
*Corresponding author. Tel.: #49-30-6392-3024.
E-mail address: klimm@ikz-berlin.de (D. Klimm)

Journal of Crystal Growth 210 (2000) 683}693

Growth of Cr : LiCaAlF
6

and Cr : LiSrAlF
6

by
the Czochralski method

D. Klimm!,*, G. Lacayo!,", P. Reiche!

!Institut fu( r Kristallzu( chtung, Max-Born-Str. 2, D-12489 Berlin, Germany
"Physikalisches Institut, AG Kristallographie, Humboldt-Universita( t zu Berlin, Invalidenstra}e 110, D-10115 Berlin, Germany

Received 9 November 1999; accepted 20 November 1999
Communicated by R.S. Feigelson

Abstract

Single crystals of chromium-doped LiCAF and LiSAF can be grown from nearly stoichiometric melts of the
components LiF, AlF

3
, CrF

3
and CaF

2
or SrF

2
, respectively, by the Czochralski method. The optical quality of LiSAF

crystals is usually better, as LiCAF contains more scattering particles. This di!erent behavior can be attributed to
di!erent thermodynamic properties of both substances: The higher melting point of LiCAF leads to higher evaporation
losses of volatile LiF and AlF

3
. Moreover, LiCAF melts incongruently. The main problem during the growth and

application of LiSAF crystals is the highly anisotropic thermal expansion that may lead to thermal cracking. The extreme
hygroscopicity of the doping agent CrF

3
has to be considered for the growth of both substances. ( 2000 Elsevier

Science B.V. All rights reserved.

PACS: 42.70.Hj; 81.10.Fq; 81.70.Pq
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1. Introduction

Already in 1971 Viebahn [1] described the tri-
gonal structure of hexa#uoroaluminates having the
general formula LiMeII MeIIIF

6
(MeII"Ca, Sr, Cd;

MeIII"Al, Ga, Ti, V, Cr, Fe). Later Walenta et al.
[2] reported on a #uoride mineral with the chem-
ical composition LiCaAlF

6
that was discovered

in the Bolivian tin mine Colquiri. Recently some
colquiriites (named after that location) like

LiCaAlF
6

(LiCAF) [3], LiSrAlF
6

(LiSAF) [4],
LiSr

0.8
Ca

0.2
AlF

6
(LiSCAF) [5], LiSrGaF

6
(LiS-

GaF) [6}8] and LiCaGaF
6

[9] were recognized as
potential host crystals for solid-state lasers. These
laser materials can be pumped by diodes and con-
ventional #ashlamps and are widely tunable
(LiSAF: 780 to 1010 nm [10]).

Most authors are doping the colquiriite crystals
with Cr3` as active ion, but Ce3` is for possible
ultraviolet applications [11]. The concentration of
chromium present in the colquiriite-type crystals
that were grown by di!erent methods was found
to be lower than within the melt. It is not possible
to attribute this observation to a distribution
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Table 1
Thermomechanical properties of LiCAF [15] and LiSAF [16]
in comparison with Y

3
Al

5
O

12
(YAG) (Note: i thermal conduct-

ivity, a } thermal expansion, K
IC
} fracture toughness)

LiCAF LiSAF YAG

i
11

[W/(K m)] 4.58 6.0
i
33

[W/(K m)] 5.14 3.09 *

a
11

(10~6K~1) 22.0 18.8 6.7
a
33

(10~6K~1) 3.6 !10.0 *

K
IC

(MPa Jm) 0.18}0.37 0.40 1.4

coe$cient k
%&&

"[Cr]
40-

/[Cr]
-*26

(1, as * within
the range of accuracy* the solidus concentration
of chromium [Cr]

40-
was observed to be constant

along the growth axis of the boule. The explanation
given in Ref. [3], that the doping agent CrF

3
evap-

orates is suspect too, as at least during the long-
Czochralski growth process of typically 5 days
[Cr]

-*26
should reduce continuously, leading to a

monotonous drop of [Cr]
40-

. It must be assumed,
that the partial hydrolysis of CrF

3
with traces of

moisture being present in the growth atmosphere
and in the starting materials is responsible for the
reduced incorporation of Cr3` within the crystals
(Section 2.2).

