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Abstract

The compressibilities of disordered pyrochlores NaCaMg,F, and NaCdZn,F; (both Fd3m, Z = 8) have been studied with X-ray
single-crystal and powder diffraction using diamond anvil cells to 6.5 and 9.0 GPa at room temperature, respectively. The compressibility
data are fitted with the Murnaghan equations of state. The zero-pressure bulk modulus B, and the unit-cell volume at ambient pressure
Vo (for the fixed first pressure derivative of the bulk modulus B' = 4.00) are equal to 83(2) GPa and 1107.12(1.33) A for NaCdZn,F 7 and
to 83(5) GPa and 1079.29(2.62) A for NaCaMg,F;. Upon decreasing the unit-cell volume, the positional x parameter of the F(2) atom
increases in NaCdZn,F; but is constant in NaCaMg,F5. In both cases, the (Na,Cd)Fg and (Na,Ca)Fg cubes become more regular and are
softer than the ZnF4 and MgFg octahedra, respectively. Both materials are structurally stable at least to the respective highest pressures

reached in this study. These observations are compared to the high-pressure behavior of oxide pyrochlores.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The ideal pyrochlore structure (Fd3m, Z = 8) has the
general formula A,B>,XgX (A4 =Na, Ca, Sr, Mg, etc.;
B = Nb, Ta, Ti, Fe, etc.; Xand X’ = O, F, or OH™) [1-3].
The cations at the A4 site are coordinated by eight anions
(six anions X and two anions X’), while the cations at the B
site are six-fold coordinated to the anions X. The Wyckoff
sites for the atoms 4, B, X', and X are 16d (1/2,1/2,1/2), 16¢
(0,0,0), 8b (3/8,3/8,3/8), and 48f (x,1/8,1/8), respectively.
The substitution of different cations at the 4 and B sites is
possible. In the fluoride group, only three representatives
with the general composition 4' " 4>" B3* F, are known.
These are NaSrMg,F,; [4], NaCaMg,F,; [5], and
NaCdZn,F; [6] (Fig. 1), in which the atoms Na/Sr, Na/
Ca, and Na/Cd, respectively, are randomly distributed over
the 4 sites.
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Most of the oxide pyrochlores amorphize or decompose
at high pressures and the critical pressures for the onset of
amorphization depend on the ionic radii of the substituted
cations [7-9]. For instance, the structural stability of the
crystalline state in the compounds 4,Ti,O7 increases with
decreasing ionic radii at the A site. On the other hand, the
stability is also enhanced with increasing ionic radii at the
B site [8]. Also, in the series Tb,Ti,O7, Tb,TiSnO;, and
Tb,Sn,O,; the bulk modulus increases 175GPa—
202 GPa—210 GPa, respectively [8]. Cd,Nb,O; decom-
poses at 4 GPa [9]. A subtle distortion leading to symmetry
lowering of the cubic pyrochlore lattice in Gd,Ti,O; at
9 GPa, well below the amorphization at 38 GPa [7] was also
reported [10].

The crystallographic information about the pressure
dependence of the structural distortions in oxide pyro-
chlores has been provided by Kumar et al. [§], Saha et al.
[10], and Ishikawa et al. [11]. The fractional coordinate of
the oxygen atom (the atom X in the crystallochemical
formula 4,B,XsX’) at the site (x,1/8,1/8) either is constant
and independent of the cations [8,10] or increases with
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Fig. 1. Crystal structure of NaCdZn,F; (Fd3m, Z = 8). The (Na,Cd), Zn,
F(1), and F(2) atoms are represented by cyan, black, blue, and light gray
symbols, respectively.

increasing pressure [11]. This coordinate is constant
regardless the substitution of Ti with Sn in the compounds
Tb,Ti,07, Tb,TiSnO;, and Tb,Sn,O5 [8]. On the other
hand, the increase of the x parameter in Nd,Mo0,0O; with
the physical (hydrostatic) pressure is analogous to its
increase with the chemical pressure through substitution of
the Nd atom (the ionic radius 1.109 A) with the atoms Sm
(1.079 A), Gd (1.053 A), and Dy (1.027 A) [11].

