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ABSTRACT: ReO;-type ABF;, are of interest as low and negative thermal expansion (NTE) materials. As only cubic ABF display NTE, the
occurrence of phase transitions needs to be understood. The thermal expansion, phase behavior on heating and compression, and compress-
ibilities of MnNbFs and ZnNbFs were examined by synchrotron powder diffraction. MnNbFs undergoes a first order rhombohedral to cubic
transition at ~315 K, but ZnNbFs is rhombohedral over the temperature range examined (~100 to 500 K). MnNbFs displays zero thermal
expansion at ~380 K and NTE above this temperature. MnNbFs became completely rhombohedral on initial compression and transformed
to an unidentified phase at ~ 6 GPa. Rhombohedral MnNbF is initially elastically very soft (Ko ~ 5§ GPa), but stiffens considerably on com-

pression. Below ~3.5 GPa it displays negative linear compressibility. ZnNbFs remained rhombohedral over the entire pressure range exam-

ined (0 - ~4 GPa) and displayed a similar stiffening on compression.
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1. INTRODUCTION

Since the 1996 report of negative thermal expansion (NTE) over a
wide temperature range in ZrW,Os,'? strong NTE has been ob-
served in many different families of materials.*® This interest in
NTE has been partly motivated by a desire to control thermal ex-
pansion, using strategies such as the preparation of composites
containing positive and negative thermal expansion phases.®”
When NTE materials are employed in composites they can experi-
ence significant stresses due to the thermal expansion mismatch
between the NTE phase and the matrix. In the case of framework
NTE materials, which often display structural phase transitions at
low pressure, these stresses can degrade the performance of the
composite. This motivates the study of such materials under pres-
sure.

A wide variety of ReOs-struture fluorides have received attention
for their potential as negative and zero thermal expansion materials
since the observation that cubic ScF; displays negative thermal
expansion at all temperatures below ~1100 K.* With the correct
choice of composition, fluorides displaying both negative thermal
expansion and optical transparency from the mid-infrared through
to the UV can be prepared.” A number of strategies for controlling
thermal expansion in this type of material have explored, including
the formation of solid solutions based on ScF;,'*"* an exploration of
cation ordered M"M"Fs” '*'¢ notably including CaZrFs® and

CaNDbFs" which both display very strong NTE over a wide temper-
ature range, the insertion of lithium,"” and the introduction of ex-
cess fluoride to prepare ReOs-related composition such as Sci.
«Z1:F3:5,' YbZrF;" and TiZrF;..'*

The current study builds up on prior examinations of CaNbFs'* and
MgNDbF ' to better understand how ReQs-type MINbFs respond
to compression and temperature changes as chemical composition
is varied. MnNbFs and ZnNbFs were examined by synchrotron x-
ray powder diffraction from 100- 500 K and upon compression to >
4 GPa. The synthesis, room temperature crystal structures and
spectroscopic data for these two materials were reported by Chas-
saing and coworkers in 1982.”° Magnetism and the magnetic struc-
ture of MnNbFs were reported in 1986,”' and a synthesis and pow-
der diffraction data for ZnNbFs were reported in 1998.”

2. EXPERIMENTAL
2.1. Syntheses

All syntheses were conducted in a dry nitrogen atmosphere, due to
the moisture sensitivity of reagents. NbF, was prepared by solid
state reaction of NbFs and niobium metal based on the procedures
reported by Chassaing et al.”® The reactants were ground together
in a 5:1 molar ratio (NbF;s to Nb), with excess Nb** needed to fully
react with the Nb° according to Chassaing et al. The mixture was
placed in a copper tube, which was sealed by arc-welding under
argon. The copper tube was sealed in an evacuated fused silica am-



pule. The reaction vessel was heated to 300 °C, held there for 99 h,
and then quenched to room temperature. A vacuum sublimation,
using a rotary pump and a temperature of ~100 °C, was used to
separate product from excess reactant. The result was a black hy-
groscopic powder.

MnNbFs and ZnNbFs were prepared by solid state reaction of
NbF, and MF, (M=Mn, Zn). These syntheses were based on the
work of Goubard et al.”* The reactants were ground together in a
1:1 ratio and loaded into a copper tube, which was sealed by arc-
welding under argon. The copper tube was then sealed in an evacu-
ated fused silica ampule. The ampule was quickly heated to 520 °C,
held there for approximately one week, and slowly cooled to room
temperature. The resulting MnNbFs and ZnNbFs products were
grey powders.

