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Ammonium rare earth fluorides NH,Ln;F, (Ln = Dy, Ho, Y,
Er, Tm) were synthesized by a hydrothermal method. Two
polymorphs, of the hexagonal B-KYb;F,, and the cubic
y-KYb;F,, structure types, were formed under hydrothermal
conditions for most of the rare earth fluorides except
NH,Dy;F,, for which only the cubic y-phase was obtained. The
crystal structures of MLn;F,, (M = alkaline metal, NH; and
Ln = rare earth) show a strong correlation to the ratio of ionic
radii (Ry,/R;,), which has been expressed in a structure phase
diagram of the ionic radii of univalent and rare earth cations.
© 2001 Academic Press
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INTRODUCTION

7-KYb3F, crystallizes in a fluorite-related cubic struc-
ture that consists of two different structure units,
[KYbsFg]*" and [KYbsF,,]?". These two ionic groups
alternate along the three crystallographic axes, forming
multiple face-centered unit cells (1, 2). The coordination of
the Yb®" ions in the y-KYb;F, structure is square anti-
prismatic. In addition to the y-form, a high-temperature
hexagonal f-form is also known for KYbsF,. In the f-
KYbsF,, structure, eight fluorine atoms with a bicapped
trigonal prismatic geometry (3) coordinate rare earth ions.
Recently, considerable interest has been focused on using
these materials as hosts of solid state lasers [4-7]. Heyde
et al. (4) studied the spectroscopic properties of the Er3*-
doped cubic KY;F;, material and formulated the crystal
field parameters. The absorption and fluorescence spectra of
KY;Fo:Er** were reported by Antic-Fidance et al. (5).
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Electric conductivity and dielectric properties of KY;F,
were also investigated (6, 7).

MLnsF, is a typical ionic family that consists of a large
number of compounds; therefore, there is available con-
siderable structural information, allowing us to rationalize
the influence of the atomic parameters on the structural
preference. For example, KY3F;, (4-9), KTbsF, (2,10),
and RbEusF, (11) were found only in the cubic y-form;
meanwhile, the compounds with larger alkaline metals are
often present in the hexagonal f-form, such as RbLnsF,,
(Ln =Y, Er, Lu, and Sc) (11-15) and CsLn;F, (Ln = Yb,
Lu, and Sc) (15-19). There are indeed some examples in
which both polymorphs (- and y-forms) were found to be
stable in different temperature ranges, as found in KYb;3F
(1), KEr;F ;4 (20), and RbGd;F 4 (11,21-23).

Regarding the ionic radii and crystal structure of the
MLnsF;, family, ammonium compounds are particularly
interesting, because the ionic radius (Pauling) of ammonium
(1.48 A) (24-27) is comparable with those of K* (1.33 A) and
Rb* (1.48 A). Zalkin and Templeton (28) reported that
cubic NH,Ho;F,,, NH,Er;F,y, and NH,Tm;F,, could be
obtained by precipitation from a solution containing am-
monium ions; they described the crystal structure as the
primary fluorite type. Nevertheless, the ammonium com-
pounds cannot be obtained by conventional solid state
reaction due to decomposition at high temperature. Re-
cently Zhao et al. (29-31) proposed that oxygen-free com-
plex fluorides could be prepared by hydrothermal synthesis
at 140-240°C. In this paper, we present a systematic study
on hydrothermal syntheses and structural characterization
of NH,Ln;F,.

EXPERIMENTAL

The starting materials used in hydrothermal syntheses are
NH.HF, (A.R.), and Ln,03 (99.99%). For a typical syn-
thetic procedure, 0.6775 g of Y,0O3, 1.026 g of NH,HF,,
and 30 ml of distilled water were mixed and stirred for 1 h
and the pH value of the initial mixture was about 3-4. In
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some trials, a small amount of HNO; or ammonium hy-
droxide was used to adjust the pH value of the initial
mixture in order to optimize the reaction conditions. The
mixture was sealed in a Teflon-lined stainless-steel auto-
clave and heated at about 160-200°C for 4-5 days. After the
mixture was washed with distilled water, polycrystalline
products were recovered and dried at 110°C for 1 h. Similar
hydrothermal reactions were applied to the other rare
earths systems (La, Nd, Eu, Gd, Dy, Ho, Er, Tm).