The correlation between the high-pressure behavior of
the pyrochlore structure and the substitution of the cations
is likely to exist not only in oxides. This project has thus
aimed to elucidate the changes in structural parameters and
ordering of main group and transition metals in fluoride
pyrochlores NaCaMg,F; and NaCdZn,F; upon compres-
sion at room temperature. We have carried out our
investigations using X-ray single-crystal and powder
diffraction in diamond anvil cells.

2. Experimental

Polycrystalline samples of NaCaMg,F; and NaCdZn,F,
were studied with X-ray powder diffraction at room
temperature and ambient pressure on the Diff beamline
at the ANKA Synchrotron Light Source in Karlsruhe. The
measurements were carried out in the Bragg-Brentano
geometry (4 = 0.9497 A) with the angular step of 0.004°.
The data were normalized with the monitor counting rates.

High-pressure X-ray powder diffraction studies were
performed at the beamline D3 in HASYLAB (Hamburg,
Germany). Finely ground samples were loaded into a DXR-
6 (Diacell) diamond anvil cell for angle-dispersive powder
X-ray diffraction measurements to about 9.0 GPa with
monochromatic radiation at 0.4 A. The slits of the mono-
chromator were closed to about 50 x 50 um. The diamond
cell was optically aligned on the four-circle diffractometer.
The data were collected on a MAR-CCD-165 detector. The
images were integrated with the program FIT2D [12] to

yield intensity versus 20 diagrams. A fluorite powder was
added as an internal standard for the 26 calibration at each
pressure through the CaF, equation of state [13].

A series of X-ray single-crystal intensity measurements
were carried out at high pressure on a crystal (approximately
50 x 50 x 30pm) of NaCdZn,F; using a diffractometer
IPDS-I (STOE) with MoKo radiation collimated at the
crystal to 0.5 mm. The diamond cell was of the Ahsbahs type
(the opening angle of 90°) [14]. The diamond culets (600 um)
were modified by laser machining so that the angle between
them and the tapered parts of the diamonds was 40°. A
250um hole was drilled into a stainless steel gasket
preindented to a thickness of 80 um. The intensities at 0.78,
3.20, and 4.54 GPa were collected upon compression,
while the intensities at 2.13 GPa were collected on decom-
pression from 4.54 GPa. The data were measured in two
different orientations of the diamond anvil cell rotated by 90°
around the incident X-ray beam. For each of the orienta-
tions, the exposures were performed in the angular ranges
48°<p<132° and 228°<¢p<312°. The intensities were
integrated simultaneously with three orientation matrices,
corresponding to the crystal of NaCdZn,F,; and to two
diamonds. This procedure allowed to exclude any reflections
from the pyrochlore that were overlapped with the reflections
from the diamonds." The integrated intensities were
corrected for absorption using the STOE software.> Due to
the particular semi-spherical cut of the diamonds, no
absorption correction was necessary for the diamond anvils.

During both powder and single-crystal measurements,
the ruby luminescence method [15] was implemented for
pressure calibration and the 1:4 mixture of ethanol:metha-
nol was used as a hydrostatic pressure medium. The error
in the pressure determination was about 0.1 GPa.

3. Results and discussion

The room-temperature ambient-pressure lattice para-
meters and unit-cell volumes of NaCdZn,F; and
NaCaMg,F; pyrochlores from the powder data measured
at ANKA are aq = 10.34657(3) A, V, = 1107.62(1) A%, and
ap = 10.2574(1) A, Vy = 1079.22(1) A3, respectively. The
X-ray powder patterns collected at high pressures (most of
them contain reflections due to the gasket material as
the optical alignment of the diamond cell is not exactly
precise) provide an evidence that both NaCdZn,F,; and
NaCaMg,F; are structurally stable to 9.0 and 6.5GPa,
respectively, with no indication either for ordering of the
cations or for structural distortions. The compressibility
data shown in Fig. 2 were extracted using the program
Chekeell for the unit-cell refinement [16]. They could be
fitted with the Murnaghan equations of state to give the
zero-pressure bulk modulus By and the unit-cell volume at
ambient pressure V), (for the fixed first pressure derivative
of the bulk modulus B’ = 4.00) equal to 83(2) GPa and

'TWIN program. STOE & Cie GmbH, Darmstadt.
2X-shape program. STOE & Cie GmbH, Darmstadt.
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Fig. 2. Pressure dependence of reduced unit-cell volumes in NaCdZn,F,
(black symbols) and NaCaMg,F; (red symbols).