One crucial problem with the growth of high-
quality colquiriite crystals for laser applications
are scattering centers that can be found within
the pulled crystals. In TEM samples prepared by
ion beam thinning, these needles of typically
5]5]35 lm3 were observed to have an excess
of calcium: The molar concentration ratio [Ca]/
[Al]+1.86 within the needles is higher as com-
pared to the theoretical value [Ca]/[Al]"1.00 for
LiCaAlF

6
. This observation leads to the con-

clusion, that the needles might consist of Ca
2
AlF

7
.

However, attempts to observe this orthorhombic
substance by di!raction patterns of electrons [12]
or synchrotron radiation [13] have failed.

Unfortunately, the EDX analysis performed in
Ref. [14] did not allow to determine [Li] within the
needles directly. But at least the concentrations of
the heavier atoms and of #uorine could be mea-
sured semiquantitatively and indicate (beyond the
already mentioned excess of calcium) an increased
[Ca]#[Al]#[Cr] concentration. The theoretical
values for this heavy cationatomic concentration

are x5)
)#
"0.25"(1#1)/(1#1#6)"1/(1#3)

for LiCaAlF
6

and AlF
3
, respectively, and x5)

)#
"

0.33"1/(1#2) for CaF
2
. For the LiCaAlF

6
matrix a value x.%!4

)#
"0.33 was measured. Obvi-

ously, EDX overestimates x.%!4
)#

by about one quar-
ter, as a part of the volatile LiF/AlF

3
evaporates

during the TEM sample preparation. From the
EDX measurements x.%!4

)#
+0.39 can be estimated

for the needles. Together with the above-mentioned
calcium excess this very high value indicated, that
CaF

2
is enriched within the needles.

2. Thermomechanical and chemical properties

2.1. Thermal expansion

Some thermomechanical properties of LiCAF
and LiSAF that are important for the process of
crystal pulling from the melt and for laser applica-
tions with high input of pumping energy are found
in Refs. [15,16] and will be given in Table 1.

Both #uorides are much more sensitive with re-
spect to thermal and mechanical shocks if one
compares them with YAG as one other common
laser material. Thermal gradients that arise either
during the pulling process or during the operation
of the laser can #atten only slowly due to the low
thermal conductivity i. Moreover, the coe$cient of
thermal expansion a is isotropic for the cubic
garnet, whereas for the trigonal colquiriites this
property is represented by a tensor of the order 2.
The di!erence between a

11
(oc) and a

33
(DDc) is

large for both LiCAF and LiSAF. Upon heating
LiSAF even exhibits thermal expansion along
a and thermal contraction along c (Fig. 1).

In uniform temperature "elds all homo-
geneous bodies, isotropic or not, expand freely as
due to

Inc(4s6 :2r6 )"Inc(2a6 *¹)"0. (1)

The body is free from thermal stresses [17]. For
a quantitative description of thermal stresses the
components of the tensors of elastic compliance
4s6 and of thermal expansion 2a6 should be known.
The condition Inc(2a6 *¹)O0 is not only necessary
but also su$cient for the development of temper-
ature stresses. Unfortunately, most components of
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Fig. 1. Section through the representation surface for the
thermal expansion index of LiSAF. a"0; c"90 (degrees).
Negative values"dashed lines. One grid circle corresponds to
5]10~6 K~1.

4s6 are unknown for LiSrAlF
6

(in contrast to
LiCaAlF

6
[15]).

The components of the incompatibility tensor
Inc(2a6 *¹) can be expected to grow with the nonlin-
earity of the temperature gradient L2¹/Lx2

i
(x

i
* coordinates) [18] or with the anisotropy of the
thermal expansion. If one chooses a Cartesian
coordinate system (the common physical system) e

i
(i"1, 2, 3) such, that e

1
DDa and e

3
DDc of the crystallo-

graphic system [18], then the value of the thermal
expansion a[n

1
, n

2
, n

3
] in any arbitrary direction

n"n
1

e
1
#n

2
e
2
#n

3
e
3

of the trigonal crystal can
be obtained from the tensor components a

11
and

a
33

(cf. Table 1) by the scalar product

a[n]"n ) 2a6 ) n, (2)

which gives values that were displayed in Fig. 1 in

the system of the polar coordinates r"Jn2
1
#n2

3
and u"arctan[n

3
/n

1
]. The representation surface

of the second-rank tensor 2a6 has rotational sym-
metry around the e

3
("c) axis.

