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Density functional calculations are performed to investigate LiMgAlF6 as a potential neutron scintillator
material. The calculations of enthalpy of formation and phase diagram show that single-phase LiMgAlF6

can be grown but it should be more difficult than growing LiCaAlF6 and LiSrAlF6. The formation energy
calculations for substitutional Ce show that the concentration of Ce on the Al site is negligible but a high
concentration (>1 at.%) of Ce on the Mg site is attainable provided that the Fermi level is more than 5 eV
lower than the conduction band minimum. Acceptor doping should promote Ce incorporation in
LiMgAlF6.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

LiCaAlF6 (LiCAF) and LiSrAlF6 (LiSAF) have been investigated as
promising scintillator materials for neutron detection [1–20]. In
particular, LiCAF has attracted considerable attention because (1)
it has low atomic number and low density, which reduces sensitiv-
ity to background gamma rays; (2) its single crystals can be grown
to large sizes using Czochralski growth methods [21]; and (3) it is
not hygroscopic, which greatly simplifies material processing and
application. The highest light yield reported for LiCAF:Eu2+ is
29,000 ph/n [10], which is higher than that of LiCAF:Ce3+, which is
currently 6600 ph/n [1]. Pulse shape discrimination between neu-
tron and gamma ray has been demonstrated for LiCAF:Ce3+ [13].

Despite the significant progress made in LiCAF scincillators in
the last decade, there are only a few studies carried out on LiM-
gAlF6 (LiMAF) [22–24], which has lower atomic number than LiCAF
and therefore is less sensitive to background gamma-rays than
LiCAF. LiMAF has a hexagonal structure (space group P321, No.
150) [25]. This is different from LiCAF and LiSAF, which belong to
a large family of minerals known as colquiriites (space group
P-31c, No. 163) [26]. No large single crystal growth of LiMAF has
been reported. However, the growth of the single-phase LiMAF
has been demonstrated [22–24]. Luminescence in Ce and Eu doped
LiMAF has been reported [22,23]. The emission of LiMAF: Ce3+ has
one broad band centered at 330 nm [23]. It should be noted that
CeF3 has a similar broad-band emission centered at 340 nm
[27,28]. Since obtaining single-phase LiMAF is relatively difficult
[22–24], it is important to verify whether a high Ce concentration
in LiMAF can be attained without forming CeF3 phase. For Eu doped
LiMAF, emission bands centered at 370 nm [22,24] and 593 nm
[23,24] have been reported for LiMAF samples prepared by using
different methods. The 370-nm and 593-nm emission bands were
attributed to emissions from Eu2+ and Eu3+, respectively.

Availability of large single crystals is critically important for the
development of the scintillator materials. The chemical stability of
the compound is important for the growth of large single crystals.
In this paper, we show the calculated enthalpy of formation for
LiMAF and compare it to those of LiCAF and LiSAF. The phase dia-
gram of LiMAF is also calculated. In addition, we have performed
calculations to understand the origin of the Ce emission and the
viability of Ce as an effective activator in LiMgAlF6. The important
questions that we address in this work include whether the emis-
sion is from Ce on Mg or Al site in LiMgAlF6 and whether a high Ce
concentration is attainable in LiMAF. These are the critical issues
that need to be resolved for the development of LiMAF as a poten-
tial neutron scintillator material.
2. Methods

Density functional calculations were performed to study the chemical stability
and Ce doping in LiMAF [29]. Perdew–Burke–Ernzerhof (PBE) [30] exchange–
correlation functionals were used to calculate enthalpy of formation for LiMAF,
LiCAF, and LiSAF. Hybrid functionals [31], which employ 38.5% of Fock exchange
[16], were also used to calculate enthalpy of formation, phase diagram, and forma-
tion energies of Ce dopant in LiMAF. The hybrid functional calculations, which can
partially remove the self-interaction error and correct the band gap, have recently
been applied to defect calculations and have generally shown improvement in
structural, electronic, dielectric, and defect properties in semiconductors [32–40].
The calculated band gap of LiCAF is 12.63 eV using hybrid functional, close to the
experimental value of 12.65 eV [41]. Using the same method, the band gap of LiMAF
is calculated to be 12.78 eV. (No experimental result is available for the band gap of
LiMAF.) The electron–ion interactions were described using projector augmented
wave potentials [42]. The valence wavefunctions were expanded in a plane-wave
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basis with a cutoff energy of 500 eV. All the calculations were performed using a 54-
atom supercell containing six formula units of LiMAF. A 2 � 2 � 2 grid was used for
the k-point sampling of Brillouin zone. Feynman–Hellmann forces were minimized
to below 0.05 eV/Å in structural relaxation calculations.

