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The high-pressure behavior of hexagonal Na1.5Y1.5F6 is investi-
gated with synchrotron angle-dispersive X-ray powder di4raction
in a diamond anvil cell up to 22 GPa at room temperature. There
is no major phase transition in this material in the entire pressure
region studied here. At near ambient pressures, the structure is of
the Na1.5Nd1.5F6 type (P6� , Z � 1), found in other low-temper-
ature sodium lanthanide 6uorides. Pressure-induced order+
disorder phenomena lead to the formation of the gagarinite
structure (P63/m, Z � 1) above 20 GPa. Alternatively, the
pressure-induced order+disorder phenomena could be related to
a polymorphic transition towards the phase of the �-Na2ThF6
type with P6� 2m (Z � 1) symmetry. There is no volume change
associated with all these reversible structural changes. � 2002

Elsevier Science (USA)

INTRODUCTION

Fluorides have attracted interest as laser materials be-
cause of their lower phonon energies when compared to
oxides, resistance to short wavelength radiation, relatively
high optical damage threshold, and low non-linear refrac-
tive indices (1, 2). Their large gaps and low phonon energies
result in lower multiphonon emission rates and high
luminescence e$ciences. LiYF

�
is already a commercially

used host material for laser systems. Recent studies of up-
conversion processes of IR photons to blue emission in
doped hexagonal Na

���
¸n

���
F

�
(¸n"La}Tm, Y) powder

samples suggest that they could serve as diode-pumped IR
solid-state lasers or be useful for up-conversion laser action
(2). In addition, rare-earth-doped Na

���
Y

���
F
�

exhibits
a photoluminescence output comparable to the LiYF

�
phosphor (3).

The wavelength of the emission is in#uenced by the crys-
tal "eld, which causes a splitting of the energy levels. The
richest variety of laser wavelengths is found in rare-earth-
doped #uoride compounds featuring ordered structures (1).
�To whom correspondence should be addressed. Fax: #49-711-689-
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The high e$ciency of the luminescence mechanism in
Na

���
Y

���
F
�

is due to a multisite character of its crystal
lattice (2, 3). Therefore, in order to better understand the
chemical bonding and interactions between central ions and
their crystalline environment in this and other #uorides,
further studies at various pressure}temperature conditions
are required. LiYF

�
has already been a subject of investiga-

tions on lattice dynamics (4) as well as Raman scattering
(5), luminescence (6), and X-ray powder di!raction (7) at
high pressures. There is no such information available on
any of the Na

���
Ln

���
F

�
compounds. Since their lumine-

scent properties mainly depend on ordering of the cations
and their crystalline surrounding, a detailed study of the
crystal structure as a function of pressure and/or temp-
erature would provide useful information for crystal "eld
considerations. Here, we investigate a high-pressure
room-temperature behavior of hexagonal Na

���
Y

���
F
�

with
angle-dispersive X-ray powder di!raction in a diamond
anvil cell.

EXPERIMENTAL

NaF (Alfa, 99.9%) and YF
�

(Alfa, 99.9%), used as the
starting materials, were dried in a dynamic vacuum (10��

Torr) at 3003C prior to further use. A mechanical mixture of
NaF and YF

�
was prepared in a 1:1 molar ratio and pressed

into a pellet kept in an argon-"lled platinum tube. The tube
was then placed in an argon-"lled quartz glass ampoule.
The ampoule was slowly heated to 9303C and held there for
24 h, followed by a slow cooling to room temperature. The
X-ray powder data were collected using CuK�

�
radiation,

monochromatized by a curved germanium crystal (111) face,
on a Stoe-STADI di!ractometer equipped with a PSD
detector. The obtained pattern, in which an impurity of
NaYF

�
#uorite (Fm3� m) was detected (about 1 wt%), can be

indexed (8) on the basis of a hexagonal unit cell with
a"5.9725(6) A� , c"3.5282(6) A� , and <"108.99(4) A� � and
with no extinction rules [M(20)"87.8, F(20)"52.7].