An analytic expression for a[n] and its deriva-
tives can be obtained by insertion of unit radius

vectors n"[cos u, 0, sin u] into (2):

a[u]"a
33

#cos2 u (a
11

!a
33

), (3)

a@[u]"
La
Lu

"!2 cos u sin u (a
11

!a
33

), (4)

aA[u]"
L2a
Lu2

"!2 (2 cos2 u!1) (a
11

!a
33

), (5)

a@@@[u]"
L3a
Lu3

"8 cos u sin u (a
11

!a
33

), (6)

a[u] approaches extreme values if a@[u]"0, i.e. for
u"903 (the [0 0 1] direction) or for u"0 ([1 0 0]
and any other direction perpendicular to [0 0 1]).
From Eq. (3) one "nds that a[u] vanishes for

tan u"J!a
11

/a
33

, i.e. for directions that draw
up a cone around c with 36.13 as the half aperture.
With the lattice constants given by Viebahn [1]
a
0
"5.084 As , c

0
"10.21 As one obtains, that [302]

of the crystallographic lattice is close (within 40@) to
this cone. It must hold for sure, that in Ref. [16]
not given the experimental errors for a

11
and

a
33

do not allow a discrimination of the 36.13
direction from [302]. A rod with that axis would
not change its length upon temperature #uctu-
ations; perpendicular to the [302] axis the thermal
expansion varies from #8.80]10~6 K~1 to
#18.80]10~6 K~1.

In directions where aA[u]"0 and a@@@[u]O0
the angular dependence a@[u] approaches
extreme values for 2 cos2 u!1"0; e.g. for
u"(2k#1)p/4. In these directions high shear
stresses that are proportional to a

11
!a

33
(4) must

be expected under the in#uence of nonlinear tem-
perature gradients. As the fracture toughness K

IC
is

small for both substances, any treatment of crystals
that can produce nonlinear thermal gradients has
to be performed very carefully. This is especially the
case for LiSrAlF

6
, as a is here even more anisot-

ropic than for LiCaAlF
6
.

2.2. Hydrolysis of CrF3

Many #uorides show a high a$nity to water.
Among the components of Cr : LiCAF and
Cr : LiSAF this is the case for AlF

3
and, especially,

for CrF
3
. The hydrolysis of CrF

3
results in the

D. Klimm et al. / Journal of Crystal Growth 210 (2000) 683}693 685



Fig. 2. Concentration triangle LiF } MeIIF
2
} MeIIIF

3
with

the existing binary compounds and the only 1 : 1 : 1 ternary
compound.

formation of chromium(III)-oxide

2 CrF
3
#3 H

2
O8 Cr

2
O

3
B#6 HFC (7)

that precipitates as dark-green particles from the
#uoride melt. Pinning of such particles at the
solid}liquid interface of the growing crystal results
in heavy damage of the boule; usually twinning
can be observed in such cases. The equilibrium
constant of the hydrolysis reaction (7) can be
written as

k
1
[atm3]"

p6
HF

p3
H2O

(8)

with the total pressure

p
5
"p

HF
#p

H2O
(9)

as the sum of the partial pressures of hydrogen
#uoride and water in the surrounding atmosphere.
Higher ¹ and lower p

5
shift (7) to the right-hand

side. The data for the equilibrium constant (8) given
by Gmelin [19] can be "tted by the parameters
a"17.2$0.2 and b"(!14,500$200) K joining
the equation

lg k
1
"a#b

1

¹

. (10)

It has been shown recently [20], that the hydrolysis
of chromium #uoride is almost complete at the
melting temperatures of both LiSAF and LiCAF
(7653C or 8093C, respectively) and atmospheric
pressure.

3. Phase relations

The complete ternary phase diagrams
LiF}MeIIF

2
}MeIIIF

3
(Fig. 2) were not yet investi-

gated. For DTA results and for a more detailed
discussion of the present knowledge on some exist-
ing compounds and the relevant thermodynamic
properties and phase relations the reader is referred
to recent papers [14,20}22]. Only features that are
considered to be important for the crystal growth
process are given here:

f It is usually reported, that the only ternary com-
pound of the system melts congruently with the
stoichiometry Li : MeII : MeIII"1.0 : 1.0 : 1.0. At

least for MeII"Ca and MeIII"Al this assump-
tion is disputatious, as the eutectic composition
of the binary system Li

