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Crystal structures of three fluorides (NH,4),NaFeFg, (Fe), (NH4),NaGaFg, (Ga), and (NH4),NaCrFg, (Cr), as
well as a substituted compound [(NHg4);_xKy]>KAIFs (x~0.17), (Al), have been refined using single-
crystal and powder X-ray diffraction techniques. All these four ammonium hexafluorides have a cubic
elpasolite-type structure and crystallize in the space group Fm3m with lattice constants a = 8.483(3),
8.450 (3), 8.4472(2) and 8.724(3) A for compounds (Fe), (Ga), (Cr) and (Al), respectively. The effective
jonic radius of the ammonium ion calculated from those compounds has a mean value of R = 1.729 A for
CN = 12. An ultraviolet-visible absorption spectrum of (NH4),NaCrFg, measured at room temperature,
gives a crystal field (Dq=1575cm™') and Racah parameters (B=758cm™! and C=3374cm™!).
Abnormal anisotropic thermal parameters of fluorine atoms have been observed in the compound (Al),
and interpreted to arise from four strong hydrogen bonds (F...H-N) that are distributed in a square form
around each fluorine atom.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

There is a large family of ALB'M"Fs compounds (A', B'
monovalent cations; M! trivalent cation) with an elpasolite
(KyNaAlFg) or cryolite (NayNaAlFg, when A = B) structure derived
from a perovskite superstructure with doubled cell edges [1,2]. In
this family, the compounds generally crystallize in the face-
centered cubic system at room or high temperatures, but are
commonly trigonal, tetragonal or even monoclinic, especially after
structural phase transitions, at low temperature. The cubic
compounds with the highest symmetry (i.e. Fm3m) are well
suited for testing the validity of Pauling’s rules, calculating the
radii of ions, and evaluating the bond-valence parameters. Ever
lasting, considerable interest has been focused on the structural
studies at different pressures/temperatures of transition metal
fluorides, particularly those containing Jahn-Teller distortions and
phase transitions via order-disorder transformation [3-5]. Also,
there is much current interest in Cr>*-doped fluoride crystals for
potential application as tunable solid-state lasers operating at
room temperature [6-9].

Although there is a considerable literature on the synthesis of
various ammonium hexafluorometallates(Ill), only a few studies
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investigated their crystal structures. The reported compounds of
the cryolite-type structure include (NH,4);sM"Fg(M" = Al, Sc, V, Cr,
Fe, Ga, In) [10-12], while those of the elpasolite-type structure are
(NH,),NaM"Fg (M" = Al, Fe, Ga, In, Cr, V) [13-15], (NH4),KM'"'Fg
(M"™ = Fe, Ga, Cr, V), Cso(NH4)M"Fg (M = Al Fe, Ga, Cr, V) [16]
and [(NHg),_xK ]JKAIFs( 0<x<1) [17]. For these ammonium
hexafluorometallates, different methods have been developed
for their syntheses. The most popular ones involve various solid-
state reactions such as the one used in the preparation of
Csy(NH4)GaFs, which was synthesized at 700°C in a platinum
tube sealed under an inert atmosphere [5]. Also, the solution route
has been used (e.g., (NH,4)sFeFg [10]). In addition, a hydrothermal
method has been used for both (NH4),NalnFs [14] and
(NH4)2NaAlFg, and the crystal structure for the latter was refined
by our group recently [15]. This hydrothermal method has opened
a fruitful route for the synthesis of new compounds that are
difficult or impossible to obtain by high-temperature solid-state
reactions. Herein we report on the synthesis of four ammonium
fluoride compounds by use of a simple hydrothermal method.

Of all four cubic ammonium fluorides (NH4);NaFeFg,
(NH4)2N3G3F5, (NH4)2N3CTFG and [(NH4)1,XKX]2KA1F6 (Xz017)
reported herein, complete structures such as atomic coordinates
have not been reported. For example, little structural information
is available about (NH4),NaCrFg, except its synthesis, chemical
composition and cell parameters [13]. Herein we present a
detailed characterization of the four cubic ammonium fluorides
by use of SEM, IR and UV-vis and single-crystal and powder X-ray
structural analysis.
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2. Experimental
2.1. Syntheses

All compounds reported here were synthesized by using
hydrothermal method. For example, a mixture of NaHF, (51 mg),
NH4H,PO, (1024 mg), CrCl; (50 mg), HCl (0.6 ml, 37%) and 9ml of
distilled water with a molar ratio NH4:Na:Cr:F = 33:2:1:27 was
used for the synthesis of (NH4),NaCrFg, (Cr). All starting materials
were of analytical grade purity and used as received without further
purification. The above mixture was sealed into a 30-mL Teflon-
lined stainless steel autoclave, heated at 453K for 5 days and then
cooled to room temperature at a rate of 10 K/h. The resulting cyan-
green powder was filtered off, washed with distilled water, and then
dried in a desiccator at ambient temperature. The polycrystalline
powder was confirmed as a single phase and identified as the
compound (Cr) by X-ray powder diffraction analysis.