X-ray powder diffraction patterns were recorded on
a Rigaku D/max-2000 diffractometer using CuKo radiation
source. The morphology of the samples was examined with
a Hitachi S-450 scanning electron microscope. The content
of hydrogen and nitrogen in the products was analyzed by
using a Vario EL element analyzer. TGA analyses were
carried out on a Universal V2.5H TA instrument.

RESULTS AND DISCUSSION

To optimize hydrothermal reaction conditions, the syn-
thetic reaction of the yttrium compound NH,Y;F;, was
studied systematically. The synthetic reaction of NH,Y3F;,
under hydrothermal conditions can be expressed as

18NH,HF, +3Y,0; 22, 2NH,Y,F,,+ 16NH,F + 9H,O.
[1]
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As the reaction takes place, the pH value of the system
increases; therefore, the final pH values were also measured
and are listed in Table 1. In most of trials, the product
contains both cubic (y-) and hexagonal (f-) forms of
NH,Y;F,,. Figure 1a shows the X-ray powder diffraction
pattern of a typical product that consists of both cubic and
hexagonal NH,Y3;F . Carefully adjusting the reaction con-
ditions may yield almost pure cubic phase as shown in
Fig. 1b. Elemental analysis of the cubic NH,Y;F;, phase
yields N, 2.96 wt% (calcd 2.949 wt%), and H, 1.23 wt%
(caled 0.80 wt%).

In addition to NH,Y3F;,, YF5; was also present in some
samples, which can be expressed as

6NH,HF, + Y,0; 29 2YF; + 6NH,F + 3H,0. [2]
Table 1 also lists the hydrothermal conditions and the
phases in the products. The ratio of phases in the products
was estimated from the relative integral intensity of the
highest X-ray reflection in each phase. It can be seen that the
products depend strongly on the reaction conditions, of
which the initial ratios of the starting materials, pH of the
reaction system, and reaction temperature are crucial. A low
pH of about 1-2 leads to mainly YF5. Cubic and hexagonal
NH,Y;3F;, were formed in the range of pH 2-9; the hexa-
gonal phase is, however, preferentially formed at lower
temperature and higher pH. We have not yet isolated a

TABLE 1
Reaction Conditions and Products of Hydrothermal Syntheses for NH,Y;F,

Starting ratio

pH, Time
NH,HF, Y,0; H,O s/f¢ T (°C) (days) Phases in products
6 1 700 <1/1 215 5 YF;
6 1 560 <1/1 195 5 YF;
5 1 1120 1/2 195 4 YF;
6 1 560 2/2 215 6 0.92 y-NH,Y3F;o + 0.08 f-NH,Y;F,
6 1 1120 2/2 195 4 0.57 p-NH,4Y3Fo + 0.06 f-NH,Y3F o + 0.37 YF;
6 1 700 2/3 195 4 0.88 p»-NH,Y3F;o + 0.06 f-NH,Y;F o + 0.06 YF;
6 1 560 2/3 195 6 y-NH,Y3F0 + <0.01 f-NH,Y;3F;,
4 1 560 2/3 195 4 0.70 y-NH,Y3F,, + 0.08 f-NH,Y3F(, + 0.22 YF;
6 1 560 3/4 240 35 0.93 y»-NH,Y3F;o + 0.07 f-NH,Y3F,
6 1 560 3/4 223 5.5 7-NH,Y3F o + <0.01 f-NH,Y3F;,
6 1 560 3/4 180 3.5 y-NH,Y3F o + <0.01 f-NH,Y;3F;,
6 1 330 3/4 180 15 0.85 »-NH,Y3F o + 0.15 f-NH,Y3F o
6 1 560 3/4 160 35 0.70 »-NH,Y3F;o + 0.30 f-NH,Y3F o
6 1 560 3/4 140 35 0.78 y-NH,Y;F;o + 0.22 f-NH,Y;F,
6 1 1120 3/4 180 15 0.93 y»-NH,Y;F;o + 0.07 f-NH,Y3F,
6 1 280 3/5 215 8 0.87 y-NH,Y3F o + 0.13 f-NH,Y3F,
6 1 550 3/5 180 7.5 0.94 y»-NH,Y;F;o + 0.06 f-NH,Y;F,,
6 1 560 3/7 170 5 0.93 y-NH,Y3F;o + 0.07 f-NH,Y;F o
5 1 186 3/9 215 8 0.78 y»-NH,Y;F;o + 0.22 f-NH,Y3F o
5 1 280 3/9 215 8 0.86 »-NH,Y;F;o + 0.14 f-NH,Y;F,,
4 1 560 4/9 180 35 0.94 y»-NH,Y;F;o + 0.06 f-NH,Y;F,