3
AlF

6
/CaF

2
(solid line)

contains less CaF
2

than the intersection with the
conode LiF/LiCaAlF

6
(dashed line from the left).

f In contradiction to LiSAF, the DTA melting
curve of LiCAF shows a shoulder, thus indicat-
ing incongruent melting behavior. It should be
remarked, that LiSAF is usually reported to
show better optical quality than LiCAF.

f DTA measurements with compositions on the
binary section LiAlF

4
/CaF

2
(vertical dashed

line) showed a maximum of the liquidus for
the composition (LiAlF

4
)
0.52

) (CaF
2
)
0.48

"

LiCa
0.92

AlF
5.84

. Measurements on the corre-
sponding section within the system LiF}SrF

2
}

AlF
3

showed no signi"cant deviation from the
LiAlF

4
: SrF

2
"1 : 1 stoichiometry.

f An accurate determination of the occupation
factors by X-ray structure analysis is not possible
for the Li atoms, as this light element has a too
small scattering amplitude. Neutron powder dif-
fraction data re"nement for LiCaCrF

6
[23] re-

sults in the following occupational factors:
n
L*
"1.99$0.07, n

C!
"1.90$0.05, n

C3
"2.00

(held "xed), n
F
"11.85$0.18. (2 formula units

per unit cell, P31 1c.) The corresponding chemical
composition is (LiCrF

4
)
0.513

) (CaF
2
)
0.487

"

LiCa
0.95

CrF
5.90

.
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Fig. 3. Ion current (MS data) of the species m/z"20 (HF, top)
and m/z"18 (H

2
O, bottom) over di!erent CrF

3
samples:

(v) CrF
3

AAPL 99.99%; (j) CrF
3

AAPL 99.99%, 3 days
exposed to air; (m) CrF

3
AAPL 99.99% after F

2
treatment.

From these data it must be concluded, that both
LiCaAlF

6
and LiCaCrF

6
are crystallizing with

a CaF
2

de"ciency of Z5%. The existence range of
solid LiCaAlF

6
is expected to be considerably

broader towards CaF
2

near the melting temper-
ature. The occurrence of Ca-rich scattering centers
within the crystals can be explained by precipita-
tion due to the narrowing existence range during
the cooling process.

4. Experimental procedure

4.1. Thermal analysis and MS of the yuorides

The moisture content of the raw material and of
the growth atmosphere in#uences heavily the qual-
ity of the pulled #uoride crystals. The manufac-
turers are usually sealing commercial anhydrous
CrF

3
into ampoules under argon atmosphere. The

purity of the substance (best 4N) is given on `metals
basisa; accordingly no data about the partial sub-
stitution of #uoride ions by OH~ and/or O2~ are
available. However, a semi-quantitative character-
ization of CrF

3
in terms of moisture content could

be obtained by thermoanalytic measurements
(DTA) and a combined mass spectrometric (MS)
analysis of the emanating gaseous species.

Di!erent CrF
3

samples (supplier AAPL, each
sample +70 mg) were heated with 10 K/min in
Pt-95%/Au-5% crucibles using a NETZSCH
STA 409C thermoanalytic equipment. During the
DTA measurements a permanent analysis of the
emanating gas was performed with a BALZERS
quadrupole mass spectrometer. A two-step carbon
aperture (`skimmera) system performed the
pressure reduction from the initial atmospheric
pressure around the sample via a tuned intermedi-
ate vacuum (1}10 mbar) to the stabilized high vac-
uum within the MS (1]10~5 mbar). NETZSCH
recommends the application of Ar gas for rinsing
both furnace and sample. Unfortunately, the 2 most
dominant of the 3 isotopes of natural argon
(36Ar"0.34%, 38Ar"0.06%, 40Ar"99.60%)
were disturbing the detection of both water

m/z [H
2
O`]"m/z [36Ar2`]"18 (11)

and hydrogen #uoride

m/z [HF`]"m/z [40Ar2`]"20 (12)

that were expected to be present in the emanating
gas due to simple desorption of humidity or due to
the reaction of water with CrF

3
(7). Accordingly,

the sample was rinsed instead by He of atmospheric
pressure. The ion currents resulting in the MS SEM
multiplier for m/z"18NH