Similarly, both (NH,4),NaFeFg, (Fe) and (NH4),NaGaFg, (Ga)
were prepared by use of this procedure, except that Fe (50 mg)
and Ga (45 mg) metals, respectively, instead of CrCl; were used. In
the Fe-bearing runs, sporadic colorless, octahedral faceted crystals
of the compound (Fe) were obtained and wrapped in a
polycrystalline white powder. Powder X-ray diffraction analysis
revealed at least three phases, including Fe(NH4)HP30o. In order
to obtain a pure product, various attempts including (1) using
(NH4)Cl instead of NH4H,PO4, (2) changing the molar ratios of the
reactants, (3) different reaction temperatures, and (4) different
degrees of filling and pH values have been made but were not
successful. Our study showed that NH4H,PO,4 plays a critical role
in the syntheses of the compound (Fe) in this route. A similar
situation has been observed in the preparation of the compound
(Ga), which is also octahedral in shape and wrapped in a white
powder of Ga(NH4)HP304o. The compound [(NH4);_xKi]2KAIFg
(x~0.17), (Al) was obtained by use of a mixture of KOH (136 mg),
H3BOs (150 mg), NH4F (300 mg), AlCls3 - 6H,0 (153 mg) and 10 ml
of distilled water with a molar ratio K:NH4:Al :F = 2.4:8:1:8.

The presences of Ga, Fe, Cr, Na, K and F in the products have
been confirmed by semi-quantitative chemical analysis carried
out on an Oxford Instruments Energy Dispersive Spectrometer
(EDS). Also, phosphorus and chlorine have been detected in all
four compounds. The contents of nitrogen and hydrogen in
the compound (Cr), determined on an EA-MA1110 elemental
analyzer (Carlo Erba, Milan, Italy), were found to be 12.56 wt%
(vs cal. 12.45wt%), 3.49 wt% (vs cal. 3.58 wt%), respectively.

2.2. Spectroscopy

Fourier transform infrared (FTIR) spectra in the range of
4000-370cm~! have been obtained by use of 2mg samples
dispersed in 200mg KBr and a Nicolet Avatar 360 FTIR spectro-
meter (resolution <2 cm™'). The FTIR spectrum of the compound
(Cr) is illustrated in Fig. 1, whereas those of compounds (Ga), (Fe),
and (Al) are not present here and are more complicate owing to
the presence of other phases. A Raman spectrum of the compound
(Cr) in the frequency range of 3500-150cm~! (Fig. 2) was
measured on a Renishaw UV-vis Raman System 1000 spectro-
meter, using an argon laser excitation at 514.5nm (resolution
<2cm™!). An ultraviolet-visible absorption spectrum of the
compound (Cr) (Fig. 3) was recorded at room temperature on a
Shimadzu UV-2501 PC spectrophotometer with slits set to 1 nm.

2.3. Crystal structural determination

The crystal structures of the as-prepared compounds of (Fe),
(Ga), and (Al) have been investigated on selected single crystals
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Fig. 1. FTIR spectrum of (NH,4),NaCrFe.

3195
1800 4 19

1500 4

1200 4

Intensity

900 -

3500 3000 2500 2000 1500 1000 500 0
Wavenumbers (cm™)

Fig. 2. Raman spectrum of (NH4),NaCrFg.
1.0 7
0.8 4

0.6 1

abs

654
. 610 635 s

0.2 1

0.0 1

200 300 400 500 600 700 800

Wavelength (nm)

Fig. 3. Ultraviolet-visible absorption spectrum of (NH,4),NaCrFe.

using a Bruker Smart CCD detector (MoKa radiation, graphite
monochromator, 50 kV/40 mA, scan types ¢ and ) at 295K. The
X-ray raw data were corrected for Lorentz and polarization effects.
An empirical absorption correction was also applied. The
structures were solved by direct methods and refined by the
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full-matrix least-squares method using the SHELXS-97 and
SHELXL-97 software packages [19]. After anisotropic refinement
of the heavier atoms, hydrogen atom was located from the
difference Fourier map and then refined by fixing its isotropic
parameter and N-H distance (0.89 A). Our structural refinement of
the compound (Al) showed that the ammonium ion was partially
substituted by potassium, which has a significantly larger X-ray
scattering power than nitrogen.