2.2. Variable Temperature X-ray Powder Diffrac-
tion Measurements

X-ray powder diffraction data were recorded on a Perkin-Elmer
amorphous silicon 2D detector using a wavelength of 0.72950 A at
beamline 17-BM of the Advanced Photon Source, Argonne Na-
tional Laboratory. An Oxford Cryostream was used to control the
sample temperature between 100 and 500 K. As the indicated tem-
perature does not necessarily represent the true sample tempera-
ture, calibration data was collected using a thermocouple inserted
into an empty Kapton capillary. The difference between the tem-
perature recorded on the thermocouple and that indicated by the
Cryostream controller was used as a correction to estimate the true
sample temperature for the diffraction experiments.

2.3. High Pressure X-ray Diffraction Measure-
ments

High pressure powder x-ray diffraction data were collected on the
17-BM beamline at the Advanced Photon Source, Argonne Na-
tional Laboratory. Data were recorded on a Perkin-Elmer amor-
phous silicon 2D detector, using a wavelength of 0.72768 A. An
EasyLab “Diacell Bragg-(G)” diamond anvil cell (DAC), equipped
with a diaphragm so that the pressure could be automatically in-
creased, was used. Silicone oil (Alfa, MW = 237 g.mol™') was used
as the pressure medium. Pressure was determined from the lattice
constant of NaCl, which was added as a pressure marker, using an
equation of state reported by Birch.** Data were acquired while the
pressure was continuously increased. Due to the pump program
used and the non-linear relationship between pressure in the dia-
phragm and pressure in the sample chamber, the pressure incre-
ments associated with each frame of x-ray data are non-uniform.

2.4. Rietveld Analyses of the Powder Diffraction
Data and the Calculation of Expansion Coeffi-
cients

All Rietveld refinements were performed using the General Struc-
ture Analysis System (GSAS)* and EXPGUL* Examples of fit
quality are given in the supplemental information. The unit cell
volumes and temperatures were used to calculate coefficients of
thermal expansion (CTEs). The variation of the volume CTE with
temperature was estimated in two ways, by differentiating a multi-
term (6 terms for MnNbFs and 4 terms for ZnNbF) polynomial fit
to volume vs temperature and using a point by point approach.

3. RESULTS AND DISCUSSION

3.1. Thermal Expansion and Phase Behavior of
MnNbFe

Synchrotron x-ray powder data, Figure 1, recorded from 110 to 500
K show a first order phase transition from rhombohedral (R-3) to
cubic (Fm-3m) at ~315 K in MnNbFs (see Fig. 1b). This transition
has previously been reported to occur at 323 K.*' While some
ReO:-type metal fluorides remain cubic on cooling, many display
similar cubic to rhombohedral phase transitions.' ?* The ob-
served transition involves correlated tilting of the MFs octahedra (a°

aa type).”

b)

Octahedral

Figure 1: a) Synchrotron powder x-ray diffraction data as a function of
temperature for MnNbFs. There is a cubic to rhombohedral phase
transition at ~ 315 K, b) which involves correlated octahedral tilts.

The volume per formula unit and volumetric CTE are shown in
Figure 2. The rhombohedral phase shows a large increase in vol-
ume on heating, with o, ~ 200 ppmK™" from 110 - 200 K. This is
typical of ReO;-type metal fluorides.' ** The increase in M-F-M
bond angle on heating the rhombohedral phase more than com-
pensates for any negative contribution to the CTE from transverse
vibrations of the linking fluoride. The positive thermal expansion
(PTE) increases on warming and becomes very large close to the
phase transition as the octahedral tilt disappears and the material
becomes cubic.
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Figure 2: a) Volume per formula unit and b) volumetric coefficients of
thermal expansion (CTE) determined from a 6 term polynomial fit
(solid lines) and using a point by point method for MnNbFs. Single
phase Rietveld fits were used to determine the volumes, with a change
from a rhombohedral to a cubic model at ~31S K.

Immediately above the transition temperature the cubic phase
shows PTE, which changes through zero to weak NTE at higher
temperatures; o of 0.0 ppmK™ at 382 K, and a of ~ -6 ppmK™ at
450 K. Above 450 K, the apparent CTEs on heating and cooling
vary due to some hysteresis in the diffraction measurements. The
origin of this behavior is unclear, but it may be an experimental
artefact.

3.2. Thermal Expansion and Phase Behavior of
ZnNbFg

The response of ZnNbFs to changes in temperature was also
probed by synchrotron x-ray powder diffraction. Unit cell volume
and volumetric CTE versus temperature are shown in Figure 3.
This sample adopted a rhombohedral (R-3) structure over the
entire measured temperature range. Some apparent hysteresis is
seen between the data recorded on heating and cooling, which is
most likely an experimental artefact. As the experimentally deter-
mined unit cell volume varies smoothly on cooling, we believe that
it most accurately represents the true sample behavior. The thermal
expansion of ZnNbFs, Figure 3b, is strongly positive, with a o, of
107 ppmK™ at 120 K. The CTE increases on further heating, with a
O~ 315 ppmK™’ at 499 K.
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Figure 3: a) Volume per formula unit and b) volumetric coefficient of
thermal expansion (CTE) determined from a 4 term polynomial fit
(solid line) and using a point by point approach for ZnNbFs as deter-
mined from Rietveld fits of a thombohedral (R-3) model to the varia-
ble temperature x-ray powder diffraction data.