Table 1

Experimental details for single-crystal refinements of NaCdZn,F;
Pressure (GPa) 0.78 2.13 3.20 4.54
Crystal data

a (A) 10.313(5) 10.261(5) 10.222(5) 10.176(5)
V(A% 1096.9(16)  1080.4(16) 1068.1(16)  1053.7(16)
p (g/cm?) 4.8325 4.9064 4.9627 5.0304

u (mm™h) 12.852 13.048 13.198 13.378
Giso 0.033(7) 0.050(7) 0.044(8) 0.042(6)
Data collection

No. measured refl. 333 313 312 308

No. unique refl. 27 23 24 23

No. observed refl.* 20 20 20 21
R(int)gps/an (%) 3.54/3.54 3.23/3.23 3.80/3.80 4.11/4.11
sin(0)/A 0.557023 0.564522 0.554909 0.562379
Refinement®

Robs 2.25 2.39 2.99 2.71
WRobs 3.46 3.00 3.35 2.51

Ry 4.95 2.92 3.93 3.39
WR. 3.69 3.05 3.42 2.62
GoFyy 2.50 2.35 2.44 2.01
GOoFyps 2.80 2.53 2.67 2.03

No. parameters 3 3 3 3

#Criterion for observed reflections is |Fyps| > 30; range of hkl: 0<h<6,
0<k<8, 1</L10.

PAll agreement factors are given in %, weighing scheme 1/
[0°(Fops) + (0.0 Fo)°].

1107.12(1.33)/3;3 for NaCdZn,F; and 83(5)GPa and
1079.29(2.62) A® for NaCaMg,F.

The structural refinements of the single-crystal data on
NaCdZn,F; collected at high pressures were performed
with the program JANAZ2000 [17]. The parameters are
presented in Tables 1 and 2.° The structural model (Fd3m,

3Further details of the crystallographic investigations can be obtained
from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-
Leopoldshafen, Germany, on quoting the depository numbers CSD
418065-418069.

Table 2
The x coordinate of the fluorine atom F(2) from single-crystal refinements
of NaCdZn,F;

Pressure (GPa) 0.78 2.13 3.20 4.54
z 0.332(1) 0.335(1) 0.334(1) 0.336(1)
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Fig. 3. Volume dependence of the x coordinate of the F(2) atom in
NaCdZn,F;. Open and full symbols stand for the high-pressure (this
study) and low-temperature [18] data. The data point at room temperature
and ambient pressure (V/V, = 1.0) is taken from Ref. [6]. The error bars
are shown when larger than the size of the data points.

Z = 8) consisted of the (Na,Cd), Zn, and F(1) atoms at the
positions (0.5,0.5,0.5), (0,0,0), and (0.375,0.375,0.375),
respectively [6,18]. The F(2) atom is at the position
(x,0.125,0.125) (Table 2). The two data sets for two
different orientations of the diamond anvil cell were refined
together with a common scale factor. All the weak
reflections (/<3¢) overlapping with the Debye—Scherrer
rings of the gasket material were excluded from the
refinement as their intensities were not correct. We
encountered problems with the refinement of the displace-
ment parameters for all the atoms, which we attribute to
the limited resolution of the data, i.e., the sin(6)/A limit
(Table 1) is relatively low arising from the small opening
angle in our diamond anvil cell. For this reason, all the
anisotropic displacement parameters were taken from
reference [6] and fixed. An isotropic Gaussian extinction
correction (Gji,,) Was also applied [19].