The X-ray powder diffraction pattern of the compound (Cr) was
collected on a Phillips Panalytical X-pert diffractometer using
CuKo. radiation, monochromatized by a secondary graphite
monochromator. The data were collected in the range between
10° and 100° 20 in steps of 0.008°. The atomic positions of the
compound (Fe) were used as a starting model for Rietveld
refinements using the GSAS program package [20]. Initially, scale,
background, zero point and lattice parameters were refined. The
structure was refined using the Rietveld method with isotropic
displacement parameters, except fixing the hydrogen position and
isotropic displacement from a starting model. The profile fitting of
the final refinement was shown in Fig. 4.

The crystallographic data and refinement results, atomic
coordinates and equivalent displacement, anisotropic displace-
ment parameters, as well as selected interatomic distances and
angles of the reporting compounds are summarized in Tables 1-4.
Further details of the crystal structure investigation are available
from the Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen (Germany), on quoting the depository num-
bers CSD-418735, 418736, 418737, and 418738 for compounds
(Cr), (Fe), (Ga), and (Al), respectively, the name of the authors, and
citation of the paper.

3. Results and discussion
3.1. Structural description

All four ammonium hexafluorometallates(Il) reported herein
with a general formula of (NH4),B'M"'Fg are isomorphic. In their
structure as illustrated in Fig. 5, trivalent cations (M: AI**, Ga>",
Fe3* or Cr3*) occupy the corner (0, 0, 0) and face-center & 1, 0)of
the cube. Fluorine atoms are placed on the four-fold axis of the

crystal to form a regular octahedron around each trivalent cation.
Alkali cations (B: Na* or K*) are located on the edge (4, 0, 0) of the
cube, while nitrogen atoms are positioned in the tetrahedral sites
@& L D, and are coordinated to four H atoms. [BFs] and [M"Fe]
octahedra alternate along the three four-fold axes and are linked
to each other by common F atoms located at the octahedral
vertices. Cations B and M are located in the 4b and 4a sites of the
Fm3m space group, respectively, whereas cation A occupies the 8c
site with CN = 12. This type of structure, namely elpasolite
(ALB'MMFg), is a perovskite superstructure with a doubled cell
edge. It results from the substitution of two M" cations in
ALM"M'Fg by two different ions B+M™!, which are ordered at the
octahedral sites owing to differences in both charge and size [1],
in ALB'M"Fg.

In the structure of elpasolite (K;NaAlFg), much attention has
been paid to the relationship between entropy change and
order—disorder at phase transitions. It is well known that there
is a large entropy change in ammonium cryolite, which has been
explained by a model involving orientational disorder of both the
ammonium and hexafluorometallate(Ill) ions. Structural refine-
ment by Udovenko et al. [18] showed that fluorine atoms have
abnormal large isotropic thermal parameters of 0.151(9)A? and
0.076(8) A? in the (NH,)sFeFs and (NH,4)3AlFs, respectively, if they
are located at site 24e. Consequently fluorine atoms were believed
to be in disorder in these two structures. In comparison, the
compounds (Ga), (Fe) and (Cr) have normal thermal parameters
for all the atoms. However, in the compound [(NHy4);_xKx].KAIFg
(x~0.17), (Al) exhibit abnormal anisotropic thermal parameters.
For example, the values of Uy (0.0897(14)A2) and U,,
(0.0897(14) A?) are much larger than that of Us3 (0.0142(12)A?).
These data suggest that fluorine atoms in the compound (Al) are
also distributed in a disorder mode, pointing to a possible phase
transition at low temperature. The short Us3 axis coincides with
the bond direction between potassium and fluorine, and the long
Uy;; and U,, axes are associated with the hydrogen bonds of
F---H-N, where each fluorine atom is surrounded by four
hydrogen atoms in a square form as shown in Fig. 6. These
results support data from a previous study on the endmember
phases [(NH4)2_xK ]KAIFs(x = 0,1), for which phase transitions
occur at 250 and 186K for the x = 0 composition and at 170K
for the x = 1 composition, respectively [17]. We believe that the
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Crystal data and structure refinements of (NH4),NaMFs (M = Ga, Fe, Cr) and [(NH4)o.83Ko.17]2KAlFg

Formula

Formula mass (g/mol)
Space group, Z

a(A)

V (A3)

Density (calc.) (g/cm?)
Diffraction techniques
Temperature (K)
Radiation

Crystal size (mm?)

p (mm™")
20max (deg)
Miller-index range

Total data collected

Unique data/ I>24(I)

No. of parameters refined
F(000)

Tminv Tmax

R, Ry(all data)

GOF

Largest diff. peak/hole (e/A%)
Software

(NHg4),NaGaFg
242.79

Fm-3m, 4

8.450(3)