“Starting (s) and final (f) pH values.
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FIG. 1. X-ray diffraction patterns of NH,Y;F,. (a) The product con-
tains both cubic (y-) and hexagonal (f-) phases; the reflections from the
hexagonal NH,Y;F, are marked by . (b) The product contains mainly
cubic NH,Y;F,.

single-phase product of the hexagonal phase, but the most
abundant hexagonal NH,Y;F,, (about one-third) was ob-
tained at 160°C and pH of 3-4.

F~ ion is an effective mineralizer (30) in hydrothermal
syntheses of metal fluorides. NH,HF, in this case acts as
both reactant and mineralizer. Therefore, excess NH,HF, is
required for the formation of NH,Y;F,,. However, under
hydrothermal conditions, the solubility and its temperature
coefficient may influence the crystallinity of different phases
in the product more strongly. The hexagonal NH,Y;F,
was often found in well-crystallized hexagonal platelike
crystals (~ 10 um) as shown in Fig. 2a. While the crystal size
of the cubic NH,Y3F, is much smaller (<1 um) as shown
in Fig. 2b, the two polymorphs could be separated mechan-
ically in some cases.

Both cubic and hexagonal NH,Y;F,, decompose at high
temperature. Figure 3 shows the TGA curves for the cubic
phase and a product that contains about one-third of the
hexagonal phase. The solid residue after decomposition is
YF;. The weight loss is almost identical for both samples,
ie., 7.75 wt% and 7.88 wt% for the cubic sample and the
mixture sample, respectively, which agree very well with
that expected for the decomposition of NH,Y;F, to YF;
(7.794 wt%). The decomposition temperature is slightly
different. The cubic form decomposes at about 447°C;
meanwhile, the decomposition temperature increases to
about 463°C for the sample that contains one-third hexa-
gonal phase. X-ray powder diffraction shows that the phase
ratio of Ry, = f-NH,Y3F0/7-NH,Y;3F 0 (B/7) increases
after annealing of the mixture sample at 400°C for 1.5 h,
which might be an indication that the hexagonal NH,Y;F ¢,
is a more stable form at higher temperature.

Rietveld refinement on a cubic sample confirmed that the
cubic NH,YsF,, crystallizes in the y-KYb3F;, structure
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type (R, =0.076, R, =0.11 and Rz =0.038). A small
amount of the hexagonal phase was present in this sample,
which was also refined by Rietveld refinement. The lattice
constants of NH,Y3F;, are a = 11.5846(1) A for the cubic
form and a = 8.195(1) A, ¢ = 13.396(6) A for the hexagonal
form. Table 2 listed the refined structure parameters.

The above results demonstrate that the hydrothermal
technique is a promising method for synthesis of the am-
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(b) Cubic NH,YF

FIG. 2. Electron scanning microscopic view of (a) hexagonal and (b)
cubic NH,Y3F,.
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FIG. 3. TGA curves of a pure cubic y-NH,Y3F;, phase and a product
that contains about one-third hexagonal phase and two-thirds cubic phase,
during which the reaction NH,Y3F;, —2» 3YF; + NH37 + HF1 took
place.

monium rare earth fluorides NH,Ln3F;,. To see the
influence of ionic size on the crystal structure, similar hy-
drothermal reactions were applied to the other rare earth
systems (La, Nd, Eu, Gd, Dy, Ho, Er, Tm). Table 3 lists the
reaction conditions and products obtained in these systems.
It was found that the light rare earth elements tend to form
LnF; (Ln = La, Nd, Eu, Gd), instead of NH,Ln;F{,. This
does not mean that the light rare earth elements cannot form
NH,Ln;F,, compounds; they are, at least, less stable under
the present synthetic conditions. Meanwhile, NH,LnsF,
was obtained for the heavy rare earth systems (Ln = Dy, Ho,
Er and Tm); more interestingly, the phase ratio (R,, = f/7)
exhibits a variation trend, from almost pure y-form for
NH,Dy;F, to majority f-form for NH,Tm3F,.