2
O (11) and for

m/z"20NHF (12) are shown in Fig. 3.
For all 3 measurements the same nominally

anhydrous 4N CrF
3

starting material (supplier
AAPL) was used. The `as delivereda sample
(circles) shows moderate HF and H

2
O signals up to

¹"800}9003C. The drop of the H
2
O signal near

7003C is related to the chemical equilibrium of
the water traces with the skimmer material
(carbon), H

2
O#C H H

2
#CO, that consumes

water. In the whole ¹ range of the measurement the
HF signal is slightly and the H

2
O signal is even
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Fig. 4. Thermogravimetric (TG) measurement and simulta-
neous MS data for m/z"17 ([NH

3
]`, "lled circles), m/z"20

([HF]`, hollow circles) and m/z"18 ([H
2
O]`, hollow squares)

of 9.76 mg NH
4
F )HF in Pt/Au crucibles (heating rate

10 K/min). Inset: MS data for ¹"90}1303C.

signi"cantly increased, if the same CrF
3

material
was stored at the room air for 3 days prior to the
measurement (squares).

A reduced H
2
O signal could be observed for

CrF
3

that was treated with elementary #uorine at
elevated ¹ (+3003C). The resulting H

2
O signal

(triangles in Fig. 3 bottom) is nearly constant for all
¹ and only 1

3
as high as for the non-#uoridated

sample. The drastically increased HF signal of the
#uoridated sample is remarkable. In contrast to the
untreated material and to the CrF

3
that was ex-

posed to air, this very high signal for m/z"20
drops upon heating continuously. It can be
assumed, that F

2
destroys at least partially the

moisture content of the CrF
3

according to

H
2
O#F

2
P2 HF#1

2
O

2
(13)

and leads to the transformation of adsorbed water
into partially adsorbed hydrogen #uoride. The
high polarity of the HF molecule and the strong
hydrogen bond of the hydrogen #uoride ion
[F>
}H^}F>]~ (110 kJ/mol) are expected to enable

strong adsorptive binding forces to the CrF
3

sur-
face that break at a higher ¹. This high binding
energy stabilizes bulk hydrogen #uorides as
KF )HF and NH

4
F )HF up to K2003C.

Some authors propose the addition of am-
monium hydro#uoride, NH

4
F )HF, to the starting

material for the growth of #uoride crystals. The
decomposition of this substance according to

NH
4
F )HFPNH

3
C#2 HFC (14)

is expected to shift the equilibrium (7) to the left-
hand side. It was found, however, that such treat-
ment does not improve the quality of the crystals.
Impurities may be introduced into the starting
material, as commercially available NH

4
F )HF is

usually of very crude purity of typically 95%.
(Recently o!ered high-purity NH

4
F )HF (e.g.

ALDRICH d45,583-0 [24]) was not available at
the time of this study.)

The decomposition of NH
4
F )HF starts already

at 1203C and is "nished with the complete evapor-
ation at (depending from the heating rate)
¹Z2003C. Fig. 4 shows a simultaneous TG/MS
measurement of the substance in helium atmo-
sphere. The mass loss starts with the emission of
ammonia. This process is accompanied by a sharp

endothermic DTA peak (not shown in the "gure)
ranging from 120}1303C and by shoulders in the
MS(¹) curves for m/z"15 ([NH]`), m/z"16
([NH

2
]`) and m/z"17 ([NH

3
]`). Both m/z"16

(relative intensity 80%) and m/z"15 (relative
intensity 8%) are accompanying the main peak of
ammonia m/z"17 (100%). The concentration of
HF with m/z"20 rises continuously until the
whole substance is evaporated. As the purity of the
NH

4
F )HF is expected to be not better than

95}98%, it must be assumed, that it is con-
taminated with di!erent substances, among them
water. The signi"cant signal m/z"18 is obviously
related to that water. One could argue, that
m/z"18 might be due to ammonium ions
[NH

4
]`, but if that should be the case, the curve

would show the same shoulder as m/z"15}17
which is not the case.

In another experiment CrF
3

was treated with
HF gas in the same manner as with F

2
. In contrast

to the reduced H
2
O signal of the #uoridated

sample (cf. Fig. 3) this hydro#uorided material did
not show MS signals that were signi"cantly di!er-
ent from the untreated sample. The oxidation of
adsorbed water to oxygen according to Eq. (13)
seems to be much more e$cient than the shift of the
equilibrium (7) to the left-hand side by an excess
of HF.
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Fig. 5. Binary section LiF}CaAlF
5

as obtained by DTA
measurements. x

C!A-F5
"0.5 corresponds to the composition of

stoichiometric LiCaAlF
6
.