603.4(4)

2.673

Single crystal
293(2)

MoKuq, graphite
Octahedron, colorless
transparent,

0.05 x 0.05 x 0.06
4.687

55.60

—10<h<11, —10<k<11,
—10<1<10

1251

57, 57

10

472

0.7663, 0.7994
0.0176, 0.0633

1.571

0.276, —0.373
SHEXL-97, SHEXS-97

(NH4),NaFeFg
228.92

Fm-3m, 4
8.483(3)
610.4(4)

2.491

Single crystal
293(2)

MoKq, graphite
Octahedron, colorless transparent,
0.08 x 0.08 x 0.10

2.594
55.36
—-9<h<10, -8<k<11, 11l

897

58, 58

8

452

0.7814, 0.8193
0.0216, 0.0749*
1.418

0.337, —0.656
SHEXL-97, SHEXS-97

[(NH4)0.83Ko17]2KAIFs
223.32

Fm—-3m, 4

8.724(3)

664.0(4)

2.234

Single crystal

293(2)

MoKuq, graphite
Octahedron, colorless
transparent, 0.11 x 0.12 x 0.17

1.194

55.80

—8<h<11, -9<k<11,
-10<1<9

969

60, 62

11

443

0.8228, 0.8799
0.0236, 0.0617

1.194

0.224, —0.348
SHEXL-97, SHEXS-97

(NHg4),NaCrFg
225.05

Fm-3m, 4
8.4472(2)
602.75(1)

2.480

Powder diffraction
293(2)

CuKe, graphite
Cyan-green opaque
powder

100
1<h<8,0<k<6, 0<I<4

58
38
444

0.0346, 0.0446
1.16

GSAS

? Refinement on Fe atoms split into two positions in disorder mode gave occupancies in site (4, 3, 0) with 96.3(8)% and in site (4, 4, 0.207) with 3.7(8) %, and led to
R =0.0163 and R,, = 0.0415, as well as max diff. density 0.218 and min —0.230e/A3.

Table 2
Atomic coordinates and isotropic displacement parameters (A?) for (NH,),NaMFg
(M = Ga, Fe, Cr) and [(NH4)o.83Ko.17]2KAIFs

Table 3
Anisotropic displacement parameters (A?) for (NH4),NaMFs (M = Ga, Fe) and
[(NH4)0.83K0.17]2KA1F6

Formulas Atoms Site x y z Uiso Compounds Atoms Uy Us, Uss
(NH4),NaGaFg F1 24e 0.5000 0.5000 0.2242(4) 0.0255(10) (NH4),NaGaFg Gal 0.0147(6) 0.0147(6) 0.0147(6)
H1 32f 0.1903 0.3097 0.3097 0.080 Nal 0.0208(14) 0.0208(14) 0.0208(14)
F1 0.0310(13) 0.0310(13) 0.0146(19)
(NH4);NaFeFs F1 24e 05000 05000 0.2274(4)  0.0289(9) N1 0.021(2) 0.021(2) 0.021(2)
H1 32f 0.1909 0.3091 0.3091 0.08
(NH,4),NaFeFg Fel 0.0154(6) 0.0154(6) 0.0154(6)
[(NHa)o.83Ko17]2KAIFs  F1 24e 05000 05000 02050(3)  0.0645(10) Nal 00202(12)  0.0202(12)  0.0202(12)
H1 32f 01910 03090 0.3090 0.072 F1 00352(13)  0.0352(13)  0.0163(16)
(NH4),NaCrFg F1 24e 0.5 0.5 0.22746(13) 0.0315(12) N1 0.0217(18) 0.0217(18) 0.0217(18)
H1 32f 01909 0.3091 0.3091 0.08 [(NHa)og3Ko1r|2KAIFs Al 0.0160(6) 0.0160(6) 0.0160(6)
- - - - - K1 0.0188(6) 0.0188(6) 0.0188(6)
Trivalent cations (Al, Ga, Fe, Cr) locate at (0,0,0)(4a); while sodium or potassium F1 0.0897(14) 0.0897(14) 0.0142(12)
cations at (3, 1, 3) (4b) and ammonium ions at (, 1 D (8c). The effect of N1 (K2) 0.0286(19) 0.0286(19) 0.0286(19)
ammonium ions substituted with potassium cations about 17% in disorder was
observed, resulting in a formula of [(NH4)og3Ko17]2KAlFs. (NH4),NaCrFs was
refined from powder technique with Ujs, = 0.0237(12), 0.0367(13), and 0.0279(15)
for Cr, Na, and N atoms, respectively.
residual peak is small enough for the final refinement,

12-coordinated site A and the 6-coordinated site B are well suited
for the large ammonium ion and the smaller sodium ion,
respectively, hence an order mode in the (NH4),NaMFg structure
(A2BMFg). Also, the ionic radius ratio (B/A) may be the main factor
for the apparent H-bonding that induced disorder at the F site in
the (Al) compound. The roomier lattice of the (Al) phase relative
to its Na analogues offers more chance for displacement of the
small F atoms. Similar features have been observed previously in
the compounds of (NH,4)sFeFs and (NH4);AlFg [18].

