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Abstract—Powders and single-crystal plates of different sections of an (NH,4),K GaFg crystal are investigated
using polarized light microscopy and x-ray diffraction over awide temperature range, including the phase tran-
sition temperatures. It is established that the sequence of symmetry changes in the crystal under investigation

is as follows: Of—Fm3m (Z = 4) ~— Cj,—1114/m (Z = 2) ~— C3,—P112,/n (Z = 2). © 2002 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

Fluoride crystals of the general formula A,BMe**Fg
with a perovskite-like structure are characterized by a
great diversity of phase transitions with a decrease in
temperature. Among these compounds, ammonium
crystals have attracted particular attention, because the
ammonium ions occupy cation positions: A and B (cry-
olite) and A or B (elpasolite). In elpasolite and cryolite
crystal cells, these ions can occupy two nonequivalent
positions, namely, the position A inside ahalide octahe-
dron and the position B in a hole between octahedra.

Ammonium crystals of the formula (NH,);Me**F;
(Me* = Al, Cr, Ga, V, Fe, Sc, or In) with a cryolite
structure (space group Fm3m, Z = 4) that belong to the
family of ammonium perovskite-like compounds have
been investigated in sufficient detail. The three-dimen-
sional crystal framework of these compoundsisformed
by (NH,)F and Me**F octahedra connected by their
vertices, and the polyhedra arranged between these
octahedra are occupied by ammonium ions. Sasaki et
al. [1] showed that, in the majority of ammonium cryo-
lites, the transitions from the cubic phase are associated
with changes in the orientational motion of two struc-
tural groups, namely, (NH,)* and (Me**F;). Kobayashi
et al. [2] and Tressaud et al. [3] proved that the radius
of the Me** ion affects the number of phase transitions,
the sequence of changes in the symmetry upon phase
transitions, and the temperature at which the cubic
phase loses its stability. The ammonium compounds

with asmall radius of the trivalent ion (R}, < R%.) are

characterized by only one phase transition, whereas the
compounds with larger sized cations (In or Sc) undergo
two or three phase transitions [3-5]. Our recent x-ray
diffraction studies on powders and single crystals [6]

revealed the following sequence of symmetry changes
in the (NH,);ScF; cryolite: Op —Fm3m (Z = 4) ~—
Con—P12,/n1 (Z = 2) ~— Cj,—12/ml (Z = 16) ~—

C/ -1 (Z = 16). For the (NH,),GaF cryolite with a
small-sized trivalent cation Ga** [7], the sequence of
symmetry changes proved to be as follows: Oﬁ —Fm3m

(Z=4)~— C' -1 (Z=16). Theseinvestigations dem-
onstrated that ammonium cryolites have identical sym-
metry of the initial and lowest temperature phases,
however, the transitions between these phases can
occur in anumber of ways.

The difference between the ammonium elpasolite
(NH,),KGaFg and the gallium cryolite (NH,);GaF lies
in the fact that holes between octahedra in the crystal
structure of the former compound are occupied by
atomic potassium cations rather than by ammonium
molecular ions. According to Flerov et al. [8], the
(NH,),KGaF, el pasolite exhibits three anomalies in the
heat capacity in the temperature range from 80 to
350 K, specifically at Ty, = 288.5, Ty, = 250, and Ty; =
244.5 K. Moreover, reasoning from the thermodynamic
characteristics obtained for the (NH,),KGaF4 €lpaso-
lite, Flerov et al. [8] proposed a different sequence of
symmetry changesin this crystal ascompared to that in
the cryolites studied in [6, 7].

The purpose of the present work was to determine
the sequence of symmetry changes (Gg) ~— (G;) ~——
(Gy) —— (Gy) in the (NH,),K GaF crystal. This study
was performed by analogy with our previous works[6,
7]. We investigated the twin laws and analyzed the
changes observed in the x-ray reflections from powders
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Fig. 1. Temperature dependences of (1) the birefringence
and (2) the rotation angle of the optica indicatrix with
respect to the [110], direction in the (NH,4),K GaFg crystal.

and oriented single-crystal plates over a wide range of
temperatures.