4.2. Thermal analysis of the LiF}CaF2}AlF3 system

DTA results obtained on the section
LiAlF

4
}CaF

2
have been reported recently [22].

In the present work we report on new results that
were obtained on the binary section LiF}CaAlF

5
.

The latter compound is one of the two binary
Ca}Al #uorides and melts incongruently [25].
VrbenskaH and MalinovskyH found the system
LiF}Li

3
AlF

6
}CaF

2
to be simple eutectic [26]. The

binary section LiF}CaAlF
5

crosses partially this
well investigated ternary system. As the compound
LiCaAlF

6
lies outside (Fig. 2) it was not reported in

this formed study. Compositions ranging from
x
C!A-F5

"0 (LiF) to x
C!A-F5

"0.4 (marked by the
dashed line in Fig. 5) match the range that was
already reported by VrbenskaH and MalinovskyH .

The temperature of the ternary eutectic found in
this concentration range (¹

%65
"6673C) matches

well the eutectic temperature that was reported in
the former study [26] (¹V3".

%65
"6653C). However, it

is surprising, that the investigated section is not
really binary. Besides the 6673C peak and the
liquidus peak the DTA curves showed a third peak
at intermediate temperatures. Such behavior is
typical for real ternary systems and con"rms the
proposition, that the composition of LiCAF devi-
ates from the ideal Li : Ca : Al"1 : 1 : 1 stoi-
chiometry. Accordingly, the section LiF}CaAlF

5
is

even in the concentration range between
LiF}LiCaAlF

6
not really binary.

Right from the dashed line in Fig. 5, and thus
outside the partial system LiF}Li

3
AlF

6
}CaF

2
, the

liquidus temperature rises until it reaches the
melting point of LiCAF. The maximum liquidus
temperature found in this study (8013C) is about
9 K below the value that was obtained in a previous
study [22]; but it should be kept in mind, that the
quasi-binary section in the present study does not
cross the composition of the liquidus maximum
that was found to occur at the composition
LiCa

0.92
AlF

5.84
(Section 3). The part of the quasi-

binary section right from LiCaAlF
6

(x
C!A-F5

'0.5)
could be explained not su$ciently with the current
data. In this concentration range the melts solidify
to become partially vitreous * this circumstance
hinders the interpretation of DTA curves
drastically.

4.3. Growth of single crystals

The growth of colquiriite-type crystals starts
from stoichiometric or nearly stoichiometric melts
and has been reported by di!erent methods. Usu-
ally Czochralski [16] or Bridgman pulling [11] are
applied. In this study LiCAF and LiSAF single
crystals were grown exclusively by the Czochralski
method with RF heating and automated diameter
control. Powdered LiF, CaF

2
(or SrF

2
, respective-

ly), AlF
3

(each GFI, 4N) and CrF
3

(AAPL, 4N)
were used as starting material. The growth cham-
ber was rinsed by 5N nitrogen ((2 ppm H

2
O) to

reduce hydrolysis of the #uorides as far as possible.
The handling of the starting materials (charging
and pre-melting in the platinum or vitreous carbon
crucible) was performed in a nitrogen rinsed glove
box too. A part of the remaining adsorbed water
can be removed from the surface of the starting
materials, if the powders are slowly heated to
+3003C in vacuum.

A rotation rate of 15}20 rpm proved to be suit-
able for pulling the crystals with 18 mm diameter
from crucibles with 40 mm diameter and 40 mm
height. (For crystals with up to 30 mm diameter the
rotation rate had to be decreased and the crucible
diameter and height was kept about twice the dia-
meter of the boule.) The cylindrical part of the
boule has usually slightly elliptical cross section;
the ellipticity increases with increasing rotation
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Fig. 6. Temperature ¹ versus vertical position z within the
Czochralski setup as measured without crystal: (j) ¹(z) without
active afterheater for LiSAF growth; (h) ¹(z) with active after-
heater for LiCAF growth.

rate. The basal plane (0 0 0 1) perpendicular to the
trigonal axis of the crystal is facetted.