The powder sample was loaded into a diamond anvil cell
with a nitrogen pressure medium. Angle-dispersive powder
0022-4596/02 $35.00
� 2002 Elsevier Science (USA)
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FIG. 1. Crystal structures of Na
���

Y
���

F
�

with P6� (�174) and P6� 2m
(�189) symmetries in the projection on the (a, b) plane. The small gray
symbols are #uorine atoms. In the �174 structure, the large black, medium
gray, and light gray symbols stand for the �

	
Na�, (�

	
Na�, �

	
Y��), and

Y�� sites, respectively. The large back and light gray symbols in the �189
projection represent the (�

�
Na�, �

�
Y��) and Y�� positions, respectively.
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X-ray di!ractograms at high pressures and room temper-
ature were measured on the ID30 beamline at the European
Synchrotron Radiation Facility, Grenoble. Monochromatic
radiation at a wavelength of 0.3738(1) A� was used for pat-
tern collection on image plates. The images were integrated
using the program FIT2D (9) to yield intensity versus 2�
diagrams. The ruby luminescence method (10) was used for
pressure calibration.

Full Rietveld re"nements of the X-ray patterns were car-
ried out using the program GSAS (11). The re"ned para-
meters were: the fractional coordinates, isotropic thermal
parameters, Chebyshev polynomial background, Stephens
pro"le function (12), an overall intensity scaling factor, zero
shift, and cell parameters. Fractional and split occupancies
as well as a preferred orientation correction were not re-
"ned. Bragg re#ections from the solid phases of nitrogen
(13) were subtracted from the patterns prior to the re"ne-
ments.

STRUCTURAL MODELS

Lanthanide tetra#uorides of sodium and potassium at
atmospheric pressure are derivatives of the CaF

	
#uorite

type (Fm3� m, Z"4). The ideal cubic structure is present in
Na¸nF

�
(¸n"Ho}Lu, Y) (14}16) and K¸nF

�
(¸n"La,

Ce) (17), while the compounds K¸nF
�

(¸n"Gd}Lu, Y)
(18) have a trigonal superstructure (P3

�
, Z"18). KCeF

�
is

dimorphous with � cubic and � orthorhombic (Pnma,
Z"4) phases (19). Low-temperature structures of the com-
pounds containing sodium are hexagonal with a general
formula Na

���
¸n

���
F
�

(¸n"La}Tm, Y). For the series with
¸n"La, Ce, Pr, Nd, Eu, Gd, Tb, Ho, and Er the space
group is P6� (Z"1), while it is supposed to be P6

�
/m (Z"1)

for ¸n"Y, Sm, and Tm (20).
There are three types of cationic sites in the structural

model for Na
���

Ln
���

F
�

with P6� symmetry (20): a nine-fold
coordinated position occupied by Ln�� (site 1a), another
nine-fold coordinated position occupied randomly by �

	
Na�

and �
	

Ln�� (site 1f ), and a six-fold coordinated one occu-
pied by �

	
Na� and vacancies (site 2h) (Fig. 1). The polyhedra

about the "rst two positions are tricapped trigonal prisms,
and about the third one are irregular octahedra. This struc-
ture becomes the same as that of the other compounds with
space group P6

�
/m (the gagarinite NaCaLnF

�
type) when

the cations of the "rst two sites are entirely intermixed
(20, 21). As a result, the coordination polyhedra around the
(�
�
Ln��, �

�
Na�) position are tricapped trigonal prisms (site

2d), while the remaining sodium ions are split between
partially occupied positions with tricapped trigonal prism
and trigonal antiprism coordinations (two sites 4e) (21).
Recent reports on Eu�� and Pr�� luminescence, serving as
a probe for site symmetry, have con"rmed the structural
model in space group P6� for all of the Na

���
¸n

���
F

�
compounds, including Na

���
Y

���
F

�
, at room and low
temperatures (2, 3, 22). The gagarinite}#uorite P6
�
/mPFm3� m

phase transition occuring at high temperature is of the
order}disorder character with respect to the cations (21).
This transformation results in a random distribution of
all the cations over one crystallographic position in the
#uorite structure (Fm3� m). It is worth noting that �-KCeF

�
(Pnma, Z"4) has a gagarinite-type superstructure (23, 24).

