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In this paper, Cr-doped LiSrAlF6 crystals are investigated using high-temperature Raman spectroscopy and the

single-crystal Raman spectra of Cr:LiSrAlF6 are analysed by factor group theory and comparison with other fluorides.

The results indicate that Cr:LiSrAlF6 is stable below its melting point; Raman peaks located at 561, 322 and 250 cm−1

are assigned to the A1g modes of AlF6, SrF6 and LiF6 octachdra, respectively; with temperature increasing, Raman

peaks associated with AlF6 octahedra shift towards low frequencies, while LiF6 and SrF6 octahedra are temperature-

insensitive; around the crystal melting point, three new Raman peaks occur, which are associated with the AlF6

octahedral chain structure. Finally, the microstructural evolution of Cr:LiSrAlF6 from room temperature to its melting

point is discussed based on its Raman spectra.
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1. Introduction

Cr-doped LiSrAlF6 (LSAF) or LiCaAlF6 (LCAF)
crystals are considered as promising materials for
use in low-cost, single-mode diode-pumped lasers.[1−6]

They have the capability of being effectively pumped
directly by diode lasers and also have a broad tun-
ing range with the possibility of having a narrow
laser line width, which make them a potential alter-
native to Ti:Sapphire.[2] Since high quality Cr-doped
LSAF or LCAF crystals for laser applications are
hard to grow, many researchers have focused on crys-
tal growth technology.[7−9] Nevertheless, the crystal
growth mechanisms of Cr-doped LSAF or LCAF crys-
tals and the dynamic processes of crystal growth at a
molecular level are still not clear.

In our previous studies, the growth mechanisms
of various oxide crystals were studied using high-
temperature Raman spectroscopy.[10,11] The results
indicated that the microstructural evolution of crys-
tals at high temperature is essential for the study of
crystal growth mechanisms and for the interpretation

of crystal growth habits. However, these studies all
focus on the growth mechanisms of oxide crystals,
non-oxide crystals have not yet been considered. In
order to extend our knowledge about crystal growth
mechanisms, it is important and necessary to study
non-oxide crystals such as Cr-doped LSAF or LCAF.

With advantages of in situ observation, mi-
croscale analysis and high-temperature measurement,
high-temperature Raman spectroscopy is a suitable
tool to study the microstructural evolution of a ma-
terial at high temperature.[12] Wan et al.[13,14] inves-
tigated the microstructure of the melt-crystal inter-
face of borate crystals using high-temperature Raman
spectroscopy and discussed crystal growth habits. In
the present work, the single-crystal Raman spectra of
Cr:LSAF from room temperature to its melting point
(1063 K) are obtained by using high-temperature Ra-
man spectroscopy. Based on the single-crystal Ra-
man spectrum of LCAF[15] and high-temperature X-
ray diffraction data of LSAF,[16,17] the microstructural
evolution of Cr:LSAF from room temperature to its
melting point is discussed.
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2. Experimental details

The Cr:LSAF single crystal was grown by the
Czochralski method.[18] It was cut into slices each
with a size of Φ4.5 mm×2 mm and theses slices were
placed in a platinum crucible. The crucible was heated
from room temperature to the crystal melting point
(1063 K) at a heating rate of 10 K/min using a Leitz
Microscopy Heating Stage 1350. During the heating
process, Cr:LSAF was protected by high pure Ar gas
to avoid oxidation of the crystal at high temperature.

Room and high-temperature Raman spectra were
obtained using a Jobin Y’von U1000 laser Raman
spectrometer. The pulsed exciting light (355 nm) from
a Q-switch pulsed THG-Nd:YAG laser was focused on
Cr:LSAF by an Olympus BH-2 microscope and Ra-
man scattering light from the crystal was collected by
a back-scattering confocal lens system and detected by
an intensive charge-coupled device (ICCD). All spec-
tra were recorded in a range of 200 cm−1–800 cm−1

with a spectral resolution of 1 cm−1. The experiment
system is shown in Fig. 1.

Fig. 1. Schematic diagram of the experimental system.

3. Results and discussion

3.1.Room-temperature Raman spec-

trum

The crystal structure of LSAF has trigonal sym-
metry with the space group P 3̄1c. Li+ and Al3+

occupy the D3 site, Sr2+ occupies the S6 site and
F−occupies the C1 site. Each cation occupies the cen-
tral sites of a deformed fluoride octahedron, all these

octahedra form successive alternate layers along the
c axis, the AlF6 and the LiF6 octahedra exist in the
same layers and link together with each other to form
hexagonal rings by sharing edges, the SrF6 octahedra
exist separately in another layer and share corner F−

ions with the AlF6 and LiF6 octahedra[19] as shown
in Fig. 2.

Fig. 2. Crystal structure of LSAF.

Due to the structural similarity, factor group anal-
ysis predicts that there is no difference in Raman vi-
brational mode between LSAF and LCAF, i.e., 36
optical normal modes, 3A1g+8Eg of which is Raman
active-mode. Three A1g modes are ascribed to the
breathing modes of F− ions in an octahedron and the
Eg mode is ascribed to the distortion of the fluorine
octahedron or motion of Li+ and Al3+ ions.