Problems upon diameter control may arise, as
the #uoride (especially LiSAF) melts wet the Pt
crucible highly. Fluctuations of this wetting height
lead to uncontrollable #uctuations of the mass
signal at the diameter control system and thus to
growth rate and diameter #uctuations. Similar
observations were reported by Chai et al. in a
previous paper [27]. Volatile LiF/AlF

3
evaporates

especially from the thin wetting layer that creeps
along the crucible wall; thus leading to a
stoichiometry shift of the melt. The surface tension
of the melt layer at the crucible wall is expected to
be dependent on the composition. If the layer thick-
ness changes due to changing surface tension, #uc-
tuations of the melt height within the crucible and
thus the observed #uctuations of the mass signal
may occur. Vitreous carbon crucibles are less wet-
ted by the melt, but lead, unfortunately, quite often
to the formation of carbon particles.

Fig. 6 presents the results of temperature
measurements in the set-ups that were used for the
growth of LiSAF (full squares, without active after-
heater) or LiCAF single crystals (empty squares,
with active afterheater), respectively. The temper-
ature measurements were performed in the original
set-up, but without crystal and with an empty cru-
cible. It must hold for sure, that the actual L¹/Lz

during the growth process is di!erent from the date
given in Fig. 6, but at least the tendency should
remain the same during the pulling process. (The
actual melt temperature is for LiSAF about 40 K
higher than the maximum temperature of the plot.)
The gradients given in the "gure result from a linear
"t of ¹(z) for z"30}40 mm that is marked by two
dashed lines. The melt surface during crystal
growth is initially at z"35 mm in the middle
between both dashed lines.

The very high (some hundreds K/cm) temper-
ature gradients L¹/Lz"G

T
(z * vertical coordi-

nate) that are typical for RF heating were reduced
by passive afterheaters to about 80 K/cm. An even
more e!ective adjustment of G

T
could be obtained

by active afterheaters that were described elsewhere
in more detail [28]. In this case a second RF coil is
placed around a platinum cylinder surrounding the
boule during crystal growth. Moreover, a substan-
tial better adjustment of G

T
is possible due to the

separate regulation of the RF power that is produc-
ed by the afterheater coil. If G

T
is too high, the

following problems may occur:

f Due to the high anisotropy of 2a6 (cf. Section 2)
the crystal may crack. It proved to be di$cult to
grow LiSAF with diameters of '10 mm, as
anisotropy ratios

Ra"
Da

11
!a

33
D

1
2
(a

11
#a

33
)
,

where Ra"1.4 for LiCAF and Ra"6.5 for
LiSAF, respectively, result from the data given in
Table 1. Thermal cracking occurs parallel
(0 1 11 0) and perpendicular to the basal plane
(0 0 0 1). As the growth direction a"[2 11 11 0]"
[1 0 0] lies within the cleavage plane, the boules
crack into two parts of nearly equal size. The
production of laser rods with 3}7 mm diameter
and up to 100 mm length is possible from both
parts.

f The overheating of the crucible must be
increased, if high G

T
are applied. Due to the high

volatility of LiAlF
4

[20] the stoichiometry of the
melt may shift. This is especially the case for the
growth of LiCAF, as the melting temperature of
this substance is 44 K higher than the melting
temperature of LiSAF.
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Fig. 7. Electron di!raction diagrams of particles found within a pulverized DTA sample. (a) LiCaAlF
6

in [0 0 1] direction, (b) CaO in
S1 1 1T.

The #at G
T

applied during LiCAF growth is as-
sumed to perform an `in situa annealing procedure
that is known to improve crystal quality [29]. On
the other side, it is more di$cult to avoid constitu-
tional supercooling under low gradient conditions.
It was found, that the growth of single crystals with
diameters '18 mm is easier for LiCAF. On
the other side, the light scattering losses with
typically up to 2%/cm for such crystals are about
one order of magnitude higher than that for LiSAF
crystals. The growth of high quality (scattering
loss (0.2%/cm) LiCAF crystals with diameters
(10 mm too, is possible if a pulling rate
(1 mm/h is applied.

4.4. Electron microscopy and electron diwraction

Electron di!raction experiments were performed
in order to identify the phase composition of the
solidi"ed melt after DTA characterization using
a transmission electron microscope JEOL JEM
750D. The examined DTA specimen had a starting
composition LiF : CaF

2
: AlF

3
"0.25 : 0.50 : 0.25.