Related to the gagarinite-like types is the structure of �-
Na

	
ThF

�
and �

�
-K

	
UF

�
(P6� 2m, Z"1) (25, 26) proposed

for K
���

La
���

F
�

and K
���

Ce
���

F
�

(25). In fact, the structure
of hexagonal Na

���
Y

���
F
�

was initially assigned to this type
(14). Zachariasen's structure (25) is very similar to the P6�
one (20) (Fig. 1), the main di!erence being the absence of the
octahedral �

	
Na� positions. Two available cationic posi-

tions at the sites 2d and 1a have a nine-fold coordination
and the ions are distributed as (�

�
Na�, �

�
Ln��) and Ln��,

respectively. In the projection on the (a, b) plane, the (�
	
Na�,

�
	
Ln��) and �

	
Na� positions in the P6� symmetry are no
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longer distinguishable in space group P6� 2m. The structure
of KPbLaF

�
gagarinite has also been given with P6� 2m

symmetry by Dib et al. (24).

RESULTS AND DISCUSSION

Powder X-ray di!raction patterns of Na
���

Y
���

F
�

as
a function of pressure are shown in Fig. 2. There is no
indication for any major structural transformation in this
compound up to about 22 GPa. The most important obser-
vation is that the 001 peak vanishes above 20 GPa. In fact,
the intensity of the 00l re#ections is used to distinguish
between the space groups with no selection rules, i.e.,P6� and
P62m, and space group P6

�
/m (l"2n). It was already

pointed out by Burns (20) and Frank-Kamenetskaya et al.
FIG. 2. Selected X-ray powder di!raction patterns of Na
���

Y
���

F
�
. The

numbers indicate pressures in GPa. The star marks the (111) re#ection of
NaYF

�
#uorite (Fm3� m). In the inset the pressure evolution of the (001)

re#ection (marked with arrows) in hexagonal Na
���

Y
���

F
�

is shown. Bragg
re#ections due to solid phases of nitrogen (13) are subtracted.

FIG. 3. Results of full pro"le Rietveld re"nements of the patterns
collected at 1.5 and 19.9 GPa. Each diagram was re"ned with two struc-
tural models in space groups P6� and P6� 2m. The top and bottom sets of
symbols, ticks (marking the positions of Bragg re#ections), and di!erence
curves are for the P6� and P6� 2m models, respectively. The residuals Rwp
and Rp, whose de"nitions are given in the GSAS manual (11), are cal-
culated only for the Bragg contribution to the di!raction patterns. Bragg
re#ections due to the solid R3� c phase of nitrogen (13) are subtracted.
(21) that the 00l intensities depend on the distribution of
cations at the 1a and 1f sites of space group P6� . If these
cations are randomly distributed, the 00l peaks with the
extinction l"2n are only observed and the symmetry of the
crystal lattice is P6

�
/m.

To gain more insight into the distribution of the cations
and the possible symmetry changes, we used the Rietveld
method (11) to re"ne selected diagrams with di!erent struc-
tural models (Figs. 3 and 4, Tables 1}6). At pressures below
20 GPa, each diagram was re"ned with two structure types
in space groups P6� and P6� 2m. The starting positional para-
meters for the atoms were those for Na

���
Nd

���
F
�

(20) and
K

���
Ce

���
F
�

(25), respectively. The structure in P6� 2m has
only two available nine-fold coordinated cationic positions,
with no distortion of the anionic sublattice (Fig. 1). Based on
small di!erences in Rwp and Rp residuals, the P6� model
would be preferable at relatively low pressures (Fig. 3,
Tables 1 and 2). It is in agreement with recent reports on
Ln�� luminescence in hexagonal Na

���
Y

���
F
�

that clearly
demonstrated the existence of three luminescent sites pres-
ent in the P6� polymorph at ambient conditions (2, 3, 22),
while only two cationic sites are available for lanthanide
doping in the P6� 2m structure (25). On the other hand, the
residuals for the P6� 2m structure are slightly smaller at
higher pressures. Zachariasen's P6� 2m model (25) di!ers
from the one of the P6� type by a higher disorder in cation
distribution.