Figure 4 shows a structure phase diagram for MLn;F,,
as a function of the ionic radii of univalent and rare earth
ions (1-23, 32-35). In this figure, we summarize most of the
known compounds in the M Ln;F,, family. RbIn;F,, (35),
though not a rare earth compound, is included in the figure
because it crystallizes also in the hexagonal f-KYbsF,
structure. The hexagonal and cubic forms of MLn;F,, are
distinctively distributed in the structural phase diagram,
indicating that the ionic radii are suitable structural para-

TABLE 2
Structure Parameters of y-NH,Y;F,
Atom X y z B
Y1 0 0.2400 (1) 0 0.11 (2)
N1 1 1 1 0.12 (17)
F1 0.1121 (2) x x 0.13 (5)
F2 1 0.3332 (2) y 0.13 (5)
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TABLE 3
Reaction Conditions” and Products of Hydrothermal Syntheses
for NH,LnsF,, (Ln =La, Nd, Eu, Gd, Dy, Ho, Er, Tm)

Starting ratio

System  NHHF, Ln,0; H,O Phases in product

La 6 1 560  LaF,

Nd 6 1 560  NdF,

Eu 6 1 560  EuF;

Gd 6 1 560  GdF,

Dy 6 1 560  y-NH,Dy,F,,

Ho 6 1 560  B-NH,HosF,,/
y-NH,Ho,F, = 0.20

Er 6 1 560  B-NH,Er;F o/
y-NH,Er F o = 1.0

Tm 6 1 560  p-NH,Tm;F,,/

»-NH,Tm,F,, = 1.5

“The pH of the system was 3-4 and the reaction was carried out at 200°C
for 4 days.

meters. The hexagonal compounds in the M Ln;F,, family
are located mostly in the upper-left region of the phase
diagram and the cubic compounds are mostly in the lower-
right region. This means that the hexagonal structure pre-
fers to have a larger R,;/R;, ratio and the cubic structure is
predominant for smaller Ry/R;, ratio systems. The straight
line in the figure separates roughly the two structure types in
the phase diagram, with compounds close to the boundary
often present in both polymorphs.

The R,/R;, ratios of ammonium and heavy rare earth
ions are all close to the phase boundary; therefore, both of
the hexagonal and cubic forms coexist in the products. In
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FIG. 4. Structure phase diagram for MLns;F;, as a function of the
ionic radii of univalent and rare earth ions. The solid line in the figure
roughly separates y- and f-form phase regions; the symbol B represents the
compounds that crystallize only in the hexagonal f-structure, @ in the
cubic y-structure, and A in both hexagonal f- and cubic y-structures.
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addition, the phase ratio (R, = fi/y) of the different systems
is indicative of the stability of different structure types. For
example, almost pure y-form was obtained for the largest
heavy rare earth system studied (Dy>*). As the ionic radius
of rare earths decreases, the phase ratio (R,, = f/y) in-
creases, and thereafter the ff-form becomes predominant in
the NH,Tm;F,, system. Finally, the phase diagram could
be used to predict the possible structure type of the un-
known M Ln;F,;, compounds. For example, the compounds
of rubidium with light rare earth ions, such as RbLn;F;,
(Ln = La, Nd, etc.), should crystallize in the cubic y-struc-
ture, while RbYbsF,, and RbLu3F;, may be present in
both f- and y-polymorphs.

In conclusion, we show that the hydrothermal technique
is a promising method for synthesis of ammonium rare
earth fluorides NH,Ln;F o (Ln = Dy, Ho, Er, Tm, and Y).
Most of the ammonium compounds of NH,Ln3F,, crystal-
lize in both f- and y-polymorphs, because the ionic radii
ratios R,;/R;, of ammonium and heavy rare earth ions are
close to the phase boundary between the hexagonal and
cubic forms. In addition, the structure preference of the
compounds in the M Ln;F;, family can be interpreted em-
pirically on the basis of the ionic radii of alkaline metals and
rare earths.
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