ΓAl = A2g + A2u + E∗
g + Eu,

ΓLi = A2g + A2u + E∗
g + Eu,

ΓSr = A1u + A2u + 2Eu,

ΓF = 3A∗
1g + 3A1u + 3A2g + 3A2u + 6E∗

g + 6Eu,

ΓLSAF = 3A∗
1g + 8E∗

g + 5A2g + 6A2u + 10Eu + 4A1u.

* : Raman active mode.

Kontos et al.[20] compared the room-temperature
Raman spectrum of Cr-doped LSAF crystal with that
of the pure LSAF crystal. The results indicated that
the single-crystal Raman spectrum of LSAF was not
affected by Cr ion doping, so the influence of Cr ions
on Raman spectra is reasonably neglected in this work.

Figure 3 shows the room-temperature Raman
spectrum of Cr:LSAF in a range from 200 cm−1 to
800 cm−1. Only seven Raman peaks are found, which
are located at 232, 250, 322, 376, 408, 436, and
561 cm−1, respectively. Since assignations of Raman
peaks have not been completely clear until now, a fur-
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ther assignation of Cr:LSAF will be given by compar-
ison with other fluorides in this work.

Fig. 3. Room-temperature Raman spectrum of Cr:LSAF.

Boulard et al.[21] studied the relationship between
the symmetric stretching frequencies of the A1g mode
and the structure of a fluoride octahedron in detail.
The results indicated that if the connectivity degree
of two fluoride octahedra is similar, A1g mode frequen-
cies of two octahedra have the following relationship:

ωA1g

(
cm−1

)
= ω′

A1g

(
cm−1

) (
r′

r

)3/2 (
ZM

Z ′
M

)1/2

,

(1)
where r and r′ are the metal-fluorine bond length,
ZM and Z ′

M are the electric charge of the metal

ions respectively. Based on formula (1) and A1g

mode frequencies of fluorides (LCAF,[15] CoF2,[21] and
MnF2

[21]), A1g mode frequencies of Cr:LSAF are cal-
culated and presented in Table 1. Using Raman
and structural data of LCAF, three calculated A1g

modes of Cr:LSAF are 561, 334.7, and 279.7 cm−1,
for AlF6, SrF6, and LiF6 octahedra. Using the exper-
imental data of CoF2 and MnF2, the calculated A1g

modes of AlF6 and LiF6 octahedra are 549.3 cm−1

and 268.1 cm−1, 530.1 cm−1, and 258.7 cm−1. These
calculated results are very close to three Raman peaks
of Cr:LSAF at 561, 322, and 250 cm−1, which should
be related to A1g modes of AlF6, SrF6 and LiF6 octa-
hedra, respectively.

Among 11 Raman-active modes of Cr:LSAF, four
vibrational modes (A1g+3Eg) belong to Al–F6 octa-
hedra. Vibrations of AlF6 octahedra are indepen-
dent due to strong interactions of Al–F bonds, there-
fore, Raman peaks associated with the AlF6 octahe-
dron of Cr:LSAF should be similar to those of LCAF.
Three Raman peaks of Cr:LSAF, which are located
at 561, 436, and 408 cm−1, are very close to the A1g

mode (564 cm−1) and two Eg modes (436 cm−1 and
412 cm−1) of LCAF.[15] This comparison implies that
the A1g mode of Cr:LSAF is consistent with the above
calculated result, two Raman peaks of Cr:LSAF at
436 cm−1 and 408 cm−1 are ascribed to Eg mode of
AlF6 octahedron, while the third one is not confirmed.

Table 1. Calculated frequencies of the A1g modes of Cr:LSAF∗ crystal.

Fluoride Experimental Results
M–F/Å

Calculated frequencies (cm−1) of Cr:LSAF

crystals frequency/cm−1 ωAl−F ωSr−F ωLi−F

CoF2 364(Co−F) 2.076(Co−F) 549.3 268.1

MnF2 338(Mn−F) 2.130(Mn−F) 530.1 258.7

LCAF 562 (Al−F) 1.8055(Al−F) 561.7

368(Ca−F) 2.2807(Ca−F) 334.7

282(Li−F) 2.0095(Li−F) 279.7

∗: Al–F bondlength of LSAF[16] is 1.8062 Å, Li–F 2.0205 Å, Sr–F 2.4294 Å (1 Å=0.1 nm).