For the re"nement of the diagrams, at which the 00l
re#ections are no longer observed (Fig. 4), we used the



FIG. 4. Results of full pro"le Rietveld re"nements of the pattern
collected at 21.1 GPa. The diagram was re"ned with two structural models
in space groups P6� 2m and P6

�
/m. The top and bottom sets of symbols,

ticks (marking the positions of Bragg re#ections), and di!erence curves are
for the P6� 2m and P6

�
/m models, respectively. The residuals Rwp and Rp,

whose de"nitions are given in the GSAS manual (11), are calculated only
for the Bragg contribution to the di!raction patterns. Bragg re#ections due
to the solid R3� c phase of nitrogen (13) are subtracted.

TABLE 2
Structural Data Obtained from a Full Rietveld Re5nement

of the Pattern Collected at 1.5 GPa=P6� 2m (Z � 1),
a � 5.9148(1) A� , c � 3.4960(2) A� , V � 106.145(6) A� 3

Atom Site x y z Frac.

Na 2d �
�

	
�

�
	

�
�

Y(1) 2d �
�

	
�

�
	

�
	

Y(2) 1a 0 0 0 1
F(1) 3f 0.618(1) 0 0 1
F(2) 3g 0.223(1) 0 �

	
1

Selected distances (As )
[Na,Y(1)]}F(1) (6�) 2.542(2)

}F(2) (3�) 2.367(4)
Y(2) }F(1) (3�) 2.257(7)

}F(2) (6�) 2.190(3)

Note. Estimated standard deviations are given in brackets.
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P6
�
/m gagarinite (21) and Zachariasen's P6� 2m (25) struc-

tures (Tables 5 and 6, respectively). In the "rst, the coordina-
tion polyhedra around the (�

�
Y��, �

�
Na�) position are

tricapped trigonal prisms (site 2d), while the remaining so-
dium ions are split between partially occupied positions
with tricapped trigonal prism and trigonal antiprism coord-
inations (two sites 4e), as inferred from the single crystal
data. To avoid any ambiguities and artifacts associated with
re"nement of the split occupancies at the two 4e positions,
related to a strong background and broadened re#ections,
TABLE 1
Structural Data Obtained from a Full Rietveld Re5nement of

the Pattern Collected at 1.5 GP=P6� (Z � 1), a � 5.9148(1) A� ,
c � 3.4960(1) A� , V � 106.145(5) A� 3

Atom Site x y z Frac.

Y(1) 1a 0 0 0 1
Y(2) 1f 	

�
�
�

�
	

�
	

Na(1) 1f 	
�

�
�

�
	

�
	

Na(2) 2h �
�

	
�

0.689(5) �
	

F(1) 3j 0.646(1) 0.1256(8) 0 1
F(2) 3k 0.697(1) 0.722(1) �

	
1

Selected distances (A� )
Y(1) }F(1) (3�) 2.548(7)

}F(2) (6�) 2.453(3)
[Y(2), Na(1)] }F(1) (6�) 2.105(3)

}F(2) (3�) 2.216(7)
Na(2) }F(1) (3�) 2.636(8)

}F(2) (3�) 2.116(7)

Note. Estimated standard deviations are given in brackets.
we modi"ed this structural model by placing all the remain-
ing sodium atoms at one site that has the trigonal antipris-
matic coordination, i.e., �

�
Na� at 4e (Table 5). This site, in

fact, corresponds to the partially occupied octahedral 2h
position in the P6� structure. The starting positional para-
meters for the atoms in the P6� 2m structure were those
for K

���
Ce

���
F
�

(25). From the results of the Rietveld re-
"nements (Fig. 4), it is not possible to precisely indicate a
preferable structural model for Na

���
Y

���
F
�

above 20 GPa,
apart from the fact that the two hexagonal space groups
have di!erent extinction rules and the 001 re#ection is no
longer present or too weak to be observed (l"2n in P6

�
/m).