2. SAMPLE PREPARATION

The (NH,),KGaFg compound was synthesized
according to the following procedure. Gallium hydrate
Ga(OH); was dissolved in hydrofluoric acid HF and
was then evaporated amost to dryness. A saturated
aqueous solution of (NH,HF, and KHF, taken in
equivalent amounts was added to the gallium fluoride
GaF; formed by the above reaction. The resultant poly-
crystalline compound and a mother solution were
placed in a high-pressure bomb. The hermetically
sealed bomb was heated to 500 K, allowed to stand for
48 h at this temperature, and was then slowly cooled
over ten days to room temperature. The hydrothermal
synthesis in the high-pressure bomb resulted in the for-
mation of small-sized (=30 mm?), well-faceted crystals
of the (NH,),KGaF; compound. Single-crystal plates of
three crystallographic orientations, namely, the (100),,
(110)o, and (111), sections cut from these crystals,
served as samplesin x-ray diffraction and optical inves-
tigations (hereafter, the subscript in the designations of
the crystallographic planes and directions indicates the
type of crystal phase).

3. RESULTS AND DISCUSSION

Thin crystal plates (=0.05 mm) of different crystal-
lographic sections were examined using a polarizing
microscope. It was revealed that, during cooling of the
studied samplesin the vicinity of the temperature Ty, =
288 K, thecrystal exhibitsoptical anisotropy and small-
sized, poorly defined crystal twins manifest themselves
intheform of dark spots. The twin boundaries observed
in the (100), section are aligned parallel to the [110],
direction. Extended single-domain regions with pro-
nounced temperature-independent extinctions of reflec-
tions along the [100], direction are arranged between
the spots. In these regions, the birefringence was mea-
sured using the Berec compensator technique with an
accuracy of ~10. Figure 1 illustrates the temperature
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behavior of the main birefringence An = (ny—n,) inthe
(NH,),KGaF; crystal. It can be seen that the birefrin-
gence arises below Ty, = 288 K, gradualy increases
with a decrease in the temperature, and reaches An =
14 x 10 in the vicinity of 250 K.

At Ty, = 250 K, the (NH,),KGaF; crystal undergoes
afirst-order phasetransition. It is seen that the twin pat-
tern changes drastically. In particular, there arise
regions of a new phase with a complex twin structure.
In the (100), section, this structure is predominantly
composed of twins with a preferred orientation of their
boundaries along the [100], direction, in which the
optical indicatrices are rotated through an angle +¢
with respect to the [110], direction. Crystal twins with
extinctions of the reflections along the [100], direction
are observed more rarely. The new phase regions are
not formed simultaneously throughout the bulk of the
sample. Upon cooling, their formation is observed to a
temperature of 245 K. At 250 K, the angle ¢ abruptly
increases from zero to 10° and remains nearly constant
in the course of cooling (Fig. 1). No additional changes
arerevealed in the twin pattern in the vicinity of thethird
anomaly in the heat capacity (Ty; = 244.5K).

Judging from the above findings, we can state that
the (NH,),K GaF crystal is characterized by thefollow-
ing changes in symmetry: cubic (Gy) ~ tetragonal
(G1) = monaclinic (G3). Analysis of the extinctions
of the reflections in different twins of the monaoclinic
phase indicates that the twofold axis of the unit cell of
the monoclinic phase coincides with one of the
pseudocubic axes, whereas the other two axes are
aligned along the face diagonals. It turned out that both
the twin pattern and the sequence of symmetry changes
in the (NH,),K GaF crystal are closely similar to those
observed in the Rb,K ScF; elpasolite [9].