The pressure dependence of the x coordinate of the
fluorine atom F(2) in NaCdZn,F; shown in Table 2 is a
measure of a distortion from the ideal fluorite type
(x =0.375), for which the coordination around the
(Na,Cd) site would be a regular cube and the Zn atom
would possess the trigonal antiprismatic coordination.
When x = 0.3125, the Zn atom would be at the center of
a regular octahedron, while the (Na,Cd) atoms would
have the 6+2 scalenohedral coordination. To correlate
the effects of temperature and pressure on the crystal
structure, all the structural parameters could be plotted as
a function of a unit-cell volume normalized to the unit-cell
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Fig. 4. Volume dependence of selected structural parameters in NaCdZn,F;. Open and full symbols stand for the high-pressure (this study) and low-
temperature [18] data. The data points at room temperature and ambient pressure (V/V, = 1.0) are taken from Ref. [6]. The error bars are shown when

larger than the size of the data points.

volume at room temperature and atmospheric pressure,
Vo= 1107.62(1)A3. Fig. 3 shows the unit-cell volume
dependence of the x coordinate when the NaCdZn,F,
crystal is compressed at room temperature (this study) and
when it is cooled down at atmospheric pressure [18]. The
volume change on cooling from 298 to 100 K at ambient
conditions [18] corresponds to compressing the material to
about 0.6 GPa at room temperature, according to the
equation of state given above. The x coordinate has the
same behavior at high pressures and low temperatures.
Fig. 3 clearly demonstrates that the distortion of the ideal
fluorite type diminishes upon decreasing the unit-cell
volume. Consequently, the (Na,Cd)Fg cubes become more
regular and the ZnF4 octahedra become more distorted
along the three-fold {111) axis as also seen from the
volume dependence of the (Na,Cd)-F bond length
differences and F(2)-Zn-F(2) angles (Fig. 4). Our data in
Fig. 5 show that the (Na,Cd)Fg polyhedral volume [20] is
more sensitive to the changes to the bulk unit-cell volume
than the volume of the ZnFg octahedra.

The powder pattern of NaCaMg,F; collected at
5.85GPa was refined with the Rietveld method using the
program JANA2000 [17] (Table 3 and Fig. 6). The
structural model was like the one for single-crystal
refinements of the high-pressure data for NaCdZn,F-.
The isotropic displacements parameters for all the atoms
were taken from Ref. [5] and fixed. Overall, the refined
variables were: the x atomic position of the F(2) atom,
lattice parameters of CaF, and NaCaMg,F;, two scale
factors, eight terms of the Legendre polynomial back-
ground, and two sets of GP, LX, and LY profile
parameters for the two components.
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Fig. 5. Volume dependence of polyhedral volumes in NaCdZn,F;. Open
and full symbols stand for the high-pressure (this study) and low-
temperature [18] data. The data points at room temperature and ambient
pressure (V/Vy = 1.0) are taken from Ref. [6]. The error bars are shown
when larger than the size of the data points.

The structural data for NaCaMg,F; at 5.85GPa are
displayed in Table 4. Unlike in NaCdZn,F;, the x
coordinate is practically independent of pressure. Hence,
the interatomic distances, angles, polyhedral volumes and
distortions scale with the pressure dependence of the unit-
cell volume (Fig. 2). In this case, the fact that the
(Na,Ca)Fg cubes become more regular and are softer than
the MgF¢ octahedra upon compression is entirely due to
the bulk volume change.

The high-pressure behavior of interatomic distances and
polyhedral volumes in the pyrochlore structures of
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Table 3

Experimental details for a Rietveld refinement of NaCaMg,F-

Pressure (GPa) 5.85
Crystal data

a (Aﬂ) 10.048(1)
V(A% 1014.3(3)
p (g/em?) 3.2033
Data collection

No. observed refl. 32
sin(6)/4 0.533654
Refinement®

Robs 7.80
WRbs 7.52
Ran 10.70
WRa 8.09
No. parameters 2

#All agreement factors are given in %.
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Fig. 6. Observed, calculated, and difference X-ray powder patterns for
NaCaMg,F; at 5.85GPa (41 =0.4A). Vertical markers indicate Bragg
reflections of CaF, (top) and NaCaMg,F; (bottom).

Table 4

Structural details obtained from a Rietveld refinement of NaCaMg,F,
Pressure (GPa) 0.0001 [5] 5.85

x coordinate 0.3270(1) 0.329(2)
(Na,Ca)-F(1) distance (A) 2.2215(1) 2.18
(Na,Ca)-F(2) distance (A) 2.5375(1) 2.47(1)
Difference in (Na,Ca)-F distances (A) 0.3160(2) 0.29(1)
Mg-F(2) distance (A) 1.9788(6) 1.946(8)

F(2)-Mg—(F2) angle (deg) . 95.6* 96.4(5)
Polyhedral volume (Na,Ca)Fsg (A%) 24.0(1) 22.2(1)
Polyhedral volume MgFq (A%) 10.17(2) 9.63(2)

#Calculated from the data of reference [5] (the error is not known).