3.2.High-temperature Raman spectra

Figure 4 shows high-temperature Raman spectra
of Cr:LSAF from 473 K to its melting point. With
temperature increasing, the intensity of the Raman
spectrum decreases, Raman peaks broaden and shift
toward lower frequencies due to thermal disturbance
and crystal lattice swelling. The temperature depen-
dencies of the Raman peaks associated with differ-
ent octahedra are different, the temperature coeffi-
cient (dω/dT ) can reflect the thermal properties of

Cr:LSAF. Figure 5 shows the temperature dependen-
cies of the Raman peaks located at 561 cm−1 and
250 cm−1. A linear relationship between peak fre-
quency and heating temperature is found. The tem-
perature coefficients of the Raman peaks of Cr:LSAF
are obtained and listed in Table 2. It can be found that
the temperature coefficients of Raman peaks ( 561,
436, and 408 cm−1) related to the AlF6 octahedron
are larger than those of Raman peaks (322 cm−1 and
250 cm−1) related to SrF6 and LiF6 octahedra, which
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indicates that the AlF6 octahedron is more sensitive
to high temperature than SrF6 and LiF6 octahedra in
Cr:LSAF.

Fig. 4. High-temperature Raman spectra of the Cr:LSAF

crystal from 473 to 1063 K.

Cr:LSAF has a highly negative thermal expansion
along the c axis.[16] Grzechnik et al.[17] studied crys-
tal structures of LSAF at different temperatures using
high resolution X-ray diffraction (XRD). The results
indicated that with temperature increasing, the inter-
atomic distances of the Al–F bond in the AlF6–LiF6

layers and F–F bond in the SrF6 layers decrease. Ac-
cording to formula (1), the decrease of the Al–F bond
should cause the A1g mode of AlF6 octahedron to be
“blue shifted”, which seems to be conflict with “red
shift” in this work. Boulard et al.[21] also suggested
that the frequency of the A1g mode decreased with the
degree of octahedron connectivity increasing. Xiao et
al.[22] studied Raman spectra of an alkali fluoroalumi-
nate system using ab initio calculation and found that
the calculated Raman frequency was close to experi-
mental data based on supermolecule clusters. On the
basis of their work, the “red shift” of the A1g mode re-
flects the enhancement of the interaction among AlF6

octahedra in Cr:LSAF.

Fig. 5. Temperature dependencies of A1g modes of AlF6

and LiF6 octahedra.

Table 2. Temperature coefficients of Raman peaks.

Raman peak/cm−1 561 436 408 322 250

dω/dT –0.014 –0.024 –0.033 –0.003 –0.007

When temperature is above 973 K, the Raman
peaks of Cr:LSAF vanish except for the A1g mode
of the AlF6 octahedron at 550 cm−1, a broad Ra-
man band appears in a range from 200 cm−1 to
600 cm−1 (see Fig. 4), which is attributed to the
bending and symmetric stretching vibrations of non-
bridging fluorine atoms.[23,24] These changes of Raman
spectra indicate that many octahedra become unsta-
ble at this temperature expect for the AlF6 octahe-
dron. Around the crystal melting point, the Raman
peak at 550 cm−1 disappears, which is accompanied
with three new Raman peaks appearing at 270, 490,
and 600 cm−1. The similar Raman peaks are observed
in SrAlF5 crystal,[25] of which three characteristic vi-
brational peaks are located at 290, 515, and 600 cm−1.
It is well known that in the SrAlF5 crystal, the AlF6

octahedron forms a chain structure by sharing the api-

cal F− ions along the c axis, Sr2+ ions are distributed

in the fluoroaluminate frame.[26] Therefore, the Ra-

man spectrum indicates that the discrete AlF6 octahe-

dra of Cr:LSAF transforms into the AlF6 octahedron

chain structure around the crystal melting point.

According to the above analysis, the microstruc-

tural evolution of Cr:LSAF from room temperature to

its melting point is proposed as shown in Fig. 6. With

the increase of temperature, the decreasing of F–Sr–F

angle and twist angle of SrF6 octahedra causes the F–

F bonds to contract along the c axis, which makes the

upper and lower AlF6 octahedra gradually approach

each other.[16,17] Around the crystal melting point, the

deformed LiF6 and SrF6 octahedra become unstable

and damaged, and then the approaching AlF6 octahe-

dra connect with each other and form AlF6 octahedra
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chain structures.

Fig. 6. Distortions of octahedra in the Cr:LSAF crystal.

The closed face octahedra are AlF6 units, the open face

octahedra are SrF6 units. F1 is the fluorine atom shared

by the SrF6 octahedron with the upper AlF6 octahedron.

F2 is the fluorine atom shared by the SrF6 octahedron

with the lower AlF6 octahedron. θ is the F1–Sr–F2 angle.

4. Conclusion

In conclusion, Raman spectra of Cr:LSAF are ob-
tained using high-temperature Raman spectroscopy.
Analysis of the room-temperature spectrum indicates
that Raman peaks at 561, 322, and 250 cm−1 are as-
signed to A1g modes of AlF6, SrF6, and LiF6 octach-
dra, respectively. High-temperature Raman spectra
indicate that the crystal structure is stable below its
melting point; with temperature increasing, Raman
peaks of Cr:LSAF shift towards lower frequencies by
different degrees; around the crystal melting point,
three new Raman peaks associated with AlF6 octahe-
dron chain structures come into being. Based on the
Raman spectra, microstructural evolution of Cr:LSAF
from room temperature to its melting point is dis-
cussed.
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