The thermal expansion of several rhombohedral ReOs;-
connectivity metal fluorides'” % 3! are compared in Figure 4.
The expansion of MnNbFe is similar to that of MgNbFe, with a
large positive CTE that increases dramatically close to the rhom-
bohedral to cubic phase transition. The successive replacement of
Mg by Mn and then Zn stabilizes the rhombohedral structure to
increasingly higher temperatures. This is not purely a consequence
of changes in ionic radii, as the six coordinate ions have Shannon
effective radii of 72, 82 and 74 pm respectively.*” It is likely related
to an increase in the covalency of the bonding on moving from Mg
to Zn, as highly ionic bonding stabilizes the maximum volume cu-
bic structure® and Zn is significantly more electronegative than Mg
(1.66 versus 1.23).** At the maximum temperature studied,
ZnNbFs displays higher thermal expansion than InF: and AlF;,
which both remain rhombohedral to high temperatures (>650
K).2031
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Figure 4: A comparison of the CTEs for rhombohedral ReOs-type
metal fluorides. The CTEs were estimated by differentiating six term
polynomial fits to volume vs temperature.

3.3. Compression of MnNbFg

The response of MnNbFs to compression was studied by variable
pressure powder x-ray diffraction in a DAC. The resulting data are
shown as a 2D-contour plot in Figure 5a. This plot shows evidence
of a phase transition at very low pressure, associated with peak split-
ting indicative of octahedral tilting on compression, and a transition
to a poorly ordered phase at ~6 GPa. Close inspection of the data
reveals that the initial diffraction patterns show phase coexistence
of rhombohedral and cubic phases. This is not unreasonable given
the first order nature of the thermally induced transition and a tran-
sition temperature close to ambient. The phase coexistence persists
during the first few frames of diffraction data, as there is a delay
between the increase in methanol pressure supplied to the dia-
phragm on the DAC and any significant increase in the pressure
experienced by the sample. An example Rietveld fit to data in this
region is shown in Fig S5.
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Figure S: a) High pressure powder x-ray diffraction data for MnNbFs
and b) selected powder diffraction patterns. Diffraction peaks from the
NaClinternal pressure standard are marked by *.

As the pressure increases, the MnNbFs sample completely trans-
forms to rhombohedral material. On further compression, the evo-
lution of the data is consistent with increasing octahedral tilting in
the R-3 phase. Above 6 GPa, the peaks from the rhombohedral
phase disappear and broad peaks appear alongside those from NaCl
indicating that MnNbFs transforms to a poorly ordered structure,
Figure Sb. This behavior is distinct from that previously seen for
CaNbFs."* Unlike MnNbFs, CaNbFs undergoes a transition from
cubic Fm-3m to a poorly ordered phase at ~0.4 GPa. The reason
for the difference is unclear.
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Figure 6: a) Unit cell volume, bulk modulus and b) lattice constants for
MnNDbFe. Note the two y-axes are scaled differently.

Unit cell volume versus pressure for rhombohedral MnNbFs is
shown in Figure 6a along with an estimate of how the bulk modulus
evolves on compression. The later was calculated by differentiating
a six term polynomial, which had been fit to In(V) vs P. This ap-
proach was adopted as the V versus P data could not be fit satisfac-
torily using a conventional equation of state. At low pressures, the
material is extremely soft. The bulk modulus increases from 5 to 12
GPa on compression to ~1 GPa. This contrasts with what is typical-
ly seen in cubic ReOs-type metal fluorides, for example CaNbFs has
Kogesx) = 33.7(4) GPa and displays pronounced softening on com-
pression, K'oos ) ~ -23(2), rather than stiffening. However, behav-
ior of this type is to be expected for rhombohedral ReOs-
connectivity phases, as tilting of the framework octahedra (bending
Mn-F-Nb links) initially provides a low energy path for volume
reduction On compression above 1 GPa, the structure continues to
stiffen with the bulk modulus exceeding 60 GPa prior to the transi-



tion to a poorly ordered phase. This stiffening presumably occurs
because the pressure induced octahedral tilts bring the fluoride ions
closer together. The compressibility of the rhombohedral phase is
highly anisotropic (Fig. 6b); it displays negative linear compressi-
bility parallel to the c-axis up to ~3.8 GPa, and it is elastically very
soft in the a-b plane. This occurs because the octahedral tilts in-
volve rotation around crystallographic 3-fold axes leading to a re-
duction in metal — metal separation in the a-b plane, and in parallel
with this there is an octahedral distortion that leads to negative
linear compressibility parallel to the c-axis.'® Similar behavior has
been seen in other rhombohedral ReOs-type fluorides.'® 33