X-ray diffraction analysis of the (NH,),KGakF; crys-
tal was carried out on a DRON-2.0 diffractometer
equipped with a URNT-180 low-temperature attach-
ment (CuK, radiation, graphite monochromator). The
measurements were performed over a wide range of
temperatures (100—300 K). The samples used in x-ray
diffraction investigations were prepared in the form of
single-crystal plates of the (100),, (110),, and (111),
sections and powders produced from (NH,),K GaFg sin-
gle crystals.

The x-ray reflections taken from the initial phase G,
correspond to cubic symmetry with aface-centered unit
cell F [10]. The unit cell parametersat 293 K are listed
in the table. Upon cooling in the temperature range
from 288 to 250 K, we observed a very dight broaden-
ing of x-ray reflections from single-crystal plates.
Unfortunately, in this range of temperatures, we failed
to reveal noticeable splittings of reflections that would
suffice to determine the symmetry of the G, phase from
the x-ray diffraction experiment. However, the
observed twin pattern indicates that the unit cell of the
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Crystallographic characteristics of distorted phases of the (NH,4),K GaFg crystal

Characteristics Gs G, Go
Space group Cgh —P112,/n Cih —1114/m OE —Fm3m
z 2 2 4
Teps K 198K 273K 293 K
Unit cell parameters
1/2(ag + by) 1/2(ag + by) g
a, A 6.203 6.256 8.850
1/2(ag — bo) 1/2(ag - bo) bo
b, A 6.252 6.256 8.850
Co Co Co
c, A 8.928 8.847 8.850
a, deg 90 90 Q0
B, deg 90 90 Q0
y, deg 89.72 90 Q0
Vv, A3 346.23 346.22 693.13
o9 Ji L L
(hh0)
(hhh)
Presence of superstructure reflections + - -

G, phase is characterized by a tetragonal distortion.
Moreover, the lack of superstructure reflections in the
G, phase suggeststhat the phase transition occurs with-
out a multiple change in the unit cell volume. The
parameters and the scheme of crystallographic axis of
the Bravais cell in the tetragona phase of the
(NH,),KGaF; crystal are given in the table.

Upon cooling below the phase transition tempera-
ture Ty, = 250 K, the x-ray diffraction profiles of single-
crystal plates and the splittings of reflections in the x-
ray powder diffraction patterns change drastically (see
table). The cooling of the studied sample leads to the
appearance of a set of (h k 0) and (h k1) superstructure
reflections for which the sums (h + k), (h +1), and (k +
[) are odd numbers and the (h00) and (h h0) reflec-
tions are characterized only by evenindicesh. Thetem-
perature dependence of the (1 0 5) superstructure
reflection (Fig. 2) clearly demonstrates that achangein
the trandational symmetry occurs upon the G; — Gg
phase transition. The splittings of reflections in the G,
phase correspond to the monoclinic symmetry (see
table).

The temperature dependences of the linear and
angular parametersof the unit cell in different phases of
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the (NH,),KGaF, crysta were determined from the
location of the components of the (6 6 O) reflection. The
results obtained are presented in Figs. 3 and 4, respec-
tively. It can be seen from Fig. 3 that, asthe temperature
decreases, the unit cell parameters remain constant
upon the (Gy) ~—— (G,) phase transition but exhibit
abrupt jumps at temperatures below Ty, = 250 K. The
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Fig. 2. Temperature behavior of the integral intensity of the
(1 0 5) superstructure reflection. The reflection indices are
given in the setting and crystall ographic axes of the unit cell
of theinitial cubic phase Gq,.
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Fig. 3. Temperature dependences of the linear dimensions
and the volume of the Bravais cell in the (NH,4),KGaFg

crystal: (1) a+/2, (2) b/2, (3) ¢, and (4) 3./V . Thevolume
of the Bravais cell in the monoclinic and tetragonal phases
is doubled.