The structure of (NH4),NaFeFs has been well refined, except
that the R,y value of 0.0749 is three times larger than the R value of
0.0216 (Table 1). Similar results also occur in the structures of the
gallium analogue and the previously reported compound of
(NHg4)sFeFs in Ref. [18]. In the difference electron-density map,
the highest residual peak (0.34e/A%) to its nearest atom Fe is
0.96A, and the deepest residual hole (—0.66e/A%) is correctly
located at the position of the Fe atom. The value of the highest

but significantly larger than that of the second highest peak
(0.18 e/A3). In addition, the value of the highest peak is only half of
the absolute value of the deepest hole. All of these data indicated
that Fe atoms may be distributed in a partially disorder mode.
Refinement of the Fe atoms in a disorder mode led to R = 0.0163
and R,, = 0.0415, as well as max diff. density 0.218 e/A® and min
—0.230e/A3, suggesting that the disordered model is more
reliable. However, the refinement showed only 3.7(8)% Fe atoms
likely distributed in a disorder mode, and abnormal ratio of R, vs
R could be caused by various other factors. Therefore, Fe disorder,
if present, is negligibly small. In combination with results from
previous studies [14,15], we suggest that atoms in all elpasolite-
type sodium ammonium hexafluorometallates(IIl) known hitherto
show limited disorder at room temperature.

The observed partial substitution between potassium and
ammonium in the compound (Al) led us to attempt structural
refinements allowing substitution between sodium and ammo-
nium. However, the refined site occupancies of Na and N, as free
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Table 4

Selected bond distances, angles and ionic radii for (NH4),NaMFg(M = Ga, Fe, Cr) and [(NH4)o.83Ko.17]2KAIFg

(NHg4),NaGaFg (NHg4),NaFeFg

[(NH4)0.83Ko.17]2KAIFs (NH4):NaCrFg

Gal-F1 1.894(4) ( x 6)
Nal-F12.331(4) ( x 6)
(NH4)-F1 2.996(3) ( x 12)

Fel-F11.929(3) ( x 6)
Nal-F12.312(3) ( x 6)
(NH4)-F1 3.005(3) ( x 12)

F1-H1 2.29 F1-H1 2.31
N1-H10.87 N1-H1 0.87
F1-H1-N1137.6 F1-H1-N1 137.0
Rty = 1717 Rty = 1.719
Rip,) = 1.740 R, = 1.736

Al1-F1 1.789(2) ( x 6)
K1-F1 2.573(2) ( x 6)
(NH4)-F1 3.109(11) ( x 12)

Cr1-F1 1.9214(11) ( x 6)
Nal-F1 2.3022(11) ( x 6)
(NH,4)-F1 2.9926(11) ( x 12)

F1-H1 2.36 F1-H1 2.30
N1-H1 0.89 N1-H1 0.86
F1-H1-N1 141.8 F1-H1-N1 137.6
- Rawuyy = 1715

- R, = 1.743

Rnh,) denotes a radius of the ammonium ion, which was calculated from the equation of (ra+1¢)/da_r = —0.09472 (rg+ry)+1.1724 (where d4_p is the bond distance of A-F; ra,
rg, 'y and g are the ionic radii of the correspondmg ions in the general formula AzB 'M"Fg). This equatlon was derived from the elpasolite structures known up to now using
Shannon'’s radii (Cs: 1. 88 A, Rb: 1.72 A and K: 1.64 A for CN = 12; Rb: 1.52 A, K: 1.38 A, Na: 1.02 A, Li: 0.76 A and F: 1.33 A for CN = 6). R'(nnay means a radius of the ammonium
ion, which was calculated from Wassa and Babel's equation of a, = 1.289r,+1.104rz+1.5187+3.222r (where 1 = 1. 285A (for CN = 2) instead of 1.33 A).

[MF]

Fig. 5. The crystal structure of (NH4),NaMFs (M =Ga, Fe, Cr) and
[(NH4)o.83K0.17]2KAIFs.