In order to achieve electron transparency, a piece
of the solidi"ed DTA melt was pulverized. The
specimen powder was suspended in H

2
O and de-

posited on several carbon-foil grids. Di!erent speci-
mens of the same solidi"ed DTA melt were
prepared and systematically examined by electron
di!raction to statistically ensure the evaluation of
the data. The pattern diagrams obtained by trans-

mission high-energy electron di!raction (THEED)
were photographically documented at a camera
length of 1 m and an acceleration voltage of
1000 kV. The accuracy of the camera constant was
calibrated using polycrystalline Au deposited on
a carbon-coated grid.

Several electron di!raction diagrams were taken
showing signi"cant spot distances and remarkable
symmetry con"gurations (Fig. 7). For the evalu-
ation of electron di!raction diagrams, the data of
all compounds were considered which are known
to exist within the phase diagram LiF}CaF

2
}AlF

3
or of those which are oxides of the involved ele-
ments. The following phases have been identi"ed:
CaF

2
, CaAlF

5
, Ca

2
AlF

7
, LiCaAlF

6
, Li

3
AlF

6
, and

CaO.
For the discussion of the results one should con-

sider that CaAlF
5

and Ca
2
AlF

7
, as well as the `g-a

and the `b-a phases of Li
3
AlF

6
have similar lattice

distances, respectively. Therefore, similar electron
di!raction patterns have to be expected and the
distinction of these phases is sometimes not sure.

As expected, LiCaAlF
6

proved to be the main
component of the Ca-rich sample. A part of the
CaF

2
excess was found to shape the binary Ca}Al

#uorides. Surprisingly, CaO (Fig. 7b, NaCl struc-
ture) was found to be present in remarkable
amounts. The formation of that CaO during the
THEED sample preparation is unlikely, as on the
one side the reaction rate of LiCAF with water is
slow and on the other side the reaction of #uorides
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with water leads to the formation of hydroxides
that are stable up to +7003C. Any traces of
hydroxides could not be found.

The presence of CaO within the Ca-rich DTA
sample can be explained by partial hydrolysis of
#uorides with adsorbed water. Melt temperatures
up to 8503C were obtained in this concentration
region during the DTA runs. Such high temper-
atures are known to calcine the hydroxides nearly
quantitatively to the oxides. CaO was found alone,
as (a) Ca is the main cation within the sample and
(b) Ca is the heaviest cation with the highest scat-
tering amplitude and (c) CaO is the only cubic
oxide and has therefore a limited number of strong
re#exes.

5. Discussion and summary

Undoped and Cr3` doped LiCaAlF
6

and
LiSrAlF

6
crystals were grown by the Czochralski

technique. Scattering losses below 0.2%/cm can be
obtained for both crystals. Scattering centers that
are typical for LiCAF can be avoided, if slow pull-
ing rates +0.5 mm/h and #at temperature gradi-
ents are applied. LiSAF can be grown with pulling
rates of +1 mm/h and with steeper gradients. In
this case the main problem is the high anisotropic
thermal expansion coe$cient of this crystal that
easily leads to thermal cracking along (0 1 11 0).

These di!erent optimal growth conditions for
both crystal are due to their substantial di!erent
thermodynamic and physical properties. In con-
trast to LiSAF, for LiCAF already slight deviations
of the melt composition towards higher CaF

2
concentrations may lead to the incorporation of
CaF

2
-rich foreign phases within the crystal. Unfor-

tunately, the liquidus of the section LiF}CaAlF
5

could not be detected clearly for x
C!A-F5

'0.5 to
explain these problems in detail.

Upon annealing or, alternatively, very slow pull-
ing rates @1 mm/h equilibration of the concentra-
tion gradients can be obtained; thus leading to
a satisfactory optical quality across the whole dia-
meter of the boule. The di!using species could be
either Ca2`/Al3` from the core outside (indeed, the
Ca2` concentration was found to vary across stri-
ations); or Li` from outside towards the core.

A general problem upon the growth of high-
quality #uoride crystals for optical applications
arises from their sensitivity of water. The use of
high-quality starting materials and the preparation
under dry conditions is a necessary but not always
su$cient preposition. In some cases, treatment in
reactive gases or at least the partial desorption of
adsorbed water by heating under vacuum condi-
tions is suggested.
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