0.4 T T T
0.3} e q® _

A
*02F \ -

o 1

(@) 1
0.1+ 1 E

1

1

0 1 1 l= °
150 200 250 300
T,K

Fig. 4. Temperature dependence of the angular parameter
(90° —v) of the Bravais cell in the (NH,4),KGaFg crystal.
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Fig. 5. Positions of the components of the (10 0 0) reflection
in the x-ray diffraction pattern at different temperatures
(CuK, radiation).

linear dimension of the monoclinic cell of the
(NH,),KGaF; crystal decreases along the a direction
and increases along the ¢ direction with a decrease in
the temperature, whereasthe linear parameter along the
b direction remains virtually unchanged. Upon cooling,
the volume of the chosen cell only slightly changes
when passing through the temperature T,.

Figure 4 shows the temperature dependence of the
angular parameter of the Bravais cell. At Ty, = 250 K,
the deviation of the angular unit-cell parameter from
the right angle (90° —y) abruptly increases from zero to
saturation. A similar temperature dependence is
observed for the rotation angle ¢ of the optical indica
trix (Fig. 1).

At temperatures below Ty = 288 K, the extinctions
of the reflections observed correspond to two tetragonal
space groups, namely, [4/mmm and 14/m. According to
the results of measurements of the birefringence and
heat capacity [8], the transformation from the cubic
phase into the tetragonal phase is a second-order phase
transition. On this basis, we chose the space group
1114/mfor the G, phase of the (NH,),KGaF; crystal in
the same manner aswasdone by Flerov et al. [9] for the
Rb,K ScF; crystal. Reasoning from the aforementioned
experimental data, for the low-temperature phase G,
we chose the space group P112,/n, in which the screw
axis 2; coincides with the [001], direction of the unit
cell of theinitial phase G,. The parameters of the cho-
sen Bravais cell for the monaoclinic phase are listed in
the table.

Now, it remains to be seen whether the
(NH,),KGaF; crystal undergoes any transformation in
the temperature range from 250 to 245 K (the G,
phase). In this respect, noteworthy is the temperature
dependence of theintegral intensity of the (1 0 5) super-
structure reflection (Fig. 2). Upon transition from the
G, phaseto the G, phase with adecrease in the temper-
ature, theintegral intensity of the (1 0 5) superstructure
reflection abruptly increases from zero to a certain
value, remains nearly constant within a range of
approximately 10 K, and increases to saturation only
below 240 K. On the one hand, sincetheintensity of the
superstructure reflection accounts for the displacement
of atomsin the unit cell with respect to their initial posi-
tions, we can assume that an additional transformation
of the crystal structure occursin this range of tempera-
tures (T < Tyg). On the other hand, the intensity of the
superstructure reflection depends on the amount of the
materia involved in the phase transition. In the case
when observations in polarized light demonstrate that
the phase transition in different parts of the sample
occurs at different temperatures just below Ty, thiscir-
cumstance should be reflected in the temperature
dependence of the intensity of the reflection under
investigation.

Figure 5 depicts the temperature dependence of the
components of the (10 0 0) reflection in the x-ray dif-
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fraction pattern of the (100), section of an oriented
plate. At temperatures below 250 K, the (10 0 0) reflec-
tion is split into three components. It should be noted
that, after the splitting, the intensity of the component
observed at theinitial position (26 = 120.5°) inthe tem-
perature range from 250 to 245 K decreases to zero,
whereas the intensities of the other two components
increase. In the low-temperature range, this reflection
has only two components. Most likely, thisfinding sug-
gests the coexistence of the G, and G; phases at these
temperatures.