Fig. 6. The environments of the metal atoms in

coordination
[(NH4)o.83Ko.17]2KAIFs, with displacement ellipsoids drawn at the 50% probability
level.

variables, are 0.98(3) and 1.06(4), respectively, close to stoichio-
metric values for the compound (Fe). Admittedly, the X-ray
scattering powers of NH; and Na* are similar, preventing any

precise determination whether solid solution between them
exists or not. The calculated bond valences of sodium at 1.08,
1.02 and 1.11 for compounds (Fe), (Ga) and (Cr), respectively [21],
indicate that sodium has a normal bond length in all three
cases. On the basis of chemical analyses reported in previous
studies [13-15], substitution between sodium and ammonium
in sodium ammonium hexafluorometallates(Ill) is most likely
very limited. The size difference may be the reason why
[(NH4),_xKy]KAIFg(x = 0,1) is the only available example that
displays a solid solution between NHZ and K* in the A site. Further
investigation is needed to determine whether substitution
between ammonium and potassium (and between ammonium
and rubidium) occurs in the (Fe, Ga, Cr, V) analogues of
[(NHa)2 <K\ ]KAIFs [13].

Massa and Babel [1] proposed the following equation for
calculating cell parameters for the elpasolite-type compounds:

ac = 1.289r, + 1.104rg + 1.518ry + 3.2221% (1)

They claimed that agreement between the observed and
calculated lattice constants was better than 0.5% in the worst
cases and 0.1% on the average. They also suggested that Eq. (1)
might also be used to calculate ionic radii, especially those for the
unusual M oxidation states stabilized in cubic elpasolites. It is
noteworthy that the comprehensive compilation of ionic radii by
Shannon [22] did not include the ammonium ion. In general, the
radius of the ammonium ion for CN = 8 is believed to be the same
with that of rubidium ion (Rb* = 1.48 A) [23]. There have been no
data for the ionic radius of the ammonium ion for CN = 12. The
radii of the ammonium ion (CN = 12) in compounds (Ga), (Fe) and
(Cr) have been calculated by use of Eq. (1), including a mean value
of 1.740 A (Table 4).

On the basis of 63 known structures (Fig. 7), we propose an
alternative equation:

(ra + r]:)/dA,F = —0.09472(rg + 1) + 1.1724 (2)

where d,_r is the bond distance of A-F; and r4, rg, ry and 1y are the
ionic radii of the corresponding ions in the formula A B'M"'Fg. The
equation in Fig. 7 has a correlation coefficient R = —0.85 and
probability P<0.0001(that R is zero). Fig. 7 shows that Eq. (2) fits
the experimental data well by excluding a few large-offset cases
(e.g. lithium analogues). The mean value of the ammonium ionic
radius from Eq. (2) is 1.717 A, which is somewhat smaller than
that from Eq (1). It is generally believed that the ionic radius
of ammonium is larger than that of potassium but similar to that
of rubidium. We herein adopt an average value of 1.729 A from
Egs. (1) and (2).
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Fig. 7. Linear dependence between the (R4+Rr)/Da_r and the Rg+Ry; (Where ds_p is
the bond distance of A-F; ry, 1, v and r¢ are the ionic radii of the corresponding
ions in the general formula ALB'M!"'Fg).

3.2. Spectroscopy analysis

The internal modes of the free NH; group having the Ty
symmetry are expected at 3040(v{), 1680(v;), 3145(v3) and
1400(v,) cm™ . Factor-group analysis of NH} with the T4 symmetry
predicts v{(A;) and v,(E) active only for Raman, and v3(F;)
and vy4(F>) active for both Raman and IR [24]. In the compound
(Cr) ammonium ions are located at the symmetry site of 43m
(at 8c) and have a Ty symmetry, same as a free NH} group.
Fig. 1 shows that the FTIR spectrum of the compound (Cr) consists
of three main absorption peaks. The two at 3269 and 1428 cm™!
can be unambiguously attributed to the asymmetric stretching
vz and bending v, vibrations of ammonium ions, respectively,
whereas the other one at 520 cm ™! is assigned to the [CrFg] group.
Although the frequency (3269 cm™") of v5(F,) observed in this
study is significantly larger than that (v3 = 3145cm™!) for a free
NH} group, it is consistent with the result (vs=3275cm™!)
reported in Ref. [25]. Other weak absorption peaks can be divided
into two sets. One set of bands at 3095, 2927, 2858, and 1642 cm™!
have larger frequencies than 1428cm™!, are caused by over-
lapping, overtone and combination of the v3 and v, vibrations of
ammonium ions. The other set of bands at 1081 and 741 cm™!
have smaller frequencies than 1428 cm™!, are tentatively attrib-
uted to the [CrFg] group. The Raman spectrum of the compound
(Cr) is composed of a strong peak at 3195 cm™!, which is assigned
to the asymmetric stretching v3 vibration of ammonium ions, two
intermediate peaks at 544 and 263 cm™! ascribed to the [CrFg]
group, and four weak peaks (Fig. 2). Three of the weak peaks at
1438, 1699 and 2845cm~! are assigned to the asymmetric
bending v4, symmetric bending v,, and overtone of v, vibrations,
respectively; the forth one at 200cm™! may be caused by lattice
vibration. The aluminum analogue of the compound (Cr) was
prepared as described in Ref. [12], and its FTIR and Raman spectra
and peak assignments are given in Table 5 for comparison.