3.4. Compression of ZnNbFs

The high pressure powder x-ray diffraction data for ZnNbFs are
presented in Figure 7.
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Figure 7: Diffraction data as a function of pressure for ZnNbFs. Diffrac-
tion peaks from the internal pressure standard, NaCl, are marked with *
and an impurity phase with m. The sample was decompressed at the
end of experiment.

The diffraction patterns evolve smoothly on increasing and de-
creasing pressure, without any additional peak splitting or new
peaks indicating that ZnNbFs remains in the rhombohedral phase
up to the highest pressures recorded, ~ 4 GPa. An additional minor
phase, not seen in the variable temperature experiments for this
sample, appears throughout these data. It seems likely that it
formed while grinding the sample. Similar behavior has been seen
in other ReOs-type fluorides including CaZrFs.’

An example Rietveld fit for rhombohedral ZnNbFs is given in Fig-
ure S7. Unit cell volumes and bulk moduli, calculated from a six
term polynomial fit to In(V) vs pressure, are shown in Figure 8.
Similar to MnNbF¢, a conventional equation of state, such as Burch
Murnaghan, did not give a satisfactory fit to the V versus P data.
ZnNbFg is elastically soft at low pressures, with a bulk modulus of
~14 GPa at ambient. However, it stiffens rapidly on compression
leading to a bulk modulus of > 50 GPa at pressures above 3.5 GPa.
Similar to the Mn analog, the compressibility is highly anisotropic.
The material is very soft in the a-b plane, but parallel to the c-axis it
displays negative linear compressibility below 2.0 GPa (Figure 8b).
The greater ambient pressure bulk modulus for ZnNbFs versus
MnNbFs (~14 and ~5 GPa respectively) and the much smaller
fractional increase in the c-axis on compression prior to the onset of
positive linear compressibility parallel to the c-axis presumably
reflects the considerable octahedral tilting that is already present in

the ZnNbF; at ambient pressure and temperature (Zn-F-Nb angle

is ~148.8(5)° at ambient pressure).
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Figure 8: a) Unit cell volume, bulk modulus and b) lattice constants for
ZnNbFs. Note the two y-axes are scaled differently.

The compressibilities of MnNbFs and ZnNbFs are compared to
those of some other ReOs-related rhombohedral metal fluorides in
Figure 9.'% 3% The general trend in elastic stiffness (slope of V
versus P) at ambient, or close to ambient pressure, reflects the
trend in M-F-M’ bond angles at close to ambient pressure. CrFs,
which has the smallest M-F-M angle (~144.8° at ambient), is the
stiffest phase and CaTiFs is the softest with a Ca-F-Ti angle of
158.9°at 0.25 GPa.
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ReOs-related fluorides.



4. CONCLUSIONS

The responses of ReOs-type ANbFs (A = Ca, Mg, Mn and Zn) to
changes in temperature and pressure are varied. CaNbFs has previ-
ously been reported to retain a cubic cation ordered structure over
a wide temperature range (from less than 10 to at least 900 K).'
However, MgNbFs and MnNbFs display rhombohedral to cubic
transitions, involving the correlated titling or corner shared octahe-
dral, on heating above ~280 and ~315 K respectively. Even though
Zn’* has a similar ionic radius to Mg*", ZnNbFs adopted a rhombo-
hedral structure over the entire temperature rage investigated
(~100 - 500 K). This is likely a consequence of zinc’s greater elec-
tronegativity when compared to magnesium, as more ionic bond-
ing is thought to favor the cubic phase.” The behavior of CaNbFs
on compression is distinct from that of both MnNbFs and ZnNbFe.
CaNDbFe transform from a cubic ReOjs structure to a poorly ordered
phase on compression to ~0.4 GPa."* However, both MnNbFs and
ZnNbFs adopt rhombohedral ReO;-type structures to quite high
pressures (~6 GPa and > 4 GPa respectively). These rhombohedral
phases are elastically very soft at close to ambient pressure, as the
reduction of the M-F-Nb bond angles associated with tilting of the
octahedra provides a low energy pathway for volume reduction, but
they rapidly stiffen as the M-F-Nb bond angles are reduced due
increasing steric repulsion.
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