NaCdZn,F,; and NaCaMg,F; could also be analyzed in
terms of bond compressibilities and bond valencies,
as weak bonds would be expected to have low valence
and be more compressible [21,22]. Based on the data

24 L 4
22 | -]

20 F Al i

Valence

Pressure (GPa)

Fig. 7. Pressure dependence of bond valence sums. Black and red symbols
stand for the sums of the atoms in NaCdZn,F; and NaCaMg,F,
respectively. Solid lines are linear fits to the data. The points at
atmospheric conditions are taken for Refs. [6] and [5], respectively.

presented in reference [6] and this study, the compressi-
bilities* of the (Na,Cd)-F(1), (Na,Cd)-F(2), and Zn-F(2)
bonds in NaCdZn,F; are 3.6x 107>, 6.0 x 1073, and
1.8 x 107> GPa™!, respectively. The compressibilities of
the (Na,Ca)-F(1), (Na,Ca)-F(2), and Mg-F(2) bonds in
NaCaMg,F; (reference [5] and this study) are 3.2 x 1072,
4.6x 1072 and 2.9 x 107°GPa™', respectively. In both
structures, the least compressible distances are the Zn—F(2)
and Mg-F(2) bonds, respectively. The effect of increased
pressure to about 6.0GPa on all the respective Ry
parameters to calculate the bond valences [21] in
NaCdZn,F; and NaCaMg,F; is negligible so that the
standard R, values could used for the present data [23]. For
the A sites, a relation of the monovalent to the divalent
cation is 1:1, leading to an ideal bond valence sum of 1.5 at
atmospheric conditions. As can be seen from Fig. 7, the
resulting values of bond valence sums for the Zn and Mg
atoms in NaCdZn,F; and NaCaMg,F5 are less sensitive to
increased pressure than the sums for the atoms at the A4
sites, especially than the sums of the Cd and Ca atoms,
respectively. This observation correlates very well with the
fact that the (Na,Cd)Fg and (Na,Ca)Fg cubes are softer
than the ZnF4 and MgFg octahedra, respectively.

4. Concluding remarks

Our experimental data obtained with X-ray single-
crystal and powder diffraction show that both pyrochlores
NaCdZn,F; and NaCaMg,F; (Fd3m, Z = 8) are structu-
rally stable to 9.0 and 6.5GPa, respectively, with no
indication either for ordering of the cations or for
structural distortions.

In the oxide pyrochlores, the bulk moduli that are larger
than 170 GPa depend on the ionic radii [7,8,10]. It is quite

“The bond compressibility is defined as Bij = (—1/R;)(dR;/dP).
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likely that the ionic radius dependence of the bulk modulus
also holds for fluoride pyrochlores. The same values of
the moduli for NaCaMg,F; and NaCdZn,F; of 83 GPa
could thus be explained with the fact that the effective ionic
radii for the cations Ca’" and Cd*>* (the coordination
number 8) as well as for the cations Mg>" and Zn>* (the
coordination number 6) are nearly identical, respectively:
1.12A (Ca®>") and 1.10A (Cd*>"), 0.89A (Mg?>") and
0.90A (Zn>") [24].

In this study, we show that, upon decreasing the unit-cell
volume due to compression at room temperature and/or
thermal contraction at atmospheric conditions, the positional
parameter of the F(2) atom increases in NaCdZn,F; but is
constant in NaCaMg,F;. In both cases, the (Na,Cd)Fg and
(Na,Ca)Fg cubes become more regular and are softer than
the ZnFg and MgFg octahedra, respectively. As a conse-
quence, we conclude that the polyhedral distortions and
structural deviations from the ideal fluorite type in fluoride
pyrochlores are dependent not only on the positional
coordinate of the F(2) atom but also on the unit-cell volume.
At present, no more data on a possible correlation between
the high-pressure behavior of this coordinate in fluorides and
the cationic substitution is available.
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