Investigation of luminescence and optical absorption on materi-
als doped with octahedrally coordinated Cr>* is another intensive
research topic in the elpasolite system. In an octahedral d*> metal
complex, CrF2~, it has the following spin-allowed transitions:
4A2g—Tao(F) and designated as E;, *Azg— *Ti¢ (F) and designated
as E, and A4 — *T14 (P) and designated as Es. The energy value of E;
is equivalent to 10Dq, and that of E, and E; is given respectively as

E; = 15Dq + 7.5B — 6B(1 + p)'/? (3)

E; = 15Dq + 7.5B + 6B(1 + p)'/? (4)

Table 5
IR and Raman wavenumbers (cm~") for (NH4),NaCrFg and (NH,4);NaAlFg

(NH4),NaCrFg (NH4),NaAlFg

IR Assign. Raman Assign. IR Assign. Raman Assign.
3269 vs v3(Fy)  3195vs vz (F2)  3284vs v3(F) 1649 vs  vy(E)
3095 sh 2845vw  2v4 (F;) 3105w 1613 m

2927 vw 1699 w,br  v5(E) 2922 vw 1445 vw vy (Fy)
2858 vw  2v4 (F2) 1438vw  vya (F2) 2848 vw 24 (Fy) 544 w [CrFs]
1642 vw 544m [CrFe] 1431vs  va(F2) 319vw  [CrFg]
1428 vs w4 (F2) 263 m [CrFe] 727 m [AlFg] 213 w

1081 w  [CrFg]
741 w [CrFs]
520 vs [CrFe]

200w 563 vs [AlFs]

451w [AlFg]

Relative intensities: v, very; s, strong; m, medium; w, weak; sh, shoulder; br, broad.

where p = [(10Dq—9B)/12B]>. Egs. (3) and (4) were derived from
Tanabe and Sugano’s (1954) matrix [26]; the B value is then
determined from the energies of the E; and E, transitions by means
of the relationship [27]:

B =[(2E; — E3)(Ez> — E1)1/[3(9E1 — 5E2)] (5)

The B value also can be calculated from the energies of the E; and
E3 by the following equation:

B = (E; + E3)/15 — 2Dq (6)

The absorption spectrum of (NH4),NaCrFg as shown in Fig. 3,
contains a broad triplet band and two main single bands. The broad
triplet band is overlapped by some structures, and consists of
635nm (15748cm~'), 654nm (15290cm~!) and 610nm
(16393 cm™1). This triplet band is tentatively interpreted to be
caused by the spin-allowed transition from the ground state *Ax4(“F)
of the Cr** ion to the orbital *Tyu(*F) (E; =15748 cm™') and the
spin-forbidden transitions from the ground state *A,,(“F) to the
2Ey(%G) (E4=15290cm™") and 2T;4(*G) (Es = 16393 cm™ ') orbitals.
The other two main bands centered at 436 and 285nm
(or E; = 22936cm ™! and E5 = 35088 cm™') can be unambiguously
ascribed to the orbitals “Tio(*F) and “Ti4(*P), respectively.
These observed values (E; =15748cm™!, E; =22936cm™}, and
E; = 35088 cm™!) give two different solutions by use of Egs. (5) and
(6). We prefer the value calculated from Eq. (5), because it gives the
best fit on the Tanabe-Sugano diagram plotted by the program of
Ref. [28]. Our preference is also consistent with the suggestion in
Ref. [27] that E3 is not suitable for the calculation of the B parameter.
Therefore, the crystal field strength Dq, and Racah parameters B and
Dq/B of the compound (Cr) have the following values (in cm™):
1575, 758, 2.1. According to Ref. [29], for 1.5<Dq/B<3.5 the Racah
parameter C can be obtained from Eq. (7) with 0.5% of relative
accuracy as compared to the value obtained by matrices diagona-
lization [7]:

E4(*A,—2E)/B = 3.05C/B + 7.09 — 1.8B/Dq (7)

We can also use the expression (8) of the 2T; level to calculate the
Racah parameter C [30]:

Es(*A;—%T;) = 9B+ 3C — 24B/10Dq (8)