Like in the case of space group P6� (Tables 1 and 3), some
distances between #uorine atoms and sodium atoms at the
TABLE 3
Structural Data Obtained from a Full Rietveld Re5nement of

the Pattern Collected at 19.9 GPa=P6� (Z � 1), a � 5.6128(1) A� ,
c � 3.3366(2) A� , V � 91.60(1) A� 3

Atom Site x y z Frac.

Y(1) 1a 0 0 0 1
Y(2) 1f 	

�
�
�

�
	

�
	

Na(1) 1f 	
�

�
�

�
	

�
	

Na(2) 2h �
�

	
�

0.620(2) �
	

F(1) 3j 0.613(1) 0.076(1) 0 1
F(2) 3k 0.687(1) 0.738(1) �

	
1

Selected distances (A� )
Y(1) }F(1) (3�) 2.415(8)

}F(2) (6�) 2.334(3)
[Y(2), Na(1)] }F(1) (6�) 2.126(5)

}F(2) (3�) 2.216(7)
Na(2) }F(1) (3�) 2.398(6)

}F(2) (3�) 1.863(6)

Note. Estimated standard deviations are given in brackets.



TABLE 4
Structural Data Obtained from a Full Rietveld Re5nement

of the Pattern collected at 19.9 GPa=P6� 2m (Z � 1),
a � 5.6142(2) A� , c � 3.3367(2) A� , V � 91.62(1) A� 3

Atom Site x y z Frac.

Na 2d �
�

	
�

�
	

�
�

Y(1) 2d �
�

	
�

�
	

�
�

Y(2) 1a 0 0 0 1
F(1) 3f 0.558(2) 0 0 1
F(2) 3g 0.2599(8) 0 �

	
1

Selected distances (A� )
[Na, Y(1)] }F(1) (6�) 2.348(1)

}F(2) (3�) 2.108(3)
Y(2) }F(1) (3�) 2.482(8)

}F(2) (6�) 2.216(3)

Note. Estimated standard deviations are given in brackets.

TABLE 6
Structural Data Obtained from a Full Rietveld Re5nement

of the Pattern Collected at 21.1 GPa=P6� 2m (Z � 1),
a � 5.6018(2) A� , c � 3.3291(2) A� , V � 90.47(1) A� 3

Atom Site x y z Frac.

Na 2d �
�

	
�

�
	

�
�

Y(1) 2d �
�

	
�

�
	

�
�

Y(2) 1a 0 0 0 1
F(1) 3f 0.5806(9) 0 0 1
F(2) 3g 0.2815(8) 0 �

	
1

Selected distances (A� )
[Na, Y(1)]}F(1) (6�) 2.364(1)

}F(2) (3�) 2.028(3)
Y(2) }F(1) (3�) 2.349(5)

}F(2) (6�) 2.293(3)

Note. Estimated standard deviations are given in brackets.

163HEXAGONAL Na
���

Y
���

F
�

AT HIGH PRESSURES
partially occupied 4e site are shorter than 2.0 A� (Table 5). It
should be pointed out that already at ambient pressures
without any pressure e!ects on the bonding and lattice
parameters (see below), the distances between the #uorine
and sodium cations at the partially occupied sites in the P6�
and P6

�
/m gagarinite structures are short (3, 20). On the

other hand, none of the distances between the cations and
anions in the P6� 2m structure of the �-Na

	
ThF

�
type, with

no partially occupied sites, is anomalously short at high
pressures (Tables 2, 4, and 6).