The defect formation energy is given by

DH ¼ DE�
X

i

ni li þ lref
i

� �
þ q eVBM þ ef

� �
; ð1Þ

where DE is the energy difference between the defect-containing and defect-free
supercells, and ni is the difference in the number of atoms for the ith atomic species
between the defect-containing and defect-free supercells. li is the relative chemical
potential for the ith atomic species, referenced to lref

i . For Li, Mg, Al, Ce, and F, lref
Li ,

lref
Mg, lref

Al , lref
Ce , and lref

F are metallic Li, Mg, Al, and Ce, and half of the total energy of
the gas-phase F2 molecule, respectively. ef is the Fermi energy referenced to the
valance band maximum (VBM), eVBM. The thermal-equilibrium defect concentration
is given by

N ¼ N0 expð�DH=kTÞ ð2Þ

where N0 is the number of available lattice sites for defect formation, k is the Boltz-
mann constant, and T is the temperature.

3. Results and discussion

3.1. Chemical stability of LiMAF, LiCAF, and LiSAF

Reactions of binary metal fluorides to form quaternary LiMAF,
LiCAF, and LiSAF are all exothermic. The following are the reaction
energies for LiMAF, LiCAF, and LiSAF, calculated using PBE
functionals:

LiFþMgF2 þ AlF3 !�0:18 eV
LiMgAlF6;

LiFþ CaF2 þ AlF3 !�0:36 eV
LiCaAlF6;

LiFþ SrF2 þ AlF3 !�0:39 eV
LiSrAlF6:

The reaction energy for LiMAF is also calculated by using hybrid
functionals, which yields �0.17 eV, close to the PBE result. One can
see that LiMAF is least stable against decomposition to binary
phases. This is consistent with the experimental observation of
the difficulty in growing single-phase LiMAF [22–24].

3.2. Phase diagram of LiMAF

Phase diagram of LiMAF is calculated using hybrid functional
calculations. Stability of the single-phase LiMAF requires no spon-
taneous formation of the following phases: metallic Li, Mg, and Al,
F2 gas, and binary LiF, MgF2, and AlF3. Therefore, the following con-
ditions should be met:

lLi þ lMg þ lAl þ 6lF ¼ DHðLiMgAlF6Þ ¼ �33:447 eV; ð3Þ

lLi þ lF � DHðLiFÞ ¼ �6:326 eV; ð4Þ

lMg þ 2lF � DHðMgF2Þ ¼ �11:484 eV; ð5Þ

lAl þ 3lF � DHðAlF3Þ ¼ �15:467 eV; ð6Þ

lLi � 0; ð7Þ

lMg � 0; ð8Þ

lAl � 0; ð9Þ

and lF � 0; ð10Þ

where DH(LiMgAlF6), DH(LiF), DH(MgF2), and DH(AlF3) are the
enthalpy of formation for LiMAF, LiF, MgF2, and AlF3, respectively.
The four variables (lLi, lMg, lAl, and lF) can be reduced to three
by combining Eq. (3) with Eqs. (4-6):

5lLi � lMg � lAl � �4:510 eV; ð11Þ

�lLi þ 2lMg � lAl � �1:005 eV; ð12Þ

�lLi � lMg þ lAl � 2:513 eV: ð13Þ

Combining Eqs. (3) and (10), one obtains

lLi þ lMg þ lAl � �33:447 eV ð14Þ

Eqs. (7)–(9), (11)–(14) determine the phase diagram of LiMAF,
which is shown in Fig. 1. The three planes (Eqs. (11)–(13)) that define
the phase boundaries of the three binary compounds (LiF, MgF2, and
AlF3) are drawn in Fig. 1 (magenta, cyan, and green planes, respec-
tively). Eqs. (7)–(9) define Li, Mg, and Al rich limits, respectively,
which correspond to lLi = 0, lMg = 0, and lAl = 0 planes in Fig. 1.
The F-rich limit, lF = 0 or lLi + lMg + lAl = �33.447 eV (Eq. (14)), is
shown by the yellow plane in Fig. 1. The stability region of LiMAF
is a narrow triangular prism confined by five planes in Fig. 1, i.e.,
the three planes that define the phase boundaries of LiF, MgF2, and
AlF3 (magenta, cyan, and green planes, respectively) and the F-rich
(yellow plane) and Al-rich (lAl = 0 plane) planes. The LiMAF stability
region (a triangular prism) shown in Fig. 1(a) and (b) is behind and in
front of the yellow plane in the figure, respectively. Fig. 1(c) shows
the zoom-in image of the triangular prism inside the black rectangle
in Fig. 1(b). It can be seen that the stability region of LiMAF in the
phase diagram is very small and is very close to the phase spaces
for the three binary compounds. The intersection between the trian-
gular prism and the Al-rich plane (lAl = 0 plane) is a triangle with
three side lengths of only 0.24, 0.25, and 0.29 eV. These results show
that the growth of single-phase LiMAF requires careful control of
stoichiometry to avoid binary phase segregation.