A mean value of C=3374cm™! has been obtained by use of
Egs. (7) and (8), and C/B of 4.45. These values are close to those
obtained for octahedrally coordinated Cr®* in other elpasolites [6,7].
The degree of covalency of a metal-ligand bond in a complex may
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Table 6
A comparison of observed and calculated data of the ultraviolet- visible absorption
spectrum(NH,4),NaCrFg at room temperature

Assignment Observed Calculated
4Azg—2Eg(%G) 15290 15656
4Azg—ATog(*F) 15748 15748
4Ag—2T14(°G) 16393 16353
4Ag—T1(*F) 22936 22934
4Azg—2T24(°G) 23253
4Azg—2A14(%G) 29012
4Ag—2Tog(?H) 31278
4Azg—2Eg(%H) 33680
4Azg—4T1g(*P) 35088 35678
4Ag—>T15(°H) 36938
4A2g—2Tyg(?D) 42663

be determined using the covalency parameter, 8, which is
equivalent to the ratio of the Racah parameter B in the complex
to that of the free cation, B, in Refs. [26,31]. B = 758 cm™! obtained
in this study for the compound (Cr) divided by the free-ion value
(B, = 918cm™}, in Ref. [32]) gives a f factor of 0.83, reflecting the
covalency effect. With the above assumption and combined
spin-orbit interaction and crystal field matrices, we calculated the
energy level scheme of the (NH,),NaCrFs by use of the program of
Ref. [28]. The calculated and observed values are in excellent
agreement (Table 6).

3.3. Crystal growth

It is well known that impurities can have a large effect on
crystal morphology. For example, the Donnay-Harker law [33]
predicts the frequency of crystal forms for NaCl (Fm3m) in order of
{111}, {200}, {021}, {112}... However, natural NaCl usually occurs
in cubes, which has been attributed to the addition of small
quantities of impurities [34,35]. The similarity in space group
between the elpasolite-type compounds and NaCl intrigued our
investigation on crystal morphology. In this study, only poly-
crystalline powder was obtained for the compound (Cr). We were
unable to synthesize large crystals of (Cr) for a single-crystal X-ray
diffraction study. In contrast, suitable single crystals were grown
easily for compounds (Fe) and (Ga), but we could not obtain pure
samples for them. As described in above, sporadic octahedral
shaped crystals of (Fe) and (Ga) are wrapped in polycrystalline
powder Fe(NH4)HP30;0 and Ga(NH4)HP;040, respectively. We
suggest that there is a linkage between the octahedral crystals
and the matrix materials on their surface. Figs. 8 and 9 show the
crystal structure of the compound (Fe) projected to the plane
(111) [36,37] and that of Fe(NH4)HP5040 [38] to (101), respectively.
The interval between two [FeFg] octahedra labeled by sites A and B
in the compound (Fe) is 10.39 A (Fig. 8), which is almost the same
as the distance (10.41 A) between [FeOg] octahedra marked by A
and B in Fe(NH4)HP301. Therefore, the direction from octahedron
A to octahedron B is [101] in the compound (Fe), and [121] in
Fe(NH4)HP35010. Furthermore the distance between octahedra of
site B and C with direction [112] in the compound (Fe) is about
6.00A, also approximately similar to that (6.08 A) with direction
[101] in Fe(NH4)HP304o. Therefore, the {111} face of the compound
(Fe) is stabilized by a two-dimensional epitaxial adsorption layer
of Fe(NH4)HP3O1O (101) The (NH4)2N&F€F6 (1]1) and FE(NH4)
HP3040(101) faces have a misfit of +1.4%. A similar case occurs also
for the pair between (NH4);NaGaFg (111) and Ga(NH,)
HP3010(101). Therefore, the occurrences of faceted octahedra of
the compounds (Fe) and (Ga) are most linked to the phosphate
impurities.

Fig. 9. Projection of the crystal structure of Fe(NH4)HP504, to the plane (1071).

4. Conclusions

Our X-ray structural analyses and previous studies show that
all atoms in all elpasolite-type ammonium sodium hexafluor-
ometallates(Ill), (NH4),NaMFg(M = Al, Cr, Fe, Ga, In), are largely
in order modes. A crystal field (Dq=1575cm™') and Racah
parameters (B=758cm~!, C=3374cm~!, Dq/B=2.08, and
C/B = 4.45) for (NH4),NaCrFs have been determined from a
room-temperature optical absorption spectrum. The phase transi-
tion of the compound (NH,4),KAIFg at low temperature has a close
relationship with the abnormal anisotropic thermal parameters of
the fluorine atoms, which are caused by four strong hydrogen
bonds (F...H-N) distributed in a square form around each fluorine
atom.
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