The pressure dependence of lattice parameters and unit-
cell volumes, obtained with a Le Bail method for space
group P6� 2m using the program PowderCell (27), is shown
in Fig. 5. The unit-cell volume for the powder pattern
collected at ambient pressure is 108.99(4) A� �. The same Birch}
Murnaghan equation of state (EoS) can be used for the
TABLE 5
Structural Data Obtained from a Full Rietveld Re5nement

of the Pattern Collected at 21.1 GPa=P63/m (Z � 1),
a � 5.6022(2) A� , c � 3.3295(2) A� , V � 90.50(1) A� 3

Atom Site x y z Frac.

Y 2d 	
�

�
�

�
�

�
�

Na(1) 2d 	
�

�
�

�
�

�
�

Na(2) 4e 0 0 0.646(4) �
�

F 6h 0.2814(5) 0.3563(6) �
�

1

Selected distances (A� )
[Y, Na(1)] }F (3�) 2.227(4)

(6�) 2.317(2)
Na(2) }F (3�) 1.855(4)

(3�) 2.250(8)
(3�) 2.714(11)

Note. Estimated standard deviations are given in brackets.
entire compression curve up to 22.2 GPa. It is represented
by the zero-pressure bulk modulus K



"79$2 GPa, the

"rst pressure derivative of the bulk modulus
K�"4.92$0.20, and the unit-cell volume at ambient pres-
sure <



"109.1$0.1 A� �. When the K� parameter is equal

to 4, the compression curve is represented by
K



"87$1 GPa and <



"108.8$0.1 A� �. This demon-

strates that there is no volume change associated with all
these reversible transformations. The lattice parameters and
unit-cell volumes obtained with the same method for space
groups P6� and P6

�
/m are practically identical (compare the

lattice parameters and unit cell volumes in Tables 1}6) and
do not change the EoS parameters within their estimated
standard deviations.

CONCLUSIONS

The results of this study show that hexagonal
Na

���
Y

���
F
�

does not undergo any major phase transition
up to about 22 GPa. At near ambient pressures, the struc-
ture is of the Na

���
Nd

���
F

�
type (P6� , Z"1), found in other

low-temperature sodium lanthanide #uorides (2, 3, 20, 22).
In this structure, the cations are distributed at two Y�� and
(�
	
Na�, �

	
Y��) trigonal prismatic and one �

	
Na� octahedral

sites. As inferred from full pro"le Rietveld re"nements of
diagrams collected at higher pressures, pressure-induced
order}disorder phenomena lead to the formation of the
gagarinite-type structure (P6

�
/m, Z"1) above 20 GPa with

only two available cationic sites (21)*the (�
�
Y��,�

�
Na�)

trigonal prism and �
�
Na� trigonal antiprism positions. Al-

ternatively, the pressure-induced order}disorder phe-
nomena could involve the phase of the �-Na

	
ThF

�
type

with P6� 2m (Z"1) symmetry with two nine-fold coor-
dinated cationic sites, originally proposed for K

���
La

���
F
�
,

K
���

Ce
���

F
�
, and Na

���
Y

���
F

�
at low temperatures (14, 25).



FIG. 5. Pressure evolution of axial lattice parameters and of unit-cell
volumes. The line represents the Birch}Murnaghan equation of state:
K



"79$2 GPa, K�"4.92$0.20, <



"109.1$0.1 A� �.
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There is no volume change associated with all these revers-
ible processes.

The high-temperature forms of sodium lanthanide #uor-
ides and sodium yttrium #uoride have the #uorite structure
at atmospheric conditions (Fm3� m, Z"4) (14}18, 21). The
P6� PFm3� m or P6

�
/mPFm3� m high-temperature phase

transitions of the order}disorder type result in a random
distribution of all the cations over one crystallographic
position in the cubic crystal lattice. Future investigations on
luminescence, that is a precise probe for site symmetry,
would shed more light on whether there is a common
mechanism for the changes in cationic distribution in this
and other Na

���
Ln

���
F
�

(¸n"La}Tm) compounds at dif-
ferent pressure and temperature conditions.
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