3.3. Formation energies of substitutional Ce

Formation energies of substitutional Ce on both Al and Mg sites
are calculated using hybrid functionals. Ce3+ is isovalent to Al3+ in
LiMAF. Following Eq. (1), the formation energy of neutral Ce0

Al is
calculated to be

DH Ce0
Al

� �
¼ 0:004 eV� lCe þ lAl; ð15Þ

where lCe and lAl are chemical potentials of Ce and Al in LiMAF,
respectively, relative to those of their metallic phases. Eq. (15) can
be rewritten to DH Ce0

Al

� �
= 0.004 eV � lCe � 3lF + lAl + 3lF. The

LiMAF phase diagram in Fig. 1 shows that the stable region for
LiMAF is very close to the binary phase spaces. Therefore,
lAl + 3lF � DH(AlF3), where DH(AlF3) is the enthalpy of formation
for AlF3. Assuming Ce-rich limit, lCe + 3lF = DH(CeF3), where
DH(CeF3) is the enthalpy of formation for CeF3. Using calculated
heats of formation, i.e., DH(AlF3) = �15.467 eV and DH(CeF3) =
�18.255 eV, Eq. (15) can be approximated to

DH Ce0
Al

� �
¼ 0:004 eV� DH CeF3ð Þ þ DH AlF3ð Þ ¼ 2:79 eV: ð16Þ

Eq. (16) shows that, even at the Ce-rich limit, the formation energy
of Ce0

Al is too high to allow a high concentration of Ce0
Al in LiMAF.

Using Eq. (2) and the growth temperature of 1008 K [23], the Ce0
Al

concentration is only 1.17 � 108 cm�3 at the Ce-rich limit. There-
fore, the concentration of Ce0

Al in LiMAF is negligible.
Ce3+ can also occupy the Mg2+ site, acting as a single electron

donor, CeþMg. Following Eq. (1), one obtains the formation energy
of CeþMg:

DH CeþMg

� �
¼ �8:95 eV� lCe þ lMg þ ef ð17Þ



Fig. 1. Phase diagram of LiMAF. The stability region for LiMAF is a narrow triangular
prism behind and in front of the yellow plane in (a) and (b). (c) shows the zoom-in
image of the triangular prism in the black rectangle in (b). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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where lMg is the chemical potential of Mg in LiMAF relative to that
of metallic bulk Mg and ef is the Fermi level relative to the VBM. Due
to the proximity of the LiMAF phase to MgF2 phase in the phase
diagram (Fig. 1), lMg + 2lF � DH(MgF2), where DH(MgF2) is the
enthalpy of formation for MgF2. Assuming Ce-rich limit,
lCe + 3lF = DH(CeF3). Using calculated heats of formation, i.e.,
DH(MgF2) = �11.484 eV and DH(CeF3) = �18.255 eV, Eq. (17) can
be approximated to

DH CeþMg

� �
¼ �8:95 eV� DH CeF3ð Þ þ DH MgF2ð Þ þ lF þ ef

¼ �2:18 eVþlF þ ef ð18Þ

At the F-poor limit (lowest lF, where the magenta and cyan
planes intersect with the lAl = 0 plane), lF = �5.212 eV. Thus, one
obtains

DH CeþMg

� �
� �7:39 eVþef ð19Þ

Using Eqs. (2) and (19), it can be shown that, to obtain 1 at.% of CeþMg

in LiMAF at 1008 K, the maximum Fermi level is 7.79 eV above the
VBM (ef = 7.79 eV), which is about 5 eV below the conduction band
minimum (the calculated band gap is 12.78 eV). This is calculated
under the conditions of Ce-rich and F-poor limits. These results
show that it is possible to obtain a high concentration of CeþMg. Note
that Ce concentrations above 1 at.% have been demonstrated in both
LiCAF and LiSAF [11,19]. Since low Fermi level promotes the forma-
tion of CeþMg, acceptor doping in LiMAF is desirable to obtain high Ce
concentration.

4. Conclusions

Density functional calculations show that LiMAF is more prone
to decomposition to binary phases than LiCAF and LiSAF. The calcu-
lated phase diagram shows a small stability region for single-phase
LiMAF. These results suggest that the single-phase LiMAF can be
grown but requires careful control of stoichiometry to avoid segre-
gation of binary phases. The formation energy calculations of sub-
stitutional Ce on both Al and Mg sites show that the concentration
of Ce0

Al is negligible whereas a high concentration (i.e., >1 at.%) of
CeþMg is attainable provided that the Fermi level is more than 5 eV
below the conduction band minimum. Therefore, acceptor doping
in LiMAF is desirable to increase the Ce concentration in LiMAF.
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