansions/contractions to some
extent in a polycrystalline material and at the corresponding
grain boundaries.

The volume change for LixCaCoF6 of −7.4% that we find
deviates considerably from the value of −0.4% reported by
Koyama et al. [17]. The difference may at least partially be
attributed to the inclusion of spin polarization and the appli-
cation of a U correction in our work, which are both essential
to get different magnetic states related to different oxidation
states of the electroactive M cations, as discussed before.
Spin-polarization and electron-correlation effects were not yet
taken into account in the work of Koyama.

For the lithiation step from x = 1 to x = 2 the unit-cell-
volume changes are positive for all the considered compounds
and larger in magnitude, although the MF6 octahedra and
the LiF6 octahedra behave similarly as for x = 0 to x = 1.
The former swell and the latter shrink. This again leads to
a compensation effect resulting in changes of the lattice pa-
rameter a between −0.6 and +0.6% for the set of considered
compounds in the second lithiation step.

However, the increase of the lattice parameter c is more
pronounced and leads in total to volume changes of the unit
cells between 10% and 15% as displayed in Fig. 5 (right
panel). This can be explained as follows: First, one can see
in Fig. 10 that the MF6 octahedra expand due to the oxidation
in all three lattice directions [21̄1̄0], [1̄21̄0], and [0001]. The
elongation in [0001] direction is transferred with the same
extent to the neighboring LiF6 (2c) and LiF6 (2a) octahedra
in the (0001) plane due to their edge connections (Fig. 10,
bottom right structure). The occupation of the 2a positions by
Li leads to a reduced electrostatic repulsion among the six
surrounding F anions and an overall shrinkage of the LiF6

(2a) octahedra. But since these increase in [0001] direction,
the shrinkage in volume can only be realized by a reduction
of the edge lengths in the [21̄1̄0] and [1̄21̄0] lattice directions.
This is possible because there are no constraints imposed by
the MF6 octahedra for this structural adaption.

The top and bottom faces of the LiF6 (2a) octahedra in the
[0001] direction are shared with the CaF6 octahedra, which
accordingly also shrink in the [21̄1̄0] and [1̄21̄0] directions
together with the LiF6 (2a) octahedra.

Since the Ca cations do not change their oxidation state, no
change in the average Ca-F bond length should occur. The
trade-off between the reduced areas of the top and bottom
faces of the Ca octahedra and the resistance against shorter
Ca-F bonds results in an elongation of the CaF6 octahedra
along the [0001] lattice direction. This can be accomplished
by the colquiriite crystal structure up to a certain extent since
the CaF6 octahedra are not constrained by other octahedra in
this direction. A complete compensation, however, cannot be
achieved, leading to a volume reduction for all CaF6 octahedra
(see Fig. 5).

The elongation of octahedra along the [0001] lattice direc-
tion yields changes in the c lattice parameter of the unit cell
between 11.2% and 11.8% for the different M occupations and
therefore an increase of the unit-cell volumes. The variation of

the values for c is less than for a and also less than the change
in c during the first lithiation step. In the second lithiation step
the influence of the type of M cation on the volume change
appears to be less pronounced than in the first lithiation step.

The theoretical calculated gravimetric capacity of
119.8 mAh/g of LixCaFeF6 for the second lithiation step
(x = 1 to x = 2) is in good agreement with the measured
capacity of 112 mAh/g for the lithiation range from
1� x � 1.8 [18]. Also, our calculated value for the equilibrum
voltage of 3.2 V lies well in the range of the measured voltages
of 2.0–4.5 V. However, the calculated volume changes do
not agree with the experimentally measured volume changes
of �V (rel.)

0 � 0.5%. In line with the experimental results,
we obtained Fe3+ octahedra (9.9 Å3) with smaller volumes
as the LiF6 (2a) octahedra (10.8 Å3), but in contrast to the
experimental results we found at x = 2 larger octahedra
around the Fe2+ (10.3 Å3) than around the now-occupied Li
ions (11.7 Å3), cf. Fig. 4. In addition, the stretching of the Ca
octahedra during the second lithiation step was not reported
by de Biasi et al. Note that the cell volumes (and therefore the
relative volume changes) only show a weak dependence with
the used U correction, as long as the same magnetic states are
stable (all equilibrium volumes are given in the supplemental
material [54]). For LixCaFeF6 the maximum difference in cell
volumes for the same Li concentration amounts to 3.9 Å3 for
x = 1 with volumes between 229 Å3 (U = 8 eV) and 233 Å3

(U = 0 eV). Therefore the deviation to the experimental
results cannot be attributed to an inappropriate choice of the
U correction value. This leads us to the conclusion that the
experimentally observed ZS behavior in LixCaFeF6 cannot
fully be understood as a single-crystal phenomenon. Other
possible effects that result in a measured low volume change
may be caused by Li ions at grain boundaries, other charged
point defects (e.g., cation vacancies), or amorphous surface
and interface layers.

V. CONCLUSIONS

We present a systematic DFT + U investigation of volume
changes in colquiriite-type crystalline compounds LixCaMF6

with varying Li concentration. Considering on the M posi-
tions different cations along the series of 3d transition-metal
elements of the periodic table, we explored the influence
of a Hubbard U correction on the magnetic ground states
of the compounds. By comparing ionic radii obtained from
those ground-state structures to Shannon’s ionic radii we de-
termined an appropriate U value of 4 eV. Trends in local
and global structural changes along the 3d series of the TM
elements are elucidated by relating the electronic structure
results to predictions of the LFT. We explain the connection
of volume changes of the fluorine coordinated octahedra sur-
rounding the cations to the change of the unit cell volume.
All the different octahedra have partly constructive and partly
compensating influences on the volume change of the crystal
unit cell.

Due to the large volume increase of the MF6 octahedra
from M3+ to M2+ and the stretching of the Ca octahedra
in the second lithiation step, the unit cell volume increases
from x = 1 to x = 2 by approximately 10% for all structures.
This is not in line with experimental results for LixCaFeF6.
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This discrepancy may originate from extended defects in
polycrystalline microstructures, such as grain boundaries,
which are not covered in the single-crystal model of this
work.

From x = 0 to x = 1 the different volume changes of the
MF6 octahedra follow the trend of the change in ionic radii
and determine the magnitude and sign of the change of the
unit-cell volume. The trend along the 3d TM series can be
explained by the successive occupations of the two orbital
groups t∗

2g and e∗
g by the additional electrons of the inserted

Li atoms.
We found in our work that LixCaMnF6 is a promising

ZS candidate for a LIB cathode material with a voltage and
a theoretical capacity comparable to capacities of common
cathode materials [71]. To the best of our knowledge, this

compound has only been synthesized for x = 0 in another
structure type, namely one of binary fluorides, VF3 [72], and
its stability in the colquiriite structure as well as its suitability
as cathode material has not yet been experimentally investi-
gated.
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