The temperature behavior of the components of the
(6 6 6) reflection isaso of considerable interest. Asthe
temperature decreases, the number of components of
this reflection progressively changes from one compo-
nent above 250 K to two componentsin the range 250—
245 K and three components below 240 K. Judging
from the number of components of the (6 6 6) reflec-
tion, we can make the inference that the symmetry of
the G, phase differs from that of the G5 phase; further-
more, we can assume that the G, phase has the symme-
try P12,/nl. In this case, the screw axis 2; should be
directed along the face diagonal of the cubic cell. How-
ever, polarized light microscopy does not confirm this
symmetry (Fig. 1). For the proposed variant of symme-
try, the rotation angle of the optical indicatrix with
respect to the[110] direction must be equal to zero. We
believe that the disappearance of one of the components
of the (6 6 6) reflection in the temperature range from
250 to 245 K most likely can be associated with the
changes in the intensity and width of the other two,
stronger components of this reflection in the x-ray dif-
fraction pattern. As a result, the third (weak) compo-
nent of the reflection is buried in the total profile (see
table). One of the possible reasons for the observed
changesin the profiles of x-ray reflectionsis the nucle-
ation and intergrowth of one phase into the other phase,
i.e., the intergrowth of the tetragona phase into the
monaclinic phase and vice versa (heating and cooling).

4. CONCLUSION

Thus, the results of the above investigations allowed
us to propose the following sequence of symmetry

changes in the (NH,),KGaF; elpasolite: O —Fm3m

(2= 4) ~—— C,,—1114/m (Z = 2) —— C;,—P112,/n
(Z = 2). Unfortunately, our investigation did not answer
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the question regarding additional symmetry changesin
the temperature range of existence of the G, phase. We
made the assumption that two phases coexist at these
temperatures. This assumption is supported by the
resultsobtained by Flerov et al. [8], who studied the (p—
T) phase diagram of the (NH,),K GaF el pasolite. These
authors demonstrated that, under pressure, the phase
transition temperatures Ty, and T,; decrease almost
identically [8]: dTy/dp = (2.3 £ 0.3) K/GPa and
dTys/dp =—1.4 £ 0.4) K/GPa. The stability loss temper-
ature of the cubic phase decreases more rapidly with an
increase in the pressure: dT,,/dp = —-30 K/GPa.

ACKNOWLEDGMENTS

Thiswork was supported by the Russian Foundation
for Basic Research, project nos. 00-02-16034 and 00-
15-96790.

REFERENCES

1. A. Sasaki, Y. Furukawa, and D. Nakamura, Ber. Bunsen-
Ges. Phys. Chem. 93, 1142 (1989).

2. K. Kobayashi, T. Matsuo, H. Suga, et al., Solid State
Commun. 53 (8), 719 (1985).

3. A.Tressaud, S. Khairoun, L. Rabardel, et al., Phys. Sta-
tus Solidi A 98 (2), 407 (1986).

4. 1.N. Flerov, M. V. Gorev, and T. V. Ushakova, Fiz. Tverd.
Tela (St. Petersburg) 41 (3), 523 (1999) [Phys. Solid
State 41, 468 (1999)].

5. M.V.Gorev, . N. Flerov, and A. Tressaud, J. Phys.: Con-
dens. Matter 11, 7493 (1999).

6. S. V. Md’'nikova, S. V. Misyul’, A. F. Bovina, and
M. L. Afanas’ev, Fiz. Tverd. Tela (St. Petersburg) 42 (2),
336 (2000) [Phys. Solid State 42, 345 (2000)].

7. S. V. Md'nikova, S. V. Misyul’, A. F. Bovina, and
M. L. Afanas ev, Fiz. Tverd. Tela(St. Petersburg) 43 (8),
1533 (2001) [Phys. Solid State 43, 1594 (2001)].

8. |.N.Flerov, M. V. Gorev, M. L. Afanas'ev,and T. V. Usha-
kova, Fiz. Tverd. Tela (St. Petersburg) 43 (12), 2209
(2001) [Phys. Solid State 43, 2301 (2001)].

9. I. N. Flerov, M. V. Gorev, S. V. Mé’nikova, et al., Fiz.
Tverd. Tela(Leningrad) 34 (7), 2185 (1992) [Sov. Phys.
Solid State 34, 1168 (1992)].

10. International Tables for X-ray Crystallography (Kynoch,
Birmingham, 1952), Val. 1.

Translated by O. Borovik-Romanova

2002



